


Handbook of Optoelectronics
Second Edition



Series in Optics and Optoelectronics
Series Editors:

E. Roy Pike, Kings College, London, UK
Robert G. W. Brown, University of California, Irvine, USA

Handbook of Optoelectronics, Second Edition: Concepts, Devices, and 
Techniques – Volume One

John P. Dakin and Robert G. W. Brown (Eds.)

Handbook of Optoelectronics, Second Edition: Enabling Technologies – Volume Two
John P. Dakin and Robert G. W. Brown (Eds.)

Handbook of Optoelectronics, Second Edition: Applied Optical Electronics – Volume Three
John P. Dakin and Robert G. W. Brown (Eds.)

Handbook of GaN Semiconductor Materials and Devices
Wengang (Wayne) Bi, Hao-chung (Henry) Kuo, Pei-Cheng Ku, and Bo Shen (Eds.)

Handbook of Optoelectronic Device Modeling and Simulation: Fundamentals, Materials, 
Nanostructures, LEDs, and Amplifiers – Volume One

Joachim Piprek (Ed.)

Handbook of Optoelectronic Device Modeling and Simulation: Lasers, Modulators, 
Photodetectors, Solar Cells, and Numerical Methods – Volume Two

Joachim Piprek (Ed.)

Nanophotonics and Plasmonics: An Integrated View
Dr. Ching Eng (Jason) Png and Dr. Yuriy Akimov

Handbook of Solid-State Lighting and LEDs
Zhe Chuan Feng (Ed.)

Optical Microring Resonators: Theory, Techniques, and Applications
V. Van

Optical Compressive Imaging
Adrian Stern

Singular Optics
Gregory J. Gbur

The Limits of Resolution
Geoffrey de Villiers and E. Roy Pike

Polarized Light and the Mueller Matrix Approach
José J Gil and Razvigor Ossikovski



Handbook of Optoelectronics
Second Edition

Concepts, Devices, and Techniques
Volume 1

Edited by
John P. Dakin

Robert G. W. Brown



CRC Press
Taylor & Francis Group
6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2018 by Taylor & Francis Group, LLC 
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed on acid-free paper

International Standard Book Number-13: 978-1-4822-4178-5 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been made 
to publish reliable data and information, but the author and publisher cannot assume responsibility for the validity of all 
materials or the consequences of their use. The authors and publishers have attempted to trace the copyright holders of all 
material reproduced in this publication and apologize to copyright holders if permission to publish in this form has not been 
obtained. If any copyright material has not been acknowledged, please write and let us know so we may rectify in any future 
reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or utilized in any 
form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopying, microfilming, 
and recording, or in any information storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For 
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for 
identification and explanation without intent to infringe.

Library of Congress Cataloging‑in‑Publication Data

Names: Dakin, John, 1947- editor. | Brown, Robert G. W., editor.
Title: Handbook of optoelectronics / edited by John P. Dakin, Robert G. W. 
Brown.
Description: Second edition. | Boca Raton : Taylor & Francis, CRC Press, 
2017. | Series: Series in optics and optoelectronics ; volumes 30-32 | 
Includes bibliographical references and index. Contents: volume 1. 
Concepts, devices, and techniques -- volume 2. Enabling technologies -- 
volume 3. Applied optical electronics.
Identifiers: LCCN 2017014570 | ISBN 9781482241785 (hardback : alk. paper)
Subjects: LCSH: Optoelectronic devices--Handbooks, manuals, etc.
Classification: LCC TK8320 .H36 2017 | DDC 621.381/045--dc23
LC record available at https://lccn.loc.gov/2017014570

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com

http://www.copyright.com
http://www.copyright.com/
http://www.copyright.com/
https://lccn.loc.gov/2017014570
http://www.taylorandfrancis.com
http://www.crcpress.com


Dedications

Special Tribute to Alan Rogers

The editors would like to extend a special tribute to 
Professor Alan Rogers, who made a notable impact 
on the first edition with his excellent introductory 
chapters on optics, and has since passed away. Alan 
was well known to many of us as a gentleman of 
science, a kind and well-loved colleague who made 
many contributions to the field, particularly in the 
area of optical fiber sensors, including the impor-
tant areas of current sensing and fully distrib-
uted sensors. In this second edition, Dr. Vincent 
Handerek, Alan’s former research student (then a 
close friend and work colleague for many years) 
has, with the full blessing of Alan’s widow, Wendy, 
kindly assisted with providing updates to Alan’s 
chapters. Alan is missed by all of us.

Special Tribute to John Love

The editors would also like to extend a similar spe-
cial tribute to Professor John Love, who wrote a 
noteworthy chapter on the theory of optical fiber 
waveguides, an area where he has made an out-
standing contribution, both alone and with his 
prior well-known colleague, Prof Alan Snyder. 
Together, in 1983, they wrote one of the semi-
nal textbooks in this area, “Optical Waveguide 
Theory” (ISBN 978-1-4613-2813-1).

Since their time together, and his untimely 
passing away, John had continued to make major 
advances in the field. Because of the completeness 
of his chapter in our first edition, and the relatively 
steady state of waveguide theory since his work, 
this chapter will be reprinted in its original form.
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Series Preface

This international series covers all aspects of the-
oretical and applied optics and optoelectronics. 
Active since 1986, eminent authors have long been 
choosing to publish with this series, and it is now 
established as a premier forum for high-impact 
monographs and textbooks. The editors are proud 
of the breadth and depth showcased by published 
works, with levels ranging from advanced under-
graduate and graduate student texts to professional 
references. Topics addressed are both cutting edge 
and fundamental, basic science and applications-
oriented, on subject matter that includes: lasers, 

photonic devices, nonlinear optics, interferom-
etry, waves, crystals, optical materials, biomedical 
optics, optical tweezers, optical metrology, solid-
state lighting, nanophotonics, and silicon photon-
ics. Readers of the series are students, scientists, 
and engineers working in optics, optoelectronics, 
and related fields in the industry.

Proposals for new volumes in the series may be 
directed to Lu Han, executive editor at CRC Press, 
Taylor & Francis Group (lu.han@taylorandfrancis.
com).

mailto:lu.han@taylorandfrancis.com
mailto:lu.han@taylorandfrancis.com
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Introduction to the Second Edition

There have been many detailed technological changes 
since the first edition of the Handbook in 2006, with 
the most dramatic changes can be seen from the far 
more widespread applications of the technology. To 
reflect this, our new revision has a completely new 
Volume III focused on applications and covering 
many case studies from an ever-increasing range of 
possible topics. Even as recently as 2006, the high 
cost or poorer performance of many optoelectronics 
components was still holding back many develop-
ments, but now the cost of many high-spec compo-
nents, particularly ones such as LEDs, lasers, solar 
cells and other optical detectors, optoelectronic 
displays, optical fibers and components, including 
optical amplifiers, has reduced to such an extent that 
they are now finding a place in all aspects of our lives. 
Solid-state optoelectronics now dominates lighting 
technology and is starting to dominate many other 
key areas like power generation. It is revolutionizing 
our transport by helping to guide fully autonomous 
vehicles, and CCTV cameras and optoelectronic dis-
plays are seen everywhere we go.

In addition to the widespread applications 
now routinely using optoelectronic components, 
since 2006 we have witnessed growth of various 

fundamentally new directions of optoelectronics 
research—and likely new component technologies 
for the near future. One of the most significant 
new areas of activity has been in nano-optoelec-
tronics; the use of nanotechnology science, pro-
cedures, and processes is to create ultraminiature 
devices across the entire optoelectronics domain: 
laser and LED sources, optical modulators, pho-
ton detectors, and solar cell technology. Two new 
chapters on silicon photonics and nanophotonics, 
and graphene optoelectronics attempt to cover 
the wide range of nanotechnology developments 
in optoelectronics this past decade. It will, how-
ever, be a few years before the scale-up to volume-
manufacturing of nano-based devices becomes 
an economically feasible reality, but there is much 
promise for new generations of optoelectronic 
technologies to come soon.

Original chapters of the first edition have been 
revised and brought up-to-date for the second edi-
tion mostly by the original authors, but in some cases 
by new authors, to whom we are especially grateful.
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Introduction to the First Edition

Optoelectronics is a remarkably broad scientific 
and technological field that supports a multibil-
lion US$ per annum global industry, employing 
tens of thousands of scientists and engineers. The 
optoelectronics industry is one of the great global 
businesses of our time.

In this Handbook, we have aimed to produce 
a book that is not just a text containing theoreti-
cally sound physics and electronics coverage, nor 
just a practical engineering handbook, but a text 
designed to be strong in both these areas. We 
believe that, with the combined assistance of many 
world experts, we have succeeded in achieving this 
very difficult aim. The structure and contents of 
this Handbook have proved fascinating to assem-
ble, using input from many leading practitioners of 
the science, technology, and art of optoelectronics.

Today’s optical telecommunications, display, 
and illumination technologies rely heavily on 
optoelectronic components: laser diodes, light 
emitting diodes, liquid crystal and plasma screen 
displays, etc. In today’s world, it is virtually impos-
sible to find a piece of electrical equipment that 
does not employ optoelectronic devices as a basic 
necessity—from CD and DVD players to televi-
sions, from automobiles and aircraft to medical 
diagnostic facilities in hospitals and telephones, 
from satellites and space-borne missions to under-
water exploration systems—the list is almost end-
less. Optoelectronics is in virtually every home and 
business office in the developed modern world, in 
telephones, fax machines, photocopiers, comput-
ers, and lighting.

“Optoelectronics” is not precisely defined in 
the literature. In this Handbook, we have covered 
not only optoelectronics as a subject concerning 
devices and systems that are essentially electronic 
in nature, yet involve light (such as the laser diode), 

but we have also covered closely related areas of 
electro-optics, involving devices that are essen-
tially optical in nature but involve electronics (such 
as crystal light modulators).

To provide firm foundations, this Handbook 
opens with a section covering “Basic Concepts.” 
The “Introduction” is followed immediately by a 
chapter concerning “Materials,” for it is through 
the development and application of new materials 
and their special properties that the whole busi-
ness of optoelectronic science and technology now 
advances. Many optoelectronic systems still rely 
on conventional light sources rather than semi-
conductor sources, so we cover these in the third 
chapter, leaving semiconductor matters to a later 
section. The detection of light is fundamental to 
many optoelectronic systems, as are optical wave-
guides, amplifiers, and lasers; so, we cover these 
in the remaining chapters of the “Basic Concepts” 
section.

The “Advanced Concepts” section focuses 
on three areas that will be useful to some of our 
intended audience, both now, in advanced optics 
and photometry—and now and increasingly in 
the future concerning nonlinear and short-pulse 
effects.

“Optoelectronics Devices and Techniques” is 
a core foundation section for this Handbook, as 
today’s optoelectronics business relies heavily on 
such knowledge. We have attempted to cover all 
the main areas of semiconductor optoelectronics 
devices and materials in the 11 chapters in this 
section, from light emitting diodes and lasers of 
great variety to fibers, modulators, and amplifi-
ers. Ultrafast and integrated devices are increas-
ingly important, as are organic electroluminescent 
devices and photonic bandgap and crystal fibers. 
Artificially engineered materials provide a rich 
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source of possibilities for next generation optoelec-
tronic devices.

At this point the Handbook “changes gear”—
and we move from the wealth of devices now 
available to us—to how they are used in some 
of the most important optoelectronic systems 
available today. We start with a section covering 
“Communication,” for this is how the developed 
world talks and communicates by internet and 
email today—we are all now heavily dependent 
on optoelectronics. Central to such optoelectronic 
systems are transmission, network architecture, 
switching, and multiplex architectures—the focus 
of our chapters here. In “Communication,” we 
already have a multi-tens-of-billions-of-dollars-
per-annum industry today.

‘Imaging and displays’ is the other industry 
measured in the tens of billions of dollars per 
annum range at the present time. We deal here 
with most if not all of the range of optoelectronic 
techniques used today from cameras, vacuum 
and plasma displays to liquid crystal displays and 
light modulators, from electroluminescent dis-
plays and exciting new 3-D display technologies 
just entering the market place in mobile telephone 
and laptop computer displays—to the very differ-
ent application area of scanning and printing.

“Sensing and Data Processing” is a growing 
area of optoelectronics that is becoming increas-
ingly important—from noninvasive patient 
measurements in hospitals to remote sensing in 
nuclear power stations and aircraft. At the heart 
of many of today’s sensing capabilities is the busi-
ness of optical fiber sensing, so we begin this sec-
tion of the Handbook there, before delving into 
remote optical sensing and military systems (at 
an unclassified level—for herein lies a problem for 
this Handbook—much of the current development 
and capability in military optoelectronics is classi-
fied and unpublishable because of its strategic and 
operational importance). Optical information stor-
age and recovery is already a huge global industry 
supporting the computer and media industries in 
particular; optical information processing shows 
promise but has yet to break into major global uti-
lization. We cover all of these aspects in our chap-
ters here.

“Industrial, medical, and commercial applica-
tions” of optoelectronics abound, and we cannot 

possibly do justice to all the myriad inventive 
schemes and capabilities that have been developed 
to date. However, we have tried hard to give a broad 
overview within major classification areas, to give 
you a flavor of the sheer potential of optoelectron-
ics for application to almost everything that can be 
measured. We start with the foundation areas of 
spectroscopy—and increasingly important surveil-
lance, safety, and security possibilities. Actuation 
and control—the link from optoelectronics to 
mechanical systems is now pervading nearly all 
modern machines: cars, aircraft, ships, industrial 
production, etc.—a very long list is possible here. 
Solar power is and will continue to be of increasing 
importance—with potential for urgently needed 
breakthroughs in photon to electron conversion 
efficiency. Medical applications of optoelectronics 
are increasing all the time, with new learned jour-
nals and magazines regularly being started in this 
field.

Finally, we come to the art of practical opto-
electronic systems—how do you put optoelec-
tronic devices together into reliable and useful 
systems, and what are the “black art” experiences 
learned through painful experience and failure? 
This is what other optoelectronic books never tell 
you—and we are fortunate to have a chapter that 
addresses many of the questions we should be 
thinking about as we design and build systems—
but often forget or neglect at our peril.

In years to come, optoelectronics will develop 
in many new directions. Some of the more likely 
directions to emerge by 2010 will include optical 
packet switching, quantum cryptographic com-
munications, 3-D and large-area thin-film dis-
plays, high-efficiency solar-power generation, 
widespread biomedical and biophotonic disease 
analyses and treatments, and optoelectronic puri-
fication processes. Many new devices will be based 
on quantum dots, photonic crystals, and nano-
optoelectronic components. A future edition of 
this Handbook is likely to report on these rapidly 
changing fields currently pursued in basic research 
laboratories.

We are confident you will enjoy using this 
Handbook of Optoelectronics, derive fascination 
and pleasure in this richly rewarding scientific and 
technological field, and apply your knowledge in 
either your research or your business.
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1
An introduction to optoelectronics

ALAN ROGERS
University of Surrey

VINCENT HANDEREK
Fotech Solutions Ltd.

1.1  OBJECTIVE

In this chapter, we take a general look at the nature 
of photons and electrons (and of their interac-
tions) in order to gain familiarity with their overall 
properties, in so far as they bear upon our subject. 
Clearly, it is useful to acquire this “feel” in general 
terms before getting immersed in some of the finer 
details, which, whilst very necessary, do not allow 
the interrelationships between the various aspects 
to remain sharply visible. The intention is that the 
familiarity acquired by reading this chapter will 
facilitate an understanding of the other chapters in 
the book.

Our privileged vantage point for the modern 
views of light has resulted from a laborious effort 
of many scientists over many centuries, and a valu-
able appreciation of some of the subtleties of the 
subject can be obtained from a study of that effort. 
A brief summary of the historical development is 
thus our starting point.

1.2  HISTORICAL SKETCH

The ancient Greeks speculated on the nature of 
light from about 500 BC. The practical interest at 
that time centered, inevitably, on using the sun-
light for military purposes; and the speculations, 
which were of an abstruse philosophical nature, 
were too far removed from the practicalities for 
either to have much effect on the other.

The modern scientific method effectively began 
with Galileo (1564–1642), who raised experimen-
tation to a properly valued position. Prior to his 
time, experimentation was regarded as a distinctly 
inferior, rather messy activity, definitely not for 
true gentlemen. (Some reverberations from this 
period persist, even today!) Newton was born in 
the year in which Galileo died, and these two men 
laid the basis for the scientific method that was to 
serve us well for the following three centuries.

Newton believed that light was corpuscu-
lar in nature. He reasoned that only a stream of 

1.1  Objective 3
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1.3  The wave nature of light 5
1.4  Polarization 7
1.5  The electromagnetic spectrum 9
1.6  Emission and absorption processes 10

1.7  Photon statistics 12
1.8  The behavior of electrons 13
1.9  Lasers 19
1.10  Summary 19
Acknowledgments 19
Further reading 19
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projectiles, of some kind, could explain satisfacto-
rily the fact that light appeared to travel in straight 
lines. However, Newton recognized the difficulties 
in reconciling some experimental data with this 
view and attempted to resolve them by ascribing 
some rather unlikely properties to his corpuscles; 
he retained this basic corpuscular tenet, however.

Such was Newton’s authority, resting as it did 
on an impressive range of discoveries in other 
branches of physics and mathematics, that it was 
not until his death (in 1727) that the views of other 
men such as Euler, Young, and Fresnel began to 
gain their due prominence. These men believed that 
light was a wave motion in a “luminiferous aether,” 
and between them, they developed an impressive 
theory, which well explained all the known phe-
nomena of optical interference and diffraction. The 
wave theory rapidly gained ground during the late 
eighteenth and early nineteenth centuries.

The final blow in favor of the wave theory is 
usually considered to have been struck by Foucault 
(1819–1868), who, in 1850, performed an experi-
ment that proved that light travels more slowly in 
water than in air. This result agreed with the wave 
theory and contradicted the corpuscular theory.

For the next 50 years, the wave theory held 
sway until, in 1900, Planck (1858–1947) found it 
mathematically convenient to invoke the idea that 
light was emitted from a radiating body in dis-
crete packets, or “quanta,” rather than continu-
ously as a wave. Although Planck was at first of 
the opinion that this was no more than a math-
ematical trick to explain the experimental rela-
tion between emitted intensity and wavelength, 
Einstein (1879–1955) immediately grasped the 
fundamental importance of the discovery and 
used it to explain the photoelectric effect, in which 
light acts to emit electrons from matter: the expla-
nation was beautifully simple and convincing. It 
appeared, then, that light really did have some 
corpuscular properties.

In parallel with these developments, there were 
other worrying concerns for the wave theory. From 
early in the nineteenth century, its protagonists had 
recognized that “polarization” phenomena, such as 
those observed in crystals of Iceland spar, could be 
explained if the light vibrations were transverse to 
the direction of propagation. Maxwell (1831–1879) 
had demonstrated brilliantly (in 1864), by means 
of his famous field equations, that the oscillating 
quantities were electric and magnetic fields.

However, there arose persistently the problem 
of the nature of the “aether” in which these oscil-
lations occurred and, in particular, how astro-
nomical bodies could move through it, apparently 
without resistance. A famous experiment in 1887, 
by Michelson and Morley, attempted to measure 
the velocity of the earth with respect to this aether, 
and consistently obtained the result that the veloc-
ity was zero. This was very puzzling in view of the 
earth’s known revolution around the sun. It thus 
appeared that the medium in which light waves 
propagate did not actually exist!

The null result of the aether experiment was 
incorporated by Einstein into an entirely new 
view of space and time in his two theories of rela-
tivity: the special theory (1905) and the general 
theory (1915). Light, which propagates in space 
and oscillates in time, plays a crucial role in these 
theories.

Thus, physics arrived (ca. 1920) at the posi-
tion where light appeared to exhibit both particle 
(quantum) and wave aspects, depending on the 
physical situation. To compound this duality, it 
was found (by Davisson and Germer in 1927, after 
a suggestion by de Broglie in 1924) that electrons, 
previously thought quite unambiguously to be par-
ticles, sometimes exhibited a wave character, pro-
ducing interference and diffraction patterns in a 
wave-like way.

The apparent contradiction between the per-
vasive wave–particle dualities in nature is now 
recognized to be the result of trying to picture all 
physical phenomena as occurring within the con-
text of the human scale of things. Photons and 
electrons appear to behave either as particles or as 
waves to us only because of the limitations of our 
modes of thought. We have been conditioned to 
think in terms of the behavior of objects such as 
sticks, stones, and waves on water, the understand-
ing of which has been necessary for us to survive, 
as a species, at our particular level of things.

In fact, the fundamental atomic processes of 
nature are not describable in these terms, and it 
is only when we try to force them into our more 
familiar framework that apparent contradictions, 
such as the wave–particle duality of electrons and 
photons, arise. Electrons and photons are neither 
waves nor particles but entities whose true nature is 
somewhat beyond our conceptual powers. We are 
very limited by our preference (necessity, almost) 
to have a mental picture of what is going on.
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Present-day physics with its gauge symmetries 
and field quantizations rarely draws any pictures 
at all, but that is another story…

1.3  THE WAVE NATURE OF LIGHT

In 1864, Clerk Maxwell was able to express the 
laws of electromagnetism known at that time in a 
way that demonstrated the symmetrical interde-
pendence of electric and magnetic fields. To com-
plete the symmetry, he had to add a new idea: that 
a changing electric field (even in free space) gives 
rise to a magnetic field. The fact that a changing 
magnetic field gives rise to an electric field was 
already well known, as Faraday’s law of induction.

Since each of the fields could now give rise to 
the other, it was clearly conceptually possible for 
the two fields mutually to sustain each other, and 
thus, to propagate as a wave. Maxwell’s equations 
formalized these ideas and allowed the derivation 
of a wave equation.

This wave equation permitted free-space solu-
tions that corresponded to electromagnetic waves 
with a defined velocity; the velocity depended on 
the known electric and magnetic properties of free 
space, and thus, could be calculated. The result of 
the calculation was a value so close to the known 
velocity of light as to make it clear that light could 
be identified with these waves, and thus, light was 
established as an electromagnetic phenomenon.

All the important features of light’s behavior 
as a wave motion can be deduced from a detailed 
study of Maxwell’s equations. We shall limit our-
selves here to a few of the basic properties.

If we take Cartesian axes Ox, Oy, Oz (Figure 1.1), 
we can write a simple sinusoidal solution of the 
free-space equations in the form:

 
E E i t kz

H H i t kz
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y
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0
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= ω 

= ω 

 (1.1)

These two equations describe a wave propagating 
in the Oz direction with electric field (Ex) oscil-
lating sinusoidally (with time t and distance z) in 
the xz plane and the magnetic field (Hy) oscillating 
in the yz plane. The two fields are orthogonal in 
direction and have the same phase, as required by 
the form of Maxwell’s equations: only if these con-
ditions are maintained can the two fields mutually 
sustain each other. Note also that the two fields 
must oscillate at right angles to the direction of 
propagation, Oz. Electromagnetic waves are trans-
verse waves.

The frequency of the wave described by Equa-
tion 1.1 is given by

 f
2

= ω
π

and its wavelength by

 
k

2
,λ = π

where ω and k are known as the angular frequency 
and propagation constant, respectively. Since f 
intervals of the wave distance λ pass each point on 

x

Propagation direction (Oz)
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O
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Unit area
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Figure 1.1 Sinusoidal electromagnetic wave.
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the Oz axis per second, it is clear that the velocity 
of the wave is given by

 = λ = ω
c f

k
.

The free-space wave equation shows that this veloc-
ity should be identified as follows:

 c
1

( )
,0

0 0
1/2=

ε µ
 (1.2)

where ε0 is a parameter known as the electric permit-
tivity, and μ0, the magnetic permeability, of free space. 
These two quantities are coupled, independently of 
Equation 1.2, by the fact that both electric and mag-
netic fields exert mechanical forces, a fact that allows 
them to be related to a common force parameter, 
and thus to each other. This “force–coupling” per-
mits a calculation of the product ε0μ0, which, in turn, 
provides a value for c0, using Equation  1.2. (Thus, 
Maxwell was able to establish that light in free space 
consists of electromagnetic waves.)

We can go further, however. The free-space 
symmetry of Maxwell’s equations is retained for 
media that are electrically neutral and that do 
not conduct electric current. These conditions are 
realized for a general class of materials known as 
dielectrics; this class contains the vast majority of 
optical media. In these media, the velocity of the 
waves is given by

 ( )= εε µµc ,0 0
–1/2  (1.3)

where ε is known as the relative permittivity (or 
dielectric constant) and μ the relative permeabil-
ity of the medium. ε and μ are measures of the 
enhancement of electric and magnetic effects, 
respectively, which are generated by the presence of 
the medium. It is, indeed, convenient to deal with 
new parameters for the force fields, defined by

 = εε
=µµ

DD EE

BB HH ,

0

0

where D is known as the electric displacement and 
B the magnetic induction of the medium. More 
recently, they have come to be called the electric 
and magnetic flux densities, respectively.

The velocity of light in the medium can (from 
Equation 1.3) also be written as

 =
εµ

c
c

( )
,0

1/2
 (1.4)

where c0 is the velocity of light in free space, 
with an experimentally determined value of 
2.997925 × 108 ms−1. For most optical media of any 
importance, we find that μ ≈ 1, ε > 1 (hence, the 
name “dielectrics”). We have already noted that 
they are also electrical insulators. For these, then, 
we may write Equation 1.4 in the form:

 ≈
ε

c
c0
1/2

 (1.5)

and note that, with ε > 1, c is smaller than c0. Now, 
the refractive index, n, of an optical medium is a 
measure of how much more slowly light travels 
in the medium compared with free space, and is 
defined by

 n
c

c
0=

and thus

 
= εn 1/2

from Equation 1.5.
This is an important relationship because it con-

nects the optical behavior of the optical medium 
with its atomic structure. The medium provides 
an enhancement of the effect of an electric field 
because that field displaces the atomic electrons 
from their equilibrium position with respect to the 
nuclei; this produces an additional field and thus, 
an effective magnification of the original field. The 
detailed effect on the propagation of the optical 
wave (which, of course, possesses an electric com-
ponent) will be considered in Chapter 2 but we 
can draw two important conclusions immediately. 
First, the value of the refractive index possessed by 
the material is clearly dependent upon the way in 
which the electromagnetic field of the propagating 
wave interacts with the atoms and molecules of 
the medium. Second, since there are known to be 
resonant frequencies associated with the binding 
of electrons in atoms, it follows that we expect ε to 
be frequency dependent. Hence, via Equation 1.5, 
we expect n also to be frequency dependent. The 
variation of n (and thus of optical wave velocity) 
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with frequency is a phenomenon known as optical 
dispersion and is very important in optoelectronic 
systems, not least because all practical optical 
sources emit a range of different optical frequen-
cies, each with its own value of refractive index.

We turn now to the matters of momentum, 
energy, and power in the light wave. The fact that 
a light wave carries momentum and energy is evi-
dent from a number of its mechanical effects, such 
as the forced rotation of a conducting vane in a vac-
uum when one side is exposed to light (Figure 1.2). 
A simple wave picture of this effect can be obtained 
from a consideration of the actions of the electric 
and magnetic fields of the wave when it strikes the 
conductor. The electric field will cause a real cur-
rent to flow in the conductor (it acts on the “free” 
electric charges in the conductor) in the direc-
tion of the field. This current then comes under 
the influence of the orthogonal magnetic field of 
the wave. A current-carrying conductor in a mag-
netic field that lies at right angles to the current 
flow experiences a force at right angles to both the 
field and the current (motor principle) in a direc-
tion that is given by Fleming’s left-hand rule (this 
direction turns out to be, fortunately, the direction 
in which the light is traveling!). Hence, the effect 
on the conductor is equivalent to that of energetic 
particles striking it in the direction of travel of the 
wave; in other words, it is equivalent to the trans-
port of momentum and energy in that direction.

We can take this description one stage further. 
The current is proportional to the electric field 

and the force is proportional to the product of the 
current and the magnetic field; hence, the force is 
proportional to the product of electric and mag-
netic field strengths. The flow of energy, that is, 
the rate at which energy is transported across unit 
area normal to the direction of propagation, is just 
equal to the vector product of the two quantities;

 ∏ = ×E H

(the vector product of two vectors gives another 
vector whose amplitude is the product of the 
amplitudes of the two vectors multiplied by the 
sine of the angle between their directions (in this 
case sin 90° = 1) and is in a direction orthogonal to 
both vectors, and along a line followed by a right-
handed screw rotating from the first to the second 
vector. Vectors often combine in this way; so, it is 
convenient to define such a product).

Clearly, if E and H are in phase, as for an elec-
tromagnetic wave traveling in free space, then the 
vector product will always be positive. Π is known 
as the Poynting vector. We also find that, in the 
case of a propagating wave, E is proportional to H, 
so that the power across unit area normal to the 
direction of propagation is proportional to the 
square of the magnitude of either E or H. The full 
quantitative relationships will be developed in later 
chapters, but we may note here that this means that 
a measurement of the power across unit area, a 
quantity known as the intensity of the wave (some-
times, the “irradiance”) provides a direct measure 
of either E or H (Figure 1.1). This is a valuable 
inferential exercise since it enables us, via a sim-
ple piece of experimentation (i.e., measurement of 
optical power), to get a handle on the way in which 
the light will interact with atomic electrons, for 
example. This is because, within the atom, we are 
dealing with electric and magnetic fields acting on 
moving electric charges.

The units of optical intensity, clearly, will 
be Wm−2.

1.4  POLARIZATION

The simple sinusoidal solution of Maxwell’s wave 
equation for E and H given by Equation 1.1 is only 
one of an infinite number of such solutions, with E 
and H lying in any direction in the xy plane, and 
with ω taking any value greater than zero.

Very high
vacuum

Intense light beam

Vanes
rotate

Vacuum
pump

Figure 1.2 Force exerted by light falling on a 
conducting vane.
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It is customary to fix attention on the electric field 
to investigate general electromagnetic wave behav-
ior, primarily because the effect of the electric field 
on the electrical charges within atoms tends to be 
more direct than that of the magnetic field. But the 
symmetry which exists between the E and H fields 
of the electromagnetic wave means that conclusions 
arrived at for the electric field have close equivalence 
for the magnetic field. It is simply convenient only to 
deal with one of them rather than two.

Suppose that we consider two orthogonal elec-
tric field components of a propagating wave, with 
the same frequency but differing phases (Figure 
1.3a):

 E e t kz

E e t kz

cos –

cos – .

x x x

y y y( )

( )= ω +δ

= ω +δ

From Figure 1.3, we can see that the resulting elec-
tric field will rotate as the wave progresses, with the 
tip of the resulting vector circumscribing (in gen-
eral) an ellipse. The same behavior will be appar-
ent if attention is fixed on one particular value of z 

and the tip of the vector is now observed as it pro-
gresses in time. Such a wave is said to be elliptically 
polarized. (The word “polarized,” being associated, 
as it is, with the separation of two dissimilar poles, 
is not especially appropriate. It derives from the 
attempt to explain crystal–optical effects within 
the early corpuscular theory by regarding the light 
corpuscles as rods with dissimilar ends, and it has 
persisted.) Of notable interest are the special cases 
where the ellipse degenerates into a straight line 
or a circle (Figure 1.3b and c). These are known as 
linear and circular polarization states, respectively, 
and their importance lies not least in the fact that 
any given elliptical state can be resolved into cir-
cular and linear components, which can then be 
dealt with separately. Light will be linearly polar-
ized, for example, when either ex or ey = 0, or when 
δy − δx = mπ. It will be circularly polarized only 
when ex = ey and δy − δx = (2m + 1)π/2, where m is a 
positive or negative integer: circular polarization 
requires the component waves to have equal ampli-
tude and to be in phase quadrature. A sensible, 
identifiable polarization state depends crucially on 
the two components maintaining a constant phase 

ex

ey

Elliptical polarization: ex , ey , δ(= δy – δx)

Linear polarization: ex , ey , δ = mπ

Circular polarization: ex = ey = e0, δ = (2m + 1) π2

π
2

e0

e0

θθ

δ

(a) 

(b) 

(c) 

Figure 1.3 Linear and circular polarization as special cases of elliptical polarization.
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and amplitude relationship. All of these ideas are 
further developed in Chapter 7.

The polarization properties of light waves are 
important for a number of reasons. For example, in 
crystalline media, which possess directional proper-
ties, the propagation of the light will depend upon its 
polarization state in relation to the crystal axes. This 
fact can be used either to probe the crystal struc-
ture or to control the state of the light via the crys-
tal. Furthermore, the polarization state of the light 
can provide valuable insights into the restrictions 
imposed on the electrons that gave rise to it. Non-
crystalline optical materials such as glasses might 
be expected to be free from polarization-dependent 
effects due to their amorphous structures being free 
from directional effects. Materials free from direc-
tional properties are called “isotropic” materials. 
However, in practice, glasses typically suffer from 
non-uniform internal strains that introduce small 
constraints on the motion of electrons in the mate-
rial, and this leads to polarization-dependent propa-
gation effects. Also, when light strikes a boundary 
between optical materials of different refractive 
index, polarization-dependent reflections will occur 
if the light is traveling in any direction other than 
perpendicular to the boundary, even if the materials 
themselves are perfectly isotropic.

Wherever there is directionality (i.e., the prop-
erties of the medium vary with spatial direction) 
in the medium in which the light is traveling, the 
polarization state of the light will interact with it; 
this is an extremely useful attribute with a num-
ber of important applications. For example, the 
propagation path taken by light can be controlled 
via polarization-dependent reflection in passive 
components such as optical isolators and circula-
tors. These can be used for preventing unwanted 
instabilities and noise in active optical devices 
such as optical amplifiers and lasers, and can also 
be used to optimize efficiency in optical reflec-
tometers by separating reflected from transmitted 
light without introducing any significant opti-
cal power loss. Also, when the directionality of 
the medium is controlled by electric or magnetic 
fields, the resulting effects can be used for polar-
ization control and modulation of light. Examples 
of polarization-based modulation of light are 
given in Sections 7.7.7 and 7.7.8. Today, probably 
the most common use of polarization modula-
tion is in liquid crystal displays, as discussed in 
Volume  2, Chapter 6. Optical communication 

links can benefit from a combined use of polariza-
tion control and optical path separation to double 
the communication capacity of a link in a tech-
nique called polarization division multiplexing.

1.5  THE ELECTROMAGNETIC 
SPECTRUM

Hitherto, in this chapter, we have dealt with optical 
phenomena in fairly general terms and with sym-
bols rather than numbers. It may help to fix ideas 
somewhat if some numbers are quoted.

The wave equation allows single-frequency 
sinusoidal solutions and imposes no limit on the 
frequency. Furthermore, the equation is still satis-
fied when many frequency components are pres-
ent simultaneously. If they are phase-related, then 
the superposition of the many waveforms provides 
a determinable time function via the well-known 
process of Fourier synthesis. If the relative phases 
of the components vary with time, then we have 
“incoherent” light; if the spread of frequencies in 
this latter case exceeds the bandwidth of the opti-
cal detector (e.g., the human eye), we sometimes 
call it “white” light.

The electromagnetic spectrum is shown in 
Figure 1.4. In principle, it ranges from (almost) 
zero frequency to infinite frequency. In practice, 
since electromagnetic wave sources cannot be 
markedly smaller than the wavelength of the radi-
ation that they emit, the range is from the very low 
frequency (∼103 Hz) radio waves (λ ∼ 300 km) to 
the very high frequency (∼1020 Hz) gamma radia-
tion, where the limit is that of the very high energy 
needed for their production.

The most energetic processes in the universe 
are those associated with the collapse of stars and 
galaxies (supernovae, black holes), and it is these 
that provide the radiation of the highest observable 
frequencies.

Visible radiation lies in the range of 400–700 nm 
(1 nm = 10−9 m), corresponding to a frequency range 
of 7.5 × 1014 to 4.3 × 1014 Hz. The eye has evolved a 
sensitivity to this region as a result of the fact that 
it corresponds to a broad maximum in the spec-
tral intensity distribution of sunlight at the earth’s 
surface: survival of the species is more likely if the 
sensitivity of the eye lies where there is most light!

The infrared region of the spectrum lies just 
beyond 700 nm and is usually taken to extend to 



10 An introduction to optoelectronics

about 300,000 nm (≡300 μm; we usually switch to 
micrometers for the infrared wavelengths, in order 
to keep the number of noughts down).

The ultraviolet region lies below 400 nm and 
begins at about 3 nm. Clearly, all of these divisions 
are arbitrary, since the spectrum is continuous.

It is worth noting that the refractive index of 
silica (an important optical material) in the vis-
ible range is ∼1.47, so the velocity of light at these 
wavelengths in this medium is close to 2 × 108 ms−1. 
Correspondingly, at the given optical frequencies, 
the wavelengths in the medium will be ∼30% less 
than those in air, in accordance with the relation: 
λ = c/f. (The frequency will remain constant.)

It is important to be aware of this wavelength 
change in a material medium, since it has a number 
of noteworthy consequences that will be explored 
in Chapter 2.

1.6  EMISSION AND ABSORPTION 
PROCESSES

So far in our discussions, the wave nature of light 
has dominated. However, when we come to con-
sider the relationships between light and mat-
ter, the corpuscular or (to use the modern word) 
“particulate” nature of light begins to dominate. In 
classical (i.e., pre-quantum theory) physics, atoms 
were understood to possess natural resonant fre-
quencies resulting from a conjectured internal 
elastic structure. These natural resonances were 
believed to be responsible for the characteristic fre-
quencies emitted by atoms when they were excited 
to oscillate by external agencies. Conversely, when 
the atoms were irradiated with electromagnetic 
waves at these same frequencies, they were able to 

absorb energy from the waves, as with all naturally 
resonant systems interacting with sympathetic 
driving forces. This approach seemed to provide 
a natural and reasonable explanation for both the 
emission and absorption spectral characteristics of 
particular atomic systems.

However, it was soon recognized that there were 
some difficulties with these ideas. They could not 
explain why, for example, in a gas discharge, some 
frequencies were emitted by the gas and yet were 
not also absorbed by it in its quiescent state; nei-
ther could they explain why the energy with which 
electrons were emitted from a solid by ultraviolet 
light (in the photoelectric effect) depends not on 
the quantity of absorbed light energy but only on 
the light’s frequency.

We now understand the reasons for these obser-
vations. We know that atoms and molecules can 
exist only in discrete energy levels. These energy 
levels can be arranged in order of ascending value: 
E1, E2, ..., Em (where m is an integer) and each such 
sequence is characteristic of a particular atom or 
molecule. The highest energy level corresponds 
to the last level below the one at which the atom 
becomes ionized (i.e., loses an electron).

Fundamental thermodynamics (classical!) 
requires that under conditions of thermal equilib-
rium, the number, Ni, of atoms having energy Ei is 
related to the number Nj having energy Ej by the 
Boltzmann relation:

 N

N

E E

kT
exp

( )
.i

j

i j= −
−





 (1.6)

Here k is Boltzmann’s constant (1.38 × 10−23 JK−1) 
and T is the absolute temperature.
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Figure 1.4 The electromagnetic spectrum.
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The known physics now states that light of fre-
quency vij can be either emitted or absorbed by 
the system only if they correspond to a difference 
between two of the discrete energy levels, in accor-
dance with the relation

 hv E E– ,ij i j=

where h is Planck’s quantum constant (6.626 × 
10−34 Js). The more detailed interpretation is that 
when, for example, an atom falls from an energy 
state Ej to Ei, a “particle” of light with energy hvij is 
emitted. This “quantum” of light is called the pho-
ton; we use the symbol v to denote frequency rather 
than f (or ω/2π) to emphasize that light is now exhib-
iting its particulate, rather than its wave, character.

Thus, the relationship between light and mat-
ter consists of the interaction between atoms (or 
molecules) and photons. An atom either absorbs/
emits a single photon, or it does not. There is no 
intermediate state.

The classical difficulties to which reference was 
made earlier are now resolved. First, some lines are 
emitted from a gas discharge that are not present 
in the absorption spectrum of the quiescent gas 
because the energetic conditions in the discharge 
are able to excite atoms to high energy states from 
which they can descend to some lower states; if 
these states are not populated (to any measurable 
extent) in the cold gas, however, there is no pos-
sibility of a corresponding incoming frequency 
effecting these same transitions and hence, being 
absorbed. Second, for an incoming stream of pho-
tons, each one either interacts or does not interact 
with a single atom. If the photon energy is higher 
than the ionization energy of the atom, then the 
electron will be ejected. The energy at which it is 
ejected will be the difference between the photon 
energy and the ionization energy. Thus, for a given 
atom, the ejection energy will depend only on the 
frequency of the photon.

It should be mentioned that modern optoelec-
tronic devices make much use of electronic transi-
tions between different energy levels in order both 
to generate and to detect light. Concentrating for 
the moment on light generation, cathode ray tubes 
were dominant for image displays until the middle 
2000s. These devices rely on high energy electron 
beams exciting the electrons in phosphor materi-
als by direct collision. Light is subsequently emit-
ted when the electrons fall back to lower energy 

levels in the phosphor. Since about 2010, cathode 
ray tubes have been almost completely superseded 
for image display tasks by pixelated liquid crystal 
display panels. However, liquid crystals are not 
light emitters themselves. Instead, the liquid crys-
tal elements modulate filtered white light from 
flat panel “backlight” sources. Very often, these 
sources incorporate lamps where the electrons 
in a mixture of colored phosphors are excited by 
absorption of high energy photons emitted from a 
gas discharge; the electrons in the atoms of the gas 
are themselves excited to high energy by passing an 
electric current though the gas. The phosphor mix-
ture is adjusted to produce white light. At the time 
of writing, there is competition between the use of 
gas discharges and semiconductor light-emitting 
diode (LED) sources to generate the primary high 
energy photons. LEDs will be discussed later, but 
the use of a mixture of phosphors to create an 
impression of white light remains an essential part 
of the technology!

Clearly, in light–matter interactions, it is conve-
nient to think of light as a stream of photons. If a 
flux of p photons of frequency v crosses unit area in 
unit time, then the intensity of the light (defined by 
the Poynting vector) can be written as

 I phv .=  (1.7)

It is not difficult to construct any given quantity 
in the photon approach that corresponds to one 
within the wave approach. However, there does still 
remain the more philosophical question of recon-
ciling the two approaches from the point of view 
of intellectual comfort. The best that can be done 
at present is to regard the wave as a “probability” 
function, where the wave intensity determines the 
probability of “finding” a photon in a given volume 
of space. This is a rather artificial stratagem that 
does, however, work very well in practice. It does 
not really provide the intellectual comfort that we 
seek, but that, as has been mentioned earlier, is a 
fault of our intellect, not of the light!

Finally, it may be observed that, since both the 
characteristic set of energy levels and the return 
pathways from an excited state are peculiar to a 
particular atom or molecule, it follows that the 
emission and/or absorption spectra can be used to 
identify and quantify the presence of species within 
samples, even at very small partial concentra-
tions. The pathway probabilities can be calculated 
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from quantum principles, and this whole subject 
is a sophisticated, powerful, and sensitive tool for 
quantitative materials analysis. It is not, however, 
within the scope of this chapter.

1.7  PHOTON STATISTICS

The particulate view of light necessitates the rep-
resentation of a light flux as a stream of photons 
“guided” by an electromagnetic wave. This imme-
diately raises the question of the arrival statistics 
of the stream.

To fix ideas, let us consider the rate at which 
photons arrive at the sensitive surface of a 
photodetector.

We begin by noting that the emission processes 
that gave rise to the light in the first place are gov-
erned by probabilities, and thus, the photons are 
emitted, and therefore also arrive, randomly. The 
light intensity is a measurable, constant (for con-
stant conditions) quantity that, as we have noted, is 
to be associated with the arrival rate p according to 
Equation 1.7, that is, I = phv. It is clear that p refers 
to the mean arrival rate averaged for the time over 
which the measurement of I is made. The random 
arrival times of the individual particles in the stream 
imply that there will be statistical deviations from this 
mean, and we must attempt to quantify these if we are 
to judge the accuracy with which I may be measured.

To do this, we begin with the assumption that 
atoms in excited states emit photons at random 
when falling spontaneously to lower states. It is 
not possible to predict with certainty whether any 
given excited atom will or will not emit a photon in 
a given, finite time interval. Added to this, there is 
the knowledge that for light of normal, handleable 
intensities, only a very small fraction of the atoms 
in the source material will emit photons in sensible 
detection times. For example, for a He–Ne laser 
with an output power of 5 mW, only 0.05% of the 
atoms will emit photons in 1 s.

Thus, we have the situation where an atom may 
randomly either emit or not emit a photon in a 
given time, and the probability that it will emit is 
very small: this is the prescription for Poisson sta-
tistics, that is, the binomial distribution for very 
small event probability (see, for example, Kaplan, 
1981).

Poisson statistics is a well-developed topic, and 
we can use its results to solve our photon arrival 
problem.

Suppose that we have an assemblage of N atoms 
and that the probability of any one of them emit-
ting a photon of frequency v in time τ is q, with 

=q 1.
Clearly, the most probable number of photons 

arriving at the detector in time τ will be Nq, and 
this will thus also be the average (or mean) num-
ber detected, the average being taken over vari-
ous intervals of duration τ. But the actual number 
detected in any given time τ will vary according 
to Poisson statistics, which states that the prob-
ability of detecting r photons in time τ is given by 
(Kaplan, 1981)

 P
Nq

r
Nq

( )

!
exp( ).r

r

= −

Hence, the probability of receiving no photons in 
τ is exp(−Nq), and that of receiving two photons is 
[(Nq)2/2!]exp(−Nq) and so on.

Now the mean optical power received by the 
detector clearly is given by

 P
Nqhv

m =
τ

 (1.8)

and Pm is the normally measured quantity. Hence, 
Equation 1.8 allows us to relate the mean of the dis-
tribution to a measurable quantity, that is,

 Nq
P

hv

P

hvB
,m m= τ =

where B is the detector bandwidth (B = 1/τ). Now 
we need to quantify the spread of the distribution 
in order to measure the deviation from the mean, 
and this is given by the standard deviation which, 
for the Poisson distribution, is the square root of 
the mean. Thus, the deviation of the arrival rate is

 = = 





D Nq

P

hvB
( ) .1/2 m

1/2

This deviation will comprise a “noise” on the mea-
sured power level and will thus give rise to a noise 
power.

 = 







τ
=P

P

hvB

hv
P hvB( ) .noise

m
1/2

m
1/2

Thus the signal-to-noise ratio will be given by
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 P

P

P

hvB
SNR .m

noise

m
1/2

= = 





This is an important result. It tells us the fundamen-
tal limit on the accuracy with which a given light 
power can be measured. We note that the accuracy 
increases with (Pm/hv)1/2, and is thus going to be 
poor for low rates of photon arrival. This we would 
expect intuitively, since the “granular” nature of 
the process will inevitably be more noticeable when 
there are fewer photons arriving at any given time. 
It will also be poor for large optical frequencies, 
since this means more energy per photon, and thus 
fewer photons for a given total light energy. Again, 
the “granular” nature will be more evident. For 
good SNR, therefore, we need large powers and low 
frequencies. Radio wave fluxes from nearby trans-
mitters are easy to measure accurately; gamma rays 
from a distant galaxy are not.

Finally, it should be remembered that the afore-
mentioned conclusions only apply strictly when 
the probability q is very small. For the very intense 
emissions from powerful lasers (∼106 Wm−2, say), 
a substantial proportion of the atoms will emit 
photons in a typical detection time. Such light is 
sometimes classed as non-Poissonian (or sub-
Poissonian) for reasons that will now be clear.

1.8  THE BEHAVIOR OF ELECTRONS

Our subject is optoelectronics, and so far we have 
been concerned almost exclusively with just one 
half of it: optics. The importance of our subject 
stems from the powerful interaction between 
optics and electronics, so we should now evidently 
gain the necessary equivalent familiarity with 
electronics, to balance our view. We shall, there-
fore, now look at the general behavior of electrons.

A free electron is a fundamental particle with 
negative electrical charge (e) equal to 1.602 × 10−19 C 
and mass (m) equal to 9.11 × 10−31 kg.

All electrical charges exert forces on all other 
charges and, for any given charge, q, it is conve-
nient to summarize the effect of all other charges 
by defining the electric field, E, via the value of the 
force FE that the field exerts on q:

 =F Eq .E

A magnetic field exerts no force on a stationary 
charge. When the charge moves with velocity v 

with respect to a magnetic field of induction B, 
however, the force on the charge is given by

 = ×FF BBq v( )B

where v × B denotes the vector product of v and B, 
so that the force is orthogonal to both the vectors 
v and B. Of course, a uniformly moving charge 
comprises an electrical current, so that v × B also 
describes the force exerted by a magnetic field on 
a current-carrying conductor. The two forces are 
combined in the Lorentz equation:

 = + ×FF EE BBq v( ),  (1.9)

which also is a full classical description of the 
behavior of the electron in free space, and is ade-
quate for the design of many electron beam devices 
(such as the cathode ray tube of television sets) 
where the electron can be regarded as a particle 
of point mass subject to known electromagnetic 
forces.

If an electron (or other electrical charge) is 
accelerating, then it comprises an electric current 
which varies with time. Since a constant current is 
known to give rise to a constant magnetic field, a 
varying current will give rise to a varying magnetic 
field, and this, as we have seen, will give rise in turn 
to an electric field. Thus, an accelerating electron 
can be expected to radiate electromagnetic waves. 
For example, in a dipole antenna (Figure 1.5), the 
electrons are caused to oscillate sinusoidally along 
a conducting rod. The sinusoidal oscillation com-
prises accelerated motion, and the antenna radi-
ates radio waves.

Sinusoidally oscillating
electrons

Figure 1.5 The radiating dipole.
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However, the electron itself also exhibits wave 
properties. For an electron with momentum p, 
there is an associated wavelength λ given by

 λ = h

p
,

which is known as the de Broglie wavelength, after 
the Frenchman who, in 1924, suggested that mate-
rial particles might exhibit wave properties. (The 
suggestion was confirmed by experiment in 1927.) 
Here, h is, again, the quantum constant.

The significance assigned to the wave associated 
with the electron is just the same as that associated 
with the photon: the intensity of the wave (propor-
tional to the square of the amplitude) is a measure of 
the probability of finding an electron in unit volume 
of space. The wave is a “probability” wave. The parti-
cle/wave duality thus has perfect symmetry for elec-
trons and photons. One of the direct consequences 
of this duality, for both entities, is the uncertainty 
principle, which states that it is fundamentally 
impossible to have exact knowledge of both momen-
tum and position simultaneously, for either the pho-
ton or the electron. The uncertainty in knowledge 
of momentum, Δp, is related to the uncertainty in 
position, Δx, by the following expression:

 ∆ ∆ ≈
π

p x
h

2
.

There is a corresponding relation between the 
uncertainty in the energy (ΔE) of a system and 
the length of time (Δt) over which the energy is 
measured:

 ∆ ∆ ≈
π

E t
h

2
.

The interpretation in the wave picture is that the 
uncertainty in momentum can be related to the 
uncertainty in wavelength, that is,

 =
λ

p
h

so that

 ∆ = − ∆λ
λ

p
h

2

and hence

 ∆ =
π∆

= λ
π∆λ

x
h

p2 2
.

2

Hence, the smaller the range of wavelengths asso-
ciated with a particle, the greater the uncertainty 
in its position (Δx). In other words, the closer is the 
particle’s associated wave function to a pure sine 
wave, having constant amplitude and phase over 
all space, the better is its momentum known: if the 
momentum is known exactly, the particle might 
equally well be anywhere in the universe!

The wave properties of the electron have many 
important consequences in atomic physics. The 
atomic electrons in their orbits around the nucleus, 
for example, can only occupy those orbits that 
allow an exact number of wavelengths to fit into 
a circumference: again, the escape of electrons 
from the atomic nucleus in the phenomenon of 
β-radioactivity is readily explicable in terms of the 
“tunneling” of waves through a potential barrier. 
But probably the most important consequence of 
these wave properties, from the point of view of 
our present discussions, is the effect they have on 
electron behavior in solids, for the vast majority of 
optoelectronics is concerned with the interaction 
between photons and electrons in solid materi-
als. We shall, therefore, need to look at this a little 
more closely.

The primary feature that solids possess com-
pared with other states of matter (gas, liquid, and 
plasma) is that the atoms or molecules of which 
they are composed are sufficiently close together for 
their electron probability waves to overlap. Indeed, 
it is just this overlap that provides the interatomic 
bonding strength necessary to constitute a solid 
material, with its resistance to deformation.

When two identical atoms, with their charac-
teristic set of energy levels, come close enough for 
their electronic wave functions (i.e., their waves 
of probability) to overlap, the result is a new set 
of energy levels, some lower, some higher than 
the original values (Figure 1.6). The reason for 
this is analogous to what happens in the case 
of two identical, coupled, mechanical resonant 
systems, say two identical pendulums that are 
allowed to interact by swinging them from a com-
mon support rod (Figure 1.7). If one pendulum is 
set swinging, it will set the other one in motion, 
and eventually, the second will be swinging with 
maximum amplitude while the first has become 
stationary. The process then reverses back to the 
original condition and this complete cycle recurs 
with frequency fB. The system, in fact, possesses 
two time-independent normal modes: one is 
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where both pendulums are swinging with equal 
amplitude and are in phase; the other with equal 
amplitudes in antiphase. If these two frequencies 
are f1 and f2, we find

 =f f f–1 2 B

and the frequency of each pendulum when inde-
pendent, f, is related to these by

 
= +

= −

f f f

f f f

1

2

1

2
,

1 B

2 B

that is, the original natural frequency of the sys-
tem, f, has been replaced under interactive condi-
tions by two frequencies, one higher (f1) and one 
lower (f2) than f.

It is not difficult to extend these ideas to atoms 
and to understand that when a large number of 
identical atoms are involved, a particular energy 
level becomes a band of closely spaced levels. 
Hence, in a solid, we may expect to find bands 
separated by energy gaps, rather than discrete lev-
els separated by gaps; and that, indeed, is what is 
found.

The band structure of solids allows us to under-
stand quite readily the qualitative differences 
between the different types of solid known as insu-
lators, conductors, and semiconductors, and it will 
be useful to summarize these ideas.

We know from basic atomic physics that elec-
trons in atoms will fill the available energy states in 
ascending order, since no two electrons may occupy 
the same state: electrons obey the Pauli exclusion 
principle. This means that at absolute zero temper-
ature, for N electrons, the lowest N energy states 
will be filled (Figure 1.8a). At a temperature above 
absolute zero, the atoms are in thermal motion and 
some electrons may be excited to higher states, 
from which they subsequently decay, setting up 
a dynamic equilibrium in which states above the 
lowest N have a mean level of electron occupation. 
The really important point here is that it is only 
those electrons in the uppermost states that can be 
excited to higher levels, since it is only for those 
states that there are empty states within reach 
(Figure 1.8b). This fact has crucial importance in 
the understanding of solid state behavior. The elec-
trons are said to have a Fermi–Dirac distribution 
among the energy levels at any given temperature, 
rather than the Maxwell–Boltzmann distribu-
tion they would have if they were not constrained 

E2

E1

E0

E2 E2 ± δE΄́

E1 ± δE΄

E0 ± δE
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E0

Energy
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Figure 1.6 Splitting of energy levels for two interacting atoms.

f f

Independent Coupled mode I Coupled mode II

f1 f2

Figure 1.7 Interacting pendulums.
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within the solid, and which is possessed by freely 
moving gas molecules, for example.

Consider now the energy band structure shown 
in Figure 1.9a. Here the lower band is filled with 
electrons and there is a large energy gap before the 
next allowable band, which is empty. The available 
electrons thus have great difficulty in gaining any 
energy. If an electric field is applied to this solid it 
would have very little effect on the electrons, since 
in order to move in response to the force exerted 
by the field, they would need to gain energy from 
it, and this they cannot do, since they cannot jump 
the gap. Hence the electrons do not move; no cur-
rent flows in response to an applied voltage; the 
material is an insulator.

Consider now the situation in Figure 1.9b. 
Here the upper band is only half full of electrons. 
(The electrons in this band will be those in the 
outer reaches of the atom, and hence will be those 
responsible for the chemical forces between atoms, 
that is, they are valence electrons. Consequently, 
the highest band to contain any electrons is usually 
called the valence band.) The situation now is quite 
different from the previous one. The electrons near 
the top of the filled levels now have an abundance 

of unfilled states within easy reach and can read-
ily gain energy from external agencies, such as an 
applied electric field. Electric currents thus flow 
easily in response to applied voltages; the material 
is a metallic conductor.

The third case, Figure 1.9c, looks similar to the 
first; the only difference being that the gap between 
the filled valence band and the next higher unoc-
cupied band is now much smaller. As a result, a 
relatively small number of electrons can be excited 
into the higher band (known as the conduction 
band) by thermal collisions and, once there, they 
can then move freely in response to an applied 
electric field. Hence, there is a low level of conduc-
tivity and the material is a semiconductor; more 
specifically, it is an intrinsic semiconductor. It is 
clear that the conductivity will rise with tempera-
ture since more energetic thermal collisions will 
excite more electrons into the conduction band. 
This is in contrast to metallic conductors in which 
the conductivity falls with temperature (owing to 
greater interference from the more strongly vibrat-
ing fixed atoms). There is a further important fea-
ture in the behavior of intrinsic semiconductors. 
When an electron is excited from the valence 

f(ε) is the fraction of
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Figure 1.8 The Fermi–Dirac distribution for electrons in solids.
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Figure 1.9 Energy-level schematic for the three main classes of solid (T > 0).
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band into the conduction band, it leaves behind 
an unfilled state in the valence band. This creates 
mobility in the valence band, for electrons there 
that previously had no chance of gaining energy 
can now do so by moving into the empty state, or 
hole created by the promotion of the first electron. 
Further, the valence electron that climbs into the 
hole, itself leaves behind another hole that can be 
filled in turn. The consequence of all this activ-
ity is that the holes appear to drift in the oppo-
site direction to the electrons when an electric 
field is applied, and thus, they behave like positive 
charges. (This is hardly surprising because they 
are created by the absence of negative charge.) 
Hence, we can view the excitation of the electron 
to the conduction band as a process whereby an 
electron/hole pair is created, with each particle 
contributing to the current that flows in response 
to an applied voltage.

Finally, we come to another very important 
kind of semiconductor. It is shown in Figure 1.9d. 
Here we note that there are discrete energy levels 
within the region of energy “forbidden” to states, 
the gap between bands. These are due to intruders 
in the solid, to “impurities.”

To understand what is going on, consider solid 
silicon. Silicon atoms are tetravalent (i.e., they have 
a valency of four), and in the solid state, they sit 
comfortably in relation to each other in a sym-
metrical three-dimensional lattice (Figure 1.10). 
Silicon is an intrinsic semiconductor with an 
energy gap between the filled valence band and the 
empty (at absolute zero) conduction band of 1.14 eV. 
(An electron volt is the kinetic energy acquired by 
an electron in falling through a potential of 1 V, 
and is equal to 1.6 × 10−9 J.) The Boltzmann factor 
(Equation 1.6) now allows us to calculate that only 
about one in 1020 electrons can reach the conduc-
tion band at room temperature; but since there are 
of order 1024 electrons per cm3 in the material as a 
whole, there are enough in the conduction band to 
allow it to semiconduct.

Suppose now that some phosphorus atoms are 
injected into the silicon lattice. Phosphorus is a 
pentavalent (valency of five) atom, so it does not sit 
comfortably within the tetravalent (valency of four) 
silicon structure. Indeed, it finds itself with a spare 
valence electron (it has five as opposed to silicon’s 
four) after having satisfied the lattice requirements. 
This electron is loosely bound to the phosphorus 
atom and thus is easily detached from it into one of 

the conduction band states, requiring little energy 
for the excitation. Effectively, then, the electron sits 
in a state close to the conduction band (as shown 
in Figure 1.9d) and, depending on the density of 
phosphorus atoms (i.e., the “doping” level), can 
provide significantly greater conductivity than 
is the case for pure silicon. Such impurity-doped 
materials are called extrinsic semiconductors.

As the impurity we chose donated an electron 
to the conduction band (as a result of having one 
spare), it is called an n-type semiconductor, since 
it donates negative charge carriers. Conversely, 
we could have doped the silicon with a tervalent 
(valency of three) element, such as boron, in which 
case, it would sit in the lattice in need of an extra 
electron, since it has only three of its own. The 
consequence of this will be that a neighboring sili-
con valence electron can easily be excited into that 
vacant state, leaving a positive hole in the valence 
band as a consequence. This hole now enhances the 
electrical conductivity, leading to p-type (“positive 
carrier”) semiconductivity. It is now easy to under-
stand why “pentavalent” elements are said to give 
rise to “donor” energy levels and “tervalent” ele-
ments to “acceptor” levels (in silicon).

There are several reasons why extrinsic semi-
conductors are so important. The first is that the 
level of conductivity is under control, via the con-
trol of the dopant level. The second is that p-type 
and n-type materials can be combined with great 
versatility in a variety of devices having very valu-
able properties, the most notable of which is the 
transistor: many thousands of these can now be 
integrated on to electronic chips.

Si

Si

Si

Si

Si

Figure 1.10 Structure of silicon lattice.
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We are now in a position to understand, in gen-
eral terms, the ways in which photons can interact 
with electrons in solids.

Consider again the case of an intrinsic semicon-
ductor, such as silicon, with a band-gap energy Eg. 
Suppose that a slab of the semiconductor is irradi-
ated with light of frequency v such that

 hv E .g>

It is clear that the individual photons of the inci-
dent light possess sufficient energy to promote 
electrons from the valence band to the conduc-
tion band, leaving behind positive “holes” in the 
valence band. If a voltage is now applied to the slab, 
a current, comprising moving electrons and holes, 
will flow in response to the light: we have a photo-
conductor. Moreover, the current will continue to 
flow for as long as the electron can remain in the 
conduction band, and that includes each electron 
that will enter the slab from the cathode whenever 
one is taken up by the anode. Hence, the number 
of electrons and holes collected by the electrodes 
per second can far exceed the number of photons 
entering the slab per second, provided that the life-
time of the carriers is large. In silicon, the lifetime 
is of the order of a few milliseconds (depending on 
the carrier density) and the electron/photon gain 
can be as large as 104. However, this also means 
that the response time is poor, and thus, photo-
conductors cannot measure rapid changes in light 
level (i.e., significant changes in less than a few 
milliseconds).

Small band-gap materials such as indium anti-
monide must be used to detect infrared radiation 
since the corresponding photon energy is relatively 
small. An obvious difficulty with a narrow band 
gap is that there will be a greater number of ther-
mally excited carriers, and these will constitute a 
noise level; hence, these infrared detectors usu-
ally must be cooled for satisfactory performance, 
at least down to liquid nitrogen temperatures (i.e., 
<77 K).

In order to increase the speed with which the 
photoconduction phenomenon can be used to 
make measurements of light level, we use a device 
consisting of a combination of n- and p-type semi-
conductor materials. The two types of material are 
joined in a “pn junction” that forms a “photodiode” 
(Figure 1.11). Near the junction, electrons can dif-
fuse from the electron-rich n-type material into 

the p-type material, where they become trapped at 
electron-hungry dopant sites. Likewise, holes are 
annihilated if they diffuse into the n-doped region. 
Thus, the junction region becomes depleted of free 
charge carriers, and accordingly, this region is 
called a “depletion” region. The local migration of 
charges sets up an electric field across this region. 
Typically, the depletion region may be only a few 
microns wide. In this case, electron/hole pairs cre-
ated in the depletion region by incident photons 
are immediately separated by the electric field and 
drift in opposite directions across the junction, 
thus giving rise to a measurable current as before. 
The electrons and holes each drift across the deple-
tion layer toward the material where they form the 
majority of free charge carriers. Since the depletion 
region is so narrow, the time taken for the photo-
generated charges to register in an external electri-
cal circuit is very much reduced compared to the 
case of a slab of photoconductor. These pn photo-
diodes, in addition to being fast, are compact, rug-
ged, cheap, and operate at low voltage. They are not 
generally as sensitive as photoconductive devices, 
however, since they do not allow “gain” in the way 
described for these latter devices (unless used in 
an “avalanche” mode, of which more in later chap-
ters). However, one common method of improving 
the sensitivity of photodiodes, particularly for lon-
ger wavelengths with photon energies near to the 
band-gap energy, is to modify the device structure 
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Figure 1.11 Schematic view of a p–n junction 
photodiode.
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by using a wide region of intrinsic or very lightly 
doped material between the p and n doped mate-
rials. This results in a widened depletion region 
where the probability of absorption of incoming 
photons is maximized. These structures are known 
as p–i–n photodiodes and offer a further response 
speed advantage over p–n photodiodes because 
the wider depletion region confers reduced junc-
tion capacitance on these devices. With careful 
design, responses in times of order tens of picosec-
onds may be achieved. An important measure of 
the effectiveness of a photodetector is the “quan-
tum efficiency” of the device. This is the ratio of 
the number of electrons produced at the output of 
a detector, divided by the number of photons arriv-
ing at the detector. A perfect device without gain 
should deliver 100% quantum efficiency. Modern 
p–i–n detectors used in optical communication 
systems deliver greater than 90% quantum effi-
ciency across most of their operating wavelength 
range.

The pn detection process can also be used in 
reverse, in which case, the device becomes a light 
emitter. For this action, electrons are injected into 
the pn junction by passing a current through it 
using, now, a “forward” bias. The electrons com-
bine with holes in the region of transition between 
p and n materials, and, in doing so, release energy. 
If conditions are arranged appropriately, this 
energy is in the form of photons and the device 
becomes an emitter of light—a LED. Again, this 
has the advantages of ruggedness, compactness, 
cheapness, and low voltage operation. LEDs are in 
widespread use.

1.9  LASERS

Finally, in our general view of optoelectronics, we 
must have a quick glance at the laser, for that is 
from where it really all derives.

Our subject began (effectively) with the inven-
tion of the laser (in 1960) because laser light is 
superior in so many ways to nonlaser light. In 
“ordinary,” so-called incoherent sources of light, 
each photon is emitted from its atom or molecule 
largely independently of one another, and thus 
the parameters that characterize the overall emis-
sion suffer large statistical variations and are ill-
defined: in the case of the laser, this is not so. The 
reason is that the individual emission processes are 
correlated via a phenomenon known as stimulated 

emission, where a photon that interacts with an 
excited atom can cause it to emit another similar 
photon that then goes on to do the same again, etc. 
This “coupling” of the emission processes leads to 
emitted light that has sharply defined properties 
such as frequency, phase, polarization state and 
direction, since these are all correlated by the cou-
pling processes. The sharpness of definition allows 
us to use the light very much more effectively. We 
can now control it, impress information upon it 
and detect it with much greater facility than is the 
case for its more random counterpart. Add to this 
facility the intrinsic controllability of electrons 
via static electric and magnetic fields and we have 
optoelectronics.

1.10  SUMMARY

Our broad look in this chapter at the subject of 
optoelectronics has pointed to the most important 
physical phenomena for a study of the subject and 
has attempted to indicate the nature of the rela-
tionships between them in this context.

Of course, in order to practice the art, we need 
much more than this. We need to become familiar 
with quantitative relationships and with a much 
finer detail of behavior. These the succeeding chap-
ters will provide.

ACKNOWLEDGMENTS

Large parts of this chapter were first published (by 
the same author) in Essentials of Optoelectronics, 
Chapman & Hall (1997), and these are included 
here with permission.

FURTHER READING

Bleaney, B.I. and Bleaney, B. 1985. Electricity 
and Magnetism, 3rd ed. (Oxford: Oxford 
University Press) (for a readily digestible 
account of classical electricity and magne-
tism, including wave properties).

Cajori, F. 1989. A History of Physics (New York: 
Macmillan) (for those interested in the histori-
cal developments).

Chen, C.-L. 1996. Elements of Optoelectronics 
and Fiber Optics (New York: McGraw-Hill) 
(a treatment of the subject at a more detailed 
analytical level).



20 An introduction to optoelectronics

Ghatak, A.K. and Thyagarajaran, K. 1989. 
Optical Electronics (Cambridge: Cambridge 
University Press) (for general optoelectronics 
at a more advanced level than this chapter).

Goldin, E. 1982. Waves and Photons, an 
Introduction to Quantum Theory (New York: 
Wiley) (for the basics of photon theory).

Kaplan, W. 1981. Advanced Mathematics for 
Engineers (Reading, MA: Addison Wesley) 
p. 857 (for a good treatment of Poisson 
statistics).

Pollock, C.R. 1995. Fundamentals of 
Optoelectronics (New York: McGraw-Hill) (a 
more mathematical approach to the subject).

Richtmeyer, F.K., Kennard, E.H. and Lauritsen, 
T. 1955. Introduction to Modern Physics 
(New York: McGraw-Hill) (for the physical 
ideas concerning photons and electrons).

Smith, F.G. and King, A. 2001. Optics and 
Photonics (New York: Wiley) (a good treat-
ment of the optics/photonics interface).

Solymar, L. and Walsh, D. 1993. Lectures on the 
Electrical Properties of Materials, 5th ed. 
(Oxford: Oxford University Press) (for a clear 
treatment of general properties of electrical 
materials).



21

2
Introduction to optical materials

NEIL J. ROSS
University of Southampton

2.1  INTRODUCTION

Optoelectronics is, in essence, concerned with the 
interactions between light and the electrons within 
materials through which the light is propagating. 
This paper reviews the basic solid-state physics that 
is necessary to understand the behavior of many 
optoelectronic devices. The emphasis is on the phys-
ical models that are used to understand and predict 
the behavior of materials. It is assumed that the 
reader has some knowledge of the basic principles 
of quantum mechanics, but no attempt will be made 
to formulate the models in a rigorous mathematical 
form. Only inorganic materials will be considered 
in this paper, as polymers and organic materials are 

considered elsewhere. As the interaction between 
light and a material is primarily through the elec-
trons, it will be necessary to review the behavior 
of electrons in a solid material in some detail, with 
particular emphasis on semiconductors, because of 
their technological importance.

2.2  OPTICAL PROPERTIES OF 
SOME COMMON MATERIALS

Before considering the underlying physics of mate-
rials for use, it is appropriate to consider the opti-
cal properties of some commonly used materials. 
The two most fundamental optical properties of a 
material are its transmission window, i.e., the range 
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of wavelengths over which it is able to transmit 
light, and its refractive index.

Refractive index is defined as the ratio of the 
speed of light in vacuum to its speed in the material. 
Strictly, this is the ratio of the phase velocities, rather 
than the group velocities, of the electromagnetic 
wave, but the difference is rarely significant. For 
most optical materials, which are transparent in the 
visible region of the spectrum, this ratio has a value 
that is within the range of about 1.3–2.0. The refrac-
tive index of some different types of optical glass for 
use in the ultraviolet (UV), visible, and near-infrared 
regions of the spectrum is shown in Figure 2.1. Much 
higher values are often found for materials transmit-
ting in the infrared. For example, zinc selenide has a 
refractive index of about 2.4, silicon about 3.4, and 
germanium about 4.0. Refractive index is important, 
because it determines the reflection and refraction 
at the boundaries between materials. This makes it 
possible to produce familiar components, e.g., lenses, 
and also guided wave devices, e.g., optical fibers.

For some materials (usually crystalline), the 
refractive index depends on the polarization of 
the light and on the direction of propagation. Such 
materials are said to show birefringence. Examples 
of birefringent materials are quartz (SiO2) and 
calcite (CaCO3). The maximum difference in 
refractive index between the two orthogonal lin-
ear polarizations is quite small in quartz (0.009) 
but quite large in calcite (0.17). Isotropic materi-
als, such as most glasses and some crystals, do not 
normally show birefringence. However, when an 
isotropic material is subjected to mechanical strain 
or an electric field, which introduces some anisot-
ropy, birefringence may be induced.

The attenuation of light as it travels through 
a medium is due to scattering and absorption. 
Scattering arises from inhomogeneities, possibly 
on an atomic or molecular scale, and microscopic 
voids or inclusions in the material. Light is scat-
tered in all directions, rather like the beam of a 
vehicle headlight in fog. This process leads to an 
attenuation of the light beam, as the light lost from 
the beam diffuses out in all directions. Scattering is 
not usually a limiting factor for many applications 
of optical materials, because the materials have 
been chosen for their clarity and optical homoge-
neity. The limiting factor on transmission is usu-
ally absorption. However, for optical fibers, where 
very high purity, ultra-low-absorption glasses are 
used, it is the residual scattering from the micro-
scopic fluctuations in the refractive index that ulti-
mately limits the transmission. These fluctuations 
in refractive index arise from the thermal density 
fluctuations that occured in the molten glass. As the 
glass solidifies, these fluctuations become frozen.

The other loss mechanism is that the light may 
be absorbed by the material. Generally, the region 
of good optical transparency is bounded at the short 
wavelength end by strong electronic absorption 
where electrons within the material are excited to 
higher energy states. At the long wavelength end, it 
is generally the excitation of molecular vibrations or 
phonons (vibrational or elastic waves) that provides 
the limit to the region of optical transparency.

Figure 2.2 shows the transmission of various 
optical materials in the visible and infrared parts of 
the spectrum. The transmission curves show values 
of the external transmission. That is, the measured 
transmission includes not only the losses within 
the material but also the combined reflection losses 
at the two faces of the sample. Often, some of the 
absorption may be due to impurities in the material. 
This is the case for the absorption spectrum of UV 
grade vitreous silica shown in Figure 2.2. The strong 
absorption lines at around 1400, 2300, and 2800 
nm are due to hydroxyl (OH) radicals (water). This 
is a consequence of the method of fabrication of the 
glass, and alternative methods of production lead 
to much lower absorption in this region, at the cost 
of increased absorption in the UV. The OH radicals 
conveniently act to reduce the absorption at short 
wavelengths by interacting with absorbing color cen-
ters, which can otherwise occur in the silica glass. 
The color centers are sites where there are nonbridg-
ing (i.e., missing) Si–O bonds and they introduce 
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extra electronic states, which lead to additional 
absorption. Hydroxyl (OH) groups may become 
attached at these sites, reducing the UV absorption.

2.3  CRYSTALLINE AND 
AMORPHOUS MATERIALS

Although optical glasses are widely used for passive 
optical components (e.g., lenses, windows, and opti-
cal fibers), crystalline materials are generally used for 
many active electro-optic components (light sources, 
detectors, modulators, etc.). Crystalline materials are 
also the simplest and the best-understood materials. 
The essential feature of a crystal is that the atoms 
and molecules are arranged in a periodic pattern. An 
abstract concept of a periodic structure, the lattice, is 
used to describe the location of the molecules within 
the crystal [1, Chapter 1]. At each so-called lattice 
point, the atoms surrounding the point form the 
same pattern with the same orientation. Associated 
with each lattice point is a fixed volume, the primi-
tive cell or unit cell. There are many possible choices 
for the shape of the primitive cell, but in each case, 
the volume is the same. The group of atoms associ-
ated with each lattice point is the basis of the cell. 
Together, the lattice and the basis define the struc-
ture of the crystal. Of particular significance is that 
they determine its symmetry properties with respect 
to refraction and reflection of light. These properties 
are of interest when considering the polarization and 
nonlinear properties of optical materials.

The lattice of an ideal single crystal extends 
throughout the crystal. In practice, defects, which 
disrupt the regular pattern, are often found in the 
structure of real-life crystals. These defects will, in 
general, change the physical properties of the mate-
rial. For electronic or electro-optic devices, it is usu-
ally necessary to minimize or eliminate such defects. 
While some materials, e.g., common salt, are easily 
identified as crystals, because of the regular shape 
in which they form, some, e.g., most metals, are not. 
This is generally because, in the latter, the bulk mate-
rial is polycrystalline and made up of many small 
crystallites with varying orientations. These crystal-
lites are not readily visible but can be seen by suitable 
treatment of the surface, e.g., chemical etching.

Amorphous materials differ from crystals in 
that there is no long-range order [1, Chapter 17]. 
Around each atom, there may be some semblance 
of order, in that its nearest neighbors are approxi-
mately in the same pattern for all atoms; but this 
order rapidly decreases as the distance increases. 
Examples of amorphous materials would be soot, 
or, of more relevance to electro-optics, amorphous 
silicon. Some of these are soft materials with little 
mechanical strength. Glasses are also amorphous 
materials, which may be considered to be com-
posed of one large macromolecule, with strong 
bonding between atoms, but no long or medium 
range order or periodicity. They are of considerable 
importance in optics. Glasses have no well-defined 
melting point but they progressively soften and 
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become less viscous over a range of temperatures. 
Although there is no long-range order, there is 
some degree of structure at short distances.

2.4  ATOMIC BONDING

In a crystalline material, strong forces bond the 
atoms together. This force is primarily due to the 
interaction of the outer electrons of the atoms 
(valence electrons). The number of valence elec-
trons determines the chemical properties and the 
position in the periodic table. Several types of bond 
are commonly identified.

2.4.1  Ionic bonds

In ionic crystals, two dissimilar atoms are bonded 
by charge transferred from one atom to the other, 
leaving a positive ion and a negative ion, with a 
consequent electrical force bonding the atoms 
together. A typical example would be common 
salt, NaCl.

2.4.2  Covalent bonds

In this case, the bonding occurs with electrons 
being shared among adjacent atoms. A typical 
example would be silicon. Such bonds are strong 
and generally have a well-defined direction, which 
will determine the structure of the unit cell.

2.4.3  Metallic bonds

In the case of metals, electrons are also shared 
among atoms, but unlike covalent bonds, the elec-
trons involved are free to move through the whole 
crystal, giving high electrical and thermal conduc-
tivity and, generally, very low optical transmission. 
Because of the high conductivity, the reflectivity 
for light and longer wavelength electromagnetic 
waves is usually high.

2.4.4  Van der Waal bonds

These are much weaker bonds arising from a dipole 
interaction among the atoms. This type of bonding 
may be important in organic materials.

The attractive forces pull the atoms together, 
but as they approach more closely, a repulsive 
force arises due to the interaction of the inner core 
electrons. Thus, as two isolated atoms are brought 

together, the potential energy will fall to a mini-
mum and then rise again (Figure 2.3). The equi-
librium separation will be at the location of the 
minimum. For small displacements from the min-
imum, the potential energy curve will be approxi-
mately quadratic with displacement. Thus, if the 
atoms are displaced, they will oscillate with simple 
harmonic motion. This vibrational mode of oscil-
lation generally occurs at frequencies correspond-
ing to the infrared region of the spectrum and may 
determine the infrared properties of a material.

2.5  THE FREE ELECTRON MODEL 
FOR METALS

A good place to start when looking at the electrons 
in solid-state materials is with metals. Although 
metals are not generally thought of as optical mate-
rials, starting the discussion here enables some of 
the key theoretical concepts to be introduced in a 
relatively simple way.

In a metal, the valence electrons are free to 
move through the body of the material. This per-
mits the use of a simple model, which is to treat the 
electrons as a “gas” of free particles. This provides 
a good starting point for considering the electronic 
properties of solid materials and introduces some 
of the essential concepts.

The properties of this electron gas are ana-
lyzed by assuming that the electrons are com-
pletely free (no potential energy) up to the 
boundaries of the material, when the potential 
becomes infinite [1–5]. Using this “electron 
in a box” model, the energy states are found 
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Figure 2.3 The binding energy between two 
atoms.
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by solving the Schrödinger wave equation. 
Of course, there is no net electric charge. It is 
assumed that the positive charge of the ion-
ized atoms is uniformly distributed through the 
whole “box.” The model also ignores the inter-
action among the electrons and the consequent 
collective effects. This is a rather odd assump-
tion given the long-range Coulomb forces. Hook 
and Hall [3, Chapter 13] discuss the reasons why 
this simplified model works.

Inside the box, the electrons can be analyzed 
as simple plane waves, with the walls of the box 
imposing boundary conditions that require the 
wave function to be zero outside the box. This 
requires standing wave solutions. The permitted 
solutions are characterized by their wave vector, k, 
which has a magnitude, k, of 2π/λ, where λ is the 
de Broglie wavelength of the electron. Usually, k is 
called the wave number, although this term is also 
frequently used for the inverse of the wavelength. 
The direction of k is the direction in which the 
electron is moving. Details of the analysis can be 
found in any good text on solid-state physics [1–4].

From this model, it is possible to calculate the 
density of states, N(E):

 =
π

N E
V

m E( ) (2 ) ,2 3
2 1/2

�
 (2.1)

where N(E)dE is the number of states with energy 
between E and E + dE for a volume V of the metal, 
m is the mass of an electron, and ħ is the Planck’s 
constant multiplied by 2π.

For a metal at very low temperature, the states 
will fill up from the bottom. The Pauli exclusion 
principle requires that each state can be occupied 
by only one electron. The maximum energy is, 
therefore, found by integrating N(E) from zero to 
EF and equating this number of states to the num-
ber of electrons. The Fermi energy, EF, is given by

 = πE
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2
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e
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where ne is the number of electrons per unit volume. 
The value of k corresponding to the Fermi energy 
forms a spherical surface in three-dimensional 
k-space. This is the Fermi surface.

To give some idea of the magnitude of the Fermi 
energy, consider potassium, a simple metal for 
which the free electron theory works well. A mole 

of potassium has a volume of 4.54 × 10−5 m2 and 
contains 6.0 × 1023 atoms, and each atom contrib-
utes one electron, so ne = 1.32 × 1028 electronsm−3. 
Substituting this into Equation 2.2 gives the Fermi 
energy as 2.04 eV.

At finite temperatures, electrons will be excited 
to energies somewhat higher than the Fermi 
energy and unfilled states will be left at lower ener-
gies. The Fermi–Dirac distribution function, f(E), 
governs the probability that any particular state is 
occupied by an electron:

 =
+−µf E( )

1

e 1
,E k T( ) B

 (2.3)

where kB is the Boltzmann’s constant, T the abso-
lute temperature, and μ the chemical potential. At 
absolute zero temperature, μ is equal to EF. At finite 
temperatures, the value will vary but only slowly. 
Provided kBT is much less than EF, μ and EF may 
be assumed equal. In Figure 2.4, f(E) is plotted for 
a chemical potential of 2 eV, at temperatures of 0, 
300, and 600 K. In practice, the transition from 
1 to 0 is usually quite sharp because the thermal 
energy kT is usually much less than μ. The chemi-
cal potential is also commonly referred to as the 
Fermi level.

The number of electrons with energies lying 
between E and E + dE is given by

 ( ) ( ) ( )=n E N E f E Ed .  (2.4)

The energy of the electrons may also be related to 
their momentum or wave number. Classically, the 
energy of an electron is given by
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Figure 2.4 The Fermi distribution function at 
three temperatures.
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 =E
p

m2
,

2

where E is the electron energy, p the electron 
momentum, and m the electron mass. The quan-
tum mechanical equivalent is obtained by replac-
ing p with M. This gives the relationship between 
energy, E, and the electron wave number, k, for free 
electrons:

 =E
k

m2
.

2 2�  (2.5)

Diagrams plotting E against k are useful for under-
standing band structure, particularly in semi-
conductors. The E–k diagram for free electrons 
(Figure 2.5) is the simplest example.

At zero temperature, with no electric field, 
the electrons will lie within the Fermi surface in 
k-space. At finite temperatures, the edge of this 
sphere will not be distinct but the distribution 
will still be spherically symmetric. When an elec-
tric field is applied to the metal, the electrons will 
acquire a drift velocity in a direction determined 
by the field. The net effect is that the whole dis-
tribution of electrons in k-space will be shifted 
slightly, while still maintaining its spherical sym-
metry. This shift corresponds to a small increase in 
momentum in the direction of motion and a small 
increase in total energy.

2.6  ELECTRONS IN A PERIODIC 
LATTICE

The free electron model has neglected the pres-
ence of the atoms associated with the crystal lat-
tice. These atoms will provide a potential that will 

attract electrons at a large distance from the core 
of the atom and repel electrons that move close 
enough to interact with the tightly bound elec-
trons of the atom’s core. A one-dimensional rep-
resentation of the potential along a line through 
a series of atoms is illustrated in Figure 2.6. The 
most significant feature of the potential is the peri-
odic attractive potential due to the charged atomic 
cores, separated by a distance a. If the electrons 
have a de Broglie wavelength equal to the distance 
between atoms, then strong reflections may be 
expected. The solution of the Schrödinger wave 
equation is clearly more complex with this modu-
lated potential.

The nearly free electron model provides insight 
into the behavior of electrons in a periodic poten-
tial [1–5]. Assuming that the interaction of the 
electrons with the periodic potential is weak, 
the electrons behave essentially as free electrons, 
unless their wavelength is close to the separation 
of the atoms, when traveling electron waves will 
interact coherently with the periodic potential and 
will be reflected. For a one-dimensional model of a 
crystal, with a line of atoms separated by a distance 
a, this reflection will occur when the electron wave 
number is given by

 = πk n a/ ,  (2.6)

where n is an integer. The variation of energy with 
k would be expected to follow that for free elec-
trons (Equation 2.5), except in the region of k given 
by Equation 2.6. This simple model is able to pre-
dict that the electrons may only have energy within 
certain bands, separated by energy gaps.

In order to investigate the band structure, it is 
necessary to postulate a form for the potential energy 
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Figure 2.5 The parabolic variation of electron 
energy with k for the free electron model.
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Figure 2.6 A representation of the periodic 
potential experienced by an electron due to the 
attraction of atomic nuclei.
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and to solve the Schrödinger equation. One such 
model is the Kronig–Penney model [5]. This assumes 
a simple rectangular model for the potential along 
the one-dimensional line of atoms (Figure 2.7). The 
Schrödinger equation is solved, assuming that the 
rectangular potential reduces to a series of delta 
functions (b tends to zero, keeping bV0 constant). 
Solutions of the wave equation are not possible for 
all values of the energy E. Discontinuities in the 
E–k diagram occur at k = nπ/a, where n is an integer. 
Away from these values of k, the solution is approxi-
mately parabolic, as for the free electron model. 
This is illustrated in Figure 2.8a. As k approaches 
k = nπ/a, the gradient of the E–k curve approaches 
zero.

Usually, the E–k diagram is modified by mapping 
all the bands to lie within the range of k between 
−π/a and +π/a (referred to as the first Brillouin zone), 
and usually only the positive values of k are included 
because the negative values give a mirror image. This 
mapping is referred to as the reduced zone scheme 
[1] and is illustrated in Figure 2.8b. The mapping is 

mathematically valid because of the periodicity in 
k-space of the electron wave functions.

The one-dimensional, nearly free electron model 
demonstrates that the periodicity of a crystal results 
in electrons being confined to bands separated by 
energy gaps. It also enables the dynamics of the 
electron to be analyzed. The free electron equa-
tions may be used provided that the electron mass 
is replaced by an effective mass. This effective mass 
takes account of the interaction between the elec-
trons and the lattice (see, for example, [3, Chapter 4]). 
The effective mass of an electron is given by

 =
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Thus, the effective mass of an electron depends on 
the curvature of the band and hence will take posi-
tive values in the lower part of a band, negative val-
ues in the upper part of the band, and will become 
infinite at some intermediate point.

Another important result from the one-
dimensional model is the total number of states in a 
band. It may be shown [4] that for a line of atoms of 
density Na atoms per unit length and length L, the 
total number of states is 2NaL. Hence, at low tem-
perature and filling up the bands from the lowest 
energy, all the bands will be full if the atoms have 
an even number of electrons, and if the number of 
electrons is odd, the final band will be half full.

Extending the model to three dimensions 
clearly increases its complexity but the same gen-
eral features exist. Obviously, the periodicity will 
vary with direction through the crystal. The wave 
number must be replaced by the wave vector and 
the value of k at which the discontinuities occur 
will now be surfaces in three dimensions. The E–k 
diagram is still useful, but of course it must now be 
a plot of E against the wave vector in a particular 
direction. Frequently, E will be plotted against two 
different wave vector directions on one diagram, 
one direction for the positive axis and the other 
for the negative axis. For real materials, the band 
structure is much more complex than for the 
simple one-dimensional model. One particular 
feature is that, unlike the bands predicted by the 
simple model, the bands do not necessarily align. 
The maximum of one band does not necessarily 
occur at the same k value as the minimum of the 
next. The significance of this will become apparent 
shortly.
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Figure 2.7 The periodic potential used in the 
Kronig–Penney model.

(a) (b) EE

k kπ
a

π
a

2π
a

3π
a

Figure 2.8 (a) Sketch of the E–k diagram obtained 
using the Kronig–Penney model and (b) the same 
data mapped using the reduced zone scheme.
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2.7  METALS, INSULATORS, AND 
SEMICONDUCTORS

Conduction of electricity is only possible if there 
are electrons in a band having vacant states. A 
simple way to see this is to recall that, for free elec-
trons, the effect of applying an electric field was 
to shift the whole electron distribution slightly to 
reflect the change in electron momentum when an 
electric current flows. For a full band, this process 
is not possible, and the distribution of electrons 
within the band is fixed. A full band cannot con-
tribute to conduction.

A metal must have free electrons; it must, there-
fore, have an unfilled band (or bands). For the one-
dimensional model discussed earlier, this implies 
that the number of electrons must be odd, in which 
case, the highest energy band will be only half full. 
Such a metal will be well described by the free elec-
tron model. This simple model works well for the 
alkali metals, sodium and potassium, which have 
an odd number of electrons. Many metals, how-
ever, e.g., magnesium or lead, have an even number 
of electrons and the simple one-dimensional the-
ory does not work. This is because there is an over-
lap between bands, hence filling up the available 
energy states from the lowest available states gives 
two partially filled bands. These two scenarios are 
illustrated schematically in Figure 2.9a and b.

There is a significant difference between the two 
cases. For the simple metal, the electrons in the 
conduction band behave very much as predicted 
by the free electron model; however, in the case of 
overlapping bands, one band is nearly full and the 
other nearly empty. Near the Fermi surface, the 
curvature of the E–k curve for the almost full band 

will be negative. Hence, the effective mass given 
by Equation 2.7 will also be negative. Rather than 
considering the effective mass to be negative, it is 
conventional to introduce the concept of holes. In 
essence, in an almost full band, an electron with 
an effective negative mass behaves like a positively 
charged particle with positive effective mass [1, 
Chapter 8, or 3, Chapter 5]. A more physical way to 
view a hole is that it is the absence of an electron 
from an atom, leaving a positively charged core, 
hence the name. The hole is able to move through 
the lattice as electrons move in the opposite direc-
tion, conserving the charge. The hole effectively 
carries the positive charge and behaves like a posi-
tively charged particle. Although these two models 
for a hole are very different, they are equivalent. In 
materials where there are two bands contributing 
to conduction, one almost full and one with only a 
few of its available states occupied, conduction will 
effectively be bipolar, with both electrons and holes 
contributing to the conduction.

If, at low temperature, the electrons exactly fill a 
number of bands, and there is an energy gap before 
the next band, then conduction will not be possible 
and the material is an insulator. At nonzero tempera-
ture, the Fermi distribution function (Equation 2.3) 
will still apply and the probability of electrons in the 
next band will be nonzero. If the energy gap is large, 
the number in this higher band will be very small and 
the material is an insulator. If, however, the energy 
gap is not so large (∼1 eV), then there will be signifi-
cant excitation at room temperature, and the mate-
rial will be a semiconductor. The distinction between 
an insulator and a semiconductor is, therefore, not 
clearly defined in this model. However, diamond 
with a band gap of 5.4 eV would usually be consid-
ered an insulator, whereas silicon with a band gap of 
1.17 eV would be a semiconductor. The full band(s) 
(at low temperature) below the energy gap is referred 
to as the valence band(s), whereas the band above the 
energy gap is the conduction band.

2.8  CARRIERS, CONDUCTION, AND 
DOPING IN SEMICONDUCTORS

In a semiconductor, the Fermi level or chemical 
potential lies within the energy gap. For a pure 
(intrinsic) semiconductor, the location of the 
Fermi level is determined by the need to balance 
the population of electrons in the conduction band 
with the holes in the valence band. Taking the zero 
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Figure 2.9 Schematic showing partially filled 
bands in a metal: (a) a simple metal with partially 
filled conduction band and (b) metal with over-
lapping bands.
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of energy as the top of the valence band, μ is given 
by [3, Chapter 5]

 µ = + 
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where EG is the energy gap and me and mh the effec-
tive electron and hole masses at the bottom of the 
conduction band and the top of the valence band, 
respectively. This will generally be close to the center 
of the gap as the second term is small. The density of 
electrons in the conduction band, n, and holes in the 
valence band, p, is related by the equation
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In an intrinsic semiconductor, n = p = ni.
When an electric field is applied, both the elec-

trons and holes will drift under the influence of 
the applied field. The drift velocity depends on the 
strength of the applied field, the carrier density, 
and the rate at which the carriers lose energy to the 
atoms in the lattice. Generally, it is assumed that 
the current density j is proportional to the carrier 
density and to the applied field E (Ohm’s law is 
obeyed). Then, the total current density is given by

 jj ne pe Eµ µ ,e h( )= +  (2.10)

where μe and μh are the electron and hole mobilities, 
respectively, and e the electronic charge. Generally, 
the electron mobility will be greater than the hole 
mobility. For silicon, at room temperature, the elec-
tron and hole mobilities are about μe = 1500 cm2 
V−1 s−1 and μh = 450 cm2 V−1 s−1. These values may be 
significantly reduced by impurities in the silicon.

In semiconductors, as in some metals, conduc-
tion is due to both the motion of electrons and holes. 
However, in semiconductors, adding low concen-
trations of certain impurity atoms (doping) may 
be used to control both the conductivity and the 
dominant carriers. In an elemental semiconduc-
tor with valency 4, such as silicon or germanium, 
adding pentavalent impurities such as phospho-
rous or arsenic will greatly increase the concentra-
tion of free electrons giving “n type” material. The 
impurity atoms can fit into the lattice reasonably 
well, but the extra electron is not required for the 
covalent bonding and is only weakly bonded to the 
donor atom. At room temperature, many of these 
donor atoms are thermally ionized, releasing their 

electrons into the conduction band where they are 
free to move. In a similar way, adding trivalent 
atoms such as boron or aluminum will provide 
acceptor sites, where an electron may be removed 
from the valence band and trapped. The hole cre-
ated in the valence band is free to move and will 
contribute to electrical conduction. Material with 
this type of doping is “p type.” If the electrons or 
holes from the ionized impurities dominate con-
duction, the semiconductor is said to be extrinsic. 
If the dominant mechanism by which the electrons 
and holes are produced is a direct thermal exci-
tation of carriers from the valence to conduction 
band, then the semiconductor is said to be intrin-
sic. The latter usually exhibits a low conductivity 
for most semiconductors at room temperature. 
However, the conductivity of an intrinsic semicon-
ductor increases rapidly with rising temperature.

From the point of view of the energy, the donors 
or acceptors introduce extra energy levels within 
the energy gap (Figure 2.10). The donor or accep-
tor levels at ED or EA lie close to the conduction or 
valence bands, respectively, and, when ionized, 
will either donate an electron to the conduction 
band or accept an electron from the valence band 
(leaving a hole). Taking the energy of the top of the 
valence band as zero and the energy gap as Eg, then 
the energies EA and Eg − ED are typically of order 
0.05 eV for the dopants used in silicon.

Equation 2.9 will still hold for an extrinsic 
semiconductor. Thus, if we consider an n type 
material, increasing the concentration of donors 
will increase the number of majority carriers (elec-
trons) and decrease the concentration of minority 
carriers (holes). For p type materials, the holes will 
be the majority carriers.

As the temperature is increased from abso-
lute zero, a number of changes occur in a doped 
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Figure 2.10 The location of the donor and 
acceptor levels within the band gap of a 
semiconductor.
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semiconductor. At very low temperature, the impu-
rity atoms are not ionized, the carrier concentra-
tions are very small and the Fermi level lies midway 
between ED and EG for an n doped material. For a p 
doped material, the Fermi level will lie at an energy 
level of EA/2. At very low temperature, the material 
behaves as an insulator. As the temperature rises, 
the donors or acceptors are ionized and the major-
ity carrier density increases until all the impurities 
are ionized (extrinsic region). At the same time, 
the Fermi level decreases for n doped material and 
increases for p doped material. Increasing the tem-
perature still further, direct thermal ionization 
across the energy gap becomes significant and the 
semiconductor moves into intrinsic conduction, 
with the Fermi level moving toward its intrinsic 
value (Equation 2.8). These changes are illustrated 
schematically in Figure 2.11 for an n doped material.

2.9  THE INTERACTION BETWEEN 
LIGHT AND MATERIALS

2.9.1  Refraction

Classical electromagnetic theory gives the interac-
tion between a light wave and a medium in terms 

of the dielectric constant, εr, and the conductivity, 
σ. The solution of Maxwell’s equations for a plane 
wave of angular frequency ω traveling in the +z 
direction is of the form [6, Chapter 8]:

 ( )= ω E E j t nzcexp – / ,x x0  (2.11)

where Ex is the electric field, n is the (complex) 
refractive index that is given by

 n n jn j .r r
r

0

= ′− ′′ = µ ε − σµ
ωε









 (2.12)

In Equation 2.12, μr is the relative permeability 
(generally very close to 1 for nonferromagnetic 
materials), εr the dielectric constant, σ the conduc-
tivity, and ε0 the permittivity of free space.

Substituting a complex index of refraction into 
Equation 2.11 gives

 ( )( ) ( )( )ω = ω ″ ω ′E E n zc j t n zexp – / exp –x x0

from which it can be seen that the absorption coef-
ficient, α is given by

 α = ω ′′n c/ . (2.13)

In a highly conducting material such as a metal, 
where there are plenty of free electrons, the second 
term in Equation 2.12 will be dominant and n will 
be of the form

 n n jn j(1 ).r

0

= ′− ′′ = σµ
ωε







 −  (2.14)

The absorption coefficient is, therefore, given by

 n

c 2
,r 0

1/2
1α = ω ′′ = σµ µ ω






 = δ−  (2.15)

where c has been replaced by (ε0μ0)−1/2 and δ is 
the skin depth. The skin depth is a measure of the 
penetration of the field into a conductor. For alu-
minum, with a resistivity of 6.65 × 10−8 Ω m−l, the 
skin depth at a wavelength of 500 nm (green light) 
is about 3.3 nm, corresponding to an attenuation 
coefficient 3 × 108 m−1.

For a metal, the conductivity term generally 
dominates the absorption and the term in εr can 
be neglected. For an insulating material, the con-
ductivity term may be neglected but not εr. The 
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Figure 2.11 A schematic representation of the 
variation of majority carrier density and Fermi 
Level in an n type semiconductor.
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dielectric constant, εr, is a measure of the induced 
polarization of the material by the applied field. 
The polarization may be due to either the physi-
cal alignment of polar molecules, which generally 
only occurs at frequencies much below optical 
frequencies, or it may be due to dipole moments 
in the atoms or molecules induced by the applied 
field. In dense materials, the local field at a particu-
lar molecule or atom is distorted by the adjacent, 
induced dipoles. Taking account of this distortion 
(the Lorentz field), the Clausius–Mossotti equation 
may be deduced:

 1

2

1

3
,i

r

r 0
∑ε −

ε +
=

ε
α  (2.16)

where αi is the polarizability of the ith atom or mole-
cule [3, Chapter 9]. The αi here must not be confused 
with the absorption coefficient. This relation applies 
to isotropic materials, and needs to be treated with 
caution. The formula works well for gases but less 
well for solid-state materials, where the interaction 
between the molecular dipoles is stronger.

The simplest model for the polarizability of the 
atoms is to treat them as classical harmonic oscil-
lators, comprising an electron bound to a fixed 
atomic core. Using this model, αi will in general be 
complex. Close to resonance, the imaginary part of 
αi, and hence εr, will be significant, corresponding 

to stronger absorption. Well away from the reso-
nance, the polarization will be real and given by

 e

m( )
.i

2

0
2 2

α =
ω −ω

 (2.17)

The dc polarizability of each atom is given by 
ωe m/( )2

0
2 . Combining Equations 2.16 and 2.17 and 

replacing εr by the square of the refractive index, 
the refractive index may be calculated as a func-
tion of normalized angular frequency ω/ω0. The 
results are plotted in Figure 2.12, where it has 
been assumed that the low frequency refractive 
index is 1.5.

The simple model using classical harmonic 
oscillators clearly has weaknesses. A damping or 
loss term should be included to avoid the infin-
ity at ω = ω0 that can never occur in real materi-
als. Treating the atoms as quantum mechanical 
oscillators modifies Equation 2.17, by introducing 
a constant, the oscillator strength, fi. Also, it is not 
appropriate to treat all the oscillators as having a 
single resonant frequency. In solid materials, there 
are usually at least two regions of the frequency 
spectrum in which such resonances occur. In the 
infrared, vibrational modes of the lattice (phonons) 
lead to absorption and dispersion, while at shorter 
wavelengths, electronic or interband transitions 
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lead to a further region of strong absorption with 
associated dispersion.

For visually transparent optical materials, the 
strong electronic absorption lines occur in the 
UV part of the spectrum and, using the simple 
model, a slowly rising refractive index would be 
expected over the range of frequencies at which 
the material is transparent. The refractive index 
of vitreous silica is shown in Figure 2.13 as a 
function of optical frequency. The data shown 
cover a range of frequencies that correspond to 
a wavelength ranging from 2325 to 213.9 nm. As 
expected from the basic theory, the refractive 
index rises as the frequency approaches the range 
in which the silica starts to absorb strongly by 
electronic transitions. The more rapid fall at the 
low frequency end of the spectrum occurs as the 
frequency approaches the near-infrared absorp-
tion arising from the excitation of vibrational 
states. In this case, approaching the absorption 
from the high frequency side, a dip in refractive 
index would be expected from Figure 2.12, as is 
observed in practice.

2.9.2  Absorption and emission

For isolated atoms, the light is absorbed when 
an electron in an atom is excited from one 
energy state to a higher state (Figure 2.14a). Not 
all transitions are possible as there are selection 
rules, arising from the need to conserve angular 

momentum and spin. The interactions only occur 
if the photon energy matches the difference 
between the two well-defined states and the line 
width is generally narrow. When atoms bond to 
form larger molecules, many additional states are 
introduced, due to both vibration of the bonds 
between atoms and to rotation of the molecules. 
In the condensed state (liquid or solid state), the 
atoms interact strongly with both near and more 
distant neighbors and the electronic energy levels 
of the atoms are spread out into bands and hence 
the absorption spectrum of liquid- and solid-
state materials generally consists of broad bands, 
although they may have well-defined edges as 
discussed later. Absorption also occurs when the 
optical field excites quantized vibrational waves 
(phonons), which leads to absorption in the infra-
red part of the spectrum.

An atom in an excited state may emit a photon 
as it relaxes to a lower energy state. This emission 
may occur spontaneously (Figure 2.14b) or may be 
stimulated by another photon of the same energy 
(Figure 2.14c). This process of stimulated emis-
sion creates a photon that has the same direction 
and effective phase as the wave function of the 
incident photon. Stimulated emission and absorp-
tion oppose each other, and the net result is that 
light may be absorbed or amplified, depending on 
the relative populations of the atoms in the upper 
and lower states. For a material close to thermo-
dynamic equilibrium, the population of the lower 
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state will exceed that of the upper state and the 
material will absorb light. In an optical amplifier, 
or in a laser that includes an optically amplifying 
region, the upper state is selectively excited and a 
population inversion occurs, with the population of 
the upper state exceeding that of a lower state. This 
provides optical gain.

2.9.3  Fluorescence

Fluorescence is the process by which radiation 
is absorbed at one wavelength and then reemit-
ted at another, longer wavelength. Frequently, the 
excited state generated by the absorption relaxes 
rapidly by nonradiative processes leaving the sys-
tem in a somewhat lower energy state with a longer 
lifetime, before radiating and relaxing to a lower 
energy state (possibly the ground state). If the life-
time of the excited state of the radiative transition 
is long, then the fluorescence may continue for a 
significant period (microseconds to milliseconds) 
after the exciting radiation has been cut off. Many 
materials show fluorescence, some with a high 
efficiency.

2.9.4  Scattering

The final interaction to be considered here is scat-
tering. In this case, the material does not absorb 
the light but the incident radiation is scattered into 
all directions. The simplest form of scattering does 
not involve any interchange of energy and hence 
is called elastic scattering. Elastic scattering will 
occur from any small variations in the refractive 
index of the medium. For example, the scattering of 
light from a clear transparent glass is usually from 
tiny regions of the glass, where the refractive index 
differs from its mean value. These refractive index 

fluctuations arise from statistical density fluctua-
tions, which occur in the liquid phase and then are 
frozen in as the glass solidifies. These regions of 
higher or lower refractive index are much smaller 
than the wavelength of light. Scattering from par-
ticles or regions of varying optical density that 
have dimensions much less than the wavelength of 
light (<λ/10) is called Rayleigh scattering. Rayleigh 
scattering occurs in all materials and in all phases, 
gas, liquid, or solid. The strength of the scattering 
depends inversely on the fourth power of the wave-
length of the light (λ−4). Thus, visible or UV light is 
scattered much more strongly than infrared.

Raman scattering is, by contrast, an inelas-
tic process in which the energy is exchanged with 
the scattering material. This energy is in the form 
of molecular vibrations or optical phonons in the 
quantum explanation of the effect. The wavelength 
shift depends on the vibrational energy of the mol-
ecule or the phonon energy. The photon may lose 
energy (creating a phonon) as it is scattered, decreas-
ing its frequency and increasing its wavelength 
(Figure 2.15a). The decrease in the frequency, which 
is usually expressed in wave numbers, is called the 
Stokes shift. Alternatively, a photon may gain energy 
by absorbing energy from a phonon or vibrating 
molecule (Figure  2.15b), giving a shift to a higher 
frequency (anti-Stokes shift). Note that the wave 
numbers used here and generally in spectroscopy 
are 1/λ and do not include the 2π term included in 
quantum mechanics. Raman scattering is normally 
a weak process, generally several orders of magni-
tude weaker than Rayleigh scattering, but it is useful 
as a chemical diagnostic technique. The effect is used 
in some optoelectronic devices but in most cases 
here it is stimulated Raman scattering that is used. 
Stimulated Raman scattering is a nonlinear process 
that occurs at high optical intensities, such as may 
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occur in optical fibers, even at moderate power lev-
els. The spontaneous Raman effect may be enhanced 
if there is an excited state close to resonance with the 
exciting photon.

The third scattering mechanism is Brillouin 
scattering. This is an inelastic process similar to 
Raman scattering, except the energy states with 
which the exchange occurs are lower energy 
acoustic mode phonons (sound waves). In a sim-
plified classical description, it can be thought of 
as light scattered from moving regions of acoustic 
wave-induced compression and rarefaction, which 
behave like a diffraction grating. The movement 
of this “grating” at the acoustic velocity induces a 
Doppler shift in the scattered light. The frequency 
shift is much smaller than for Raman scattering 
and again the effect is generally weak. It should, 
however, be noted that, as with Raman scatter-
ing, in a high optical field, with a long interaction 
length, the mechanism may lead to a nonlinear 
effect that results in strong stimulated scattering. 
This can occur at quite modest power levels (a few 
milliwatts) if light from a high coherence laser is 
launched into a long length of low-loss optical fiber.

The typical spectrum of scattered light from a 
glass, at moderate frequency resolution, is shown 
in Figure 2.16. The central peak at the excitation 
wavelength is strong and primarily due to the 
Rayleigh scattering but also includes unresolved 
Brillouin scattering. The frequency shift for the 
Brillouin scattering is only about 10 GHz and 
hence can only be resolved by high-resolution 
spectroscopic techniques. The relative magnitude 
of the Stokes and anti-Stokes bands depends on the 
number of thermally excited phonons and hence 
the temperature.

2.10  THE ABSORPTION AND 
EMISSION OF LIGHT BY 
SEMICONDUCTORS

2.10.1  Absorption and 
photoconductivity

In the previous discussion on semiconductors, 
only thermal excitation of electrons between the 
valence and conduction bands has been consid-
ered. Electrons may also be excited by the absorp-
tion of electromagnetic radiation. For materials 
with an energy gap, photons may only excite elec-
trons across the gap if the photon energy exceeds 
the energy band gap.
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Figure 2.16 Raman spectrum at room tempera-
ture for a typical silica-based glass.
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where ω is the optical angular frequency. There is 
a very small possibility of multiphoton absorption, 
but this will be neglected.

When a photon is absorbed, the usual conserva-
tion laws (energy, momentum, and spin) must all be 
satisfied. Thus, for a simple transition in which a pho-
ton is absorbed and an electron excited, the change 
in the energy of the electron will be ∆ = ωE �  and 
the change in the wave vector (momentum) of the 
electron will be equal to the wave vector of the pho-
ton. The wave vector of the photon will, in general, 
be very small compared with the wave vectors of the 
electrons. Hence, a simple absorption results in a 
very small change in k. To illustrate this, consider 
typical values. The lattice spacing for a typical crys-
tal, a, is of the order 10−10 m, so the wave vector at 
the limit of the first Brillouin zone has a magnitude 
(π/a) of 3.1 × 1010. The wave vector for a photon of 
wavelength 1 μm (i.e., an energy close to the band 
gap of silicon) has a magnitude of only 6.3 × 106. It 
follows that the absorption or emission of a photon 
will transfer an insignificant amount of momentum 
to or from the electrons. To preserve momentum, 
therefore, the transition is, therefore, essentially ver-
tical on the E–k diagram.

For a direct gap semiconductor (such as GaAs), 
the maximum of the valence band lies directly 
below the minimum of the conduction band 
(Figure 2.17a). In this case, once the photon energy 
exceeds the band gap, the absorption in the semi-
conductor will rise rapidly. For an indirect gap 
semiconductor (such as Si or Ge), there is a sig-
nificant change of k between the maximum of the 
valence band and the minimum of the conduction 
band (Figure 2.17b). Transitions between these 
two points can only occur if a third “particle” is 

available to enable momentum (k) to be conserved. 
This particle is a phonon, a quantized, vibra-
tional excitation of the crystal lattice [1, Chapter 
8; 4, Chapter 8]. The phonon may be created in 
the interaction and carry off the momentum and 
some of the energy or the interaction may be with 
an existing photon. However, the energy associ-
ated with the phonon will be much less than the 
energy of the photon for the same k value, so most 
of the energy is transferred to the electron. This 
three-body interaction is much less probable than 
the simple interaction, where there is no change 
of electron momentum. Direct band gap semicon-
ductors have an absorption that rises very rapidly 
near the band edge (photon energy corresponding 
to the band gap). By contrast, indirect gap semi-
conductors show a slow rise in absorption until the 
energy reaches a value that permits direct transi-
tions (Figure 2.18).

The balance of the excitation rate and the decay 
rate will determine the steady-state carrier density 
produced by the radiation and may be written as

 = = τn n R ,e h

where τ is the carrier lifetime and R the excitation 
rate, which will depend on the intensity of the light 
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Figure 2.17 Diagram illustrating absorption in 
(a) a direct band gap semiconductor and (b) an 
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and the absorption coefficient of the material. The 
induced carriers will, in turn, lead to increased 
conductivity (photoconductivity), which will build 
up or decay in a time determined by the carrier 
lifetime.

2.10.2  Emission

If a semiconductor is able to absorb light, exciting 
electrons from valence band to conduction band, 
then it will also be possible for light to be emitted 
by the radiative decay from the conduction band to 
the valence band. Quantum mechanics shows that 
the two processes are closely linked. The excited 
electrons will generally relax very quickly to the 
bottom of the conduction band, and in the same 
way, the available holes will float to the top of the 
valence band. As with absorption, emission of 
radiation requires that k is conserved, and a high 
probability of radiative decay requires a simple 
two-body interaction, hence the electron cannot 
change its k value. The electrons rapidly decay to 
the bottom of the conduction band by nonradia-
tive processes, and similarly, the holes rise to the 
top of the valence band. Hence, in an indirect band 
gap semiconductor, light emission will require 
the interaction with a phonon of suitable k value. 
This three-body interaction is, again, of low prob-
ability and recombination is more likely to occur 
by nonradiative processes. This implies that only 
direct gap semiconductors can be efficient emitters 
of light. Obviously, electrons must be excited to the 
conduction band in order that the semiconductor 
may emit light. This excitation may be optical, in 
which case the emission is fluorescence, or it may 
be due to the injection of minority carriers across 
a p–n junction.

2.11  POLYCRYSTALLINE 
AND AMORPHOUS 
SEMICONDUCTORS

In the earlier discussion, it has been assumed that 
the material is in the form of a perfect crystal. 
However, as mentioned earlier, crystals usually 
contain point defects and dislocations. These are 
disruptions to the regular lattice and may take a 
variety of forms [1–3]. Point defects occur when 
an atom is missing or displaced from its position 
within the lattice, they may also arise from impurity 

atoms (as in the deliberate doping of semiconduc-
tors). Dislocations are due to imperfections in the 
lattice, which are not localized at a point but extend 
through the crystal. A simple example is the edge 
dislocation, when part of a row or plane of atoms is 
missing, creating stress around the dislocation and 
leaving dangling bonds (Figure 2.19a). Dislocations 
and defects may diffuse through the crystal, espe-
cially at elevated temperature. They will modify 
the band structure introducing extra energy states, 
which may trap carriers. Semiconductor devices 
are usually made from materials, which are as free 
as possible from dislocations and defects (other 
than deliberate doping).

In a polycrystalline material, the lattice does not 
extend unbroken throughout the whole sample, but 
there are many crystallites or crystal grains with 
their lattices orientated at different angles. Bonds 
exist across the grain boundaries but obviously there 
is a complex loss of order. For small angles between 
the lattices at a grain boundary, the boundary may 
be made up of a row or plane of edge dislocations 
[1, Chapter 20]. This is illustrated schematically 
for two dimensions in Figure 2.19b. Grain bound-
aries will introduce many surface states, which 
will generally seriously impair the performance of 
electronic devices. There are, however, cases where 
the impaired performance may be balanced by a 
greater need for reduced cost. An example of this is 
the polycrystalline solar cell, where the lower cost 
of producing a large area polycrystalline device, as 
opposed to a large area single crystal cell, makes the 
reduced performance economically acceptable.

Amorphous semiconductors may be formed 
as thin films by evaporation or sputtering. Such 
films have some short-range order due to the 

(a) (b)

Figure 2.19 (a) Schematic diagram illustrating an 
edge dislocation (in cross section) and (b) a small 
angle grain boundary.
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directionality of the bonds between atoms but pos-
sess no long-range order. Amorphous semiconduc-
tor films differ from polycrystalline films, in that 
order is maintained over a much shorter distance. 
Because of the disorder, there will be many dan-
gling bonds, which result in many extra states 
within the energy gap. For amorphous silicon, it 
has proved possible to neutralize the effect of the 
unpaired electrons by depositing the amorphous 
silicon in an atmosphere of hydrogen. The hydro-
gen attaches to the dangling bonds and results in 
a material, which may be doped p or n type and 
which can be used to fabricate p–n junctions for 
solar cells. Although amorphous silicon is rela-
tively cheap to produce, it performs much less well 
than crystalline silicon.

2.12  GLASSES

Glasses are a particular type of amorphous mate-
rial and are particularly important for optics. They 
are generally produced from the liquid state by 
cooling the material. Unlike crystalline materials 
that have a well-defined melting point, the tran-
sition between solid and liquid occurs smoothly 
over a range of temperatures (the glass transition). 
While most commercially important glasses are 
very stable over long periods of time, some less 
stable glasses may revert to a crystalline state more 
quickly, particularly if held at high temperature 
or if they are cooled slowly from the molten state. 
Glasses, unlike crystals, have no long-range order, 
but because of the preferred directions of the bonds 
between the constituent atoms, there is an element 
of short-range order over a few atomic separations. 
A consequence of the lack of long-range structure 
is that there will be density fluctuations that are 
frozen in as the glass solidifies.

The most common glasses are based on silica 
(SiO2) with additions of sodium and calcium oxide 
(and other metallic oxides) to reduce the tempera-
ture at which a glass is formed. Glasses of this type 
have been produced since prehistoric times and 
the Romans had a well-developed glass technol-
ogy. Glasses with special properties are produced 
by varying the composition. Adding lead oxide 
increases the refractive index to produce flint glass 
(or lead crystal glass), whereas the replacement of 
some of the sodium oxide with boric oxide pro-
duces a glass with low thermal expansion (borosil-
icate glass, e.g., Pyrex). The addition of transition 

metal oxides, semiconductors, or other materials 
leads to colored glasses, which are frequently used 
as optical filters. Also, by adding materials such 
as neodymium or erbium, glasses may be pro-
duced that are able to operate as lasers or optical 
amplifiers.

This ability to control the optical and mechanical 
properties of glasses accounts for their importance. 
The development of optical fibers for communica-
tions in the 1980s led to the development of new 
glasses with very low optical attenuation. Such 
glasses are generally based predominantly on  silica, 
with germania (GeO2) and B2O3 dopants to control 
the refractive index. In order to achieve the very low 
attenuation required, it is necessary to ensure very 
high purity, particularly avoiding transition metals. 
For this reason, the glass is generally fabricated by a 
vapor phase reaction to generate the basic material, 
which is usually formed in a molten or finely divided 
state. The molten glass is then cooled to form the 
fiber preform rod, which is drawn into a fiber. Using 
these methods, the attenuation is reduced to a level 
limited by the scattering from the residual density 
fluctuations in the glass and the absorption due 
to the silica. The loss in an optical fiber decreases 
rapidly with increasing wavelength as the scat-
tering becomes less, until it rises again due to the 
long wavelength absorption of the glass. Figure 2.20 
shows an attenuation spectrum for a typical silica-
based fiber. The absorption peak around 1400 nm 
arises from residual hydroxyl radicals in the glass. 
The success in producing very-low-loss optical fibers 
is largely a result of improved fabrication methods, 
reducing the concentration of these radicals.

While the common forms of glass are all based 
on oxides, there has recently been much inter-
est in infrared transmitting glasses, for example, 
chalcogenide glasses that are oxygen free. These 
glasses are based on the chalcogen group of ele-
ments: sulfur, selenium, and tellurium, com-
bined with arsenic, antimony, or germanium and/
or halide elements. Chalcogenide glasses are of 
interest because of their transparency at longer 
wavelengths than oxide-based glasses, their semi-
conducting properties, and their optical nonlin-
earity. In addition, their low phonon energy helps 
prevent nonradiative decay in infrared optical fiber 
amplifiers. They are, however, much less robust 
than conventional glasses softening at much lower 
temperature (less than 200°C) and showing poor 
chemical durability.
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2.13  ANISOTROPY AND 
NONLINEAR OPTICAL 
PROPERTIES OF CRYSTALS

2.13.1  Anisotropy

In discussing the refractive index of materials, it 
was tacitly assumed that the polarizability of a 
material is a scalar quantity. This must be true for 
unstrained isotropic materials, such as glasses, 
but is not generally true for crystals. Simple cubic 
crystals, e.g., sodium chloride, are isotropic but 
crystals with more complex crystal structures, 
e.g., quartz, are not. The relationship between the 
electric displacement vector, D, and the electric 
field, E, must be expressed in the more general 
form:

 = ε ε ⋅ = ε

ε ε ε
ε ε ε
ε ε ε
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It may be shown that the dielectric constant matrix, 
εr, is symmetric and that by suitable choice of 
major axes, the principle dielectric axes, εr becomes 
diagonal. Note that unless the direction of the elec-
tric field, E, lies along one of these principle axes, 
the direction of the displacement vector, D, and the 
electric field is not in general parallel. The solution 

of Maxwell’s equations for electromagnetic waves 
in an anisotrophic medium shows that the propa-
gation depends on the direction and on the polar-
ization state of the wave. For a given direction 
of propagation, there are generally two normal 
modes with orthogonal linear polarization, which 
propagate with different phase velocities. If the 
wave launched into the crystal is a mixture of the 
two normal modes, the polarization state will con-
stantly change through a range of elliptical states 
as the wave propagates.

2.13.2  Electro-optic and nonlinear 
processes

In discussing the effect of refraction, it was 
also tacitly assumed that the induced polariza-
tion is proportional to the instantaneous electric 
field. However, for some materials, the interac-
tion between the material and the electric field 
may be more complex. In the linear electro-optic 
or Pockels effect, the interaction is manifest as a 
change of refractive index with applied electric 
field. Whether a material shows the linear electro-
optic effect or not is determined by the symmetric 
properties of the crystal. An isotropic material or 
a crystal with inversion symmetry cannot show 
the linear effect [10, Chapter 6], although it may 
show the, quadratic, Kerr effect. Thus, electro-optic 
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crystals are those having lower symmetry, e.g., 
quartz or potassium dihydrogen phosphate. This 
electro-optic effect finds a use in optical modula-
tors, where electric fields are applied to such a crys-
tal to modulate the polarization or optical phase 
delay. (A subsequent polarizer or interferometric 
mixer can convert polarization or phase change to 
intensity changes.)

If the optical intensity is large, the nonlinear-
ity between the polarization and the applied field 
may also manifest itself in terms of harmonic 
generation or optical mixing. The polarization is 
generally thought of in terms of a power series 
expansion

 = ε χ + ε χ + ε χ +…P E E E ,0 1 0 2
2

0 3
3  (2.19)

where χ1 is the linear susceptibility and χ2 and χ3 
the second- and third-order nonlinear susceptibil-
ities, respectively. The wave equation for propaga-
tion of light in a nonlinear medium may be written 
in the form [10]:
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where PNL contains all the nonlinear polarization 
terms. The second-order term χ2E2 acts as a driving 
term, which will contain components at twice the 
frequency of the electric field of the original wave, 
leading to the generation of light at a frequency 
twice that of the initial wave. The second-order com-
ponent also leads to optical mixing. The third-order 
term leads to other nonlinear phenomena such as 
intensity-dependent refractive effects. Nonlinear 
effects are generally weak and require high optical 
intensity and/or a long interaction length.

Many optical devices take advantage of these 
electro-optic and nonlinear optical effects. For 
example, the Pockels effect may be used to create 
an optical phase modulator, or in combination 
with polarizers, to produce an optical amplitude 
modulator. Nonlinear optical effects, although 
usually weak, have long been used to change the 
wavelength of lasers by frequency doubling or 
optical mixing. The high optical intensity and long 
interaction length that is possible in optical fibers 
have extended the range of nonlinear effects that 
may be used without the need for very large optical 
power. They are considered in more detail in Vol 1, 
Part II, Chapters 7 and 9.

2.14 SUMMARY

This Chapter has attempted to provide a brief 
introduction to the electronic and optical behav-
ior of some of the materials used. Many of the sub-
jects raised will be taken up again in later chapters 
and treated in greater depth, notably Vol 1, Parts 
II and III. Clearly, this is a very extensive field and 
due to lack of space in this introduction, many 
issues have been omitted or only treated superfi-
cially. One significant area of omission is that of 
organic and polymeric materials. These materials 
are becoming increasingly important in a number 
of areas of optoelectronics, particularly in display 
technology, which is also the basis of a later chapter.

REFERENCES

 1. Kittel, C. 1996. Introduction to Solid State 
Physics, 7th ed. (New York: Wiley).

 2. Myers, H.P. 1990. Introductory Solid State 
Physics (London: Taylor & Francis).

 3. Hook, J.R. and Hall, H.E. 1991. Solid State 
Physics, 2nd ed. (Chichester: Wiley).

 4. Solymar, L. and Walsh, D. 1998. Electrical 
Properties of Materials, 6th ed. (Oxford: 
Oxford University Press).

 5. Tanner, B.K. 1995. Introduction to the 
Physics of Electrons in Solids (Cambridge: 
Cambridge University Press).

 6. Bleaney, B.I. and Bleaney, B. 1976. Electricity 
and Magnetism, 3rd ed. (Oxford: Oxford 
University Press).

 7. Kaye, G.W.C. and Laby, T.H. 1978. Tables 
of Physical Constants, 14th ed. (London: 
Longman).

 8. Cassey, H.C., Sell, D.D. and Wecht, K.W. 
1975. Concentration dependence of the 
absorption coefficient for n- and p-type 
GaAs between 1.3 and 1.6 eV. J. Appl.  
Phys. 46, 250–257.

 9. Dash, W.C. and Newman, R. 1955. Intrinsic 
absorption in single-crystal germanium and 
silicon at 77 K and 300 K. Phys. Rev. 99, 
1151–1155.

 10. Smith, S.D. 1995. Optoelectronic Devices 
(London: Prentice-Hall).



http://www.taylorandfrancis.com


41

3
Incandescent, discharge, and 
arc lamp sources

DAVID O. WHARMBY

3.1  OVERVIEW OF SOURCES

There is a very wide range of incandescent and 
discharge lamps. The majority of these are sold as 

general lighting sources, but many are suited to 
optoelectronic applications. The major lamp com-
panies, and numerous specialty lamp manufactur-
ers also make lamps for applications other than 
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general illumination. Examples of these applica-
tions are: projection, video, film, photographic, 
architectural, entertainment and other special 
effects, fiber optic illumination including numer-
ous medical and industrial applications, photo-
biological processes, photochemical processing, 
microlithography, solar simulation, suntanning, 
disinfection, ozone generation, office automation, 
scientific applications, heating etc.

LED sources are covered in detail in Chapter 10. 
Section 3.10 of this chapter makes some brief 
 comments on the applications in which LEDs are 
 competing with conventional lamps.

This chapter will concentrate on principles 
and will be illustrated by a number of examples. 
These principles should make it possible to under-
stand the wealth of information in manufacturer’s 
websites and catalogues. A selected list of manu-
facturers is given in Appendix.

There are a number of useful books about light 
sources. The book by Elenbaas [1] is an excellent 
overview of the science of light sources, whilst for 
discharge lamps the book by Waymouth [2] con-
tains clear and detailed explanations of many dis-
charge phenomena. Coaton and Marsden [3] give 
a comprehensive introduction recent enough to 
cover many modern developments; their Appendix 
gives a useful generic table of lamp data for nearly 
every commercial source used for illumination. 
Zukauskas et al. [4] give an up to date review of the 
use of LEDs in lighting.

3.2  LIGHT PRODUCTION

Most optical radiation is the result of accelerating 
electrons and causing them to make inelastic col-
lisions with atoms, ions, molecules or the lattice 
structure of solids. In the UV, visible and near IR, 
the photons are the result of electronic transitions 
between energy levels of these materials.

There are exceptions; in synchrotron radiation 
and related processes emission is from accelerated 
electrons.

As particle densities increase in the source, the 
spectral features broaden out until, in incandes-
cent sources the spectrum is continuous. Discharge 
sources generally emit spectral lines of atoms and 
molecules that are broadened to an extent depend-
ing on the pressure. Lamps of various types there-
fore emit a wide range of spectral features ranging 

from narrow atomic lines to a full continuum. The 
types of spectra are often critical for optical appli-
cations [5] (see Appendix—Oriel Instruments for a 
selection of spectra).

In incandescent lamps, the radiation is from the 
surface of a hot material. In discharge lamps, con-
duction is the result of ionization of the gas; any 
light emission is a volume process. The task of the 
lamp designer is to ensure that this ionization is 
also accompanied by copious radiation of the cor-
rect quality for the application.

3.3  RADIATION FUNDAMENTALS

3.3.1  Full radiator radiation and 
limits on emission

Both in incandescent and discharge lamps, elec-
tron motion is randomized. In all cases of practi-
cal interest, the drift velocity of the electrons in the 
applied electric field is much less than the mean 
velocity. An electron energy distribution function 
is established that can usually be characterized by 
an electron temperature Te. The distribution func-
tion may be far from Maxwellian when particle 
densities are low, or under transient conditions. It 
is the electrons in the high-energy tail of the dis-
tribution that excite the atoms, with subsequent 
emission of radiation.

The spectral radiance Le (λ, T) of the full radia-
tor or black body is given by Planck’s equation 
(Chapter 8, where radiometric and photometric 
quantities are also defined). The spectral radiance 
is plotted in Figure 3.1 for temperatures typical of 
those found in incandescent and discharge lamps. 
Convenient units for spectral radiance are Wm−2 
sr−1 nm−l, obtained by multiplying the value of c1 in 
Chapter 8 by 10−9.

For incandescent or high-pressure (HP) dis-
charge sources the electron temperature Te is close 
in value to the temperature T of the solid or vapor, 
but for low-pressure (LP) discharges in which col-
lisions between electrons and heavy particles are 
comparatively rare, Te may be very much higher 
than the gas temperature. The Planck equation 
therefore forms a fundamental limit to the radiance 
that may be obtained from any source in which the 
electron motion is randomized. This sets a funda-
mental limit on the spectral distribution, the energy 
efficiency and the radiance of the source.



3.3 Radiation fundamentals 43

3.3.2  Absorption and emittance

For radiation falling on a surface

 ( ) ( ) ( )α λ θ + λ θ + λ θ =T t T r T, , , , , , 1  (3.1)

where the fractions α(λ, T, θ), t(λ, T, θ) and r(λ, 
T, θ) are known as absorbance, transmittance and 
reflectance, respectively. In general, they depend on 
the wavelength, temperature and angle θ between a 
ray and the normal to the surface.

The spectral emittance ε(λ, T, θ) is the ratio of 
the thermal emission from the surface to that of a 
full radiator (black body) at the same temperature, 
wavelength and angle. This quantity is also known 
as spectral emittance. Derived from very general 
thermodynamic arguments, Kirchhoff’s law [6] 
states that

 ( ) ( )ε λ θ = λ θT a T, , , , .  (3.2)

For a perfect absorber, α(λ, T, θ) = 1. Therefore, the 
spectral emittance of a full radiator is unity; a good 
approximation can be made by forming a cavity 
from an absorbing material.

All real materials have ε(λ, T, θ) < 1. The best 
characterized material is tungsten (Figure 3.2) [1]. 
Selective emittance is characteristic of most materi-
als; in metals the emittance tails off at long wave-
lengths, whereas refractory oxides usually have a 
region of high emittance in the IR.

3.3.3  Étendue

For all optical systems geometry determines how 
much of the radiation generated by the source 
can be used by the optical system. This behavior 
depends on a very general concept called étendue 
ε, also known as geometric extent [6–8].

A definition of étendue is

 ∫∫ε = θ ΩAcos d d (m sr)2  (3.3)

where cos θ dA is the projected area of the source 
under consideration, and dΩ is the solid angle into 
which it is radiating. Notice that the units are geo-
metric, with no mention of amounts of radiation. 
A more general form is used when refractive indi-
ces are >1 [6]. Energy conservation requires that 
étendue is conserved in a lossless optical system; 
if there are losses caused by aberrations, scatter-
ing, or diffraction, étendue increases through the 
system. The étendue of a bundle of rays passing 
through an optical system either stays the same 
(ideal) or increases, but never decreases.

A simple example demonstrates some of the 
issues. Imagine projecting an image of the sun onto 
a surface. The diameter of the sun is about 1.4 × 109 m 
with an area AS ≈ 1.5 × 1018 m2. Our distance from 
the sun is about 1.5 × 1011 m. Suppose the lens has a 
focal length of f  = 100 mm and a diameter of 10 mm 
so that its area AL ≈ 8 × 10−5 m2. The solid angle Ω0 
subtended by the lens at the sun is therefore about 
3.5 × 10−27 sr. In this simple geometry the étendue 
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ε = ASΩ0 ≈ 5.4 × 10−9 m2 sr. The image is brought to 
a focus at a distance f in a converging beam of solid 
angle ΩL = AL/f 2 = 8 × 10−3 sr. Assuming a perfect 
optical system so that étendue is conserved, the 
image area is therefore AI = ε/ΩL ≈ 7 × 10−7 m2, giv-
ing an image diameter of about 0.5 mm.

If we want to focus the sun onto a smaller spot, 
a lens of the same area needs to have a shorter focal 
length. Aberrations in a nonideal lens then cause 
some of the light to fall outside the area predicted 
above, increasing étendue. Scattering and diffrac-
tion are also losses that increase étendue. In gen-
eral, the integration in Equation 3.3 has to be done 
numerically, e.g., by using an optical design code.

Étendue is also the quantity that determines 
how the power Φ (W) in the beam is related to the 
radiance L (Wm−2 sr−1), as inspection of the units 
will confirm:

 ΦΦ ( )= εL t W  (3.4)

t is the transmittance of the lens (and related 
optics). Conservation of étendue and of energy 
means that radiance can never be increased by an 
optical system.

In a projector, there is always some component 
that has the smallest (limiting) étendue. Often this 
will be the film or light gate with its associated pro-
jection lens. If the étendue of the source is greater 
than this, some light will miss the light gate and 
be wasted. On the other hand, if the étendue of the 

light gate is much larger than that of the source 
then the gate will not be fully illuminated. The 
aim must therefore be to reduce the étendue of the 
source as far as possible, since it is usually much 
greater than the limiting étendue. This will mini-
mize the amount of light that misses the light gate. 
Suppose that a projector lamp has a source of area 
AS that radiates in all directions so that the solid 
angle is 4π and the source étendue is εS = 4πAS The 
limiting étendue εL of the system will be usually 
be that of the light gate. In order that £ s does not 
greatly exceed εL, with consequent wastage of light, 
the area of the source must be very small because 
the source solid angle is so large. Major advances 
in projector lamps have been to use HP arcs with 
an arc gap as small as 1 mm (see Section 3.7.4) and 
an effective area in the region of 0.1 mm2.

The étendue concept is very general. It applies to 
any illumination system from fiber optics to street 
lanterns. For example, one of the benefits of LEDs 
is that their low étendue allows efficient use of the 
relatively low radiated fluxes; this is a reason why 
LED headlights for cars are a possibility.

3.3.4  Use of light in systems

The luminous flux in lumens (lm) [3, Chapter 1]

 ∫Φ = Φ λ λλV683 ( )dv e
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Sources, Macmillan, London, 1972.)
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where Φeλ is the spectral radiant flux in W nm−1 
and V(λ) is the spectral luminous efficiency for 
photopic vision (Chapter 8). The factor 683 (lm 
W−1) converts power to luminous flux. It is also 
useful to define the luminous efficiency of radiation

 = Φ ΦK / .v e  (3.6)

The (luminous) efficacy of a source is

 ( )η = Φ P/ lm W .v v in
–1  (3.7)

For many commercial lamps, the input power Pin 
is defined as the power into terminals of the lamp, 
whereas self-contained sources (such as compact 
fluorescent lamps), or lamps sold as a system (such 
as some electrodeless lamps) Pin is taken to be the 
power coming from the electricity supply Pwall. The 
latter power is greater because it contains the losses 
in the lamp circuit; users should be aware of this 
possibility for confusion.

Many lighting systems are driven and controlled 
by electronics and this trend will be maintained in 
the future. Figure 3.3 shows a schematic view of a 
complete lighting system. To generate light that even-
tually reaches the eye, every system includes most 

or all the steps shown. In order to work in terms of 
power so that we can calculate efficiencies, the quan-
tity in Figure 3.3 Pvis = Φv/683. For each stage in there 
is a loss and the system efficiency is then

 η = η × η × η × η × η × ηsys dc cir rad VR vis eff  (3.8)

The various terms are defined in Figure 3.3. Each 
stage in this chain of light production needs to be 
examined to discover how system efficiency can be 
improved. Notice that Equation 3.8 applies equally 
well to a street lamp, a projector, a self-ballasted 
lamp, a fiber-optic illuminator and, if the conver-
sion from mains to ac is omitted, to battery oper-
ated lighting system.

3.3.5  Color properties and color 
temperature of sources

Definitions of quantities mentioned below related 
to color are given in Chapter 8. A comprehensive 
discussion of color in lighting is also given by 
Coaton and Marsden [3, Chapter 3].

An important color property of any source is 
color appearance or chromaticity (specified by the 
chromaticity coordinates). The color appearance 
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of any source can be matched by mixture of three 
sources of different color appearance (for example, 
by red, green and blue sources, or by three spectral 
sources). The space of all possible colors is bounded 
by the spectral colors. For general illumination 
and for some optoelectronic applications such as 
projection, the preferred color of sources is “white”; 
the chromaticity of these sources is then close to 
that of a black body having a color temperature 
(see below) in the range from about 2800 (yellow-
ish white) to about 8500 K (bluish white). Other 
sources, such as those used for signaling, usually 
have more saturated colors (that is, colors such as 
red, green, amber, etc.) that are close to the spec-
tral colors). The specifications for these sources are 
closely controlled [9].

Color temperature is defined only for those 
sources having a color appearance close to that of a 
black body. The quantity most often used is the cor-
related color temperature (CCT) [10,11], defined in 
Chapter 8. A few examples help to set a scale. The 
glowing embers of a fire have a CCT in the region 
of 1000 K whilst a candle flame has a CCT of about 
2000 K. Incandescent lamps, depending on type, 
have CCTs between 2400 and 3400 K. The CCT of 
the sun is about 6000 K. Discharge lamps for gen-
eral illumination mostly have CCTs between 3000 
and 6500 K. Xenon arcs and flash lamps have CCTs 
in excess of 6000 K.

Sources of a given chromaticity (that is, hav-
ing the same color appearance) may have very 
different spectral distributions. A commonly 
observable example (at least in Europe) is that the 
color of an amber traffic signal and of the com-
monly used orange low-pressure sodium street 
lights are almost identical; the sodium lamp emits 
only at about 589 nm whereas the traffic signal is 
a filtered tungsten lamp that emits over a broad 
spectral range from the yellow through to the red. 
The value of K (Equation 3.6) for light from the 
LP sodium lamp also greatly exceeds that for the 
traffic signal.

Not surprisingly a surface illuminated by these 
two sources appears to have very different colors. 
The color rendering capability of a light source is 
an important measure. For general task illumina-
tion colors need to appear “natural”; this means 
that surfaces such as skin, fabric, building mate-
rials, etc. should not appear distorted when com-
pared with their appearance under natural light 
or incandescent light, which both have continuous 

spectra. Along with high efficacy or high lumi-
nance, this is a major requirement for commercial 
light sources. The measure of color rendering used 
is the CIE General Color Rendering Index (CRI) or 
Ra (see Chapter 8) [12,23]. Ra is computed from the 
color shifts shown by a series of colored surfaces 
when illuminated by the test illuminant as com-
pared to their color when illuminated by natural 
and Planckian reference illuminants.

The better the color rendering, the lower the 
efficacy of the lamp. One might think that since 
the sources that give “perfect” color rendering 
have continuous spectra, then high quality lamps 
should too, and this is usually the case. However, 
simultaneous optimization of K and Ra at constant 
color temperature has shown a surprising result; 
both quantities are maximized if the light is emit-
ted in narrow bands at 450, 540 and 610 nm. This 
feature of human vision, confirmed by experiment, 
has been exploited in the triphosphor fluorescent 
lamps that are now standard in all new installa-
tions. The lamps use narrow band phosphors that 
emit close to the critical wavelength. Similar tech-
niques are now being used to optimize white light 
LEDs (Zukauskas et al. [4] give a useful review of 
optimization.)

The CIE CRI is defined so that tungsten and 
daylight sources have Ra = 100. For general light-
ing in commercial premises requiring high- 
quality illumination, restaurants and homes, 
should be 80  or higher. Good quality sources 
for interior lighting such as triphosphor fluores-
cent lamps and HP ceramic metal halide (CMH) 
lamps have Ra ≥ 80. Lower cost halophosphate flu-
orescent lamps have Ra around 50–60, as do HP 
mercury lamps with phosphor coatings. High-
pressure sodium (HPS) lamps used for street 
lighting have Ra around 25.

Human vision is extremely sensitive to small 
differences in color [13] particularly in peripheral 
vision. This has proved to be a major challenge 
for lamp manufacturers, especially where lamps 
are used in large installations such as offices and 
stores. Not only should the initial spread in color 
be very small, but also the color shift during life 
must be very small otherwise when lamps are 
replaced it will be very obvious. Amongst the 
lamps for high-quality illumination triphosphor 
fluorescent and CMH are preeminent in this 
respect; such color differences as they have, are 
barely noticeable.
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3.3.6  Radiation from atoms and 
molecules in extended sources

In a discharge lamp, each elementary volume of 
plasma emits optical radiation. In a volume source 
an atom or molecule with an upper state of energy 
Eu (J) can make a transition to a lower state E1 (J) 
with a transition probability of Aul (s−1). The emit-
ted wavelength λ (m) is then given by

 
λ

= −hc
E E (J)u I  (3.9)

where h is Planck’s constant in Js−1 and c is the 
velocity of light in ms−1.

Since the emission is isotropic, the emission 
coefficient ελ(x) from a volume element at position 
x containing Nu atoms or molecules in the excited 
state is
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P(λ) is the line shape function having an area 
 normalized to unity. Do not confuse the emission 
coefficient ελ [14] with the spectral emittance ε(λ, 
T, θ) of a surface, which is a dimensionless quantity.

Suppose, we view a nonuniform extended 
source of depth D. The spectral radiance along a 
line of sight for a spectral line at wavelength λ is

L(λ) = 10−9

 ∫× ελ
− − −x x( )d (Wm sr nm ).

D

0

2 1 1  (3.11)

This is only an approximation. When absorption 
is present the radiance does not depend linearly 
on  atom density and is given by the radiation 
transport equation [14]. Examples of this impor-
tant phenomenon are described in Sections 3.6.1 
and 3.7.1.

3.4  INCANDESCENT LAMPS

3.4.1  Emission

Tungsten is the preeminent material for the man-
ufacture of incandescent lamps. It has a melt-
ing point of 3680 K and it can be drawn into the 
fine wire necessary for making lamps. In normal 

household bulbs the filament is operated at a tem-
perature in the region of 2800 K, depending on the 
type. The comparatively low temperature is chosen 
to limit evaporation and give an acceptable life. 
This section will concentrate on the higher tem-
perature tungsten–halogen lamps that have many 
optical applications.

A substantial fraction of radiation from a tung-
sten filament is emitted between 750 nm and the 
glass or silica cut-off in the IR. Figure 3.4 shows 
that the fraction of power radiated in the region 
750–2000 nm is approximately independent of 
the tungsten temperature, whilst the visible frac-
tion (<750 nm) doubles for an increase of 500 K in 
temperature.

3.4.2  Tungsten–halogen lamps

Use of a halogen chemical transport cycle [15] 
allows tungsten filaments to be operated at higher 
temperatures than in the standard household bulb. 
For lamps of similar wattage and life the filament 
can be operated 100 K higher in a halogen lamp 
compared with a conventional lamp [16].

The halogen—usually a fraction of a μmol cm−3 
of iodine or bromine—is added to the lamp before 
it is sealed. During operation of the lamp the halo-
gen reacts with evaporated tungsten in the cooler 
regions. The tungsten halide thus produced is a 
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Figure 3.4 Calculation of fractions of power 
emitted from a typical coiled tungsten filament 
as a function of temperature. The dashed line 
is the fraction of power radiated at <750 nm 
(mostly visible but with a very small fraction of UV 
radiation). The full line is the IR fraction between 
750 and 2000 nm. The remaining fraction is at 
wavelengths >2000 nm. (From Bergman, R.S. and 
Parham, T.G. IEE Proc., 140A, 418–428, 1993.)
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vapor that is transported by diffusion and convec-
tion to hotter regions, where it dissociates depos-
iting tungsten and releasing halogen for further 
cleanup. The dissociation mainly takes place at a 
region of the filament lead. The net effect of the 
cycle is therefore to transport the tungsten from 
the wall to regions of the lamp that do not affect 
light output.

Because the lamp walls remain clean, the bulb 
can be made very small and strong. High pressures 
of inert gas of high molecular weight suppress 
evaporation. With smaller, stronger bulbs contain-
ing high pressures of Kr, or even Xe, the tungsten 
may be operated at temperatures of up to about 
3500 K.

The higher the filament temperature the greater 
the rate of evaporation and the shorter the life of 
the lamp. Filaments operating at a color tempera-
ture of 3400 K (filament temperature ≈ 3330 K) will 
have a life of a few tens of hours. Life is also strongly 
dependent on operating voltage; manufacturers’ 
data should be consulted for information.

Tungsten–halogen lamps have the advantage 
over all other sources of having excellent stability. 
For best stability, lamps should be operated from a 
dc constant current supply with current controlled 
to 1 part in 104—this is the technique used for 
operating calibration lamps. The current should be 
set to ensure that the voltage rating of the lamp is 
not exceeded. When lamp stability is at premium 
(as for example in standards of spectral irradiance) 
optical equipment suppliers select particularly sta-
ble lamps (Appendix—Oriel Instruments, Ealing).

3.4.3  Varieties of tungsten–halogen 
lamps

The development of tungsten–halogen lamps has 
resulted in thousands of new products being intro-
duced. For optical applications the most important 
consideration is often the ability to focus the light 
into a tight beam. This is affected by the size of the 
filament, the tightness and evenness of winding 
of the coil, whether the coil is a flat or cylindrical, 
whether the coil is concentric with the bulb axis or 
normal to it, the quality and thickness of the bulb 
wall, and the type of glass used (hard glass can have 
better optical quality than fused silica). Examples 
are shown in Figure 3.5. High color temperature 
versions with powers in the range 25–1000 W or 
even greater are available. In some cases, these are 

made from silica that is doped to prevent emission 
of short wave UV. Consult manufacturers’ websites 
for “special” lamps designed for particular optical 
applications.

3.4.4  Lamps with integral reflectors

There is a wide range of tungsten–halogen lamps 
built into small reflectors. The reflectors may be 
aluminized, or have a dichroic (interference fil-
ter) coating allowing some IR radiation to escape 
from the rear of the reflector; this means that the 
beam is comparatively cool. They may also be fit-
ted with cover glasses that reduce the already small 
amount of short wave UV that is emitted by fused 
silica tungsten–halogen lamps. Reflector diameters 
vary from 50 down to 35 mm. Versions are made 
with beam divergences from a few degrees up to 
40°. Typically wattages vary from 12 to 75 W with 
a color temperature of about 3000 K.

These reflector lamps are used in large num-
bers for all sorts of commercial displays and accent 
lighting and therefore they are relatively inexpen-
sive. In addition, all the major lamp manufacturers 
make special versions that are used in a number 
of optical applications such as overhead projection, 
microfilm and fiber optic illuminators. Figure 3.6 
shows examples.

(a) (b) (c)

Figure 3.5 Examples of tungsten–halogen lamps 
(not to scale). All are mounted in a ceramic base 
that is pre-focused to allow accurate replace-
ment. (a) and (b) operate from low voltage at a 
CCT of 3000 K or more and in some cases as high 
as 3500 K. Lamp (a) has a flat filament especially 
suitable for projection. Lamp (b) has an axial fila-
ment suitable for use in reflectors for video appli-
cations. Lamp (c) is a mains voltage lamp for use 
in overhead projectors; available in ratings up to 
900 W and CCT is 3200 K. (Philips photographs.)
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3.4.5  Lamps with IR reflectors

Over 90% of the radiation from tungsten–halogen 
lamps is in the IR region and so is wasted. Many 
attempts have been made to return some of this 
radiation to the filament where it can be absorbed. 
Commercial success was eventually achieved by 
using multilayer interference filters deposited by 
LP CVD [16]. Less input power is needed to main-
tain the tungsten coil at the design temperature. 
The main benefit therefore is a saving in power for 
a given light output. The beam is cooler since there 
is less IR radiation emitted although optical qual-
ity is degraded slightly by the coating. The main 
benefit is an improvement of up to 40% in the effi-
ciency of generation of visible light.

3.4.6  IR sources

Incandescent lamps using either tungsten or car-
bon emitters make use of the IR radiation in indus-
trial heating processes (Appendix—Heraeus). The 
main benefit is a heat source that can be controlled 
precisely and has a much shorter response time 
than a conventional oven.

The Nernst source is an example of a ceramic 
emitter electrically heated to 2000 K, used as an 
IR illuminator in spectrophotometers. This makes 
use of selective emittance in the IR. More recent 
versions of similar devices are given in manufac-
turers’ data (see Appendix—Oriel Instruments). 
There are also low heat capacity carbon  emitters 

that can be modulated at low frequencies 
(Appendix—Hereaus).

3.5  DISCHARGE LAMPS WITH 
ELECTRODES

One way is to group discharge lamps into LP 
 (low-pressure) and HP (high-pressure) types. In LP 
discharges, the electrons make relatively few colli-
sions per second with the gas atoms and so electron 
temperature ≫ gas temperature. In HP discharges, 
relatively frequent collisions between electrons 
and gas atoms ensure that both temperatures are 
approximately equal. The same physical processes 
occur in LP and HP discharges. Section 3.5.1 is 
concerned with the common features of both types. 
The electrode regions are described in Section 3.5.2. 
Later sections describe their unique features.

Another way to group discharges is by the man-
ner of coupling to the power supply. Most dis-
charges have electrodes in which the cathode is hot; 
electrons are released into the plasma by thermionic 
emission. The term arc is not uniquely defined, but 
it is often taken to mean a discharge in which the 
cathode emits thermionically—examples are all 
HP discharge lamps and hot cathode fluorescent 
lamps. In cold cathode lamps, the electrodes emit as 
a result of ion bombardment of the cathode surface. 
Other discharges (Section 3.9) are operated at high 
frequency using induction or microwave sources. 
Dielectric barrier discharges (DBDs) are transient 
and self-limiting with little or no emission of elec-
trons from the cathode (Section 3.9.2).

3.5.1  Stable discharge operation of 
discharges with electrodes

To start a discharge, a high voltage must be applied 
to make the gas conducting, and (an electron) cur-
rent from an external circuit must be passed from 
cathode to anode through the conducting gas. A 
by-product of causing the gas to conduct is the 
production of radiation. To demonstrate the main 
effects we will consider dc discharges although 
the majority of commercial lamps operate on ac 
(Section 3.8.3).

We will illustrate the main features of a dc dis-
charge using the LP mercury-rare-gas discharge of 
the type used in fluorescent lamps as an example 
(Figure 3.7). Other lamps including HP lamps have 

(a) (b)

Figure 3.6 Examples of low voltage tungsten–
halogen lamps in integral prefocused reflectors. 
In (a) the reflectance of the coating has been 
reduced to show the positioning of the axial fila-
ment in the reflector (Osram). Assembly (b) has 
been specially designed for fiber optic illumina-
tion (Philips). Lamps for specific optical purposes 
are also available from most manufacturers.
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similar features, but the regions around the elec-
trodes have dimensions that are usually too small 
to see. The bulk of discharge in Figure 3.7—the 
positive column (PC)—is a plasma, so there are 
equal number of electrons and ions per unit vol-
ume. Some discharges such as neon indicators or 
deuterium lamps used for producing UV are so 
small that the PC does not exist.

In the PC, electrons form a near Maxwellian 
distribution of energies. Once the discharge has 
been established, the applied electric field causes 
the electrons to drift towards the anode and the 
ions to drift towards the cathode; because their 
mobility is much greater than that of the ions and 
the current is carried mainly by the electrons. 
Therefore, current density is approximately

 ( )= µj n e E A me e
–2  (3.12)

where E is the electric field, μe the electron mobil-
ity, |e| the electron charge and ne the electron 
density.

The PC can be any length as long as sufficient 
open-circuit voltage is available from the sup-
ply (think of commercial display signs). A con-
dition for stable operation is that the rate of loss 
of electrons by recombination with ions must be 
equal to the rate of gain caused by ionization. In 
LP discharges, most of the recombination occurs 

after the carriers have diffused to the wall; in HP 
discharges, particle densities are high enough for 
volume recombination to dominate.

The electric field in the column adjusts itself so 
that electrons are accelerated to a mean energy in 
the region of 0.5–1.5 eV corresponding to an elec-
tron temperature of about Te of 6000–18000 K. The 
electron energy distribution then contains enough 
high-energy electrons to ionize atoms, replacing 
the electrons lost by recombination. Figure 3.7 
shows that the electric field in the PC is constant, 
so in a given gas, the longer the lamp the higher 
the voltage.

3.5.2  Electrode regions

Adjacent to the anode the voltage usually increases 
(Figure 3.7). This is a result of a space charge sheath. 
If there was no sheath then the anode would only 
collect the random current. Normally the anode 
area is too small; to collect the current required it 
charges positively to attract electrons.

The cathode is more complex [2, Chapter 4]. The 
conditions at the cathode surface have to adjust 
themselves so that each electron that leaves the 
cathode initiates events that cause the emission of 
at least one more electron from the cathode, oth-
erwise the discharge will not be self-sustaining. 
Electrons emitted thermionically (hot cathode 

Negative glow Rare gas argon 2 torr
Anode sheathHg 6 m TorrFaraday dark spaceCathode sheath

Cathode PC

Distance

PC length

Te ~ 12,000 K
Te ~ 9000 K ne ~ 1016 m–3ne ~ 1018 m–3

0.3 mm10 µm

Cathode fall
~10–15 V

VT
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Anode
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Figure 3.7 Structure of a dc discharge. This schematic diagram shows features visible in a typical 
fluorescent lamp discharge, but they are also present in other discharges. The upper picture shows 
the positive column (PC), which may be any length, together with the anode and cathode regions in 
which dimensions are dependent on vapor and pressure. The lower diagram shows the voltage drop 
Vτ along the lamp. The cathode fall field adjusts so that sufficient electrons are extracted to maintain 
a stable current. Typical electron densities ne and electron temperatures Te are shown for the fluores-
cent lamp case.
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case) or by ion bombardment (cold cathode case) 
are accelerated in the high field of the cathode 
fall (CF) region. A beam of electrons from the CF 
region penetrates the cathode edge of the negative 
glow (NG) causing the production of positive ions 
that are accelerated through the cathode sheath. A 
fraction of these (~0.1) knocks further electrons 
out of the cathode. The process is entirely self-
regulating; if the work function increases, the CF 
increases and the resulting extra ion bombard-
ment heats the cathode surface to higher tempera-
tures, producing more thermionic emission.

The velocities of electrons leaving the CF are 
strongly directed toward the anode. This beam 
is gradually randomized in the direction in the 
NG region. By the end of the NG they have lost 
enough energy for the excitation of atomic levels to 
decrease. This region of comparatively little light is 
known as Faraday dark space (FDS). At this point, 
electron motion has been randomized giving a near 
Maxwellian distribution. Finally as the electrons 
start to gain energy from the field again, excitation 
increases and this marks the start of the PC. The 
NG and FDS therefore serve to change the highly 
anisotropic electron distribution function coming 
from the CF into the random distribution in the PC.

In hot cathode lamps, the CF is usually a little 
greater than the ionization potential of the most 
easily ionized species (see Figure 3.7). In cold cath-
ode lamps, the CF is much larger because electrons 
must be extracted by secondary processes such as 
ion bombardment. Cold CF voltages are typically 
in the region of 100–200 V. The CF in cold cathode 
lamp can be reduced by using hollow cathodes [17].

3.6  TYPES OF LP DISCHARGES

By far the most important type is the LP mercury 
rare-gas discharge used in fluorescent lamps and in 
UV sources for photochemical and photobiological 

purposes (Section 3.6.1). Other LP discharges not 
described here are LP sodium, used for street light-
ing of very high luminous efficiency, deuterium 
lamps used as UV illuminators and LP hollow 
cathode spectral sources for chemical analysis. 
There are also a wide variety of LP laser discharges.

3.6.1  Low-pressure mercury 
rare-gas discharges

LP mercury lamps contain a rare gas, usually argon, 
krypton or neon or mixtures of these, at a pressure 
of a few hundred pascal (a few torr). Mercury is 
added as a small drop of liquid weighing a few mil-
ligrams, which collects at the coolest place in the 
lamp. At typical wall temperatures, the mercury 
evaporates from the liquid drop at the pressure of 
about 0.8 Pa (0.6 m Torr). Despite the relatively low 
number density of the mercury atoms they domi-
nate the properties of the discharge. The fluores-
cent lamp discharge is a highly efficient emitter 
of UV in the mercury resonance lines at 254 and 
185 nm (>70%).

Phosphors are used to convert UV to visible 
radiation [3, Chapter 7]. Lamp phosphors are ionic 
materials doped with activators that absorb at short 
wavelengths and then reemit at longer wavelengths. 
The energy deficit in this Stokes’ shift is converted 
into lattice vibrations. In fluorescent lamps used in 
lighting the conversion loss is typically 50%. There 
is a very large range of phosphors [3, Chapter 7], 
and fluorescent lamps giving white light of many 
different CCTs and other color properties are 
available. Particularly important are the ionic 
rare-earth based phosphors as these emit at the 
wavelengths that combine high efficacy and color 
rendering index (Ra—Section 3.3.5). The principle 
ones are noted in Table 3.1; notice how close the 
peaks are to the 450, 540 and 610 nm wavelengths 
that optimize color rendering and efficacy.

Table 3.1 Phosphors commonly used in fluorescent lamps

Name Formula Wavelength of peak output (nm)

YEO Y2O3:Eu3+ 611
CAT Ce0.65Tb0.35MgAl11O19 543
LAP LaPO4:Ce3+, Tb3+ 544
CBT GdMgB5O10:Eu2+ 545
BAM BaMg2Al16O27:Eu2+ 450
Halophosphate Ca5(PO4)3(F, Cl):Sb3+, Mn2+ Broad bands
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The notation in Table 3.1 is the chemical com-
position of host lattice:activator. The activator is 
an ion added deliberately at relatively small con-
centrations to absorb UV and emit visible light. In 
some cases, the host lattice has this same function. 
Quantum efficiencies are close to unity.

One very important benefit of rare-earth 
 phosphors is their resistance to degradation by 
mercury discharges at high power leadings. It is 
this property that made possible the develop-
ment of compact fluorescent lamps. The disad-
vantage is the high cost of rare-earth phosphors 
compared with the halophosphates that they have 
largely replaced. The complexity of the materi-
als in Table 3.1 is such that phosphor research is 
still largely empirical, so the existence of each of 
these phosphors represent many man-years of 
 painstaking research.

The mercury vapor pressure is a dominant fac-
tor in controlling the amount of radiation emitted 
and the efficiency with which it is generated. When 
a mercury atom is excited near the center of lamp, 
the emitted photon is at exactly the correct energy 
to be absorbed by a ground state atom nearby. The 
photon is absorbed and reabsorbed many times 
before it finally reaches the wall in a random walk. 
When the mercury pressure is high, there are so 
many steps in the random walk that the chance 
of losing the excitation energy nonradiatively in a 
collision increases. When the mercury vapor pres-
sure is low the initial excitation energy can escape 
in a small number of steps, but then the fraction 
of collisions that lead to excited mercury atoms is 
low. (The related process in HP lamps is described 
in Section 3.7.1.)

This means there is a mercury vapor pressure 
at which the efficiency of generation of UV radia-
tion is at a maximum. This optimum pressure is 
achieved by having a small amount of liquid mer-
cury present at about 42°C. When using fluores-
cent lamps it is important to arrange for the fixture 
or unit holding the lamps to operate so that the 
mercury pressure is close to optimum. Lamps are 
designed to run close to optimum in commercial 
lighting fixtures. For other uses, such as backlight-
ing some cooling may be necessary. Some types of 
multilimb compact fluorescent lamps are designed 
for operation in hot fixtures. In these, the mer-
cury is dosed as a solid amalgam containing, for 
example, bismuth and indium. The vapor pressure 
of mercury above the amalgam is less than that 

above free mercury, but the use of an amalgam also 
substantially increases the ambient temperature 
range over which the mercury pressure is close to 
 optimum [18].

3.6.2  Applications of LP mercury 
discharges

The fluorescent lamp discharge lends itself to many 
different formats [3, Chapter 7]. The most famil-
iar are the long thin lamps used in ceiling lighting 
in nearly all commercial and industrial premises. 
There are also a wide variety of compact fluores-
cent (CFL) designed as a high efficiency replace-
ment for incandescent lighting.

Other than illumination, important applica-
tions for fluorescent lamps are in office equipment 
(copiers, fax machines, etc.) and in the backlight-
ing of displays. Cold cathode fluorescent lamps 
have a number of benefits: they can be small in 
diameter allowing screens to be very thin; at the 
low powers needed they are efficient enough for the 
purpose; lives are long; they can be switched fre-
quently; and low cost, efficient power supplies are 
readily incorporated in the end product. Hot cath-
ode fluorescent lamps produce more light and can 
be used to backlight displays that are used in high 
ambient light levels such as ATM machines. Short 
wave radiation from hot cathode mercury rare-gas 
discharges is used in photochemical or photobio-
logical processes; or it can be converted using a 
phosphor to UVA (as in “black light” sources) that 
show up fluorescence in materials.

3.7  HP DISCHARGES

There are many variants of HP discharges. Most of 
them are used for street lighting and interior illu-
mination of stores and offices and other commer-
cial premises, in which high luminous flux, high 
efficacy, good color quality and long life are at a 
premium. Lamps exist in single-ended (both con-
nections at one end) and double-ended (one con-
nection at each end) configurations to suit different 
applications. Many other types of HP discharges 
are used in which light must be projected and high 
brightness is needed. Some of the properties of 
HP discharges are described below. The two main 
classes of lamp are those that use volatile or gas-
eous elements, and those that use metal halides to 
introduce radiating species into the vapor.
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3.7.1  General features of HP 
discharge lamps

We will illustrate the operation of HP discharges 
by using the HPS (high-pressure sodium) lamp as 
an example. An HPS lamp has electrodes inserted 
into a narrow arc tube made from translucent alu-
mina, resistant to attack from sodium. As with 
many HP lamps the arc tube is contained within 
a glass outer bulb. These lamps are used as highly 
efficient (120 lm/lamp watt) long-lived (>20,000 h) 
street lights that give a pleasant golden light with 
CCT = 2000 K, albeit with rather poor color ren-
dering properties (Ra = 25).

The dimensions of the tube are typically 7 mm 
internal diameter with 70 mm length between the 
electrode tips for 400 W rating, with dimensions 
decreasing for lower wattage lamps. They contain 
a small pressure of rare gas and a few milligram 
of sodium metal. On applying a voltage the rare 
gas breaks down. The resulting discharge heats 
and evaporates sodium until its pressure is about 
1.4 × 104 Pa (100 Torr). A radial temperature profile 
develops in which the center temperature is about 
4000 K and the wall temperature is about 1500 K. 
Most of the length of the discharge is a positive 
column uniform along the axial direction. Sodium 
lamps usually also contain about 105 Pa (760 Torr) 
of mercury vapor. This reduces thermal conduc-
tion and increases axis temperature, thus increas-
ing spectral radiance.

The positive column is approximately in local 
thermodynamic equilibrium (LTE) [14]. This 
means that the properties are dependent on the 
local temperature in the plasma. The electron 

density is given by a version of the law of mass 
action called the Saha equation [19]
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where the U factors are partition functions for the 
ion and atom. S(T) depends strongly on tempera-
ture through the exponential factor, where Ei (J) is 
the ionization potential (including corrections for 
high electron density) and k is Boltzmann’s con-
stant. Since the hot gas is a plasma ne = ni. The atom 
density na in an elementary volume at temperature 
T is given by the gas law so na = P/kT where P is 
the gas pressure. Table 3.2 shows values of ne in 
sodium vapor at various temperatures. Since the 
current density is proportional to ne it is clear that 
the current flow is mainly in the high temperature 
region.

The population nu of an energy level of an atom 
(labeled u) is given by another LTE formula:
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where n0 is the density of atoms in the ground 
state, Eu is the energy (J) of the upper state of the 
atom, whilst g0 and gu are the statistical weights of 
ground and upper states, respectively. The num-
ber of atoms excited to the upper state depends 

Table 3.2 Shows how the plasma temperature affects the number density (m−3) of excited states 
and ions

Plasma temperature (K)

2000 3000 4000 5000

Number density of sodium atoms 4.8 × 1023 3.2 × 1023 2.4 × 1023 1.9 × 1023

Fraction of sodium atoms excited to 
the states radiating at 589

1.5 × 10−5 8.8 × 10−4 6.4 × 10−3 2.3 × 10−2

Fraction of sodium atoms that are 
ionized

7.3 × 10−6 1.9 × 10−3 3.5 × 10−2 2.2 × 10−1

Note: Electron density is equal to ion density. There are two excited states at about 2.1 eV giving rise to the 
characteristic orange sodium D radiation. The ionization potential is 5.14 eV before correction is made for 
lowering of the value at high electron densities. The arc operates so that the electron density is sufficient 
to carry the current and the plasma temperature adjusts to make this so. For steady state sodium arcs this 
sets the maximum plasma temperature to about 4000 K. Calculated using Equations 3.13 and 3.15.



54 Incandescent, discharge, and arc lamp sources

exponentially on temperature. Because of the 
exponential Boltzmann factor in Equation 3.15, the 
fraction of atoms in the excited state u is very small 
even at the highest temperatures. Only in the hot-
test parts of the discharge are significant numbers 
of atoms excited; the resulting “corded” appear-
ance is a characteristic feature of an LTE arc. When 
a HP discharge operates horizontally convection 
bows the bright part upwards—the origin of the 
term arc. The importance of Equations 3.13 and 
3.15 is shown in Table 3.2.

Self-absorption dominates the spectrum of 
many HP discharge lamps and is especially domi-
nant in HP sodium discharges. As Figure 3.8 shows 
there is no significant radiation at 589 nm, the 
wavelength at which sodium radiates at low pres-
sures. In an HPS lamp, the sodium pressure is so 
high that photons from excited sodium atoms can 
only travel about 10−7 m at the line center before 
being absorbed by a ground state atom. However, 
there is a chance that very close collisions with 
other sodium atoms can perturb the radiating 
atom sufficiently so that it radiates at wavelengths 
far from the line center at 589 nm. The hot plasma 
can therefore be considered as storing excitation 
energy until the energy can escape from an atom 
having strongly perturbed energy levels. The higher 
the pressure, the further from the line center the 
wavelength has to be, before the light can escape 
(Figure 3.8). This behavior is called self-reversal 
and it has a dominating effect on the operation of 

many HP discharges [3, Section 5.6.3]. The cover 
of the book by de Groot and van Vliet [19] shows 
beautiful color photographs of the self-reversal of 
the sodium D lines at different pressures.

3.7.2  HP metal halide lamps

There are very few elements that have well-placed 
spectral lines and sufficiently high vapor pres-
sures to be operated as HP discharges, the most 
important being mercury, sodium, sulfur, and the 
permanent gases (of which Xe is by far the most 
important).

There are perhaps 50 elements that have metal 
halides that are sufficiently volatile to be used in 
HP lamps. The principal ones are as follows:

 ● Na, I, In, Tl, Ga halides in which the metals 
have relatively few strong atomic lines.

 ● Sc, Fe, Dy (and other rare earth) halides in 
which the metals have many relatively weak 
visible lines so close together that the spectrum 
appears continuous at moderate resolution.

 ● Sn, Pb, and similar halides that form relatively 
stable monohalide molecules that emit a spec-
trum that appears continuous at low resolution.

The halide is usually the iodide, which has the least 
reactive chemistry.

Metal halide lamps are extensively used as effi-
cient white light sources of good color quality for 
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general illumination; all major lamp manufactur-
ers make them (Appendix). Because the spectrum 
can be tailored to use, metal halide lamps are used 
extensively for production of UV for photopoly-
merization processes, such as ink drying or glue 
curing (Appendix—Heraeus). These lamps are 
installed as part of large production processes in 
the printing and packaging industries. The speed 
of curing is often the bottleneck in the processes, 
so with suitable UV sources productivity can be 
increased. HP mercury lamps are also used for 
similar processes. Other uses of metal halide lamps 
include special versions for medical conditions 
such as psoriasis (Appendix—Osram).

3.7.3  Operating principles of metal 
halide lamps

Many metal halide lamps contain thallium iodide 
(TlI). TlI is considered as a simple case to illus-
trate how the light is produced in metal halide 
discharges. Figure 3.9 shows a schematic diagram 
of a HP TlI discharge. When the lamp is made, a 
few milligram of solid TlI and a rare gas for start-
ing are added. Usually enough mercury is added 
to give a partial pressure of about 106 Pa (10 bar) to 
reduce thermal conduction and to adjust operat-
ing voltage (Section 3.7.1). When the lamp is oper-
ated, the rare gas discharge heats up the Hg and TlI 
causing them to evaporate. In higher temperature 
regions, the TlI dissociates into Tl and I atoms. 
At higher temperatures still the Tl is excited and 
emits intense green light of high efficiency that 
can be useful for underwater illumination. Finally, 
near the axis the Tl is ionized producing the elec-
trons needed to carry the current. This progressive 
evaporation, dissociation, excitation and ioniza-
tion occurs in all metal halide discharges.

With mixtures of halides the ratio of salts has 
to be chosen with due consideration to the chem-
istry of the liquids and vapors. For example, one 
of the first types of metal halide lamp used mix-
tures of indium, thallium and sodium iodides that 
emit blue, green and orange self-reversed spectral 
lines. Altering the proportions of these can provide 
white light discharges of different color tempera-
tures and quite good efficacy (luminous efficiency). 
However, their color rendition is rather poor.

Metal halide arc tubes are generally shorter than 
HPS lamps (for which the length to diameter ratio is 
more constrained by requirements of optimization) 

and may even be close to spherical in shape. This 
has an effect on étendue and may make fixtures 
using these lamps more efficient at using the light.

There has been extensive research and devel-
opment over the last 40 years that has produced 
mixed metal halide lamps with much improved 
color performance and efficacy. The halides used, 
their vapor pressures and their relative propor-
tions all have a strong influence on the initial color 
properties and efficacy.

It is important that these properties stay con-
stant through lives of 10,000 h or more. Reactions 
between the various components and the tube 
walls occur at different rates; all metal halide lamps 
show some color shift during life. Detailed R&D 
has improved the color stability of metal halide 
lamps in silica arc tubes so that it is acceptable in 
critical applications such as the lighting of stores 
and offices. A recent major improvement has been 
in the use of translucent alumina ceramic arc tubes 
for containing Na, Dy, Tl, HgI metal halide arcs. 

Tungsten
electrode

Tungsten
electrodeSilica or

ceramic
arc tube

TlI liquid

TlI

Tl*, Tl+

Tl

Figure 3.9 The principle of operation of a metal 
halide discharge. In this example solid thallium 
iodide (TlI) is dosed into the lamp along with a 
rare gas. The discharge starts in the rare gas, 
melting and then vaporizing the TlI. In the steady 
state the current is provided by ionizing Tl atoms. 
For this to happen the temperature on axis needs 
to be above 5000 K. At this temperature Tl atoms 
radiate strongly with their characteristic green 
line at 535 nm. The boundaries between the vari-
ous regions are not sharp as shown schematically 
here, but blend into each other as the tempera-
ture increases from the wall to the axis. In a prac-
tical lamp, mercury vapor is also introduced at 
several bars to reduce thermal conduction losses.
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Metal halide reactions with the envelope are much 
slower than with silica and this has provided a fur-
ther major improvement in initial color uniformity 
and color stability through life.

Most metal halide lamps are used for illumi-
nation where the transparency of the arc tube is 
not an issue, but the scattering by the arc tube is 
a major disadvantage for projection. For projec-
tor and automotive head lamps, silica arc tubes are 
universally used. Because the axis temperature of 
metal halides is usually around 5500 K, the radi-
ance of the gas close to the axis can be very high 
(see Figure 3.1).

3.7.4  Applications of HP discharge 
lamps

Table 3.3 gives information about HP lamps used 
for general illumination. It is intended to show the 
range of types available with some idea of the best 
characteristics to be expected. All types exist in 
more than one power rating, but the rating given 
is a fairly typical one for the indicated application 
and type. Generally efficacy increases as power rat-
ing increases [3, Appendix 1].

Most of the lamps that are in the table are arcs 
with positive columns of length of several centime-
ters that are stabilized by the tube wall. The CMH 
lamp is a short arc lamp in which the arc is mainly 
stabilized by the electrodes.

Manufacturers’ websites give many examples 
of applications other than for illumination. All 
the major lamps manufacturers make a variety 
of metal-halide and xenon short arc lamps for 
projection and related uses (Appendix). In short 

arc lamps (length  < few millimeters) there are 
usually regions close to the electrodes that have 
particularly high arc temperature. This region of 
high arc temperature forms because the electrodes 
cool the arc, and the field close to the electrodes 
has to increase to maintain conduction; moreover 
the current density normally increases as the arc 
contracts toward the cathode hot spot. The com-
bined increase in current density and field means 
that the power per unit volume of arc is greatest 
just adjacent to the electrode. Although this gen-
erally leads to a reduction of efficacy there may 
be an increase in luminance. Figure 3.10 shows 
examples of lamps that are used for a variety of 
projection and entertainment applications and 
other more specialized applications such as solar 
simulators.

Short arc metal-halide lamps can readily be inte-
grated into prefocused parabolic or elliptical reflec-
tors (Appendix—Welch Allyn, Ushio and others). 
Various beam divergences are available to suit 
different applications. A relatively recent develop-
ment is shown in Figure 3.11 (Appendix—Philips, 
Osram and GE Lighting). This very high pres-
sure (1.5 × 107 Pa or 150 bar) has extremely high 
luminance because of its extremely high arc tem-
perature. The reason for the high arc temperature 
is that 130 W are dissipated in an arc of length 
hardly more than a millimeter. Spectral lines show 
extreme broadening and there is an intense con-
tinuum giving good color rendition. With an arc 
gap of only 1.2 mm the étendue is very small. The 
lamps are designed to be operated in a prefocused 
reflector and the whole assembly used in data or 
video projectors.

Table 3.3 Indicative characteristics of HP discharge lamps used for general lighting

Lamp type
application 
examples Power (W)

Initial 
(lm W−1) Life (103 h) CCt (K) Ra

HPS Road lighting 400 125 30 2000 25
High CRI Prestige town 

lighting
400 100 24 2200 60

HP mercury 
vapor + phosphor

Road lighting 400 60 24 3500 55

Metal halide Prestige outdoor, 
stores

400 90 24 4000 70

CMH Commercial interiors 100 90 12.5 3000 85



3.8 Electrical characteristics of discharges 57

3.8  ELECTRICAL CHARACTERISTICS 
OF DISCHARGES

3.8.1  Breakdown and starting in 
discharge lamps

The gas in the lamp must be converted from an 
excellent insulator into a good conductor with 
a resistance that can be as low as a few ohms. 

Figure 3.12 shows the voltage across the lamp as a 
function of current over a very wide range of cur-
rents. After breakdown, the current increases rap-
idly until finally it stabilizes at the value needed to 
satisfy the circuit equations. In order to start the 
lamp, the circuit must be able to provide a voltage in 
excess of the highest lamp voltage in this diagram.

In order to achieve breakdown some source 
of electrons is necessary. If not provided by other 
means, they result from ionization by cosmic rays 
or natural radioactivity in the materials of the 
lamp. In other cases reliable breakdown is aided by 
the addition of small amounts of radioactive mate-
rials such as Kr85, or by photoemission from sur-
faces caused by a small external source of UV. In 
hot cathode fluorescent lamps the electrodes can 
be heated before the voltage is applied: at low tem-
peratures the field-enhanced thermionic emission 
provides enough electrons [2]. In HP lamps, a third 
trigger electrode is often included adjacent to the 
main electrode. When the voltage is applied across 
this small gap, breakdown is assured; this gap then 
provides initial electrons for the main gap. A gen-
eral rule is that the fewer the initial electrons the 
higher the starting voltage needs to be, and the 
longer the time lag before breakdown.

The majority of lamps operate with hot cath-
odes that emit thermionically. Once breakdown 
has been achieved the transition from abnormal 
glow to arc in Figure 3.12 must be achieved quickly 
and cleanly. Staying too long in the region of cold 
cathode operation, in which the electrons released 

(a) (b) (c)

Figure 3.10 The large range of powers possible 
with HP discharges is shown. Not to scale. (a) An 
example of a metal halide lamp for entertain-
ment applications with a CCT of about 6000 K, 
available in ratings between 575 and 12000 W 
(Philips). (b) An example of a high pressure xenon 
lamp operated from dc with a CCT of 6000 K, 
available in ratings between 450 and 12000 W 
(Osram). (c) A 10W metal halide lamp operating 
with CCT around 6000 K and ratings between 
10 W (Welch-Allyn).

(a)

(b)

Figure 3.11 (a) A prefocused projection unit designed for LCD projectors. The reflector is carefully 
designed to keep étendue of the prefocused unit as low as possible and has a dichroic filter to reduce 
the amount of IR in the beam. (b) The arc tube used in the reflector. It operates at 130 W and a CCT of 
about 6200 K with a mercury pressure of more than 150 bar. The arc gap of about 1.2 mm with conse-
quently low étendue. (Philips, Osram, GE Lighting.)
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by ion bombardment can be very damaging and 
shortens lamp life, sometimes dramatically.

There are various schemes for starting fluores-
cent lamps [2] in which the electrodes are tung-
sten coils coated with electron emission mix. One 
of the most common is to use a starter switch in 
parallel with the lamp. The starter switch is wired 
so that when closed, current limited by the bal-
last is passed through both electrodes. Initially 
the starter switch is closed. This preheating pro-
cess raises the temperature of the electrode to 
about 1000 K before the starter switch opens. On 
opening the switch the open circuit voltage plus 
the self-induced voltage across the inductance is 
applied across the lamp, causing breakdown. The 
main purpose of preheat ensures that thermionic 
emission occurs very soon after breakdown. The 
switch is usually a relatively inexpensive bimetal-
lic type. The tolerances on starter switch opera-
tion are closely constrained according to the lamp 
type. Increasingly fluorescent lamps are operated 
from electronic ballasts. It is a relatively simple 
matter to include a precision electronic preheat 
circuit to enhance the lamp life. At the low cost 
end, preheat is not included; after breakdown the 
electrode is heated rapidly by ion bombardment 
until it reaches thermionic emitting temperatures. 
Up to this time secondary emission dominates but 
the ion bombardment heats the cathode; these so-
called instant start lamps generally have shorter 
life than lamps that are preheated.

For HP lamps, preheating is not an option. 
Starting from cold when the pressure is around 104 
Pa (0.1 bar), breakdown voltages in the region of 
some kilovolts are needed. After an HP lamp has 
stabilized the pressure may be many atmospheres; 
on turning off it will require some tens of kV to 
restart immediately. Various types of pulse ignitor 
are used. The speed of transition from the glow to 
the arc is sensitive to many factors related to elec-
trode design, lamp fill, processing quality and the 
open circuit voltage available. Ballast and lamp 
designers work together to ensure that the glow 
to arc transition in Figure 3.12 occurs rapidly and 
cleanly to ensure long life.

3.8.2  Steady state electrical 
characteristics

For an ohmic conductor the number of carriers is 
independent of current, so changing the voltage 
simply changes the mean drift velocity of the carri-
ers. As long as the temperature remains constant the 
current is proportional to voltage—Ohm’s law. If the 
temperature increases the carrier mobility decreases 
and the resistance increases. This is what happens in 
tungsten lamps in which the hot resistance can be 15 
or more times higher than the cold resistance.

Discharges show strongly nonohmic behavior 
(Figure 3.12). A discharge is a current-controlled 
device; and the voltage between the terminals 
sets itself to maintain this current. An additional 
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impedance called a ballast is necessary to control 
the current. In response to increasing current hot 
cathode discharges respond by decreasing the volt-
age across their terminals. This is the so-called 
negative, or falling V–I characteristic. The rate of 
decrease of voltage with current is usually quite 
small. This corresponds to the arc region on the 
right hand end of Figure 3.12 where the lamp volt-
age is comparatively low.

Figure 3.12 shows what happens to voltage as 
the current is increased over many orders of mag-
nitude. Increasing from low values of current the 
voltage decreases to a plateau region in which a 
glow is visible on the cathode. On increasing the 
current, the glow increases in area whilst the volt-
age remains constant, implying that the current 
density at the surface of the cathode is constant. 
This is called the normal glow regime. As the cur-
rent is increased further, the glow finally covers 
all the cathode area and often the leads as well. 
At this point, the current density has to increase 
and the voltage across the terminals increases. 
This is called the abnormal glow region. In both 
the normal and abnormal regions, the major part 
of the lamp voltage is dropped across the CF. The 
resulting ion bombardment increases the cathode 
temperature and the cathode begins to emit therm-
ionically and makes a transition to the arc regime, 
which has a low CF. The abnormal glow region has 
a positive resistance characteristic, but this is not 
stable unless there is a ballast in the circuit.

For a dc discharge a series resistance R is needed 
to stabilize the current I. If the supply voltage is VS 
and the lamp voltage VT then

 =V V IR– (V)T S  (3.16)

The right hand side of this equation is called the 
load line. Load lines for three resistances are 
shown in Figure 3.12. For the highest resistance 
the intersection point is in the normal glow region 
(typical of a neon indicator lamp). With the low-
est resistance the intersection is in the arc region. 
The intermediate resistance has two intersections, 
the one at the lowest current is in the abnormal 
glow region. If the heating of the cathode is insuf-
ficient to cause a transition to an arc, then the lamp 
remains in the abnormal glow condition. In some 
cases when starting an arc the discharge sticks in 
the abnormal glow with a high cathode fall; the 
sputtering can then cause very rapid blackening of 
the walls and premature failure.

Despite what the manufacturers’ data sheets 
may say, Figure 3.12 suggests that there is no spe-
cific power at which a discharge must operate; 
adjusting lamp current by using ballast imped-
ance and supply voltage means lamps may be oper-
ated at a wide range of powers—at least for a time. 
The consequences of operating at powers different 
from the rated power are usually a reduction in life; 
properties such as color temperature and color ren-
dering and efficacy will also change. Nevertheless, 
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Figure 3.13 (a) A section of the arc region of Figure 3.9. The solid curve is the locus of points for which 
dne/dt = 0. If a discharge without a ballast could be prepared at a point on this line small fluctua-
tions would cause the current to increase without limit or decrease to zero. (b) Shows the effect of a 
stabilizing ballast resistor. The voltage across the circuit is now the sum of the lamp voltage VT and 
the resistor voltage VR. If the current fluctuation increases the current, the sum of resistor and lamp 
voltage increases into a region where dne/dt < 0 and the current immediately decreases again until 
VR + VT = Vs. This operating point is therefore stable against lamp current fluctuations.
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for specific applications this is an option that the 
user can consider.

The reason for needing a ballast is best 
explained by using an argument given by 
Waymouth [2, Chapter 2]. Figure 3.13a shows the 
falling arc characteristic (part of the right hand 
end of Figure 3.12). This characteristic is the locus 
of points for which dne/dt = 0. The further above 
this line the more the rate of ionization exceeds the 
loss, so the current increases, and this increases 
dne/dt, with the result that the current contin-
ues to increase. If the applied voltage is below 
the line the loss exceeds production, the current 
decreases and the discharge extinguishes. Figure 
3.13b shows the effect of a series ballast resistor. 
The total circuit voltage VT + IR now intersects the 
supply voltage at a certain current. If a fluctua-
tion causes the current to increase, then the total 
circuit voltage moves into a region where dne/dt 
< 0, thus immediately decreasing the current. If 
the current decreases, then the total circuit volt-
age decreases so that dne/dt > 0, thus increasing 
the current again.

3.8.3  AC operation

Resistive ballasts work satisfactorily, but are lossy. 
Commercial lamps operate from the ac mains 
supply using magnetic inductances as ballasts [3, 
Chapter 17]. Figure 3.14 shows the lamp voltage 
and current waveforms for a fluorescent lamp on 
a resistive ballast. At 50 Hz there is an appreciable 
restriking voltage after current zero. This extra 
voltage is needed to restore the electron density 
after it has decayed during the latter part of the 
previous cycle. If this restrike voltage exceeds the 
supply voltage the lamp will extinguish. The phase 
relationships in an inductive circuit mean that a 
large voltage is available at the time that the cur-
rent reverses, so extinction is less likely. For stabil-
ity on ac mains supplies with a series inductance, 
the rms lamp voltage should not exceed about half 
of the rms mains voltage.

Most lamps are now developed to operate 
from electronic power supplies. Although more 
expensive than magnetic ballasts, there are a 
number of benefits: in fluorescent lamps there 
is an improvement in efficiency of UV produc-
tion because of reduction in electrode loss and 
an increase in PC efficiency; electronic circuits 
can also provide programmed start and run-up 

sequences that prolong lamp life; there is no per-
ceptible 50 or 100 Hz flicker from lamps run from 
electronic circuits at high frequency; and there is 
no restrike peak. Figure 3.14 shows typical wave-
forms at 50 kHz. In the case of HP discharges, 
operation at high frequencies can cause acous-
tic resonances that result in gross movements or 
distortions of the arc [19]. The electronic option 
is then to operate the lamp from a commutated 
dc—a square wave with fast transition times at 
frequency in the region of 90–500 Hz. For HP 
discharges, the lack of flicker and the ability to 
control lamp power (and thus color) over life are 
important benefits.

The optical radiation from discharge sources 
fluctuates by a percent or two. Part of this is 
caused by small changes in the cathode termina-
tion resulting in arc movement. It has recently 
been found that modified square wave supply 
waveforms can reduce the movement of the arc 
termination on current reversal [20]. A great 
improvement in stability can also be achieved 
by measuring the light output and using it to 
adjust the power into the lamp (Appendix—Oriel 
Instruments, Light Intensity Control System). 
A similar device can also be used to control the 
already excellent stability of tungsten-halogen 
lamps.
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Figure 3.14 Measured voltage and current 
waveforms for a fluorescent lamp operated at 
frequencies of 50 Hz and 50 kHz. Noise on the 
waveforms is caused by oscilloscope digitization.
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3.9  OTHER METHODS OF 
EXCITATION OF DISCHARGES

3.9.1  Pulsed light sources

A number of lamps are designed for pulsed opera-
tion [21]. The obvious example is the xenon flash 
tube used for photography, laser pumping, as 
warning beacons and as a transient source for sci-
entific studies. The duration of the flash is of the 
order of microseconds with repetition frequencies 
up to hundreds of hertz. Operation is by discharg-
ing a capacitor through the lamp. Peak currents 
may reach thousands of amperes and electrodes 
must be constructed accordingly. The effects of 
using pulsed or transient output are that electron 
temperature can reach substantially higher values 
than in steady state. The result is usually due to an 
enhancement of the short wavelength radiation 
and an increase in peak radiance.

3.9.2  Dielectric barrier discharges

A form of transient discharge, DBDs have been 
used for large-scale industrial processes such as 
ozone generation for water purification and for 
generating far UV radiation for photochemical 
processes. DBDs may be operated in the pressure 
range from about 102 to 105 Pa [22].

Recently a DBD light source, the Osram Planon 
lamp has been developed. This provides a very uni-
formly lit tile-shaped area of reasonable luminous 
efficiency. At present, lamps are made in square 
format with diagonals up to 540 mm having a 
uniform luminance of >6000 cd m−2 (Appendix—
Osram) [23].

The operating principle of a DBD is as follows. 
High voltage pulses (of some kilovolts) are applied 
between two electrodes, at least one of which is cov-
ered with an insulator of high breakdown strength 
such as glass. On applying a high voltage pulse, 
electrons are accelerated towards the anode and 
form an avalanche that breaches the gap. Electrons 
arriving at the anode charge up the surface, thus 
reducing and finally reversing the electric field. 
Electron current flows first from cathode to anode 
and then, when the anode charges up, from anode 
to cathode. The discharge lasts for a time ~μs. 
During the off period the ionization decays, pro-
viding the starting conditions for the next pulse. 
The discharge therefore comprises a series of 

microdischarges with lateral extent approximately 
equal to the electrode spacing. Microdischarges 
occur every time the pulse is turned on. DBDs have 
extremely non-Maxwellian energy distributions 
in which there are many high energy electrons. 
Because of this the excitation of resonance states of 
rare-gas atoms and molecules is favored, leading to 
high efficiency of UV production.

The Planon lamp is formed from two glass plates. 
On the lower plate, a metal cathode interlaced with 
a metal anode structure is deposited. Both elec-
trodes are coated with glass to form the barrier lay-
ers. This form of electrode structure results in very 
uniform illumination. The lamp is operated from 
an electronic power supply designed to produce 
the optimized pulse sequence that is necessary 
for high efficacy. The two plates are held apart by 
spacers and the whole structure is sealed and filled 
with Xe at about 1.4 × 104 (100 Torr). Xe forms an 
excimer ∗Xe2 (excited dimer) that radiates efficiently 
in the vacuum UV at about 172 nm. Phosphor on 
the inner walls converts the UV to visible radia-
tion. The use of Xe means that the output is almost 
independent of the lamp temperature so the lamp 
works just as well outside in cold weather as it does 
in the confines of office equipment.

The main applications are in displays and office 
equipment applications where a uniform and high 
luminance is a requirement. Cylindrical lamps 
based on the same technology are used in multi-
function copiers.

3.9.3  Excitation by induction and by 
microwaves

In the last decade, a number of inductively coupled 
lamps have become available commercially from 
the major lamp manufacturers [3, Chapter 11]. All 
are variants on the fluorescent lamp discharge. 
Figure 3.15 shows a particularly compact example. 
The coil in the center is driven at a frequency of 
about 2.6 MHz. The rate of change of magnetic flux 
induces a voltage in the azimuthal direction. This 
causes a current to flow in a torus surrounding 
the coil. The ballasting is the result of the internal 
impedance of the supply. Benefits are long life and 
compactness. Other versions are Philips QL which, 
with a life of 100,000 h, is designed for use in inac-
cessible fixtures. Typically these will be high-bay 
fixtures with lumen packages between 2800 and 
9600 lm. The Osram Endura or Icetron lamp which 
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has a stretched torus configuration has higher effi-
cacy and packages of 8000–12,000 lm and a rated 
life of 80,000 h.

Microwaves can also be used to excite dis-
charges. Fusion Lighting has pioneered a HP sul-
fur discharge in which the radiation is emitted by 
S2 molecules. The light is white with a CCT in the 
region of 6000 K and the efficiency of generation 
can be up to 170 lm/microwave watt—higher than 
any other white light source. The overall efficiency 
is reduced because of the relatively poor efficiency 
of generation of microwave power. Light output 
levels are very high so the source is used in light-
ing large buildings. The very high radiance of such 
sources means that optical means can be used to 
distribute the light efficiently around buildings.

3.10  LEDs FROM THE PERSPECTIVE 
OF CONVENTIONAL LIGHTING

Chapter 10 gives detailed information about LEDs. 
The generation of light by conventional lamps 
is limited by the black body radiance at the elec-
tron temperature. The reason is that the electron 
motion is randomized. In an LED, the motion of 
the carriers into the recombination region is far 
from random; the maximum radiance is therefore 
not limited by the Planck distribution. Already 
trichromatic LED [24] assemblies reaching 100 
lm W−1 have been made. (It is not clear in [4], and 
in many other LED publications, if this is the flux 

per lamp watt or flux per wall plug watt.) Note that 
these lamps are colorimetrically similar to the 
triphosphor lamps mentioned in Section 3.3.5. A 
further advantage of LEDs for many applications is 
their low étendue (Section 3.3.3) which means that 
the light can be directed more efficiently to where 
it is needed.

LEDs have already made a substantial impact on 
the conventional lamp manufacturing businesses. 
There are a number of applications where LEDs 
are far superior to conventional lamps. The obvi-
ous example is traffic signals. The LEDs generate 
the colored light only at the wavelengths needed, 
as compared with the filtered tungsten lamps used 
until recently. The required signal luminance val-
ues can therefore be met at much lower power 
consumption. It has been estimated that if all 
traffic lights in the USA were converted to LEDs, 
electricity consumption would be reduced by 0.4 
GW [4]. Moreover, the LEDs are particularly well 
suited to withstand the vibration they experience 
as a result of heavy traffic and wind, and they may 
be frequently switched without damage. But the 
main advantage is their long life, which dramati-
cally reduces maintenance costs compared with 
conventional traffic lights. A further advantage is 
that catastrophic failure of an LED does not have 
to cause the complete failure of the traffic signal, so 
safety is improved. All these advantages pay for the 
extra cost of the LED systems, so we can expect to 
see a complete takeover of the signal lamp market 
in land, sea and air transport signs.

White light LEDs are now finding many appli-
cations in decorative, aesthetic and artistic lighting 
where their properties are stimulating designers to 
produce interesting new ways of using light. There 
are also other niche markets such as highly local-
ized task lighting where LEDs will make inroads, 
such as car interiors, desk, stairwell, path lighting, 
etc. In any application requiring relatively low flux 
levels, conventional lamps can now probably be 
replaced by LEDs as long as the substitution is not 
too expensive.

The ultimate target for the LED industry must 
be the replacement of the huge numbers of fluo-
rescent lamps for lighting offices and other com-
mercial premises. Much is made of the possibility 
of exceeding the efficiency of present day fluores-
cent lamps. The future is far from clear however: 
the issue is the low luminous flux from LEDs. No 
single LED approaches the level of flux required, 
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Figure 3.15 Inductively coupled discharge lamp 
(GE Genura). The schematic diagram on the left 
shows that the plasma is a toroid with inductance 
La and resistance Ra that acts as a secondary to 
the excitation coil. The primary of the circuit is 
an impedance R1 + jωL1 that includes the effects 
of the plasma impedance, which depends on the 
power dissipated in the plasma.
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so any competitive installation will require 
many LEDs to produce the required flux levels, 
although the étendue advantage may reduce the 
flux levels required for LED installations. But the 
hard fact is that the cost of making an LED light 
source increases approximately linearly with flux, 
whereas the cost of making conventional lamps is 
very weakly dependent on flux. It is expected that 
manufacturing costs in both industries will be 
driven down by competition to comparable lev-
els. If so, replacement of fluorescent lamps by LED 
equivalents on a global scale may come down to 
the cost of the materials used to make the lamps. In 
the case of fluorescent lamps, most of the material 

cost is in the rare-earth phosphors. Can the semi-
conductors used in making LEDs ever approach 
those costs per lumen? Will the potentially low cost 
organic light emitters ever be able to meet the flux 
requirements of commercial lighting? We shall see.

APPENDIX 3A

Selected manufacturers and 
suppliers of lamps

The manufacturers on this list give particularly 
helpful data in catalogues and/or websites for lamps 
with actual or potential electro-optical applications.

Cathodeon Lamps for scientific instruments
Ealing Electro-Optics Lamp units for integration into optical systems
Fusion Lighting Microwave discharge lamps
GE Lighting Full range of lamps for illumination and special purposes
Harrison Electrical Cold cathode fluorescent
Heraeus Noblelight Special lamps mainly for industrial and scientific processes
Iwasaki Full range of lamps for illumination and special purposes
Osram Full range of lamps for illumination and special purposes
Oriel Instruments Lamp units for integration into optical systems, spectra of lamps
Philips Lighting Full range of lamps for illumination and special purposes
Stanley Cold cathode fluorescent
Toshiba Lighting Full range of lamps for illumination and special purposes
Ushio Wide range lamps for audio-visual, entertainment, 

photographic, scientific/media and industrial processes
Welch Allyn Lamps for special applications
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4
Detection of optical radiation

ANTONI ROGALSKI, ZBIGNIEW BIELECKI, AND JANUSZ MIKOLAJCZYK
Military University of Technology

The birth of photodetectors can be dated back to 
1873 when Smith discovered photoconductivity 
in selenium. Progress was slow until 1905, when 
Einstein explained the newly observed photoelec-
tric effect in metals and Planck solved the black-
body emission puzzle by introducing the quanta 
hypothesis. Applications and new devices soon 
flourished, pushed by the dawning technology of 
vacuum tube sensors developed in the 1920s and 
1930s culminating in the advent of television. 
Zworykin and Morton, the celebrated fathers of 
videonics, on the last page of their legendary book 
Television (1939) concluded that “when rockets will 
fly to the moon and to other celestial bodies, the 
first images we will see of them will be those taken 
by camera tubes, which will open to mankind new 

horizons.” Their foresight became a reality with the 
Apollo and Explorer missions. Photolithography 
enabled the fabrication of  silicon monolithic 
imaging focal planes for the visible spectrum 
beginning in the early 1960s. Some of these early 
 developments were intended for a  picture phone, 
other efforts were for television cameras, satellite 
surveillance, and digital  imaging. Infrared (IR) 
imaging has been vigorously pursed in parallel with 
visible imaging because of its utility in  military 
applications. More recently (1997), the charge-
coupled device (CCD) camera aboard the Hubble 
space telescope delivered a deep-space picture, a 
result of 10 days integration, featuring galaxies of 
the 30th  magnitude—an unimaginable figure even 
for astronomers of our generation. Probably, the 
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next effort will be in the big-band age. Thus, pho-
todetectors continue to open to mankind the most 
amazing new horizons.

Before proceeding to detailed description of 
detection of optical radiation, it is now appropri-
ate to digress on system considerations concerning 
photodetection. We would like to determine how 
good performance is in view of fundamental lim-
its of sensitivity and speed of response, irrespective 
of the actual type of detector used. Next, different 
application circuits used in direct detection systems 
together with elucidation of the design of front-end 
circuits and discussion of their performance are 
presented. Third part of the chapter is devoted to 
advanced techniques in photodetection covering 
topics not usually found in textbooks and demon-
strating how photodetection is far from being a com-
pletely explored field. Next, the classification of two 
types of detectors (photon and thermal detectors) 
is done on the basis of their principle of operation. 
In the last part, the updated information devoted 
to readout of signals from detector arrays and focal 
plane arrays (FPAs) is included. It is shown that 
detector focal plane technology has revolutionized 
many kinds of imaging in the past 25 years.

4.1  DETECTION REGIMES AND 
FIGURES OF MERIT

A common problem of any type of photon detector 
(yielding emitted electrons or internal electron–
hole pairs as a response to incoming photons) is 
how to terminate the photodetector with a suit-
able load resistor and to trade off the perfor-
mance between bandwidth and signal-to-noise 
ratio (SNR). This is necessary for a wide family of 
detectors, including phototubes, photoconductors, 

photodiodes, CCDs, vidicon targets, etc., all of 
which are described by a current generator Iph with 
a stray capacitance C across it.

Let us consider the equivalent circuit of a pho-
todetector ending on a load resistor RL, as shown 
in Figure 4.1. We indicate current noise generator 
with diamond shape and asterisk. This is the basic 
circuit for detection, but, as will be shown later, 
it is not the best one to give a good compromise 
between bandwidth and noise. The output signal in 
voltage V = IRL or in current I has a bandwidth or 
3-dB high-frequency cutoff given by

 
f

R C

1

2
.

L

∆ =
π  

(4.1)

Two noise contributions are added to the signal. 
One is the Johnson (or thermal) noise of the resis-
tance RL, with a quadratic mean value
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where k is the Boltzmann constant and T is the 
absolute temperature.

The total current I = Iph + Id is the sum of the sig-
nal current and the dark current. With this current 
is associated the quantum (or shot) noise arising 
from the discrete nature of electrons and photo-
electrons. Its quadratic mean value is given by

 I q I I f2 ,n
2

ph d( )= + ∆  (4.3)

where q is the electron charge and Δf is the obser-
vation bandwidth, as in Equation 4.1.

A general noise equivalent circuit for a photo-
detector is shown in Figure 4.1b. The above two 

V
CI InRL

C

(a) (b)

Detector

hν

I

V
InR RL

Figure 4.1 General circuit of (a) a photodetector and its equivalent circuit (b) including noise 
 generators (noise generators shown with an asterisk).
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fluctuations are added to the useful signal and the 
corresponding noise generators are placed across the 
device terminals. Because the two noises are statisti-
cally independent, it is necessary to combine their 
quadratic mean values to give the total fluctuation as
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L
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(4.4)

From Equations 4.1 through 4.4, it can be seen 
that bandwidth and noise optimization impose 
opposite requirements on the value of RL. To maxi-
mize Δf, one should use the smallest possible RL, 
whereas to minimize I n

2 the largest possible RL is 
required. A photodetector can have a good sensi-
tivity using very high load resistances (up to GΩs), 
but only modest bandwidths (≈kHz or less), or it 
can be made fast by using low load resistances (e.g., 
RL = 50 Ω( but at the expense of sensitivity.

Using Equation 4.4, we can evaluate the relative 
weight of the two terms in total noise current. In 
general, the best possible sensitivity performance 
is achieved when the shot noise is dominant com-
pared to the Johnson noise, i.e.,
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which implies the condition
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From this equation at room temperature, then
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So, at low signal levels (for Iph < Id), very high values of 
resistance are required; for example, if Id = 5 pA, not 
an unusually low dark current, then RL min = 10 GΩ. 
However, if we are using a resistor termination value 
RL < RL min then, the total noise can be written as
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This means that the noise performance is degraded 
by factor RL min/RL compared to the intrinsic limit 
allowed by the dark current level. Thus, using 

RL < RL min means that the shot noise performance 
is reached at a level of current not less than
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From this equation, we see that for a fast photodi-
ode with a 50 Ω load at T = 300 K, this current has 
a very large value of 1 mA.

The above considerations are valid for photo-
detectors without any internal gain, G. Let us now 
extend the calculation of the SNR (S/N) to pho-
todetectors having internal gain. In this case, the 
shot noise can be expressed in the form

 I q I I fG F2 ,n
2

ph d
2( )= + ∆  (4.8)

where F is the excess noise factor to account for the 
extra noise introduced by the amplification pro-
cess. Of course, in a nonamplified detector, F = 1 
and G = 1. The total noise is a sum of shot noise and 
thermal noise,
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and then we obtain a S/N ratio
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If we now introduce a critical value Iph0 called the 
threshold of quantum regime,
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then, Equation 4.10 becomes
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Analyzing Equation 4.11, two detection regimes can 
be found, according to whether the signal Iph is larger 
or smaller than Iph0. For the signals, Iph > Iph0 and F = 1
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This S/N is called the quantum noise limit of detec-
tion. This limitation cannot be overcome by any 
detection system, whether operating on coherent 
or incoherent radiation. In fact, Equation 4.12 is 
a direct consequence of the quantitative nature of 
light and the Poisson photon arrival statistics.

In the small signal regime, Iph < Iph0, we have
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That is, the S/N ratio is proportional to the signal, 
and the noise has a constant value, primarily given 
by the load resistance. This is the thermal regime 
of detection.

Figure 4.2 shows the trend of the S/N ratio 
(standardized to (2qΔf)1/2) as a function of the sig-
nal amplitude Iph/Iph0. We can notice that in the 
thermal regime, the slope is 20 dB per decade up to 
the threshold Iph/Iph0 = 1, and from here onward the 
slope becomes 10 dB per decade in the quantum 
regime. The effect of an excess noise factor F is also 
shown in Figure 4.2.

The threshold of the quantum regime  Iph = 
Iph0 = Id + (2kT/q)/RLFG2 is the signal level that cor-
responds to the break point between thermal and 
quantum regimes. When the dark current is very 
small, the second term is the dominant one; any 
eventual internal gain greatly helps because it 
scales the load resistance as G2.

In all cases, Iph0 can be interpreted as the equiv-
alent dark current level of the photodetector and 
has a value of
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We define Req as the noise equivalent load resis-
tance of the photodetector.

To provide ease of comparison between detec-
tors, certain figures of merit, computed from the 
measured data, have been defined.

The voltage (or analogous current) responsivity 
is given by
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Q

P
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(4.15)

where Qu is the output quantity supplied by the 
detector (e.g., a current Iu, a voltage Vu, or any other 
physical quantity) and P is the incident  radiant 
power.

At equal responsivity, the detector with the 
smallest output noise gn on the useful signal is 
the most sensitive. Therefore, the first figure of 
merit for a detector is the NEP—noise equivalent 
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Figure 4.2 The S/N ratio of a photodetector, as a function of the input signal, in the thermal and 
quantum regimes of detection. (Reproduced from Donati, S., Photodetectors. Devices, Circuits, and 
Applications, Prentice Hall Inc., Upper Saddle River, 1999.)
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power—defined as the ratio of output noise to 
responsivity:

 
g

R
NEP .n=

 
(4.16)

So, the NEP represents the input power that gives 
a unity SNR (S/N = 1) at the output, that is, a mar-
ginal condition of detection.

The better the detector performance, the 
smaller the NEP. Therefore, it is more convenient 
to define its inverse as a merit figure. In addition, it 
should be taken into consideration that whatever is 
the noise source, it can be expected that the noise 
quadratic total value is proportional to observation 
bandwidth Δf and detector area A. Thus, it is even 
better to take, as the intrinsic noise parameter of a 
detector, the ratio NEP/(AΔf)1/2 normalized to unit 
area and bandwidth. In order to simplify the com-
parison of different detectors and to have a param-
eter that increases as the performance improves, 
the detectivity D* (called D-star) is defined as
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This is the fundamental figure of merit used for 
detectors. It can be transformed to the following 
equation:
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D* is defined as the rms SNR (S/N) in a 1 Hz band-
width, per unit rms incident radiation power, per 
square root of detector area. D* is expressed in cmHz1/2 
W−1, a unit that has recently been called a “Jones.”

When detectors are operated in conditions where 
the background flux is less than the signal flux, the 
ultimate performance of detectors is determined by 
the signal fluctuation limit (SFL). It is achieved in 
practice with photomultipliers operating in the vis-
ible and ultraviolet region, but it is rarely achieved 
with solid-state devices, which are normally detec-
tor noise or electronic noise limited. This limit is 
also applicable to longer wavelength detectors when 
the background temperature is very low.

Figure 4.3 illustrates the spectral detectivi-
ties over the wavelength range from 0.1 to 4 μm 
assuming a background temperature of 290 K and 
a 2π steradian field of view (FOV) (applicable only 

to the background fluctuation limit). Note that the 
intersections of curves for signal fluctuation and 
background fluctuation limits lie at about 1.2 μm. 
At wavelengths below 1.2 μm, the SFL dominates; 
the converse is true above 1.2 μm. Below 1.2 μm, 
the wavelength dependence is small. Above 1.2 μm, 
it is very large, due to steep dependence of detectiv-
ity upon wavelength of the short wavelength end of 
the 290 K background spectral distribution.

As mentioned already, the ultimate perfor-
mance of IR detectors is reached when the detector 
and amplifier noise are low compared to the pho-
ton noise. The photon noise is fundamental, in the 
sense that it arises not from any imperfection in 
the detector or its associated electronics but rather 
from the detection process itself, as a result of the 
discrete nature of the radiation field. The radia-
tion falling on the detector is a combination of that 
from the target (signal) and that from the back-
ground. The practical operating limit for most IR 
detectors is the background fluctuation limit also 
known as the background limited infrared photo-
detector (BLIP) limit.

D
et

ec
tiv

ity
 (c

m
H

z1/
2 /W

)

107

108

109

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

Wavelength (µm)
0.1 0.2 0.4 1.0 2.0 4.0

PbSe(PC)

InAs
(PV)

PbS
(PC)

CCD

Si pin

S1
PM

GaN pin

SiC
(Schottky)

SFL
Ideal detector

S20
PM BLIP

Ideal PV
300 K, 2π FOV

InGaAs
(PV)

HgCdTe
(PV)

Ge(FD)

Figure 4.3 Detectivity vs. wavelength values of 
0.1–4 μm photodetectors. PC, photoconductive 
detector; PD, photodiode; PM, photomultiplier.
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Figure 4.4 compares typical D*s of different 
detectors as a function of wavelength. Also the 
BLIP and the dark current limits are indicated.

4.2  DIRECT DETECTION SYSTEMS

4.2.1  Introduction

A receiver of optical radiation consists of a photo-
detector, preamplifier, and signal processing circuit 

(Figure 4.5). In a photodetector, the optical signal 
is converted to an electrical one, which is ampli-
fied before further processing. The sensitivity of an 
optical detection system depends primarily on the 
first stage of a photoreceiver, i.e., the photodetector 
and preamplifier.

A preamplifier should have low noise and a 
 sufficiently wide bandwidth to ensure faithful 
reproduction of the temporal shape of an input 
signal. Figure 4.5 shows, the so-called, direct 
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temperature. Chopping frequency is 1000 Hz for all detectors except the thermopile (10 Hz), ther-
mocouple (10 Hz), thermistor bolometer (10 Hz), Golay cell (10 Hz), and pyroelectric detector (10 Hz). 
Each detector is assumed to view a hemispherical surrounding at a temperature of 300 K. Theoretical 
curves for the background-limited D* (dashed lines) for ideal photovoltaic and photoconductive 
detectors and thermal detectors are also shown. PC, photoconductive detector; PV, photovoltaic 
detector; PEM, photoelectromagnetic detector; HEB, hot electron bolometer.
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Figure 4.5 Block diagram of an optical radiation receiver.
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detection system. It is necessary to minimize the 
noises from various sources, i.e., background 
noise, photodetector noise, biasing resistors noise, 
and any additional noises of signal processing. If 
further minimization of noise of the first photore-
ceiver stages is not possible, advanced methods of 
optical signal detection can sometimes be used to 
still recover information carried by optical radia-
tion signals of extremely low power. Heterodyne 
and homodyne detection can be used to reduce 
the effects of amplifier noise. Postdetection meth-
ods are phase-sensitive detection and synchronous 
integration of a signal.

4.2.2  Selection of active amplifying 
elements

Several types of discrete devices or integrated cir-
cuits (ICs) are suitable for the active element in 
preamplifiers: bipolar junction transistor (BJT) or 
field-effect transistor (FET) or an IC with an input 
bipolar, FET, or metal-oxide semiconductor field-
effect transistor (MOSFET) transistor can be used.

The most important parameter of each receiv-
ing device is its SNR (S/N). Because low-level sig-
nals reach the photoreceiver, the noise optimization 
of a system, i.e., to obtain maximum S/N is a very 
important problem [2]. Optimum design of a pre-
amplifier can be obtained by analysis of particular 
noise sources in a detector–preamplifier circuit. The 
equivalent input noise Vni will be used to represent 

all noise sources. A scheme of detector–preamplifier 
noise circuit is shown in Figure 4.6. A level of equiva-
lent noise at the input of this circuit is determined by 
the detector noise Vnd, the background noise Vnb, and 
the preamplifier noise. The preamplifier noise is rep-
resented completely by the zero impedance voltage 
generator Vn in series with the input port and the infi-
nite impedance current generator In in parallel with 
the input. Typically, each of these terms is frequency 
dependent. For noncorrelated noise components, the 
equivalent noise at the input of a photodetector–pre-
amplifier circuit is described by the formula

 V V V V I R ,ni
2

nd
2

nb
2

n
2

n
2

d
2= + + +  (4.19)

where Rd is the detector resistance.
This single noise source, located at Vs, can be 

substituted for all sources of the system noise. Note 
that Vni

2 is independent of the amplifier gain and its 
input impedance. Thus, Vni

2 is the most useful index 
against which the noise characteristics of various 
amplifiers and devices can be compared.

The first transistor of a preamplifier is a domi-
nant noise contributor of the input noise of signal 
processing circuits (Figure 4.6). The effective con-
tribution of this transistor noise also depends on 
the detector impedance. If the transistor of the 
input stage has a high noise current, it will be a bad 
choice to use a high-resistance (current source) 
detector. A low-resistance detector operates best 
with a preamplifier of low noise voltage.
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Figure 4.6 Noise equivalent diagram of a photodetector–preamplifier circuit; Ri and Ci are the input 
resistance and the capacity of a preamplifier, respectively, A is the voltage gain of the preamplifier.
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Figure 4.7 shows the dependence of the ratio of 
preamplifier (or input transistor) noise to detector 
thermal noise as a function of detector resistance, 
for bipolar, junction field-effect transistor (JFET), 
and MOSFET amplifiers, in a common emitter or 
common source configuration [3]. It can be noticed 
that there are some ranges of detector resistance for 
which the preamplifier noise is lower than the detec-
tor thermal noise. For any given detector, the values 
of the thermal noise voltage Vt and the resistance Rd 
are determined by the detector type (they cannot 
be changed). However, it is possible to change the 
parameters Vn and In of the designed preamplifier. 
Thus, minimization of the input noise of the circuit 
is possible. Changes in the values Vn and In are made 
by choosing adequate elements in the preamplifier 
circuit. For low-resistance detectors (from tens of 
Ω to 1 kΩ), circuits with bipolar transistors at the 
input are usually used as they have low values of Vn. 
Sometimes, in order to decrease the value of optimal 
resistance Ro, a parallel connection of several active 
elements or even parallel connection whole amplifi-
ers is advantageous [4]. Within the range of average 
detector resistances from 1 kΩ to 1 MΩ, the pream-
plifiers FET input stages can be used. However, for 
connection with high-resistance detectors (above 1 
MΩ), especially recommended are the transistors 
of low In values. Such requirements fulfill JFET and 
MOSFET transistors.

4.2.3  First stages of photoreceivers

There are two general types of photon detectors 
without internal gain: photoconductive and junc-
tion devices (photovoltaic ones). These photodetec-
tors are used with many types of preamplifiers. The 
choice of circuit configuration for the preamplifier 
is largely dependent upon the system  application. 
The two basic preamplifier structures—voltage 
amplifiers type and transimpedance (current in–
voltage out type) will be discussed. The voltage 
preamplifiers can be either low impedance or high 
impedance ones. A simplified circuit diagram is 
shown in Figure 4.8. Bias voltage is supplied by Vb. 
The detector signal is developed as a voltage drop 
across Rb. The variable resistance component of the 
detector Rd is represented by the incremental resis-
tance ΔRd. The load resistance RL provides a bias 
path for the amplifier input.

The simplest preamplifier structure is the low-
input impedance voltage preamplifier. This design 
is usually implemented using a bipolar transis-
tor. Either common emitter or grounded emitter 
input stages may be designed with a reasonably 
low input impedance. In the low-input impedance 
preamplifiers, the signal source is loaded with a 
low- impedance (e.g., 50 Ω) input stage. The time 
constant of the temporal response is determined by 
the combined load resistance and input capacitance 
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of the detector and preamplifier and this deter-
mines the detection bandwidth. Preamplifiers of 
low input resistance can provide high bandwidth 
but not very sensitive photoreceiver. Photoreceivers 
with preamplifiers of low input resistance are, 
therefore, usually used when wide transmission 
band is required.

The high impedance preamplifier gives a sig-
nificant improvement in sensitivity over the low 
impedance preamplifier, but it requires con-
siderable electronic frequency equalization to 
compensate for its high-frequency roll-off. The 
preamplifier has problems of limited dynamic 
range, being easily saturated at higher input power 
levels. When a highly sensitive photoreceiver with 

a low dynamic range is needed, preamplifier of 
high input impedance is recommended. However, 
for this, there is a better configuration that we 
shall now discuss. This is called the transimped-
ance receiver.

The transimpedance preamplifier finds many 
applications in optical signals detection. A sche-
matic of this is shown in Figure 4.9. In this circuit, 
Rd is the detector resistance, and it can be a pho-
todiode or a photoresistor. Depending on detector 
type and required application, the detector can be 
biased from Vb or connected directly across the 
input without bias. The current produced by the 
detector flows through the resistor Rf located in 
a feedback loop. The optional potentiometer Rb is 

Preamp.

Coupling
capacitor

Bias
resistor

Detector

Vo

Vb

Rb

∆Rd

RL

Rd

hν Cc

Vn0

Figure 4.8 A simple circuit of voltage mode preamplifier.
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used for setting the zero value of the output voltage 
without detector illumination [5]. It can be used for 
compensation of a dc level at the output of the cir-
cuit resulting from background radiation. Usually, 
the input bias current is negligible, so I I .ph f= −

The voltage at the preamplifier output is given 
by the formula

 
V

R

R
V I Ro

f

d
b ph f= − = −

 
(4.20)

proper for low frequencies. The great advantage 
of this configuration is that the preamplifier gives 
low-noise performance without the severe limita-
tion on bandwidth imposed by high-input imped-
ance preamplifier. The bandwidth is much higher 
because the effective load resistance is very low and 
has a value of R A/ 1 ,f ( )+ , where A is the gain of 
the amplifier at the appropriate frequency. It also 
provides greater dynamic range than the high-
input impedance structure. It is possible to linearly 
detect and process optical signals many orders of 
powers magnitude.

At low frequencies, using a photodiode in 
unbiased configuration, across the input of tran-
simpedance preamplifier, avoids the noise and dc 
offset problems that dark current might other-
wise cause (noninverting input is on the ground). 
In this configuration, there is the small price of 
increased photodiode capacitance, which would be 
far more serious at high frequencies. For InGaAs, 
photodiodes can have substantially lower quantum 
efficiencies if unbiased (due to much thinner deple-
tion region), although the benefit to avoid dark 
current can be more useful here.

The effective input impedance Ri at the ampli-
fier input as a result of the effects of the feedback 
circuit is given simply by
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where A(f) is the frequency-dependent gain of 
the preamplifier. As this input impedance is effec-
tively in parallel with the capacitance (Cd + Cj), the 
3 dB breakpoint f−3dB in the frequency response is 
given by
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If A(f) is described in terms of gain–bandwidth 
product A(f)Δf (or GBP) such that GBP = ΔfA(f), 
then
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therefore,

 f R C CGBP / 2 .3dB f d i

1

2( )= π + −  (4.24)

A practical problem with many transimpedance 
designs is to achieve a sufficiently high open-loop gain 
product, to keep the f−3dB value high, yet still main-
tain a sufficiently low open-loop phase shift to main-
tain stability. It often proves necessary, in practice, to 
use a value of RL, than desired on low-noise grounds, 
in order to achieve the necessary f−3dB. This gives rise 
to the widely held belief that transimpedance designs 
are inherently noisier than high- impedance input 
design. However, this belief is not valid with good 
high-gain–bandwidth designs. Moreover, even with 
suboptimum amplifier design, achieving poorer 
gain–bandwidth, it is always possible to perform an 
engineering compromise, by choosing a high value 
of RL, to maintain low noise and use small amount 
of equalization after the transimpedance amplifier to 
compensate for the resulting roll-off.

The preamplifiers described earlier are used 
with semiconductor detectors. Now, we would like 
to present exemplary preamplifiers to the photo-
multiplier tubes.

The operating principles, construction, and 
characteristics of a photomultiplier are given in 
Section 12 (Part III). Now, we would like to analyze 
matching the preamplifier to the photomultiplier. 
Different pulse processing techniques are typically 
employed, depending on whether the arrival time 
or the amplitude (energy) of the detected event 
must be measured. Three basic types of preampli-
fiers are available: the current-sensitive preampli-
fier, the parasitic-capacitance preamplifier, and 
the charge-sensitive preamplifier. The simplified 
schematic of the current-sensitive preamplifier is 
shown in Figure 4.10. The R = 50 Ω input imped-
ance of the current-sensitive preamplifier provides 
proper termination of the 50 Ω coaxial cable and 
converts the current pulse from the detector to a 
voltage pulse. The amplitude of the voltage pulse at 
the preamplifier output will be



4.2 Direct detection systems 75

 V RI A,o i=  (4.25)

where Ii is the amplitude of the current pulse from 
the detector.

For counting applications, this signal can be 
fed to a fast discriminator, the output of which is 
recorded by a counter-timer. For timing applica-
tion, the dominant limitation on timing resolu-
tion with photomultiplier tubes is fluctuation in 
the transit times of the electrons. This causes a 
jitter in the arrival time of the pulse at the detec-
tor output. If the detector signals are small enough 
to require a current-sensitive preamplifier, the 
effect of a preamplifier input noise on time reso-
lution must also be considered. It is important to 
choose a current-sensitive preamplifier, the rise 
time of which is much faster than detector rise 
time. Unfortunately, the faster preamplifier does 
contribute extra noise because of the unnecessar-
ily wide bandwidth. The excess noise will increase 
the timing jitter. Choosing a preamplifier rise 
time that is much slower than the detector rise 
time reduces the preamplifier noise contribu-
tion but causes degradation in pulse rise time 
and its amplitude. Consequently, the timing jitter 
becomes worse. The optimum chosen depends on 
the rise time and amplitude of the detector signal. 

Most current-sensitive preamplifiers designed for 
timing applications have ac coupled.

The most effective preamplifier for these detec-
tors is the parasitic-capacitance preamplifier 
shown in Figure 4.11. It has a high input imped-
ance (above 1 MΩ).

The parasitic capacitance is presented by the 
detector and the preamplifier input (typically 
10–50 pF). The resulting signal is a voltage pulse 
having an amplitude proportional to the total 
charge in the detector pulse. This type of pream-
plifier is sensitive to small changes in the parasitic 
capacitance. The rise time is equal to the duration 
of the detector current pulse. A resistor connected 
in parallel with the input capacitance causes an 
exponential decay of the pulse. An amplifier fol-
lower is included as a buffer to drive the low 
impedance of a coaxial cable at the output. These 
preamplifiers are highly recommended for photo-
multiplier tubes, microchannel plate MPTs, and 
scintillation detectors.

For most of the energy spectroscopy applica-
tions, charge-sensitive preamplifier is preferred 
(Figure 4.12). This preamplifier integrates the charge 
on the feedback capacitor. Its gain is not sensitive to 
a change in detector capacitance. The output voltage 
from the preamplifier has the amplitude Vo and the 
decay time constant τf, given, respectively, by
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where Qd is the charge of the detector, Cf is the 
feedback capacitor, E is the energy in MeV of the 
incident radiation, q is the charge of an electron, 
ε is the amount of energy (eV) required to pro-
duce an electron–hole pair in the detector, and 
106 converts MeV to eV. The resistor Rf should be 
made as large as possible consistent with the signal 
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Figure 4.10 A simplified schematic of the current-
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Figure 4.11 A simplified diagram of the parasitic-capacitance preamplifier.
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energy-rate product and the detector leakage cur-
rent. The input capacitance must be much greater 
than the other sources of capacitance connected to 
the preamplifier input in order for the preamplifier 
sensitivity to be unaffected by external capacitance 
changes. The stability of the preamplifier sensitiv-
ity is dependent on the stability of the feedback 
capacitor (C is selected for good temperature sta-
bility) and the preamplifier open-loop gain. The 
open-loop gain will be very large so that small 
changes in the Cf can be neglected.

The rise time of the output pulse of the preampli-
fier, in the ideal case, is equal to the charge  collection 
time of the detector. When detectors with very fast 
collection times or large capacitances are used, the 
preamplifier itself may limit the rise time of Vo.

4.2.4  Photon counting techniques

Photomultiplier tubes are also used as a photon 
counting. Photon counting is one effective way 
to use a photomultiplier tube for measuring very 
low light (e.g., astronomical photometry and 

fluorescence spectroscopy). A number of photons 
enter the photomultiplier tube creating an output 
pulse signal (Figure 4.13a). The actual output pulse 
obtained by the measurement circuit is a dc with 
fluctuation (Figure 4.13b).

When the light intensity becomes so low that 
the incident photons are separated as shown in 
Figure 4.13c, this condition is called a single- 
photon event. The number of output pulses is in 
direct proportion to the amount of incident light 
and this pulse counting method has advantageous 
in SNR and stability over the dc method averaging 
all the pulses. This counting technique is called the 
photon counting method.

Because the photomultiplier tube output con-
tains a variety of noise pulses in addition to signal 
pulses representing photoelectrons, simply count-
ing of the pulses, without some form of noise elimi-
nation, will not result in an accurate measurement. 
The most effective approach to noise elimination 
is to investigate the height of the output pulses. 
Figure 4.14 shows the output pulse and discrimi-
nator level.
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Figure 4.12 A simplified diagram of the charge-sensitive preamplifier.
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Figure 4.13 Photon counting technique: a number of photons enter photomultiplier tube (a), an actual 
output pulse obtained by measurement circuit (b), an incident photons for low light intensity (c).
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A typical pulse height distribution (PHD) of 
the output of the photomultiplier tubes is shown 
in Figure 4.15. In this PHD method, the low-level 
discrimination (LLD) is set at the valley and the 
upper-level discrimination (ULD) at the foot. Most 
pulses smaller than the LLD are noises and pulses 
larger then ULD result from interference (e.g., 
cosmic rays). Therefore, by counting the pulses 
between the LLD and UPD, accurate light mea-
surements are made possible. In the PHD, Hm is the 
mean height of pulses. It is recommended that the 
LLD be set at 1/3 of Hm and the ULD a triple Hm.

In addition, the avalanche photodiodes (APDs) 
can get an output pulse for each detected photon 
and thus potentially very high sensitivities compa-
rable to that of photomultipliers. They are selected 
based on having extremely low-noise and low-bulk 
dark current. They are intended for ultra-low light 
level application (optical power less than 1 pW) 
and can be used in either their normal linear mode 
(polarization voltage VR < breakdown voltage, VBR) 
or as photon counters in the “Geiger” mode (VR > 
VBR), where a single photoelectron may trigger an 
avalanche pulse of about 108 carriers.

In the linear mode operation, the APD is well 
suited for application that requires high sensitivity 
and fast response time; for example, laser range-
finders, fast receiver modules, light detection and 
ranging (LIDAR), and ultrasensitive spectroscopy.

When biased above the breakdown voltage, 
an APD will normally conduct a large current. 
However, if this current is limited to less than the 
APDs “latching” current, there is a strong statis-
tical probability that the current will fluctuate to 
zero in the multiplication region, and the APD will 
then remain in the “off” state until an avalanche 
pulse is triggered by either a bulk or photogene-
rated carrier. If the number of bulk carrier gener-
ated pulses is low, the APD can, therefore, be used 
to count individual current pulses from incident 
photons. The value of the bulk dark current is, 
therefore, a significant parameter in selecting an 
APD for photocounting and can be reduced expo-
nentially by cooling.

The APDs can be used in the Geiger mode using 
either “passive” or “active” pulse quenching circuits.

A passive quench takes the current from the 
diode and passes it through a load resistor and a 
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series resistor, causing the bias voltage to drop. An 
active quench uses a transistor for lower and raises 
the bias voltage. Passive quench circuits, although 
simple, limit the rate at which photons can be 
counted because time has to be allowed for the 
quench and for the return of the voltage to break 
down before the next photon arrives. This char-
acteristic time is basically given by RC, where R is 
the series resistance and C is device capacitance. 
Because R must be sufficiently large to trigger the 
quench, the time is limited by device capacitance 
to typically hundreds of nanoseconds, and time 
resolution is at best about 400 ps.

The simplest, and in many cases a perfectly ade-
quate method of quenching a breakdown pulse, is 
through the use of a current-limiting load resistor. 
An example of such a “passive” quenching circuit 
is shown in Figure 4.16a. The load line of the circuit 
is shown in Figure 4.16b.

To be in the conducting state at VBR, two condi-
tions must be met:

 ● The avalanche must have been triggered by 
either a photoelectron or a bulk-generated elec-
tron entering the avalanche region of the APD, 
to continue to be in the conducting state.

 ● A sufficiently large current, called latching 
current, must be passing through the device so 
that there is always an electron or hole in the 
avalanche region.

For the currents (VR − VBR)/RL much greater than 
Ilatch, the diode remains conducting. If the cur-
rent (VR − VBR)/RL is much less than Ilatch, the diode 
switches almost immediately to the nonconducting 

state. When RL is large, the photodiode is noncon-
ducting and the operating point is at VR − IdRL in 
the nonconducting state. Following an avalanche 
breakdown, the device recharges to the volt-
age VR − IdRL with the time constant CRL, where 
C is the total device capacitance including stray 
capacitance.

The rise time is fast (e.g., 5–50 ns), decreases as 
VR − VBR increases, and is very dependent on the 
capacitances of the load resistors, leads, etc. The 
jitter is typically the same order of magnitude as 
the rise time.

The advantages are simplicity, low cost, and 
small area occupation allowing the fabrication of 
large arrays with small loss in fill factor (FF). Some 
modifications of the passive quenching  circuit 
have also been designed. For example,  counting 
limit rate is increased using an Active Reset 
 configuration—see Figure 4.17.

To avoid an excessive dead time when operating 
at large voltage above VBR, an “actively quenched” 
circuit can be used. Active quenching can greatly 
increase this performance and has become com-
mercially available over the last few years. Now, 
recharging can be very rapid through a small 
load resistor. Alternatively, the bias voltage can be 
maintained but the load resistor is replaced by a 
transistor, which is kept off for a short time after 
an avalanche and turned on for a period sufficient 
to recharge the photodiode—see Figure 4.18.

The response time is limited by the transis-
tor switching rather than an RC circuit and has 
been reduced to as low as 50 ns, and the timing 
of photons can be made with resolution as high 
as 20 ps. In this mode, no amplifiers are necessary 
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and single-photon detection probabilities of up to 
approximately 50% are possible.

Another active quenching technique is based 
on detection of the avalanche and reaction back 
on the device by controlling its bias voltage. 
Both quenching and reset are carried out using 
active components (pulse generators or fast active 
switches)—see Figure 4.19.

In this setup, quenching transition is not 
affected by avalanche multiplication fluctuations 
and is faster than in passive one. But the actual 
quenching time might not be so small because at 
first the active circuit has to detect the avalanche 
and intervene. Furthermore, reduction of quench-
ing time is also obtained using direct integration of 
the active circuit with the detector but such design 

reduces the FF of detector arrays. This is the reason 
why fully integrated purely active quenching cir-
cuits are rarely used. Instead, mixed active–passive 
quenching circuits are generally preferred.

The most employed one is the mixed active– 
passive quenching with an active reset. In this 
setup, the APD is connected both to a high 
impedance and to the active quenching and reset 
 circuitry. A basic diagram using switches as the 
active circuitry is shown in Figure 4.20. The main 
disadvantage of a mixed quenching circuit, com-
pared to a passive one, is the much larger area 
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Figure 4.17 Passive quenched circuit modified 
to introduce an Active Reset. (Reproduced from 
Gallivanoni, A., Rech, I., Ghioni, M., Progress in 
quenching circuits for single photon avalanche 
diodes. IEEE Trans. Nucl. Sci., 57, 3815–3826, 2010.)
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components. (Reproduced from Gallivanoni, 
A., Rech, I., Ghioni, M., Progress in quenching 
circuits for single photon avalanche diodes. IEEE 
Trans. Nucl. Sci., 57, 3815–3826, 2010.)
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occupation that would limit their usage in large 
and closely packed arrays [7].

Apart from traditional passive, active, and 
mixed active–passive quenching circuits, other 
circuit topologies have been also developed. All 
this circuits are intended to be integrated with the 
detector in order to take advantage of the smaller 
both parasitic capacitance and propagation delay. 
To avoid active quenching circuits in order to 
obtain a densely packed array and passive quench-
ing circuits to provide high count rates, a novel 
quenching mechanism has been designed. It was 
called Digital APD—see Figure 4.21. The digital 
APD takes advantage of the parasitic capacitance 
of the detectors to operate the devices in a manner 
similar to a dynamic RAM. But it is still based on 
passive quenching and gating.

4.2.5  High-speed photoreceivers

A variety of different applications and measure-
ment techniques have been developed for high-
speed detection. Most of them are described in 
Section 12 (Part III). Here, we focus mainly on the 
speed limitation of the response of p–i–n junction 
and Schottky barrier—two types of photodiodes 
that have the highest speed response.

In general, in comparison with Schottky bar-
riers, the p–n junction photodiodes indicate some 
important advantages. The thermionic emission 
process in Schottky barrier is much more effi-
cient than the diffusion process and therefore for 
a given built-in voltage, the saturation current in 
a Schottky diode is usually several orders of mag-
nitude higher than in the p–n junction. In addi-
tion, the built-in voltage of a Schottky diode is 
smaller than that of a p–n junction with the same 
 semiconductor. However, high-frequency opera-
tion of p–n junction photodiodes is limited by the 

minority-carrier storage problem. In other words, 
the minimum time required to dissipate the carri-
ers injected by the forward bias is  dictated by the 
recombination lifetime. In a Schottky barrier, elec-
trons are injected from the semiconductor into the 
metal under forward bias if the semiconductor is 
n-type. Next, they  thermalize very rapidly (≈10−14 s) 
by carrier–carrier collisions, and this time is negli-
gible compared to the  minority-carrier recombina-
tion lifetime.

In p–i–n photodiode, an undoped i-region (p− or 
n−, depending on the method of junction formation) 
is sandwiched between p+ and n+ regions. Because of 
the very low density of free carriers in the i-region 
and its high resistivity, any applied bias drops 
entirely across the i-region, which is fully depleted 
at zero bias or very low value of reverse bias.

The response speed of p–i–n photodiode is ulti-
mately limited

 ● By transit time across i-region
 ● By circuit parameters (RC time constant)

Influence of diffusion time (τd) of carriers to the 
depletion region, which is inherently a relatively 
slow process, can be neglected because the gen-
eration of carriers occurs mainly in the high-field 
i-region. If the photodetector is not fully depleted, 
this time is taken for collection of carriers gener-
ated outside the depletion layer. Carrier diffusion 
may result in a tail (a deviation between input and 
output signal) in the response time characteristics.

The transit time of the p–i–n photodiode is 
shorter than that obtained in a p–n photodiode 
even though the depletion region is longer than in 
the p–n photodiode case because carriers travel at 
near their saturation velocity virtually the entire 
time they are in the depletion region (in p–n junc-
tion the electric field peaked at the p–n interface 
and then rapidly diminished).

The transit time of carriers across i-layer 
depends on its width and the carrier velocity. 
Usually, even for moderate reverse biases that car-
riers drift across the i-layer with saturation veloc-
ity. The transit time can be reduced by reducing the 
i-layer thickness. The fast photodiode must be thin 
to minimize the time that it takes for the photogen-
erated electrons and holes to traverse the depletion 
region. A thin photodiode has high capacitance 
per unit area and therefore must also be small in 
diameter to reduce the RC time constant.

VEX

VB

Figure 4.21 Digital APD circuit. (Reproduced 
from Gallivanoni, A., Rech, I., Ghioni, M., 
Progress in quenching circuits for single  photon 
avalanche diodes. IEEE Trans. Nucl. Sci., 57, 
3815–3826, 2010.)
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The second component of the response time (tr) 
is dependent mainly on the photodetector capaci-
tance and input resistance of the preamplifier. The 
detector capacitance is a function of the area (A), 
the zero bias junction potential Vo, dielectric con-
stant (εοεs), impurity concentrations of acceptors 
(Na) and donors (Nd), and the bias voltage (Vb). If 
we assume that the external bias Vb is large com-
pared to the Vo, and we have p+–n abrupt junction, 
then the diode has a capacitance given by
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(4.27)

In this case, lower RC time constant and, therefore, 
improved bandwidth can be achieved with the use 
of smaller detectors area and higher bias voltage. 
In practice, junctions are rarely abrupt; however, 
it still remains true that the capacitance decreases 
with increasing reverse bias.

The time constant is given by
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where Rs is the series resistance of the photodiode, 
C is the sum of the photodiode and input pream-
plifier capacitances, and Req is the equivalent resis-
tance of the photodiode and load resistance.

The rise time depended on time constant is 
described by the formula

 t R C2 .r eq=  (4.29)

The p–i–n photodiode has a “controlled” deple-
tion layer width, which can be tailored to meet the 
requirements of photoresponse and bandwidth. A 
tradeoff is necessary between response speed and 

quantum efficiency. For high response speed, the 
depletion layer width should be small but for high 
quantum efficiency (or responsivity), the width 
should be large. Increases in bias voltage will 
usually increase carrier velocities and, therefore, 
reduce transit times but result in higher dark cur-
rent and noise.

The detector response time is of the form

 t t t t .T r
2

t
2

d
2 1/2( )= + +  (4.30)

If we take Equation 4.29, the 3 dB cutoff frequency 
is given by

 f R C2 .3dB eq
1( )= π−

−

 (4.31)

Usually, a designer can increase the bandwidth 
only by using smaller detectors and/or by reducing 
the amplifier’s input resistance.

A good figure of merit for comparing sensitivity 
to high-speed signals of similar photodiodes is the 
Response factor × Bandwidth product. Response fac-
tor is the photodiode responsivity  multiplied by the 
impedance seen by the photodiode. Assuming that 
two photodiodes have  single-pole  high- frequency 
roll-off, the one with the highest Response factor × 
Bandwidth product will provide the greatest response 
to an ultrafast pulse.

4.2.6  Noise models of first stages of 
photoreceivers

A noise equivalent circuit of the first stage of a 
photoreceiver with a voltage-type preamplifier is 
shown in Figure 4.22. The signal current genera-
tor Iph represents the detected signal. Noises in a 

Vi Vo
Vno

Vnd Vn

CiRi In In

Preamplifier

RdIph Inph Ind Inb Cd

Detector Bias circuit

AVi

Rs

Ri

Figure 4.22 Equivalent scheme of photodetector–voltage-type preamplifier circuit (Cd is the detector 
capacity, and Ri and Ci are the input resistance and capacitance of the preamplifier, respectively).



82 Detection of optical radiation

detector (photodiode) are represented by three 
noise generators: Inph is the shot noise originat-
ing from a photocurrent, Ind is the shot noise of 
a dark current, and Inb is the shot noise from a 
background current. If the input resistance of a 
preamplifier is high, the value of the load resis-
tance depends on the chosen bias resistor. The 
load (bias) resistor RL affects both the level of 
the detector signal and its noise. The noise cur-
rent generator InR is the thermal noise current and 
excess noise of the load resistance RL. Because 
the thermal noise of InR is inversely related to the 
square root of the resistance, RL must be large. For 
the lowest-noise system, at very low frequency, 
the detector will be the dominant noise source, 
but at higher frequencies amplifier noise becomes 
increasingly important.

Expression for SNR at the first stage of a pho-
toreceiver with voltage-type preamplifier results 
from Scheme 4.22:
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The numerator represents the photocurrent and the 
denominator represents the equivalent input noise 
of photodetector–preamplifier circuit. The first 
three components determine the noise originating 
from the photocurrent, the dark current, and the 
background; the fourth component is the current 
noise of the preamplifier; the fifth is the thermal 
noise of the resistance RL; and the last one is the 
voltage noise contribution of the preamplifier.

The noise in electrical circuits is often a func-
tion of frequency. For high frequencies, the noise 
equivalent signal current, In total, is given by
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(4.33)

where Vnd is the voltage noise of the serial resis-
tance, Rs.

The input capacitance of the preamplifier, Ci, 
may be considered to lie across the amplifier input 
on the photodiode side of the noise generator, Vn. 
Thus, with this assumption, the noise generator, 

Vn, is not a true input noise generator as generally 
understood, as it should normally lie on the input 
side of all components (except, possibly, the noise 
current generator, which would have the same 
effect whichever side Vn it were to be connected to). 
The justification for this approach is first that the 
amplifier capacitance is conveniently grouped with 
Cd, but second, it enables Vn to be a “white” noise 
generator.

Rewriting Equation 4.33 we obtain,
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There are thus two terms, a “white” noise term in 
the first setoff square brackets and a second term, 
which gives a noise current increasing in propor-
tional to frequency. Although a capacitor does not 
add noise, the detector noise voltage (Vnd) and pre-
amplifier noise voltage (Vn) are increased by Cd and 
Cd + Ci, respectively, as is evident from the coef-
ficient of that term in Equation 4.34. Analyzing 
Equation 4.34, we see that for matching an ampli-
fier to a detector, it is important to minimize the 
sum of I V C C .n n

2 2
d i

2( )+ ω +
The sensitivity of an optical receiver is most 

conveniently expressed in terms of its NEP. This 
is defined as the optical power necessary to make 
the signal current, Iph equal to the noise current, 
In total, i.e.,
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Many data sheets show the NEP figure for a detec-
tor, unfortunately. If we connected a  preamplifier, 
the performance will often be dependent on the 
amplifier noise source, critically combined with 
parasitic features of the photodiode, particu-
larly its capacitance and parallel resistance (see 
Equation 4.33).

It is possible to achieve a high value of the SNR 
at the first stage of a photoreceiver when using a 
voltage-type preamplifier by using a high resistance 
value for RL and ensuring low current noise In and 
low voltage noise Vn of the preamplifier. Of course, 
high resistance value of a RL causes  narrowing of a 
photoreceiver bandwidth.
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Figure 4.23 presents the noise equivalent 
scheme of the first stage of a photoreceiver using 
a transimpedance preamplifier. In this circuit, 
a noise source of a detector is identical as for the 
case shown in Figure 4.16, where Rsh is the shunt 
resistance of a detector. Preamplifier noise is rep-
resented by the voltage source Vn and the current 
source In. Thermal noises from a feedback resistor 
are represented by the current source Inf.

From the arrangement in Figure 4.22, it can be 
shown that the equivalent input noise is the square 
root of the sum of squares of noise components 
from the photocurrent Iph, the dark current of a 
detector Id, the background current Ib, thermal 
noise of the resistor Rf, the current In, and the volt-
age Vn noise from a preamplifier. Thus, the SNR is 
of the form
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For high frequencies, the last term of the denomi-
nator should contain parallel combination of all 
impedances across the input of the preamplifier, 
e.g., Rf, Rd, (ωCd)−1, and (ωCi)−1.

In a photoreceiver using transimpedance pream-
plifier, an identical bandwidth can be obtained by 
choosing a feedback resistance Rf much higher than 
the resistance R R R Rd L i= , which would be pos-
sible in a simpler photoreceiver with a voltage-type 
preamplifier. Thus, comparing formulae 4.32 and 

4.36, it can be noticed that for the same bandwidth, 
the SNR is higher for transimpedance preamplifier 
than for a classic one. In practice, it means that tran-
simpedance amplifiers can have wider bandwidths 
and yet retain the low-noise characteristics of high 
impedance preamplifiers.

In p–n and p–i–n photodiodes, the basic source 
of noise is shot noise originating from the photo-
current Iph, the dark current Id, and the background 
radiation current Ib. In these photodetectors, the 
thermal noises of detector resistance and noises 
of active elements of a preamplifier can also play a 
significant role.

All the preamplifier noises Vn and In can be sub-
stituted for one equivalent current noise:
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where Y is the input admittance of an amplifier.
A stated earlier, photodiodes can operate with 

either voltage or transimpedance preamplifiers. 
For the equivalent schemes shown in Figures 4.22 
and 4.23, the SNR is of the form:
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The first term represents the shot noise compo-
nent of the photocurrent, the dark current, and 
the background, whereas the second term is the 
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Figure 4.23 Equivalent scheme of the first stage of a photoreceiver with transimpedance  preamplifier. 
(Reproduced from Bielecki, Z., Maximisation of signal to noise ratio in infrared radiation receivers. 
Opto-Electron. Rev., 10, 209–216, 2002.)
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thermal noise of load resistance of a photodetector, 
and the third term is the preamplifier noise. For 
the circuit shown in Figure 4.23, the resistance RL 
is the feedback resistor, Rf.

Let us consider a few special cases. Assuming 
that the signal current is higher than the dark cur-
rent, Id can be omitted in Equation 4.38. This is 
valid when the dark current is insignificant or if 
the received optical power is high. The assumption 
can also be made that the shot noise significantly 
exceeds thermal noise when the optical power has 
a high level. For low-frequency FET transimped-
ance receivers, the shot noise limit is usually 
obtained when the output signal exceeds 50 mV. It 
means that the term 4kTΔf/RL can be omitted. If 
additionally I q f I I2a

2
ph d( )∆ +� , the expression 

for SNR can be simplified to the form:

 

S

N

I

q f hc f

AE

hc f2 2 2
,ph

1 2

e
1 2

e
1 2

=
∆







= ηΦ λ
∆





 = η λ

∆






 (4.39)

where λ is the wavelength of incident radiation, Φe 
is the incident radiation flux (in W), and Ee is the 
detector’s irradiance. A photoreceiver, the SNR of 
which is described by formula 4.39, is limited only 
by a shot noise. This noise is also called quantum 
limited one—see Equation 4.12. Unfortunately, it 
is not always the case that the high optical power 
reaches a photoreceiver. If the power of an optical 
signal is low, the shot noise is negligible in relation 
to the thermal noise, then
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It is evident that when a photoreceiver is limited 
by the thermal noise, it is thermally dependent (see 
Equation 4.13).

When thermal noise is limited, it can be seen 
by analyzing Equation 4.40 that the SNR increases 
directly in proportion to the received optical 
power. Thus, in the range of a thermally dependent 
photoreceiver, small changes, e.g., of path trans-
mission efficiency will cause significant differences 
in the SNR of the received signal. In the quantum 
limited systems, an increase in the optical power 
by ΔΦe [dB] gives an improvement in the SNR of 
only half the change ΔΦe when expressed in dB.

It was mentioned that in energy spectros-
copy, the integration of detector current pulses is 

performed using preamplifier based on charge-
sensitive amplifier (CSA). Figure 4.24 presents 
noise equivalent circuit of CSA where the total 
noise is dominated by its input transistor (thermal 
and 1/f noises). Additionally, the circuit includes 
two noise sources derived from leakage currents of 
gate (Ig) and detector (Id) and from the feedback 
resistance.

The noise of the transistor is described by
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where gm is transistor transconductance, Kf is the 
1/f noise coefficient, COX is gate oxide capacitance, 
W and L are the dimensions of the transistor.

Based on the CSA model, the total noise output 
voltage is given as
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where I I I2in
2

g d( )= +  is the total leakage current, 
V kTR4nf

2
f=  is the thermal noise of the feedback 

resistor, and Cin = Cdet + Cf + Cg is the input capaci-
tance of the CSA.

The first term (thermal noise) is constant over 
the entire range of frequency. It is amplified by the 
noise gain, which is given by
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Figure 4.24 Noise equivalent circuit of the CSA. 
(Reproduced from Amin, F.U., On the Design 
of an Analog Front-End for an X-Ray Detector, 
Lamberd Academic Publishing, Linköping, 2009.)
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The second noise component decreases with 
increasing frequency and is not dependent on 
the input capacitance. In the detector readout 
electronics, a shaper stage is also integrated. This 
stage is inserted to filter the CSA output signal to 
improve SNR value, to add more gain, to shorten 
the pulse duration, and to reduce the possibility of 
pileup pulses.

One way of overcoming the preamplifier noise 
is to use a detector having a high degree of internal 
gain, prior to connection to this device. There are 
two main types of detector that can be used: the 
photomultiplier, which is rather large and incon-
venient, and the APD. The main advantages are 
apparent at high frequency, when amplifier noise 
contribution is more troublesome, because of stray 
capacitances lowering the impedance across the 
amplifier input.

Let us consider the SNR in the first stage of 
photoreceiver with an APD. The high sensitivities 
of APDs can be obtained due to a phenomenon 
of avalanche multiplication, which significantly 
increases the current signal generated at the out-
put of the detector and improves the SNR. It does 
not of course influence the noises from the load 
resistance and the amplifier noises but increases 
the signal as that usually only noise originating 
from the signal current and dark current (quan-
tum noise) is dominant. Unfortunately, at high 
gain levels, the random mechanism of carrier mul-
tiplication (M) introduces excess noise, in the form 
of higher shot noise, which eventually exceeds the 
noise level resulting only from the primary genera-
tion of unequilibrium carriers.

At moderate gain levels, the dominant source of 
the noise in an APD is the signal and dark current 
shot noises, which are multiplied. However, if the sig-
nal power increases by a factor M2, the noise power 
increases by a factor M2+x. The factor x is typically 
between 0.3 and 0.5 for silicon APDs and between 
0.7 and 1.0 for germanium and III–V alloy APDs.

Knowing the total noise, a SNR can be 
 determined as
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The numerator of this equation determines the 
photocurrent and denominator noises. The first 

term of the denominator is a shot noise term and 
the second one represents the thermal noise of load 
resistance with a preamplifier noise (Fn is the noise 
factor of preamplifier, Idb is the bulk leakage cur-
rent component of primary dark current, and Is 
is the surface leakage current of a dark current). 
Shot noise components except the surface leakage 
component of the dark current are multiplied, so 
the photocurrent, current from a background, and 
bulk leakage current components of the primary 
dark current are multiplied. When M is large, the 
thermal and amplifier noise term becomes insig-
nificant and the S/R ratio decreases with increasing 
M. Therefore, an optimum value of the multipli-
cation factor Mop exists, which maximizes the S/N 
ratio.

Figure 4.25 presents the typical dependence of 
signal current, thermal noise, shot noise, and total 
noise on the avalanche multiplication factor [8]. 
For low values of multiplication factor, the signal 
amplitude is usually lower than the total noise 
amplitude. In this range, thermal noises are domi-
nant at the low optical input levels usually used 
with APDs. For high multiplication values, ther-
mal noises become less important but shot noises 
are then significant. There is a supply voltage for 
which a distance between line representing the 
signal and the curve representing the total noise 
is the largest, corresponding to when the S/N ratio 
is maximum. Of course, these parameters will 
change with temperature because the dark current 
of a photodiode and the avalanche multiplication 
factor are both strongly thermally dependent.

4.3  ADVANCED METHOD OF 
SIGNAL DETECTION

4.3.1  Signal averaging

When measuring a small repetitive or steady-
state signal in the presence of noise, we can often 
improve the results by making a number of mea-
surements and taking their average. Figure 4.26 
presents a scheme of signal detection system for 
steady-state signals with an analog integrator.

If radiation from both a signal source and the 
background is incident on a detector surface, the 
desired signal will appear with noise at the detec-
tor output. It is amplified in a preamplifier and 
next reaches the integrator input. Let us assume 
that before beginning the measurement cycle, the 
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voltages at inputs of both the differential amplifier 
and the integrator and the integrator output are all 
equal to zero. If a voltage Vi appears at the integra-
tor input, a current I1 will flow through the resistor 
R. This current causes changes in the capacitor C to 
give a voltage Vo (T) at the system output:
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where Vo(0) is the initial voltage at the capacitor at 
t = 0 and RC = τ is the time constant of the integrator.

The voltage at the system output is inversely 
proportional to the time constant. In practice, 

the capacitor C is short-circuited at the begin-
ning of a measuring cycle by means of the switch 
K. So, the second constant term of Equation 4.45 
can be omitted. Opening the switch K initiates 
the measuring cycle, during which the signal 
integration occurs. If the assumption is taken 
that there is a constant voltage of the value v at 
the system input, then after a time t, the output 
voltage will be directly proportional to the prod-
uct vt. Thus, the SNR at the integrator output 
takes a form
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Figure 4.26 Analog integrator used to collect the detected signal level.
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where Sn is the input white noise power density. 
This equation tells that the SNR can increase lin-
early with the square root of the integration time 
t (for t × RC).

The integrating process in mathematical form 
is equal taking a series of measurements and sum-
ming each of the received values. If we make N 
measurements, each integrated over the period t, 
then the received results are added and the SNR is 
described as
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In this case, SNR increases proportionally to the 
square root of a number of the performed measure-
ments (or the total measurement time Nt). Similarly, 
as in Equation 4.46, the time constant of an inte-
grator does not affect the value of a SNR. In real 
conditions, the value of the time constant should 
be chosen to ensure the desired level of the output 
signal after an appropriate integration time t [10].

One disadvantage of the simple integrator is that 
1/f noise, electronic offsets, and background light 
level charges can all degrade the performance. We 
shall now describe another signal recovery method 
that avoids these problems.

4.3.2  Lock-in amplifier

A lock-in amplifier uses phase-sensitive detection 
to improve the SNR in continuous wave (cw) exper-
iments. For phase-sensitive detection, the analog 

signal should be modulated at some reference fre-
quency. This enables the noise component to be fil-
tered out, even when it may initially be many times 
stronger than the signal itself. If the detected signal 
of interest is modulated by a carrier signal of defined 
phase and frequency, it is possible to separate this 
signal from the noise component. This requires 
the availability of a low-noise, stable reference fre-
quency ωref of the same frequency as the carrier sig-
nal. In optical measurements, it is usually achieved 
by initially modulating a stable light source with 
this reference frequency ωref. The light transmitted, 
reflected, or scattered from the test sample, now 
heavily attenuated but still modulated with ωref, is 
then measured. Measurement information is pro-
vided by the amplitude of the signal, which falls on 
the detector (see Figure 4.27). The reference signal 
is connected to the lock-in amplifier via the refer-
ence input (Figure 4.28). The first stage of the lock-
in amplifier is usually a programmable ac amplifier, 
which matches the signal amplitude to a suitable 
level, ensuring that it does not overload (saturate or 
“clip”) the following electronic components.

In the diagram below, the reference signal is a 
square wave of frequency ωref. This might be the clock 
output from a function generator. If the sine output 
from the function generator is used to excite the 
experiment, the response might be the signal wave-
form shown below. In order to simplify the analysis, 
we shall assume that the system is noise free.

The signal at the optical detector is

 V V t Vsin ,d S n( )= ω + ϕ +  (4.48)
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Figure 4.27 Use of a lock-in amplifier in fluorescence detection.
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where VS is the signal amplitude and ϕ is the 
signal phase.

The band-pass filter, centered at ωref, removes 
all noise frequencies, which are outside a defined 
bandwidth around ωref. This is to give some prefil-
tering to stop the following circuits being so easily 
overloaded by high levels of noise. The next stage is 
the phase-sensitive demodulator (PSD). Here, the 
filtered signal is multiplied by a square wave signal 
of the same frequency ωref and, ideally, the same 
phase as the signal at this point.

The internal reference is

 V V tsin .H L L ref( )= ω + ϕ  (4.49)

The output of the PSD is simply the product of two 
sine waves:
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The PSD output is two ac signals, one at the dif-
ference frequency (ω − ωL) and other at the sum 
frequency (ω + ωL). The phase difference ϕ between 
the square wave and the signal is important here. 
If both signals are exactly in phase, the resulting 
output signal reaches a maximum (Figure 4.29). If 
this is not the case, the desired ac component will 

not be so well detected in the subsequent processes 
and will actually give zero output if the phase dif-
ference is 90°. For this reason, lock-in amplifiers 
are equipped with a phase shifter, which is used to 
bring the two signals into phase either manually or 
automatically. Sometimes these lock-ins are used 
with the references set 90° apart or “in-phase” and 
“quadrature” signals are obtained. Then the desired 
signal is the square root of sum of the squares of in-
phase and quadrature components, and budding is 
not possible. The resulting signal includes contri-
bution from the sum and difference frequencies of 
the two components.
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Figure 4.29 Signal processing where input signal 
and reference signal are in phase.
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Figure 4.28 Schematic diagram of a lock-in amplifier. (Reproduced from http://www. lasercomponents.de.)
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A low-pass filter is then used to remove any 
ac components from the dc signal. The lower the 
cut-off frequency of the filter, the better suppres-
sion of the unwanted noise components. However, 
this also leads to a longer filter time constant and 
therefore a longer measurement time. Any changes 
in optical signal level that occur faster than the 
filter time constant can, of course, no longer be 
observed. The low-pass filter effectively removes 
any high-frequency noise remaining following the 
demodulator process. However, if ωref equals ωL, 
the difference frequency component will be a dc 
signal. In this case, the filtered PSD output will be

 
V V V

1

2
cos .out S L ref( )= ϕ − ϕ

 
(4.51)

The dc signal is proportional to the signal 
amplitude.

The final stage of the lock-in consists of a pro-
grammable dc amplifier, which further amplifies 
the smoothed signal. At the output, the result is 
ideally a noise-free dc signal whose amplitude is 
directly proportional to the strength of ac signal 
at the lock-in input. A further advantage of the 
lock-in amplifier is that it removes 1/f noise com-
ponents, as only noise at frequencies close to the 
modulation frequency is effectively observed after 
the electronic processing.

In the above considerations, we have assumed 
that the chopped signal and the reference output 
share the same phase. This may not always be the 
case. In practice, the lock-in amplifier works not 
only in the so-called “1f ” operation mode but also 
has application in which the second and the third 
harmonics are analyzed. In these measurements, 
advanced modulation techniques are usually used. 
Their main task is to determine the relationship of 
the studied phenomenon with a specific parameter 
that can be modulated. Functional diagram of this 
technique is shown in Figure 4.30.

In this diagram, the phenomenon is described 
by the expression of

 A A t ,( ) ( )λ = λ   (4.52)

and is related to the parameter λ.
If it is possible to perform the modulation of λ 

by time-dependent function

 V t V V ft( ) sin 2 ,0 ( )= + π  (4.53)

it will be possible to process the signal described by
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By analyzing the different harmonics of the sig-
nal, one can specify the virtues of the function 
describing the investigated phenomenon A, e.g., 
slope, optimum points, and inflection. Thus, the 
measurement of the selected harmonics can clearly 
define both possibility and range of the phenom-
enon analysis. This method is applied in wave-
length modulation spectroscopy, which is able to 
detect very weak absorption line in the presence of 
noises as well and of a high baseline. The “1f ” signal 
analysis is not effective because it is sensitive to the 
signal level and assumes the minimum value cor-
responding to the maximum value of absorption 
lines. In the case of low-level signal, the influence 
of any noises on measurements is more significant. 
Better results are obtained when analyzing “2f,” 
which increases the SNR (e.g., from value of 23.5 dB 
to 35 dB) [12]. In this setup, 3f reference channel sig-
nal is also employed for locking the laser frequency 
to the peak of absorption line of the target analysis.

4.3.3  Boxcar detection systems

Phase-sensitive detection systems are used for mea-
surements of steady periodic signals or ones that 
have a relatively slowly varying level. Frequently, 
it is desired to measure the amplitude envelope of 
periodical signals. For this purpose, various mea-
suring methods can be used. One of these meth-
ods is the so-called boxcar detection system, which 
performs synchronous integration (Figure 4.31). 

Experiment

Ref. signalLock-in

Wave
generator

n × f

A

Sn

U
f

λ

Figure 4.30 Functional diagram of demodulation 
technique with lock-in amplifier.
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This method allows the measurement of periodi-
cal signals of complex shapes, even when the signal 
amplitude is lower than the level of the first stage 
noise of a photoreceiver. To apply this method, two 
basic conditions must be fulfilled:

 ● The measured signal should be periodic and 
repeatable.

 ● A trigger signal should be available, which can 
be used to tell the measurement system when 
each signal cycle begins (this latter signal could 
be derived using a phase-lock-loop if the peri-
odic signal is available for a long enough time).

The detection system consists of a signal source, 
detector–preamplifier system, switch, integrator, 
and a control system. The control system includes a 
clock, delay circuit, and a multivibrator. Pulses from 
the clock generator are used to drive simultaneously 
an optical signal source and a delay circuit in the 
signal processor. The output signal from the delay 
circuit triggers the multivibrator, which in turn 
closes a switch. The switch on time of the key switch 
depends on the pulse duration of the multivibrator. 
A semiconductor laser (LD) or electroluminescent 
diode (LED) is usually used as the optical source.

We shall assume that the control generator oper-
ates at a frequency f = 1/T. The delay time of the clock 
pulse controlling initiation of the multivibrator is td 
and the key switch on time is tm as determined by 

the monostable multivibrator. The leading edge of 
each clock pulse starts the light pulse generation. 
Figure 4.32 shows the temporal variation courses 
of voltages at critical points of the boxcar detection 
system. A signal from the detector output is sent 
after amplification to an electronic switch and then 
to an integrator to average the signal.

The signal Vk (t) reaching the integrator is 
described by the formula
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We shall now calculate the voltage at the output of 
the integrator. We assume that the voltage at the 
integrator output is initially equal to zero and that 
we make measurements for m periods of an input 
waveform. In order to simplify the initial analysis, 
we shall assume that the system is noise free. For 
this assumption, the voltage at the system output is

V t
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m V t t
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m V t t
1

d
1

d

t

t tT

o d k D

0 d

d m

∫∫( ) ( ) ( )= − = −
+

 (4.56)

where R and C determine the resistance and the 
capacitance values of the integrator, respectively. 
The minus sign in this equation is present because 
the voltage signal is applied to an inverting input. 
If  the time interval is sufficiently small, the  signal 
level will not change significantly between the times, 
td and td + tm. Thus, formula 4.56 takes the form
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It results from this formula that the voltage value 
at the output of the integrator Vo(t) is directly pro-
portional to the instantaneous value of the voltage 
at the preamplifier output VD(t), signal cycles m, 
and pulse duration tm, but is inversely proportional 
to the time constant of the integrator. The boxcar 
detection system exhibits an increase in the ampli-
tude of the output signal in proportion to the num-
ber of measuring cycles m.

The SNR of the boxcar detection system if a 
white noise input voltage source is now considered 
to be present is given by

 
S

N

V t

V
m ft2 .D

ni
m

1 2( ) ( )= ∆
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An increase in the SNR is obtained with a larger 
number of measuring cycles and longer time of 
key switch on, the improvement being in propor-
tion to m.

The above measuring system is called a box-
car detection system because the samples are 
added synchronously with the measuring cycles 
of a signal like loading wagons (or boxcars) on a 
train. Boxcar detection systems are very effective 
at recovering information from repetitive signals 
when the noise level is quite high. Improvement in 

the SNR obtained due to signal measurement for m 
cycles is, of course, at the expense of greater mea-
surement time being given by mT.

A drawback of the method is that the integra-
tor is disconnected from the input for most of the 
time. A voltage measurement at the photodetector– 
preamplifier system is performed only during the 
time interval tm/T (i.e., when the key is switched 
on). So, to measure a pulse shape, we have to repeat 
the measurement process up to T/tm times for each 
td value. The time required to measure a pulse 
shape will be mT 2/tm. The total measurement time 
can be reduced by increasing the time of a single 
sampling tm. However, it constraints observation of 
the pulse details.

The boxcar detection system is not efficient 
because most of the signal power is ignored during 
the key switch off. This drawback can be avoided 
by using a parallel processing scheme, involving a 
multiplexed array of boxcar detection systems. To 
achieve this, an analog multiplexer can be used to 
separate into parallel channels or, more frequently 
with modern technology, a system with the digital 
path of signal processing is applied. Many digital 
oscilloscopes are now equipped with such parallel 
averaging schemes.

4.3.4  Coherent detection

So far, we have considered systems that were based 
on the modulation of the light intensity in a trans-
mitter and direct detection of this in a photoreceiver. 
It was not essential for the modulated light wave to 
be a coherent wave and its spectrum could be wide. 
These systems are simple and cheap but they have 
constrains on their transmission possibilities. The 
photoreceivers decoded only the information con-
nected with the intensity or with the square of the 
electromagnetic field amplitude, whereas informa-
tion can be carried also by its phase and frequency. 
The possible photoreceiver sensitivity results from 
the basic noise limits as the noise of the photodetec-
tor, preamplifier, and background.

To improve the SNR, it would be an advan-
tage to increase the photocurrent at the detector 
output. We have already noted that using pho-
toreceivers with APDs had constraints resulting 
from additional multiplication noises. To avoid 
problems with direct detection, coherent detec-
tion, a method of receiving based on interference 
of two beams of coherent laser radiation, can be 



92 Detection of optical radiation

used [13–15]. Figure 4.33 illustrates the differences 
between coherent detection and direct detection.

Figure 4.33a presents a direct detection system. 
To narrow down the received optical bandwidth, 
we have applied a filter to limit the spectral range of 
radiation reaching the detector—Figure 4.33b. For 
example, optical filters based on the Bragg effect 
can have 5 nm bandwidth for 1.56 μm wavelengths, 
corresponding to a detection band, Δf, equal to 
600 GHz [16]. This wide bandwidth, of what is a 
reasonably narrow optical filter, illustrates that 
application of an optical filter cannot easily ensure 
narrow wavelength selection of a photoreceiver. A 
widely spaced Fabry–Perot filter can achieve band-
width of several hundred MHz but is costly and 
difficult to stabilize and is so impractical for most 
systems. However, the simple addition of a beam 
splitter and an additional coherent light source, 
a so-called, local oscillator, provides a coherent 
detection scheme that can use heterodyne and 
homodyne detection systems (see Figure 4.33c).

Heterodyne detection technique has been com-
monly used for many years in commercial and 
domestic radioreceivers and also for the microwave 

range of an electromagnetic spectrum. The main 
virtues of this method detection are higher sen-
sitivity, higher and more easily obtained selectiv-
ity, plus the possibility of detection of all types of 
modulation and easier tuning over wide range [17]. 
Coherent optical detection has been developed 
since 1962, but compact and stable production 
of this system is more difficult, and the system is 
more expensive and troublesome than its radio-
technique equivalent. The basic block diagram of 
heterodyne optical receiver is shown in Figure 4.34.

Laser radiation containing information, is after 
being passed through an input optical filter and 
beam splitter, arranged to coherently combine or 
“mix” with a light beam of a local oscillator at the 
detector surface. A beam splitter can be made in 
many ways, the simplest being a glass plate with 
adequate refraction coefficient. In a general case, 
a device fulfilling such a role is called a direc-
tion coupler, as an analogy to microwave or radio 
devices. A detector used for signal mixing has to 
have a square-law characteristic to detect the elec-
tronic field of the light, but this is conveniently 
typical of most optical detectors (photodiode, 
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Figure 4.33 Comparison of coherent versus incoherent optical detection: (a) direct detection system, 
(b) radiation bandwidth limitation with an optical filter, (c) heterodyne and homodyne detection systems.
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photoconductor, photomultiplier, APD, etc.). This 
signal is next amplified. An electrical filter of 
intermediate frequency (IF) extracts the desired 
difference component of the signal, which next 
undergoes a demodulation process. The design 
and operation principle of the subsequent electri-
cal detector depends on the nature of the modula-
tion of a signal. The signal from a load resistance 
passes through an output filter to a receiver output 
and by means of a local oscillator frequency con-
troller it controls a laser. A frequency control loop 
is used for the local oscillator laser to maintain a 
constant frequency difference ωL − ωs = ωp with the 
input signal. An indispensable condition for effi-
cient coherent detection is to match the polariza-
tion and to the shape of both waveforms of both 
beams to match the profile of the detector surface.

Expression for the SNR at the heterodyne detec-
tion system with APD for PL < PS is given by

S

N

R M P P

q fM R P
kT fF

R

R P

q fM

2

2
4

.
x

i S L

2
i L

L

1 2
i S

1 2

=
∆ + ∆





≈
∆





+

 (4.59)

Assuming a photodiode responsivity Ri = ηq/hν, 
usually in A/W, we have
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Figure 4.35 shows a comparison of coherent detec-
tion sensitivity (solid lines) with the sensitivity of 
direct p–i–n photodiode detection (M = 1) for the 

same values of SNR. Significant improvement 
in sensitivity can be observed for weak signals. 
Higher sensitivity of a detector ensures qualita-
tively better detection as increased information bit 
rate can permit longer communications links to 
be used between each regenerator circuit. In long-
distance fiber telecommunications, however, the 
use of optical fiber amplifier has taken much of the 
impetus from development of the coherent receiver, 
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although the latter still have the unique advantage 
of highly selective narrowband detection.

In heterodyne detection, the spectrum of laser 
modulation was shifted into an IF range, so selec-
tivity of a photoreceiver depends on the bandwidth 
of the IF amplifier. This is arranged electronically, 
so it can easily be sufficiently narrow. Having nar-
row IF circuit bandwidth is especially important 
for the detection of multichannel signals.

In practice, the technique of heterodyne detec-
tion is used for construction of Doppler velocime-
ters and laser rangefinders as well as in spectroscopy 
(particular LIDAR systems). It may yet find applica-
tion in more telecommunications systems.

If a signal frequency is equal to the frequency of 
a local oscillator, the IF frequency equals zero. It is 
a special case of coherent detection, the so-called 
homodyne detection.

In a homodyne detection optical receiver 
(Figure 4.36), the incoming laser carrier is again 
combined with a reference wave from a local laser 
on a photodiode surface, but in this case both 
frequencies are the same. It does not contain two 
blocks, filter of IF frequency and demodulator, 
which were in heterodyne receiver.

The photodetector current in a homodyne 
receiver is given by

 I R M P P R M P P t2 cos .hom i S L i S L
1 2

p( ) ( ) ( )= + + ϕ
 (4.61)

The first component is a direct-current component 
but the second one contains the useful information 
regarding the optical signal. The current at the detec-
tor output increases with increase in local oscillator 
power and with the optical receiver responsivity.

If the local oscillator power is high, the shot 
noise originating from a signal current, thermal 
noise, and dark current noise can be omitted. For 
amplitude modulation, we have
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As can be seen, the SNR for homodyne detection 
is twice as high as heterodyne detection. This is 
basically because the homodyne detector allows 
direct addition or subtraction of the electrical 
fields, depending on whether the signal and local 
oscillators are in phase or 180° out of phase. With 
heterodyne detection, the relative phases change 
linearity with time and mixing of signals is not 
effective when signals have 90° or 270° phase 
difference.

As it results from Equation 4.61, homodyne 
detection derives the baseband modulation signal 
carrying the information directly. Thus, further 
electronic demodulation is not required.

Homodyne receivers are used in the most sensi-
tive coherent systems. In practice, construction of 
such receivers is difficult because

 ● The local oscillator must be locked to keep a 
constant zero phase difference to the incom-
ing optical signal, and this requires excellent 
spectral purity.

 ● Power fluctuation of the local laser must be 
eliminated.

Output

Laser
local

oscillator

Detector Amplifier

Output
filter

ωLO – ωSωLO 

ωs

Background
radiation

Laser
radiation

Optical
input
filter

Beam splitter

Optical
receiver

load

Local oscillator
phase

controller

Figure 4.36 Block diagram of homodyne detection optical receiver.
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Constant difference of both laser phases can be 
achieved using an optical phase-locked loop.

The requirements for spectrum purity are less 
critical in the diversity systems [14,16] in which the 
cosine component current expressed by Equation 
4.61 and also the quadrature current component 
proportional to sin ϕpt is produced. A sum of vec-
tors of these currents makes it possible to avoid 
influence of ϕp phase change, but as with the het-
erodyne system, the SNR suffers when phases are 
not identical.

It has been assumed that the local laser has no 
amplitude noise. In practice, this type of noise is 
often the limiting factor because the local laser 
power is strong compared with signal component 
2(PSPL)1/2. If detecting these output waves by means 
of photodiodes give the corresponding currents,
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This noise is contained in the terms b2PL and a2PL, 
respectively. If we assume a symmetrical beam 
combiner (a = b), and the currents I1 and I2 are sub-
tracted, then the terms containing PS and PL cancel 
out, and so do their amplitude fluctuations. Due 
to the opposite sign of the third term in Equations 
4.63 and 4.64, the output signal from the subtrac-
tor is doubled. Using the two outputs in this way 
produces a balanced mixing receiver, using a beam 
splitter or fiber coupler (Figure 4.37).

In order to make the interference of the signal 
wave and the local oscillator wave that is received 

more efficient, their polarization states must coin-
cide. Due to random vibration in the fiber and 
temperature changes, mechanical strain in the 
fiber introduces birefringence, which changes with 
time. As a consequence, the polarization state of 
the signal received changes randomly.

The problems caused by a polarization mis-
match can be overcome in the following ways by

 ● Using a polarization state controller
 ● Polarization scrambling (the polarization state 

is deliberately changed at the transmitting 
end)

 ● Use of polarization-maintaining fibers (this 
solution is more expensive)

 ● Using polarization diversity (both the local 
optical wave and signal wave received are split 
into two orthogonal polarization states)

4.4  PHOTON AND THERMAL 
DETECTORS

In this chapter, optical radiation is considered as a 
radiation over the range from vacuum ultraviolet to 
the submillimeter wavelength (25 nm to 3000 μm). 
The terahertz (THz) region of electromagnetic 
spectrum (see Figure 4.38) is often described as the 
final unexplored area of spectrum and still pres-
ents a challenge for both electronic and photonic 
technologies. It is frequently treated as the spec-
tral region within frequency range ν ≈ 0.1–10 THz 
(λ ≈ 3 mm−30 μm) and is partly overlapping with 
loosely treated submillimeter (sub-mm) wave-
length band ν ≈ 0.1–3 THz (λ ≈ 3 mm−100 μm).

The majority of optical detectors can be 
 classified in two broad categories: photon detec-
tors (also called quantum detectors) and thermal 
detectors.
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Fiber coupler
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Figure 4.37 Balanced mixing receiver with fiber coupler and series connection of the photodiodes.
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4.4.1  Photon detectors

In photon detectors, the radiation is absorbed 
within the material by interaction with electrons 
either bound to lattice atoms or to impurity atoms 
or with free electrons. The observed electrical 
output signal results from the changed electronic 
energy distribution. The fundamental optical exci-
tation processes in semiconductors are illustrated 
in Figure 4.39. The photon detectors show a selec-
tive wavelength dependence of response per unit 
incident radiation power (see Figure 4.40). They 
exhibit both good SNR performance and a very fast 
response. But to achieve this, the photon IR detec-
tors require cryogenic cooling. This is necessary to 

prevent the thermal generation of charge carriers. 
The thermal transitions compete with the optical 
ones, making noncooled devices very noisy.

Depending on the nature of the interaction, the 
class of photon detectors is further subdivided into 
different types. The most important are intrinsic 
detectors, extrinsic detectors, and photoemissive 
detectors (Schottky barriers) [19–21]. Different types 
of detectors are briefly characterized in Table  4.1. 
Figures 4.3 and 4.4 show spectral detectivity curves 
for a number of commercially available IR detectors.

The most widely used photovoltaic detector is 
the p–n junction, where a strong internal electric 
field exists across the junction even in the absence 
of radiation. Photons incident on the junction 
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Figure 4.38 The electromagnetic spectrum.
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Table 4.1 Photon detectors

Mode of 
operation Schematic of detector Operation and properties

Photoconductor Incident radiation

Ohmic contacts

w

t I
Current

It is essentially a radiation-sensitive resistor, generally a semiconductor either in 
thin-film or bulk form. A photon may release an electron–hole pair or an 
impurity-bound charge carrier, thereby increasing the electrical conductivity. In 
almost all cases, the change in conductivity is measured by means of 
electrodes attached to the sample. For low resistance material, the 
photoconductor is usually operated in a constant current circuit. For high 
resistance photoconductors, a constant voltage circuit is preferred and the 
signal is detected as a change in current in the bias circuit.

BIB detector

Degenerately
doped

IR-active layer Bottom
contact
implant

Blocking
layer

Oxide

Top
contact
implant

Metallization

Back
contact
metallization

hν
The active region of BIB detector structure, usually based on epitaxially grown 

n-type material, is sandwiched between a higher doped degenerate substrate 
electrode and an undoped blocking layer. Doping of active layer is high 
enough for the onset of an impurity band in order to display a high quantum 
efficiency for impurity ionization (in the case of Si:As BIB, the active layer is 
doped to ≈5 × 1017 cm−3). The device exhibits a diode-like characteristic, 
except that photoexcitation of electrons takes place between the donor 
impurity and the conduction band. The heavily doped n-type IR-active layer 
has a small concentration of negatively charged compensating acceptor 
impurities. In the absence of an applied bias, charge neutrality requires an 
equal concentration of ionized donors. Whereas the negative charges are fixed 
at acceptor sites, the positive charges associated with ionized donor sites 
(D+ charges) are mobile and can propagate through the IR-active layer via the 
mechanism of hopping between occupied (D0) and vacant (D+) neighboring 
sites. A positive bias to the transparent contact creates a field that drives the 
preexisting D+ charges toward the substrate, while the undoped blocking layer 
prevents the injection of new D+ charges. A region depleted of D+ charges is 
therefore created with a width depending on the applied bias and on the 
compensating acceptor concentration.

(Continued)
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Table 4.1 (Continued ) Photon detectors

Mode of 
operation Schematic of detector Operation and properties

p–n junction 
photodiode

t

Incident radiation
Front
contact

Back
contact

n+-type

Depletion
regionp-type

It is the most widely used photovoltaic detector, but rather rarely used as THz 
detector. Photons with energy greater than the energy gap create electron–
hole pairs in the material on both sides of the junction. By diffusion, the 
electrons and holes generated within a diffusion length from the junction 
reach the space-charge region where they are separated by the strong electric 
field; minority carriers become majority carriers on the other side. This way a 
photocurrent is generated causing a change in voltage across the open-circuit 
cell or a current to flow in the short-circuited case. The limiting noise level of 
photodiodes can ideally be √2 times lower than that of the photoconductor, 
due to the absence of recombination noise. Response times are generally 
limited by device capacitance and detector–circuit resistance.

MIS photodiode

n-type semiconductor

Gate electrode

Insulator

ti

Depletion
region

Light
VG

The MIS device consists of a metal gate separated from a semiconductor surface 
by an insulator of thickness ti and dielectric constant εi. By applying a negative 
voltage VG to the metal electrode, electrons are repelled from the I–S 
interface, creating a depletion region. When incident photons create hole–
electron pairs, the minority carriers drift away to the depletion region and the 
volume of the depletion region shrinks. The total amount of charge that a 
photogate can collect is defined as its well capacity. The total well capacity is 
decided by the gate bias, the insulator thickness, the area of the electrodes, 
and the background doping of the semiconductor. Numerous such photogates 
with proper clocking sequence form a CCD imaging array.

(Continued)
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Table 4.1 (Continued ) Photon detectors

Mode of 
operation Schematic of detector Operation and properties

Schottky barrier 
photodiode

t

Incident radiation

Ohmic
contact

Semitransparent
Schottky contact

Depletion
region

p(n)-type

Schottky barrier photodiode reveal some advantages over p–n junction 
photodiode: fabrication simplicity (deposition of metal barrier on n(p) 
semiconductor), absence of high-temperature diffusion processes, and high 
speed of response. Since it is a majority carrier device, minority-carrier storage 
and removal problems do not exist and therefore higher bandwidths can be 
expected.

The thermionic emission process in Schottky barrier is much more efficient than 
the diffusion process and therefore for a given built-in voltage, the saturation 
current in a Schottky diode is several orders of magnitude higher than in the 
p–n junction.
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produce free hole–electron pairs that are separated 
by the internal electric field across the junction, 
causing a change in voltage across the open-circuit 
cell or a current to flow in the short-circuited case. 
Due to the absence of recombination noise, the 
limiting p–n junction’s noise level can ideally be √2 
times lower than that of the photoconductor.

Photoconductors that utilize excitation of an 
electron from the valence to conduction band 
are called intrinsic detectors. Instead, those that 
operate by exciting electrons into the conduction 
band or holes into the valence band from impurity 
states within the band (impurity-bound states in 
energy gap, quantum wells, or quantum dots) are 
called extrinsic detectors. Intrinsic detectors are 
most common at the short wavelength, below 20 
μm. In the more long wavelength region, the pho-
toconductors are operated in an extrinsic mode. 
One advantage of photoconductors is their current 
gain, which is equal to the recombination time 
divided by the majority-carrier transit time. This 
current gain leads to higher responsivity than is 
possible with nonavalanching photovoltaic detec-
tors. However, series problem of photoconductors 
operated at low temperature is the nonuniformity 
of detector element due to recombination mecha-
nisms at the electrical contacts and its dependence 
on electrical bias.

Recently, interfacial work function internal pho-
toemission detectors, quantum well, and quantum 
dot detectors, which can be included to extrinsic 
photoconductors, have been proposed especially 
for IR and THz spectral bands [21]. The very fast 
time response of quantum well and quantum dot 
semiconductor detectors makes them attractive for 
heterodyne detection.

Figure 4.41 shows the quantum efficiency of 
some of the detector materials used to fabricate 
arrays of ultraviolet (UV), visible, and IR detec-
tors. Photocathodes and AlGaN detectors are 
being developed in the UV region. Silicon p–i–n 
diodes are shown with and without antireflection 
coating. Lead salts (PbS and PbSe) have interme-
diate quantum efficiencies, whereas PtSi Schottky 
barrier types and quantum well infrared photode-
tectors (QWIPs) have low values. InSb can respond 
from the near UV out to 5.5 μm at 80 K. A suitable 
detector material for near-IR (1.0–1.7 μm) spec-
tral range is InGaAs lattice matched to the InP. 
Various HgCdTe alloys, in both photovoltaic and 
photoconductive configurations, cover from 0.7 
μm to over 20 μm. InAs/GaSb strained layer super-
lattices (SLs) have emerged as an alternative to the 
HgCdTe. Impurity-doped (Sb, As, and Ga) silicon 
blocked impurity band (BIB) detectors operating 
at 10 K have a spectral response cutoff in the range 
of 16–30 μm. Impurity-doped Ge detectors can 
extend the response out to 100–200 μm

A key difference between intrinsic and extrinsic 
detectors is that extrinsic detectors require much 
cooling to achieve high sensitivity at a given spec-
tral response cutoff in comparison with intrinsic 
detectors. Low-temperature operation is associ-
ated with longer-wavelength sensitivity in order to 
suppress noise due to thermally induced transi-
tions between close-lying energy levels. The long 
wavelength cutoff can be approximated as

 
T

300K

( m)
.max

c
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The general trend is illustrated in Figure 4.42 for 
five high-performance detector materials suitable 
for low-background applications: Si, InGaAs, InSb, 
HgCdTe photodiodes, and Si:As BIB detectors and 
extrinsic Ge:Ga unstressed and stressed detectors.

4.4.2  Thermal detectors

The second class of detectors is composed of ther-
mal detectors. In a thermal detector shown sche-
matically in Figure 4.43, the incident radiation is 
absorbed to change the material temperature and 
the resultant change in some physical property is 
used to generate an electrical output. The detector is 
suspended on lags, which are connected to the heat 
sink. The signal does not depend upon the photonic 

Re
la

tiv
e 

sp
ec

tr
al

 re
sp

on
se

Wavelength

Photon
detector

Thermal
detector

Figure 4.40 Relative spectral response for a 
 photon and thermal detector.



4.4 Photon and thermal detectors 101

nature of the incident radiation. Thus, thermal 
effects are generally wavelength independent (see 
Figure 4.40); the signal depends upon the radiant 
power (or its rate of change) but not upon its spec-
tral content. Because the radiation can be absorbed 
in a black surface coating, the spectral response can 
be very broad. Attention is directed toward three 

approaches that have found the greatest utility in 
IR technology, namely, bolometers, pyroelectric, 
and thermoelectric effects. The thermopile is one of 
the oldest IR detectors and is a collection of ther-
mocouples connected in series in order to achieve 
better temperature sensitivity. In pyroelectric detec-
tors, a change in the internal electrical polarization 
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Figure 4.41 Quantum efficiency of different detectors. (Reproduced from Norton, P. Detector FPA 
technology. In Encyclopedia of Optical Engineering, ed. R. Driggers, Marcel Dekker Inc., New York, 
pp. 320–348, 2003.)
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is measured, whereas in the case of thermistor 
bolometers a change in the electrical resistance is 
measured. For a long time, thermopiles were slow, 
insensitive, bulky, and costly devices. But with 
developments in semiconductor technology, ther-
mopiles can be optimized for specific applications. 
Recently, thanks to conventional complementary 
metal-oxide-semiconductor (CMOS) processes, 
the thermopile’s on-chip circuitry technology has 
opened the door to mass production.

Usually bolometer is a thin, blackened flake 
or slab, whose impedance is highly temperature 
dependent. Bolometers may be divided into several 
types. The most commonly used are the metal, the 
thermistor, and the semiconductor bolometers. 
A fourth type is the superconducting bolometer. 

This bolometer operates on a conductivity transi-
tion in which the resistance changes dramatically 
over the transition temperature range. Figure 4.44 
shows schematically the temperature dependence 
of resistance of different types of bolometers.

Many types of thermal detectors are operated in 
a wide spectral range of electromagnetic radiation. 
The operation principles of thermal detectors are 
briefly described in Table 4.2.

The microbolometer detectors are now pro-
duced in larger volumes than all other IR array 
technologies together. At present, VOx microbo-
lometer arrays are clearly the most used technology 
for uncooled detectors. VOx is winner of the battle 
between the amorphous silicon bolometers and 
hybrid barium strontium titanate  (BST) ferroelec-
tric detectors.

4.5  OVERVIEW OF FOCAL PLANE 
ARRAY ARCHITECTURE

In the last four decades, different types of detectors 
are combined with electronic readouts to make 
detector arrays [23]. The progress in IC design 
and fabrication techniques has resulted in contin-
ued rapid growth in the size and performance of 
these solid-state arrays. In the IR technique, these 
devices are based on a combination of a readout 
array connected to an array of detectors.

The term “focal plane array” refers to an assem-
blage of individual detector picture elements 
(“pixels”) located at the focal plane of an imag-
ing system. Although the definition could include 
one-dimensional (“linear”) arrays as well as two-
dimensional (2-D) arrays, it is frequently applied to 
the latter. Usually, the optics part of an optoelectronic 
images device is limited only to focusing of the image 
onto the detectors array. These so-called staring 
arrays are scanned electronically using circuits inte-
grated with the arrays. The architecture of detector–
readout assemblies has assumed a number of forms, 
which are discussed below. The types of readout inte-
grated circuits (ROICs) include the function of pixel 
deselecting, antiblooming on each pixel, subframe 
imaging, output preamplifiers, and yet other func-
tions. IR imaging systems, which use 2-D arrays, 
belong to the so-called “second-generation” systems.

Development in FPA technology has revolu-
tionized many kinds of imaging. From γ rays to the 
IR and even radio waves, the rate at which images 
can be acquired has increased by more than a 
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Table 4.2 Thermal detectors

Mode of 
operation Schematic of detector Operation and properties

Thermopile

Si rim

Membrane

�ermocouple leg

Absorberhv
Collector layer

Header

The thermocouple is usually a thin, blackened flake 
connected thermally to the junction of two dissimilar 
metals or semiconductors. Heat absorbed by the flake 
causes a temperature rise of the junction, and hence a 
thermoelectric electromotive force is developed which 
can be measured. Although thermopiles are not as 
sensitive as bolometers and pyroelectric detectors, they 
will replace these in many applications due to their 
reliable characteristics and good cost/performance ratio. 
Thermocouples are widely used in spectroscopy.

Bolometer 
Metal
Semiconductor
Superconductor
Hot electron

x-Metal

y-Metal   Readout

Bridge

Incident radiation

Absorber

The bolometer is a resistive element constructed from a 
material with a very small thermal capacity and large 
temperature coefficient so that the absorbed radiation 
produces a large change in resistance. The change in 
resistance is like to the photoconductor, however, the 
basic detection mechanisms are different. In the case of a 
bolometer, radiant power produces heat within the 
material, which in turn produces the resistance change. 
There is no direct photon–electron interaction.

Most bolometers in use today are of the thermistor type 
made from oxides of manganese, cobalt, or nickel. Their 
construction is very rugged for system applications. 
Some extremely sensitive low-temperature 
semiconductor and superconductor bolometers are used 
in THz region.

(Continued)
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Table 4.2 (Continued ) Thermal detectors

Mode of 
operation Schematic of detector Operation and properties

Pyroelectric 
detector

Top
electrodes

Plug
metal

MirrorEquipotential
plane

V

The pyroelectric detector can be considered as a small 
capacitor with two conducting electrodes mounted 
perpendicularly to the direction of spontaneous 
polarization. During incident of radiation, the change in 
polarization appears as a charge on the capacitor and a 
current is generated, the magnitude of which depends 
on the temperature rise and the pyroelectrical coefficient 
of the material. The signal, however, must be chopped or 
modulated. The detector sensitivity is limited either by 
amplifier noise or by loss-tangent noise. Response speed 
can be engineered making pyroelectric detectors useful 
for fast laser pulse detection, however with proportional 
decrease in sensitivity.

Golay cell

Radiation

Cell Line grid

LED

Absorber
Flexible mirror

PV detector

The Golay cell consists of a hermetically sealed container 
filled with gas (usually xenon for its low thermal 
conductivity) and arranged so that expansion of the gas 
under heating by a photon signal distorts a flexible 
membrane on which a mirror is mounted. The movement 
of the mirror is used to deflect a beam of light shining on 
a photocell and so producing a change in the photocell 
current as the output. In modern Golay cells, the 
photocell is replaced by a solid-state photodiode and 
light emitting diode is used for illumination.

The performance of the Golay cell is only limited by the 
temperature noise associated with the thermal exchange 
between the absorbing film and the detector gas, 
consequently the detector can be extremely sensitive 
with D* ≈ 3 × 109 cmHz1/2 W−1, and responsivities of 105 
to 106 V/W. The response time is quite long, typically 
15 ms.
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factor of a million in many cases. Figure 4.45 illus-
trates the trend in array size over the past 40 years. 
Imaging FPAs have developed in proportion to the 
ability of silicon ICs technology to read and pro-
cess the array signals and with an ability to dis-
play the resulting image. The progress in arrays has 
been steady and has paralleled the development of 
dense electronic structures such as dynamic ran-
dom access memories (DRAMs). FPAs have nomi-
nally the same growth rate as DRAM ICs, which 

have had a doubling-rate period of approximately 
18 months; it is a consequence of Moore’s law, but 
lag behind in size by about 5–10 years. The graph 
in the insert of Figure 4.45 shows the log of the 
number of pixels per a sensor chip assembly (SCA) 
as a function of the year first used on astronomy 
for Mid-Wave Infrared (MWIR) SCAs. CCDs with 
close to 2 gigapixels offer the largest formats.

A number of architectures are used in the devel-
opment of FPAs. In general, they may be classified 
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as hybrid and monolithic, but these distinctions 
are often not as important as proponents and crit-
ics state them to be. The central design questions 
involve performance advantages versus ultimate 
producibility. Each application may favor a differ-
ent approach depending on the technical require-
ments, projected costs, and schedule.

4.5.1  Monolithic arrays

In the monolithic approach, both detection of light 
and signal readout (multiplexing) is done in the 
detector material rather than in an external read-
out circuit. The integration of detector and readout 
onto a single monolithic piece reduces the number 
of processing steps, increases yields, and reduces 
costs. Common examples of these FPAs in the visi-
ble and near infrared (NIR) (0.7–1.0 μm) are found 
in camcorders and digital cameras. Two generic 
types of silicon technology provide the bulk of 

devices in these markets: CCDs and CMOS imag-
ers. CCD technology has achieved the highest pixel 
counts or largest formats with numbers above 109 
(see Figure 4.45). This approach to image acquisi-
tion was first proposed in 1970 in a paper written 
by Bell Lab researchers W.S. Boyle and G.E. Smith. 
CMOS imagers are also rapidly moving to large 
formats and at present are competed with CCDs 
for the large format applications. Figure 4.46 shows 
different architectures of monolithic FPAs.

4.5.1.1  CCD DEVICES

The basic element of a monolithic CCD array is a 
metal–insulator–semiconductor (MIS) structure. 
Used as part of a charge transfer device, a MIS 
capacitor detects and integrates the generated pho-
tocurrent. Although most imaging applications 
tend to require high charge handling capabilities in 
the unit cells, an MIS capacitor fabricated in a nar-
row-gap semiconductor material (e.g., HgCdTe and 

(d)

x-Metal

y-Metal ROIC

Silicon nitride
bridge

Active material
(vanadium oxide or amorphous silicon)

    Radiation

(c)

(a) (b)

 Metal
contact Epi-grown

buffer layerEpi-grown
detector

p–n diode
junction

InputReadout

Silicon substrate/Readout

Passivant

Multiplexer circuit

Detectors/Circuits

Substrate

Select

Read
bus

Reset

Source
follower

p-Si

Transfer
gate

Photo
gate

n n+

hν

Gate electrode

Silicon dioxide

Clocking voltage

Potential energy

CCD
(three phase clocking)

t1

t1

V1

L1

t2

t2

V2

L2

t2

t3

V3

L3

G1 G2 G3G3

V1 V2
V3

G1

Semiconductor (p-type silicon)

Figure 4.46 Monolithic FPAs: (a) CCD, (b) CMOS, (c) heteroepitaxy-on-silicon, and (d) microbolometer.
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InSb) has a limited charge capacity because of its low 
background potential as well as more severe prob-
lems involving noise, tunneling effects, and charge 
trapping when shifting charge through the narrow 
bandgap CCD to accomplish the readout function. 
Because of the nonequilibrium operation of the MIS 
detector, much larger electric fields are set up in the 
depletion region than in the p–n junction, resulting 
in defect-related tunneling current that is orders of 
magnitude larger than the fundamental dark cur-
rent. The MIS detector required much higher mate-
rial quality than p–n junction detectors, which still 
has not been achieved. So, although efforts have been 
made to develop monolithic FPAs using narrow-gap 
semiconductors, silicon-based FPA technology is the 
only mature technology with respect to fabrication 
yield and attainment of near-theoretical sensitivity.

A metal-oxide semiconductor (MOS) capacitor 
typically consists of an extrinsic silicon substrate on 
which an insulating layer of silicon dioxide (SiO2) is 
grown. When a bias voltage is applied across p-type 

MOS structure, majority charge carriers (holes) are 
pushed away from the Si–SiO2 interface directly 
below the gate, leaving a region depleted of posi-
tive charge and available as a potential energy well 
for any mobile minority charge carriers (electrons) 
(see Figure 4.46a). Electrons generated in the silicon 
through absorption (charge generation) will collect 
in the potential energy well under the gate (charge 
collection). Linear or 2-D arrays of these MOS 
capacitors can, therefore, store images in the form 
of trapped charge carriers beneath the gates. The 
accumulated charges are transferred from potential 
well to the next well by using sequentially shifted 
voltage on each gate (charge transfer). One of the 
most successful voltage-shifting schemes is called 
three-phase clocking. Column gates are connected 
to the separate voltage lines (L1, L2, L3) in contiguous 
groups of three (G1, G2, and G3). The setup enables 
each gate voltage to be separately controlled.

Figure 4.47a shows the schematic circuit for a 
typical CCD imager. The photogenerated carriers 
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are first integrated in an electronic well at the pixel 
and subsequently transferred to slow and fast CCD 
shift registers. At the end of the CCD register, a 
charge carrying information on the received signal 
can be readout and converted into a useful signal 
(charge measurement).

The process of readout from the CCD consists 
of two parts:

 ● Moving charge packets (representing pixel 
values) around the sensor

 ● Converting the charge packet values into out-
put voltages

The charge-to-voltage converter at the CCD out-
put is basically a capacitor with single- or multi-
stage voltage follower and a switch to preset the 
capacitor voltage to a “known” level. In simplest 
video systems, the switch is closed in the begin-
ning of each pixel readout—that presets the capac-
itor voltage as well as the output level. After the 
pixel charge packet is transferred to the capacitor 
its voltage changes and the output signal repre-
sents the pixel value. Due to switch’s finite resid-
ual conductivity, the capacitor is precharged to an 
unknown value and it adds the output signal. A 
way to compensate for this precharge uncertainty 
is readout technique method—correlated double 
sampling (CDS). In this method, the output sig-
nal is sampled twice for each pixel—just after 
precharging capacitor and after the pixel charge 
packet is added.

Figure 4.48 shows a preamplifier, in this 
 example—the source follower per detector (SFD—
see also Figure 4.54), the output of which is con-
nected to a clamp circuit. The output signal is 

initially sampled across the clamp capacitor dur-
ing the onset of photon integration (after the 
detector is reset). The action of the clamp switch 
and capacitor subtracts any initial offset voltage 
from the output waveform. Because the initial 
sample is made before significant photon charge 
has been integrated, by charging the capacitor, the 
final integrated photon signal swing is unaltered. 
However, any offset voltage or drift present at the 
beginning of integration is, by the action of the cir-
cuit, subtracted from the final value. This process 
of sampling each pixel twice, once at the beginning 
of the frame and again at the end, and providing 
the difference is called CDS. More information 
about readout techniques used in CCD devices 
(CDS, floating diffusion amplifier in each pixel, 
and floating gate amplifier) is described in detail, 
e.g., in References. [21,24,25].

The first CCD imager sensors were developed 
about 40 years ago primarily for television analog 
image acquisition, transmission, and display. With 
increasing demand for digital image data, the tra-
ditional analog raster scan output of image sensors 
is of limited use, and there is a strong motivation 
to fully integrate the control, digital interface, and 
image sensor on a single chip.

The most popular CCD consists of silicon 
sensor operating in visible and NIR wavelength 
ranges. These spectra could be extended into the 
UV using delta doping and antireflection coating. 
In this way, device stability and external quan-
tum efficiency to 50%–90% at the wavelengths 
of 200–300 nm are obtained. CCD for scientific 
applications are routinely made with pixel counts 
exceeding 20 megapixels and visible 50 mega-
pixel arrays are now available with digital output 
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shaving ROIC noise levels of less than 10 elec-
trons and offering a sensitivity advantage over 
consumer products [28].

4.5.1.2  CMOS DEVICES

An attractive alternative to the CCD readout is 
coordinative addressing with CMOS switches. 
In particular, silicon fabrication advances now 
permit the implementation of CMOS transistor 
structures that are considerably smaller than 
the wavelength of visible light and have enabled 
the practical integration of multiple transis-
tors within a single picture. The configuration 
of CCD devices requires specialized processing, 
unlike CMOS imagers, which can be built on 
fabrication lines designed for commercial micro-
processors. CMOS have the advantage that exist-
ing foundries, intended for application-specific 
ICs, can be readily used by adapting their design 
rules. Design rules of 14 nm are currently in 
production, with preproduction runs of 10 nm 
design rules. As a result of such fine design rules, 
more functionality has been designed into the 
unit cells of multiplexers with smaller unit cells, 
leading to large array sizes. Figure 4.45 shows 
the timelines for minimum circuit features and 
the resulting CCD, IR FPA, and CMOS visible 
imager sizes with respect to number of imaging 
pixels. Along the horizontal axis is also a scale 
depicting the general availability of various MOS 
and CMOS processes. The ongoing migration 
to even finer lithography will thus enable the 
rapid development of CMOS-based imagers hav-
ing even higher resolution, better image quality, 
higher levels of integration, and lower overall 
imaging system cost than CCD-based solutions. 
The pixel’s architecture is changed to improve 
the resolution by shrinking pixel size. Figure 4.49 
is a roadmap of where CMOS pixel pitch became 
smaller than CCD due to the described techno-
logical development in 2010 [29]. CMOS imagers 
are also rapidly moving to large formats and at 
present are competing with CCDs for the large 
format applications. The silicon wafer production 
infrastructure, which has put high-performance 
personal computers into many homes, makes 
CMOS-based imaging in consumer products 
such as video and digital still cameras widely 
available.

A typical CMOS multiplexer architecture (see 
Figure 4.47b) consists of fast (column) and slow 

(row) shift registers at the edges of the active area, 
and pixels are addressed one by one through the 
selection of a slow register, while the fast register 
scans through a column, and so on. Each image 
sensor is connected in parallel to a storage capaci-
tor located in the unit cell. A column of diodes 
and storage capacitors is selected one at a time by 
a digital horizontal scan register and a row bus is 
selected by the vertical scan register. Therefore, 
each pixel can be individually addressed.

CMOS-based imagers use active and passive 
pixels [26,27] as shown, in a simplified form, in 
Figure 4.46b. In comparison with passive pixel 
sensors (PPSs), active pixel sensors (APSs) apart 
from read functions exploit some form of ampli-
fication at each pixel. The PPS consists of three 
transistors: a reset FET, a selective switch, and a 
source follower (SF) for driving the signal onto the 
column bus. As a result, circuit overhead is low 
and the optical collection efficiency (FF) is high 
even for monolithic devices. Microlenses, typically 
used in CCD and CMOS APS imagers for visible 
application, concentrate the incoming light into 
the photosensitive region when they are accu-
rately deposited over each pixel. Unfortunately, 
microlenses are less effective when used in low F/# 
imaging systems and may not be appropriate for all 
applications.

Figure 4.50 compares the principle of CCDs 
and CMOS sensors. Both detector technologies 
use a photosensor to generate and separate the 
charges in the pixel. Beyond that, however, the two 
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Figure 4.49 A roadmap of CMOS pixel pitch 
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sensor schemes differ significantly. During CCD 
readout, the collected charge is shifted from pixel 
to pixel all the way to the perimeter. Finally, all 
charges are sequentially pushed to one common 
location (floating diffusion), and a single ampli-
fier generates the corresponding output voltages. 
On the other hand, CMOS detectors have an inde-
pendent amplifier in each pixel (APS). The ampli-
fier converts the integrated charge into a voltage 
and thus eliminates the need to transfer charge 
from pixel to pixel. The voltages are multiplexed 
onto a common bus line using integrated CMOS 
switches. Analog and digital sensor outputs are 
possible by implementing either a video output 
amplifier or an analog-to-digital (A/D) converter 
on the chip.

The processing technology for CMOS is typi-
cally two to three times less complex than stan-
dard CCD technology. In comparison with 
CCDs, the CMOS multiplexers exhibit important 
advantages due to high circuit density, fewer drive 
voltages, fewer clocks, much lower voltages (low 
power consumption), and packing density com-
patible with many more special functions, lower 
cost for both digital video, and still camera appli-
cations. The minimum theoretical read noise of 
a CCD is limited in large imagers by the output 

amplifier’s thermal noise after CDS is applied in 
off-chip support circuits. The alternative CMOS 
paradigm offers lower temporal noise because 
the relevant noise bandwidth is fundamentally 
several orders of magnitude smaller and better 
matches the signal bandwidth. While CCD sen-
sitivity is constrained by the limited design space 
involving the sense node and the output buffer, 
CMOS sensitivity is limited only by the desired 
dynamic range and operating voltage. CMOS-
based imagers also offer practical advantages with 
respect to on-chip integration of camera func-
tions including command and control electron-
ics, digitization, and image processing. CMOS is 
now suitable also for time-delay and integration 
type (TDI-type) multiplexers because of the avail-
ability from foundries of design rules lower than 
1.0 μm, more uniform electrical characteristics, 
and lower noise figures.

4.5.2  Hybrid arrays

In the case of hybrid technology (see Figure 4.51), 
we can optimize the detector material and multi-
plexer independently. Other advantages of hybrid-
packaged FPAs are near-100% FFs and increased 
signal-processing area on the multiplexer chip. 
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and charge-to-voltage conversion

Charge transfer
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Figure 4.50 Comparison between the CCD-based and CMOS-based image sensor approach. (From 
Hoffman, A., Loose, M. and Suntharalingam, V., CMOS detector technology. Exp. Astron., 19, 
111–134, 2005.)
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Photodiodes with their very low power dissipa-
tion, inherently high impedance, negligible 1/f 
noise, and easy multiplexing via the ROIC can be 
assembled in 2-D arrays containing a very large 
number of pixels, limited only by existing tech-
nologies. Photodiodes can be reverse biased for 
even higher impedance and can, therefore, be 
better matched electrically with compact low-
noise silicon readout preamplifier circuits. The 
photoresponse of photodiodes remains linear for 
significantly higher photon flux levels than that 
of photoconductors, primarily because of higher 
doping levels in the photodiode absorber layer 
and because the photogenerated carriers are col-
lected rapidly by the junction. Development of 
hybrid packaging technology began in the late 
1970s and took the next decade to reach volume 
production. In the early 1990s, fully 2-D imaging 
arrays provided a means for staring sensor sys-
tems to enter the production stage. In the hybrid 
architecture, indium bump bonding with readout 
electronics provides for multiplexing the signals 
from thousands or millions of pixels onto a few 
output lines, greatly simplifying the interface 
between the vacuum-enclosed cryogenic sensor 
and the system electronics.

Different hybridization approaches are in use 
today. The most popular is flip-chip interconnect 
using bump bond (see Figure 4.51a and c). In this 
approach, indium bumps are formed on both the 
detector array and the ROIC chip. The array and 
the ROIC are aligned and force is applied to cause 
the indium bumps to cold-weld together. In the 
other approach, indium bumps are formed only on 
the ROIC; the detector array is brought into align-
ment and proximity with the ROIC, the tempera-
ture is raised to cause the indium to melt, and the 
contact is made by reflow.

IR hybrid FPA detectors and multiplexers are 
also fabricated using loophole interconnection—
see Figure 4.51b. In this case, the detector and 
the multiplexer chips are glued together to form 
a single chip before detector fabrication. The pho-
tovoltaic detector is formed by ion implantation 
and loopholes are drilled by ion milling and elec-
trical interconnection between each detector and 
its corresponding input circuit is made through a 
small hole formed in each detector. The junctions 
are connected down to the silicon circuit by cut-
ting the fine, few micrometers in diameter holes 
through the junctions by ion milling, and then 

backfilling the holes with metallization. A simi-
lar type of hybrid technology called VIPTM (verti-
cally integrated photodiode) was reported by DRS 
Infrared Technologies (former Texas Instruments).

It is difficult to make small pixel pitches (below 
10 μm) using bump-bonding interconnect tech-
nique, especially when high yield and 100% pixel 
operability are required. A new facility gives 3-D 
integration process using wafer bonding, where 
such materials as Si and InP have been monolithi-
cally integrated with pixels size down to 6 μm.

The detector array can be illuminated from 
either the front side (with the photons passing 
through the transparent silicon multiplexer) or 
back side (with photons passing through the trans-
parent detector array substrate). In general, the 
latter approach is most advantageous as the mul-
tiplexer will typically have areas of metallization 
and other opaque regions, which can reduce the 
effective optical area of the structure. The epoxy is 
flowed into the space between the readout and the 
detectors to increase the bonding strength. In the 
case of backside detector illumination, transparent 
substrates are required. When using opaque mate-
rials, substrates must be thinned to below 10 μm to 
obtain sufficient quantum efficiencies and reduce 
cross talk. In some cases, the substrates are com-
pletely removed. In the “direct” back side illumi-
nated configuration, both the detector array and 
the silicon ROIC chip are bump mounted side-by-
side onto a common circuit board. The “indirect” 
configuration allows the unit cell area in the sili-
con ROIC to be larger than the detector area and is 
usually used for small scanning FPAs, where stray 
capacitance is not an issue.

4.5.3  Readout ICs

The development of FPAs using IC techniques 
together with development of new material growth 
techniques and microelectronic innovations began 
about 40 years ago. The combination of the last two 
techniques gives many new possibilities for imag-
ing systems with increased sensitivity and spatial 
resolution. Key to the development of ROICs has 
been the evolution in input preamplifier technol-
ogy. This evolution has been driven by increased 
performance requirements and silicon processing 
technology improvements.

Readout circuit wafers are processed in stan-
dard commercial foundries and can be constrained 
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in size by the die size limits of the photolithog-
raphy step and repeat printers. Because of field 
size limitations in those photography systems, 
CMOS imager chip sizes must currently be lim-
ited to standard lithographic field sizes of less than 
32  ×  26 mm for submicron lithography. To build 
larger sensor arrays, a new photolithographic 
technique called stitching can be used to fabricate 
detector arrays larger than the reticle field of pho-
tolithographic steppers. The large array is divided 
into smaller sub-blocks.

The direct injection (DI) circuit was one of 
the first integrated readout preamplifiers and has 
been used as an input to CCDs and visible imag-
ers for many years. The DI is also a commonly 
used input circuit for IR tactical applications, 
where the backgrounds are high and detector 
resistances are moderate. The goal is to fit as large 
a capacitor as possible into the unit cell, where 
SNRs can be obtained through longer integration 
times. Photon current in DI circuits is injected, 
via the source of the input transistor, onto an 
integration capacitor (Figure 4.52a). As the pho-
ton current charges the capacitor throughout the 

frame, a simple charge integration takes place 
(Figure 4.52b). Next, a multiplexer reads out 
the final value and the capacitor voltage is reset 
prior to the beginning of the frame. To reduce 
the detector noise, it is important that a uniform, 
near-zero voltage bias be maintained across all 
the detectors.

The DI circuit is widely used for simplicity; 
however, it requires a high-impedance detector 
interface and is not generally used for low IR back-
grounds due to injection efficiency issues. Many 
times, the strategic applications have low back-
grounds and require low-noise multiplexers inter-
faced to high-resistance detectors. A commonly 
used input circuit for strategic applications is the 
capacitive transimpedance amplification (CTIA) 
input circuit.

The CTIA amplifier is reset integrator and 
addresses broad range of detector interface and 
performance requirements across many applica-
tions. It consists of an inverting amplifier with a 
gain of A, the integration capacitance Cf placed in a 
feedback loop, and the reset switch K (Figure 4.53). 
The photoelectron charge causes a slight change in 
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a voltage at the inverting input node of an ampli-
fier. The amplifier responds with a sharp reduction 
in output voltage. As the detector current accumu-
lates over the “frame time,” uniform illumination 
results in a linear ramp at the output. At the end 
of integration, the output voltage is sampled and 
multiplexed to the output bus. Because the input 
impedance of the amplifier is low, the integration 
capacitance can be made extremely small, yielding 
low-noise performance. The feedback, or integra-
tion, capacitor sets the gain. The switch K is cycli-
cally closed to achieve reset. The CTIA provides 
low input impedance, stable detector bias, high 
gain, high-frequency response, and a high-photon 
current injection efficiency. It has very low noise 
from low to high backgrounds.

Besides the DI and CTIA inputs mentioned 
above, we can distinguish other multiplexers; the 
most important are SFD, buffered direct injection, 
and gate modulation input circuits.

The combined SFD unit cell is shown in 
Figure  4.54. The unit cell consists of an integra-
tion capacitance, a reset transistor (T1) operated 
as a switch, the SF transistor (T2), and selection 
transistor (T3). The integration capacitance may 
just be the detector capacitance and transistor T2 
input capacitance. The integration capacitance is 
reset to a reference voltage (VR) by pulsing the reset 
transistor. The photocurrent is then integrated on 
the capacitance during the integration period. The 
ramping input voltage of the SFD is buffered by the 
SF and then multiplexed, via the T3 switch, to a 
common bus prior to the video output buffer. After 
the multiplexer read cycle, the input node is reset 
and the integration cycle begins again. The switch 

must have very low current leakage characteristics 
when in the open state or this will add to the pho-
tocurrent signal. The dynamic range of the SFD is 
limited by the current voltage characteristics of the 
detector. As the signal is integrated, the detector 
bias changes with time and incident light level. The 
SFD has low noise for low bandwidth applications 
such as astronomy and still has acceptable SNR 
at very low backgrounds (e.g., a few photons per 
pixel per 100 ms). It is nonlinear at medium and 
high backgrounds, resulting in a limited dynamic 
range. The gain is set by the detector responsivity 
and the combined detector plus source-follower-
input capacitance. The major noise sources are the 
kTC noise (resulting from resetting the detector), 
MOSFET channel thermal, and MOSFET 1/f noise.

Table 4.3 provides a description of the advan-
tages and disadvantages of DI, CTIA, and SFD 
circuit. As is mentioned above, the DI circuit is 
used in higher-flux situations. The CTIA is more 
complex and higher power but is extremely linear. 
The SFD is most commonly used in large format 
hybrid astronomy arrays as well as commercial 
monolithic CMOS cameras.

In Table 4.4 are gathered specifications of a 
family of large-format ROICs designed by FLIR 
and Raytheon Vision Systems (RVS). FLIR prod-
ucts provide an off-the-shelf solution for the most 
demanding applications. The large arrays include a 
variety of pixel ranging from 25 to 15 μm for cus-
tomers with a wide range of optical design, dewar/
cooler configurations, and resolution require-
ments. On the contrary, RVS has a rich heritage 
of developing astronomy FPAs. As the demand for 
both finer resolution and large FOV for astronomy 
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imagery has increased, the RVS sensor chip uti-
lizes various detector materials and silicon read-
outs with an array size up to 4096 × 4096 pixels.

4.6  FRONTIERS IN FOCAL PLANE 
ARRAY DEVELOPMENT

As is marked in the previous session, imaging 
FPAs have developed in proportion to the ability of 
silicon ICs technology. In this section, we shortly 
describe the most spectacular achievements in fab-
rication FPAs in different spectral regions.

At present, the largest single-chip CCD arrays 
exceed 100 megapixels. DALSA announces that it 
has successfully produced a 252 megapixel CCD 
(see Figure 4.55). The active are measures approxi-
mately 4 × 4 in. and 17,216 × 14,656 pixels with 
5.6 μm size [28].

The development of mosaics of area arrays to 
produce large format (above one gigapixel) frame 
image is an intriguing idea. One of them, the 1.4 
gigapixel CCD imager used in PanSTARRS is 
comprised of 60 chips, each of 22 megapixel. An 
another example is a wide area persistent surveil-
lance program such as the Autonomous Real-
time Ground Ubiquitous Surveillance—Imaging 
System (ARGUS-IS), where extremely large mosa-
ics of visible FPAs is used (see Figure 4.56). The 
1.8 gigapixel video sensor produces more than 27 
gigapixels per second running at a frame rate of 

15 Hz. The airborne processing subsystem is mod-
ular and scalable providing more than 10 teraops 
of processing.

Another milestone step in the development 
of large CCD arrays is the Gaia camera for space 
mission. Gaia, funded by European Space Agency 
(ESA) with EADS Astrium manufacturer sub-
sidiary of the European Aeronautic Defence and 
Space Company (EADS) as the prime contractor, 
is an ambitious space observatory designed to 
measure the positions of around 1 billion stars 
with unprecedented accuracy. The Gaia’s FPA 
is populated with 106 back-illuminated devices, 
each with an active area of 45 × 59 mm corre-
sponding to 4500 × 1966 pixels, each 10 × 30 μm 
in size. All of the Gaia CCDs are large area, 
back-illuminated, and full frame devices. The 
Gaia telescope and camera were launched on 
December 19, 2013. The Gaia spacecraft is parked 
at the Earth–Sun L2 Lagrange point, which is a 
spot 1.5 million km (932,057 miles) behind the 
earth, when viewed from the sun. Gaia is oper-
ating at a temperature of ∼115°C. This low tem-
perature will be maintained by passive thermal 
control, including the cold radiator on the focal 
plane assembly and a giant sunshade attached to 
the top of the spacecraft.

Visible hybrids have also been built for special 
applications to take advantage of the materials 
flexibility and larger surface area with nearly 100% 

Table 4.3 Comparison of attributes of the three most common input circuits

Circuit advantages Disadvantages Comments

DI Large well capacity
Gain determined by ROIC 

design (Cint)
Detector bias remains constant
Low FET glow
Low power

Poor performance at low flux Standard circuit 
for high flux

CTIA Very linear
Gain determined by ROIC 

design (Cf)
Detector bias remains constant

More complex circuit
FET glow
Higher power

Very high gains 
demonstrated

SFD Simple
Low noise
Low FET glow
Lowe power

Gain fixed by detector and 
ROIC input capacitance

Detector bias changes during 
integration

Some nonlinearity

Most common 
circuit in IR 
astronomy

Source: Hoffman, A., Loose, M. and Suntharalingam, V. CMOS detector technology. Exp. Astron., 19, 111–134, 
2005.
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Table 4.4 Large-format readout ICs

FLIr rVS

ISC9803 ISC002 ISC9901 ISC0402 ISC0403 ISC0404 aladdin Orion Virgo Phoenix aquarius

Format 640 × 512 640 × 512 640 × 512 640 × 512 640 × 512 1024 × 1024 1024 × 1024 1024 × 1024, 
2048 × 2048

1024 × 1024, 
2048 × 2048

1024 × 1024, 
2048 × 2048

1024 × 1024

Pixel size (μm) 25 25 20 20 15 18 27 25 20 25 30

ROIC type DI CTIA DI DI DI DI SFD SFD SFD SFD SFD

Operating 
temperature 
(K)

80–310 80–310 80–310 80 80 80 10–30 30 77 10–30 4–10

Integrated 
capacity (e−)

1.1 × 107 2.5 × 106 7 × 106 1.1 × 107 6.5 × 106 1.2 × 107 2.0 × 105 3.0 × 105 >3.5 × 105 3 × 105 1 or 15 × 106

ROIC noise (e−) ≤550 ≤360 ≤350 ≤1279 ≤760 ≤1026 10–50 <20 <20 6–20 <1000

Full frame rates 
(Hz)

30 30 30 >30 >30 >30

Number of 
outputs

1, 2 or 4 1, 2 or 4 1, 2 or 4 1, 2 or 4 1, 2 or 4 4, 8 or 16 32 64 4 or 16 4 16 or 64

Packaging LCC LCC LCC LCC LCC LCC LCC Module – 2 side 
buttable

Module – 3 side 
buttable

LCC Module – 2 
side 
buttable

Detector p-on-n p-on-n p-on-n p-on-n p-on-n p-on-n
Compatible 

detectors
InSb or 

QWIP
InGaAs or 

HgCdTe
InSb or 

QWIP
InSb, 

InGaAs, 
HgCdTe 
or QWIP

InSb InSb InSb, 
HgCdTe, 
or impurity-
blocked-
conduction 
(IBC)

InSb HgCdTe InSb or IBC IBC

LCC, leadless chip carrier.
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FF. Si p–i–n detector arrays for the astronomy 
and civil space communities in hybrid configu-
ration with size as large as 4096 × 4096 have been 

demonstrated (see Figure 4.57). This design is scal-
able to an array format up to 16K × 16K.

Although efforts have been made to develop 
monolithic structures using a variety of IR detector 
materials (including narrow-gap semiconductors) 
over the past 40 years, only a few have matured 
to a level of practical use. These included PtSi, 
and more recently PbS, PbTe, and uncooled sili-
con microbolometers. Other IR material systems 
(InGaAs, InSb, HgCdTe, InAs/GaSb SL, GaAs/
AlGaAs QWIP, and extrinsic silicon) are used in 
hybrid configurations.

Pixel sizes as small as 10 μm have been demon-
strated in hybrid systems. A general trend has been 
to reduce pixel sizes, and this trend is expected to 
continue. Systems operating at sorter wavelengths 
are more likely to benefit from small pixel sizes 
because of the smaller diffraction-limited spot 
size. Diffraction-limited optics with low f-numbers 
(e.g., f/1) could benefit from pixels on the order of 
one wavelength across about 10 μm in the LWIR. 
Over sampling the diffractive spot may provide 
some additional resolution for smaller pixels, but 
this saturates quickly as the pixel size is decreased. 

Figure 4.55 Teledyne Dalsa 252 mega-
pixel CCD-array with 17,216 × 14,656 pixels 
(96.4 × 82.1 mm) with 5.6-μm size. (Reproduced 
from http://www.ipi.uni-hannover.de/uploads/
tx_tkpublikationen/2011_GISOSTRAVA_KJ.pdf.)

Figure 4.56 Sample of ARGUS-IS imagery. Mounted under a YEH-60B helicopter at 17,500 ft. over 
Quantico, VA., ARGUS-IS images an area more than 4 km wide and provides multiple 640 × 480-pixel 
real-time video windows. (Reproduced from Seeing Photons: Progress and Limits of Visible and Infared 
Sensor Arrays, Committee on Developments in Detector Technologies; National Research Council, 
2010, http://www.nap.edu/catalog/12896.html.)

http://www.ipi.uni-hannover.de/uploads/tx_tkpublikationen/2011_GISOSTRAVA_KJ.pdf
http://www.ipi.uni-hannover.de/uploads/tx_tkpublikationen/2011_GISOSTRAVA_KJ.pdf
http://www.nap.edu/catalog/12896.html
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Pixel reduction is mandatory also to cost reduc-
tion of a system (reduction of the optics diameter, 
dewar size and weight, together with the power 
and increase the reliability).

Short Wave Infrared (SWIR), MWIR, and Long 
Wave Infrared (LWIR) electronically scanned 
HgCdTe arrays with CMOS multiplexer are com-
mercially available from several manufactures. 
Most manufacturers produce their own multiplexer 
designs because these often have to be tailored to the 
applications. Figure 4.58 shows an example of large 
HgCdTe FPAs. Because the size of individual arrays 
continues to grow, the very large FPAs are required 
for many space missions by mosaic assembly of a 
large number of individual arrays. An example 
of a large mosaic developed by Teledyne Imaging 
Sensors is a 147 megapixel FPA that is comprised of 
35 arrays, each with 2048 × 2048 pixels.

State-of-the-art QWIP and HgCdTe FPAs 
provides similar performance figure of merit 

(a) (b)

(c)

Figure 4.58 Large HgCdTe FPAs: (a) a mosaic of four Hawaii-2RG-18s (4096 × 4096 pixels, 18 μm pitch) 
and (b) Hawaii-4RG-10 (4096 × 4096 pixels, 10 μm pitch) as is being used for astronomy observations 
and (c) 16 2048 × 2048 HgCdTe arrays assembled for the VISTA telescope.

Figure 4.57 Teledyne’s hybrid silicon p–i–n 
CMOS sensor (4K × 4K H1RG-10 HyViSi) with 
10 μm pixel pitch. (Reproduced after Bai, Y., 
Bajaj, J., Beletic, J.W. and Farris, M.C., Teledyne 
 imaging sensors: Silicon CMOS imaging 
 technologies for X-ray, UV, visible and NIR. Proc. 
SPIE, 7021, 702102, 2008.)
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because they are predominantly limited by the 
readout circuits. The very short integration time 
of LWIR HgCdTe devices of typically below 300 
μs is very useful to freeze a scene with rapidly 
 moving  objects. The integration time of QWIP 
devices must be 10–100 times longer for that, and 
typically it is 5–20 ms.

The BIB devices, in large staring array formats, 
are also now becoming commercially available. 
Impressive progress has been achieved especially 
in Si:As BIB array technology with formats as large 
as 2048 × 2048 and pixels as small as 18 μm, oper-
ated in spectral band up to 30 μm at about 10 K. 
The pixel size of 18 μm is smaller than the wave-
length at Q band (17–24 μm), however, this does 
not pose a problem because an imager operating at 
these wavelengths will typically spread the beam 
out over many pixels to be fully sampled.

Multicolor detector capabilities are highly 
desirable for advanced IR imaging systems because 
they provide enhanced target discrimination and 
identification, combined with lower false-alarm 
rates. Systems that collect data in separate IR spec-
tral bands can discriminate both absolute temper-
ature and unique signatures of objects in the scene. 
These multicolor systems, now being developed, 
belong to the so-called third-generation systems.

The unit cell of integrated multicolor FPAs 
consists of several colocated detectors, each sensi-
tive to a different spectral band (see Figure 4.59). 
Radiation is incident on the shorter band detector, 
with the longer wave radiation passing through to 
the next detector. Each layer absorbs radiation up 
to its cutoff, and hence transparent to the longer 
wavelengths, which are then collected in subse-
quent layers. In the case of HgCdTe, this device 

architecture is realized by placing a longer wave-
length HgCdTe photodiode optically behind a 
shorter wavelength photodiode.

In this class of systems, three detector tech-
nologies are developed: HgCdTe, QWIPs, and 
antimonide-based type-II SLs. Two-color FPAs are 
fabricated from multilayer materials using both 
sequential mode or simultaneous mode operations. 
The simplest two-color HgCdTe detector, and the 
first to be demonstrated, was the bias selectable 
n–P–N triple-layer heterojunction, back-to-back 
photodiode. Many applications require true simul-
taneous detection in the two spectral bands. This 
has been achieved in a number of ingenious archi-
tectures considered in Reference. [33].

Large two-color FPAs are fabricated by 
Raytheon, Sofradir, and Selex. RVS has developed 
two-color, 1280 × 720 large format MWIR/LWIR 
FPAs with 20 × 20 μm unit cells (see Figure 4.60). 
The ROICs share a common chip architecture and 
incorporate identical unit cell circuit designs and 
layouts; both FPAs can operate in either dual-band 
or single-band modes. Excellent high-resolution IR 
camera imaging with f/2.8 FOV broadband refrac-
tive optics at 60 Hz frame rate has been achieved.

Recently, type-II InAs/GaInSb SLs have 
emerged as a candidate for third-generation IR 
detectors. Over the past few years, type-II SL-based 
detectors have been also made rapid progress in 
fabrication of dual-band FPAs. As an example, 
the excellent imagery delivered by the 288 × 384 
InAs/GaSb simultaneously operated dual-color 
camera is presented in Figure 4.61. The image is 
a superposition of the images of the two channels 
coded in the complimentary colors cyan and red 
for the detection ranges of 3–4 μm and 4–5 μm, 

Silicon ROIC

Layer 3

Layer 2

Layer 1
Single
band

Dual
band

�ree
band

Broad-band radiation

Figure 4.59 Structure of a three-color detector pixel. Infrared flux from the first band is absorbed 
in Layer 3, whereas longer wavelength flux is transmitted through the next layers. The thin barriers 
separate the absorbing bands.



120 Detection of optical radiation

respectively. The red signatures reveal hot CO2 
emissions in the scene, whereas water vapor, e.g., 
from steam exhausts or in clouds, appears cyan 
due to the frequency dependency of the Rayleigh 
scattering coefficient.

Initially developed for the military market by 
US defense companies, IR uncooled cameras are 
now widely used in many commercial applica-
tions. Currently, the microbolometer detectors are 
produced in larger volumes than all other IR array 
technologies together. Their cost will be drastically 
dropped (about 15% per year). It is expected that 

commercial applications in surveillance, automo-
tive, and thermography will reach total volumes 
more than 1.1 million units in 2016 ($3.4 B in value).

Development of 17 μm pixel pitch FPAs is being 
extended to both smaller arrays (320 × 240) and 
arrays larger than 3 megapixel. Thermal image 
obtained with 1024 × 768 a-Si microbolometer 
detector shows both high sensitivity and resolu-
tion as shown in Figure 4.62. This device can detect 
temperature variations smaller than 50 mK.

Currently, the largest microbolometer array 
fabricated by Raytheon is shown on a wafer in 

(a)

(b)

(a)

(b)

Figure 4.60 Dual-band megapixel MW/LW FPAs: (a) RVS 1280 × 720 format HgCdTe FPAs mounted 
on dewar platforms and (b) JPL 1024 × 1024 format QWIP FPA mounted on a 124-pin lead less chip 
carrier. (Reproduced after King, D.F., Graham, J.S., Kennedy, A.M., Mullins, R.N., McQuitty, J.C., 
Radford, W.A., Kostrzewa, T.J., Patten, E.A., Mc Ewan, T.F., Vodicka, J.G. and Wootana, J.J., 3rd-
Generation MW/LWIR sensor engine for advanced tactical systems. Proc. SPIE, 6940, 69402R, 2008 
and Gunapala, S., Bandara, S.V., Liu, J.K., Mumolo, J.M., Ting, D.Z., Hill, C.J., Nguyen, J., Simolon, B., 
Woolaway, J., Wang, S.C., Li, W., LeVan, P.D. and Tidrow, M.Z., Demonstration of megapixel dual-
band QWIP focal plane arrays. IEEE J. Quantum. Electron., 46, 285–293, 2010.)

Figure 4.61 Bispectral infrared image of an industrial site taken with a 384 × 288 dual-color InAs/
GaSb SL camera. The two-color channels 3–4 and 4–5 μm are represented by the complementary 
colors cyan and red, respectively. (Reproduced from Rehm, R., Walther, M., Schmitz, J., Rutz, F., 
Wörl, A., Scheibner, R. and Ziegler, J., Type-II superlattices: The Fraunhofer perspective. Proc. SPIE, 
7660, 76601G, 2010.)
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Figure 4.63. In the fabrication of 2048 × 1536 star-
ing arrays and associated ROIC circuits, a stitch-
ing technique has been used. Each 200 mm wafer 
contains nine-2048 × 1536 uncooled detector die, 
which represents an 80% increase in yield over an 
equivalent 150 mm wafer.

The detection of far-IR and THz radiation is 
resistant to the commonly employed techniques 
in the neighboring microwave and IR frequency 
bands. In THz detection, the use of solid-state 
detectors has been hampered for the reasons of 
transit time of charge carriers being larger than 
the time of one oscillation period of THz radiation. 
Also the energy of radiation quanta is substantially 
smaller than the thermal energy at room tempera-
ture and even liquid nitrogen temperature.

Particular attention in development of THz 
imaging systems is devoted to the realization of 
sensors with a large potential for real-time imag-
ing while maintaining a high dynamic range and 
room temperature operation. CMOS process tech-
nology is especially attractive due to their low 
price tag for industrial, surveillance, scientific, and 
medical applications. However, CMOS THz imag-
ers developed thus far have mainly operated single 
detectors based on lock-in technique to acquire 
raster-scanned imagers with frame rates on the 
order of minutes. With this mind, much of recent 
developments are directed toward three types of 
focal plane sensors [39]:

 ● Schottky barrier diodes compatible with 
CMOS process

 ● FETs relay on plasmonic rectification 
 phenomena

 ● Adaptation of IR bolometers to the THz 
 frequency range

4.7  CONCLUSIONS

This chapter provides an overview of the impor-
tant techniques for detection of optical radiation 
from the ultraviolet through visible to IR and 
far-IR spectral regions. In the beginning, single-
point devices are considered; next, direct detec-
tor systems and advanced techniques, including 
coherent detection, and finally, image counter-
parts containing FPAs are considered. The reader 
should be able to gain a good understanding of the 
similarities and contrasts, the strengths and weak-
nesses of the great number of approaches that have 

Figure 4.63 2048 × 1536 uncooled VOx microbo-
lometers with 17 μm pixel pitch on a 200 mm 
wafer. (Reproduced after Black, S.H., Sessler, 
T., Gordon, E., Kraft, R., Kocian, T., Lamb, M., 
Williams, R. and Yang, T., Uncooled detector 
development at Raytheon. Proc. SPIE, 8012, 
80121A, 2011.)

(a)

(b)

Figure 4.62 Ulis 17-μm pitch 1024 × 768 
FPA: (a) packaging and (b) thermal image. 
(Reproduced from http://www.sofradir-ec.com/
wp-uncooled-detectors-achieve.asp.)

http://www.sofradir-ec.com/wp-uncooled-detectors-achieve.asp
http://www.sofradir-ec.com/wp-uncooled-detectors-achieve.asp
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been developed over a century of effort to improve 
our ability to sense photons. The emphasis is 
always upon the methods of operation and limi-
tations of different techniques. In addition, cur-
rently achieved performance levels are also briefly 
described.

This chapter offers a rather wide coverage of 
detection techniques. However, for a full under-
standing of the technical content, basic courses 
in electronic devices and circuits and the very 
fundamentals of semiconductors and noise are a 
prerequisite.
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In this part of the Handbook, a description of the 
transmission of light along dielectric optical fibers 
and waveguides is presented in terms of a ray anal-
ysis for multimode propagation and in terms of a 
modal analysis for single- and few-mode propaga-
tion. While the emphasis will be on fiber propa-
gation, the methods presented here are applicable 
to any type of waveguide, irrespective of material 
composition. To cater to a wider range of back-
grounds in optics and electromagnetism, there is a 
basic introduction leading into more advanced top-
ics. Accordingly, some readers may wish to skip the 
earlier Sections 5.1 and 5.2. This part is relatively 
self-contained and explanatory, and referencing to 
other material has been kept to a minimum.

5.1  HISTORICAL PERSPECTIVE

5.1.1  Light propagation

Light, as we know, is what we see and comes in a 
range of colors or, equivalently, wavelengths or 
frequencies that our eyes detect and our brain 
interpolates. Whatever we are looking at, whether 
it is this page or the distant stars, light travels in 
straight lines from the object to our eyes, regard-
less of the wavelength. This phenomenon occurs 
because light is a form of electromagnetic radiation 
and its propagation when considering waves in a 
uniform dielectric medium, such as air or vacuum, 

is described by Maxwell’s equations. Sometimes 
though, light can play tricks on us, such as the 
apparently sloping water level in the swimming 
pool shown in Figure 5.1.

While light travels in straight lines, a finite beam 
of light, whether it comes from a large- aperture 
torch or the narrow output face of a micron-size 
coherent semiconductor laser, tends to spread out 
with this effect being the more noticeable over 
short distances with the torch beam and over lon-
ger distances with the laser. If we combine this 
spread with the fundamental need for straight-line 
propagation, it is easy to see why it is not very con-
venient to use light in air to transmit information 
over long distances—it will not go around corners 
nor will it even follow the curvature of the earth. 
On top of this limitation, rain, fog, smoke, build-
ings, topographical features, and other obstacles 

Figure 5.1 Swimming pool with an apparently 
sloping water surface.
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ensure that the beam will be strongly attenuated 
because of absorption, reflection, and scattering.

These impediments notwithstanding, chains 
of semaphore repeater stations with large mov-
able wooden arms on the tops of towers were 
built by a number of European countries in the 
eighteenth century on the peaks of hills within 
direct line of sight of one another, that is, about 
20–25 km apart. These links provided the first 
purely optical, low-bandwidth, long-distance 
transmission systems between a country’s capital 
and its ports, primarily for military and adminis-
trative applications.

5.1.2  Light pipes

However, to provide an optical transmission 
system with higher bandwidth, a more effec-
tive medium was needed that would be able to 
steer light flexibly to its destination and to insu-
late it from deleterious environmental effects. 
Following the invention of the laser in the 1950s, 
early attempts in the 1960s to solve this problem 
were based on the use of a long, evacuated light 
pipe, wherein a series of lenses periodically refo-
cused the slowly diverging output beam from 
a laser located at the beginning of the pipe, as 
shown schematically in Figure 5.2. The lenses 
could also be used to steer the beam along new 
directions to follow the local topography.

While this technology offered high bandwidth 
and very low attenuation because light propagation 
would be predominantly in vacuum, the scheme 
relied on the maintenance of a good alignment 
over long distances, regardless of whether the pipe 
was supported above ground or buried beneath 
it. This presented a significant challenge because 
of ground movement due to natural and artificial 
phenomena. Thus, it was clear that a more flexible 
and less environmentally sensitive optical guide 
was needed.

5.1.3  Optical fibers

Optical fibers have been known since glass was first 
discovered several thousands of years ago, simply 
as a consequence of pulling on a piece of heat-soft-
ened glass, something that most of us have prob-
ably tried in a laboratory at school or university. 
However, any thoughts on the use of glass fibers for 
transmitting light for information purposes had to 
wait until the 20th century and the development of 
suitable light sources.

The potential for guiding light along a purely 
dielectric optical waveguide was first demonstrated 
in public in 1841 by Professor Daniel Colladon 
at the University of Geneva in Switzerland [1]. 
Colladon used a jet of water emerging from the 
side of a barrel and illuminated the jet by focusing 
sunlight onto it. Water has a higher refractive index 
of 1.33 compared to the surrounding air with an 
index of 1.0. Because Snell’s laws predict total inter-
nal reflection of light from the water–air boundary, 
the relative indices ensure that sunlight is guided 
along the water jet. The jet of water curves down-
ward because of gravity and the strong confining 
property of the jet determines that much of the light 
follows its curved path. Using more modern light 
sources, such as a colored diodes, the appearance 
of the effect can be enhanced. We now know that 
Colladon’s experiment is equivalent to light propa-
gation along a highly multimode, bent optical wave-
guide with water as the core and air as the cladding.

Glass fibers were developed intermittently over 
the next 100 years more as a curiosity than a tech-
nology solution. The first serious application of glass 
fibers to light transmission was motivated through 
medicine leading to the development of the endo-
scope in the 1950s with achievable transmission over 
one or two meters through a dense bundle of very 
thin fibers. However, there were two existing limita-
tions that inhibited the use of the endoscope fibers 
for long-distance communications. First, early fibers 

Figure 5.2 Schematic of a longitudinal section of a light pipe.
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were of a single material and because light is distrib-
uted over the entire cross section of the material, it 
was susceptible to transmission loss wherever the 
single material touched external supports. Second, 
the glass was very impure and therefore, strongly 
absorbed and scattered light over longer distances. 
One can get an idea of the degree of light absorp-
tion by looking through a sheet of window glass 
sideways, as illustrated in Figure 5.3. Even a very low 
level of impurities in the glass, of the order of parts 
per million, results in a very high extinction level for 
the propagating light after only a few meters.

The transition from Colladon’s water jet to the 
modern long-distance, low-loss optical commu-
nications system relied on (a) the development of 
two-layer, high–low-index glass optical fibers that 
not only transmit light but also confine it to within 
the central glass core well away from the outer sur-
face and, more importantly, (b) the development 
of techniques for fabricating fibers with extremely 
low light loss from very pure materials.

The first limitation was overcome by using the 
now standard core-plus-cladding fiber to locate the 
propagating light around the fiber axis and isolate 
it from the fiber coating and other external influ-
ences. The second problem required the develop-
ment of new fabrication techniques to produce the 
very pure silica-based glasses required for low-loss 
fibers. These goals were enshrined by the classic 
paper written by Kao and Hockham [2], published 
in 1966, and generally regarded as the catalyst for 
the ensuing optical telecommunications revolution.

The first such fibers that appeared in the 1960s 
were multimode and it was not until the 1970s that 

the goal of low-loss, single-mode fibers and cables 
with much higher bandwidths than multimode 
fibers was realized. Contemporary fiber cables for 
terrestrial and submarine applications are shown 
in Figure 5.4.

5.1.4  Scope

In this part of the Handbook, we develop the analysis 
of propagation along optical fibers and other wave-
guiding structures to produce a basic description 
of light transmission. The practical development of 
fibers was paralleled by major theoretical develop-
ments. In the 1960s and early 1970s, much effort was 
extended to produce increasingly sophisticated ray 
tracing and local plane-wave techniques that could 
adequately describe and quantify propagation and 
loss mechanisms in multimode fibers. Ray tracing is 
an accurate technique for multimode fibers because 
the relatively large core ensures that the diffraction 
effects associated with the relatively short but finite 
wavelengths used in communications are extremely 
small compared to the light-guiding effect based on 
the variation in the transverse refractive index pro-
file. Conversely, the small core size associated with 
single-mode fibers requires a full electromagnetic 
analysis of propagation because diffraction effects 
become comparable with the confining effect of the 
profile (see Section 10.2 of Reference [3]).

The early ray tracing and electromagnetic 
analyses of fibers concentrated predominantly 
on analytical solutions of the governing ray trac-
ing and Maxwell equations because of the limited 
capability of early computers. Initially, these solu-
tions necessarily relied on refractive index profiles, 
together with fiber and waveguide cross-sectional 
geometries, for which analytical solutions of these 
equations were available in terms of simple or spe-
cial mathematical functions. Commercial software 
routines were available for the quantification of 

Figure 5.3 Top and side views of a sheet of ordi-
nary window glass.

Figure 5.4 Terrestrial (left) and deep-ocean sub-
marine (right) single-mode fiber cables used in 
long-distance optical communications systems.
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some of these special functions; otherwise, home-
based software had to be developed.

Over the last 20 years, this situation has been 
almost completely reversed with the ready availabil-
ity of commercially developed software, particularly 
that for determining ray tracing and electromag-
netic propagation for a wide range of fiber and wave-
guide profiles and geometries. It is fair to say that 
this evolution has considerably simplified the devel-
opment and understanding of specialized fiber and 
waveguide designs, such as holey fibers and pho-
tonic bandgap waveguides, by moving the emphasis 
to the exploitation of physical phenomena for light 
guidance rather than being limited by the short-
comings of analytical and numerical techniques.

5.2  LIGHT PROPAGATION, PLANE 
WAVES, AND RAYS

Before launching into the different descriptions of 
light propagation and guidance along fibers and 
waveguides, it is helpful and insightful to examine 
the propagation of electromagnetic plane waves in 
free space as a precursor to their development into 
rays and modes. Light rays, whether propagating in 
straight lines or along curved trajectories, are for-
mally the solution of Maxwell’s equations in the 
limit of zero wavelength; but for practical purposes, 
they can be thought of as local plane waves propa-
gating with a small but finite wavelength. This sec-
tion provides an elementary background to the more 
advanced material presented in Sections 5.3 and 5.5.

5.2.1  Plane waves

Consider an infinite, unbounded medium of uni-
form, real refractive index n that is lossless, that is, 
nonabsorbing and nonscattering. Introduce the triad 
of Cartesian axes O-xyz, shown in Figure 5.5, such 
that the z-axis defines the direction of propagation.

Assume an artificial, infinitely extended mono-
chromatic (single-frequency) uniform light source 
in the xy plane with angular frequency ω or, equiv-
alently, wavelength λ = 2πc/ω, where c is the speed 
of light in vacuum. An electromagnetic plane wave 
can propagate parallel to the z-axis with vector 
electric E and magnetic H fields that are every-
where uniform and have only a sinusoidal depen-
dence on distance z and time t. Accordingly, a 
simple solution of Maxwell’s equations predict that 
these fields have the forms:
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where k = 2π/λ is the wave number, kn is the propa-
gation constant, and e and h are constant orthogo-
nal vectors. Note that the propagation constant is a 
continuous function of the source wavelength and 
decreases as the wavelength increases.

These fields propagate parallel to the z- direction 
with a phase velocity vph = ω/kn = c/n, that is, the 
speed of light in a medium of refractive index 
n, which is a constant independent of the source 
wavelength or frequency, provided the medium 
itself is not dispersive. The forward direction of 
propagation corresponds to the negative sign in 
the exponent of Equation 5.1. Furthermore, the 
power in the plane wave propagates at the group 
velocity, vg = dω/dk = ω/kn = c/n, that is, identical to 
the group velocity for a plane wave.

A plane wave is an unphysical entity because it 
has constant amplitude everywhere and therefore, 
the total power propagating in the mode is infinite. 
Nevertheless, it provides the simplest example of 
light propagation in a uniform medium. It will be 
seen in Section 5.3 that the introduction of a core 
into the uniform medium model modifies the nature 
of plane-wave propagation in a constructive manner.

5.2.2  Polarization

The two constant vectors e and h each have only 
one non-zero Cartesian field component transverse 
to the z-direction of propagation. These compo-
nents lie in the xy plane.

O
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Direction of
wave

propagation

Figure 5.5 Orientation of Cartesian O-xyz axes.
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Relative to the Cartesian axes, these vectors 
can be chosen to have either of the following two 
orthogonal forms:
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where e and h are scalar constants. Note that the 
second choice of components is simply the first 
choice rotated 90° about the z-axis. Either of 
these two solutions consists of electric and mag-
netic fields that are orthogonal to the z-direction 
of propagation and are also orthogonal to one 
another. Accordingly, they form orthogonal triads 
as shown in Figure 5.6.

The direction of the electric field vector E in 
each case defines the polarization of the plane 
wave, that is, it is either x-polarized or y-polarized, 
respectively. The description of the plane wave for 
either polarization can be thought of as a triad of 
vectors (E, H, and the z-axis or direction of propa-
gation) propagating parallel to the z-axis at a speed 
equal to the phase velocity vph.

5.2.3  Local plane waves, rays, and 
waves

Plane waves are associated with an infinite medium 
of uniform index n; they travel in straight lines 
and have the same electromagnetic description 
everywhere. However, if the refractive index of the 
medium varies with position so that it is graded, 
this description is modified. The plane wave can 
be replaced by the concept of the local plane wave, 
which describes propagation in a small region of 
space in terms of a wave whose fields, phase and 
group velocities, and polarization are determined 
by the local value and variation of the index.

When propagation is described in terms of ray 
tracing for the multimode waveguides and fibers in 
Section 5.5, there is a simple relationship between 
rays and waves. A ray represents the local direc-
tion of propagation of a plane wave in a uniform 
medium or a local plane wave in a graded medium. 
Further, the ray direction also determines the 
direction of local power flow. Although this propa-
gation description is based on the zero-wavelength 
limit of Maxwell’s equations, it provides an accu-
rate description for the relatively short wavelengths 
encountered in optical communications.

5.3  ELECTROMAGNETIC 
PROPAGATION IN 
NONUNIFORM DIELECTRIC 
MEDIA

5.3.1  Maxwell’s equations and 
monochromatic sources

Propagation in dielectric media is governed by 
Maxwell’s equations (a portrait of Maxwell is given 
in Figure 5.7) so that in the absence of currents and 
charges, the equations take the four-dimensional 
spatial–temporal forms:
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Figure 5.6 Polarized plane wave electromagnetic 
fields in the (a) x- and (b) y-direction.

Figure 5.7 James Clerk Maxwell, 1831–1879.
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where E = E(x, y, z, t) is the vector electric field 
and H = H(x, y, z, t) is the vector magnetic field. 
The temporal dependence is denoted by t and the 
spatial dependence can be expressed in terms of 
any convenient orthogonal coordinate system, for 
example, Cartesian coordinates (x, y, z) for slab 
waveguides, cylindrical polar coordinates (r, ϕ, z) 
for circular fibers, and so on. The magnetic induc-
tion vector B and the displacement vector D are 
related to the magnetic and electric fields, respec-
tively, by

 BB HH DD EE n E; ,0
2= µ = ε = ε  (5.4)

where μ is the magnetic permeability, ε = ε (x, y, z) 
is the dielectric constant, and n = n(x, y, z) is the 
refractive index distribution. For optical materi-
als, μ normally takes its free-space value μ0, and 
ε0 is the free-space dielectric constant. For fibers 
and waveguides, the refractive index is normally 
assumed to be uniform (z-independent) along the 
fiber or waveguide and is also taken to be inde-
pendent of the field amplitude, that is, ignoring 
nonlinear material effects as well as the source 
wavelength when ignoring material dispersion. 
Material dispersion is addressed in Section 5.6.4 
and nonuniform, z-dependent propagation is dis-
cussed in Section 5.9.3.

5.3.1.1  MONOCHROMATIC SOURCES

In modeling the excitation from lasers or diodes 
when used as sources for fibers and waveguides, 
it is initially assumed that their output is exactly 
sinusoidal and monochromatic with a fixed wave-
length. Practical sources, however, have an output 
with a finite but small spectral width. For lasers, 
this width is typically of the order of a nanome-
ters or less. The effect of this width is of paramount 
importance when considering pulse dispersion 
(see Section 5.6).

Accordingly, we ascribe an angular frequency 
ω to the monochromatic source such that each 
component of the electromagnetic field is assumed 
to contain the implicit sinusoidal dependence 
exp(– iωt). The choice of sign is arbitrary, but here 

is taken to be negative for convenience. If λ denotes 
the corresponding free-space wavelength and k is 
the free-space wave number, then these quantities 
are related by the expressions
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where c is the free-space speed of light (3 × 108 ms−1). 
Using Equations 5.3 through 5.5, the mono-
chromatic time dependence enables us to recast 
Maxwell’s equations so that the spatial dependence 
is governed by
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where E = E(x, y, z) and H = H(x, y, z) and implicitly 
contain the time dependence exp(–iωt).

5.3.2  Translational invariance, 
longitudinal, and transverse 
fields

For modeling fibers and waveguides, it is usual to 
assume that (1) the refractive index profile and the 
cross-sectional geometry do not vary with longi-
tudinal distance z and (2) the fiber or waveguide 
is straight and essentially infinitely long. In this 
situation, the fibers and waveguides have transla-
tional invariance and hence, the z-dependence in 
Maxwell’s equations becomes separable from the 
transverse dependence. Accordingly, we may set

 

EE ee

HH hh

x y z x y

x y z x y

, , , e ;

, , , e ,

i z

i z

( ) ( )
( ) ( )

=

=

β

β

 
(5.7)

where e(x, y) and h(x, y) are vector expressions 
that denote the transverse field dependence and 
the parameter β in the exponential or phase term 
is called the propagation constant. The choice of 
Cartesian (x, y) coordinates is appropriate for 
 analyzing slab waveguides, while polar coordi-
nates (r, ϕ) are more appropriate for fibers.
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It is sometimes convenient for analytical and 
other purposes to split the fields into longitudi-
nal and transverse components. This is equivalent 
to decomposing the vector dependences of e and 
h into transverse (subscript “t”) and longitudinal 
(subscript “z”) components, respectively, perpen-
dicular and parallel to the z-axis, according to
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where et and ht are vector quantities, ez and hz are 
scalar quantities, and z is the unit vector parallel to 
the fiber axis.

5.3.3  Power density and flow

For a monochromatic source with a sinusoidal 
time variation, the power flow density and direc-
tion at any position in space is determined by the 
time-averaged Poynting vector S
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where * denotes the complex conjugate, x, the vec-
tor cross product, and Re is the real part. Lossless 
propagation of light in fibers and waveguides is 
equivalent to the direction of S anywhere in the 
cross section being parallel to the z-axis, that is, S 
had only a z-component Sz. This property can be 
readily verified for the specific examples consid-
ered in Section 5.4. Finally, the total guided power 
flow is determined by integrating Sz over the infi-
nite cross section of the fiber or waveguide.

5.3.4  Boundary conditions

For dielectric fibers and waveguides in the absence 
of currents, the boundary conditions for any bound 
solution of Maxwell’s equations between regions of 
different index can be stated as follows:

 ● Continuity of all three components of the mag-
netic field at any interface

 ● Continuity of the two tangential components 
of the electric field at any interface

 ● Continuity of the normal component of the 
displacement vector at any interface

 ● The electric and magnetic fields decrease expo-
nentially to zero at infinite distance from the 
fiber or waveguide axis

In the case of an interface between one region 
of uniform index and a second region of vary-
ing index, where the index values are equal on 
the interface, all six components of the electric 
and magnetic fields will be continuous across the 
interface.

5.3.5  Electromagnetic normal modes

Starting with an unbounded uniform index 
medium, consider an infinitely long uniform slab 
or cylinder of material of higher but uniform core 
refractive index nco that is introduced into the 
infinite medium parallel to the z-axis. If the sur-
rounding infinite medium is now referred to as the 
cladding with index n = ncl < nco, then the core and 
cladding constitute a dielectric slab waveguide or 
fiber with the step refractive index profile cross sec-
tion shown in Figure 5.8. Although practical fibers 
or waveguides normally have more complex geo-
metrical and profile structures in the cross section, 
the step profile is the simplest profile to analyze that 
is of some practical interest and is used in single-
mode telecommunications fibers such as SMF28.

Propagation along a fiber or waveguide is gov-
erned formally by Maxwell’s equations, but some 
of the salient physical features can be elucidated by 
considering propagation of electromagnetic waves 
along this structure parallel to the z-axis.

ncl

nco

Cladding

Core

Claddingncl

z

ncl

ncl

nco

Figure 5.8 Step refractive index profile for a fiber 
or waveguide.
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The simple plane-wave description of propa-
gation in the uniform medium discussed in 
Section 5.2 provides a conceptual base, but is now 
modified in a number of ways because of the pres-
ence of the waveguide structure.

 1. The uniformity of the structure in the z-direc-
tion or translational invariance ensures that 
waves propagate with a periodic longitudinal 
and temporal dependence and therefore, a 
well-defined phase velocity vph.

 2. The value of the propagation constant is depen-
dent on both the source wavelength λ and the 
length parameters of the core geometry and 
the refractive index values.

 3. The propagation constant is no longer uniquely 
specified and can take one or more discrete 
values for a given set of values of all the earlier 
mentioned parameters.

 4. The transverse dependence of the electromag-
netic field vectors e and h for each discrete 
value of the propagation constant is now spa-
tially dependent and varies with position (x, y) 
in the cross section.

 5. The transverse electric and magnetic fields are 
no longer uniform, but are concentrated within 
and close to the core and decrease exponen-
tially to zero at infinite distance from the axis.

 6. The infinite power traveling in the infinite cross 
section of the plane wave is replaced by the 
finite power propagating along the waveguide 
in each propagation state.

 7. Each discrete propagation state is known as a 
bound mode or normal mode and is a solu-
tion (or eigenfunction) of the electromagnetic 
boundary value problem for Maxwell’s equa-
tions for the waveguide or fiber.

5.3.5.1  MECHANICAL ANALOG

Normal modes are two-dimensional electromag-
netic vibrations in the cross section of the wave-
guide or fiber and are analogous to the mechanical 
vibrations of a flexible membrane fixed along its 
periphery, for example, a drum. Given the source 
frequency, each electromagnetic vibration state 
corresponds to a discrete value of the propagation 
constant β. Each value of β corresponds to a nor-
mal or bound mode where its total longitudinal 
power flow (parallel to the z-axis) is constant and 

where its electromagnetic fields decrease exponen-
tially with increasing distance from the z-axis and 
vanish at infinity.

The values of β are the discrete solutions of an 
eigenvalue equation, derived from solutions of 
Maxwell’s equations together with appropriate 
boundary conditions. If the fiber core radius ρ or 
the waveguide cross-section 2ρ is small enough, 
typically a few microns for a silica-based fiber or 
waveguide, then as will be shown in Sections 5.4.4 
and 5.4.5, there is only one solution for β, that is, a 
single-mode waveguide or fiber.

5.3.6  Mode orthogonality, 
normalization, and 
orthonormal modes

Each bound mode is orthogonal to all other 
bound modes on a uniform, straight waveguide. 
This means that if only one mode is excited, it 
cannot excite any other modes as it propagates. 
Mathematically, orthogonality between the jth and 
kth bound modes is expressed by the vanishing of 
the integral of a triple scalar product of their vector 
fields over the infinite cross section of the fiber or 
waveguide
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where A∞ is the infinite cross section, ž is the unit 
vector parallel to the axis, and * denotes the com-
plex conjugate.

If we assume that the refractive index profile 
n(x, y) is independent of field intensity, as is the case 
for linear materials, then Maxwell’s equations con-
stitute, in general, a set of coupled linear equations. 
The solutions of these equations together with the 
boundary conditions can only determine the fields 
for each mode to within an arbitrary amplitude 
constant. The value of this constant for each mode 
is normally determined from the source of excita-
tion as discussed in Section 5.8.3.

For some special applications, such as in tapers, 
it is useful to be able to specify the value of this 
constant in an unambiguous manner independent 
of the source of excitation. This can be achieved by 
using the normalization N of a mode. This scalar 
quantity
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is defined in terms of the integral over the infinite 
cross section of the triple scalar product of the 
electric field e, magnetic field h, and the unit vector 
parallel to the z-axis.

An orthonormal mode is then defined to be 
a normal mode with electric and magnetic field 
amplitudes such that it has unit normalization, 
that is, N = 1. If the fields e and h of the bound 
mode are replaced by the following quantities:
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then substitution into Equation 5.11 gives N = 1 
and the fields are orthonormal.

5.3.7  Modal phase and group 
velocities

The longitudinal and temporal dependence of 
the fields of a mode is contained in the common 
phase factor exp[i(ωt − βz)]. A constant value of this 
expression defines a phase front, which is a plane of 
constant phase orthogonal to the z-axis. For a con-
stant phase value, z varies linearly with t, the con-
stant of proportionality being the ratio ω/β = vph or 
the phase velocity of the mode. This is the speed at 
which the phase front propagates.

For pulse propagation, the speed with which 
energy is transmitted by a mode is given by the 
group velocity with the standard definition vgr = dω/
dβ. Since different modes have different values of 
the propagation constant β for the same source fre-
quency, it follows that the phase and group veloci-
ties will also differ between modes. The modal 
group velocity determines pulse dispersion, as dis-
cussed in Section 5.6.

5.3.8  Propagation constant, effective 
index, and cut-off

For a given refractive index profile, the propaga-
tion constant β for every bound mode occupies a 
defined range of values in terms of the maximum 
nco and minimum ncl refractive index values and 
the source wavelength. If we assume that the modal 

phase velocity vph must lie between the maximum 
and minimum values of the speed of light in the 
cladding and core, that is, c/nco < vph < c/ncl, then 
on setting c = ω/k, it follows that

 kn kn ,cl co< β <  (5.13)

where k = 2π/λ is the free-space wave number. This 
result applies to any waveguide independent of the 
number of bound modes that can propagate.

Sometimes, it is more convenient physically to 
discuss propagation constant values in terms of 
an effective index value. If the effective index neff 
is defined through the relationship β = kneff, then 
Equation 5.13 is replaced by

 n n n .cl eff co< <  (5.14)

In other words, each bound mode has an effective 
index value that must lie between the minimum 
and maximum refractive index values.

When β = kncl, or equivalently, neff = ncl, a mode 
becomes cut-off and for β < kncl or neff < ncl, a mode 
is said to be below cut-off.

5.3.9  Waveguide, fiber, and modal 
parameters

Waveguide and fibers are commonly characterized 
in terms of a number of standard dimensionless 
parameters that combine various basic parame-
ters. In the following definitions, it is assumed that 
nco denotes the uniform core index in the case of 
a step profile or the maximum core index in the 
case of a graded profile, and ncl denotes the uni-
form cladding index. The source wavelength is λ, 
k = 2π/λ is the free-space wave number and ρ is 
the core radius in the case of a circular fiber or the 
core half-width of a slab or square-core waveguide. 
Note that some definitions assume that ρ is the full 
width of a slab or square-core waveguide.

5.3.9.1  RELATIVE INDEX DIFFERENCE

The uniform cladding index ncl and the uniform 
or maximum core index nco are often combined to 
define the relative index difference Δ
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where the second expression is obtained by 
factorizing the numerator in the first expression 
and assuming that nco ~ ncl. This representation is 
appropriate within the weak-guidance approxima-
tion discussed in Section 5.4.

5.3.9.2  NUMERICAL APERTURE

A measure of the light-capturing capacity of a 
waveguide or fiber is provided by the numerical 
aperture (NA), which is defined as

 n n nNA ( ) 2 .co
2

cl
2 1/2

co
1/2= − = ∆  (5.16)

A physical interpretation of NA is presented in 
Section 5.5.6.

5.3.9.3  WAVEGUIDE AND FIBER PARAMETER 
OR FREQUENCY

A second parameter V combines all the key param-
eters of a waveguide or fiber into a single normal-
ized quantity known as the waveguide or fiber 
parameter or frequency that can be expressed in a 
number of equivalent ways
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This is an important parameter for its value deter-
mines, in particular, whether a fiber or waveguide 
is single mode, as will be discussed in Sections 
5.4.4 and 5.4.5.

5.3.9.4  MODAL PARAMETERS

In the examples of modal analyses of wave-
guides and fibers presented in Sections 5.4.4 
and 5.4.5, respectively, it is convenient to intro-
duce normalized modal parameters U and W for 
the core and cladding of a fiber or waveguide, 
respectively, which incorporate the propaga-
tion constant or equivalently the effective index 
according to
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(5.18)

It then follows from the definition of V in Equation 
5.17 that

 U W V .2 2 2+ =  (5.19)

The values of U and W are necessarily discrete for 
bound modes.

5.3.10  Radiation modes, leaky 
modes, and super-modes

The range of propagation constant values for bound 
modes satisfies Equation 5.14. If β > knco, propaga-
tion is not possible, but if β < kncl, it is possible to 
analyze the propagation of the unguided field in 
the fiber or waveguide using one of three differ-
ent descriptions. These descriptions depend on the 
particular physical model employed and whether 
the cladding is unbounded or finite, but large, com-
pared to the core size. In each case, the particular 
method is focused on determining the propagation 
characteristics of light within the waveguide that is 
not guided by the bound modes.

5.3.10.1  RADIATION MODES

In the case of a fiber or waveguide with an 
unbounded cladding, there are no bound modes 
with propagation constants in the range 0 < β < 
kncl; instead, a continuum of radiation modes can 
be derived, each mode having a continuously vary-
ing propagation constant value in this range. These 
modes can be used to analyze nonguided propaga-
tion in terms of an integration over each radiation 
mode and a sum over the integrals for different 
radiation modes (see Chapter 25 of Reference [4]). 
This approach is analytically complex and in view 
of the ready availability of vector-based beam 
propagation methods and other techniques, a 
numerical analysis may be easier to implement.

5.3.10.2  LEAKY MODES

The continuum of radiation mode solutions can 
be approximated by a discrete summation of so-
called leaky modes. A leaky mode is defined by the 
analytic continuation of a bound mode to propa-
gation constant values beyond the mode’s cut-off, 
that is, for β < kncl. However, unlike a bound mode, 
where the power flow is parallel to the z-axis every-
where, the local power flow is at an angle to the 
axis so that power flows away from the core as the 
mode propagates. This divergence corresponds to 
a complex value of the leaky mode propagation 
constant. Furthermore, the power of a leaky mode 
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is unbounded, so that a proper quantitative analy-
sis of propagation cannot be undertaken; never-
theless, leaky modes can provide useful physical 
insight into propagation characteristics when radi-
ation is present (see Chapter 24 of Reference [4]).

5.3.10.3  SUPER-MODES

The cladding of any practical waveguide is 
 necessarily finite in cross section and may be sur-
rounded by air or by a protective coating in the case 
of a fiber. In either case, it is normally possible to 
describe the transient field of a waveguide excited 
by a source using a superposition of the complete 
set of bound modes of the complete core–cladding–
air structure. To distinguish these modes from 
the modes guided by the core– cladding refractive 
index profile, the former are often referred to as 
super-modes. The dimension of the complete cross 
section is relatively large compared to that of the 
core ensuring that the  number of super-modes is 
very large. In the limit of an in finitely thick clad-
ding, the super-mode and radiation mode  solutions 
approach one another [5].

5.3.10.4  HOLEY FIBERS

Currently, there is significant interest in the light-
guiding properties of holey fibers, which have cer-
tain attributes that are quite different from those 
of solid material fibers. Holey fibers differ from 
conventional fibers in that they are normally fab-
ricated from a single material, such as silica or a 
polymer with a uniform refractive index, compared 
with conventional fiber that has an index contrast 
between the core and the cladding materials.

Light guidance along holey fibers depends on 
the presence of concentric circular arrays of small 
longitudinal holes about the fiber axis (Figure 5.9). 
Each ring of holes can be regarded as defining 
an annular region in which the average index is 
smaller than the material index and hence pro-
vides an effective index contrast with the material 
region around the fiber core and outside the ring.

However, the core and ring of holes do not sup-
port bound modes. The concentric region outside 
the ring of holes is of the same index as the core 
and this enables any modal field within the holes 
to gradually leak from the center across the ring 
of holes to the outer region. In other words, holey 
fibers only support leaky modes. Nevertheless, by 
judicious choice of the size, number, and distri-
bution of air holes, it is possible to design a fiber 

whereby the fundamental mode has virtually zero 
attenuation leakage but all higher order modes 
have relatively large leakage rates so that their 
fields rapidly disappear from the central region as 
they propagate along the fiber. For practical pur-
poses, the holey fiber then behaves like a single-
mode fiber, even over very long distances.

Photonic bandgap or crystal fibers also guide 
light, but the guidance mechanism is different from 
that of holey fibers. The physical basis for guidance 
along such fibers relies on a special arrangement 
of many rings of holes about the z-axis such that 
the rings provide a bandgap in the radial direc-
tion, that is, a barrier to the propagation of light 
away from the axis. One way to think of the band-
gap effect qualitatively is to smear out the index 
contrast between the holes and the fiber material 
in each ring into an average reduced index. Then 
the quasi-periodic radial variation between the 
rings and the fiber material constitutes an effec-
tive radial Bragg reflection grating. At the effective 
Bragg wavelength in the fiber cross section, the 
grating inhibits propagation and sets up a radial 
evanescent field that decreases radially outward. In 
other words, for suitably chosen fiber parameters, 
the layers of rings can support the evanescent field 
of the fundamental mode propagating along the 
fiber with the majority of its field close to the fiber 
axis. Chapter B10 provides a detailed description 
and analysis of both kinds of fiber.

Figure 5.9 Cross section of a holey fiber showing 
the solid core and surrounding rings of air holes.
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5.3.11  Polarization, mode 
nomenclature, and 
birefringence

When a mode propagates along a fiber or wave-
guide, the magnitude and direction of the trans-
verse components of its electric and magnetic fields 
remain fixed and thereby define the orientation 
of the modal field. The polarization of a mode is 
defined by the direction of the transverse electric 
field vector at each position in the waveguide or 
fiber cross section. Generally, this direction will 
vary with position so that the contours of the field 
direction are normally curved, but in the case of 
two-dimensional slab waveguides, all modes have 
a transverse electric field that is parallel to a fixed 
direction, that is, each mode is plane polarized. A 
similar situation pertains to the modes of weakly 
guiding fibers where transverse electric fields are 
also plane polarized.

5.3.11.1  MODE NOMENCLATURE

For two-dimensional symmetric slab waveguides, 
there are two distinct classes of modes, depend-
ing on their polarization. Transverse electric or 
TEj modes have only a single transverse electric 
field component and transverse magnetic or TMj 
modes have only a single transverse magnetic field 
component, where j = 0, 1, 2, 3 … denotes the mode 
order. The even and odd values of j denote modes 
with even and odd field symmetry, respectively. As 
the value of j increases, the number of extrema in 
the field patterns also increases.

In the case of circular fibers, the situation is 
more complex because of the radial and azimuthal 
directions. There is a class of cylindrically symmet-
ric TEj and TMj modes that have electric fields with 
a single radial or azimuthal transverse component, 
respectively, where j = 1, 2, 3. In addition, there is 
the class of hybrid HEij and EHij modes that can 
be regarded as linear combinations of both TE and 
TM field components and therefore have a more 
complex electric field structure in the fiber cross 
section.

Here, the subscript “i” relates to the order of the 
azimuthal angular dependence and “ j” refers to 
the radial order, the value of which increases with 
the number of extrema in the field. The azimuthal 
dependence of each mode has a cos(mφ) or sin(mφ) 
variation where m = 0, 1, 2, …

In the case of weakly guiding circular fibers, 
a second complimentary mode nomenclature is 
commonly used whereby each mode is labeled as 
LPij, the “LP” denoting linearly polarized. The sub-
scripts “i” and “ j” denote azimuthal and radial 
orders, respectively, and in terms of HE modes in 
the weak-guidance approximation, the relation-
ship can be expressed as LPij ↔ HEi+1, j.

Within the two nomenclatures, the fundamen-
tal mode is equivalent to the HE11 mode for arbi-
trary index difference circular fibers and to either 
the HE11 or LP01 mode for weakly guiding fibers. 
For other waveguide and fiber geometries, there is 
no generally accepted nomenclature for categoriz-
ing modes.

5.3.11.2  BIREFRINGENCE

On a circular weakly guiding fiber, the fields of 
the fundamental mode are rotationally invariant 
about the fiber axis, so that any pair of orthogonal 
directions can be chosen for its two polarization 
states that have identical propagation constants. In 
this situation, the fundamental mode is said to be 
degenerate.

However, in the case of noncircular fibers, such 
as the elliptical core fiber shown in Figure 5.10, 
this is no longer the situation. Working within the 
weak-guidance approximation, the two polariza-
tion directions of the planar transverse electric 
field are parallel to one of the optical axes of the 
fiber. For the elliptical cross section, the optical 
axes coincide with the major x-axis and minor 
y-axis and the fundamental mode has respective 
propagation constants βx and βy. Since βx > βy, the 
fundamental mode is nondegenerate and the fiber 
is said to be birefringent because of the difference 
in propagation constant for the two polarization 
states introduced by the noncircular core geometry.

Birefringence is a measure of the difference 
in the two propagation constants and is usually 
expressed in terms of the normalized parameter B 
that is defined by

y
Cladding

x
Core

Figure 5.10 Cross section and polarization states 
of the fundamental mode of an elliptical core 
fiber.
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where βx = knex and βy = kney in terms of the equiva-
lent effective indices, and k is the free-space wave 
number. If both fundamental mode polarizations 
are launched simultaneously in the fiber, beating 
will occur between them because of the differ-
ence in propagation constants. The beat length or 
distance over which the superposition of the two 
modal fields repeats periodically along the length 
of the fiber is denoted by zb
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and is therefore inversely proportional to the 
birefringence. Hence, a measurement of the beat 
length together with the source wavelength will 
determine the birefringence.

5.3.12  Attenuation due to absorption 
and scattering loss

When light propagates in a bound mode along 
a straight fiber or waveguide, there is no loss of 
modal power provided that the materials are per-
fectly lossless. However, in practical fibers and 
waveguides, a propagating mode steadily loses 
power because of two basic physical effects: (1) bulk 
absorption of optical power by the materials consti-
tuting the fiber core and cladding and (2) scattering 
of light by material and surface inhomogeneities, 
due principally to the distribution of dopants in 
the core of fibers and surface roughness between 
the core and cladding in waveguides.

In long-distance telecommunications fibers, 
Rayleigh scattering is the major cause of loss, 
absorption loss having been reduced to almost 
zero at the operating wavelength. The net effect of 
these two processes is to reduce the total light in 
the mode as it propagates along the length of the 
fiber, i.e., modal power is attenuated. The loss of 
power can be accounted for by adding an imagi-
nary part to the refractive index value, that is, n 
becomes the complex index n(r) + in(i), where super-
scripts r and i denote real and imaginary parts, 
respectively. Although the real part of the index 
must necessarily vary over the core cross section to 

provide guidance, the imaginary part is normally 
assumed to take a constant value.

5.3.12.1  MODAL ATTENUATION

In the determination of the propagation constant 
β of each bound mode, a real refractive index dis-
tribution n(x, y) leads to a real value of β from the 
eigenvalue equations as is evident in the modal 
analyses of the step-profile slab waveguide and 
fiber in Sections 5.4.4 and 5.4.5, respectively. If 
n now becomes complex, it is evident from these 
eigenvalue equations that the modal parameters 
U and W and, therefore, the propagation constant 
must also become complex. Accordingly, we set
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where β(i) > 0. If we recall that the electric and mag-
netic field components all have the common longi-
tudinal dependence
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it follows that the fields are attenuated as exp(–β(i)z) 
and the local power density is attenuated as exp −
(2β(i)z). Further, since the total power density flow 
in a mode is the integral of the local power density 
over the cross section, it follows that the power in 
all modes is attenuated according to
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where P(z) is the mode power distance z along the 
fiber or waveguide. The expression 2β(i) is the power 
attenuation coefficient. The measure of attenuation 
is commonly expressed in decibels, or dB, where 
the dB value is calculated as
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The determination of the exact values of the com-
plex propagation constant from the eigenvalue 
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equation for a particular fiber or waveguide with a 
complex refractive index profile can generally only 
be undertaken numerically, and formally poses a 
two-dimensional root-finding problem.

However, for the majority of problems, 
(i) (r)�β β , so that β(r) can be determined straight-

forwardly by assuming that to the lowest order, n 
is pure real. For example, if the imaginary part of 
the index n(i) is a constant everywhere through-
out the fiber or waveguide, then β(i) ~ kn(i), which 
means that the dB loss is given, approximately, 
by 55n(i)z/λ, where λ is the source wavelength. 
This expression is identical to the power attenu-
ation of a plane wave propagating in a uniform 
medium with imaginary index n(i). For more gen-
eral situations, a perturbation approach can be 
adopted to determine an accurate approximation 
for β(i), as quantified by the example in Section 
5.9.1.1.

For standard silica-based single-mode fibers 
used for telecommunications, there is a minimum 
loss of about 0.2 dB km−1 occurring at a wavelength 
of 1550 nm. Using the plane wave expression, this 
leads to an imaginary index value of approximately 
5.6 × 10−12.

5.3.13  Analytical and numerical 
solutions

There are only a small number of waveguide geom-
etries and refractive index profiles for which there 
are exact analytical solutions of Maxwell’s equa-
tions for the bound mode fields and analytical 
expressions for the eigenvalue equation that deter-
mines the values of the propagation constant. The 
latter are generally transcendental and can only be 
solved numerically. Of these solutions, the most 
practical and simplest example is the step-profile 
slab waveguide and the step-profile circular fiber. 
The former has modal fields and eigenvalue equa-
tions expressed in terms of trigonometric and 
exponential functions while the latter has modal 
fields and eigenvalue equations expressed in terms 
of Bessel functions and modified Bessel functions 
(see Chapter 12 of Reference [4]). These solutions 
are valid for arbitrary relative index difference. 
In the weak-guidance approximation, the corre-
sponding analytical solutions of the scalar wave 
equation are less complex and are derived in detail 
in Sections 5.4.4 and 5.4.5.

Although there are analytical solutions of 
Maxwell’s equations or the scalar wave equation 
that can be derived for certain other profiles and 
geometries, they involve special mathematical 
functions the properties of which are less famil-
iar compared to the situation just 25 years ago. 
A major factor that has reduced their familiarity 
is the development and ready availability of reli-
able commercial and in-house software routines 
that can solve Maxwell’s equations for the fields 
and propagation constants of bound modes given 
almost arbitrary refractive index profiles and 
waveguide geometries.

5.3.13.1  PLANAR AND RIB WAVEGUIDES

There is a class of waveguides referred to generi-
cally as planar waveguides. This name actually 
refers to the planar substrate on which waveguides 
with a variety of core cross sections are fabricated. 
One class relates to buried channel waveguides that 
generally have a nominally square or rectangular 
core surrounded by an effectively unbounded clad-
ding. Another class includes rib waveguides that 
have a core where the cross section has the shape of 
an inverted “T” and is commonly surrounded by 
air above and a lower refractive index layer below. 
Provided the core index is greater than the sur-
rounding cladding index, these waveguides sup-
port one or more bound modes, depending on the 
waveguide parameters and source wavelength.

For both scalar modes and vector modes, the 
waveguide geometry requires a numerical solu-
tion for the modal fields and propagation con-
stants, although some analytical approximation 
methods, such as the effective index method can 
be applied [6].

5.4  WEAK-GUIDANCE 
APPROXIMATION

The solution of Maxwell’s equations for the bound 
modes of a dielectric fiber or waveguide with 
arbitrary cross-sectional geometry and refractive 
index profile, whether investigated by analytical or 
numerical means, generally involves the simulta-
neous determination of all six scalar components 
of the electric and magnetic field vectors. Such solu-
tions are therefore necessarily complex. However, 
there is a set of practical fiber and waveguide prob-
lems for which it is possible to make a significant 
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simplification and replace the set of six coupled 
Maxwell equations with a single scalar equation for 
just one component of the fields. This is the basis of 
the weak-guidance approximation [7,8].

5.4.1  Scalar electromagnetic fields 
and power flow

Many waveguides, such as solid silica-based opti-
cal fibers and planar waveguides, have a refractive 
index profile n(x, y) across the core and cladding 
where the maximum variation in index is relatively 
small, typically below 1%. Now consider the vector 
wave equation satisfied by the electric field. This 
equation is generated by eliminating the magnetic 
field H between the two Maxwell Equations 5.3 
and leads to

 k n E E n( ) ( In ),t
2 2 2 2

t t t
2∇ + − β = −∇ ⋅∇  (5.25)

where t
2∇  is the transverse vector Laplace opera-

tor, k = 2π/λ is the free-space wave number, and β 
is the propagation constant. If the overall variation 
in index is small, then the term on the right-hand 
side can be neglected.

In a general orthogonal coordinate system, the 
vector operator t

2∇  couples the scalar components 
of Et. However, if the components of Et are chosen 
to be Cartesian, that is, Et = (ex, ey) = exp(iβz), then 
the component equations decouple. The respective 
scalar components ex or ey for these states indepen-
dently satisfy the same scalar wave equation
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where t
2∇  is now the two-dimensional scalar 

Laplace operator the analytical form of which 
depends on the waveguide or fiber geometry.

Once the electric field component of a mode has 
been determined from the scalar wave Equation 
5.26, together with the appropriate boundary con-
ditions, the corresponding component of the mag-
netic field for the respective polarization states is 
given by a simple algebraic relationship
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where ε0 and μ0 are, respectively, the free-space 
dielectric constant and permeability, and nco is the 
maximum core index. Note that in the weak-guid-
ance approximation, all other field components are 
very small compared to the dominant transverse 
electric and magnetic field components and can 
normally be ignored.

It follows from Equations 5.9, 5.26, and 5.27 
that, in weak guidance, the z-directed power flow 
density for the x- and y-polarized fields is given, 
respectively, by
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There is a strong analogy between the modes and 
plane waves of Section 5.2 in terms of the nonzero 
field components and the orthogonal electric field 
polarization directions. For the two mode polar-
izations, the field components are
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corresponding to x- and y-polarizations, respectively.

5.4.2  Transverse nature of the 
electromagnetic field

The modal electromagnetic field in the core can be 
considered at each position in the core cross section 
as a plane wave. The propagation constant β is the 
z-component of the local planar wave vector, that is,

 kn cos ,zco ( )β = θ  (5.30)

where θz is the direction that the local plane wave 
vector makes with the z-axis in the core of the 
waveguide or fiber, and k is the free-space wave 
number. The propagation constant β is bounded by

 kns kncl co< β <  (5.31)

and the core and cladding indices are similar, that 
is, β ∼ knco ∼ kncl leading to θz ∼ 0.

The wave vector is approximately parallel to the 
z-direction and hence, both the vector electric and 
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magnetic fields are approximately transverse to 
the z-axis. Both the longitudinal electric and mag-
netic field components are negligible in magnitude 
compared to the transverse fields. The Cartesian 
components of the electric and magnetic fields for 
either mode polarization, together with the z-axis 
comprise an orthogonal triad (Figure 5.11), that is, 
the same relationship satisfied by the correspond-
ing components of a plane wave.

5.4.3  Slab and circular geometries

In this section, we will delineate the geometry, 
profiles, field representation, governing equations, 
coordinates, and parameters to analyze the modes 
on symmetric slab waveguides and circular fibers 
in the weak-guidance approximation.

5.4.3.1  SYMMETRIC SLAB WAVEGUIDE

For the one-dimensional slab waveguide of 
Figure 5.12, the core–cladding interfaces are paral-
lel to the yz plane, so that there is only the x-varia-
tion in the transverse direction, together with the 
usual z-dependent phase term in the z-direction of 
propagation. Thus, for the x- and y-polarizations 
of the TE and TM modes, respectively, the scalar 
electric field components can be expressed as

 ( ) ( ) ( ) ( )= =β βE x z e x E x z e x, e ; , e ,x x
i z

y y
i z
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where ex(x) and ey(x) are both solutions of the one-
dimensional scalar wave equation
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obtained from Equation 5.26, where n(x) denotes 
the profile.

5.4.3.2  CIRCULAR FIBER

Note that while either ex and ey is the single 
Cartesian component of the vector electric field e, 
their spatial variation does not necessarily have to 
be described in Cartesian coordinates. For the cir-
cular fiber in Figure 5.13, the spatial dependence 
of the modal fields in the cross section is best 
described by polar coordinates (r, ϕ) based on the 
z-axis of the fiber. Thus, for the x- or y-polarized 
modes, we may set

 e e r e e r( , ); ( , ).x x y y= φ = φ  (5.34)
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Figure 5.11 Triad of electric and magnetic field 
vectors and the local wave vector.
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Figure 5.12 Geometry and parameters for the 
symmetric step-profile slab waveguide.
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Figure 5.13 Geometry and parameters for circu-
lar fibers.
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Here, ex(r, ϕ) and ey(r, ϕ) are both solutions of the 
two-dimensional scalar wave equation
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where n(r) denotes an axisymmetric profile for cir-
cularly symmetric fibers.

5.4.3.3  BOUNDARY CONDITIONS

If ψ denotes either ex or ey in the scalar wave equa-
tion, then the boundary conditions satisfied by the 
bound mode solutions of the scalar wave equation 
in the core and cladding are the weak-guidance 
limit of the boundary conditions for Maxwell’s 
equations. In this limit, all six components of the 
electromagnetic field are continuous everywhere. 
Accordingly:

 ● Ψ → 0 exponentially far from the fiber or wave-
guide core

 ● Ψ is continuous across the core–cladding 
interface

 ● All first derivatives of ψ are continuous across 
the core–cladding interface

For the one-dimensional slab waveguide, both Ψ 
and dΨ/dx are continuous across both core–clad-
ding interfaces, while for the two-dimensional 
fiber, Ψ dΨ/dr and dΨ/dΨ are continuous across the 
core–cladding interface. The solution of the scalar 
wave equation together with the boundary con-
ditions constitutes an eigenvalue problem for the 
modal propagation constants, and the eigenfunc-
tions determine the spatial dependence of a scalar 
transverse electric field. The propagation constants 
are determined by the eigenvalue equation.

5.4.4  Step-profile slab waveguide

The spatial dependence of the modal fields in 
Equation 5.32 and the eigenvalue equation for the 
modal propagation constants are obtained by solv-
ing Equation 5.33 in the core and the cladding, and 
then matching the two solutions using the bound-
ary conditions on the core–cladding interfaces. 
Because the slab waveguide profile is symmetric 
about the yz plane, the solutions of the scalar wave 
equation for ψ(x) will be accordingly either sym-
metric or antisymmetric in x.

5.4.4.1  EVEN AND ODD MODES

In the core, n(x) = nco and it is convenient to intro-
duce the core modal parameter U k n( )2

co
2 2 1/2= ρ − β , 

since β < knco for bound modes, and the normal-
ized coordinate X = x/ρ. With these substitutions, 
the scalar wave equation can be written as

 X
U

d

d
0.

2

2
2Ψ +







Ψ =
 

(5.36)

This is a harmonic equation and its solutions are 
proportional to cos(UX) or sin(UX). Since the for-
mer is symmetric in x, we set for the even modes:

 X A UXcos ,( ) ( )Ψ =  (5.37)

for 0 < |X| < 1, where A is a constant. In the clad-
ding, n(x) = ncl and it is convenient to work with the 
cladding modal parameter W k n( )2 2

cl
2 1/2= ρ β −  

since β > kncl for bound modes and the normalized 
X = x/ρ. With these substitutions, the scalar wave 
equation becomes

 X
W

d

d
0.

2

2
2Ψ +







Ψ =
 

(5.38)

The solution of this equation is exponential and 
proportional to either exp(WX) or exp(–WX). Since 
we require a symmetric solution that decreases to 
zero as X → +∞ and X → −∞, we set

 X B( ) e ,W X| |Ψ = −
 (5.39)

for |X| > 1, where B is a constant.

5.4.4.2  EIGENVALUE EQUATIONS

The boundary conditions on (X = 1)(x = ρ) and 
(X = –1)(x = –ρ), which link the core and cladding 
solutions, are the continuity of Ψ and dΨ/dX, 
which lead, respectively, to

 A U B AU U BWcos e ; – sin – e ,W W– –= =  (5.40)

so that on dividing the two equations, the constants 
A and B are eliminated and we obtain one equation 
linking the core and cladding modal parameters U 
and W. A second equation follows from the defini-
tions of U, V, and W. Hence, the eigenvalue equa-
tions for the even modes are
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 W U U W U Vtan ; .2 2 2= + =  (5.41)

The derivation of the corresponding equations 
for the odd modes is identical to that for the even 
modes provided the core modal field has the anti-
symmetric form

 X A UXsin( ).( )Ψ =  (5.42)

This leads to the eigenvalue equations for the odd 
modes

 = + =W U U W U V– cot ; .2 2 2

 (5.43)

Both pairs of eigenvalue equations can be further 
simplified by eliminating U between each pair and 
for the even and odd modes this leads, respectively, to

 
V

U

U
V

U

Ucos
;

sin
,= ± = ±
 

(5.44)

but care needs to be exercised with the signs to 
identify correct solutions.

5.4.4.3  SOLUTION OF THE EIGENVALUE 
EQUATIONS

The eigenvalue equations for both even and odd 
modes are transcendental and do not possess 
closed-form analytical solutions for U (or W) in 
terms of a given value of V. Accordingly, solutions 
must be determined numerically and each value 
of U corresponds to one bound mode. This can be 
undertaken using a hand calculator incorporating 
trigonometric functions by using trial and error, 
that is, given V, we guess U, or use a more sophisti-
cated computer program.

However, it may be simpler to calculate the value 
of V, given the value of U in Equation 5.44 since 
these are single-valued and explicit. This approach 
generates the V–U curve for each and every mode 
of the waveguide as shown in Figure 5.14. In these 
plots, an even or odd subscript corresponds to a 
mode with an even or odd field, respectively, and 
also indicates the mode order.

5.4.4.4  SINGLE-MODE WAVEGUIDE

In Figure 5.14, every mode, except the fundamen-
tal mode, has a finite cut-off value of U when U = V 
below which it cannot propagate as a bound mode 

and becomes a leaky mode. For the mode with sub-
script “m," the cut-off value is V = Vco = mπ/2.

The waveguide is single mode if V < π/2, and only 
the fundamental mode can propagate in either of 
its two polarization states (TE0 or TM0) with the 
same propagation constant β. The fundamental 
mode has the largest value of propagation constant 
or equivalently the smallest value of U for a given 
value of V. The fundamental mode corresponds to 
the TE0 or TM0 mode.

5.4.4.5  MODAL FIELDS

For the TE (transverse electric) modes, the electric 
field direction is parallel to the y-axis and trans-
verse to the z-axis while for the TM (transverse 
magnetic) modes, the magnetic field is parallel to 
the y-axis and transverse to the z-axis. In the weak-
guidance approximation, the pair of TEj and TMj 
modes has an identical propagation constant while 
their transverse electric and magnetic field com-
ponents have identical spatial distribution, and are 
y- and x-polarized, respectively.

The spatial distribution of the transverse elec-
tric or magnetic fields for the first four TE or TM 
modes are plotted in Figure 5.15. Note that the 
TEm and TMm mode fields have m +1 extrema, 
and the even mode has a maximum at the center 
of the waveguide where the odd mode fields van-
ish. The total number of modes that can propagate 
for a given value of V is given by the nearest inte-
ger value below 4V/π allowing for the two possible 
polarization states.
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Figure 5.14 Plots of U against V for the modes of 
the symmetric step-profile slab waveguide.
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5.4.5  Step-profile fiber

The spatial dependence of the modal fields in 
Equation 5.34 and the eigenvalue equation for the 
modal propagation constants are obtained by solv-
ing Equation 5.35 in the core and the cladding, and 
then matching the two solutions using the bound-
ary conditions on the core–cladding interface. If 
Ψ(r, ϕ) denotes either the x-polarized electric field 
ex(r, ϕ) or the y-polarized electric field ey(r, ϕ) in 
cylindrical polar coordinates, then, within weak 
guidance, Ψ(r, ϕ) satisfies the scalar wave equation 
(Equation 5.34), which is more conveniently writ-
ten in the normalized form

R R R R
k n R

1 1
( ( ) 0,

2

2 2

2

2
2 2 2 2∂

∂
+ ∂

∂
+ ∂

∂φ
+ ρ − β









Ψ =
 
(5.45)

where R = r/ρ is the normalized radial coordinate, 
n(R) is the refractive index profile, and ρ is the core 
radius. This equation is a second-order partial dif-
ferential equation and as n(R) is independent of ϕ, 
it can be solved using separation of variables.

5.4.5.1  SEPARATION OF VARIABLES

Using this technique, the two-dimensional spatial 
dependence of ψ is expressed as the product of two 
single-variable functions

 R f F R G f( , ) ( ),( )Ψ =  (5.46)

where F(R) is a function of R only and G(ϕ) is a 
function of ϕ only. On substituting into the scalar 
wave equation (Equation 5.38), dividing by Ψ, and 
multiplying by R2, it follows

R

F

F

R R
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1 d

d
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d
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2 2
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+
φ

=
 
(5.47)

The right-hand expression is a function of ϕ only 
and can be held fixed while R varies arbitrarily. 
Because periodicity of the solution is required in 
the azimuthal direction as a result of the circular 
geometry, we set
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(5.48)

where v is a constant. This is a harmonic equation 
with sinusoidal solutions that are single-valued, 
provided v = 0, 1, 2, 3. Substituting this back into 
the scalar wave equation (Equation 5.38) leads to 
the second-order ordinary differential equation

R R R
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d
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1 d

d
[ ( ) ] 0

2

2

2

2
2 2 2 2+ − + ρ − β









=
 
(5.49)

that is solved for the core and cladding regions 
separately.
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Figure 5.15 Plots of the transverse electric field for the first four modes of the symmetric step-profile 
slab waveguide.
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5.4.5.2  CORE SOLUTION

In the core, n = nco, so that Equation 5.49 for F can 
be written as

 R R R

v

R
U F

d

d

1 d

d
0,

2

2

2

2
2+ − +









=
 

(5.50)

where the core modal parameter is defined by 
U k n( )2

co
2 2 1/2= ρ − β . We then multiply this equa-

tion by R2 and set s = UR to obtain
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(5.51)

This is Bessel’s equation with the general solution

 F R AJ s BY s ,v v( ) ( ) ( )= +  (5.52)

where Jv and Yv are Bessel functions of the first and 
second kinds, respectively, and A and B are con-
stants. The solution is bounded throughout the 
core and as Yv is singular on the fiber axis R = 0, 
then B = 0. Hence, F(R) = AJv(UR) and together with 
Equation 5.48, the complete core solution depen-
dence F(R)G(ϕ) is given by

 
AJ UR
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v
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,vΨ =
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(5.53)

where v = 0, 1, 2, ….

5.4.5.3 CLADDING SOLUTION

In the cladding, n = ncl, so that the corresponding 
equation for F becomes
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=
 

(5.54)

where s = WR and the cladding modal parameter is 
defined by W k n( )2 2

cl
2 1/2= ρ β − . This is the modi-

fied Bessel equation with the general solution

 F R CI s DK s ,v v( ) ( ) ( )= +  (5.55)

where Iv and Kv are modified Bessel functions of the 
first and second kinds, respectively, and C and D 
are constants. This solution is bounded throughout 

the cladding and since Iv is singular as R → ∞, then 
C = 0. Hence, F(R) = DKv(WR) and together with 
Equation 5.48, the complete cladding solution 
dependence, F(R)G(ϕ) is
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(5.56)

where v = 0, 1, 2, ….

5.4.5.4  BOUNDARY CONDITIONS

Boundary conditions at the core–cladding inter-
face require continuity of the solution of the scalar 
wave equation and all first derivatives, equivalent 
to continuity of Ψ(R, ϕ) and dΨ(R, ϕ)/dR on R = 1. 
The latter, when applied to Equations 5.53 and 
5.56, gives

AJ U DK W AUJ U DWK W( ) ( ); ( ) ( ),v v v v= ′ = ′  (5.57)

where the prime denotes differentiation with 
respect to the argument. On dividing these two 
equations, we obtain one eigenvalue equation for 
U and W:
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It is more convenient for computational purposes 
to recast this equation into an alternative form 
avoiding the use of derivatives by using the follow-
ing recurrence relations satisfied by Bessel func-
tions of different orders:
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where the prime denotes differentiation with 
respect to the argument. Thus, the final form of the 
eigenvalue equations for U and W are
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v

v

v

1 1 2 2 2= = ++ +

 
(5.60)

where v = 0, 1, 2, ….

5.4.5.5  SOLUTIONS OF THE EIGENVALUE 
EQUATIONS

The left-hand term in Equation 5.60 is transcen-
dental and can be solved only numerically. There 
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are standard library routines for evaluating the 
two types of Bessel functions required. Given the 
value of V, the eigenvalue equations can be solved 
by expressing W in terms of U and V using the 
second term in Equation 5.60 and then solving 
the resulting equation numerically for the discrete 
values of U. Each value of U corresponds to a par-
ticular bound mode. For each value of v, there are a 
finite number of bound solutions of the eigenvalue 
equation, the number increasing with the value of 
V according to the closest integer below V2/2 for 
the step profile.

Figure 5.16 plots the values of U as a function of 
V for each bound mode solution. Given the value 
of U, the value of the propagation constant can be 
determined from the definition of U given earlier. 
Every mode, except the fundamental mode, has 
a finite cut-off value of U when U = V. Below this 
value, the mode cannot propagate as a bound mode 
and becomes a leaky mode. The fiber is multimode 
when V 1,�  and many modes can propagate. 
For a given, large value of V, the number of bound 
modes that can propagate is approximately V2/2.

5.4.5.6  MODE NOMENCLATURE

Because of the cylindrical geometry of the fiber, 
there are four possible types of bound mode 
solution. The TE01 and TM01 solutions, like the 

corresponding solutions for the slab waveguide in 
Section 5.4.4, indicate modal electric or magnetic 
fields that have only a radial electric or magnetic 
field component, respectively, and are axisymmet-
ric. The EHpq and HEpq modes can be regarded as 
hybrid modes, their fields containing both electric 
and magnetic radial components. The first and 
second subscripts p and q on each mode designa-
tor indicate, respectively, the azimuthal symmetry 
and the radial order. The former has the depen-
dence cos([p − 1]ϕ) or sin([p − 1]ϕ) for p = 1, 2, 3, …, 
while the latter indicates the number of extrema in 
the field profile.

There is a second mode nomenclature in use 
that was devised specifically for weakly guiding 
fibers and is based on the linear polarization (LP) 
property of these modes. In this system, the fun-
damental HE11 mode is known as the LP01 mode 
with axisymmetric field components, and the TE01, 
TM01, and HE21 set of second modes with antisym-
metric sin ϕ or cos ϕ azimuthal dependence are 
known as LP11 modes.

5.4.5.7  SINGLE-MODE FIBER

The fiber is single mode for V < 2.405 when only 
one mode, the fundamental mode, can propagate 
in either of its two orthogonal but otherwise arbi-
trary polarization states with the same propagation 
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Figure 5.16 Plots of U against V for modes of the step-profile circular fiber.
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constant β. The fundamental mode has the largest 
value of propagation constant or equivalently, the 
smallest value of U for a given value of V. The fun-
damental mode corresponds to the HE11 or equiva-
lent LP01 mode.

5.4.5.8  FRACTIONAL OF MODAL POWER IN 
THE CORE

For a particular fiber and source wavelength, the 
power of each propagating mode is distributed 
between the core and the cladding in a ratio that 
depends on the mode order. It is useful to define 
the parameter η as the fraction of total mode 
power that propagates in the core, so that 0 < η 
< 1. Figure 5.17 plots this fraction as a function of 
fiber parameter V for the first six low-order modes 
of the weakly guiding step profile. As V increases, 
the value of η for each mode approaches 1 asymp-
totically, consistent with the zero-wavelength geo-
metric optics limit. Note that as V approaches the 
mode cut-off, the fraction of core power does not 
always approach zero.

5.4.6  Fundamental mode

The mode of most interest for single-mode fibers 
is the fundamental HE11 or LP01 mode, that is, the 
only mode that can propagate on a fiber for V val-
ues below the cut-off of the second mode, namely, 
for V < 2.405 in the case of the step-profile fiber. 

If λco denotes the cut-off wavelength of the second 
mode, the fundamental mode alone can propagate 
for wavelengths such that λ > λco.

5.4.6.1  INTENSITY DISTRIBUTION

The normalized fundamental mode electric field 
intensity |Ψ|2 for typical graded- or step-index 
profiles has a characteristically axially symmetric 
bell-shaped distribution about the fiber axis. This 
characteristic shape is exemplified by the plots of 
intensity against normalized radius, R = r/ρ, shown 
in Figure 5.18 calculated from Equations 5.28, 
5.53, and 5.56 for the step-profile fiber for various 
values of V. In the geometric optics limit, when V 
becomes unbounded, that is, λ → 0, all the modal 
power is concentrated in the core. The normaliza-
tion is such that the geometric optics limit corre-
sponds to unit intensity on the fiber axis.

5.4.6.2  FIBER CLADDING THICKNESS

As V decreases, an increasing fraction of funda-
mental mode power spreads into the cladding, 
as is clear from Figures 5.17 and 5.18. For a prac-
tical single-mode step-profile fiber operating 
around V = 2.3, the fraction of modal power in 
the  cladding is about 25% and the cladding field, 
which decreases approximately exponentially with 
increasing radius, needs to be sufficiently small at 
the outer edge of the cladding so that the absorp-
tion due to the fiber coating is negligibly small. It is 
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for this reason that a standard 125 μm cladding 
diameter has been adopted resulting in a ratio of 
cladding-to-core diameters in the range of 10–15, 
depending on core size.

5.4.7  Spot size and Gaussian 
approximation

Single-mode fibers and waveguides are often char-
acterized by the spot size of the fundamental mode 
intensity distribution, which is an experimental 
measurement of the diameter of the brightest part 
of this distribution as it appears in either the near 
field or far field at the end of a long length of single-
mode fiber. The plots of the local power density of 
the fundamental mode transverse intensity dis-
tribution, as shown in Figure 5.18, have the com-
mon characteristic of a peak on the vertical axis 
and a monotonic decrease with increasing radius. 
Accordingly, for a given wavelength, the spot size 
can be defined as the half-width of this distribu-
tion at an appropriate position on the vertical axis 
while the mode field diameter is the full width and 
therefore equal to twice the spot size.

As there is no immediately obvious position 
to choose, a number of different definitions of 
spot size have been proposed over the years, each 
being tailored to provide, indirectly, an accurate 
value of a particular fundamental mode property 
from the spot size measurement. In this chapter, 

we introduce a definition known as the Gaussian 
approximation based solely on the shape of the 
plots in Figure 5.18 (see Chapters 15 and 16 of 
Reference [4]).

5.4.7.1  GAUSSIAN APPROXIMATION

Generally, there is no analytical solution of the sca-
lar wave equation for the fundamental mode field 
of a practical profile, but this equation can of course 
always be solved numerically. However, a simple 
but approximate analytical representation for this 
field can be derived by examining the intensity dis-
tribution of the fundamental mode in Figure 5.18. 
At a sufficiently large normalized radial distance 
R from the fiber axis, the asymptotic form of the 
square of the modified Bessel function K0(WR) 
intensity decreases approximately exponentially as 
exp(−2WR), where W is the cladding mode param-
eter. Furthermore, the intensity also exhibits an 
approximately parabolic variation with R around 
its maximum on the fiber axis. This is evident for a 
general index profile by examining a power series 
solution of Equation 5.51, and in the case of the 
step-profile fiber, the analytical dependence of the 
square of the core field on J0(UR) in Equation 5.53 
exhibits this property for small values of the argu-
ment of the Bessel function.

A standard mathematical function that reflects 
these attributes and is algebraically tractable for 
integration in particular is the Gaussian function. 
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It is used as an approximate representation of the 
fundamental mode field according to
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(5.61)

where A is an arbitrary constant, s is the spot size, 
and S = s/ρ is the normalized spot size. The factor of 
1/2 is purely for convenience in subsequent alge-
braic manipulations. This function has an approxi-
mately parabolic variation in the neighborhood of 
the fiber axis. In the far field at R 1� , the function 
has an exponential decrease that varies as R2 rather 
than linearly but since the fraction of the modal 
power in this region is small, the additional error 
will be small.

The normalized spot size S is determined from 
the fiber profile, using standard variational meth-
ods to derive the following implicit equation (see 
Section 15.1 of Reference [4]):
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where f(R) describes the profile variation, V is the 
fiber parameter, and Δ the relative index differ-
ence. For the step profile and the Gaussian profil 
with f(R) =1 − exp(−R2) over 0 < R < ∞, this leads, 
respectively, to

 
S

V
S

V

1

2In
;

1

( 1)
,1/2 1/2= =

−  
(5.63)

with the limitation that V > 0 for the former and 
V > 1 for the latter. These expressions can then be 
used to generate analytical expressions for other 
modal properties of interest.

5.4.8  Depressed-cladding and 
W-fibers, fundamental mode 
cut-off

The fibers and waveguides studied so far have a 
uniform cladding index and a core refractive index 
profile that is either uniform or graded but has a 
minimum index equal to or greater than the clad-
ding. This type of profile is known as a matched-
cladding profile.

5.4.8.1  DEPRESSED-CLADDING FIBERS

In contrast, a depressed-cladding fiber has a 
depressed ring-shaped region between the core 
and cladding that is relatively wide compared 
to the core radius, as shown in Figure 5.19a. The 
term arises from the index mismatch that occurs 
between the deposited silica and the silica of the 
starting preform tube used in the fiber fabrication 
process. The depressed ring has a slightly lower 
index ndep compared with that of the cladding.

5.4.8.2  W-FIBERS

A second type of fiber with a depressed region is 
known as a W-fiber. It is characterized by a depres-
sion that is relatively narrow compared to the core 
radius, but that has a much lower index ndep com-
pared with that of the depressed-cladding fiber, as 
indicated in Figure 5.19b. W-fibers were originally 
developed as they offer better dispersion charac-
teristics than a matched-cladding fiber, in keeping 
with the discussion of pulse dispersion and multi-
layered fibers for dispersion flattening in Section 
5.6.4.

5.4.8.3  FUNDAMENTAL MODE CUT-OFF

W-fibers and depressed-cladding fibers are nor-
mally designed to be single-mode relative to the 
core–cladding index difference for a particular 
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Figure 5.19 Schematics for depressed-cladding and W-profiles.
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wavelength. Thus, they can support only the fun-
damental bound mode with an effective index 
value neff such that ncl < neff < nco. On matched-clad-
ding fibers, the fundamental mode does not have 
a finite cut-off wavelength below which it cannot 
propagate as a bound mode, whereas on depressed-
cladding and W-fibers, the fundamental mode may 
have a finite cut-off wavelength depending on the 
width and depth of the depressed region.

There is a simple algebraic condition that deter-
mines whether or not the fundamental mode has a 
finite cut-off wavelength on a depressed-cladding 
or W-fiber. This condition may be expressed in 
terms of the following integrals for circular fibers 
and slab waveguides, respectively:
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where n is the complete refractive index profile 
and ncl is the uniform cladding index. If I > 0, the 
fundamental mode does not have a finite cut-off 
wavelength; but if I < 0, there is a finite cut-off 
wavelength. Note that this condition does not 
determine the value of the cut-off wavelength; 
this needs to be evaluated from the appropri-
ate eigenvalue equation by setting β = kncl and 
determining the corresponding wavelength. This 
result has obvious applications in the design of 
fibers.

5.5  RAY TRACING

The propagation of guided light along any fiber 
or waveguide is governed by Maxwell’s equations 
and can be formally analyzed exactly in terms of 
a superposition of bound modes as described in 
Sections 5.3 and 5.4. However, when there are a 
large number of modes present, as occurs in multi-
mode waveguides and fibers, there is an alternative 
and accurate approach to the analysis of propaga-
tion using ray tracing.

Ray tracing is based on the zero-wavelength 
limit of Maxwell’s equations and assumes that: 
(1) propagation is governed only by the local 
value of the refractive index and its variation 
within the core and (2) it provides a continuum 
solution as opposed to a summed discretized 
modal solution.

For real sources, the wavelengths used in opto-
electronics are relatively small but nonzero, and 

where there are many modes present, the modal 
superposition and ray solutions are almost equiva-
lent, the relative error decreasing with increas-
ing values of V. For these situations, rays can be 
regarded as local plane waves. One advantage of 
ray tracing is that in some situations, it provides 
a more physical description and interpretation 
of propagation compared to a summed modal 
analysis.

5.5.1  Snell’s laws

For refractive index distributions that are piecewise 
continuous, propagation in the uniform media 
away from interfaces is described by straight-line 
ray trajectories equivalent to plane-wave propaga-
tion. At interfaces between regions of uniform but 
different indices, the transmission, reflection, and 
refraction of incident rays is described by Snell’s 
laws.

Consider the planar interface shown in 
Figure  5.20 between uniform media of refractive 
indices nco and ncl, where nco > ncl. A ray is incident 
in the medium of index nco at angle θz relative to 
the interface. If θz > θc, where θc is the complemen-
tary critical angle relative to the interface (rather 
than the normal) and is defined by
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then the incident ray is known as a refracting ray 
and is both reflected and refracted as shown in 
Figure 5.20a. The angle of reflection is equal to the 
angle of incidence and the angle of transmission 
θt satisfies nco cos θz = ncl cos θt. Since nco > ncl, the 
angle of transmission is smaller than the angle of 
incidence. An important consequence of refrac-
tion is that only a fraction of the incident ray power 
is reflected and the balance is transmitted.

If θz < θc, then the incident ray is a reflecting 
ray and is only reflected as shown in Figure 5.20b, 
where the angle of reflection is equal to the angle 
of incidence. In this situation, all the power in the 
incident ray enters the reflected ray.

In the weak-guidance approximation, nco is only 
slightly larger than ncl, so the complementary criti-
cal angle is relatively small and only rays incident 
at small angles relative to the interface are totally 
reflected.
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5.5.2  Eikonal equation

In graded media, where the refractive index var-
ies continuously with position, the ray paths are 
no longer straight lines and a generalized form of 
Snell’s laws is required to determine the curved 
ray trajectories. Inasmuch that Snell’s laws can be 
derived using plane-wave incidence, reflection, and 
transmission across the interface in Figure 5.20, the 
governing eikonal equation for curved ray paths can 
be derived from Maxwell’s equations for a graded-
index distribution in the limit of zero wavelength 
[9]. In Equation 5.66, the first expression gives this 
equation in general three- dimensional form where 
r(x, y, z) is the position vector, n(r) is the refrac-
tive index distribution, and s is the distance along 
the curved path of the ray. The second and third 
expressions apply to a slab waveguide with a trans-
verse variation of index n(x):

rr = ∇ =

=

s
n r

s
n r

s
n x

x

s

n x

s

s
n x

z

s

d

d
{ ( )}

d

d
( );

d

d
{ ( )}

d

d

d ( )

d
;

d

d
{ ( )}

d

d
0.

 

(5.66)

Similar forms apply to circular fibers.

5.5.3  Step-profile multimode slab 
waveguide

Assuming a symmetric, step-profile slab wave-
guide with a core of uniform refractive index nco 
surrounded on either side by a cladding of uniform 
but lower index ncl, there are two types of ray paths 
that can propagate along the waveguide.

5.5.3.1  BOUND RAY PATHS

These are zig-zag, straight-line paths that Snell’s 
laws predict are totally reflected from alternate 
core–cladding interfaces (Figure 5.21) at a con-
stant angle θz relative to the z-direction provided 
that this angle is smaller than the complementary 
critical angle, that is, θz < θc. If the waveguide 
materials are lossless, bound rays can propagate 
indefinitely along the straight waveguide and 
hence, the total power carried by all bound rays 
must remain constant everywhere along the length 
of the waveguide.

5.5.3.2  REFRACTING RAY PATHS

These are zig-zag, straight-line paths that are 
both reflected and refracted at successive core– 
cladding interfaces (Figure 5.22) and make a 
constant angle θz relative to the z-direction, such 
that θz > θc. However, the effect of refraction is to 
remove a constant fraction of power from the ray 

ncl

θz θz θz θz

nco θco

ncl
θt

(b)(a)

Figure 5.20 Snell’s laws at the core–cladding interface.

Cladding

Core

Figure 5.21 Zig-zag bound ray paths on a step-profile slab waveguide.
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propagating within the waveguide at each reflec-
tion, which is equivalent to an approximately expo-
nential decrease in power with distance z along 
the waveguide. Accordingly, refracted rays can be 
referred to as leaky rays as their power decreases 
along the length of the waveguide, that is, they are 
attenuated.

Refracting rays with a propagation angle θz that 
is not too close to the complementary critical angle 
generally attenuate very quickly. This means that 
after a short distance along the waveguide, virtu-
ally all their power is lost to the cladding. Rays 
with θz close to the complementary critical angle 
attenuate more slowly and persist farther along the 
waveguide. After a sufficient distance, essentially 
only the power in bound rays remains.

5.5.4  Graded-profile multimode slab 
waveguide

Given a particular graded-index profile, the ray 
paths along a slab waveguide are determined 
from the solution of the two-dimensional form of 
the eikonal equations (Equation 5.66). In regions 
where the index is decreasing away from the index, 
ray paths propagating away from the waveguide 
axis curve back toward the waveguide axis and 
conversely, ray paths propagating toward the axis 
curve away from the axis. Put together, this means 
that bound rays follow a quasi-sinusoidal path that 
is periodic along the waveguide.

The distance over which the path repeats itself is 
known as the ray period, and the extremity of each 
path touches a line on either side of the axis known 
as the ray caustic. This caustic and its counterpart 
on the opposite side of the waveguide z-axis consti-
tute the bounding domain for all ray paths with the 
same angle relative to the z-axis regardless of the 
longitudinal starting position. In general, the ray 
period will vary with the angle that the ray path 

makes with the waveguide axis. However, there is a 
profile for which all ray directions have exactly the 
same ray period.

5.5.4.1  HYPERBOLIC SECANT PROFILE

The hyperbolic secant profile is symmetric about 
the waveguide axis and is defined by

 n x n x( ) sec ( ),2
co
2 2= κ  (5.67)

where x is the transverse coordinate, nco is the 
maximum index on the waveguide axis, and κ is 
a scaling constant. The two-dimensional eikonal 
equations (Equation 5.66) can be solved analyti-
cally for this profile and confirm that every ray path 
has the same ray period zp regardless of the angle it 
makes with the z-axis, where zp = π/κ (Figure 5.23). 
Such a waveguide is sometimes referred to as a 
GRIN (for gradient index) waveguide.

These waveguides also have the property that 
the ray half-period zp = π/κ is independent of wave-
length. Furthermore, the hyperbolic secant profile 
produces exactly zero intermodal dispersion in the 
slab waveguide as discussed in Section 5.6.5, so 
that waveguide and material dispersion may need 
to be taken into account.

Cladding

Core

Figure 5.22 Zig-zag refracting ray paths on a step-profile slab waveguide.

Core

Cladding

Ray half-period

Path 2
Path 1

Figure 5.23 Bound ray paths with a common ray 
period on the hyperbolic-profile slab waveguide.
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5.5.5  Multimode fibers

Ray tracing in step- and graded-profile multi-
mode fibers comprises a straightforward general-
ization of the ray path tracing techniques for slab 
waveguides from two to three dimensions, but 
the reflection of straight-line core rays from the 
curved core–cladding interface of a step-profile 
fiber depends on wavelength. In the limit of zero 
wavelength, rays are reflected/refracted depending 
on the angle the ray path makes with the tangential 
plane on the interface, independent of the curva-
ture of the interface. However, if the wavelength is 
nonzero, a third class of ray paths, known as tun-
neling rays, appears.

5.5.5.1  TUNNELING RAYS

If a ray, or local plane wave with a small but finite 
wavelength, is incident on the curved interface 
between the core and cladding of a step-profile 
fiber, it will be refracted if the angle of incidence 
αi that it makes relative to the normal at the 
ref lection point is less than the classical critical 
angle, that is, αi < sin−1 (ncl/nco). For αi < sin−1 
(ncl/nco), there are two possible classifications of 
rays, depending on the angle the ray direction 
makes with the z-axis of the fiber, that is, θz. If 
θz < θc, where θc is the complementary critical 
angle, then the ray is totally internally ref lected, 
but if θz < θc such that αi < sin−1 (ncl/nco), then the 
ray is partially ref lected and partially transmit-
ted and is known as a tunneling ray. Accordingly, 
refracting and tunneling rays are commonly 
referred to as leaky rays, since they lose power at 
each ref lection when propagating along the core 
of the fiber.

The delineation between the three classes of rays 
is depicted in Figure 5.24, where the dark half-cone 
denotes refracting rays, the light half-cone denotes 
reflecting rays, and the two regions between them 
denote tunneling rays. The left-hand curved sur-
face denotes the core–cladding interface.

Tunneling rays are partially reflected from the 
interface such that the angles of incidence and 
reflection are equal and the transmitted part reap-
pears at a finite distance into the cladding (see 
Chapter 7 of Reference [4]). These rays are the 
analog of leaky modes that have an evanescent 
field between the core–cladding interface and the 
position at which the field-radiating field becomes 
oscillatory (see Section 36.11 of Reference [4]).

5.5.5.2  STEP-PROFILE FIBER

The zig-zag ray paths of the slab waveguide become 
meridional rays in the circular fiber and lie in 
planes that intersect the axis of the fiber. There is a 
second class of rays that follows helical-like zig-zag 
paths around the fiber axis without intersecting it 
known as skew rays. A characteristic of skew rays 
on the step-profile fiber is that there is an inner 
cylindrical surface known as the inner caustic 
that every straight-line segment of the ray touches 
periodically along its path. The radius of this caus-
tic varies with the skewness of the ray path. The 
characteristic dimensions of all these ray paths can 
be readily quantified using simple geometry (see 
Chapter 2 of Reference [4]).

5.5.5.3  GRADED-PROFILE FIBER

The sinusoidal-like ray paths of the graded-profile 
slab waveguide become meridional rays in the 
graded-index fiber, lie in planes that intersect the 
axis of the fiber, and are bounded by the ray caus-
tic. All other rays follow continuous skew paths 
that have a helical-like shape, each ray path being 
bounded between the outer and inner ray caustics 
(see Chapter 2 of Reference [4]). The characteris-
tics of each path are determined from the three-
dimensional eikonal equation in cylindrical polar 
coordinates.

Unlike the hyperbolic-profile slab waveguide, 
there is no known refractive index profile that 
produces exactly zero dispersion in a multimode 
fiber for all bound ray directions. An approxi-
mately parabolic index profile fiber comes close to 

Refracting
rays

Reflecting
raysTunneling

rays

Figure 5.24 Representation of the three types of 
ray incident at a point on the curved core–cladding 
interface of a step-profile fiber.
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satisfying this goal and is known as a graded index 
or GRIN fiber.

5.5.6  Numerical aperture

Ray tracing provides a physical explanation for the 
NA of a fiber as defined by Equation 5.16. Using ray 
tracing, consider a ray from a source incident in air 
on the end face of a step-profile fiber at angle θα, as 
shown in Figure 5.25. Snell’s laws give

 nsin sin ,zco( ) ( )θ = θα  (5.68)

for the angle θz, the transmitted ray makes with 
the fiber z-axis. Recalling that the largest angle a 
bound ray can subtend relative to the axis is the 
complementary critical angle, the maximum angle 
of incidence in air for confinement within the core, 
θmax, is given by Equation 5.68 with θz = θc. Again 
recalling the definition of NA from Equation 5.16, 
gives

 nsin sin NA.max co c( ) ( )θ = θ =  (5.69)

Assuming that NA is small, θmax ∼ NA radians.
When applied to multimode fibers, this result 

shows that the maximum power input into bound 
rays (or modes) occurs when the NA is filled in a 
cone of angles in the range 0 < θα < θmax at every 
position on the end face of the core. For single-
mode fibers, a ray analysis is not accurate but, nev-
ertheless, this result suggests that filling the NA 
of the fiber over the core cross section should help 
maximize the bound mode power.

5.6  PULSE DISPERSION

5.6.1  Pulse propagation

Encoded binary information is transmitted along 
fibers as a sequence of discrete light pulses nor-
mally generated by a semiconductor laser and 
received by a semiconductor detector at the far end 
of the system. Each pulse is generated by modu-
lating the light output from the laser source, or 
by modulating the input into the laser itself. The 
bandwidth of the fiber corresponds to the num-
ber of pulses, or bits, per second, for example, a 
10 Gigabit s−1 bandwidth corresponds to 109 bits of 
information or pulses per second.

Dispersion is the phenomenon whereby each 
pulse changes its shape and effective length due 
to the physical properties of both the source and 
the fiber. As each pulse propagates along the fiber, 
the pulse power spreads out due to the dispersion 
of the fiber and its constituent materials; it is also 
attenuated because of the losses from the fiber 
materials due to absorption and scattering. At 
the low light powers considered here (of the order 
of milliwatts), nonlinear material effects can be 
neglected, that is, dispersion caused by the effect of 
intense light on the fiber material, which changes 
the refractive index value.

The maximum distance a train of pulses can 
propagate data is limited because (1) the pulse 
spread may result in an overlap with the preceding 
or following pulses, so that a pulse is not unam-
biguously detected at the end of the fiber, leading 
to an error and (2) attenuation due to fiber loss is 
so large that a pulse has insufficient power to be 
detected at the end of the fiber.

The material presented here provides a back-
ground to Part C1 of this book.

5.6.1.1  SOURCE WAVELENGTH VARIATION

Dispersion arises because the laser source is not 
purely monochromatic or of a single wavelength; 
it has a finite, but small, spectral width (the varia-
tion of output power intensity with wavelength) 
as measured by the full width at half maximum 
(FWHM; Figure 5.26). A typical laser has a spec-
tral width that is less than one nanometer (10−9 m).

To provide a qualitative description of the effect 
of dispersion, consider a square pulse excited by the 
source of excitation that has just two monochro-
matic wavelengths λ1 and λ2 (Figure 5.27). At the 
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Figure 5.25 Ray paths refracting from air into the 
core of a fiber.
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beginning of the fiber, the pulses coincide. Light 
at the two wavelengths travels at slightly different 
speeds (group velocity) along the fiber, such that 
the pulse components at wavelengths λ1 and λ2 also 
have different speeds and thus, the pulse spreads 
out with distance (or time). The total power in the 
two pulses is conserved in the absence of scatter-
ing or absorption by the fiber and the initial pulse 
shape becomes elongated and flattened.

To quantify the effects of dispersion on a pulse, 
the modal phase velocity, group velocity, and 
group velocity dispersion need to be defined and 
quantified.

5.6.2  Modal phase and group 
velocities

5.6.2.1  MODAL PHASE VELOCITY

Recall that the complete spatial and temporal 
dependence of the scalar fundamental mode field 
in the weak-guidance approximation for a mono-
chromatic source has the form

 E x y z t x y, , , , e ,i z t( – )( ) ( )= ψ β ω

 (5.70)

where ω is the source frequency related to the 
source (free-space) wavelength λ by ω = 2πc/λ and 
c is the speed of light in free space (in vacuo). The 

modal phase velocity, vph is the speed with which 
the planar phase front of a mode in the fiber cross 
section propagates along the waveguide and is 
expressed as
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where neff is the effective refractive index. The 
modal phase velocity is equal to the phase velocity 
of an infinite plane wave propagating in a uniform 
medium of index neff. Since the modal propaga-
tion constant β, or, equivalently, the effective index 
neff, depends on the source wavelength λ (or color) 
through the eigenvalue equation for the fiber, the 
phase velocity is also wavelength dependent, that 
is, vph = vph(λ).

5.6.2.2  GROUP VELOCITY

The speed with which the power in a pulse propa-
gates along the fiber is given by the group veloc-
ity, vg. and not by the phase velocity. Modal group 
velocity is defined by the differential
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In terms of the source wavelength λ, this definition 
is equivalent to
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Setting β = kneff = 2πneff/λ and differentiating this 
expression with respect to wavelength
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Substitution into Equation 5.73 leads to the expres-
sion for the modal group velocity in terms of effec-
tive index

Wavelength

Intensity

FWHM

Figure 5.26 Schematic of laser output showing 
intensity variation with wavelength.
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Figure 5.27 Pulse spread due to source spectral width.
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The second term in the denominator accounts for 
the waveguide dispersion due to the finite spectral 
width of the source. If this term were not present, 
the group and phase velocities would be equal, 
which is the case for an infinite plane wave propa-
gating in a uniform medium of index neff. Since β, 
or neff, depends on the source wavelength λ through 
the waveguide eigenvalue equation, the group 
velocity is wavelength dependent, that is, vg = vg(λ). 
As the group velocity depends on the solution of 
the eigenvalue equation, its value is determined 
numerically for a general fiber profile.

5.6.3  Transit time and pulse spread

If the group velocity at the central wavelength λc of 
the source of excitation is denoted by vg(λc), then 
the transit time t of the center of the pulse over 
length L of fiber is given by
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In terms of the effective index neff, it is straightfor-
ward to show from Equation 5.75 that this expres-
sion is equivalent to
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where the first term on the right is the transit time 
for a pulse propagating the distance L in a medium 
of uniform index neff and the second term accounts 
for the dispersion caused by the waveguide.

5.6.3.1  GROUP VELOCITY DISPERSION

Now consider a light pulse with an initial time 
width τ that is excited at the beginning of the fiber. 
The temporal spread δτ in t after propagating dis-
tance L along the waveguide is due to the source 
spectral width δωs (in frequency units) and the cor-
responding spread δvg in the range of values about 
the mean value of the group velocity. This spread is 
sometimes referred to as group velocity dispersion. 
The expression for δτ is obtained by differentiating 

the transit time expression for t given in Equation 
5.77. Thus
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where the final expression on the right follows 
from the definition of the modal group velocity 
given in Equation 5.72.

In terms of the equivalent spectral width δλs 
(in wavelength units) of the source, this expression 
can be recast as
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If vg is expressed in terms of the effective index neff 
of the mode using Equation 5.75, it is straightfor-
ward to show that
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If there is no net dispersion, that is, neff is either 
independent of λ or varies linearly with λ, then 
there is no pulse dispersion.

5.6.4  Sources of dispersion

When an optical pulse propagates along a practi-
cal fiber with an arbitrary index profile and cross-
sectional geometry, the total pulse dispersion can 
be a combination of several different contributing 
effects (Figure 5.28).

Dispersion
Between modes

Of each mode
(wavelength)

Figure 5.28 Dispersion includes intermodal 
dispersion between different modes and the 
dispersion of individual modes.
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5.6.4.1  INTERMODAL DISPERSION

This form of dispersion occurs when two or more 
different modes propagate simultaneously and 
arises because each mode has a different group 
velocity for the same wavelength. This phenom-
enon occurs regardless of the spectral width of 
the source. Intermodal dispersion contributes the 
most to dispersion in multimode fibers, but can be 
minimized using multimode fibers with a graded-
index fiber as discussed in Section 5.5.5.

5.6.4.2  MATERIAL DISPERSION

In any optical material, the refractive index of the 
bulk material varies slightly with wavelength, that 
is, n = n(λ), in addition to any spatial variation. 
For example, the refractive index of the pure silica 
cladding of a fiber decreases from 1.458 at 633 nm 
(wavelength of a HeNe laser) to 1.447 at 1300 nm, 
and to 1.444 at 1550 nm. The same relative decrease 
in index is normally assumed for the lightly doped 
core material of the fiber.

5.6.4.3  WAVEGUIDE OR FIBER DISPERSION

This form of dispersion occurs in each and every 
mode of a fiber because of the wavelength depen-
dence of the modal group velocity and the slight 
spectral width of the source. The combined effects 
of material and waveguide dispersion are some-
times termed chromatic dispersion.

5.6.4.4  POLARIZATION-MODE DISPERSION

In a noncircular single-mode fiber, such as a weakly 
guiding elliptical fiber, the two polarizations of the 
fundamental mode are parallel to the major and 
minor axes and generally have distinctly different 
propagation constants. Dispersion is then domi-
nated by the intermodal dispersion between these 
two polarizations. In a perfectly circular single-
mode fiber, the fundamental mode propagation 
constant is independent of its polarization state. 
Further, the polarization of the mode does not 
change as it propagates along the fiber as long as 
it remains translationally invariant along its entire 
length.

Practical telecommunications grade single-
mode fibers are neither perfectly circular nor 
perfectly concentric, that is, there are very slight 
nonuniformities that occur along their entire 
length. These nonuniformities have the effect of 

introducing random coupling between the two 
polarization states and, as a result, the accumulated 
group delay in each state can differ and therefore, 
cause an overall dispersion known as polarization-
mode dispersion. The delay difference cannot be 
predicted theoretically and has to be measured. In 
practice, it is offset actively. This type of dispersion 
is only significant in very long single-mode fiber 
transmission systems over thousands of kilome-
ters, that is, to submarine systems, as terrestrial 
systems are generally, at most, a few hundreds of 
kilometers long.

5.6.5  Zero-dispersion, dispersion-
shifted, flattened, and 
compensating fibers

5.6.5.1  ZERO-SHIFTED FIBERS

In principle, intermodal dispersion can be avoided 
altogether if only single-mode fibers are employed. 
This arrangement only became a practical proposi-
tion with the development of techniques for pro-
ducing low-loss single-mode fibers in the 1970s. 
It was then possible to design a single-mode fiber 
so that the combination of the fiber dispersion 
together with the material dispersion is zero at just 
one wavelength. This involves a complex design 
procedure, as fiber and material dispersion inter-
act with one another, that is, they cannot be cal-
culated separately and then simply added together. 
The first such designs provided a zero-dispersion 
fiber at the first fiber transmission loss minimum 
of 1300 nm, as shown in Figure 5.29a.

5.6.5.2  DISPERSION-SHIFTED FIBERS

With the introduction of optical transmission 
systems operating close to the absolute minimum 
of silica fiber transmission loss around 1550 nm, 
a single-mode fiber with zero dispersion at this 
wavelength was required. As material dispersion 
is essentially fixed, an approximately triangular-
shaped profile was developed to meet this need, 
as shown in Figure 5.29b. Such fibers are known 
as dispersion-shifted fibers. By judicious profile 
design, it is also possible to produce fibers that are 
wavelength flattened, that is, have close to zero dis-
persion over the entire wavelength range of 1300–
1550 nm.



5.6 Pulse dispersion 159

5.6.5.3  DISPERSION-COMPENSATING 
FIBERS

At the opposite extreme, by combining the effects 
of fiber and material dispersion in such a way to 
enhance dispersion, single-mode fibers can be pro-
duced that have a very high and negative dispersion, 
of the order of –200 ps nm−1 km−1. Such fibers have 
application, for example, in 1300 nm transmission 
systems that are operated at 1550 nm to take advan-
tage of erbium-doped optical amplifiers. The fibers 
in these systems have zero dispersion at 1300 nm but 
a dispersion of about 20 ps nm−1 km−1 when oper-
ated at 1550 nm. By inserting lengths of the large 
negative dispersion fiber equal to 10% of the length 
of the 1300 nm fiber between repeaters, the intro-
duced dispersion can be completely offset.

5.6.6  Dispersion in multimode 
waveguides and fibers

By definition, multimode waveguides and fibers 
support a large number of bound modes with 
propagation constants that take on almost a con-
tinuum of values in the range kncl < β < knco, where 
ncl is the uniform cladding index and nco is the 
maximum core index. Accordingly, pulse disper-
sion is strongly influenced by intermodal disper-
sion but insensitive to source wavelength. There 
was a flurry of research into minimizing disper-
sion in multimode fibers in the early 1970s prior to 

the development of techniques for fabricating low-
loss single-mode fibers.

5.6.6.1  STEP-PROFILE MULTIMODE SLAB 
WAVEGUIDES

A simple analytical example of intermodal disper-
sion is provided by the step-profile slab waveguide. 
Consider excitation of the waveguide shown in 
Figure 5.30. Assuming an incoherent source, such 
as a light emitting diode (LED), all bound modes 
are excited approximately equally, which is well 
modeled by assuming that all bound ray directions 
are equally excited within the core. As shown in 
Section 5.5.3, the range of bound ray directions for 
the step profile satisfies 0 < βz < βc, where βz is the 
angle with the z-axis.

As light propagates as a local plane wave, its phase 
and group velocities in the core are equal, that is, 
vph = vg = c/nco. Accordingly, the accumulated disper-
sion, δt, over length L of the waveguide is given by 
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Figure 5.29 Plots of total dispersion against wavelength for (a) standard fiber and (b) dispersion-
shifted fiber (right).
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Figure 5.30 Bound ray path on a step-index slab 
waveguide.
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the difference in transit times of the slowest (θz = θc) 
and fastest (θz = 0) rays, which leads to
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where NA is the numerical aperture. Note that this 
expression is independent of the core width. Thus, 
for example, for a waveguide with an NA = 0.1 and 
ncl = 1.45, the dispersion is 23 ns km−1.

5.6.6.2  ZERO INTERMODAL DISPERSION 
MULTIMODE SLAB WAVEGUIDE

Intermodal dispersion in slab waveguides can be 
totally suppressed through a judicious choice of 
the refractive index profile, as discussed in Section 
5.5.4. There is a unique profile, the hyperbolic 
secant profile of Equation 5.67 for which the transit 
time for all off-axis ray paths is equal to the on-axis 
transit time. Note that if intermodal dispersion is 
totally suppressed, both waveguide and material 
dispersion are still present.

5.6.6.3  MINIMIZING INTERMODAL 
DISPERSION IN MULTIMODE FIBERS

Using ray tracing, intermodal dispersion in circu-
lar fibers can be readily determined, by analogy, 
with the aforementioned analysis for the slab wave-
guide. Like the step-profile slab waveguide, inter-
modal dispersion in a multimode step-profile fiber 
is relatively large. However, unlike the hyperbolic 
secant slab waveguide, there is no known profile 
for the fiber that leads to exactly zero intermodal 
dispersion when all ray directions, both meridi-
onal and skew, are excited.

Nevertheless, it is possible to minimize intermo-
dal dispersion using a core profile that is approxi-
mately parabolic, as might be anticipated from the 
approximately parabolic variation of the hyperbolic 
secant profile. The term graded-index fiber is often 
used to denote a multimode fiber with this core pro-
file surrounded by the normal uniform cladding. 
However, the bandwidth of a single-mode fiber is still 
significantly larger than that of a graded-index fiber.

5.7  BEND LOSS

A mode propagating on a straight fiber or wave-
guide fabricated from nonabsorbing, nonscattering 
materials will in principle propagate indefinitely 

without any loss of power. However, if a bend is 
introduced, the translational invariance is broken 
and power is lost from the mode as it propagates 
into, along and out of the bend. This applies to 
the fundamental mode in the case of single-mode 
fibers and waveguides and to all bound modes in 
the case of bent multimode fibers or waveguides.

It is conventional to distinguish between the two 
types of losses that can occur on a bend. Transition 
loss is associated with the abrupt or rapid change in 
curvature at the beginning and the end of a bend, 
and pure bend loss is associated with the loss from 
the bend of constant curvature in between.

5.7.1  Transition loss

Consider an abrupt change in the curvature κ 
from the straight waveguide (κ = 0) to that of the 
bent waveguide of constant radius Rb (κ = 1/Rb). 
The fundamental mode field is shifted slightly 
outward in the plane of the bend, thereby caus-
ing a  mismatch with the field of the straight wave-
guide. The  fractional loss in fundamental mode 
power, δP/P, can be calculated from the overlap 
integral between the fields. Within the Gaussian 
 approximation to the fundamental mode field and 
assuming that the spot size s and core radius or 
half-width ρ are approximately equal, this gives
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where V is the fiber or waveguide parameter and Δ 
is the relative index difference. For typical values 
of V = 2.5, Δ = 0.005, ρ = 5 mm and a bend radius of 
5 mm, the transition loss is about 9.8% of the fun-
damental mode power.

5.7.1.1  MINIMIZING TRANSITION LOSS

There are a couple of strategies for significantly 
reducing transition loss. In the case of planar wave-
guides, it is often possible to fabricate the bend so 
that there is an abrupt offset between the cores of 
the straight and bent waveguides in the plane of 
the bend. In Figure 5.31, this can be seen as being 
equivalent to displacing the bent core downward 
so that the two fundamental mode fields overlap. 
Alternatively, if a gradual increase in curvature 
is introduced between the straight and uniformly 
bent sections, the fundamental field of the straight 
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waveguide will evolve approximately adiabatically 
into the offset field of the uniformly bent section.

5.7.2  Pure bend loss

In following the curved path of the core of con-
stant radius Rb, the fundamental mode continu-
ously loses power to radiation, known as pure bend 
loss. In assuming that the cladding is essentially 
unbounded, the physical effect is analogous to 
radiation from a bent antenna in free space. The 
radiation increases rapidly with decreasing bend 
radius and occurs predominantly in the plane of 
the bend; in any other plane, the effective bend 
radius is larger and hence the loss is very much 
reduced (Figure 5.32).

The physical basis of bend loss can be inter-
preted in terms of the motion of the planar phase 
front of the fundamental mode as it rotates about 
an axis through the center of the bend at C with 

angular velocity Ω. On the straight waveguide, 
the phase front travels with phase velocity vϕ = ω/β, 
where ω is the source frequency and β the propaga-
tion constant. By matching the phase velocities of 
the straight and bent waveguides on the fiber axis 
at the beginning of the bend
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in terms of the source wavelength λ and the fun-
damental mode effective index neff. Along the 
planar phase front through C, the phase veloc-
ity increases monotonically with the distance 
from C, until at a radius Rrad, the phase velocity 
is equal to the speed of light in the cladding, that 
is, when
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Since by definition neff > ncl, it follows that Rrad > Rb.

5.7.2.1  RADIATION CAUSTIC

The phase velocity anywhere on the modal phase 
front rotating around the bend cannot exceed 
the speed of light in the cladding. Hence, beyond 
radius Rrad, the modal field must necessarily radi-
ate into the cladding, the radiation being emitted 
tangentially. The interface between the guided 
portion of the modal field around the bend 
and the radiated portion at Rrad is known as the 
radiation caustic, and is the apparent origin of 
radiation.

Between the core and the radiation caustic, the 
modal field is evanescent and decreases approxi-
mately exponentially with increasing radial  distance 
from C. As the bend radius increases, the radiation 
caustic moves farther into the  cladding, and the 
level of radiated power decreases. Conversely, as the 
bend radius decreases, the radiation caustic moves 
closer to the core and the radiation loss increases. In 
practical fibers, the radiated power from the bend is 
either absorbed by the acrylic coating surrounding 
the  outside of the cladding or propagates through 
the coating into free space.

Core

Cladding

Fundamental
mode field

Rb

Figure 5.31 Outward shift in the fundamental 
mode electric field on entering a bend.

Core

Cladding

Rb

Rrad

vph

C
Phase
front

Figure 5.32 Rotation of the mode phase front 
along a bend.
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5.7.2.2  MODE ATTENUATION

If z is the distance from the beginning of the bend 
relative to the fiber axis, then the total fundamen-
tal mode power P(z) attenuates according to

 ( ) ( )= γP z P 0 e ,z–

 (5.85)

where P(0) is the total fundamental mode power 
entering the bend and γ is the power attenua-
tion coefficient. In decibels, this relationship is 
 equivalent to
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indicating that the loss of power per unit length of 
bent fiber is 8.686γ dB.

5.7.2.3  STEP-PROFILE FIBER

In terms of the core and cladding modal parame-
ters U and W, respectively, relative index difference 
A, core radius ρ, fiber parameter V, and the bend 
radius Rb, an approximate expression for γ for the 
fundamental mode of a step-profile fiber has the 
form (see Chapter 23 of Reference [4])
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where Rb is necessarily large compared to ρ because 
it is not possible to bend a fiber into a radius much 
below 1 cm without breakage. The pure bend loss 
coefficient is most sensitive to the expression inside 
the exponent because Rb � ρ . Loss decreases very 
rapidly with increasing values of Rb or Δ or V (since 
W also increases with V), and becomes arbitrarily 
small as Rb → ∞.

Consider, for example, a standard single-
mode fiber such as the Corning SMF28, for which 
Δ = 0.3%, ρ = 4 μm, and NA = 0.12. At a wavelength 
of 1.3 μm, the fiber parameter is V = 2.32. The eigen-
value equation for the step profile gives U = 1.66, 
W = 1.62, and the power attenuation coefficient of 
Equation 5.87 reduces to
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where Rb is in millimeters and γ has units of m−1. 
Accordingly, the fractional power loss from the 
fundamental mode due to pure bend loss in a sin-
gle loop of fiber is expressible as
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where Rb is in millimeters. Thus, if Rb = 150 mm 
(the radius of the standard drum on which fiber 
is normally spooled), then γ ∼ 1047 m−1 and loss is 
totally negligible, but if Rb = 10 mm, then γ = 4.5 m−1 
and the loss is almost 25% in one loop of fiber.

5.7.3  Bend loss in multimode fibers 
and waveguides

Uniformly bent multimode waveguides lose power 
because each mode is attenuated as it propa-
gates around the bend. Like the fundamental 
mode, the power attenuation coefficient for each 
mode is dominated by the common exponential 
dependence
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where the right-hand expression follows by setting 
β = kneff and V k n n( )co

2
cl
2 1/2= ρ − .

Recall that the effective index of every bound 
mode of the straight fiber mode lies in the range ncl 
< neff < nco, the lower order modes having neff values 
closer to nco and the higher order modes having neff 
values closer to ncl. It follows from Equation 5.90 
that the higher order modes are attenuated much 
more quickly than the lower order modes. However, 
the overall attenuation along the bent multimode 
waveguide is determined by the attenuation of each 
mode. Since the equilibrium distribution of power 
between modes also depends on the slight variations 
along the waveguide, the overall attenuation around 
a bend must take account of this distribution. As a 
result, there is no simple analytical expression for 
bend loss in multimode waveguides.

Numerical quantification of bend loss for mul-
timode slab waveguides and fibers with step and 
parabolic profiles have been undertaken using a 
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combination of ray tracing and loss coefficients 
(Figure 5.33). The loss coefficients account for bend 
loss at reflections from the core–cladding interface, 
in the case of the step profile, and from the outer 
caustic in the case of the parabolic profile. For the 
slab waveguide, this involves a two-dimensional 
integration over the core width and the range of 
ray directions, while for the fiber, it involves a four-
dimensional integration of the core cross-sectional 
area and all meridional and skew ray paths (see 
Chapter 9 of Reference [4]).

5.8  EXCITATION, REFLECTION, 
MISMATCH, OFFSET, AND TILT

Waveguides and fibers are illuminated by a variety 
of sources, including lasers, LEDs, or light propa-
gating out of another fiber or waveguide. Because 
of the relatively small core size of fibers and wave-
guides, it is necessary to use an intense source to 
ensure that sufficient light enters the fiber to be 
detectable at the far end. The goal is normally to 
maximize the fraction of incident light that can 
excite the fundamental mode in the case of a sin-
gle-mode fiber or all the bound modes in the case 
of a multimode fiber.

However, an analysis of excitation is a com-
plex issue because of (1) reflection from the fiber 
end face, (2) mismatch between the source and 
fiber modes, (3) offset between the source and 
the fiber, and (4) tilt between the source and the 
fiber. Further, an exact mathematical formulation 
of the problem, even within the weak-guidance 

approximation, would require an appropriate rep-
resentation of both the reflected and transmitted 
bound mode and radiation fields, and the solution 
of an extremely complex and large matrix of equa-
tions. Fortunately for most practical applications, 
it is not necessary to undertake such an analysis. 
Here, we provide some insight and methodology 
that provides an accurate quantification of all these 
effects for most practical applications.

5.8.1  End-face reflection

If a fiber is excited by light propagating in air, the 
light will be partially reflected because of the differ-
ence in indices between air and the fiber material. 
Consider the simple situation shown in Figure 5.34 
where a plane wave, representing the incident light, 
impinges normally on the end face of the fiber with 
a scalar transverse electric field Ei. A  fraction of 
the field is reflected into the backward-propagating 
field Er and the balance is transmitted into the fiber 
or waveguide.

A simple way to estimate the fraction of reflected 
light is to approximate the fiber or waveguide 
core–cladding cross section by a uniform, infinite 
medium of refractive index approximately equal to 
the core index nco since the core and cladding indi-
ces are similar in the case of weak guidance. For 
the incident plane wave, Fresnel’s laws determine 
the fraction of reflected light power according to
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For a typical fiber core with index nco = 1.46, this 
formula gives around 3.5% for the fraction of inci-
dent power reflected. It should also be noted that 
the same fraction of light will be reflected from the 
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propagating light impinging on the end face at the 
far end of the fiber, assuming it is also located in air.

5.8.2  Anti-reflecting coating

The reflection of light from the end face of a fiber 
can be suppressed by depositing a thin antireflection 
coating with index different from that of the fiber, 
as shown schematically in Figure 5.35. The coating 
has uniform thickness δ and refractive index nc. A 
simple plane-wave analysis of propagation across 
this layer at normal incidence from air into the fiber 
shows that reflection can be totally suppressed from 
the end face between the coating and air provided 
that the following two conditions are satisfied:
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where m = 1, 3, 5, …, n is the mean fiber index and 
λ is the source wavelength.

5.8.3  Mode excitation

Assume that the transmitted scalar electric field 
of the source on the fiber or waveguide side of the 
interface at z = 0 is given by the scalar expression 
ψs(x, y), where x, y are Cartesian coordinates in 
the cross section (Figure 5.36). This function is 
assumed to take into account any reflection loss 
from the interface and also contains the implicit 
monochromatic time dependence exp(−iωt).

The complete field everywhere within the core 
and cladding for z > 0 consists, in general, of the sum 
of the discrete set of bound modes and the radia-
tion field. Since radiated power is lost from the fiber 
through the cladding, the total bound mode field, 
ψs(x, y), is expressible as a sum over all bound modes
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where the am are amplitude constants, ψm(x, y) is 
the solution of the scalar wave equation for the 
field of the mth mode, βm is the propagation con-
stant for the mth mode, and the summation is 
over all M bound modes. For a single-mode fiber, 
M = m = 1, and the polarization of the exciting field 
is assumed to be parallel to the mode polarization.

5.8.3.1  MODAL AMPLITUDES

The expansion over bound modes and the radia-
tion field ψrad must match the transmitted field on 
the end face at z = 0. Hence
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The amplitude of the kth bound mode is then 
obtained by multiplying this equation on both sides 
by ψk(x, y), and integrating over the infinite cross-
section A∞. Since, by definition, any bound mode 
field is necessarily orthogonal to the radiation field
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The amplitude coefficient am of each mode is then 
determined by using the orthogonality property of 
the scalar modal fields
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Accordingly, the right-hand side of Equation 5.95 
reduces to a single term when k = m and the ampli-
tude of the kth excited mode is given by
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Note that for a circular fiber, the Cartesian ele-
ment of area dxdy → rdrd ϕ in polar coordinates 
with 0 < r < ∞ and 0 < ϕ < 2π.

5.8.3.2  MODAL POWER

Equation 5.28 determines that the total power Pk 
propagating in each excited mode is proportional to
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where A∞ is the infinite cross section of the fiber 
or waveguide and k = 1, 2, …, M. On substituting 
ak from Equation 5.97, the fraction of transmitted 
power in each excited mode relative to the total 
power exciting the fiber is given by
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The total fraction of incident power that is trans-
mitted into bound modes is given by summing 
Equation 5.99 over all values of k. Thus, the frac-
tion of total exciting power lost as radiation is 
given by
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5.8.4  Fiber splicing, mismatch, 
offset, and tilt

Optical fibers are normally spliced together by 
removing the coating (mechanically or chemically), 

cleaving the fiber ends so that their end faces are 
flat and perpendicular to the fiber axis and butting 
them together in a V-groove. The fibers are then 
heated by an electric arc to soften the glass and fuse 
them together to form a smooth continuous joint. 
Splicing fibers using this technique essentially 
requires fibers with the same cladding diameter, 
commonly referred to as the outer diameter or o/d, 
although their core refractive index profiles and 
radii can differ quite significantly.

5.8.4.1  SPLICE LOSS

The difference between the cross-sectional pro-
file and geometry of the cores of the two fibers is 
known as the mismatch. For single-mode fibers, 
the mismatch accounts for the loss of power at 
the splice as the fundamental mode fields of the 
two fibers will not be identical. Additional losses 
will occur if the fibers are offset transversely or if 
their axes are no longer parallel and have a rela-
tive tilt.

Splice loss, due to any of the three loss mecha-
nisms shown schematically in Figure 5.37, can 
formally be calculated and quantified using the 
analysis of mode excitation in the previous sec-
tion but with the input source being the field of 
the fundamental mode of the input fiber. However, 
such an analysis would require detailed knowl-
edge of the refractive index profiles of both fibers 
and a formal solution of the scalar wave equation 
(numerically) to determine the fields of the fun-
damental mode of each fiber. A simpler approach, 
which requires knowledge of only each fiber’s spot 
size (taken from fiber measurement) and gives an 
approximate but accurate measure of splice loss, is 
to use the Gaussian approximation of Section 5.4.7 
to represent the field of the fundamental mode of 
each fiber.

Offset Tilt

Cladding
Core 1

Core 2

Splice

(a) (b) (c)

Figure 5.37 (a) Mismatch, (b) offset, and (c) tilt between fiber cores.
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5.8.4.2  MISMATCH LOSS

Accordingly, if ψ1 and ψ2 denote the fundamental 
fields of fibers 1 and 2, respectively, in the weak-
guidance approximation, then the representation 
of the Gaussian approximation is
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where s1 and s2, a1 and a2 are, respectively, the spot 
sizes and amplitudes for fiber 1 and fiber 2, and r is 
the cylindrical radial coordinate measured from the 
fiber axis.

The power P1 propagating in the fundamental 
mode in fiber 1 is obtained by integrating the local 
power flow density parallel to the fiber axis over  
the infinite cross section relative to polar coordi-
nates (r, ϕ) in the fiber cross section. In weak guid-
ance, the power flow density in the z-direction is 
given by Equation 5.28. Since ψ1 is axisymmetric, 
the ϕ integration is readily performed and leads to
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Substituting for ψ1 leads to a standard integral
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Similarly, the power P2 propagating in the funda-
mental mode in fiber 2 is given by
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There is negligible reflected power at the splice 
because both fibers are weakly guiding and their 
refractive index profile values are very similar. In 
the pure silica cladding, the indices are of course 
identical.

The amplitude of the transmitted mode, a2, is 
determined by using the fundamental mode field 
ψ1 in fiber 1 as the source of excitation (ψs) of the 
fundamental mode ψ2 (ψk) for fiber 2 in Equation 
5.97, leading to
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By analogy with the derivation of the aforemen-
tioned power integrals, these integrals are readily 
evaluated and lead to
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Using Equations 5.105 and 5.106, the fractions of 
transmitted power and the fraction of power lost 
are given, respectively, by
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Thus, for example, a 1% relative difference in the 
two spot sizes gives rise to a power loss of only 
0.01%, whereas a 10% relative difference gives a 1% 
loss.

5.8.4.3  OFFSET AND TILT LOSSES

If two identical single-mode fibers with the same spot 
size 5 are offset parallel to one another by distance 
d, a similar analysis to the Gaussian approxima-
tion for the mismatch loss gives the first expression 
in Equation 5.108 for the fraction of power loss. 
Similarly, if the same two fibers have a relative tilt 
angle θs, the second expression in Equation 5.108 
determines the fraction of power loss:
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where k is the free-space wave number and nco is 
the core index value. If both offset and tilt losses are 
present, then the two expressions in Equation 5.108 
are multiplied together to determine the overall 
loss. Similarly, if mismatch loss is also present, then 
a third multiplicative factor given by the second 
expression in Equation 5.107 should be included.

5.8.5  Near and far fields

5.8.5.1 NEAR FIELD

The near field refers to the field of a fiber or wave-
guide on the far end face in air. In the case of a 
sufficiently long length of single-mode fiber, the 
near field will be virtually identical in shape to the 
fundamental mode field within the core and clad-
ding because the power in all higher order clad-
ding modes will have been absorbed and scattered 
by the coating material. However, the amplitude 
of the near field will be reduced by about 1.75% to 
account for the 3.5% of reflected power from the 
end face back along the fiber. For multimode fibers, 
ray tracing and Snell’s laws can be used to deter-
mine the near-field pattern.

5.8.5.2 SUPPRESSION OF END-FACE 
REFLECTION

When light propagating in the excited bound 
mode(s) of a fiber reaches the far end of the fiber, 
it is partly reflected back along the fiber because 
of the change in index from glass to air at the end 
face. 3.5% of reflected power propagates back to the 
front face and all but 3.5% of this light is transmit-
ted back into the source laser where it can interfere 
with the operation of the laser.

This reflection problem can be avoided in prac-
tice by cleaving the end face at a sufficiently large 

angle, typically 10°, to deflect the reflected light 
into the cladding and out of the fiber core as illus-
trated in Figure 5.38.

5.8.5.3 FAR FIELD

The far field of a fiber or waveguide is the field 
emerging from its far end into air as measured at a 
sufficiently large distance from the end face. In the 
case of multimode fibers, the shape of the far field 
can be predicted using ray tracing by tracking the 
rays exiting the end face and taking into account 
their refraction at the end face.

For single-mode fibers and waveguides with 
relatively small core sizes of the order of a few 
wavelengths of the source light, the far field is dif-
fracted at the end face. Because of the confining 
effect of the cladding on light in the core, this effect 
is analogous to the diffraction of a beam of light 
passing through a small orifice and then spreading 
laterally to form a series of lobes when viewed suf-
ficiently far from the end face.

If the first lobe makes a far-field diffraction angle 
θd with the fiber axis, as shown in Figure 5.39, the 
standard diffraction theory can be used to relate this 
angle to the fiber parameters.

5.9  PERTURBED AND 
NONUNIFORM FIBERS AND 
WAVEGUIDES

There are two sets of problems in which (1) the cross-
sectional geometry and/or the refractive index pro-
file of a fiber or waveguide are subject to uniform 
longitudinal perturbations and (2) the translational 
invariance of a waveguide or fiber no longer holds, 
but a quasi-modal description of propagation is still 
applicable. In the first set, translational invariance 

Incident light

Transmitted light

Incident light Transmitted light

Air

Air

Cladding

Core

Cladding

Core

Reflected light Reflected light

Figure 5.38 Reflection from the far end face of a fiber without and with an angle face.
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still holds so that the structure supports bound 
modes, whereas in the second set, which includes 
longitudinal tapering, mode coupling necessarily 
occurs. In keeping with the thrust of earlier sec-
tions, an outline of the methodology employed in 
each of these techniques will be presented within 
the weak-guidance approximation.

5.9.1  Uniform perturbations: 
Single core

When a fiber or waveguide has a single core for 
which the field and propagation constant are 
known for any bound mode, a simple perturba-
tion technique enables the propagation constant 
to be determined when a uniform perturbation 
in the cross-sectional geometry and/or refractive 
index profile is applied to the length of the fiber or 
waveguide.

Consider a waveguide or fiber with known pro-
file n(x, y), scalar modal field ψ(x, y), and propa-
gation constant β, respectively. If the waveguide 
or fiber is slightly but uniformly distorted along 
its length so that it now has profile n x y( , ) , field 

x y( , )ψ , and propagation constant β , respec-
tively, then the perturbed propagation constant 
can be expressed approximately in terms of the 
unperturbed quantities according to
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where k is the free-space wave number and the inte-
grals are over the infinite cross section of the wave-
guide or fiber (see Chapter 18 of Reference [4]).

5.9.1.1  SLIGHT ABSORPTION

To illustrate the usefulness of the aforementioned 
result, consider a step-profile fiber with a loss-
less cladding and core that is slightly absorbing, 
that is, nco is replaced by the complex expression 
nco + iδ, where δ << 1 is a constant. Substituting into 
Equation 5.109 to the lowest order in δ gives
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where Aco is the core cross-sectional area and η 
is the fraction of mode power propagating in the 
core. Upon taking the square root, setting β ∝ knco, 
and ordering δ
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Hence, the mode power P(z) at a distance z along 
the fiber is attenuated according to

 P z P kz kz( ) (0)exp( 2 ); dB 8.686 .= − δη = δη  (5.112)

θd

Fundamental
mode field

End face

Cladding

Core

Far
field

Figure 5.39 Fundamental mode evolving into lobes in the far field.
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Thus, the attenuation increases with increasing 
absorption but decreases with increasing mode 
order because a larger fraction of power propa-
gates in the cladding. In other words, the effect of 
absorption is most pronounced for the fundamen-
tal mode.

5.9.2  Uniform perturbations: Multiple 
cores

When more than one core is present in a fiber or 
waveguide, there are two essentially equivalent 
techniques for analyzing propagation: super-modes 
and coupled-mode theory. This is a brief back-
ground for the more detailed applications to light 
processing devices discussed in Chapter B3 of this 
book.

5.9.2.1  SUPER-MODE ANALYSIS

By analogy with the discussion in Section 5.3.10, 
super-modes are the bound modes associated with 
multiple cores such that the propagation of guided 
optical power can be expressed in terms of a sum-
mation over the super-modes. For example, in the 
case of two identical cores that in isolation from 
one another are single mode, there are two super-
modes with even and odd symmetry, respectively, 
relative to the midplane between the two cores. If 
both modes are excited simultaneously, there will 
be interference or beating between them because 
of the difference in their propagation constants. 
Physically, this leads to a coupling of optical power 
between the two cores.

5.9.2.2  COUPLED-MODE ANALYSIS

An alternative approach is to employ coupled-
mode theory, the details of which are described 
in more detail in Section 5.9.4. Physically, this 
approach can be thought of as follows. When there 
is only one core present, the fundamental mode 
propagates unperturbed. If a second parallel core is 
now introduced supporting a second fundamental 
mode with a propagation constant identical to that 
in the first core, this situation gives rise to a reso-
nance phenomenon and power is transferred from 
the first core to the second core and back again 
while the modes propagate. This periodic transfer 
of power between the two cores can be described 
quantitatively using coupled-mode equations and 
the results are formally identical to those derived 
using super-modes.

5.9.3  Tapered fibers and waveguides

A waveguide or fiber taper corresponds to a varia-
tion of the core cross section and/or refractive 
index profile with distance z along the fiber, that is, 
ρ = ρ(z) and/or n = n(z), where ρ is either the half-
side of a square-core waveguide or the core radius 
of a step-profile fiber and n is the profile. If the 
taper is single mode, then at each position z along 
the taper, only the fundamental mode is bound, 
but because of the variation in ρ(z), the fundamen-
tal mode must lose power by coupling to radiation. 
However, it is intuitive that if the core radius ρ(z) 
varies sufficiently slowly along the taper, than the 
radiation loss should be minimal. If there were no 
power loss, then the taper would be described as 
adiabatic; with a small but finite loss, the taper can 
be described as approximately adiabatic.

5.9.4  Local modes

If the taper is approximately adiabatic, and the 
fiber or the waveguide is single mode along its 
entire length, it is intuitive that the fundamen-
tal mode defined by the core cross section at the 
beginning of the taper will have virtually the same 
power as the fundamental mode at the end of the 
taper. However, its scalar field ψ(x, y) and propa-
gation constant β at the ends of the taper can be 
quite different; so, how can we accommodate this 
change and at the same time retain the fundamen-
tal mode description?

The answer is the concept of a local mode. Such 
a mode has the property that, at each position 
along the taper, its modal field ψ(x, y, z) and propa-
gation constant β(z) adapt so that they are deter-
mined by the local cross-sectional geometry and 
index profile. Hence, at cross-section AA′ in Figure 
5.40, the core radius is, say, ρ(zA), while at BB′ it 
will be ρ(zB). The solutions of the scalar wave equa-
tion for the field and propagation constant are then 
determined for the step profile with radius ρ(zA) at 
AA′ and radius ρ(zB) at BB′. To connect these solu-
tions at each end, consider the local mode phase 
and amplitude variation, separately.

5.9.4.1  LOCAL MODE PHASE AND POWER 
DEPENDENCE

In a uniform fiber, phase increases linearly with 
distance as βz. If β now varies continuously with 
z, that is, β → β(z), it is intuitive that the linear 
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accumulation of phase is replaced by a continuous 
summation that can be represented by the integral
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(5.113)

that reduces to βz when β(z) is a constant.
In weak guidance, the total power P propagat-

ing in the fundamental mode along a uniform 
waveguide or fiber is given in terms of its ampli-
tude a0 and field ψ0 by
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where the integration is over the infinite cross 
section. Suppose we assume that this expression 
is invariant at every position along the taper, that 
is, the total power remains fixed for all values of 
z. The field ψ0 will then vary with the change in 
cross section, that is, ψ0 = ψ0(z), and Equation 5.114 
determines that the modal amplitude a0 must also 
vary as
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The denominator in the first expression is identical 
to the definition of the normalization N0 in Equation 
(5.11), so on recalling the definition of the field of an 
orthonomal mode in Equation 5.12, it follows that
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In other words, the orthonormal fundamental 
mode describes the modal field everywhere along 
the taper if it is adiabatic and is a good approxima-
tion if the taper is approximately adiabatic.

5.9.5  Mode coupling

In situations where there is a loss of power from a 
mode of a waveguide or fiber due to either an exter-
nal influence, as is the case with multiple cores in 
Section 5.9.2, or to the longitudinal change in the 
profile or cross-sectional geometry due to taper-
ing in Section 5.9.3, the variation in the power of 
the mode can be quantified using a set of coupled-
mode equations [10]. An individual mode of any 
order propagates without change in its total power, 
field, and propagation constant along a transla-
tionally invariant, lossless waveguide or fiber.

If the waveguide or fiber is now subject to a 
length-dependent perturbation, then the mode 
generally will couple its power to all other bound 
modes and to the radiation field, in a multimode 
guidance situation, but only to the radiation field 
in a single-mode guidance situation, assuming an 
infinite cladding. For a finite-cladding cross sec-
tion, the radiation field comprises guided cladding 
modes together with a radiation field propagating 
into the medium beyond the cladding (normally 
air). Accordingly, only coupling between bound 
(core and cladding) modes will be included from 
here on.

5.9.5.1  FORWARD- AND BACKWARD-
PROPAGATING MODES

The coupling of a particular mode, say the jth 
 forward-propagating mode, is generally to all other 
forward-propagating modes and to all backward-
propagating modes, including the jth backward-
propagating mode. The jth forward-propagating 
mode in the weak-guidance approximation has a 
scalar transverse electric field Ej with the complete 
temporal–spatial dependence
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where aj(z) is the z-dependent modal amplitude, 
which accounts for the coupling of power to/or 
from the jth mode. The kth backward-propagating 
mode has the same field as the kth forward-propa-
gating mode, and its propagation constant has the 
same absolute value, but is opposite in sign to that 
of the forward-propagating mode to account for 
the negative phase velocity, that is,
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If k = j, this gives the form of the jth backward-
propagating mode.

5.9.5.2  MODE NORMALIZATION

If ψj(x, y) is a solution of the scalar wave equation 
satisfying the usual boundary conditions, then 
any multiple pψj is also a solution, where p is an 
arbitrary constant. Thus, ψj in the aforementioned 
expressions are not uniquely specified, which in 
turn affects the value of the amplitude coefficients 
aj(z). To remove this potential ambiguity, it is con-
venient to replace ψj, and ψ − k by their orthonor-
mal forms, that is, by
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where Ni and Nk are the respective mode nor-
malization defined by Equation 5.11. Note that 
normalization is independent of the direction of 
propagation.

5.9.5.3  COUPLED-MODE EQUATIONS

The coupled-mode equations comprise a set of 
linear, first-order differential equations that deter-
mine the z-dependence of the modal amplitude of 
each forward- or backward-propagating mode. It 
is convenient to combine the z-dependent ampli-
tude and phase of each mode by defining new coef-
ficients bj(z) and b–k(z) such that (see Chapter 27 of 
Reference [4])
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The coupled equations can then be expressed as
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for the jth forward- and backward-propagating 
modes, respectively, where the summation in k 
is over all forward- and backward-propagating 
modes. The Cjk = Cjk(x, y) coupling coefficients, are 
defined by
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where A∞ is the infinite cross section, n2(x, y) is the 
refractive index profile of the unperturbed wave-
guide or fiber, n2(x, y, z) is the refractive index 
profile of the perturbed waveguide or fiber, and ψ 
values are orthonormal.

5.9.5.4  APPLICATIONS OF COUPLED-MODE 
EQUATIONS

The set of coupled-mode equations is useful for solv-
ing a range of practical propagation problems where 
there is a significant exchange of power between 
modes. Such an analysis requires a set of propaga-
tion conditions along the fiber that does not change 
or only changes very slightly so that the field and 
propagation constant of each mode remains con-
stant. Examples where coupled-mode equations 
offer a method of solution include multiple-core 
fibers and waveguides, as discussed in Section 5.9.2, 
Bragg reflection gratings, and long-period gratings.

5.9.5.5  COUPLED LOCAL-MODE EQUATIONS

Problems in which the translational invariance of 
the modes no longer holds, such as well-tapered 
fibers, waveguides, or devices, are not appropri-
ate for a coupled-mode equation analysis. In these 
cases, an alternative analysis based on an analo-
gous set of coupled local-mode equations can be 
used (see Chapter 28 of Reference [4]).

In practice, however, problems involving 
tapered fibers, waveguides, and devices based on 
single- or two-mode propagation generally have 
a sufficiently slow rate of taper such that coupling 
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between local modes may be negligible so that each 
local mode propagates approximately adiabatically 
and almost conserves its power.

The earliest optical data links developed in the 
1970s were based on multimode fibers, as good qual-
ity, low-loss, single-mode fibers were yet to be real-
ized. However, because of the high level of dispersion 
in multimode fibers with all modes simultaneously 
excited by a single LED on the end of the fiber, 
these links were limited to relatively short distances 
in order to be able to realize a useful bandwidth, 
for example, between adjacent urban telephone 
exchanges. Low-loss, single-mode fibers were devel-
oped in the 1980s and paved the way for long-dis-
tance land- and submarine-based fiber systems. 
Today, single-mode fibers carry more than 95% of 
the world’s national and international communica-
tions traffic, predominantly Internet traffic.

The single-mode fiber’s profile design, material 
properties, and manufacture have been continually 
refined over the intervening years in order to maxi-
mize data transmission, including the multiplexing 
of several different wavelength channels carried by 
the fundamental mode. Other important param-
eters, such as cost, transmission loss, cabling loss, 
bend loss, nonlinear effects, have all been minimized. 
However, the world’s rapidly increasing demand for 
bandwidth has now reached a critical stage where the 
total capacity of a wavelength-multiplexed, single-
mode fiber operating within the 1550 nm wavelength 
window has almost reached its practical limit. To try 
and avoid the relatively high cost of simply install-
ing more and more of the same single-mode fiber 
transmission systems to meet this demand, fibers 
containing more than one core or transmitting more 
than one mode are currently being investigated as 
alternative and potentially more economic solutions.

5.9.6  Multicore fibers

There is significant interest in optical fibers whose 
cross sections contain more than one single-mode 
core. A popular design is a seven-core fiber where six 
cores form a symmetric hexagon around the central 
seventh core, with all cores embedded in a common 
cylindrical cladding. There has been a lot of research 
undertaken to determine optimal practical designs 
for such a fiber that minimizes propagation loss, 
bend loss, and crosstalk between the seven cores, 
and is also straightforward and economical to fab-
ricate. Each single-mode fiber in this array supports 

wavelength multiplexing, so that the data capacity 
of the seven-core fiber would be seven times that of 
the single-mode fiber. The excitation and detection 
of light in each core relies on splaying out the seven 
cores at the beginning and end of the multicore fiber 
length for splicing to sources and detectors, respec-
tively. Furthermore, the splicing of successive lengths 
of multicore fiber in a system requires careful align-
ment so that the cores in one fiber can align accu-
rately with the cores of the second fiber [11].

5.9.7  Few-mode fibers

An alternative and possibly more straightforward 
strategy to increase fiber data capacity employs 
fiber that is few mode by using each mode as a 
separate data channel. Since fiber modes are for-
mally orthogonal to one another, in principle, 
there should be no crosstalk at all between them. 
For example, a two-mode, step-profile fiber with 
the same o/d as the single-mode fiber is a straight-
forward modification of the standard single-mode 
fiber design if the core radius is increased by a few 
percent, and would double the fiber data capacity.

Multimode fibers are inappropriate for this pur-
pose as it is not possible to excite or detect light in 
individual modes when there is very close spacing 
between the propagation constants of successive 
higher order modes. Over the lengths of fiber required 
for systems, adjacent pairs of modes will couple sig-
nificantly with one another because of the slight non-
uniformities that are inevitably introduced into the 
fibers along their length during fabrication. In a few-
mode fiber, the propagation constants are sufficiently 
well spaced to essentially avoid this problem.

So how can individual higher order modes in 
a few-mode fiber be addressed or detected? There 
have been a number of strategies proposed to deal 
with this problem based on bulk optics, filters, 
etc., but a recent waveguide approach relies on the 
use of mode-selective fiber couplers to excite and 
detect individual modes [12]. A traditional single-
mode coupler is composed of two parallel, identi-
cal single-mode fibers in close proximity within a 
common cladding. If light is introduced into the 
fundamental mode of one core, it will necessar-
ily couple 100% with the fundamental mode in 
the second core as they propagate since they have 
identical propagation constants. If the coupler is 
long enough, light will then couple back from the 
second core into the first core and so on.
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Now consider the same situation but with a sec-
ond-order or higher order mode in the second core 
that has the same propagation constant as the funda-
mental mode in the first core. The two fibers have a 
common cladding index. These two modes will also 
couple 100% when the fundamental mode is excited 
in the first core, regardless of its polarization. When 
the situation is reversed, a third single-mode core is 
needed in a plane at right angles to the plane of the 

first two cores to ensure that all the power in the sec-
ond mode is detected in the two single-mode cores, 
regardless of the orientation of the antisymmetric 
field of the second mode field (see Figure 5.41.).

Such couplers have been successfully fabricated 
using a pulsed laser, direct-write system into spe-
cial glass. By appropriately tapering the cores in 
these couplers, the coupling action becomes rela-
tively wavelength and position insensitive [12].
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Figure 5.41 (a) Schematic of a two-core tapered mode-selective coupler comprising a tapered mul-
timode (MM) and a counter-tapered single-mode waveguide (SM). (b) Evolution of the guided-mode 
propagation constants along the taper showing the crossover between the LP01 mode of the single-
mode waveguide and the LP11 mode of the multimode waveguide. (c) Bright field microscope images 
of the end faces (writing laser incident from the top) and 3D sketch of the fabricated coupler.
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6.1  INTRODUCTION

Although Albert Einstein did not invent the laser, 
his work laid the foundation for its development. 
In 1917, Einstein was the first to explain how radia-
tion could induce, or stimulate, more radiation 
when it interacts with an atom or a molecule [1]. A 
few years later, Richard Tolman discussed stimu-
lated emission and absorption in his paper [2], 
realizing the important fact that stimulated emis-
sion is coherent with the incoming radiation. In 
other words, the electric dipoles in the atoms oscil-
late with the incoming photons, which in turn, 
reradiate photons that have a fixed phase relation-
ship with incoming photons. If the reradiated pho-
tons are in-phase with the incoming ones, they add 
constructively to amplify the incoming photons. 
Thus, the general idea of coherent amplification 
via stimulated emission was understood since the 
1920s. However, it was not until the 1950s when 

the concept of the “maser,” which is an acronym 
for microwave amplification by simulated emis-
sion of radiation, was developed and demonstrated 
by Charles Townes and his coworkers at Columbia 
University [3, 4]. They directed excited ammonia 
molecules into a cavity whose resonance frequency 
is tuned to the 24 GHz transition frequency of 
ammonia [5]. A sufficient number of these excited 
molecules will initiate an oscillating microwave 
field in the cavity, part of which will be coupled out 
of the cavity (see Figure 6.1). It is interesting to note 
that maser operation was first demonstrated in the 
microwave region. Since the spontaneous radia-
tive lifetime is inversely proportional to the third 
power of the transition frequency, at microwave 
transition frequencies, the radiative lifetime of the 
ammonia molecules is about 1 × 1012 longer than it 
would be at optical frequencies, which allows the 
system to achieve population inversion easily with 
a reasonable amount of pump power.
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Following the invention of the maser, research-
ers attempted to create a laser by extending the 
maser action to optical frequencies, where “laser” 
is an acronym for light amplification by simulated 
emission of radiation. Schawlow and Townes pub-
lished a paper to explore the possibility of laser 
action in the infrared and visible spectrum [6]. 
Although many researchers at the time speculated 
that a system containing alkali vapors would be the 
most likely candidate that could be made to oscil-
late at optical frequencies, they were surprised to 
learn that a system involving optical pumping of 
chromium ions in ruby, invented by Maiman [7], 
was the first to produce coherent optical radiation. 
His laser consisted of a ruby crystal surrounded 
by a helicoidal flash tube enclosed within a pol-
ished aluminum cylindrical cavity (see Figure 6.2). 
When pumped by a very intense pulse of light from 
a flash lamp, the ruby laser operated in pulsed 
mode at 694 nm.

Great progress has been made since the 1960s. 
Today, lasers have become ubiquitous in our 
lives. They are used in a wide range of applica-
tions in communications, medicine, consumer 
electronics, and military systems. Although it 
has been fewer than 50 years since the laser was 
first invented, we have made, and will continue to 
make, great strides in advancing the state of the 
art in lasers.

6.1.1  A two-level atomic system

Before we explain the operation of a laser, we need 
to understand how radiation interacts with matter. 
Atoms, molecules, and solids have specific energy 
levels that are determined by the laws of quantum 
mechanics. A photon may interact with an atom if 
its energy matches the difference between two of 
the energy levels.

Let us focus our attention on two energy levels, 
E1 and E2 of an atom. If we assume that E2 > E1, we 
can refer to the levels 1 and 2 as lower and upper 
levels, respectively. When the energy of the pho-
ton hν matches the atomic energy-level difference, 
i.e., hν = E2 − E1, the photon interacts with the atom 
where processes such as spontaneous emission, 
absorption, and stimulated emission take place.

Spontaneous emission of a photon takes place 
when the atom transitions from level 2 to level 1 
without any external excitation (Figure 6.3). The 
energy difference is released in the form of a pho-
ton with energy hν = E2 − E1. The rate of this spon-
taneous transition, which is independent of the 
number of photons that is present, is the reciprocal 
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Figure 6.2 Schematic diagram of a ruby laser. 
When the gas flash tube is activated, electro-
magnetic oscillations occur within the ruby rod. 
Some of the visible radiation is emitted in a 
beam through one partially reflecting end of the 
rod. (From Townes, C.H., Nobel Lectures Physics 
1963–1970, Elsevier, Amsterdam, pp. 58–85, 
1964.)

E2

E1

hv

Figure 6.3 The process of spontaneous emission.
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Figure 6.1 The ammonia maser. Molecules 
diffuse from the source into a focuser where 
the excited molecules (shown as open circles) 
are focused into a cavity and molecules in the 
ground state (shown as solid circles) are rejected. 
A sufficient number of excited molecules will initi-
ate an oscillating electromagnetic field in the cav-
ity, which is emitted as the output microwaves. 
(From Townes, C.H., Nobel Lectures Physics 
1963–1970, Elsevier, Amsterdam, pp. 58–85, 
1964.)
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of the spontaneous radiative lifetime of the 2 → 1 
transition. Typical values of radiative lifetimes of 
specific transitions range from picoseconds to sev-
eral minutes.

In the presence of pumping, the atom will tran-
sition from the lower level to the upper level. For 
example, in the He–Ne laser, the He atoms, initially 
excited by collisions with electrons, transfer the 
excitation to the Ne atoms. In addition, in the pres-
ence of a photon with energy hν = E2 − E1, the atom 
in the lower level will also transition to the upper 
level, while absorbing the photon at the same time 
(Figure 6.4). It is an induced transition since the 
rate of absorption is proportional to the intensity 
of the radiation. As an example, cesium atomic 
clocks, which utilize the principle of absorption, 
have the ability to measure time with an accuracy 
as good as 1 s in over 20 million years. Cesium is 
the best choice of atom for such a measurement, 
because all of its 55 electrons, except the outermost 
one, are confined to orbits in stable shells of elec-
tromagnetic force. The energy difference E2 − E1 is 
attributed to the cesium atom’s outermost electron 
transitioning from a lower to a higher orbit. After 
tuning a microwave beam to the resonant absorp-
tion frequency (9, 192, 631, and 770 Hz) of a collec-
tion of cesium atoms, one measures the resulting 
cycles of oscillations in the microwave signal to 
establish a time/frequency standard.

If the atom is in the upper level in the presence 
of radiation, it will make a downward transition to 
the lower level while emitting a photon of energy 
hν (Figure 6.5). The emission of the new photon is 
induced, or stimulated, by the incident photon. The 
new photon also has the same frequency, polariza-
tion, and phase as the incident photon. In an opti-
cal amplifier, this process of stimulated emission 
takes place continuously along the length of the 
gain medium, resulting in a large number of out-
put photons that are replicas of the input photons. 

In general, in a spontaneous process, such as spon-
taneous emission, each atom acts independently to 
produce a noise-like output. On the other hand, in 
a stimulated process, the atoms in the medium act 
collectively and oscillate in phase, which makes 
coherent amplification possible.

Although no photons are involved, nonra-
diative decays are also an important process for 
understanding the operation of a laser. If an atom 
is initially in the upper energy level, it can decay to 
the lower energy level without emitting a photon. 
Instead, the energy-level difference E2 − E1 appears 
in a phonon, where either the rotational energy 
or the translational energy of the material system 
increases, resulting in heating effects.

At thermal equilibrium, the ratio of the atoms 
in levels 1 and 2 is given by the Boltzmann factor:

 N N E E kT/ exp[–( – )/ ],2 1 2 1=  (6.1)

where N1 and N2 are the number of atoms in 
the lower and upper levels, respectively, kB ≈ 
1.38054 × 10−23 JK−1 is the Boltzmann constant, 
and T is the temperature in kelvin. Since E2 > E1 
by assumption, the above equation tells us that at 
thermal equilibrium, N2 > N1; in other words, there 
are more absorbers than emitters. Therefore, at a 
normal temperature where T > 0, the two-level sys-
tem always absorbs more incoming radiation with 
energy hν than it will emit. In order to have a net 
amplification of radiation, it is necessary to achieve 
a population inversion, where N2 > N1 Interestingly, 
the corresponding system is said to have a “nega-
tive temperature” since T will have to be a negative 
quantity in kelvin in order to satisfy Equation 6.1.

6.1.2  Multilevel laser systems

Although, “laser” is an acronym for “light ampli-
fication by stimulated emission of radiation,” 
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Figure 6.4 The process of stimulated absorption.
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Figure 6.5 The process of stimulated emission.
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lasers are actually optical oscillators (generators or 
sources of light) and not optical amplifiers (devices 
for increasing the strength of an input lightwave 
signal). Despite the variety in the types of lasers, 
nearly all lasers possess the following three essen-
tial elements:

A lasing medium, which can be a solid, liquid, 
gas, semiconductor, or others

A pumping process that excites the atoms in the 
medium into a higher energy level

An optical resonator to enable the light to bounce 
back and forth

If the amount of coherent amplification inside the 
resonator exceeds the internal loss, coherent laser 
oscillation will take place.

It is impossible to achieve continuous laser 
oscillation in a two-level atomic system. Imagine 
that we are trying to excite as many atoms into 
the upper level as possible. While doing so, we are 
also increasing the rate of stimulated absorption. 
At best, both upper and lower levels in the two-
level system will be populated equally, failing the 
requirement that we need to have a population 
inversion (N2 > N1). To overcome this problem, 
most laser systems utilize three or more energy 
levels. A three-level system is shown in Figure 6.6. 
Atoms are excited from level 1, the ground state, to 
level 3, which decay quickly to level 2, also known 
as a metastable state. Provided that there is a popu-
lation inversion, stimulated emission, which takes 
place from level 2 to level 1, will dominate. This 
condition is met if the nonradiative lifetime from 
level 3 to level 2 is short, so that it will not give 
the pumping process a chance to repopulate the 
ground state. The ruby laser invented by Maiman 
is an example of a three-level laser system.

6.1.3  Laser cavity

A major element of a laser, in addition to the gain 
medium, is the laser cavity, which provides optical 
feedback so that laser oscillation can be achieved. 
It works like an electronic oscillator where stored 
energy, amplification, feedback, and output cou-
pling are all engineered for oscillations to take 
place. It is straightforward to form a laser cavity. In 
fact, in the simplest form, two parallel mirrors fac-
ing each other form the most basic laser cavity—
the Fabry–Perot cavity [8–11]. Lightwave bounces 
back and forth upon both mirrors, gaining energy 
each time it passes through the gain medium. 
Typically, one mirror is highly reflective and the 
other is partially transmitting to provide output 
coupling. The gain, loss, and coupling ratios of the 
mirrors determine the output power of a laser.

Since light is circulating inside the cavity, the 
phase of the reflected light, after a complete round 
trip, needs to match that of the original light so 
that a constructive interference or a standing wave 
can form. This condition is satisfied only at cer-
tain frequencies and these resonant frequencies 
are referred to as the longitudinal (or axial) modes 
of the laser cavity. For a cavity with a fixed length, 
the longitudinal modes are separated by a constant 
frequency that is equal to the inverse of the cavity 
round trip time. Within the gain bandwidth of the 
gain medium of a laser, there may exist multiple 
longitudinal modes. The lasing threshold is reached 
when the gain medium is pumped, in which the 
total round-trip gain of the mode (closest to the 
gain peak) equals the total round-trip loss. When 
the threshold is exceeded, the laser oscillation starts 
in this axial mode. Depending on the property of 
the gain medium, when the pump power increases, 
a homogeneously broadened gain medium, which 
maintains the same gain shape when saturated, can 
sustain one stable lasing axial mode only, while an 
inhomogeneous broadened medium can have mul-
tiple modes coexisting in a laser.

Similar to a RLC electronic resonator, the quality 
factor Q of a laser cavity is defined as 2π times the 
ratio of the stored energy to the energy loss per cycle. 
Since an optical cycle is very short (a few femtosec-
onds), energy loss per cycle is relatively small and 
the quality factor of an optical cavity is normally 
much greater than that of an electronic resonator.

An important method to generate short laser 
pulses is to “switch” the cavity quality factor 
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Figure 6.6 A typical three-level laser.
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artificially from very low to normal so that the 
stored energy in the gain medium can be released 
in a short time period, otherwise known as the 
Q-switching method. Lowering the cavity Q 
can be achieved by increasing the cavity loss or 
decreasing the feedback from the mirrors. The 
stored energy, in the form of large inversion in the 
gain medium, grows as pump power is applied, 
but the laser oscillation does not happen because 
of the high cavity loss or the lack of optical feed-
back. When the cavity Q is restored, the laser 
threshold is exceeded and the lightwave inside the 
cavity experiences a large optical gain due to the 
large inversion and builds up rapidly. The huge 
optical energy then quickly consumes the large 
population inversion causing the optical power 
starts to decrease. In addition, when the cavity 
Q is lowered at the same time, the optical power 
diminishes further as the laser is operating below 
its threshold. The cycle is then repeated for subse-
quent pulse generation. The Q switching technique 
is widely applied on all types of lasers, from solid-
state lasers, gas lasers, to semiconductor lasers, to 
produce short pulses.

In addition to the Fabry–Perot cavity, there are 
different ways to construct a laser cavity. One can 
replace the planar mirrors with concave or convex 
spherical mirrors to achieve better confinement of 
the optical energy inside the cavity [12]. An impor-
tant consideration of a laser cavity is whether a 
stable mode exists that corresponds to the mir-
ror geometry. This problem can be approached 
in a setting of the paraxial wave equation, which 
describes wave propagation in the paraxial limit, 
and its eigen solutions, i.e., the Hermit–Gaussian 
modes. Another approach is ray tracing, which is 
described by the ABCD matrices. Both methods 
lead to the same stability criterion written explic-
itly as 0 ≤ g1 g2 ≤ 1 [8–11], where the g parameter of 
a mirror is defined as g = 1 − L/R, where L is the dis-
tance between the two mirrors and R is the radius 
of curvature of the mirror.

As described by the same analysis, higher order 
Hermit–Gaussian modes, or the transverse modes, 
can exist in a laser cavity to compete for gain, 
degrade mode profile, and cause output power fluc-
tuation. Since the higher order transverse modes 
have larger spatial profiles, they can be eliminated 
by restricting the active region of the gain media to 
fit only the fundamental mode. In some high gain 
lasers, unstable cavities, in which off-axis light 

diverges, can be used as they have advantages of 
a larger spatial profile, more efficient gain, ease of 
alignment, and single modalness.

There are other types of laser cavities, such as 
a ring cavity consisting of a length of optical fiber. 
In semiconductor lasers, cleaved facets can be 
used as mirrors; in addition, linear cavities formed 
using distributed Bragg reflectors are also com-
mon. Depending on the available technology and 
requirements, laser cavities are chosen to suit their 
purposes.

6.2  SPECIFIC TYPES OF LASERS

6.2.1  Solid-state lasers

Since the invention of the very first ruby laser in 
1960s [7,13], solid-state lasers, which are com-
posed of gain media in their solid phase by defini-
tion, remained as one of the most important and 
versatile lasers for academia and industry. When 
pumped to threshold population inversion levels, 
the three-level or four-level solid-state gain media 
provide sufficient gain to compensate for losses in 
the laser cavity. The laser cavity forms a resonator, 
analogous to the electronic version of an oscilla-
tor, which determines the output power, operation 
modes, and the beam profile of the solid-state 
laser.

Generally, a solid-state gain medium consists 
of a crystalline (e.g., YAG) or an amorphous (e.g., 
glass) host doped with a certain ion (e.g., several 
percent of Cr3+, Nd3+, Er3+, etc.) that acts as the 
active lasing material. Most commercially avail-
able solid-state lasers are pumped by gas dis-
charge flash lamps (e.g., krypton or xenon) or by 
semiconductor lasers for greater reliability and 
efficiency. The choice of the gain media depends 
on lasing wavelength, optical properties (bire-
fringence, dispersion, optical nonlinearity), and 
mechanical properties (material strength, thermal 
conductivity). Important solid-state gain media 
include Nd3+-doped YAG (Nd3+:YAG), Nd3+:glass, 
Ti3+:sapphire, and color-center lasers, etc.

The Nd3+:YAG laser is a four-level laser and is 
typically operating at the 1.064 μm wavelength 
range with a narrow linewidth of a few nanome-
ters [14,15]. Its good thermal conductivity and 
temperature-insensitive threshold make it suitable 
for both pulsed and continuous-wave operations. 
Typically, it is pumped optically with flash lamps 
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or laser diodes, and water cooled in high output 
power applications. It is popular for various labo-
ratory applications such as pumping another laser 
or being frequency doubled to provide green light. 
The energy-level diagram of the Nd3+:YAG laser 
and its emission spectrum are shown in Figure 6.7.

Compared with Nd3+:YAG, the Nd3+:glass is 
easier to manufacture and process. It can be made 
into a larger size gain medium to achieve higher 
output powers. Depending on the host glass types, 
it typically operates at around 1.06 μm with a 
wider  linewidth of tens of nanometers [16,17]. 
Using a large size Nd3+:glass gain medium and the 
Q-switch technique, one can generate pulses with 
terawatt peak power. However, due to its low ther-
mal conductivity, the Nd3+:glass laser operates at a 
low repetition rate (10 pulses per second). For com-
parison, we show the fluorescent emission spectra 
of Nd3+ in various glass hosts in Figure 6.8.

Among the solid-state gain media, Ti3+:sapphire 
is characterized by its broad gain bandwidth from 
0.66 μm to greater than 1.0 μm (more than 100 THz 
of bandwidth when modelocked) [18]. It is used in 
tunable continuous wave (CW) lasers for broad 

tuning ranges or in mode-locked configuration to 
produce ultrashort pulses (down to several femto-
seconds). The Ti3+:sapphire lasers are often pumped 
by other lasers such as laser diodes or argon ion gas 
lasers due to its short excited state lifetime (3.2 μs).

Two common operation modes of solid-state 
lasers are the CW mode and the pulsed mode. In the 
CW operation, solid-state lasers generate mono-
chromatic, highly coherent, and high-intensity 
light. A widely used mechanism to produce pulses 
in solid-state and other lasers is the Q-switching 
method [19,20]. By changing the cavity Q mechan-
ically, electrically, or optically, the stored energy 
in the laser gain medium can be released with a 
short time period to generate a pulse (in the order 
of nanoseconds) with a high peak intensity [10, 
11,21] (see also Section 6.1.3 for a description of 
Q switching). Short pulses provide advantages in 
manufacturing and in medical applications such as 
micromachining/microfabrication and laser abla-
tion since the size of the heat-affected zone can be 
reduced. As the demand on shorter pulse duration 
and higher peak intensity increases, different tech-
niques such as mode-locking techniques [22,23] 

14,000

12,000

10,000

8,000

6,000

4,000

2,000

0

2H9/2

4F5/2

4F3/2

R2

R1

l2 l1

l2

l1

4I15/2

4I13/2

4I11/2

4I9/2 1.066 1.065 1.064
λ (µm)

1.063 1.062

Il2 ∝ σl2

 σl1
 

a

En
er

gy
 (c

m
–1

)

(a) (b)

 σl1
aIl1

∝

Il ∝ σl = + σl2
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and chirped pulse amplification (CPA) techniques 
[24] were applied on solid-state lasers to generate 
ultrashort pulses (down to sub-picosecond ranges). 
In fact, solid-state lasers, due to their wide band-
width and excellent optical properties, generated 
many of the record-breaking short pulses. These 
ultrashort pulses are suitable for applications in 
the study of ultrafast phenomena, spectroscopy, 
and telecommunication.

6.2.2  Gas lasers

As another important family of lasers, gas lasers 
were fast growing in the laser industry due to their 
simple pumping schemes and the wide availabil-
ity of gain media. In gas lasers, the population 
inversion is typically created by electric discharge, 
which is relatively simple to construct and operate. 
Although the gain media are in the gaseous phase, 
they can be made up of neutral atoms, ions, or gas 
molecules. As examples, we will briefly introduce 
the three most popular gas lasers: the He–Ne laser, 
the Argon ion laser (Ar+), and the CO2 laser.

The He–Ne laser, one of the best known lasers, 
operates at the famous 632.8 nm wavelength [25, 
26]. The gain medium consists of a mixture of two 
noble gases, He and Ne, with a population ratio of 

about 10–1. The He atoms are first excited to higher 
energy levels by the electrical discharge and then 
pass energy to the Ne atoms through inelastic col-
lisions. This is possible due to similar energy levels 
between the He and the Ne atoms (see Figure 6.9). 
The excited Ne atoms provide gain for the laser 
operation in the He–Ne lasers, which also radiate 
at wavelengths of 1.15 μm and of 3.39 μm, in addi-
tion to the 632.8 nm. In fact, optical filtering in the 
laser cavity is often applied in the He–Ne lasers to 
reduce the internal gain in the infrared since the 
optical gain at 632.8 nm is relatively low. The He–
Ne lasers were widely used in optical alignment, 
survey, and bar-code scanning, etc., before the 
advent of inexpensive laser diodes.

The Ar+ lasers are capable of producing high 
power in the visible wavelength range. Hundreds 
of wavelengths could exist in an Ar+ laser cavity; 
however, the 488.0 and 514.5 nm are two of the 
most prominent wavelengths [27,28]. The pumping 
mechanism in Ar+ lasers is complicated, includ-
ing multiple collisions between electrons, between 
Ar atoms, and between Ar+ ions. Since the active 
laser medium consists of Ar+ ions, whose ground 
state level is 16 eV higher than that of the Ar atoms, 
much of the pump power is wasted in providing 
ionization of the Ar atoms. Because of the ground 
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level difference, which does not contribute to the 
laser oscillation, the Ar+ laser threshold current 
density is typically high and the efficiency of the 
laser is low. Due to the low efficiency, bulky water-
cooling subsystems are used to cool high-power 
Ar+ lasers.

The CO2 lasers are gas lasers and are well known 
for their high efficiency and high output powers 
[29,30]. In contrast with the He–Ne laser and the 
Ar+ laser, in which transitions in electron energy 
levels provide laser gain in the cavity, CO2 lasers 
operate on molecular vibration modes. The vibra-
tion modes are represented by three quantum 
numbers (n1 − n3) where the ground state is at (0, 0, 
0). Typically, N2 molecules and He atoms are also 
present in the CO2 laser cavity. The N2 molecules 
store the energy from the electrical discharge in the 
fundamental vibration mode and then transfer the 
energy to the asymmetric vibration (0, 0, 1) mode 
through collision since both vibration modes have 
similar energy levels. The CO2 laser gain is then 

produced from the transition of the asymmetric 
vibration mode to lower level vibration modes, 
including wavelengths of 10.6 and 9.6 μm. The He 
atoms, moving at higher speed, effectively reduce 
the lifetime of the vibration modes at lower levels 
of the laser and remove heat. This process makes 
population inversion possible and increases the 
overall efficiency. Due to its high output power, the 
CO2 laser is used in industries such as metal pro-
cessing and machining.

6.2.3  Semiconductor lasers

A semiconductor (e.g., silicon, germanium, and 
gallium arsenide) is a material whose electrical 
properties are between those of a conductor and 
an insulator. The electrons in a semiconductor are 
found in bands that are separated by a band gap—
the lower band is the valence band while the upper 
band is called the conduction band. For example, 
GaAs has a bandgap of 1.424 eV. Furthermore, by 
doping intrinsic semiconductor materials with 
impurities, one can make n-type or p-type materi-
als that have more or fewer negative current carriers.

Shortly after the invention of the first laser, 
the first semiconductor laser was demonstrated 
independently in 1962 by four research groups in 
the United States [31–34]. These early devices are 
homojunctions operated at liquid nitrogen tem-
peratures. When a current (defined as the flow of 
positive charges) is injected so that it flows through 
the junction from a p-type material into an n-type 
material, electrons from the n-type material will 
recombine with the holes from the p-type mate-
rial, releasing a form of energy known as recom-
bination energy. In an indirect-bandgap material 
such as silicon, this energy is released as vibra-
tional energy and heat; on the other hand, in a 
direct-bandgap material such as gallium arsenide, 
radiation is emitted whose frequency is a function 
of the bandgap energy. In the absence of optical 
feedback, this device functions as a light-emitting 
diode (LED) where its output consists of incoher-
ent spontaneous emission. However, feedback 
from reflective surfaces is made possible using the 
cleaved facets. Since the refractive index of a semi-
conductor is usually greater than 3.0, the reflec-
tivity of each cleaved facet can be as high as 25% 
without any coatings.

By the late 1970s, semiconductor lasers are able 
to operate in CW mode at room temperature. These 
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lasers utilize a double heterostructure (Figure 6.10) 
to improve the confinement of light in the active 
region, resulting in lower threshold currents [35, 
36]. Later, the incorporation of thin quantum wells 
into the heterostructure offers additional advan-
tages such as low threshold current density, high 
efficiency, and high differential gain. Figure 6.11 
shows that the threshold current density has been 
dramatically reduced by a factor of 10,000 since the 
early 1960s.

The technology of semiconductor lasers has 
been advanced to a point where, without realizing 
it, an average person owns at least a few of them. 
Examples are lasers used in CD or DVD players, in 
laser printers, and in laser pointers. In addition, in 
fiber optics communications, semiconductor lasers 

are used as transmitters and as EDFA and Raman 
pump lasers.

6.2.4  Short-pulse lasers

When the gain medium of a Fabry–Perot laser is 
homogenously broadened, only one single longitu-
dinal mode oscillates. On the other hand, if the gain 
medium is inhomogenously broadened, for example, 
via spatial hole burning or spectral hole burning, a 
few longitudinal modes will oscillate, provided that 
their round-trip gain is greater than unity. These lon-
gitudinal modes are spaced evenly in the frequency 
domain with frequency spacing ∆υ = c/2nL, where n 
is the average refractive index inside the Fabry–Perot 
cavity, and c is the speed of light in vacuum. If we 
are able to lock these modes together such that their 
phases are fixed relative to one another, we can cre-
ate a train of laser pulses at the output of a laser. This 
technique, known as modelocking, can be initiated 
actively using a time-varying amplitude modula-
tion, or it can be triggered using a saturable absorber 
in the cavity whose transmissivity decreases with 
increasing optical intensity. Very short optical pulses 
can be generated from modelocked lasers because 
the electric field from the various longitudinal 
modes are coherent—they interfere constructively at 
the peak of the pulse while cancelling one another at 
the wings of the pulse.

To capture fast-moving images on film, a pho-
tographer uses a fast shutter setting. Since the 
speed of mechanical shutters is limited to mil-
liseconds, improvement is made to capture faster 
events by illuminating the object with a strobo-
scope. As one of the pioneers in strobe-light pho-
tography, Edgerton captures the dramatic image of 
a rifle bullet piercing an apple in one of his high-
speed photographs (Figure 6.12). The photos are 
taken in a room with the lights turned off. When 
the bullet is fired, its shock wave is detected by a 
crystal microphone, which then triggers the strobe 
light. Edgerton’s technique enables him to freeze a 
microsecond event onto a photographic negative. 
With the advancement of ultrafast laser research, 
nanosecond, picosecond, and subsequently, fem-
tosecond laser pulses are available for scientists 
to “freeze” and study physical and chemical pro-
cesses in a very short time scale. In fact, some used 
to believe that the various chemical and biological 
processes, such as the breaking of chemical bonds 
and vision, were slow processes and did not occur 
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in the femtosecond time scale, until photochem-
istry experiments using short laser pulses proved 
otherwise. These results can be explained by the 
fact that, since molecular motions occur over very 
short distances, they can be very fast.

Given the existence of the various techniques to 
produce femtosecond pulses, how does one mea-
sure the duration of these pulses? In general, to 
measure a fast event, one needs an even faster event 
in order to capture it, which is not often possible 
since the laser pulse in interest might be the short-
est event available. Likewise, researchers working 
in scanning–tunneling microscopy face a similar 
problem when they want to establish the spatial 
resolution of their system—the fine tip they use 
to probe the sample is often the finest man-made 
object that is available to them. In 1967, Weber 
found a partial solution; he suggested measur-
ing the laser pulse width with the pulse itself by 
performing an intensity autocorrelation [38]. The 
optical pulse is split into two identical pulses using 
a beam splitter. The two pulses are then focused 
onto a nonlinear crystal that is capable of gener-
ating a second harmonic. The second harmonic 
generated will be collected in a photomultiplier 
tube while the temporal delay between the two 
pulses is varied. For example, the largest amount 
of signal is obtained when the two pulses overlap 
temporally. This operation is identical to perform-
ing an autocorrelation function mathematically, 
from which the approximate pulse duration can 
be deduced. Although it is a clever technique, the 

autocorrelation method does not yield complete 
details about the intensity profile of the pulse. 
Nor does it provide any information regarding the 
phase or the chirp of the optical pulse.

Ideally, one would like to get pulse information 
in both time and frequency domains, which is usu-
ally referred to as a spectrogram. It is analogous to 
the musical score for a symphony, informing musi-
cians which notes to play at a given time. It was 
not until 1993 that researchers developed a novel 
method to retrieve to obtain the spectrogram of an 
optical pulse. Using a technique called frequency-
resolved optical gating [39], or FROG, they mea-
sured the optical spectrum of the autocorrelation 
and then applied a phase retrieval algorithm to 
obtain the final spectrogram. Their algorithm 
works because knowledge of only the magnitude of 
a two-dimensional Fourier transform of a function 
of two variables uniquely determines the function 
(both phase and magnitude), provided that the 
function is well behaved. Figure 6.13 shows that 

Figure 6.12 A microsecond exposure of a bullet 
traveling 2800 ft s−1 while piercing an apple. 
(From http://www.geh.org/taschen/htmlsrc4/
m199603470007_ful.html.)
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both the intensity autocorrelation and the interfer-
ometric autocorrelation cannot distinguish posi-
tively chirped pulses from negatively chirped ones. 
On the other hand, the spectrogram extracted 
using FROG resolves this ambiguity as it contains 
complete amplitude and phase information about 
the optical pulse.

6.3  OPTICAL AMPLIFIERS

6.3.1  Basics of optical amplifiers

Optical amplifiers are used to boost the optical 
power of the input optical wave. Optical amplifi-
ers are essentially “single-pass” lasers, or “lasers” 
without the two (reflective) mirrors. Just as in the 
case of lasers, the gain medium is “inverted” and 
provides stimulated emission when there is an 
input optical wave. In principle, all types of lasers 
can be converted into optical amplifiers. For sim-
plicity, we will use optically pumped amplifiers in 
the following discussions. In such amplifiers, three 
optical waves are present, the pump wave that pro-
vides the inversion in the gain medium, the input 
optical wave that is the input signal to be amplified, 
and the output wave that has been amplified in the 
amplifier.

There are different applications for various types 
of optical amplifiers. Accordingly, the parameters 
of interest also vary. For example, the gain is an 
important parameter for laser fusion, while noise 
is essential for telecom applications. In general, the 
three commonly used parameters are gain, output 
power, and noise figure.

Gain is defined to be the ratio between the out-
put power and input power, where it is usually 
measured in decibels. Unity gain, or 0 dB, means 
no gain or loss. On the other hand, most practi-
cal optical amplifiers operate in gain regions much 
higher than 1. A typical gain curve is shown in 
Figure 6.14 as a function of output power for a fixed 
pump power. The gain is also commonly plotted as 
a function of input power. There are four regions 
in this saturation curve: the small signal region, 
the transition region, the saturated region, and the 
transparent region.

In the small signal region, the input power is 
low, and the gain remains constant when input 
power changes. The inversion in the gain medium 
is determined only by the amount of pump power 
and is independent of the weak input optical power. 

An advantage for this operation region is that the 
amplifier’s gain value remains constant. However, 
the photon conversion efficiency from pumps to 
signals is low. Most of the pump photons are not 
converted into signal photons, but into spontane-
ous emission or heat or other forms of energy.

As input power increases into the transition 
region, the interaction between the signal and 
the gain medium gets stronger. In this region, the 
signal starts to deplete the gain medium and the 
inversion level starts to drop. This causes the gain 
to decrease when input power increases.

When the input power is high, the amplifier 
works in the saturated region where the gain drops 
sharply with increased input power. The inversion 
level is low and the photon conversion efficiency 
from the pump wave to the signal wave is high. 
This is a common operation region for amplifier 
design in order to make efficient use of the pump 
power. In this highly saturated region, the output 
power changes very little as input power varies, as 
shown in Figure 6.14.

In the limit of high input power, the amplifier 
moves into the transparent region where the pump 
is relatively weak and the input optical wave essen-
tially bleaches through the medium. There are 
approximately equal number of atoms in the upper 
level and in the lower level. No practical amplifiers 
are designed to work in this region.

During the amplification process, spontaneous 
emission from the gain medium may add to the 
optical signal wave. Noise figure is the parameter 
to measure how much noise is added in the ampli-
fier. A low noise figure is important for telecom 
applications, as we desire to minimize the degra-
dation of the signal-to-noise ratio when a signal 
is amplified. The quantum limit for a practical 

Transition region

Saturated region

Small signal region

Gain
(dB)

Transparent region

Output power (dBm)

Figure 6.14 Gain versus output power for a fixed 
pump power.
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optical amplifier is 3 dB [41]. Under the assump-
tion of high-gain operation for the amplifier, high 
inversion level allows for low noise figure while low 
inversion level yields high noise figure.

There are other parameters that need to be con-
sidered when designing an amplifier, such as reli-
ability, size, cost, etc. We will not discuss the details 
here as they are beyond the scope of this chapter. 
In the following sections, we will cover four types 
of amplifiers—erbium-doped fiber amplifiers 
(EDFAs), Raman optical amplifiers (ROAs), semi-
conductor optical amplifiers (SOAs), and amplifi-
ers that are built to amplifier short pulses.

6.3.2  Erbium-doped fiber amplifiers 
(EDFAs)

Perhaps the most well-known optical amplifier is 
the EDFA that was first reported in 1987 [42, 43]. 
Traditionally, the so-called O–E–O signal regener-
ation was used in optical communication systems, 
where optoelectronic regenerators are installed 
between terminals to convert signals from the 
optical domain to the electrical domain, and then 
back to the optical domain. Since its invention, 
EDFA has revolutionized optical communications. 
Unlike optoelectronic regenerators, this optical 
amplifier does not require high-speed electronic 
circuitry and is transparent to data rate and format, 
which dramatically reduces system cost. EDFAs 
also provide high gain, high output power, and low 
noise figure. We will introduce several new impor-
tant EDFA features and parameters below.

Energy levels. The energy levels of the erbium 
ion and the associated spontaneous lifetime in 
the fiber glass host are shown in Figure 6.15. The 
energy difference between the upper level and the 
lower level is such that the photons generated are 
in the 1.5 μm transmission window of an optical 
fiber. The gain spectra at different inversion lev-
els are shown in Figure 6.16. Erbium-doped fiber 
can be pumped by semiconductor lasers at either 
980 or 1480 nm. The rapid improvements in semi-
conductor pump lasers have made the EDFA pos-
sible for practical applications. A three-level model 
can be used for 980 nm pumps while a two-level 
model usually suffices for 1480 nm pumps [44,45]. 
Complete inversion can be achieved with 980 nm 
pumping but not with 1480 nm pumping [45]. 
Because of the photon energy difference, the quan-
tum efficiency is higher with 1480 pumping.

Dynamics. The spontaneous lifetime of the 
excited energy level is about 10 ms, which is much 
slower than the signal bit rates of practical interest. 
Because of the slow dynamics, an EDFA only expe-
riences the averaged optical power for the practical 
date rates. As a result of the slow dynamics, inter-
symbol distortion and inter-channel crosstalk are 
negligible even when the EDFAs are working in the 
saturated region. Besides, since all of the optical 
signal channels can be amplified simultaneously 
in one erbium-doped fiber, the EDFA has become 
a key enabler for the widely used wavelength- 
division multiplexing (WDM) technology. This is 
a significant advantage for EDFAs.

Bandwidth. For WDM applications, since uni-
form gain is desired for all the signal channels, 
bandwidth is another important parameter for 
EDFAs. From Figure 6.16, we can see that the gain 
is flat somewhere between 1540 and 1560 nm for an 
inversion level of approximately 50%. Actually, it is 
this generic flat gain band that was used in initial 
WDM systems.

Significant progress has been made in amplifier 
design to achieve excellent performance. Several 
key techniques are discussed below:

Multistage design. In order to achieve both low 
noise figure and high output power, two or 
more gain stages are usually used where the 
input stage is kept at a high inversion level 
and the output stage is kept at a low inversion 
level [46,47]. For optical amplifiers with two 
or more gain stages, the overall noise figure is 

τ32 ~ 1 µs

τ0 ≈ 10 ms

4I11/2

4I13/2

4I15/2

Er3+

1520–1570 nm1480 nm980 nm

Figure 6.15 The energy levels of erbium ion in 
optical fiber. (From Sun, Y. et al., IEEE J. Sel. Top. 
Quant. Electron., 3, 991–1007, 1997.)



6.3 Optical amplifiers 187

mainly decided by the high gain input stage 
and the output power is basically determined 
by the strongly saturated output stage. The pas-
sive components have minimal impact on the 
noise figure and the output power when they 
are in the middle stage.

Gain equalization filter. A wide bandwidth is 
desired to accommodate a large number of 
optical channels. To fully utilize the gain band 
between 1530 and 1565 nm, gain equaliza-
tion filters (GEFs) can be used to flatten the 
gain spectrum. Several technologies have 
been investigated to fabricate GEFs, including 
thin film filters, long period gratings, short 
period gratings, silica waveguide structure, 
fused fibers, and acoustic filters. Depending 
on the design, a bandwidth of 35–40 nm can 
be obtained in the C-band [48]. This kind of 
amplifier with 35 nm of flat bandwidth was 
used in the long distance transmission of 32 
and 64 channels at 10 Gb s−1 [49], and has since 
become the commonly used bandwidth for 
C-band communication systems.

L-band operation. Because the gain drops sharply 
on both sides of C-band at the inversion level 
discussed above, it is not practical to further 
increase the bandwidth with a GEF. On the 
other hand, a flat gain region between 1565 and 
1615 (L-band) can be obtained at a much lower 

inversion level [50]. To achieve comparable 
gain as the C-band, a longer piece of erbium-
doped fiber or higher erbium doping would be 
needed. By combining C-band and L-band, a 
much wider bandwidth can be realized [51]. 
Such ultrawide-band optical amplifiers have 
made possible high-capacity communication 
systems at terabits/s or higher [52].

Large dynamic range. For commercial systems 
deployed in the field, the fiber span length and 
loss varies from location to location. A large 
dynamic range in the amplifier gain is required 
for in-line optical amplifiers. Optical attenua-
tors can be used in the middle stage to increase 
the dynamic range of EDFAs. Such amplifiers 
can provide flat spectrum and good noise fig-
ure when span loss varies.

Dispersion compensation. Dispersion compensa-
tion is needed for high-speed optical channels 
and can be done with dispersion compensating 
fiber. Such compensation is best done on a span-
by-span basis. The dispersion compensation 
modules (DCM) are usually inserted in a middle 
stage in the EDFAs to optimize the overall opti-
cal performance. Typically a middle-stage loss of 
about 10 dB is reserved for the plug-in of DCM.

In the above discussion, we mainly dealt with the 
static features of EDFA. In the event of either a 
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network reconfiguration or a failure, the number 
of WDM signals traversing the amplifiers would 
change. As a result, the power of the surviving 
channels would increase or decrease due to the 
cross-saturation effect in amplifiers. Dropping 
channels can give rise to surviving channel errors 
since the power of these channels may surpass the 
threshold for nonlinear effects such as Brillouin 
scattering. The addition of channels can cause 
bit errors by depressing the power of the surviv-
ing channels to below the receiver sensitivity. To 
overcome such error bursts in surviving channels 
in the network, the signal power transients have 
to be controlled. Because of the saturation effect, 
the speed of the gain dynamics in a single EDFA is 
in general much faster than the spontaneous life-
time of about 10 ms [45]. The time constant of gain 
dynamics is a function of the saturation caused by 
the pump power and the signal power. The time 
constant of gain recovery on single-stage amplifi-
ers was reported to be between 110 and 340 μs [53].

In a recent work, the phenomena of fast power 
transients in an EDFA chain was reported [54]. 
Even though the gain dynamics of an individual 
EDFA is unchanged, the rate of change of the chan-
nel power at the end of the system becomes faster 
for longer amplifier chains. This fast gain dynamics 
results from the effects of the collective behavior in 
a chain of amplifiers. The output of the first EDFA 
attenuated by the fiber span loss acts as the input to 
the second EDFA. Since both the output of the first 
EDFA and the gain of the second EDFA increase 
with time, the output power of the second ampli-
fier increases at a faster rate. This cascading effect 
results in faster and faster transients as the num-
ber of amplifiers increase in the chain. To prevent 
performance penalties in a large scale WDM opti-
cal network, surviving channel power excursions 
must be limited to certain values depending on the 
system margin. Several control schemes have been 
studied, including pump control [55], link control 
[56], and laser control [57].

Considerable progress has been made in opti-
cal amplifiers in recent years. The bandwidth of 
amplifiers has increased nearly seven times and 
flat gain amplifiers with 84 nm bandwidth have 
been demonstrated. This has been made possible 
by the addition of the L-band branch. With the 
advent of these amplifiers, commercial terabits/s 
lightwave systems will be realizable. Research is 
underway to develop amplifiers outside the erbium 

fiber band. Raman amplifiers and semiconductor 
amplifiers are also potential candidates for ampli-
fication across the entire silica fiber transmission 
band. Progress has also been made in the under-
standing of gain dynamics of amplifiers. Several 
control schemes have been successfully demon-
strated to mitigate the signal impairments due to 
fast power transients in a chain of amplifiers and 
will be implemented in lightwave networks. The 
terrestrial lightwave systems have been increas-
ing in transmission capacity. To meet the enor-
mous capacity demand the currently available 
400 Gb s−1 capacity system with 40 channels will 
soon be followed by systems having terabits/s and 
higher capacity on a single fiber.

6.3.3  Raman optical amplifiers

Distributed Raman amplification using optical 
fibers is an old and yet emerging technology that 
can supplement the functionality of EDFAs in 
high-speed (≥10 Gbs−l) long-haul transmission sys-
tems. Before the advent of the EDFAs, ROAs were 
used to reamplify solitons in a recirculating loop 
(Figure 6.17) in order to demonstrate the feasibil-
ity of long-haul soliton transmission [58]. Major 

41.7 km loop

All-fiber Mach-Zehnder
interferometer

Wavelength-dependent
coupler

Signal out
Pump in

Signal in 3-dB coupler

Figure 6.17 The first optical transmission system 
using Raman optical amplifiers. (From Boyd, G.D. 
and Kogelnik, H., Bell Syst. Tech. J., 41, 1347, 
1962.)
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advantages of using ROAs include low-noise char-
acteristics in distributed mode operation, flexible 
gain allocation, wide gain bandwidth, and simple 
construction.

The amount of Raman scattering and its spec-
trum depend on the material. For silica, which is 
an amorphous material, the peak Raman gain is at 
13.2 THz lower than the pump frequency, which 
corresponds to a wavelength of about 100 nm lon-
ger than the pump at 1450 nm [59,60]. One can 
modify the operating gain shape and flatness of 
the Raman  optical amplifier by choosing pump 
wavelengths and pump powers. For example, one 
can readily make Raman amplifiers to operate in 
the S-band (1485–1525 nm) or in the L+ (1604–
1640 nm) band. The pump scheme is relatively 
simple because one only needs to launch the pump 
light into the fiber via a wavelength-dependent 
coupler (WDC) or an optical circulator.

The process of Raman scattering can be viewed 
as the modulation of light (the pump) by molecular 
vibrations in a material, which are referred to as 
optical phonons [61]. Upper and lower sidebands 
appear in the scattered light spectrum because 
the frequency of the pump is both upshifted and 
downshifted by the optical phonon. At high tem-
peratures, the two sidebands are of equal intensity; 
however, at room temperature, the lower frequency 
sideband is favored. So far we have described the 
process of spontaneous Raman scattering, which 
was discovered by Sir Raman in 1928 [62]. One can 
stimulate the process by injecting both the pump 
and the downshifted signal into the medium. In 
this case, the two optical waves will beat together 
to stimulate the optical phonon, which in turn, will 
cause more pump to convert into the signal. This is 
known as stimulated Raman scattering, which was 
observed 34 years later by Woodbury and Ng [63]. 
One direct consequence is that the input is ampli-
fied coherently and the medium acts like a distrib-
uted optical amplifier.

The distributed nature of the Raman amplifi-
cation provides an advantage to the overall noise 
performance. As much as 5 dB of improvement in 
the optical signal-to-noise ratio (OSNR) can be 
achieved with 10–15 dB of distributed Raman gain. 
Signal is amplified along the fiber length such that 
the amount of noise generated in the amplifica-
tion process is less than that of a lumped ampli-
fier placed at the end of the same fiber span, where 
signal strength is the weakest. The Raman on–off 

gain (in dB), defined as the signal gain with, and 
without pumps, is proportional to the Raman gain 
coefficient, the effective length, and the pump 
intensity. It is also inversely proportional to the 
fiber effective area (see Figure 6.18).

Although ROAs hold promise for telecommu-
nication applications, they also have some draw-
backs in certain applications compared with those 
of EDFAs. First, the low efficiency in converting 
pump power to signal power implies that there 
is a need for high pump powers. Note that high-
power semiconductor pump lasers, which were 
only available recently, was the main driver for 
the reemerging of ROAs. The high-pump-power 
requirement is generally not desirable for several 
reasons, such as personnel safety concerns and 
components reliability concerns. Secondly, the 
relatively long length of fiber in a ROA allows 
Rayleigh-related reflection to degrade the perfor-
mance of a telecommunication system. Typically, 
the fiber lengths of ROAs are of the order of sev-
eral kilometers. These Rayleigh-related effects 
include multiple-path interference (MPI), double-
Rayleigh backscattering noise (DRS), and ROA 
instability, all of which become more severe when 
pump power is increased [64]. In addition, the fast 
Raman response time causes time-dependent del-
eterious effects such as inter-channel cross-talk 
and the transfer of pump noise to the signal [65]. 
This is an important constraint for ROAs where 
the pumps are co-travelling in the same direction 
as that of the signals. Lastly, similar to EDFAs, 
ROAs also exhibit transient effects when the input 
signal power fluctuates [66].
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Through careful amplifier and system design, 
we can overcome some of the problems in ROAs. 
Nowadays, it is common, especially in laborato-
ries, to combine ROAs and EDFAs to achieve the 
optimal performance in optical transmission. 
Several recent 40 Gb s−1 transmission experiments 
rely on distributed Raman gain in order to achieve 
record-breaking performance. For example, multi- 
terabits/second transmission experiments over sev-
eral thousand kilometers were carried out [67–70].

The quest for higher capacity is, and will still 
be the focus of transmission research since higher 
capacity transmission may provide an economic 
advantage. Increasing the signal-to-noise-ratio 
using Raman amplifiers is one effective approach. 
Together with other technologies such as sophis-
ticated coding schemes (forward-error correction, 
etc.), new modulation format, new multiplexing 
schemes, and higher-quality fibers, the transmis-
sion capacity is constantly increasing. Recently, 
research teams demonstrated 40 Gb s−1 transmis-
sion using a 100 GHz channel spacing for ultra-
long-haul (>3000 km) systems, yielding a high 
spectral efficiency of 40 Gb s−1/100 GHz = 0.4 b s−1 
Hz−1. In the years to come, even more efficient use 
of available fiber spectrum and higher spectral 
efficiency are likely to take place. Transmission of 
multi-terabits/second over long distances will be 
achieved.

6.3.4  Semiconductor optical 
amplifiers

SOAs, because of their small physical size, low 
cost, and electrical pumping, are ideal amplifiers 
to be used in low-cost telecommunication systems. 
To achieve gain in the medium, the semiconductor 
material is excited to achieve population inversion. 
There exists two types of SOAs—travelling-wave 
amplifiers, and Fabry–Perot amplifiers. In the for-
mer, the input signal travels from the input port 
to the output port in the forward direction only, 
which is made possible by minimizing the reflec-
tivity at the cleaved facets via an antireflection 
coating. The reflectivity can be reduced further by 
using angled facets. For Fabry–Perot amplifiers, 
the input signal is partially reflected at each facet 
as naturally cleaved facets are used. Because of its 
resonant nature, the output power of Fabry–Perot 
SOAs is limited to −10 dBm, while the output power 
of travelling-wave SOAs can exceed +13 dBm.

The gain spectrum of SOAs can be engineered 
to be as broad as 100 nm. Moreover, through the 
choice of the material composition (GaAlAs, 
InGaAlP, InGaAsP, etc.), they can operate in the 
visible or in the near-infrared (1.3–1.6 μm). Since 
the typical noise figures of SOAs are in the range of 
7–9 dB, the use of SOAs has been limited to short-
haul (100–200 km) transmission experiments 
[71,72].

In a quest to boost output power of a laser, a 
master-oscillator power-amplifier (MOPA) design 
is used, where the output of a laser, acting as an 
oscillator, is amplified subsequently in a booster 
section. Greater than 1 W of output power is achiev-
able in monolithically integrated MOPAs [73].

SOAs possess undesirable characteristics that 
must be overcome with clever engineering solu-
tions. For example, the polarization-dependent 
gain (PDG) of an SOA can be as high as 6 dB. One 
method to mitigate the polarization effect is to use 
polarization diversity, where the input optical sig-
nal traverses an SOA twice, one in each orthogonal 
polarization. Another method of growing strained 
multiple quantum wells in the active region reduces 
the amount of PDG to below 1 dB [74].

Because the carrier lifetime in SOAs is as short 
as 500 ps, its fast gain dynamics, together with 
its relatively low saturation power, induce cross-
gain saturation, when the input signal consists of 
multiple wavelength channels. In other words, if 
the SOA is used in a WDM system, the instanta-
neous gain of a given wavelength channel is sat-
urated not only by its channel power, but also by 
the combined instantaneous power (bit pattern) 
of the remaining channels. This deleterious effect 
can be counteracted by (1) operating the SOA in 
the quasi-linear regime, hence reducing the output 
power per channel [71], (2) adding a strong satu-
rating tone to the input signal to act as a reservoir 
[72], (3) using polarization multiplexing [75], and 
(4) not using intensity modulation on the optical 
carrier, but using frequency or phase modulation 
instead [76].

6.3.5  Short-pulse amplification

Although the intensity of a moderate laser beam 
can be high when it is focused to a spot, on-going 
work has never stopped in building laser ampli-
fiers to generate higher power laser beams. One 
limiting factor in amplifying short pulses is the 
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excessive nonlinearity generated when the short 
pulse passes through the gain medium. Nonlinear 
effects encountered include (1) self-focusing, 
which causes the laser beam to collapse to a focal 
point with catastrophic results; (2) spatial filamen-
tation of the input beam; (3) excessive self-phase 
modulation, where the intensity-dependent phase 
shift degrades the temporal quality of the out-
put pulse. In other words, in typical high-power 
short-pulse laser systems, it is the peak intensity, 
rather than the energy or the fluence, that causes 
pulse distortion or laser damage. Previously, large 
laboratories, such as the Lawrence Livermore 
National Laboratory, construct lasers and ampli-
fiers with large beam diameters as an expensive 
way to increase the laser power while keeping 
the intensity below nonlinear effects. CPA over-
comes the problem by prestretching the input 
pulse using a dispersive diffraction grating pair 
and then compressing the output pulse using 
another pair of diffraction gratings (Figure 6.19) 
[24]. Since the optical pulse remains dispersed as 
it traverses the amplifying medium, the amount 
of nonlinearity experienced by the optical pulse 
is minimized. By 1990, this technique has been 
used to boost the peak power of an incoming laser 
pulse to over 10 TW (10 × 1012 W) levels (Figure 
6.20). Since the maximum intensity is limited to 
1012 W m−2 without using CPA, the pulse energy 
is therefore boosted 10 billion-fold. Although 
this optical pulse lasts a few tens of femtoseconds 
only, its instantaneous peak power is equal to the 
power output from the entire electrical grid in the 
world. When focused onto a small spot, one can 

create high-energy pulses with intensities as high 
as 1022 W m−2, thus opening up new and exciting 
areas in nonlinear optics. For example, electrons 
are accelerated to relativistic velocities in the so 
called “table-top accelerators.” To avoid excessive 
gain saturation in the amplifier, the repetition 
rate of the incoming pulse train is often reduced 
using a pulse-selecting Pockels cell. Incidentally, 
the concept of CPA is also used in chirped radar 
systems—in order to avoid saturating the power 
amplifier in the transmitter, the millimeter radar 
pulse is stretched in time (linearly chirped) by a 
surface acoustic wave (SAW) acting as a disper-
sive delay line, before it is amplified and emitted. 
A pulse-compression filter is then used in the 
receiver to demodulate and compress the return 
signal into a shorter pulse, which results in a 
higher range resolution than radar systems not 
using chirped pulses.

Using the latest technological advances in 
pump laser, rare-earth-doped fiber, control elec-
tronics, and packaging, vendors are now offer-
ing turn-key table-top systems utilizing CPA. For 
example, IMRA’s oscillator-amplifier laser system 
can produce high-energy femtosecond pulses with 
peak powers as much as 10 MW (Figure 6.21). The 
diode-pumped system uses CPA in a large-core 
Yb-doped fiber amplifier. Since optical fiber is an 
excellent medium to be used as a temperature sen-
sor, the entire system is packaged athermally to 
achieve good frequency stability and low pulse-
timing jitter.

Initial short pulse

Short-pulse oscillator

Long, low pulse

High-energy pulse

Metallic
gratings

Power amplifiers

Second pair of
metallic gratings

High-energy
ultrashort pulse

Figure 6.19 The concept of chirped pulse ampli-
fication. (From http://www.llnl.gov/str/Petawatt . 
html.)
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Figure 6.20 Milestones in the advancement of 
laser peak power. The darkest shaded region 
at upper right indicates that the laser pulses 
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(From http://www.llnl.gov/str/Petawatt.html.)
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7.1  INTRODUCTION

The practice of optoelectronics at the level of 
device and system design necessitates a familiar-
ity with some quite advanced, and sometimes quite 
subtle, optical physics. This chapter will deal, at a 
fairly fundamental level, with those topics which 
the author considers most important for an appre-
ciation of present-day optoelectronics.

The topics chosen naturally are concerned with 
the properties of light and its control by wave-
guides and with those properties of solid materials 
relevant to their interactions with light radiation.

Many of the basic ideas that are needed to 
understand these processes have already been 
introduced in earlier chapters; in this chapter, 
however, we shall need to extend and refine the 
coverage to the point where we can understand the 
structure and operation of specific optoelectronic 
devices. These devices depend, in most cases, on 
the physics of optical radiation and of the solid 
state, in a fairly detailed way.

It is thus necessary to gain a more detailed famil-
iarity with this physics because it lies at the heart of 
the subject, and without this knowledge it would be 
impossible either to understand properly existing 
optoelectronics or to progress to new devices and 
new systems beyond our present-day thinking.

We shall begin by looking at the physics of 
radiation.

7.2  THE PHYSICS OF RADIATION

7.2.1  Black-body radiation

All matter, provided that it has a temperature 
other than absolute zero, emits radiation. This is a 
consequence of the fact that a temperature above 
absolute zero implies that the atoms or molecules 
are in motion and are thus colliding with each 
other constantly. These collisions not only trans-
fer kinetic energy of motion but also sometimes 
excite the atomic system to a higher state from 
which it may relax by emitting a photon. This is 
a consequence of a very basic principle in physics, 
the “law of equipartition of energy,” which states 
that the energy of a system, in equilibrium, will 
be distributed equally among all possible degrees 
of freedom: the kinetic energy of a material is one 
such degree, excited states represent another. By 
assigning a temperature to a body, we require it 

to be in thermal equilibrium with its surround-
ings (i.e., there is no net heat gain from, or loss 
to, the surroundings over time), so equipartition 
must apply.

The first question that naturally arises now 
is, how much radiation is emitted by a body at 
a given temperature? And the second (perhaps 
not quite as naturally!) is, what is the distribu-
tion of this emitted radiation over the wavelength 
spectrum?

In answering these questions, we shall explore 
ideas that are valuable for a whole range of topics 
in optoelectronics, and more general physics, so it 
is worthwhile taking some time over them.

Classical thermodynamics assumed that atoms 
emitted light as a result of radiation by electrons 
that were oscillating at natural resonant frequen-
cies within the atoms. It further assumed (it had no 
reason to assume otherwise) that these oscillations 
could occur with any amount of energy, depending 
on the strength of the stimulus.

The other piece of information that the classi-
cal thermodynamicists needed before they could 
proceed was the Boltzmann factor. This tells us the 
ratio of the number of atoms that have energy E1 
compared to those with energy E2 in a system in 
equilibrium at absolute temperature T, and takes 
the form [1]

 N N E E kT/ exp[–( – )/ ],2 1 2 1=

where k is Boltzmann’s constant, with value 
1.38 × 10−23 JK−1. This factor had already been 
derived, using classical statistical thermodynam-
ics, by means of an exquisite argument (which we 
do not have space to develop, but see any text on 
statistical mechanics).

Let us now derive the classical result for the 
radiation emitted by a “perfect” body, i.e., a body 
capable of emitting or absorbing radiation of 
any wavelength and thus containing oscillators 
(atoms or molecules) capable of oscillating at any 
frequency. Such a body is called a “black” body 
because it absorbs, rather than reflects, all light 
falling upon it, and therefore looks “black” (until 
it emits!). Such a body is a valuable idealization, 
because we can categorize “real” bodies according 
to how closely they approximate to it.

Let us suppose that within this black body, the 
oscillators can have any energy and (for reasons 
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which will become clear later) these energies will 
be described as a set distributed as

 … …E E n E0, d , 2d , , d ,

where dE is infinitesimally small so that the dis-
tribution is continuous. The ratios of numbers of 
oscillators within each of these energy bands will 
comprise the set (according to the Boltzmann 
factor):
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Thus, if there are N oscillators with zero energy, the 
total number of oscillators will be
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This is a geometrical progression, which is easily 
summed to give
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Also, the total energy of all the oscillators is given 
by multiplying each term by its energy allocation:
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giving, on summation
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(7.2)

On dividing Equation 7.2 by Equation 7.1, we 
obtain the mean energy per oscillator as
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(7.3)

We may now let dE → 0 to discover the physical 
value for this mean energy, whereupon we find 
(expanding the exponential in the denominator)
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or

 E kT .=  (7.4)

(This is entirely in accordance with other “equipar-
titional” approaches, which allow kT/2 of energy 
per degree of freedom. In our case, there are two 
degrees of freedom per oscillator, one for kinetic 
energy, the other for potential energy, giving kT 
in all.)

The final piece of information we need is the 
number of independent oscillations, which can 
occur within a given volume of material. Clearly, 
the fact that the volume is finite means that there 
are boundaries and these impose boundary condi-
tions on the oscillations, just as a string stretched 
between two fixed points is bounded by the fact 
that any oscillation of the string must have zero 
amplitude at the points of fixation.

Let us simplify things by taking the volume to 
be a cube of side l (Figure 7.1a): suppose now that 
oscillations occur within the cube and that the 
velocity with which these propagate is c. The walls 
of the cube impose a zero-amplitude boundary 
condition for these oscillations, so the resonant 
oscillations can only occur parallel with the sides 
of the cube with frequencies nc/2l, n being a posi-
tive integer and c/2l the fundamental.

Now waves can, of course, travel in many direc-
tions and we can best represent any given wave by 
its wave vector k, which has the same direction of 
the wave and an amplitude 2π/λ, where λ is the 
wavelength. We may now write the frequencies 
of the waves traveling parallel to the sides of the 
cube as

 f
nc

l2
n =
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and the wave numbers as

 = π = π
k

c
f

n

l

2
.n n
 (7.5)

Let us now take axes Ox, Oy, and Oz parallel with 
the sides of the cube and plot in three dimensions 
a lattice of points corresponding to all the kn in 
Equation 7.5. It is easily seen that any oscillation 
for the cube can be represented by its wave vector 
from the origin of axes to one of the points we have 
plotted. The plot is often called “k-space,” for obvi-
ous reasons.

We now ask the question: how many oscil-
lations can the cube support with wavelengths 
between k and k + dk? This, we can see, will cor-
respond to the number of points on our plot, which 
lie in the volume between spheres of radius k and 
k + dk, respectively. This volume in k-space is, 
4πk2dk (Figure 7.1b). However, because only posi-
tive values of n are valid, we only need that octant 
of the spherical shell where all the axes are positive, 
which is one-eighth of the total, i.e., πk2dk/2. To 
find the number of points in this volume, we divide 

by one elementary volume in our lattice, defined by 
the interval between points, i.e., a cube of side π/l, 
volume π3/l3.

Hence, the number of oscillations between k 
and k + dk is

 ′ = π
π
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π
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k k
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and if we allow two orthogonal linear polariza-
tions per oscillation (any electromagnetic wave can 
always be resolved into two such components), this 
becomes

 N
k l kd

.0

2 3

2
=

π

Because the volume of our original cube is l3, we 
can express this in the form of a number of oscilla-
tions per unit volume:
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π

N
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 (7.6a)

l

l

l

l

y

y

x

x

z

πm

k

z0

0

(a) Waves in a bounded cube, and ‘k-space’ 

(b) Volume of shell segment in k-space

Volume between segments = dk

dk
k

2
πk2

l
π

l
πn

l
πp

Figure 7.1 k-space diagram.
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It is now more convenient to write Nv in terms of 
frequency (since frequency is more directly related 
with energy). We have

 = π
λ

= π
k

f

c

2 2
.

Hence
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d .v
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3
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This is an important result in itself and appears in 
many aspects of laser theory; it should be noted 
carefully.

We may use it immediately for our pres-
ent purposes to derive the classical result for the 
energy spectrum of a black-body radiator. From 
Equation 7.4, we observed that each oscillation has 
mean energy kT. Hence, the energy density (i.e., 
energy per unit volume) lying between frequencies 
f and f + df is given by

 ρ = π
f

f

c
kT fd

8
d .f

2

3
 (7.7)

This is the classical result, the so-called Rayleigh–
Jeans equation. It is wrong! It has to be. We can 
see this immediately by calculating the total 
energy density emitted over all wavelengths of the 
spectrum:
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The answer is thus that an infinite amount of total 
energy is emitted by any black body; this is, of 
course, quite impossible. This result caused much 
head scratching among classical physicists around 
the beginning of the 20th century. When the spec-
trum of a black body (or as close to one as could be 
realized in practice) was measured, the shape was 
as shown in Figure 7.2. The agreement with the 
Rayleigh–Jeans expression (Equation 7.7) was good 
at low frequencies, but the two diverged wildly at the 
higher frequencies: the problem was thus dubbed the 
“ultraviolet (i.e., high frequency) catastrophe.”

7.2.2  The quantum result

Max Planck, in 1900, saw a very simple way to avoid 
the above problem. He suggested that an oscillator 
could not possess any value of energy but only a 
value which was an integer times a certain mini-
mum value. If this latter was ε, then the only pos-
sible values for the energy of the oscillation were ɛ, 
2ɛ, 3ɛ,…, nɛ. This changed things completely, as we 
shall now show.

We can now, very conveniently, return to 
Equation 7.3 for the mean energy of an oscillator:
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dE can now be identified with ε, and now it does 
not tend to zero, but always remains nonzero. 
Now, ɛ is the minimum energy of the oscillator, 
which emits radiation and thus can be identified, 
in turn, with the quantity hν, where ν is the low-
est frequency of radiation it emits, remembering 
that the oscillator can have any of the energies nhν, 
where n is any positive integer. (We now use ν for 
frequency, rather than f, to remind ourselves that 
we are dealing with quantum phenomena rather 
than continuous events, h is the quantum constant 
(Planck’s constant) with value 6.626 × 10−34 Js.)

Thus, we have, in the quantum case
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and the energy density lying between ν and ν + dν 
now will be, using Equation 7.7:
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Figure 7.2 The black-body spectrum.
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This is the celebrated Planck’s radiation formula, 
and it solves all our problems, for it agrees with the 
experimental spectrum (Figure 7.2).

If integrated over all frequencies it remains 
finite and gives the result:

 E
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c h
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15
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5 4

2 3
4= π  (7.9)

Equation 7.9 represents the Stefan–Boltzmann 
law for the total energy emitted by a black body; 
classical thermodynamics was able to show that 
this quantity should be proportional to the fourth 
power of the absolute temperature, but was unable 
to predict the value of the constant of proportion-
ality; quantum physics has provided the answer to 
this.

Similarly, classical thermodynamics was able to 
prove Wien’s displacement law, which states that the 
value of the wavelength associated with the energy 
maximum in the spectrum (Figure 7.2) is inversely 
proportional to the absolute temperature, i.e.,

 
m Τ

λ = Ω

but was unable to determine the value of the con-
stant Ω. By differentiating Equation 7.8, we easily 
find that

 ch

k4.9651
.Ω =

The above results had a profound effect. Although 
Planck at first felt that his quantum hypothesis was 
no more than a mathematical trick to avoid the 
ultraviolet catastrophe, it soon became clear that 
it was fundamentally how the universe did, in fact, 
behave: quantum theory was born.

7.2.3  “Black-body” sources

The concept of a black body is that of a body that 
emits and absorbs all frequencies of radiation. We 
know now that the quantum theory requires us to 

limit the frequency to multiples of a certain fun-
damental frequency, but, in practice, owing to the 
particular molecular structure of any given body, 
the quantum (and classical) “black body” remains 
an idealization, and real bodies, when hot, will not 
yield a spectrum in strict accordance with Planck’s 
radiation law but only an approximation to it 
(sometimes a very close approximation, however).

Nevertheless, we can very conveniently 
 measure the temperature of a radiating body by 
measuring the wavelength at which the spectrum 
peaks, using Wien’s law, or, if the peak is not at 
a convenient (for our detector) position in the 
spectrum, by measuring the total energy emit-
ted (using a bolometer) and applying the Stefan–
Boltzmann law. Very often we require a source 
that emits over a broad range of frequencies, and 
a convenient way to obtain this is to create a dis-
charge in a gas. An electrical discharge creates a 
large number of free, energetic electrons, which 
cause a large range of atomic excitations, thus giv-
ing rise to radiation over a broad frequency range. 
Intensities can be quite high, so that the experi-
menter or designer can then pick out those fre-
quencies that are needed, with frequency-selective 
optical components such as prisms or diffraction 
gratings.

However, the importance of the idealization 
known as a black body lies primarily in the fact that 
it allows an insight into the fundamental nature of 
electromagnetic radiation and the quantum laws 
that it obeys. This is crucial to our understanding 
of its role in optoelectronics, and especially to our 
understanding of laser radiation, which is the next 
topic for consideration.

7.2.4  The theory of laser action

7.2.4.1  THE RATE EQUATIONS AND THE 
GAIN MECHANISM

The elements of laser action were introduced in 
Chapter 1, Section 1.9. Lasers are extremely impor-
tant in optoelectronics, as has been stressed, and it 
is necessary now to deal with laser action in more 
quantitative detail.

Let us consider two energy levels of an atomic 
system E1 and E2, with E2 > E1 (Figure 7.3).

We know that the system can be raised from E1 
to E2 by absorption of a photon with frequency ν12, 
where
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 h E E–12 2 1ν =

and we also know that the system, after hav-
ing been excited, will eventually, spontaneously, 
revert to its ground state E1 by emitting a photon 
of energy hν12.

However, the excited state E2 can also be stimu-
lated to decay to the state E1 by the action of another 
photon of energy hν12. This process is called stimu-
lated emission. Thus, now we are considering three 
distinct processes:

 1. Stimulated absorption (E1 → E2)
 2. Spontaneous emission (E2 → E1)
 3. Stimulated emission (E2 → E1)

There can be no spontaneous “absorption” because 
this would violate the law of conservation of energy.

In order to calculate the relationships between 
atoms and radiation in equilibrium (i.e., black-
body radiation), Einstein used a very simple argu-
ment: consider the atoms to be in equilibrium 
with each other and with the radiation in a closed 
system. The rate (per unit volume) at which atoms 
are raised to the upper state is proportional to the 
density of photons, ρv, at energy hν12 and to the 
density of atoms N1 (number per unit volume) in 
state E1, that is,

 R N B stimulated absorption12 1 12 ( )= ρν

where B12 is a constant.
Similarly, the rate at which atoms in state E2 are 

stimulated to return to state E1 is given by

 R N B stimulated emission21 2 21 ( )= ρν

where N2 is the density of atoms in state E2. Now 
spontaneous emission from state E2 to E1 occurs 

after a characteristic delay determined by the 
detailed atomic characteristics and is governed by 
quantum rules. Its rate, therefore, is proportional 
to N2, the constant of proportionality, comprising, 
essentially, the reciprocal of the decay time. Thus, 
we have

 S N A spontaneous emission .21 2 21 ( )=

The constants A21, B12, and B21 are called the 
Einstein coefficients.

Clearly, in equilibrium, we must have

 N B N B N A1 v 12 2 v 21 2 21ρ = ρ +  (7.10)

because the total upward and downward transition 
rates must be equal.

Hence, from Equation 7.10
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However, we know from the Boltzmann relation 
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and also that E2 − E1 = hν12.
Hence, generalizing from ν12 to ν
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Now it was shown in Section 7.2.2 that for equilib-
rium (black body) radiation (Equation 7.8)
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Hence, it follows, by comparing this with Equation 
7.11
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Figure 7.3 Two-level photon transitions.
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Relations 7.12a and 7.12b are known as the Einstein 
relations and are very important determinants in 
the relationships between atoms and radiation. For 
example, it is clear that, under these conditions, 
the ratio of stimulated to spontaneous emission 
from E2 to E1 is given by

 S
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c
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v 2 21

2 21

v
3

3
= = ρ = ρ

π ν

and using the expression for ρv from Equation 7.8

 
S

h

kT

1

exp 1
.= ν



 −

If, for example, we consider the specific case of the 
He–Ne discharge at a temperature of 370 K with 
λ = 632.8 nm (ν = 4.74 × 1014 Hz) then we find

 S 2 10 .–27≈ ×

Stimulated emission is thus very unlikely for equi-
librium systems.

Another point worthy of note is that, for given 
values of N2 (density of atoms in upper state E2) and 
ρv (density of photons), the rate of stimulated emis-
sion (B21) is proportional to 1/ν3. This follows from 
Equation 7.12b because

 =
π ν

B
A c

h8
21

21
3

3

and A21 is an atomic constant, representing the 
reciprocal of the spontaneous decay time.

This means that the higher the frequency the 
more difficult is the laser action, for this depends 
upon stimulated emission. Ultraviolet, X-ray, and 
γ-ray lasers present very special problems that, 
hopefully, will preclude the possibility of “death-
ray” weapons (X-rays and γ-rays are very damag-
ing to living tissues).

However, we do wish to use lasers at lower fre-
quencies, visible and infrared, for example, for 
purposes of communication, display, and mea-
surement, and the equation for R21 tells us that 
the way to increase the stimulated emission is to 
increase the values of N2 and ρv.

We know that, in equilibrium, N2 < N1, from the 
form of the Boltzmann factor, and ρv is given by 

Equation 7.8. Hence, we shall have to disturb the 
equilibrium to achieve significant levels of stimu-
lated emission.

One way in which this can be done is to inject 
radiation at frequency ν, so that ρv is increased 
above its equilibrium value. Suppose that this is 
done until the stimulated emission greatly exceeds 
the spontaneous emission (which does not, of 
course, depend upon ρv), i.e., until

 N B N A .2 v 21 2 21�ρ

The condition for this, clearly, is that
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which, from Equation 7.12b, means that
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However, increasing ρv does also increase the stim-
ulated absorption. In fact, Equation 7.10 becomes, 
when ρv is large

 N B N B .1 v 12 2 v 21ρ = ρ

But we also know from Equations 7.12a and b that 
B12 = B21; hence, N1 = N2 under these conditions. In 
other words, an incoming photon at frequency ν is 
just as likely to cause a downward transition (stim-
ulated emission) as it is an upward one (stimulated 
absorption). Hence, we cannot increase the popu-
lation N2 above that of N1 simply by pumping more 
radiation, at frequency ν, into the system. Clearly, 
we must change tack if we are to enhance the stim-
ulated emission and produce a laser.

Consider a three-level rather than a two-level 
system (Figure 7.4a). Suppose that light at fre-
quency ν13 is injected into this system, so that there 
is a large amount of stimulated absorption from E1 
to E3. Spontaneous decays will occur from E3 to E2 
and then E2 → E1 with also E3 → E1; but if the levels 
are chosen appropriately according to the quan-
tum rules, the E3 → E2 decay can be fast and the 
E2 → E1 relatively much slower. Clearly, the result 
of this will be that atoms will accumulate in level 
E2. Now the really important point is that, unlike 
the previous two-level case, atoms in level E2 are 
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immune from stimulated emission by photons 
at frequency ν13. Hence, we can now increase the 
number of atoms in level E2, at the expense of those 
in E1, by increasing the intensity of the radiation at 
frequency ν13.

We can thus soon ensure that

 N N2 1>

and we have an “inverted population” (i.e., more 
atoms in a higher energy state than a lower one) 
as a result of the “pump” at frequency ν13. This 
inverted population can now be exploited to give 
optical amplification at frequency ν12.

Let us quantify this amplification via the rate 
equations we have developed. Suppose that pho-
tons at frequency ν12 are injected into the medium 
in a certain direction. These will meet the inverted 
population in energy state E2 and will stimulate the 
downward transition E2 → E1, producing more pho-
tons at frequency ν12 in so doing (this is, of course, 
the origin of the amplification). We assume, quite 
confidently, that the medium is being sufficiently 
strongly pumped for the stimulated photons to be 
well in excess of any spontaneous emission from E2 
to E1. Now suppose that, under these conditions, 
the number of photons per unit volume when the 
injected radiation enters the system is p12. Then, 
the rate at which p12 increases will depend upon 
the difference between upward and downward 
transition rates between levels 1 and 2, and hence 
we write

 p

t
N B N B

d

d
.12

2 v12 21 1 v12 12= ρ − ρ

Now ρv12 is the energy density of photons, hence

 p h .v 12 1212ρ = ν

Also we know that B12 = B21 (from Equations 7.12a 
and 7.13) and thus
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We shall now write ρv12 as ρv to avoid cluttered 
equations and, integrating Equation 7.13

 N N texp –v v,0 2 1( )ρ = ρ  

where ρv,0 = ρv at t = 0.
If the injected wave is traveling at velocity c in 

the medium, we can transfer to a distance param-
eter via s = ct and obtain

 h

c
B N N sexp ( ) .v v,0 12 2 1ρ = ρ ν −





This is to be compared with the standard loss/gain 
relation for propagation in an interactive medium, 
i.e.,

 I I gxexp0 ( )=

and it is clear that the gain coefficient g can be 
identified as

 g
h

c
B N N( )12 2 1= ν −  (7.14a)

which is the gain coefficient for the medium (frac-
tional increase in intensity level per unit length) 
and will be positive (i.e., gain rather than loss) 

(a) �ree-level laser (b) Four-level laser
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Figure 7.4 Energy-level diagrams for laser action.



208 Advanced optics

provided that N2 > N1, as will be the case for an 
inverted population. Hence, this medium is an 
optical amplifier. The injected radiation at fre-
quency ν12 receives gain from the optical pump of 
the amount:

 G
I

I
gsexp( )

0

= =

so that it increases exponentially with distance 
into the medium. Clearly, g in Equation 7.14a is 
proportional to (N2 − N1). In a three-level system 
such as we are considering the lower level of the 
amplifying transition is the ground state, which 
is initially heavily populated. It follows that more 
than half the atoms must be excited by the pump 
before population inversion can be achieved 
(N2  >  N1). It  is quite hard work for the pump to 
excite all these atoms. Consider, however, the four-
level system shown in Figure 7.4b. Here, the pump 
is at ν14; there is a quick decay to level 3 and a slow 
one to levels 2 and 1. The decay from 2 to 1 is again 
fast. Clearly, the consequence of this is that it is 
relatively easy to provide level 3 with an inverted 
population over level 2 because level 2 was not 
well populated in  the first place (being above the 
ground state), and atoms do not accumulate there 
because it decays quickly to ground. Hence, we can 
ensure that

 N N3 2>

with much less pump power than for N2 > N1 in 
the three-level case. The amplification at v32 is 
thus much more efficient and the four-level system 
makes for a more efficient amplifier.

7.2.4.2  THE LASER STRUCTURE

Having arranged for efficient amplification to take 
place in a medium, it is a relatively straightfor-
ward matter to turn it into an oscillator, i.e., a laser 
source. To do this for any amplifier, it is necessary 
to provide positive feedback, i.e., to feed some of 
the amplified output back into the amplifier in 
reinforcing phase. This is done by placing par-
allel mirrors at each end of a box containing the 
medium to form a Fabry–Perot cavity. The essen-
tial physics of this process is that any given photon 
at v12 will be bounced back and forth between the 
mirrors, stimulating the emission of other such 
photons as it does so, whereas without the mirrors 
it would make only one such pass.

An important condition for any system to 
oscillate under these circumstances is that the 
gain should be in excess of the loss for each cycle 
of oscillation. The total loss for a photon execut-
ing a double passage of the cavity (Figure 7.5) will 
depend not only on the loss per unit length in the 
medium (due to scattering, excitations to other 
states, wall losses, etc.) but also on the losses at the 
mirrors and it must be remembered that one of the 
mirrors has to be a partial mirror in order to let 
some of the light out otherwise we could not use 
the laser oscillator as a source! Hence, the condi-
tion for oscillation is

 I

I
R R g lexp[( )2 ] 1f

i
1 2= −α >  (7.14b)

where If and Ii refer to the final and initial inten-
sities for the double passage of the cavity, R1 and 
R2 are the reflectivities for the two mirrors, respec-
tively, α is the loss per unit length in the medium, 

Scatter/absorption
losses

Full 
mirror
losses

Partial
mirror
losses

Figure 7.5 Loss mechanisms in laser cavity.
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and l is the cavity length. (The factor 2 in the expo-
nential refers to the double passage of the photon.)

One further word of warning: the value of g 
must correspond to the population inversion while 
oscillation is taking place, not the value before the 
feedback is applied. Clearly, the value of N2/N1 will 
be very different, once stimulated emission starts 
to occur, from its value when the system is sim-
ply being pumped into its inverted state. This has 
implications for pumping rates and the balancing 
of rate equations, which we shall not pursue: the 
principles, hopefully, are clear, however.

The simple arrangement of a pumped medium 
lying between two parallel mirrors (one partial) will, 
under the correct pump conditions, therefore, lead 
to radiation emerging with the following properties:

 1. Narrow linewidth, because only one energy of 
transition is involved in the laser action; and 
the mirrors, if wavelength selective, will block 
any spontaneous light, which is emitted in 
addition.

 2. The output direction of the light will be exactly 
normal to the (accurately parallel) planes of the 
mirrors and thus will be highly collimated in 
one direction.

 3. When a photon is emitted via stimulated emis-
sion by another photon, it is emitted with the 
same phase as the original photon (remember 
the driving force/resonating system analogy), 
thus all the laser photons are locked in phase: 
we have coherent light (within the limitations 
only of the linewidth of the transition).

 4. The light can be very intense because all the 
“light amplification by stimulated emission of 
radiation” from a long length of medium with 
small cross-sectional area can be collimated 
into one direction.

The above important features summarize the basic 
properties of laser light: it is pure (in wavelength 
and phase), intense, well-collimated light. It is thus 
easy to control and modulate; it is a powerful tool.

In order to enhance its usefulness as a tool there 
are two quite simple additions, which can be made 
to the basic design: The Fabry–Perot cavity formed 
by the two parallel mirrors will possess defined 
longitudinal “modes.” Waves propagating in oppo-
site directions within the cavity, normal to the 
mirrors, will interfere and reinforce to give rise to 
an allowable stable mode only when

 L m2 = λ

where L is the length of the cavity and m is an 
integer.

From this, we can also write

 L

m
f

cm

L

2
;

2
.λ = =

At all other wavelengths, there is destructive inter-
ference. Now, the stimulated emission occurs over 
a small range of wavelengths. This range is deter-
mined by the spectral width of the downward 
transition. The width depends upon a number of 
factors but primarily (unless cooled to very low 
temperatures) on the Doppler shift caused by the 
thermal motion of the molecules. Clearly, at any 
given time, some molecules will be moving toward 
the stimulating photon and others away, leading 
to a spread of Doppler shifts around the central 
line for the stationary molecule (at absolute zero of 
temperature!).

The output spectrum of the laser light is thus the 
result of combining these two features, as shown in 
Figure 7.6. Here, we can see the Fabry–Perot mode 
structure enveloped by the natural linewidth of 
the transition. In order to fix ideas somewhat, let 
us insert some real numbers into this. Suppose we 
have a He–Ne gas laser with length 0.5 m. Because 
in a gas at less than atmospheric pressure, we have 
c ~ 3 × 108 ms−1, we see that

 c

L2
300MHz=

which is the separation of the modes along the 
frequency axis. Now the Doppler linewidth of the 
632.8 nm transition at 300 K is ~1.5 GHz; hence, 
the number of modes within this width is

 1.5 10

3 10
5

9

8

×
×

∼

so that we have just five modes in the output 
spectrum.

So far we have dealt only with longitudinal modes; 
but off-axis rays also may interfere (Figure 7.7). The 
reinforcement condition now depends also on the 
angle that the ray makes with the long axis, and 
the result is a variation in intensity over the cross 
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section of the cavity, and thus over the cross sec-
tion of the output laser beam (Figure 7.7). (The 
notation used to classify these variations will be 
described in more detail when we deal with wave 
guiding (Section 7.5) but TEM stands for “trans-
verse electromagnetic” and the two suffixes refer to 
the number of minima in the pattern in the hori-
zontal and vertical directions, respectively.)

7.2.4.3  MODE-LOCKING

Let us return now to the longitudinal mode struc-
ture of the laser cavity. Normally, these longitudi-
nal modes are entirely independent because they 
result from wholly independently acting interfer-
ence conditions. Suppose, however, that they were 
to be locked into a constant phase relationship. In 
that case, we would have a definite relationship, 

in the frequency domain, between the phases and 
the amplitudes of the various components of the 
frequency spectrum. If we were to translate those 
relationships into the time domain, by means of a 
Fourier transform, the result would be a series of 
pulses spaced by the reciprocal of the mode fre-
quency interval, with each pulse shape the Fourier 
transform of the mode envelope (Figure 7.8). All 
we are really saying here, in physical terms, is that 
if each frequency component bears a constant 
phase relationship to all the others, when all fre-
quency components are superimposed, then there 
will be certain points in time where maxima occur 
(the peaks of the pulses) and others where minima 
occur (the troughs between pulses). If there is no 
fixed phase relationship between components both 
maxima and minima are “washed out” into a uni-
form-level, randomized continuum.

Now a series of evenly spaced pulses is often a 
very useful form of laser output, so how can it be 
achieved?

We must lock the phases of the longitudinal 
modes. One way of doing this is to include, within 
the cavity, an amplitude modulator, and then mod-
ulate (not necessarily sinusoidally) the amplitudes 
of the modes at just the mode frequency interval, 
c/2L. Then, each mode generates a series of side-
bands at frequencies mc/2L, which corresponds 
to the frequencies of the other modes. The result 
of this is that all the modes are “pulled” mutually 
into phase by the driving forces at the other fre-
quencies, and complete phase locking occurs. The 
inserted modulator thus has the effect of produc-
ing, from the laser output, a pulse stream with 
pulse repetition rate 2L/c. For example, with the 
He–Ne laser quoted in section 7.2.4.2, the repeti-
tion rate is 300 MHz, and each pulse has a width 
(see Figure 7.8) given by the following expression.
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Figure 7.6 Laser-cavity spectrum.
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The laser is now said to be “mode-locked” and 
the pulse stream is a set of “mode-locked pulses.” 
Sometimes when a laser is being pumped quite hard 
and the output levels are high, the laser will “self-
mode lock.” This is because the medium has been 
driven into the nonlinear regime (see Section 7.7) 
and the modes generate their own harmonics 
as a result of the induced optical nonlinearities. 
Clearly, this will depend upon the medium as well 
as the driving level because it will depend on which 
particular nonlinear threshold is exceeded by the 
pumping action.

7.2.4.4  Q-SWITCHING

The “Q” or “quality factor” of an oscillator refers to 
its purity, or “sharpness of resonance.” The lower 
the loss in an oscillator the narrower is its reso-
nance peak and the longer it will oscillate on its 
own after a single driving impulse. The equivalent 
quantity in a Fabry–Perot cavity (an optical oscil-
lator) is the “finesse,” and the two quantities are 
directly related. From these ideas, we can readily 
understand that if the loss in a resonator is varied 
then so is its “Q.”

Suppose we have a laser medium sitting in its 
usual Fabry–Perot cavity but with a high loss; 
this means that a large fraction of the light power 
oscillating between the mirrors is lost per pass: we 
might, for example, have one of the mirrors with 
very low reflectivity.

Now the oscillator can only oscillate if the gain, 
which the light receives per double pass between the 
mirrors, exceeds the loss per double pass (Section 
7.2.4.2), and we shall suppose that the loss is very 
high, so that as we pump more and more mole-
cules of the medium up into the excited state of the 
inverted population, the loss still exceeds the gain 

for as hard as our pump source can work. The result 
is that the inversion of the population becomes very 
large indeed, for there are very few photons to cause 
stimulated emission down to the lower state—they 
are all being lost by other means (e.g., a poor mir-
ror at one end). Having achieved this very highly 
inverted population suppose that the loss is now 
suddenly reduced by means of an intracavity switch 
(“Q” switch) by, for example, speedily rotating to a 
high-reflectivity mirror (Figure 7.9). The result is that 
there is suddenly an enormous number of photons to 
depopulate the inverted population, which then rap-
idly de-excites to emit all its accumulated energy in 
one giant laser pulse—the Q-switched pulse. Thus, 
we have the means by which very large energy, very 
high intensity pulses can be obtained, albeit rela-
tively infrequently (~25 pps).

Three further points should be noted concern-
ing Q-switching:

 1. At the end of the pulse, the lasing action ceases 
completely, because the large number of pho-
tons suddenly available completely depopulates 
the upper laser state.

 2. The switching to the low loss condition must 
take place in a time that is small compared 
with the stimulated depopulation time of the 
upper state, so as to allow the pulse to build up 
very quickly.

 3. The pumping rate must be large compared with 
the spontaneous decay rate of the upper state so 
as to allow a large population inversion to occur.

Q-switching can produce pulses with several mil-
lijoules of energy with only a few nanoseconds 
duration. Thus, peak powers of several megawatts 
can result. Such powers take most media into their 
nonlinear regimes (many will be evaporated!), so 
Q-switching is very useful for studying the non-
linear optical effects, which will be considered in 
Section 7.7.
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Figure 7.8 Mode-locking Fourier transform: spectrum/pulse train.
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Both mode-locking and Q-switching require 
intracavity modulation devices. These can take a 
variety of forms.

7.2.5  Summary

In this section, we have examined those aspects 
of the physics of radiation relevant to optoelec-
tronics. It is necessary to understand the essential 
quantum nature of radiation in order to appreci-
ate fully the way in which light interacts with mat-
ter and, in particular, the action of the laser in 

providing a source of pure light. It was the inven-
tion of the laser (in 1960), which launched the sub-
ject of optoelectronics.

7.3  OPTICAL POLARIZATION

7.3.1  Introduction

The essential idea of optical polarization was intro-
duced in Chapter 1 but we must now consider this 
important topic in more detail. We know that the 
electric and magnetic fields, for a freely propagating 
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light wave, lie transversely to the propagation 
direction and orthogonally to each other.

Normally, when discussing polarization phe-
nomena, we fix our attention on the electric field, 
because it is this that has the most direct effect 
when the wave interacts with matter.

In saying that an optical wave is polarized we 
are implying that the direction of the optical field 
is either constant or is changing in an ordered, 
prescribable manner. In general, the tip of the 
electric vector circumscribes an ellipse, per-
forming a complete circuit in a time equal to the 
period of the wave, or in a distance of one wave-
length. Clearly, the two parameters are equivalent 
in this respect.

As is well known, linearly polarized (LP) light 
can conveniently be produced by passing any light 
beam through a sheet of polarizing film. This is a 
material which absorbs light of one linear polar-
ization (the “acceptance” direction) to a much 
smaller extent (~1000 times) than the orthogonal 
polarization, thus, effectively, allowing just one 
linear polarization state to pass. The material’s 
properties result from the fact that it consists of 
long-chain polymeric molecules aligned in one 
direction by stretching a plastic and then stabiliz-
ing it. Electrons can move more easily along the 
chains than transversely to them, and thus the 
optical wave transmits easily only when its elec-
tric field lies along this acceptance direction. The 
material is cheap and allows the use of large opti-
cal apertures. It thus provides a convenient means 
whereby, for example, a specific linear polariza-
tion state can be defined; this state then provides 
a ready polarization reference that can be used as 
a starting point for other manipulations. In order 
to study these manipulations and other aspects 
of polarization optics, we shall begin by looking 
more closely at the polarization ellipse.

7.3.2  The polarization ellipse

In Chapter 1 the most general form of polarized 
light wave propagating in the Oz direction was 
derived from the two LP components in the Ox 
and Oy directions (Figure 7.10):
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(7.15b)

which is the ellipse (in the variables Ex, Ey) circum-
scribed by the tip of the resultant electric vector at 
any one point in space over one period of the com-
bined wave. This can only be true, however, if the 
phase difference (δy − δx) is constant in time, or, at 
least, changes only slowly when compared with the 
speed of response of the detector. In other words, 
we say that the two waves must have a large mutual 
“coherence.” If this was not so then relative phases 
and hence resultant field vectors would vary ran-
domly within the detector response time, giving 
no ordered pattern to the behavior of the resul-
tant field and thus presenting to the detector what 
would be, essentially, unpolarized light.

Assuming that the mutual coherence is good, 
we may investigate further the properties of the 
polarization ellipse.

Note, first, that the ellipse always lies in the 
rectangle shown in Figure 7.11 but that the axes 
of the ellipse are not parallel with the original x, 
y directions.

The ellipse is specified as follows: with ex, ey, 
δ(=δy − δx) known, then we define tan β = ey/ex.

The orientation of the ellipse, α, is given by

 = β δatan2 tan2 cos .

Semimajor and semiminor axes a, b are given by

 e e a b I .x y
2 2 2 2+ = + ∼

The ellipticity of the ellipse (e) is given by e = tan 
χ = ±b/a (the sign determines the sense of the rota-
tion) where

Polarization ellipse

Ey

Ex

Figure 7.10 Components for an elliptically 
 polarized wave.
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 χ = β δsin2 – sin2 sin .

We should note also that the electric field compo-
nents along the major and minor axes are always 
in quadrature (i.e., π/2 phase difference, the sign 
of the difference depending on the sense of the 
rotation).

Linear and circular states of polarization may 
be regarded as special cases where the polarization 
ellipse degenerates into a straight line or a circle, 
respectively.

A linear state is obtained with the components 
in Equation 7.15a when either
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or

 m–y xδ δ = π

where m is an integer. In this latter case, the direc-
tion of polarization will be at an angle
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with respect to the Ox axis.
A circular state is obtained when

 e ex y=

and

 ( ) ( )δ δ = + πm– 2 1 /2y x

i.e., in this case, the two waves have equal ampli-
tudes and are in phase quadrature. The waves will 
be right-hand circularly polarized when m is even 
and left-hand circularly polarized when m is odd.

Light can become polarized as a result of the 
intrinsic directional properties of matter: either 
the matter that is the original source of the light 
or the matter through which the light passes. 
These intrinsic material directional properties 
are the result of directionality in the bonding that 
holds together the atoms of which the material is 
made. This directionality leads to variations in the 
response of the material according to the direc-
tion of an imposed force, be it electric, magnetic, 
or mechanical. The best known manifestation of 
directionality in solid materials is the crystal, with 
the large variety of crystallographic forms, some 
symmetrical, some asymmetrical. The character-
istic shapes that we associate with certain crystals 
result from the fact that they tend to break pref-
erentially along certain planes known as cleavage 
planes, which are those planes between which 
atomic forces are weakest.

It is not surprising, then, to find that direction-
ality in a crystalline material is also evident in the 
light which it produces, or is impressed upon the 
light which passes through it.

In order to understand the ways in which we 
may produce polarized light, control it, and use it, 
we must make a gentle incursion into the subject of 
crystal optics.

7.3.3  Crystal optics

Light propagates through a material by  stimulating 
the elementary atomic dipoles to oscillate and thus 
to radiate. In our previous discussions, the forced 
oscillation was assumed to take place in the direc-
tion of the driving electric field, but in the case of 
a medium whose physical properties vary with 
direction, an anisotropic medium, this is not 
necessarily the case. If an electron in an atom or 
molecule can move more easily in one direction 
than another, then an electric field at some arbi-
trary angle to the preferred direction will move the 
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Figure 7.11 The polarization ellipse.
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electron in a direction that is not parallel with the 
field direction (Figure 7.12). As a result, the direc-
tion in which the oscillating dipole’s radiation is 
maximized (i.e., normal to its oscillation direction) 
is not the same as that of the driving wave.

The consequences, for the optics of anisotropic 
media, of this simple piece of physics are complex.

Immediately we can see the already-discussed 
(see Chapter 1) relationship between the electric 
displacement D and the electric field E, for an iso-
tropic (i.e., no directionality) medium

 
R 0= ε εDD EE

must be more complex for an anisotropic medium; 
in fact the relation must now be written in the form 
(for any, arbitrary three orthogonal directions Ox, 
Oy, and Oz)
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Clearly, what is depicted here is an array, which 
describes the various electric field susceptibilities 
in the various directions within the crystal: ɛij (a 
scalar quantity) is a measure of the effect which an 
electric field in direction j has in direction i within 
the crystal, i.e., the ease with which it can move 
electrons in that direction and thus create a dipole 
moment.

The array can be written in the abbreviated form

 D E i j x y z, , ,i ij j0 ( )= ε ε =

and ɛij is now a tensor known, in this case, as 
the permittivity tensor. A tensor is a physical 
quantity that characterizes a particular physical 
property of an anisotropic medium, and takes 
the form of a matrix. Clearly D is not now (in 
general) parallel with E, and the angle between 
the two also will depend upon the direction of E 
in the material.

Now it can be shown from energy consider-
ations that the permittivity tensor is symmetrical, 
i.e., ɛij = ɛji. Also, symmetrical tensors can be cast 
into their diagonal form by referring them to a 
special set of axes (the principal axes), which are 
determined by the crystal structure [2]. When this 
is done, we have
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The new set of axes, Ox, Oy, and Oz, is now this 
special set.

Suppose now that E = Exi, i.e., we have, entering 
the crystal, an optical wave whose E field lies in one 
of these special crystal directions.

In this case, we simply have

 D Ex xx x0= ε ε

as our tensor relation and εxx is, of course, a sca-
lar quantity. In other words, we have D parallel 
with E, just as for an isotropic material, and the 
light will propagate, with refractive index xx

1/2ε , 
perfectly normally. Furthermore, the same will 
be true for

 E , (refractive index ).y yy
1/2ε=EE jj

 
E , (refractive index ).z zz

1/2ε=EE kk

Before going further we should note an impor-
tant consequence of all this: the refractive index 
varies with the direction of E. If we have a wave 
traveling in direction Oz, its velocity now will 
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depend upon its polarization state: if the wave is 
LP in the Ox direction it will travel with velocity 
c / xx0

1/2ε , whereas if it is LP in the Oy direction its 
velocity will be c / xx0

1/2ε . Hence, the medium is offer-
ing two refractive indices to the wave traveling in 
this direction: we have the phenomenon known as 
double refraction or “birefringence.” A wave that 
is LP in a direction at 45° to Ox will split into two 
components, LP in directions Ox and Oy, the two 
components traveling at different velocities. Hence, 
the phase difference between the two components 
will steadily increase and the composite polariza-
tion state of the wave will vary progressively from 
linear to circular and back to linear again.

This behavior is a direct consequence of the 
basic physics that was discussed earlier: it is eas-
ier, in the anisotropic crystal, for the electric field 
to move the atomic electrons in one direction 
than in another. Hence, for the direction of easy 
movement, the light polarized in this direction 
can travel faster than when it is polarized in the 
direction for which the movement is more slug-
gish. Birefringence is a long word, but the physical 
principles that underlie it really are very simple. It 
follows from these discussions that an anisotropic 
medium may be characterized by means of three 
refractive indices, corresponding to polarization 
directions along Ox, Oy, Oz, and that these will 
have values , , ,xx yy zz

1/2 1/2 1/2ε ε ε  respectively. We can use 
this information to determine the refractive index 
(and thus the velocity) for a wave in any direction 
with any given linear polarization state.

To do this we construct an “index ellipsoid” 
or “indicatrix,” as it is sometimes called (see 
Figure  7.13), from the form of the permittivity 
 tensor for any given crystal. This ellipsoid has the 
following important properties.

Suppose that we wish to investigate the propa-
gation of light, at an arbitrary angle to the crystal 
axes (polarization as yet unspecified). We draw a 
line, OP, corresponding to this direction within 
the index ellipsoid, passing through its center O 
(Figure 7.13). Now we construct the plane, also 
passing through O, which lies at right angles to the 
line. This plane will cut the ellipsoid in an ellipse. 
This ellipse has the property that the directions of 
its major and minor axes define the directions of 
linear polarization for which D and E are parallel 
for this propagation direction, and the lengths of 
these axes OA and OB are equal to the refractive 

indices for these polarizations. Because these two 
linear polarization states are the only ones that 
propagate without change of polarization form for 
this crystal direction, they are sometimes referred 
to as the “eigenstates” or “polarization eigenmodes” 
for this direction, conforming to the matrix termi-
nology of eigenvectors and eigenvalues.

The propagation direction we first considered, 
along Oz, corresponds, to one of the axes of the 
ellipsoid, and the two refractive indices xx

1/2ε  and 
yy
1/2ε  are the lengths of the other two axes in the cen-

tral plane normal to Oz.
The refractive indices , ,xx yy zz

1/2 1/2 1/2ε ε ε  are referred 
to as the principal refractive indices and we shall 
henceforth denote them nx, ny, nz. OxOy, OyOz, 
and OzOx are the principal planes.

Several other points are very well worth noting. 
Suppose, first, that

 n n n .x y z> >

It follows that there will be a plane that contains 
Oz for which the two axes of interception with the 
ellipsoid are equal (Figure 7.14). This plane will be 
at some angle to the yz plane and will thus intersect 
the ellipsoid in a circle. This means, of course, that, 
for the light propagation direction corresponding 
to the normal to this plane, all polarization direc-
tions have the same velocity; there is no double 
refraction for this direction. This direction is an 
optic axis of the crystal and there will, in general, 
be two such axes, because there must also be such a 
plane at an equal angle to the yz plane on the other 
side (see Figure 7.14). Such a crystal with two optic 
axes is said to be biaxial.
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Figure 7.13 The index ellipsoid.
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Suppose now that

 n n n say , the “ordinary” indexx y o ( )= =

and

 n n say , the “extraordinary” index.z e ( )=

In this case, one of the principal planes is a circle 
and it is the only circular section (containing the 
origin) that exists. Hence, in this case, there is only 
one optic axis, along the Oz direction. Such crys-
tals are said to be uniaxial (Figure 7.15). The crys-
tal is said to be positive when ne > no and negative 
when ne < no. For example, quartz is a positive uni-
axial crystal and calcite a negative uniaxial crystal. 
These features are, of course, determined by the 
crystal class to which these materials belong.

It is clear that the index ellipsoid is a very useful 
device for determining the polarization behavior 
of anisotropic media.

7.3.4  Circular birefringence

So far we have considered only linear birefrin-
gence, where two orthogonal linear polarization 
eigenstates propagate, each remaining linear, but 
with different velocities. Some crystals also exhibit 
circular birefringence. Quartz (again) is one such 
crystal and its circular birefringence derives from 
the fact that the crystal structure spirals around 
the optic axis in a right-handed (dextrorotatory) or 
left-handed (levorotatory) sense depending on the 
crystal specimen: both forms exist in nature.

It is not surprising to find, in view of this knowl-
edge, and our understanding of the easy motions 
of electrons, that light that is right-hand circularly 
polarized (clockwise rotation of the tip of the elec-
tric vector as viewed by a receiver of the light) will 
travel faster down the axis of a matching right-hand 
spiraled crystal structure than left-hand circularly 
polarized light. We now have circular birefringence: 
the two circular polarization components propagate 
without change of form (i.e., they remain circularly 
polarized) but at different velocities. They are the cir-
cular polarization eigenstates for this case.

The term “optical activity” has been tradition-
ally applied to this phenomenon, and it is usually 
described in terms of the rotation of the polariza-
tion direction of a LP wave as it passes down the 
optic axis of an “optically active” crystal. This fact 
is exactly equivalent to the interpretation in terms 
of circular birefringence because a linear polariza-
tion state can be resolved into two oppositely rotat-
ing circular components (Figure 7.16). If these travel 
at different velocities, a phase difference is inserted 
between them. As a result of this, when recombined, 
they again form a resultant that is LP but rotated 
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with respect to the original direction (Figure 7.16). 
Hence, “optical activity” is equivalent to circular 
birefringence. In general, both linear and circular 
birefringence might be present simultaneously in a 
material (such as quartz). In this case, the polariza-
tion eigenstates, which propagate without change 
of form (and at different velocities) will be elliptical 
states, the ellipticity and orientation depending upon 
the ratio of the magnitudes of the linear and circu-
lar birefringences, and on the direction of the linear 
birefringence eigenaxes within the crystal.

It should, again, be emphasized that only the 
polarization eigenstates propagate without change 
of form. All other polarization states will be 
changed into different polarization states by the 
action of the polarization element (e.g., a crystal 
component). These changes of polarization state 
are very useful in optoelectronics. They allow us to 
control, analyze, modulate, and demodulate polar-
ization information impressed upon a light beam 
and to measure important directional properties 
relating to the medium through which the light has 
passed. We must now develop a rigorous formalism 
to handle these more general polarization processes.

7.3.5  Polarization analysis

As has been stated, with both linear and circular 
birefringence present, the polarization eigenstates 
(i.e., the states which propagate without change 
of form) for a given optical element are elliptical 
states, and the element is said to exhibit elliptical 
birefringence because these eigenstates propagate 
with different velocities.

In general, if we have, as an input to a polariza-
tion-optical element, light of one elliptical polar-
ization state, it will be converted, on emergence, 
into a different elliptical polarization state (the 
only exceptions being, of course, when the input 
state is itself an eigenstate). We know that any ellip-
tical polarization state can always be expressed in 
terms of two orthogonal electric field components 
defined with respect to chosen axes Ox, Oy, that is,

 E e t kzcos –x x x( )= ω +δ

 E e t kzcos( – )y y y= ω +δ

or, in complex exponential notation:

Linear polarization resolved
into two circularly polarized
components

Different velocities for two
circulary polarized components:
resultant phase difference, 2ρ

Linear polarization of emergent
beam is rotated through ρ

ρ Slow

SlowFast

Fast

Figure 7.16 Resolution of linear polarization into circularly polarized components in circular 
 birefringence (2ρ).
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 E E i t kzexp ; – .x x x x x( )= ϕ ϕ = ω + δ

 E E i t kzexp ; – .y y y y y( )= ϕ ϕ = ω + δ

When this ellipse is converted into another by the 
action of a lossless polarization element, the new 
ellipse will be formed from components that are lin-
ear combinations of the old because it results from 
directional resolutions and rotations of the original 
fields. Thus, these new components can be written

 
E m E m E

E m E m E

x x y

y x y
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3 2

′ = +

′ = +

or, in matrix notation

 EE MMEE′ =

where
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3 2
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MM  (7.16)

and mn are, in general, complex numbers. M is 
known as a “Jones” matrix after the mathematician 
who developed an extremely useful “Jones calcu-
lus” for manipulations in polarization optics [3]. 
Now in order to make measurements of the input 
and output states in practice, we need a quick and 
convenient experimental method.

A convenient method for this practical determi-
nation is to use a linear polarizer and a quarter-
wave plate, and to measure the light intensities for 
a series of fixed orientations of these elements.

Suppose that I(ϑ, ɛ) denotes the intensity of the 
incident light passed by the linear polarizer set at 
an angle ϑ to Ox, after the Oy component has been 
retarded by an angle ε as a result of the insertion of 
the quarter-wave plate with its axes parallel with 
Ox, Oy. We measure what are called the four Stokes 
parameters, as follows:

 = ° + ° = +S I I e e(0 , 0) (90 , 0) x y0
2 2

 S I I e e(0 , 0) (90 , 0) x y1
2 2= ° − ° = −

 S I I e e(45 , 0) (135 , 0) 2 cosx y2 = ° − ° = δ

 S I I e e45 ,
2

135 ,
2

2 sinx y3 = ° π





 − ° π






 = δ

 – .y xδ = δ δ

If the light is 100% polarized, only three of these 
parameters are independent, because

 S S S S .0
2

1
2

2
2

3
2= + +

S0 being the total light intensity.
If the light is only partially polarized, the 

fraction

 S S S

S
1
2

2
2

3
2

0
2

η= + +

defines the degree of polarization. In what follows 
we shall assume that the light is fully polarized 
(η = 1). It is easy to show [4a] that measurement of 
the Sn provides the ellipticity, e, and the orienta-
tion, α, of the polarization ellipse according to the 
relations:

 

e

S

S

S

S

tan

sin2

tan2 .

3

0

2

1

= χ

χ =

α =

Now, the above relations suggest a geometrical 
construction that provides a powerful and elegant 
means for description and analysis of polarization 
optical phenomena. The Stokes parameters S1, S2, 
S3 may be regarded as the Cartesian coordinates of 
a point referred to axes Ox1, Ox2, Ox3. Thus, every 
elliptical polarization state corresponds to a unique 
point in three-dimensional space. For a constant 
intensity (lossless medium) it follows that all such 
points lie on a sphere of radius S0: the Poincaré 
sphere (Figure 7.17). The properties of the sphere 
are quite well known [5]. We can see that the equa-
tor will comprise the continuum of LP states, 
whereas the two poles will correspond to the two 
oppositely handed states of circular polarization.

It is clear that any change, resulting from the 
passage of light through a lossless element, from 
one polarization state to another, corresponds to a 
rotation of the sphere about a diameter. Now any 
such rotation of the sphere may be expressed as a 
unitary 2 × 2 matrix M. Thus, the conversion from 
one polarization state E to another E′ may also be 
expressed in the form:
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MM

and M may be immediately identified with our 
previous M (Equation 7.16).

M is a Jones matrix [3] which completely char-
acterizes the polarization action of the element 
and is also equivalent to a rotation of the Poincaré 
sphere.

The two eigenvectors of the matrix correspond 
to the eigenmodes (or eigenstates) of the element 
(i.e., those polarization states which can propa-
gate through the element without change of form). 
These two polarization eigenstates lie at opposite 
ends of a diameter (NN′) of the Poincaré sphere, 
and the polarization effect of the element is to 
rotate the sphere about this diameter (Figure 7.18) 
through an angle Δ that is equal to the phase 
that the polarization element inserts between its 
eigenstates.

The polarization action of the element may 
thus be regarded as that of resolving the input 

polarization state into the two eigenstates with 
appropriate amplitudes, and then inserting a phase 
difference between them before recombining to 
obtain the emergent state. Thus, a pure rotator 
(e.g., optically active crystal) is equivalent to a rota-
tion about the polar axis, with the two oppositely 
handed circular polarizations as eigenstates. The 
phase velocity difference between these two eigen-
states is a measure of the circular birefringence. 
Analogously, a pure linear retarder (such as a wave 
plate) inserts a phase difference between orthogo-
nal linear polarizations, which measures the linear 
birefringence. The linear retarder’s eigenstates lie 
at opposite ends of an equatorial diameter.

It is useful for many purposes to resolve the 
polarization action of any given element into its 
linear and circular birefringence components. 
The Poincaré sphere makes it clear that this may 
always be done because any rotation of the sphere 
can always be resolved into two subrotations, one 
about the polar diameter and the other about an 
equatorial diameter.

From this brief discussion, we can begin to 
understand the importance of the Poincaré sphere. 
It is a construction that converts all polarization 
actions into visualizable relationships in three-
dimensional space.

To illustrate this point graphically, let us consider 
a particular problem. Suppose that we ask what is 
the smallest number of measurements necessary to 
define completely the polarization properties of a 
given lossless polarization element, about which we 

x3

x1

N΄ (–S1, –S2, –S3)

N (S1, S2, S3)

x2

S3

S1

S2
2χ

0

2α

Figure 7.17 The Poincaré sphere: the eigenmode 
diameter (NN). x1

x2

x3

P

N
P΄

Q

Q́

2χ

∆

2α
N΄

Figure 7.18 Rotation of the Poincaré sphere 
about an eigenmode diameter, NN′.
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know nothing in advance. Clearly, we must provide 
known polarization input states and measure their 
corresponding output states, but how many input/
output pairs are necessary: one, two, more?

The Poincaré sphere answers this question easily. 
The element in question will possess two polariza-
tion eigenmodes and these will be at opposite ends 
of a diameter. We need to identify this diameter. 
We know that the action of the element is equiva-
lent to a rotation of the sphere about this diameter, 
and through an angle equal to the phase differ-
ence which the element inserts between its eigen-
modes. Hence, if we know one input/output pair of 
polarization states (NN′), we know that the rota-
tion from the input to the output state must have 
taken place about a diameter that lies in the plane 
which perpendicularly bisects the line joining the 
two states (see Figure 7.18). Two other input/out-
put states (QQ′) will similarly define another such 
plane and thus the required diameter is clearly seen 
as the common line of intersection of these planes.

Further, the phase difference Δ inserted 
between the eigenstates (i.e., the sphere’s rotation 
angle) is easily calculated from either pair of states, 
once the diameter is known.

Hence, the answer is that two pairs of input/out-
put states will define completely the polarization 
properties of the element. Simple geometry has 
provided the answer. A good general approach is to 
use the Poincaré sphere to determine (visualize?) 
the nature of the solution to a problem, and then to 
revert to the Jones matrices to perform the precise 
calculations. Alternatively, some simple results in 
spherical trigonometry will usually suffice.

7.3.6  Summary

In this section, we have looked closely at the 
directionality possessed by the optical transverse 
electric (TE) field, i.e., we have looked at optical 
polarization. We have seen how to describe it, to 
characterize it, to control it, to analyze it, and how, 
in some ways, to use it.

We have also looked at the ways in which the TE 
and magnetic fields interact with directionalities 
(anisotropies) in material media through which 
the light propagates. In particular, we first looked 
at ways in which the interactions allow us to probe 
the nature and extent of the material directionali-
ties, and thus to understand better the materials 
themselves.

Second, we looked briefly at the ways in which 
these material interactions allow us to control 
light: to modulate it and perhaps to analyze it.

We shall find later that the knowledge we have 
gained bears upon more advanced phenomena, 
such as those that allow light to switch light and to 
process light, opening up a new range of possibili-
ties in the world of very fast (femtosecond: 10–15 s) 
phenomena.

7.4  OPTICAL COHERENCE

7.4.1  Introduction

In dealing with interference and diffraction, the 
assumption usually is made that each of the inter-
fering waves bears a constant phase relationship to 
the others in both time and space. Such an assump-
tion cannot be valid for all time and space intervals 
because the atomic emission processes that give 
rise to light are largely uncorrelated, except for the 
special case of laser emission. In this section, the 
topic of “coherence” will be dealt with. Clearly, it 
will have a bearing on interference phenomena.

The coherence of a wave describes the extent to 
which it can be represented by a pure sine wave. 
A pure sine wave has infinite extension in space 
and time, and hence cannot exist in reality. Perfect 
coherence is thus unachievable, but it is neverthe-
less a valuable concept.

Coherence, in general, is a valuable concept 
because it is a measure of the constancy of the 
relationships between one part of a wave (in time 
and/or space) and another; and between one wave 
and another. This is why it is so important from 
the point of view of interference: a wave can only 
interfere with itself or with another wave (of the 
same polarization) to produce a sensible interfer-
ence pattern if the phases and amplitudes remain 
in constant relationship while the pattern is being 
sensed. Additionally, it is clear that if we wish to 
impose information on an optical wave by modu-
lating one of its defining parameters (i.e., ampli-
tude, phase, polarization or frequency), then the 
extent to which that information remains intact 
is mirrored by the extent to which the modulated 
parameter remains intact on the wave itself; thus, 
coherence is an important parameter in respect of 
the optical wave’s information-carrying capacity, 
and our ability generally to control and manipu-
late it.
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Waves that quite accurately can be represented 
by sine waves for a limited period of time or in a 
limited region of space are called partially coher-
ent waves. Figure 7.19 shows the examples of time-
like and space-like partial coherence.

A normal light source emits quanta of energy 
at random. Each quantum conveniently can be 
regarded as a finite wave train having angular fre-
quency ω0, say, and duration 2τc (Figure 7.20).

Fourier theory tells us that this wave train can 
be described in the frequency domain as a set of 
waves lying in the frequency range ω0/2π ± 1/τc. For 
a large number of randomly emitted wave packets, 
all the components at any given frequency will 
possess random relative phases. Spatial and tem-
poral (time-like) coherence will thus only exist for, 
respectively, a distance of the order of the length 
of one packet (2cτc) and a time of the order of its 
duration (2τc). If the wave packets were of infinitely 
short duration (δ-function pulses), then Fourier 
theory tells us that all frequencies would be present 
in equal amounts and they would be completely 

uncorrelated in relative phase. This is the condition 
we call white light. Its spatial and temporal coher-
ence are zero (i.e., there is perfect incoherence) and, 
again, it is an unachievable fiction. Between the 
two fictions of perfect coherence and perfect inco-
herence there lies the real world.

In this real world, we have to deal with real 
sources of light. Real sources always have a non-
zero spectral width, i.e., the light power is spread 
over a range of frequencies, and the result of super-
imposing all the frequency components, as again 
we know from Fourier theory, is to produce a dis-
turbance that is not a pure sine wave: an example is 
the wave packet we have just considered. Another 
is the infinitesimally narrow δ-function.

Hence, there is seen to be a clear connection 
between spectral width and coherence. The two 
are inversely proportional. The narrower is a pulse 
of light (or any other waveform) the less it is like a 
pure sine wave and, by Fourier theory, the greater 
is its spectral width.

In the practical case of a two-slit interference 
pattern, the pattern will be sharp and clear if the 
light used is of narrow linewidth (a laser perhaps); 
but if a broad-linewidth source, such as a tungsten 
filament lamp, is used, the pattern is multicolored, 
messy, and confused.

Of course, we need to quantify these ideas prop-
erly if we are to use them effectively.

7.4.2  Measure of coherence

If we are to determine the measurable effect which 
the degree of coherence is to have on optical sys-
tems, especially those which involve interference 
and diffraction phenomena, we need a quantita-
tive measure of coherence. This must measure the 
extent to which we can, knowing the (complex) 
amplitude of a periodic disturbance at one place 
and/or time, predict its magnitude at another place 

“Time like”

“Space like”

Direction of
travel of wave

Figure 7.19 Illustrations for partial coherence.

Fourier
transform

2τc

2/τc
t

f(t)

(ω0/2π)–1

ω0
ω

Figure 7.20 The optical wave packet.
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and/or time. We know that this measure can be 
expected to have its maximum value for a pure 
sine wave, and its minimum value for white light. 
A convenient definition will render these values 1 
and 0, respectively.

To fix ideas, and to simplify matters, let us con-
sider first just temporal coherence.

We may sensibly postulate that for a time func-
tion f(t), a knowledge of its value at t will provide 
us with some knowledge of its value up to a later 
time, say t′, when it becomes completely inde-
pendent of its value at t. If two time functions are 
completely independent, then we expect the aver-
age value of their product over a time that is long 
compared with the characteristic time constant for 
their variations (i.e., the reciprocal of bandwidth) 
to be equal to the product of their individual aver-
age values, i.e.,

 f t f t f t f t( ) ( )( ) ( )〈 ′ 〉 = 〈 〉〈 ′ 〉  (7.17)

and if, as is the case for the vast majority of optical 
disturbances, the functions oscillate about a zero 
mean, i.e.,

 f t f t 0( )( )〈 〉 = 〈 ′ 〉 =

then it follows from Equation 7.17 that

 f t f t 0.( )( )〈 ′ 〉 =

In words: the product of two independent func-
tions, when averaged over a term that is long 
compared with the time over which each changes 
significantly, is zero.

On the other hand, if we set t = t′, our “delay 
average” above must have its maximum possible 
value, because a knowledge of the value of f(t) at 
t enables us to predict its value at that time t with 
absolute certainty! Hence, we have

 f t f t f t2( )( ) ( )〈 ′ 〉 = 〈 〉

and this must be the maximum value of the “delay-
average” function.

Clearly, then the value of this product (for all 
real-world functions) will fall off from a value of 
unity when t′ = t to a value of zero when the two 
variations are completely independent, at some 
other value of t′ and it is also clear that the larger 
the value of t′ for which this occurs, the stronger is 

the dependence and thus the greater is the coher-
ence. It might well be, then, that the quantity that 
we seek in order to measure the coherence is a 
quantity that characterizes the speed at which this 
product function decays to zero.

Suppose, for example, we consider a pure, 
temporal sine wave in this context. We know in 
advance that this is a perfectly coherent distur-
bance, and conveniently we would thus require our 
coherence measure to be unity.

Let us write the wave as

 f t a tsin .( ) = ω

To obtain the “delay-average” function, we first 
multiply this by a replica of itself, displaced by time 
τ (i.e., t′ = t + τ; Figure 7.21). We have

 
f t f t a t a t

a t

( ) ( ) sin sin ( )

1

2
[cos cos(2 )].2

+ τ = ω ω + τ

= ωτ − ω + ωτ

We now average this over all time (zero bandwidth 
gives a characteristic time constant of infinity!) 
and, because 〈cos(2ωt + ωτ)〉 = 0, we have

 f t f t a( ) ( )
1

2
cos .2〈 + τ 〉 = ωτ

This quantity we call the self-correlation function 
(sometimes the autocorrelation function), c(τ), of 
the disturbance. In more formal mathematical 
terms, we would calculate it according to

 c
T

f t f t t( ) lim
1

( ) ( )d
T

T

0
∫τ = + τ

→∞
 (7.18)

i.e.,
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T

a t dt( ) lim
1 1
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[cos cos(2 )]
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0

2∫τ = ωτ − ω +ωτ
→∞

f (t)

τ

Figure 7.21 Self-correlation delay.
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and thus, again

 c a( )
1

2
cos .2τ = ωτ

This function does not decay but oscillates with 
frequency ω and constant amplitude a2/2. It is this 
latter amplitude that we take as our measure of 
coherence of the light wave because the sinusoidal 
term in ωτ will always be present for an oscilla-
tory field such as an optical wave and provides no 
useful information on the coherence. The math-
ematical form of c(τ) is known as a “convolution” 
integral.

Because we require, for convenience, that this 
measure be unity for the sine wave, we choose to 
normalize it to its value at τ = 0 (i.e., c(0) = a2/2, in 
this case).

This normalized function we call the coherence 
function γ(τ), and hence for the case we have con-
sidered, γ(τ) = 1 (perfect coherence).

Consider now the white light. We have noted 
that this is equivalent to a series of randomly 
spaced δ-functions, which are also randomly posi-
tive or negative (Figure 7.22). Clearly, this series 
must have a mean amplitude of zero if it is to rep-
resent a spread of optical sinusoids over an infinite 
frequency range, each with a mean amplitude of 
zero. If now to obtain the “delay-average” function, 
we multiply this set of δ-functions by a displaced 
replica of itself, then only a fraction of the total will 
overlap, and an overlap between two δ-functions of 
the same sign will have equal probability with that 
between two of the opposite signs. Consequently, 
the mean value of the overlap function will also be 
zero, always, regardless of the time delay. Hence, 

for this case, c(τ) = 0 for all τ and γ (τ) = 0 (i.e., per-
fect incoherence).

Consider, finally, a random stream of quanta, or 
wave packets (Figure 7.23).

The packets run into each other but each packet 
is largely coherent within itself. If this stream wave-
form is multiplied by a displaced replica of itself, the 
result will be of the form shown in Figure 7.24a. Only 
when the displacement exceeds the duration of one 
packet does the correlation fall essentially to zero. 
Thus, in this case, we have a decaying sine wave, and 
the quantity that characterizes the decay rate of its 
amplitude will be our measure of coherence (e.g., 
time to 1/e point for an exponential decay).

All of the above requirements are taken care 
of in the general mathematical expression for the 
coherence function:
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f t f t t
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The integration performs the time averaging, 
the use of the complex form allows the complex 
conjugate in one of the functions to remove the 
oscillatory term in the complex exponential repre-
sentation, the use of the modulus operation returns 
the complex value to a real value and the division 
effects the required normalization. The function 
c(τ), as defined in Equation 7.18, is called the corre-
lation coefficient and is sometimes separately use-
ful. Note that it is, in general, a complex quantity.

To cement ideas let us just see how these func-
tions work, again for the pure sine wave.

We must express the sine wave as a complex 
exponential, so that we write

 f t a i texp .( ) ( )= ω

Then, we have
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Figure 7.22 Autocorrelation for randomly spaced 
δ-functions.
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Figure 7.23 A random stream of wave packets.
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 c a i t a i t t a T(0) exp( ) exp[ )]d [ ] .
0

2
0∫= ω − ω = → ∞

∞
∞

Hence

 
c

c
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(0)
exp( ) 1γ τ = τ = ωτ =

as required.
The coherence functions for the three cases we 

have been considering are shown in Figure 7.25. The 
sine wave’s function does not decay and therefore its 
coherence time is infinite; the white light’s function 
decays in zero time and thus its coherence time is 
zero; the “stream of wave packets” function decays 
in time τc, and thus it is partially coherent with 
coherence time τc. All other temporal functions 
may have their coherence time quantified in this 
way. It is clear, also, that the quantity cτc (where c is 
the velocity of light) will specify a coherence length.

The same ideas, fairly obviously, can also be 
used for spatial coherence, with τ replaced by σ, the 
spatial delay. Specifically, in this case
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and a “decay” parameter σc will define the coher-
ence length.

Finally, the mutual coherence of two separate 
functions f1(t) and f2(t) may be characterized by a 
closely similar mutual coherence function:
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with t, τ again replaceable by s, σ, respectively, for 
the mutual spatial coherence case. γ12 is sometimes 
called the “degree of coherence” between the two 
functions.

7.4.3  Dual-beam interference

We shall first consider in more detail the condi-
tions for interference between two light beams 
(Figure 7.26). It is clear from our previous look at 
this topic that interference fringes will be formed 
if the two waves bear a constant phase relationship 
to each other but we must now consider the form 
of the interference pattern for varying degrees of 
mutual coherence. In particular, we must consider 
the “visibility” of the pattern; in other words, the 
extent to which it contains measurable structure 
and contrast.

At the point O (in Figure 7.26), the (complex) 
amplitude resulting from the two sources P1 and 
P2 is given by

 A f t f t1 2( ) ( )= ′′ + ′′

where t″ = t′ + τ0, τ0 being the time taken for light to 
travel from P1 or P2 to O. If f1, f2 represent the electric 
field amplitudes of the waves, the observed intensity 
at O will be given by the square of the modulus of 
this complex number. Remember that the modulus 
of the complex number: A = a + ib is written
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and a convenient stratagem for obtaining the 
square of the modulus of a complex number is to 
multiply it by its complex conjugate, i.e.,

 a ib a ib a bAA* – .2 2( )( )( )= + = +

Hence, in this case, the optical intensity is given by

 〈 〉 〈 ′′ ′′ ′′ ′′ 〉f t f t f t f t= AA* = [ ( ) + ( )][ ( ) + ( )]I 0 1 2 1
*

2
*

where the triangular brackets indicate an aver-
age taken over the response time of the detector 
(e.g., the human eye) and we assume that f1 and f2 
contain the required constant of proportionality 
(K1/2) to relate optical intensity with electric field 
strength, i.e., I = KE2.

At point Q, the amplitudes will be

 f t f t
1

2
,

1

2
1 2′′ − τ



 ′′ + τ





τ being the time difference between paths P2Q and 
P1Q.

Writing t t 1
2= ′ − τ , we have the intensity at Q

 f t f t f t f t[ ( ) ( )][ ( ) ( )]I 0 1 2 1
*

2
*= 〈 + + τ + + τ 〉

i.e.,
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The first two terms are clearly the independent 
intensities of the two sources at Q. The second 
two terms have the form of our previously defined 
mutual correlation function, in fact

 f t f t c f t f t c( ) ( ) ( ) ( ) ( ) ( ).1 2
*

12 1
*

2 12
*〈 + τ 〉 = τ 〈 + τ 〉 = τ

We may note, in passing, that each of these terms 
will be zero if f1 and f2 have orthogonal polariza-
tions because in that case neither field amplitude 
has a component in the direction of the other, there 
can be no superposition, and the two cannot inter-
fere. Hence, the average value of their product is 
again just the product of their averages, each of 
which is zero, being a sinusoid.

If c12(f) is now written in the form

 c c iexp12 12( ) ( ) ( )τ = τ ωτ

(which is valid provided that f1 and f2 are sinusoids 
in ωt) we have

 c c c( ) ( ) 2 ( ) cos .12 12
*

12τ + τ = τ ωτ

Hence, provided that we observe the light inten-
sity at Q with a detector that has a response time 
very much greater than the coherence times (self 
and mutual) of the sources (so that the time aver-
ages are valid), then we may write the intensity at 
Q as

 I I I c t2 cos .Q 1 2 12 ( )= + + τ ω  (7.19)

As we move along x we shall effectively increase τ, 
so that we shall see a variation in intensity whose 
amplitude will be 2|c12(τ)| (i.e., twice the modulus 
of the mutual coherence function) and which var-
ies about a mean value equal to the sum of the two 
intensities (Figure 7.27). Thus, we have an experi-
mental method by which the mutual coherence of 
the sources, c12(t), can be measured.

If we now define a fringe visibility for this inter-
ference pattern by

 V
I I

I I
max min

max min

= −
+

which quantifies the contrast in the pattern, i.e., 
the difference between maxima and minima as a 
fraction of the mean level, then, from Equation 7.19
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and with, as previously defined
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we note that
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Hence, the visibility function V(τ) is related to the 
coherence function γ(τ) by

 V
I I

I I
( )

2( )

( )
( )1 2

1/2

1 2

τ =
+

γ τ

and if the two intensities are equal, we have

 V ( ) ( )τ = γ τ

i.e., the visibility and coherence functions are 
identical.

From this we may conclude that, for equal-
intensity coherent sources, the visibility is 100% 
(γ = 1); for incoherent sources it is zero; and for par-
tially coherent sources the visibility gives a direct 
measure of the actual coherence.

If we arrange that the points P1 and P2 are pin-
holes equidistant from and illuminated by a single 
source S, then the visibility function clearly mea-
sures the self-coherence of S. Moreover, the Fourier 
transform of the function will yield the source’s 
power spectrum.

Suppose now that the two holes are placed 
in front of an extended source, S, as shown in 
Figure  7.28, and that their separation is variable. 
The interference pattern produced by these sources 
of light now measures the correlation between the 
two corresponding points on the extended source. 
If the separation is initially zero and is increased 
until the visibility first falls to zero, the value of the 
separation at which this occurs defines a spatial 
coherence dimension for the extended source. And 

if the source is isotropic, a coherence area is cor-
respondingly defined. In other words, in this case, 
any given source point has no phase correlation 
with any point that lies outside the circular area of 
which it is the center point.

7.4.4  Summary

In this section, we have looked at the conditions 
necessary for optical waves to interfere in a con-
sistent and measurable way, with themselves and 
with other waves. We have seen that the condi-
tions relate to the extent to which properties such 
as amplitude, phase, frequency, and polariza-
tion remain constant in time and space or, to put 
it another way, the extent to which knowledge of 
the properties at one point in time or space tells us 
about these properties at other points.

Any interference pattern will only remain 
detectable as long as coherence persists and, by 
studying the rise and fall of interference patterns, 
much can be learned about the sources themselves 
and about the processes that act upon the light 
from them.

Coherence also relates critically to the infor-
mation-carrying capacity of light and to our 
ability to control and manipulate it sensibly. The 
design and performance of any device or system 
that relies on interference or diffraction phenom-
ena must take into account the coherence prop-
erties of the sources that are to be used; some of 
these work to the designer’s disadvantage, but 
others do not.

Intensity

P1

P2

x

0

2|c12(τ)| l1 + l2

Figure 7.27 Mutual coherence function (|c12(τ)|) 
from the two-source interference pattern.

P1

P2

S

S

Figure 7.28 Extended-source interference.
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7.5  OPTICAL WAVEGUIDING

7.5.1  Introduction

The basic principles of optical waveguiding are 
quite straightforward. Waves are guided when they 
are constrained to lie within a channel between 
two other media, the refractive index of the chan-
nel material being slightly higher than those of the 
other media, so that the light can “bounce” along 
the channel by means of a series of total inter-
nal reflections (TIRs) at the boundaries between 
media. The case shown in Figure 7.29 is that where 
a channel of refractive index n1 lies between two 
slabs, each with refractive index n2(n1 > n2); this 
is the easiest arrangement to analyze mathemati-
cally, yet it illustrates all the important principles.

The other important point is that in order to 
progress down the guide indefinitely, the waves 
from the successive boundaries must interfere con-
structively, forming what is essentially a continu-
ous, stable, interference pattern down the guiding 
channel. If the interference is not fully construc-
tive, the wave will eventually “self-destruct,” owing 
to the out-of-phase cancellations (although, clearly, 
if the phasings are almost correct, the wave might 
persist for a considerable distance, attenuating only 
slowly). The condition that must be imposed for 
constructive interference defines for us the guided 
wave parameters; in particular, those angles of 
bounce that can give rise to the “modes” of the 
waveguide, i.e., the various patterns of construc-
tive interference that are allowed by the restrictions 
(boundary conditions) of the guide geometry.

The ideas involved in waveguiding are thus quite 
simple. In order to make use of them we need, as 
always, a proper mathematical description, so we 
shall in this section develop this description.

7.5.2  The planar waveguide

We begin by considering the symmetrical slab 
waveguide shown in Figure 7.29. The guiding 
channel consists here of a slab of material of refrac-
tive index n1 surrounded by two outer slabs, each 
of refractive index n2. The resultant electric field 
for light which is LP in a direction perpendicular 
to the plane of incidence (the so-called TE mode) 
is given by the sum of the upward and downward 
propagating rays:

 E E ET i r= +

where

 E E i t ikn x ikn zexp – cos – sini 0 1 1( )= ω ϑ ϑ

(i.e., a wave traveling in the xz plane at an angle ϑ 
to the slab boundaries which lie parallel to the yz 
plane) and

 E E i t ikn x ikn z iexp cos – sinr 0 1 1 s( )= ω + ϑ ϑ + δ

which is the wave resulting from the reflection 
at the boundary, and differs from Ei two aspects: 
it is now traveling in the negative direction of 
Ox. Hence, the change of sign in the x term, and 
there has been a change of phase at the reflection, 
hence, the iδs term. We must also remember that 
δs depends on the angle, ϑ, the polarization of the 
wave and, of course, n1 and n2 according to the 
Fresnel equation [4b]. Hence
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Figure 7.29 Optical slab waveguide.
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which is a wave propagating in the Oz  direction, 
but with amplitude varying in the Ox direc-

tion according to E kn x2 cos cos
1

2
0 1 sϑ + δ






  (see 

Figure 7.29).
The symmetry of the arrangement tells us that 

the intensity (~square of the electric field) of the 
wave must be the same at the two boundaries and 
thus that it is the same at x = 0 as at x = 2a. Hence,

 kn acos
1

2
cos 2 cos

1

2
2

s
2

1 sδ



 = ϑ + δ





which implies that

 akn m2 cos1 sϑ + δ = π  (7.20b)

where m is an integer. This is our “transverse reso-
nance condition” and it is a condition on ϑ (remem-
ber that δs also depends on ϑ), which defines a 
number of allowed values for ϑ (corresponding 
to the various integer values of m), which in turn 
define our discrete, allowable modes (or interfer-
ence patterns) of propagation.

Now the wave number, k = 2π/λ, for the free 
space propagation of the wave has suffered a num-
ber of modifications. First, the wavelength of the 
light is smaller in the medium than in free space 
(the frequency remains the same, but the velocity 
is reduced by a factor n1,2), so we can conveniently 
define

 n k n k1 1 2 2β = β =

as the wave numbers in the guiding and outer 
slabs, respectively. Second, however, if we choose to 
interpret Equation 7.20a as one describing a wave 
propagating in the Oz direction with amplitude 
modulated in the Ox direction, it is convenient to 
resolve the wave number in the guiding medium 
into components along Oz and Ox, i.e.,
Along Oz

 n k sin1β = ϑ  (7.21a)

Along Ox

 q n k cos1= ϑ  (7.21b)

Of these two components, β is clearly the more 
important because it is the effective wave num-
ber for the propagation down the guide. In fact, 
Equation 7.20a can now be written

 E E qx i t z i2 cos
1

2
exp

1

2
T 0 s s= + δ



 ω − β + δ





What can be said about the velocity of the wave 
down the guide? Clearly, the phase velocity is 
given by

 c .p = ω
β

However, we know that this is not the end of the 
story for the velocity with which optical energy 
propagates down the guide is given by the group 
velocity [5], which, in this case is given by

 c
d

d
.g = ω

β

What, then, is the dependence of ω upon β?
To answer this, let us start with Equation 7.21a, 

i.e.,

 n k sin .1β = ϑ

The first thing to note is that, for all real ϑ, this 
requires

 n k.1β ≤

Also, because the TIR condition requires that

 n

n
sin 2

1

ϑ ≥

if follows that

 n k n ksin .1 2β = ϑ ≥

Hence, we have

 n k n k1 2≥ β ≥

or

 .1 2β ≥ β ≥ β
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In other words, the wave number describing 
the propagation along the guide axis always 
lies between the wave numbers for the guiding 
medium (β1) and the outer medium (β2). This we 
might have expected from the physics because the 
propagation lies partly in the guide and partly in 
the outer medium (evanescent wave). We shall be 
returning to this point later.

Remember that our present concern is about 
how β varies with ω between these two limits, so 
how else does Equation 7.21a help?

Clearly, the relation

 k
c0

= ω

where c0 is the free space velocity, gives one depen-
dence of β on ω, but what about sin ϑ? For a given 
value of m (i.e., a given mode), the transverse 
resonant condition (Equation 7.20b) provides 
the dependence of ϑ on k. However, this is quite 
complex because as we know, δs is a quite complex 
function of ϑ. Hence, in order to proceed further, 
this dependence must be considered.

The expressions for the phase changes that occur 
under TIR at a given angle are well known [4]
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for the case where the electric field is perpendicu-
lar to the plane of incidence and
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for the case where it lies in the plane of incidence.
Note also that
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Finally, let us define, for convenience, a parameter, 
p, where

 p n k k n n( sin ).2 2
2
2 2 2

1
2 2

2
2= β − = ϑ −  (7.22)

The physical significance of p will soon become 
clear.

We now discover that we can cast our “trans-
verse resonance” condition (Equation 7.20b) into 
the form

 aq m
p

q
Etan

1

2
( )− π






 = ⊥  (7.23a)

for the perpendicular polarization and

 aq m
n

n

p

q
Etan

1

2
( )1

2

2
2 �− π



 =  (7.23b)

for the parallel polarization.
The conventional waveguide notation desig-

nates these two cases as “TE” for E⊥ and “trans-
verse magnetic (TM)” for E||. The terms refer, of 
course, to the direction of the stated fields with 
respect to the plane of incidence of the ray.

We can use Equations 7.23a and b to charac-
terize the modes for any given slab geometry. The 
solutions of the equations can be separated into 
odd and even types according to whether m is odd 
or even. For odd m, we have

 aq m aqtan
1

2
cotodd− π



 =  (7.24a)

and for even m

 aq m aqtan
1

2
tan .even− π



 =  (7.24b)

Taking m to be even we may then write Equation 
7.23a, for example, in the form

 aq aq ap Etan .( )= ⊥
 (7.25)

Now from the definitions of p and q, it is clear that

 a p a q a k n n( ).2 2 2 2 2 2
1
2

2
2+ = −  (7.26)

Taking rectangular axes ap, aq this latter relation 
between p and q translates into a circle of radius 
ak n n( )1

2
2
2 1/2−  (Figure 7.30). If, on the same axes, 

we also plot the function aq tan aq, then Equation 
7.25 is satisfied at all points of intersection between 
the two functions (Figure 7.30). (A similar set of 
solutions clearly can be found for odd m.) These 
points, therefore, provide the values of ϑ which 
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correspond to the allowed modes of the guide. 
Having determined a value for ϑ for a given k, β 
can be determined from

 n k sin1β = ϑ

and hence β can be determined as a function of 
k (for a given m) for the TE modes. Now, finally, 
with

 k
c

= ω

we have the relationship between β and ω that we 
have been seeking. For obvious reasons, these are 
called dispersion curves and are important deter-
minants of waveguide behavior. They are drawn 
either as β versus k or as ω versus β. The three low-
est order modes for a typical slab waveguide are 
shown in Figure 7.31a using the latter representa-
tion. Clearly, this is the more convenient form for 
determining the group velocity dω/dβ by simple 
differentiation (Figure 7.31b).

A final point of great importance should be 
made. As k decreases, so the quantity

Modal values of “aq”

aq

(a2p2 + a2q2) = u2

ap
aq tan aq

u = 2

u = 5

u = 1

Figure 7.30 Graphical solution of the modal equation for the slab waveguide.
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Figure 7.31 Dispersion and group velocity for a slab waveguide.
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 a p a q a k n n( )2 2 2 2 2 2
1
2

2
2+ = −

decreases and the various modes are sequen-
tially cut-off as the circle (Figure 7.30) reduces 
in radius. This is also apparent in Figure 7.31a 
because a reduction in k corresponds to a reduc-
tion in ω. Clearly, the number of possible modes 
depends upon the waveguide parameters a, n1, and 
n2. However, it is also clear that there will always 
be at least one mode because the circle will always 
intersect the tan curve at one point, even for a van-
ishingly small circle radius. If there is only one 
solution, then Figure 7.30 shows that the radius of 
the circle must be less than π/2, i.e.,

 ak n n( )
1

2
1
2

2
2 1/2− < π

or

 a
n n

2
( ) 1.57.1

2
2
2 1/2π

λ
− <  (7.27)

This quantity is another important waveguide 
parameter, for this and many other reasons. It is 
given the symbol V and is called the “normalized 
frequency,” or, quite often, simply the “V number.” 
Thus

 V
a

n n
2

( ) .1
2

2
2 1/2= π

λ
−

Equation 7.27 is thus the single-mode condition 
for this symmetrical slab waveguide. It represents 
an important case because the existence of just one 

mode in a waveguide simplifies considerably the 
behavior of radiation within it, and thus facilitates 
its use in, for example, the transmission of infor-
mation along it. Physically, Equation 7.27 is stat-
ing the condition under which it is impossible for 
constructive interference to occur for any ray other 
than that which (almost) travels along the guide 
axis.

Clearly, a very similar analysis can be per-
formed for the TM modes, using Equation 7.23b.

Look again now at Figure 7.29. It is clear that 
there are waves traveling in the outer media with 
amplitudes falling off the farther we go from the 
central channel. This is a direct result of the neces-
sity for fields (and their derivatives) to be continu-
ous across the media boundaries. We know from 
Equation 7.20a that the field amplitude in the cen-
tral channel varies as

 E E kn x2 cos cos
1

2
.x 0 1 s= ϑ + δ





How does the field in the outer slabs vary? The 
evanescent field in the second medium, when TIR 
occurs, falls off in amplitude according to

 E E
x

x aexp
2

sinh ;x a
2

= − π
λ

γ





>

where
 1. Ea is the value of the field at the boundary, i.e.,

 E E kn a2 cos cos
1

2
a 0 1 s= ϑ + δ
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Figure 7.32 Evanescent wave decay.



7.5 Optical waveguiding 233

 2. λ2 is the wavelength in the second medium, 
and is equal to λ/n2

 3. k n n2 sinh / ( sin )2 1
2 2

2
2 1/2π γ λ = ϑ −  and this can 

now be identified with p from Equation 7.22. 
Hence

 E E px x aexp – ;x a ( )= >

and we see that p is just the exponential decay 
constant for the amplitude of the evanescent 
wave (Figure 7.32) and, from Equation 7.22, 
we note that p ~ 0.1 k. (It is a fact of any physi-
cal analysis that all parameters of mathematical 
importance will always have a simple physical 
meaning.)

So the evanescent waves are waves that propa-
gate in the outer media parallel with the boundary 
but with amplitude falling off exponentially with 
distance from the boundary.

These evanescent waves are very important. 
First, if the total propagation is not to be dis-
turbed the thickness of each outer slab must be 
great enough for the evanescent wave to have 
negligible amplitude at its outer boundary: the 
wave falls off as ~exp (–x/λ), so at x ~ 20λ it nor-
mally will be quite negligible (~10–9). At optical 
wavelengths, then the slabs should have a thick-
ness ≥20 μm.

Second, because energy is traveling (in the 
Oz direction!) in the outer media, the evanes-
cent wave properties will influence the core 
propagation, in respect, for example, of loss and 
dispersion.

7.5.3  Integrated optics

Planar waveguides find interesting application in 
integrated optics. In this, waves are guided by planar 
channels and are processed in a variety of ways. An 
example is shown in Figure 7.33. This is an electro-
optic modulator and it utilizes electro-optic effect 
(see Section 7.7.7), whereby the application of an 
electric field to a medium alters its refractive index. 
However, the electric field is acting on a waveguide 
that, in this case, is a channel (such as we have just 
been considering) surrounded by “outer slabs” 
called here a “substrate.” The electric field is imposed 
by means of the two substrate electrodes, and the 
interaction path is under close control, as a result 
of the waveguiding. The material of which both the 
substrate and the waveguide are made should, in 
this case, clearly be an electro-optic material, such 
as lithium tantalate (LiTaO3) whose refractive index 
depends upon the applied electric field. The central 
waveguiding channel may be constructed by diffus-
ing ions into it (under careful control); an example 
of a suitable ion is niobium (Nb), which will thus 
increase the refractive index of the “diffused” region 
and allow TIR to occur at its boundaries with the 
“raw” LiTaO3. Many other functions are possible 
using suitable materials, geometries, and field influ-
ences. It is possible to fabricate couplers, amplifiers, 
polarizers, filters, etc., all within a planar “inte-
grated” geometry.

One of the advantages of this integrated optics 
technology is that the structures can be produced to 
high manufactured tolerance by “mass production” 
methods, allowing them to be produced cheaply if 
required numbers are large as is likely to be the case 
in optical telecommunications, for example.

A fairly recent, but potentially very powerful, 
development is that of the “optoelectronic integrated 
circuit,” which combines optical waveguide func-
tions with electronic ones such as optical source con-
trol, photodetection, and signal processing, again on 
a single, planar, readily manufacturable “chip.”

Note, finally, that in Figure 7.33, the “upper” slab 
(air) has a different refractive index from the lower 
one (substrate). This is thus an example of an asym-
metrical planar waveguide, the analysis of which is 
more complex than the symmetrical one that we 
have considered. However, the basic principles are 
the same; the mathematics is just more cumber-
some and is covered in many other texts [6].

Electrodes

Guide

Substrate

d

L

Figure 7.33 An integrated-optical electro-optic 
phase modulator.
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7.5.4  Cylindrical waveguides

Let us now consider the cylindrical dielectric struc-
ture shown in Figure 7.34. This is the geometry of 
the optical fiber, the central region being known as 
the “core” and the outer region as the “cladding.” 
In this case, the same basic principles apply as for 
the dielectric slab, but the circular, rather than 
planar, symmetry complicates the mathematics. 
We use, for convenience, cylindrical coordinates 
(r,  φ,  z) as defined in Figure 7.34. This allows us 
to cast Maxwell’s wave equation for the dielectric 
structure into the form
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If we try a solution for E in which all variables are 
separable, we write

 E E r E E z E tr z t( ) ( ) ( ) ( )= ϕϕ

and can immediately, from the known physics, 
take it that

 
E z E t i z texp – .z t( ) ( ) ( )= β ω 

In other words, the wave is progressing along the axis 
of the cylinder with wave number β and with angu-
lar frequency ω. It follows, of course, that its (phase) 
velocity of progression along the axis is given by

 c .p = ω
β

By substitution of these expressions into the wave 
Equation 7.28, we may rewrite it in the form
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Now if we suggest a periodic function for Eφ of the 
form

 E ilexp( )= ± ϕϕ

where l is an integer, we can further reduce the 
equation to
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This is a form of Bessel’s equation, and its solutions 
are Bessel functions (see any advanced mathemati-
cal text, e.g., Reference [7]). If we use the same sub-
stitutions as for the previous planar case, i.e.,
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we find for r ≤ a (core)
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and for r > a (cladding)
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Solutions of these equations are (see Figure 7.35a)

 E Ec J qr r a

E E K pr r a

;

;

c l

r lcl

( )
( )

= ≤

= >

where Jl is a “Bessel function of the first kind” and 
Kl is a “modified Bessel function of the second 
kind” (sometimes known as a “modified Hankel 
function”). The two functions must clearly be con-
tinuous at r = a, and we have for our full “trial” 
solution in the core

 E E J qr il i z texp exp –lc ( ) ( )( )= ± ϕ β ω

x

rφ

y

0

n2

n1

n2

z

Figure 7.34 Cylindrical waveguide geometry.
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and a similar one for the cladding

 E E J pr il i z texp exp –lcl ( ) ( )( )= ± ϕ β ω

Again, we can determine the allowable values for p, 
q, and β by imposing the boundary conditions at r = a 
[8]. The result is a relationship that provides the β 

versus k, or “dispersion” curves, shown in Figure 7.36. 
The mathematical manipulations are tedious but are 
somewhat eased by using the so-called weakly guid-
ing approximation. This makes use of the fact that 
if n1 ~ n2, then the ray’s angle of incidence on the 
boundary must be very large, if TIR is to occur. The 
ray must bounce down the core almost at grazing 
incidence. This means that the wave is very nearly 
a transverse wave, with very small z components. 
By neglecting the longitudinal components Hz, Ez, 
a considerable simplification of the mathematics 
results (Figure 7.35b). Because the wave is, to a first 
approximation, transverse, it can be resolved con-
veniently into two LP components, just as for free 
space propagation. The modes are thus dubbed “LP” 
modes, and the notation that describes the profile’s 
intensity distribution is the “LP” notation.

7.5.5  Optical fibers

The cylindrical geometry relates directly to the 
optical fiber. The latter has just the geometry we 
have been considering and for a typical fiber:

Cladding CladdingCore

Ec

–r r–a

(a) Lowest order solution of the cylindrical wave equation (l = 0)

(b) The geometry of the weakly-guiding appoximation

0 +a
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Ex , Hy
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θ

Figure 7.35 Solution for the cylindrical waveguide equation, and the weakly guiding approximation.
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Figure 7.36 Dispersion curves for the cylindrical 
waveguide.
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so that the weakly guiding approximation is valid. 
Some of the low-order “LP modes” of intensity dis-
tribution are shown in Figure 7.37, together with 
their polarizations, and values for the azimuthal 
integer, 1. There are, then, two possible LP opti-
cal fiber modes. For the cylindrical geometry, 
the “single-mode condition” is (analogously to 
Equation 7.24 for the planar case)

 V
a

n n
2

( ) 2.405.1
2

2
2 1/2= π

λ
− <

The value 2.405 derives from the value of the argu-
ment for which the lowest order Bessel function, J0, 
has its first zero. Some important practical features 
of optical-fiber design can be appreciated by rever-
sion to geometrical (ray) optics.

Let us consider, first, the problem of launching 
light into the fiber. Referring to Figure 7.38a, we 
have for a ray incident on the front face of the fiber 
at angle ϑ0, and with refracted angle ϑ1:

 n nsin sin0 0 1 1ϑ = ϑ

where n0 and n1 are the refractive indices of air and 
the fiber core material, respectively. If the angle 
at which the ray then strikes the core/cladding 
boundary is ϑT, then, for TIR, we must have sin ϑ 
> n2/n1 where n2 is the cladding index.

Because ϑT = (1/2)π – ϑ1, the inequality is 
equivalent to

 n

n
cos 1

2

1

ϑ >

so from Snell’s law expression above
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or

 n n nsin ( )0 0 1
2

2
2 1/2ϑ < −

The quantity on the right hand side (RHS) of this 
inequality is known as the numerical aperture 
(NA) of the fiber. It is a specification of the “accep-
tance” cone of light, this being a cone of apex half-
angle ϑ0. Clearly, a large refractive index difference 
between core and cladding is necessary for a large 
acceptance angle; for a typical fiber, ϑ0 ~ 10°.

The discrete values of reflection angle that are 
allowed by the transverse resonance condition 
(within the TIR condition) can be represented by 
the ray propagations shown in Figure 7.38b. This 
makes clear that for a large number of allowable 
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Figure 7.37 Some low-order modes of the 
cylindrical waveguide (with weakly guiding mode 
labels).
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Figure 7.38 Ray propagation in optical fibers.
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rays (i.e., modes) the TIR angle should be large, 
implying a large NA. However, it is also clear, geo-
metrically, that the rays will progress down the 
guide at velocities that depend on their angles of 
reflection: the smaller the angle, the smaller the 
velocity. This leads to large intermodal dispersion 
at large NA because if the launched light energy 
is distributed among many modes, the differ-
ing velocities will lead to varying times of arrival 
of the energy components at the far end of the 
fiber. This is undesirable in, for example, com-
munications applications, because it will lead to 
a limitation on the communications bandwidth. 
In a digital system, a pulse cannot be allowed to 
spread into the pulses before or after it. For great-
est bandwidth only one mode should be allowed, 
and this requires a small NA. Thus, a balance must 
be struck between good signal level (large NA) and 
large signal bandwidth (small NA).

A fiber design that attempts to attain a bet-
ter-balanced position between these is shown in 
Figure 7.38c. This fiber is known as graded-index 
(GI) fiber and it possesses a core refractive index 
profile which falls off parabolically (approxi-
mately) from its peak value on the axis. This pro-
file constitutes, effectively, a continuous convex 
lens, which allows large acceptance angle while 
limiting the number of allowable modes to a rela-
tively small value. GI fiber is used widely in short 
and medium distance communications systems. 
For trunk systems single-mode fiber is invariably 
used, however. This ensures that the intermodal 
dispersion is entirely absent, thus removing this 
limitation on bandwidth. Single-mode fiber pos-
sesses a communications bandwidth, which is 
orders of magnitude greater than that of multi-
mode fiber, though even this nominally ideal case 
is marred by the fact that in reality, a single mode 
is subject to the influence of fiber birefringence 
on propagation velocity. Intrinsic birefringence 
in optical fibers is caused by internal stress and 
noncircularity of the fiber’s core. Thus, the fun-
damental mode of an optical fiber is split into two 
orthogonally polarized eigenmodes with differ-
ent propagation velocities. This effect is similar 
to intermodal dispersion and is called polariza-
tion mode dispersion. This type of dispersion can 
present a significant limitation on the design of 
communication links using single mode optical 
fiber.

7.5.6  Summary

Optical waveguiding is of primary importance 
to the optoelectronic designer. With its aid, it is 
possible to confine light and direct it to where it 
is needed, over short, medium, and long distances.

Furthermore, with the advantage of confine-
ment, it is possible to control the interaction of 
light with other influences, such as electric, mag-
netic, or acoustic fields, which may be needed to 
impress information upon it. Control also can be 
exerted over its intensity distribution, its polariza-
tion state, and its nonlinear behavior; this last topic 
is covered in Section 7.7.

In short, optical waveguiding is crucial to the 
control of light. For the designers of devices and 
systems (especially telecommunications systems, 
using optical fibers) this control is essential.

7.6  ELECTRONS IN SOLIDS

7.6.1  Introduction

In order to understand the mechanisms involved in 
the operation of important solid-state devices such 
as semiconductor lasers, light-emitting diodes, var-
ious types of photodetectors, light modulators, etc., 
it is necessary to look into some of the rather special 
features of the behavior of electrons in solid mate-
rials, and this is the subject of the present section.

A solid is a state of matter where the constituent 
atoms or molecules are held in a rigid structure as a 
result of the fact that the intermolecular forces are 
large compared with the forces of thermal motion 
of the molecules. This can only be true if the mol-
ecules are close together, for the molecules are elec-
tronically neutral overall, and forces can only exist 
between them if there is significant overlap among 
the wave functions of the outer electrons. This 
overlap leads to another important consequence: 
the energy levels in which the electrons lie are 
shared levels; they are a property of the material as 
a whole rather than of the individual molecules, as 
is the case for a gas, for example.

In order to gain a physical “feel” for the effect of 
the strong interaction on the energy level structure 
in a solid, consider what happens when two simple 
oscillators, such as two pendulums, interact. If two 
pendulums each of same length, and thus with 
the same independent frequency of oscillation, f, 
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are strung from the same support bar, they will 
interact with each other via the stresses transmit-
ted through the bar, as they swing. For the com-
bined system there are two “eigenmodes” that is to 
say two states of oscillation that are stable in time. 
These are the state where the two pendulums swing 
together, in phase, and that where they swing in 
opposition, in antiphase. For all the other states, 
the amplitudes and relative phases of the two pen-
dulums vary with time. The two eigenstates have 
difference frequencies fp (in phase) and fa (in anti-
phase) and we find that

 f f f .p a> >

The original frequency f is not now a characterizing 
parameter of the system, having been replaced by 
two other frequencies, one higher and one lower. 
If just one of the two pendulums is set swinging 
it will do so at a frequency in the range fp to fa and 
will set the other pendulum swinging. The second 
pendulum will acquire maximum amplitude when 
the first has come to a stop and then the process 
will reverse. The energy will continuously transfer 

between the pendulums at a frequency (fp − fa). 
Consider now three identical pendulums strung 
from the same bar. Now there are three eigenstates: 
(1) all in phase; (2) outer two in phase, central one 
in antiphase; (3) left-or right-hand two in phase, 
right-or left-hand one in antiphase. Each of these 
states has its own frequency of oscillation, so we 
now have three frequencies. It is an easy concep-
tual extrapolation to n pendulums, where there 
will be n frequencies centered on the original f, i.e., 
the original single frequency has become a band 
of n frequencies. If n is very large, as it is with the 
number of molecules in a solid, the frequencies 
are so close together as to comprise essentially a 
continuous band of frequencies, and thus also of 
electron energy levels. Thus, we can expect each 
discrete energy level of the isolated atom or mol-
ecule to form a separate band of allowable energies, 
and the bands will be separated by gaps which rep-
resent energies forbidden to electrons (Figure 7.39). 
This feature is crucial to the behavior of electrons 
in solids and accounts for most of the properties, 
which are important in optoelectronics. It is, there-
fore, necessary to study it in more detail before 
looking at why, exactly, it is so important to us.
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Figure 7.39 Band structure resulting from the coupling of oscillators.
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7.6.2  Elements of the band theory 
of solids

Having understood why energy bands form in sol-
ids, it is necessary now to understand the ways in 
which electrons occupy them. This is as crucial to 
the understanding of the optoelectronic properties 
of solids as the formation of the bands themselves.

First, it is necessary to remember that electrons 
obey quantum rules. Associated with each electron 
is a wave whose wave number (~reciprocal of wave-
length) is related to the momentum (p) of the electron.

If the electron is propagating freely, the rela-
tionship is

 p
h hk

2
=

λ
=

π

and because the kinetic energy of a particle of mass 
m is related to its momentum p by

 E
p

m2
.k

2

=

We have, in the case of the free electron

 E
h k

m8
.k

2 2

2
=

π
 (7.29)

We shall need this shortly.
Another consequence of the quantum behav-

ior of electrons is that they distribute themselves 
among available energy levels in a rather special 
way. We say that their distribution obeys “Fermi–
Dirac” statistics, and although it is not necessary 
to go very deeply into this, it is necessary to under-
stand the basic ideas.

All fundamental particles, such as electrons, pro-
tons, neutrons, mesons, quarks, etc., are indistin-
guishable particles, i.e., there is no way in which an 
electron, say, can be “labeled” at one time or place, 
in such a way that it is possible to recognize it as the 
same particle at another time or place; this is not 
just a “labeling” problem: it is quite fundamental—
a consequence of quantum physics. Hence, if two 
identical (indistinguishable) particles are inter-
changed in any energy distribution within a system, 
there can be no change in any of the observable 
macroscopic properties of the system. Now these 
observable properties depend only on the square of 

the modulus of the system’s overall wave function 
(Section 1.8), which is formed from all of the indi-
vidual electron wave functions, that is,

 n1 2 .�( ) ( ) ( )ψ = ψ ψ ψ

If electrons 1 and 2 are interchanged, then |ψ|2 
must remain the same, that is,
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2
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2

ψ = ψ
hence

 .12 21ψ = ±ψ

This presents two possibilities: either the inter-
change leaves the sign of the wave function the 
same or it reverses it. Particles that leave the sign 
the same are called symmetrical particles; particles 
that reverse it are called antisymmetrical particles.

Now comes the vital point: two antisymmetri-
cal particles cannot occupy the same quantum 
state because the interchange of two identical par-
ticles occupying the same quantum state cannot 
alter the wave function in any way at all, not even 
its sign. Hence, no two antisymmetrical particles 
can have the same set of “quantum numbers,” 
numbers that define the quantum state uniquely. 
This is known as the Pauli exclusion principle. 
Electrons are antisymmetrical particles and thus 
obey the Pauli exclusion principle. In fact, all 
 particles with “half-integral spin,” n h

1

2
/ 2 ,+



 π  

obey the principle, for example, electrons, protons, 
neutrons, pu-mesons; these are called fermions 
(note the small f now!). Particles with integral spin, 
nh/2π, are symmetrical particles and obey “Bose–
Einstein” statistics: e.g., photons, α-particles, and 
π-mesons; these are called bosons.

The fact that no two electrons can occupy the 
same quantum state is profound and is the single 
most important feature of the behavior of elec-
trons, in regard to the optoelectronic properties of 
solids. It means that the available electrons will fill 
the available quantum states progressively and sys-
tematically from bottom to top, like balls in a ver-
tical tube whose diameter is just sufficient to take 
one ball at a time.

Let us examine this “filling” process in more 
detail.

Each allowed energy level in any system con-
tains (in general) more than one quantum state. 
The number of states that it contains is called the 
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“degeneracy” of the energy level. (Remember also 
that each of the bands in the solid-state energy 
structure results from a large number of closely 
spaced energy levels, so there is also a kind of mul-
tiple degeneracy within a band.)

Now suppose, first, that the electrons within 
a given energy band are completely free to move 
around as if they were an electron “gas” in the solid. 
This is approximately true for electrons in a metal 
and the only restriction really is that the electrons 
are not free to leave the solid. How should we cal-
culate the energy states available to the electrons 
in this case?

Well, fortunately, most of the work necessary 
for calculating the number of electron states that 
lie between energies E and E + dE for this case has 
already been done, in Section 7.2.1, for atomic 
oscillators that give rise to electromagnetic waves; 
the analogy between electromagnetic waves in a 
box and electrons in a box is very close. The elec-
tron waves are restricted to the same set of discrete 
values by the box boundaries as were the electro-
magnetic waves. The only difference is that whereas 
we had to allow for two polarization states in the 
electromagnetic case, we now have to allow for two 
spin directions (e.g., up and down) in the electron 
case. In both cases, we must multiply by a factor 
of 2, so that Equation 7.6a remains valid; i.e., the 
number of electron states with k values between k 
and k + dk is g(k) where

 g k k
k k

( )d
d
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2

2
=

π

g(k) is known as the degeneracy function. All that 
is necessary now is to express this in terms of the 
energy by substituting for k and dk from Equation 
7.29, that is,
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This function is shown in Figure 7.40 and in solid-
state parlance, it is usually called the “density of 
states” function. It represents the number of states 
between energies Ek and Ek + dEk.

Hence, these are the states that are going to 
be filled from the bottom up. Each range of Ek to 
Ek + dEk will be filled sequentially like the balls in 
the tube. What, then, is the occupancy of these 
states? How do the electrons actually distribute 
themselves among them?

If each energy range is filled in turn, the best 
way to express this is to plot the fraction of the g(Ek) 
levels that is filled by a total of NT electrons. At the 
absolute zero of temperature, this occupancy func-
tion will look like variation A in Figure 7.41. All 
the states will be filled up to the level at which the 
electrons are exhausted. Hence, up to that level the 
fractional occupancy is 1; above that level, it is 0. 
This level is known as the Fermi level, EF, and is 
easily calculated if the total number of electrons, 
NT, is known, for it is necessary only to integrate 
Equation 7.30a between 0 and EF:
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Using Equation 7.31, the density of states function 
7.30a may now conveniently be expressed in the 
form

 g E E N
E

E
E( )d

3

2
d .T

1/2

F
3/2=  (7.30b)

0

Ek

g(Ek)

Figure 7.40 “Density of states” function for a 
metal.



7.6 Electrons in solids 241

Suppose now that the temperature rises above 
absolute zero to a small value T(>0). This 
makes available to each electron an extra 
energy ~ kT(≪EF). However, most of the elec-
trons cannot take advantage of this because the 
next available empty level for them is more than 
kT away. The only electrons that can gain energy 
are those at the top of the distribution, for they 
have empty states above them. The distribution 
thus changes to the one shown as B in Figure 7.41 
for temperature T. Hence, the electrons behave 
very differently from a gas, say, where the average 
energy of all the molecules would increase by kT. 
(It is for this reason that the specific heat of met-
als is much smaller (~1%) than was predicted on 
a free electron theory of metallic conduction; this 
discrepancy was a great puzzle to physicists in the 
early years of the 20th century.)

The function that describes the occupancy of 
the levels at a given temperature is known as the 
Fermi–Dirac function. It is given by

 
F E

E E

kT

( )
1

exp 1
.

F
= −



 +  

(7.32a)

Note that it has the behavior, which has already 
been described

For T = 0 and E > EF:
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For T = 0 and E > EF:
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This clearly corresponds to variation A in 
Figure 7.41.

As the temperature rises, the topmost electrons 
move to higher states and the function develops a 
“tail,” whose width is ~ kT (curve B in Figure 7.41). 
The energy EF in this case corresponds to the 
energy for which F(E) = 0.5.

Now that we are in a position to make the final 
step: the density of electrons within a given small 
energy range will be the product of the density of 
quantum states and the actual occupancy of these 
states. It will be the product of the density of states 
function (7.30b) and the Fermi–Dirac function 
7.32, i.e., n(E)dE = g(E)F(E)dE or
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where n(E)dE is the number per unit volume of elec-
trons with energies between E and E + dE. This func-
tion is shown in Figure 7.42 for T = 0 and for T ≠ 0.

It is interesting to note, before leaving this, that 
the Fermi–Dirac distribution is a prevalent feature 
primarily because, in a solid, the number of electrons 
is comparable with the number of quantum states, 
and therefore the electrons must be carefully packed 
according to the quantum rules. If the number of 
quantum states far exceeds the number of identical 
particles, as it does in a gas for example, the quan-
tum rules are scarcely noticeable. To see this suppose 
that, in Equation 7.30b, g(E) ≫NT, then E E1/2

F
3/2�

and hence E ≫ EF. Equation 7.33a becomes
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Expressed in terms of molecular velocity, v, and 
remembering that the molecular energy in this 
case is purely kinetic energy of motion, i.e.,

 E mv
1

2
2=

we have

 n v v Av
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which is the Maxwell–Boltzmann gas velocity dis-
tribution as deduced from classical (i.e., nonquan-
tum) statistical thermodynamics [1].

It turns out that Equation 7.33b often also rep-
resents a useful approximation in solid-state phys-
ics. In all cases where the electron distribution is 
being considered well above the Fermi level (i.e., 
E ≫ EF) the Fermi–Dirac distribution function of 
Equation 7.32a approximates to

 F E
E

kT
( ) exp= −






  (7.32b)

which is, of course, the Boltzmann factor. We shall 
have several occasions to use this later.

7.6.3  Metals, insulators, and 
semiconductors

We are now in a position to understand, qualita-
tively at first, what it is that distinguishes metals, 
insulators, and semiconductors. It all depends 
upon the position of the Fermi level.

Consider the solid-state band structure in 
Figure 7.43. Suppose, first, that a solid consists of 
atoms or molecules with just one electron in the 

outermost energy shell. This shell forms a band of 
energy levels in the solid, as we have seen, and the 
total number of available states will be 2N per unit 
volume, where N is the number of atoms per unit 
volume (i.e., two electron spin states per quantum 
state). But there will be only N electrons per unit 
volume because there is only one electron per atom. 
Hence, the band is half-filled, and the Fermi level 
lies halfway up the second band, as in Figure 7.43a. 
The electrons at the top of the Fermi–Dirac dis-
tribution have easy access to the quantum states 
above them and can thus move freely in response 
to, for example, an applied electric field, by gaining 
small amounts of kinetic energy from it; they can 
also move to conduct heat energy quickly and eas-
ily: we have a metal.

Suppose, second, that there are two electrons 
in the outer shell of the atoms or molecules com-
prising the solid. The band formed from the shell 
is now just full and the Fermi level is above the top 
of the band, as in Figure 7.43b. The electrons at the 
top of the band now can only increase their ener-
gies by jumping up to the next band. If the energy 
gap is quite large neither moderate temperatures 
nor moderate electric fields can provide sufficient 
energy for this to happen. Hence, the material does 
not conduct electricity at all easily: we have an 
insulator.

Finally, consider the case shown in Figure 7.43c, 
again a case where the uppermost level is just full 
(which will, clearly, be the case for any even num-
ber of electrons in the outer shell). Here, the Fermi 
level lies about halfway up the gap between the 
valence and conduction bands and the gap is now 
relatively small, say less than 100kT for room tem-
perature. (For example, the element silicon has a 
bandgap of 1.1 eV, compared with a value for kT, 
at room temperature, of ~2.5 × 10–2 eV. An electron 

(a) Metal (b) Insulator (c) Semi-conductor

EF
EF

EF

Band gap
Conduction
band
Band
gap

Valence
band

Figure 7.43 The Fermi level and the classification of solids.



7.6 Electrons in solids 243

would gain an energy of 1 eV in falling through a 
potential difference of 1 V.) In this case, although 
at low temperature the Fermi–Dirac “tail” does not 
extend into the upper, conduction band, at higher 
temperatures it does, giving a small number of 
electrons in the conduction band. These electrons 
can then move easily into the abundance of empty 
states now available to them in this band. Thus, 
the room temperature electrical conductivity is 
low but measurable; furthermore, it is clear that it 
will increase quite rapidly with temperature, as the 
“tail” extends. We have here a “semiconductor,” 
more precisely an intrinsic semiconductor (it will 
become clear later why this adjective is necessary). 
For obvious reasons the upper band is called the 
conduction band and the lower one the valence 
band (because it is the stability of electrons in the 
lower band which provides the atomic forces hold-
ing the solid together). There is another important 
point to be made for the intrinsic semiconductor. 
When thermal agitation raises an electron from 
the valence band to the conduction band, it leaves 
behind an empty state. This state can be filled by 
another electron, in the valence band, which can 
then gain energy and contribute to the electrical 
conduction. These empty states, comprising, as 
they do, the absence of negative electric charge, are 
equivalent to positive “holes” in the valence band, 
and they effectively move like positive charges 
as the electrons in the valence band move in the 
opposite direction to fill them. Positive holes in 
the valence band comprise an important feature of 
semiconductor behavior, and we shall be returning 
to them shortly.

Before moving on it should be emphasized that 
the description above is a greatly simplified one in 
order to establish the ideas. Solids are complicated 
states of matter and are three-dimensional, so in 
general we must not deal just with a single Fermi 
level but with a three-dimensional Fermi surface, 
which will have a shape dependent upon the varia-
tion of the material’s properties with direction. 
Many important properties of solids depend upon 
the particular shape that this surface assumes. 
Especially important is the fact that two energy 
bands can sometimes overlap, so that it is possible 
for some elements to behave as metals even though 
each of their atoms possesses an even number of 
electrons (the lower band feeds electrons into the 
middle of the upper band); examples are beryllium, 
magnesium, and zinc. However, this is the stuff of 

pure solid-state physics and, for more, interested 
readers must refer to one of the many specialist 
texts on solid-state physics [9].

It has become clear then that the position of the 
Fermi level in relation to the band structure for 
a particular solid material is vitally important. It 
is important not only for distinguishing between 
metals, insulators, and semiconductors but also for 
understanding the detailed behavior of any par-
ticular material.

We have seen how to calculate the Fermi level 
for the case of electrons moving freely within 
a solid. However, electrons are not entirely free 
to move within a crystal, or even a quasi-crystal 
structure, and this has important consequences 
that lie within a more detailed consideration of this 
topic. Space limitations do not allow this treatment 
here and the interested reader is referred to the lit-
erature [9].

7.6.4  Extrinsic semiconductors

Finally, we must consider another very important 
type of semiconductor material. This is the doped 
semiconductor, otherwise known as the “extrinsic” 
semiconductor. In these materials, the semicon-
ducting properties can be both enhanced and con-
trolled by adding specific impurities in carefully 
judged quantities. The effect of this is to alter the 
electron energy distribution in a controlled way.

We begin by considering a particular intrinsic 
semiconductor, silicon, because, with germanium, 
it is one of the two most commonly used materials 
for doping in this way. Both materials have a dia-
mond-like structure, with each atom surrounded 
symmetrically by four others. Silicon is tetravalent 
having an even number of electrons in its valence 
shell. There will thus be 4N available electrons per 
unit volume. The first valence energy band will be 
filled with 2N electrons and the second band also 
with 2N electrons; thus, both lower bands are full 
and the next higher one is empty, at absolute zero 
(Figure 7.44). The gap between the upper valence 
band and the conduction band is quite small, 
only 1.1 eV, compared with a room temperature 
value of kT of ~ 2.5 × 10–2eV so, although silicon is 
an intrinsic semiconductor, its semiconductivity 
is moderate, and it increases exponentially with 
temperature.

Suppose now that the silicon is doped with 
a small fraction (between 1 atom in 106 and 1 in 
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109) of a pentavalent (valency of 5) impurity atom 
such as phosphorus. This atom sits quite comfort-
ably in the silicon lattice but has one extra elec-
tron compared with the silicon atoms by which it 
is surrounded and this electron is easily detached 
to roam through the lattice and add to the con-
ductivity. In energy level parlance, we say that it 
needs little energy to raise it into the conduc-
tion band; in fact for this particular case it needs 
only 4.5 × 10–2 eV, equivalent to only about 2kT at 
room temperature. So the energy level structure 
looks like Figure 7.44 with the “donor” level, ED, 
just below the conduction band. Note that the 
level remains sharp because the dopant atoms are 
scarce and spaced well apart in the lattice, and 
thus their wave functions cannot overlap to form a 
band structure, as do the atoms of the host lattice. 
Because, in this case, the effect of the phosphorus 
is to donate electrons (negative charges) to the con-
ductivity, this is called an n-type semiconductor. 
The really important point is that the conductiv-
ity now is entirely under control via control of the 
doping level. The greater the concentration of the 
dopant atoms, the greater will be the concentration 
of electrons in the conduction band.

Consider, on the other hand, what happens if 
we dope the silicon with a tervalent (valency of 3) 
impurity such as boron. In this case, the impurity 
atom has one electron fewer than the surround-
ing silicon atoms, and electrons from the valence 
band in the silicon can easily move into the space 
so created. These “absent” (from the valence band) 
electrons create positive holes, as we have seen, 
and these also are effective in increasing the con-
ductivity. For obvious reasons this is now called a 
p-type semiconductor (Figure 7.44) and the cor-
responding energy level is an “acceptor” level. The 

“majority carriers” are holes in this case; in an 
n-type material the majority carriers are electrons.

Usually, the donor or acceptor dopings domi-
nate the semiconductor behavior. In other words, 
it is normally the case that the dopant concentra-
tions exceed the intrinsic carrier concentration ni. 
If the dopant concentrations are Nd for donor and 
Na for acceptor, it must be that for charge neutrality 
of the material:

 n N p N .a d+ = +  (7.33)

However, it is also true that, for all circumstances:

 pn n .i
2=

Hence, for an acceptor doping (p-type material), 
we have: N N n,a d i�  and thus from Equation 7.33
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It is clear, then, that a knowledge of ni and the dopant 
level fixes the carrier concentrations and thus allows 
the main features of behavior to be determined. 
Where are the Fermi levels in these extrinsic semi-
conductors? We know that in the case of intrinsic 
semiconductors, the Fermi level lies about halfway 
between the valence and conduction bands. In an 
n-type semiconductor, the valence band is almost 
full and most of the conduction is due to electrons 
donated from the donor levels. Hence, it follows that 
the “50% electron occupancy” level, i.e., the Fermi 
level, will now lie about half way between the donor 
level and the bottom of the conduction band, because 
the top of the “valence” band can now be identified 
with the donor level (Figure 7.45).

Similarly, for p-type semiconductors, it will lie 
midway between the top of the valence band and 
the acceptor energy level. However, this can only 
be the case as long as the donor or acceptor mecha-
nisms dominate. At higher temperatures, most 

1.1 eV

n-Type p-Type
Holes Valence band

(Phosphorus)
donor level (ED)

E

Conduction bandElectrons

(Boron)
acceptor level (EA)

Figure 7.44 Energy level diagram for doped 
silicon.
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of the donor and acceptor sites would have been 
exhausted and the true valence band then starts to 
dominate the conduction mechanism. Hence, the 
Fermi level will vary with temperature as shown in 
Figure 7.45, until at high enough temperatures, it 
reverts to the intrinsic value in both p and n cases.

7.6.5  Binary and ternary 
semiconductors

We cannot leave semiconductors without a  mention 
of some important, relatively new, materials. These 
are alloys, made from two or more elements in 
roughly equal proportions and from different 
groups in the periodic table, and thus with differing 
numbers of electrons in the outermost shell.

The best known of these is gallium arsenide 
(GaAs), which, because Ga has a valency of III 
and As of V, is an example of what is called a III–V 
compound.

An important aspect of these compounds is 
that we can “tailor” the bandgap by varying the 
mix. The eight electrons in the two outer shells are 
shared to some extent and create some ionic bond-
ing, through the absence from the parent atom 
(i.e., it creates a positive ion). The bandgap of GaAs 
when the two elements are present in equal pro-
portions (i.e., same number of molecules per unit 
volume) is 1.4 eV but this can be varied by replac-
ing the As by P (GaP, 2.25 eV) or Sb (GaSb, 0.7 eV), 
for example. Furthermore, the materials can be 
made p- or n-type by increasing the V(As) over the 
III(Ga) component, or vice versa.

Another very important aspect of GaAs is that 
it is a direct bandgap material: the minimum 
energy in the conduction-band Brillouin zone 

occurs at the same k value as the maximum energy 
of the valence band (Figure 7.46a). This means that 
electrons can make the transition between the 
two bands without having to lose or gain momen-
tum in the process. Any necessary loss or gain of 
momentum must always involve a third entity, a 
“phonon” (quantum of vibration), for example, 
and this renders the transition much less prob-
able. Hence, a direct bandgap material is much 
more efficient than an indirect bandgap material 
(Figure  7.46b) and the processes are much faster, 
leading to higher device bandwidth.

Quite frequently even finer control is required 
over the value of the bandgap and, for this, “band-
gap engineers” turn to ternary alloys, i.e., those 
involving three elements, where the ratio of III–V 
composition is still approximately 1:1. An example 
is the range of alloys, which is described by the 
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formula AlxGa1–xAs. By varying x, one can move 
along the line between GaAs and Aluminum 
arsenides (AlAs) on Figure 7.47 and thus vary the 
bandgap appropriately. Figure  7.47 shows other 
materials, which can be tailored in this way.

One final difficulty is that in order to grow the 
required material one needs a substrate on which 
to grow it, from either the gas phase (gas-phase 
epitaxy) or the liquid phase (liquid-phase epi-
taxy), and this requires that the desired material 
has approximately the same lattice spacing as the 
substrate. For the example of AlxGa1–x As, there 
is little difficulty because the GaAs/AlAs line is 
almost vertical (Figure 7.47), and thus the lattice 
spacing always is close to that of GaAs, which can 
thus be used as the substrate. For other materials, 
for example, InAsySb1–y, this is clearly not the case 
because the InAs/InSb line is almost horizontal. 
This problem can be solved by going one stage yet 
further, to quaternary alloys that lie in the regions 
bounded by the lines in Figure 7.47. An example 
of a quaternary alloy is InxGa1–x AsyP1–y and one of 
these alloys is shown marked x on Figure 7.47. This 
has a lattice spacing similar to that of InP, which 
can thus be used as a satisfactory substrate.

Thus, a bandgap engineer generally will choose 
a substrate, then a suitable quaternary alloy that 
has the required bandgap, probably making sure 
it is a direct bandgap material, and then grow the 
semiconductor.

Bandgap engineering is now a sophisticated, 
and extremely valuable, technology for the provi-
sion of materials for optoelectronic devices; their 
behavior and performance depend critically on the 
material from which they are made.

7.6.6  Summary

Solids are complex states of matter, with their range 
of overlapping atomic wave functions. Many of the 
ideas are broadly unfamiliar to a nonspecialist 
physicist. However, many optoelectronic devices 
and systems rely on the behavior of electrons in 
solids, and we need to have a good understanding 
of this. In studying optoelectronics, we certainly 
need to draw repeatedly upon the ideas outlined 
in this section.

7.7  NONLINEAR OPTICS

7.7.1  Introduction

In all of the various discussions concerning the 
propagation of light in material media so far, we 
have been dealing with linear processes. By this 
we mean that a light beam of a certain optical fre-
quency that enters a given medium will leave the 
medium with the same frequency, although the 
amplitude and phase of the wave will, in general, 
be altered.
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The fundamental physical reason for this lin-
earity lies in the way in which the wave propagates 
through a material medium. The effect of the elec-
tric field of the optical wave on the medium is to set 
the electrons of the atoms (of which the medium is 
composed) into forced oscillation; these oscillating 
electrons then radiate secondary wavelets (because 
all accelerating electrons radiate) and the second-
ary wavelets combine with each other and with the 
original (primary) wave, to form a resultant wave. 
Now the important point here is that all the forced 
electrons oscillate at the same frequency (but dif-
fering phase, in general) as the primary, driving 
wave, and thus we have the sum of the waves all 
of same frequency, but with different amplitudes 
and phases.

If two such sinusoids are added together

 A a t a tsin sinT 1 1 2 2( ) ( )= ω + ϕ + ω + ϕ

and we have, from simple trigonometry

 A a tsinT T T( )= ω + ϕ

where

 a a a a a2 cos( )T
2

1
2

2
2

1 2 1 2= + + ϕ − ϕ

and

 a a

a a
tan

sin sin

cos cos
T

1 1 2 2

1 1 2 2

ϕ = ϕ + ϕ
ϕ + ϕ

In other words, the resultant is a sinusoid of the 
same frequency but of different amplitude and 
phase. It follows, then, that no matter how many 
more such waves are added, the resultant will 
always be a wave of the same frequency, that is,

 A a t tsin( ) sin( )n n

n

N

T

0

∑= ω + ϕ = α ω +β
=

where α and β are expressible in terms of an and φn.
It follows, further, that if there are two primary 

input waves, each will have the effect described 
above independently of the other, for each of the 
driving forces will act independently and the two 
will add to produce a vector resultant. We call this 
the “principle of superposition” for linear systems 
because the resultant effect of the two (or more) 

actions is just the sum of the effects of each one 
acting on its own. This has to be the case although 
the displacements of the electrons from their equi-
librium positions in the atoms vary linearly with 
the force of the optical electric fields. Thus, if we 
pass into a medium, along the same path, two light 
waves, of angular frequencies ω1 and ω2, emerging 
from the medium will be two light waves (and only 
two) with those same frequencies, but with differ-
ent amplitudes and phases from the input waves.

Suppose now, however, that the displacement 
of the electrons is not linear with the driving force. 
Suppose, for example, that the displacement is so 
large that the electron is coming close to the point 
of breaking free from the atom altogether. We are 
now in a nonlinear regime. Strange things happen 
here. For example, a given optical frequency input 
into the medium may give rise to waves of sev-
eral different frequencies at the output. Two fre-
quencies ω1 and ω2 passing in may lead to, among 
others, sum and difference frequencies ω1 ± ω2 
coming out.

The fundamental reason for this is that the driv-
ing sinusoid has caused the atomic electrons to 
oscillate nonsinusoidally (Figure 7.48). Our knowl-
edge of Fourier analysis tells us that any periodic 
nonsinusoidal function contains, in addition to 
the fundamental component, components at har-
monic frequencies, i.e., integral multiples of the 
fundamental frequency.

This is a fascinating regime. All kinds of inter-
esting new optical phenomena occur here. As 
might be expected, some are desirable, some are 
not. Some are valuable in new applications; some 
just comprise sources of noise. But to use them to 
advantage, and to minimize their effects when they 
are a nuisance, we must understand them better. 
This we shall now try to do.

Nonlinear
response

Linear

Nonlinear response range
Driving
waves

Second harmonic fourier
component

Figure 7.48 Nonlinear response to a sinusoidal 
drive.
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7.7.2  Nonlinear optics and optical 
fibers

Let us begin by summarizing the conditions, which 
give rise to optical nonlinearity.

In a semiclassical description of light propaga-
tion in dielectric media, the optical electric field 
drives the atomic/molecular oscillators of which 
the material is composed, and these oscillators 
become secondary radiators of the field; the pri-
mary and secondary fields then combine vectori-
ally to form the resultant wave. The phase of this 
wave (being different from that of its primary) 
determines a velocity of light different from that of 
free space, and its amplitude determines a scatter-
ing/absorption coefficient for the material.

Nonlinear behavior occurs when the secondary 
oscillators are driven beyond the linear response; 
as a result, the oscillations become nonsinusoidal. 
Fourier theory dictates that, under these condi-
tions, frequencies other than that of the primary 
wave will be generated (Figure 7.48).

The fields necessary to do this depend upon the 
structure of the material because it is this that dic-
tates the allowable range of sinusoidal oscillation 
at given frequencies. Clearly, it is easier to gener-
ate large amplitudes of oscillation when the opti-
cal frequencies are close to natural resonances, 

and one expects (and obtains) enhanced nonlin-
earity there. The electric field required to produce 
optical nonlinearity in materials therefore varies 
widely, from ~106 up to ~1011Vm–l, the latter being 
comparable with the atomic electric field. Even 
the lower of these figures, however, corresponds 
to an optical intensity of ~109 W m–2, which is 
only achievable practically with laser sources. It is 
for this reason that the study of nonlinear optics 
only really began with the invention of the laser, 
in 1960.

The magnitude of any given nonlinear effect 
will depend upon the optical intensity, the optical 
path over which the intensity can be maintained, 
and the size of the coefficient that characterizes the 
effect.

In bulk media, the magnitude of any nonlinear-
ity is limited by diffraction effects. For a beam of 
power P watts and wavelength λ focused to a spot 
of radius r, the intensity, P/πr2, can be maintained 
(to within a factor of ~2) over a distance ~r2/λ 
(Rayleigh distance), beyond which diffraction will 
rapidly reduce it. Hence, the product of intensity 
and distance is ~ P/πλ, independent of r and of 
propagation length (Figure 7.49a).

However, in an optical fiber the waveguid-
ing properties, in a small diameter core, serve to 
maintain a high intensity over lengths of up to 
several kilometers (Figure 7.49b). This simple fact 
allows magnitudes of nonlinearities, in fibers, 
which are many orders greater than in bulk 
materials. Further, for maximum overall effect, 
the various components’ effects per elemental 
propagation distance must add coherently over 
the total path. This implies a requirement for 
phase coherence throughout the path which, in 
turn, implies a single propagation mode: mono-
mode rather than multimode fibers must, in gen-
eral, be used.

7.7.3  The formalism of nonlinear 
optics

Under “normal” propagation conditions we 
assume a linear relationship between the electric 
polarization (P) of a medium and the electric field 
(E) of an optical wave propagating in it, by taking

 P

E
χ =

(a) The Rayleigh distance for free-space focusing

2rP, λ

Intensity at focus =

(b) Nonlinear facility in optical fibers
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πr2
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Figure 7.49 The intensity–distance product for 
nonlinearity. (a) The Rayleigh distance for free-
space focusing and (b) nonlinear facility in optical 
fibers.
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where χ is the volume susceptibility of the medium, 
and is assumed constant. The underlying assump-
tion for this is that the separation of atomic posi-
tive and negative charges is proportional to the 
imposed field, leading to a dipole moment per unit 
volume (P), which is proportional to the field.

However, it is clear that the linearity of this 
relationship cannot persist for ever-increasing 
strengths of field. Any resonant physical system 
must eventually be torn apart by a sufficiently 
strong perturbing force and, well before such a 
catastrophe occurs, we expect the separation of 
oscillating components to vary nonlinearly with 
the force. In the case of an atomic system under 
the influence of the electric field of an optical wave, 
we can allow for this nonlinear behavior by writing 
the electric polarization of the medium in the more 
general form:

 …( ) = χ + χ + χ + χ +P E E E E Ej
j

1 2
2

3
3  (7.34)

The value of χj (often written χ(j)) decreases rapidly 
with increasing j for most materials. Also the impor-
tance of the jth term, compared with the first, varies 
as (χj/χ1)E(j–1) and so depends strongly on E. In prac-
tice, only the first three terms are of any great impor-
tance, and then only for laser-like intensities, with 
their large electric fields. It is not until one is deal-
ing with power densities of ~109 W m–2, and fields 
~106 V m−1, that χ2E2 becomes comparable with χ1E.

Let us now consider the refractive index of the 
medium. From elementary electromagnetism we 
know that

 ε = + χ = εn1 , 2

where χ is the electric permittivity of the medium 
and n is its refractive index.

Hence

 n
P

E
(1 ) 11/2

1/2

= + χ = +





  

i.e.,

 … …( )= + χ + χ + χ +n E E1 .j
j

1 2
–1 1/2

 (7.35)

Hence, we note that the refractive index has 
become dependent on E. The optical wave, in this 
nonlinear regime, is altering its own propagation 

conditions as it travels. This is a central feature of 
nonlinear optics.

7.7.4  Second harmonic generation 
and phase matching

Probably, the most straightforward consequence 
of nonlinear optical behavior in a medium is 
that of the generation of the second harmonic of 
a fundamental optical frequency. To appreciate 
this mathematically, let us assume that the elec-
tric polarization of an optical medium is quite 
satisfactorily described by the first two terms of 
Equation 7.34, that is,

 P E E E .1 2
2( ) = χ + χ  (7.36)

Before proceeding, there is an important point to 
make about Equation 7.36.

Let us consider the effect of a change in sign of 
E. The two values of the field, ±E, will correspond 
to two values of P:
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P E E E– –
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2
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2
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+ = χ + χ

= χ + χ

These two values clearly have different absolute 
magnitudes. Now if a medium is isotropic (as is the 
amorphous silica of which optical fiber is made), 
there can be no directionality in the medium and 
thus the matter of the sign of E, i.e., whether the 
electric field points up or down, cannot be of any 
physical relevance and cannot possibly have any 
measurable physical effect. In particular, it can-
not possibly affect the value of the electric polar-
ization (which is, of course, readily measurable). 
We should expect that changing the sign of E will 
merely change the sign of P, but that the magnitude 
of P will be exactly the same: the electrons will 
be displaced by the same amount in the opposite 
direction, all directions being equivalent. Clearly, 
this can only be so if χ2 = 0. The same argument 
extended to higher order terms evidently leads us 
to the conclusion that all even-order terms must 
be zero for amorphous (isotropic) materials, i.e., 
χ2m = 0. This is a point to remember. The corol-
lary of this argument is that in order to retain any 
even order terms the medium must exhibit some 
anisotropy. It must, for example, have a crystalline 
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structure without a center of symmetry. It follows 
that Equation 7.36 refers to such a medium.

Suppose now that we represent the electric 
field of an optical wave entering such a crystalline 
medium by

 E E tcos .0= ω

Then substituting into Equation 7.36, we find

 P E E t E E t( ) cos
1

2

1

2
cos2 .1 0 2 0

2
2 0

2= χ ω + χ + χ ω

The last term, the second harmonic term at twice 
the original frequency, is clearly in evidence. 
Fundamentally, it is due to the fact that it is easier 
to polarize the medium in one direction than in 
the opposite direction, as a result of the crystal 
asymmetry. A kind of “rectification” occurs.

Now the propagation of the wave through 
the crystal is the result of adding the original 
wave to the secondary wavelets from the oscil-
lating dipoles which it induces. These oscillating 
dipoles are represented by P. Thus, ∂2P/∂t2 leads 
to e/m waves because radiated power is propor-
tional to the acceleration of charges, and waves 
at all of P’s frequencies will propagate through 
the crystal.

Suppose now that an attempt is made to gener-
ate a second harmonic over a length L of crystal. 
At each point along the path of the input wave a 
second harmonic component will be generated. 
But because the crystal medium will almost cer-
tainly be dispersive, the fundamental and second 
harmonic components will travel at different 
velocities. Hence, the successive portions of sec-
ond harmonic component generated by the fun-
damental will not, in general, be in phase with 
each other, and thus will not interfere construc-
tively. Hence, the efficiency of the generation will 
depend upon the velocity difference between the 
waves.

A rigorous treatment of this process requires a 
manipulation involving Maxwell’s equations but 
a semianalytical treatment which retains a firm 
grasp of the physics will be given here.

Suppose that the amplitude of the fundamen-
tal (driving) wave between distances z and z + dz 
along the optical path in the crystal is ecos(ωt – kz). 
Then, from Equation 7.34, there will be a compo-
nent of electric polarization (dipole moment per 
unit volume) of the form: χ2e2cos2(ωt – kz) giving 
a time-varying second harmonic term (1/2)χ2e2 
cos2(ωt – kz), as before. Consider, then, a slab, in 
the medium, of unit cross section, and thickness 
dz (Figure 7.50).
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Figure 7.50 Infinitesimals for second-harmonic generation along the path of the fundamental.
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For this slab, the dipole moment will be

 P e t kz z
1

2
cos2( )d .2

2= χ ω −

Now a time-varying dipole moment represents a 
movement of charge, and therefore an electric cur-
rent. This current will create a magnetic field. A time-
varying magnetic field (second derivative ∂2P/∂t2 of 
the dipole moment) will generate a voltage around 
any loop through which it threads (Faraday’s law 
of electromagnetic induction). From Figure 7.50, it 
can be seen that if δE is the elemental component of 
the second harmonic electric field generated by the 
changing dipole moment in the thin slab, then this 
voltage is proportional to ∂(δE)/∂z. Hence, we have

 E

z
A

P

t

( ) 2

2

∂ δ
∂

= ∂
∂

 (7.37)

where A is a constant.
Hence, from Equation 7.37

 E

z
A e t kz z

( )
2 cos2( )d .2

2
2∂ δ

∂
= − ⋅ ω χ ω −

Integrating this with respect to z gives

 E A
k

e t kz zsin2( )d
2

2
2δ = ω χ ω −

and, with ω/k = c, we have

 E Ac e t kz zsin2 – d2
2 ( )δ = ωχ ω

as the element of the second harmonic electric field 
generated by the slab between z and z + dz. But 
the second harmonic component now propagates 
with wave number ks say (because the crystal will 
have a different refractive index at frequency 2ω, 
compared with that at ω), so when this component 
emerges from the crystal after a further distance 
L – z, it will become:
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Hence, the total electric field amplitude generated 
over the length L of crystal will be, on emergence
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Performing this integration gives
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The intensity of the emerging second harmonic 
will be proportional to the square of amplitude of 
this
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where B is another constant. Now the intensity of 
the fundamental wave is proportional to e2, so the 
intensity of the second harmonic is proportional to 
the square of the intensity of the fundamental, i.e.,
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 (7.38)

where B′ is yet another constant. From this, we can 
define an efficiency ηSHG for the second harmonic 
generation process as

 I

I

(2 )

( )
.SHG

L

L

η = ω
ω

Note that ηSHG varies as the square of the funda-
mental frequency and of the length of the crystal; 
note also that it increases linearly with the power 
of the fundamental.

From Equation 7.38 it is clear that, for maxi-
mum intensity, we require that the sinc2 function 
has its maximum value, that is,

 k k2 .s f=

This is the phase-matching condition for second 
harmonic generation. Now the velocities of the 
fundamental and the second harmonic are given by

 c
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c
k

,
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f
f

s
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= ω = ω
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These are equal when ks = 2kf, so the phase-match-
ing condition is equivalent to a requirement that 
the two velocities are equal. This is to be expected 
because it means that the fundamental generates, 
at each point in the material, second harmonic 
components that will interfere constructively. The 
phase match condition usually can be satisfied by 
choosing the optical path to lie in a particular direc-
tion within the crystal. It has already been noted 
that the material must be anisotropic for second 
harmonic generation to occur; it will also, there-
fore, exhibit birefringence (Section 7.3.3). One way 
of solving the phase matching problem, therefore, 
is to arrange that the velocity difference resulting 
from birefringence is canceled by that resulting 
from material dispersion. In a crystal with nor-
mal dispersion, the refractive index of both the 
eigenmodes (i.e., both the ordinary and extraor-
dinary rays) increases with frequency. Suppose we 
consider the specific example of quartz, which is 
a positive uniaxial crystal (see Section 7.3.3). This 
means that the principal refractive index for the 
extraordinary ray is greater than that for the ordi-
nary ray, that is,

 n ne o>

Because quartz is also normally dispersive, it fol-
lows that

 
n n

n n .

e
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o
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o
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>

>

ω ω

ω ω

Hence, the index ellipsoids for the two frequen-
cies are as shown in Figure 7.51a. Now it will be 
remembered from Section 7.3.3 that the refrac-
tive indices for the “o” and “e” rays for any given 
direction in the crystals are given by the major and 
minor axes of the ellipse in which the plane normal 
to the direction, and passing through the center of 
the index ellipsoid, intersects the surface of the 
ellipsoid. The geometry (Figure 7.51a) thus makes 
it clear that a direction can be found [10] for which

 n n( ) ( )o
(2 )

m e
( )

mϑ = ϑω ω

so SHG phase matching occurs provided that

 n n .o
(2 )

e
( )<ω ω

The above is indeed true for quartz over the opti-
cal range. Simple trigonometry allows ϑm to be 
determined in terms of the principal refractive 
indices as
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Hence, ϑm is the angle at which phase matching 
occurs. It also follows from this that for second 
harmonic generation in this case, the wave at the 
fundamental frequency must be launched at an 
angle ϑm with respect to the crystal axis and must 
have the “extraordinary” polarization; and that the 
second harmonic component will appear in the 
same direction and will have the “ordinary” polar-
ization, i.e., the two waves are collinear and have 
orthogonal linear polarizations! Clearly, other 
crystal direction and polarization arrangements 
also are possible in other crystals.

The required conditions can be satisfied in 
many crystals but quartz is an especially good one 
owing to its physical robustness, its ready obtain-
ability with good optical quality and its high opti-
cal power-handling capacity.

Provided that the input light propagates along 
the chosen axis, the conversion efficiency (ω → 2ω) 
is a maximum compared with any other path (per 
unit length) through the crystal. Care must be 
taken, however, to minimize the divergence of the 
beam (so that most of the energy travels in the cho-
sen direction) and to ensure that the temperature 
remains constant (since the birefringence of the 
crystal will be temperature dependent).

The particle picture of the second harmonic 
generation process is viewed as an annihilation of 
two photons at the fundamental frequency, and the 
creation of one photon at the second harmonic fre-
quency. This pair of processes is necessary in order 
to conserve energy, that is,

 h h h2 2 .f f s( )ν = ν = ν

The phase-matching condition is then equivalent 
to conservation of momentum. The momentum of 
a photon wave number k is given by

 p
h

k
2

=
π
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and thus conservation requires that

 k k2s f=

as in the wave treatment.
Quantum processes that have no need to dis-

pose of excess momentum are again the most 
probable, and thus this represents the condition 
for maximum conversion efficiency in the particle 
picture.

The primary practical importance of second 
harmonic generation is that it allows laser light to 
be produced at the higher frequencies, into the blue 
and ultraviolet, where conditions are not intrinsi-
cally favorable for laser action, as was noted ear-
lier (Section 7.2.4.1). In this context we note again, 
from Equation 7.38, that the efficiency of the gen-
eration increases as the square of the fundamen-
tal frequency, which is of assistance in producing 
these higher frequencies.

7.7.5  Optical mixing

Optical mixing is a process closely related to sec-
ond harmonic generation. If, instead of propagat-
ing just one laser wave through the same nonlinear 
crystal, we superimpose two (at different optical 
frequencies) simultaneously along the same direc-
tion, then we shall generate sum and difference fre-
quencies, that is,

 E E t E tcos cos1 1 2 2= ω + ω

and thus again using Equation 7.36
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Figure 7.51 Conditions for second-harmonic generation in quartz. (a) Phase matching with the bire-
fringence index ellipsoides and (b) schematic experimental arrangement for SHM generation.
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giving the required sum and difference frequency 
terms. Again, for efficient generation of these 
components, we must ensure that they are phase 
matched. For example, to generate the sum fre-
quency efficiently, we require that

 k k k1 2 (1 2)+ = +

which is equivalent to

 n n n1 1 2 2 1 2 (1 2)( )ω +ω = ω +ω +

where n represents the refractive indices at the suf-
fix frequencies. The condition again is satisfied by 
choosing an appropriate direction relative to the 
crystal axes.

This mixing process is particularly useful in 
the reverse sense. If a suitable crystal is placed in 
a Fabry–Perot cavity, which possesses a resonance 
at ω1, say, and is “pumped” by laser radiation at 
ω(1+2), then the latter generates both ω1 and ω2. This 
process is called parametric oscillation: ω1 is called 
the signal frequency and ω2 is the idler frequency. 
It is a useful method for “down conversion” of an 
optical frequency, i.e., conversion from a higher to 
a lower value.

The importance of phase matching in nonlin-
ear optics cannot be overstressed. If waves at fre-
quencies different from the fundamental are to be 
generated efficiently they must be produced with 
the correct relative phase to allow constructive 
interference, and this, as we have seen, means that 
velocities must be equal to allow phase matching to 
occur. This feature dominates the practical appli-
cation of nonlinear optics.

7.7.6  Intensity-dependent 
refractive index

It was noted in Section 7.7.4 that all the even-
order terms in expression 7.34 for the nonlinear 
susceptibility (χ) are zero for an amorphous (i.e., 
isotropic) medium. This means that in an optical 
fiber made from amorphous silica, we can expect 
that χ(2m) = 0, so it will not be possible to generate a 
second harmonic according to the principles out-
lined in Section 7.7.4. (However, second harmonic 

generation has been observed in fibers [11] for 
reasons which took some time to understand!) 
It is possible to generate a third harmonic, how-
ever, because to a good approximation the electric 
polarization in the fiber can be expressed by

 P E E E( ) .1 3
3= χ + χ  (7.39)

Clearly, though, if we wish to generate the third 
harmonic efficiently we must again phase match it 
with the fundamental, and this means that some-
how we must arrange for the two relevant velocities 
to be equal, i.e., cω = c3ω. This is very difficult to 
achieve in practice, although it has been done.

There is, however, a more important application 
of Equation 7.39 in amorphous media. It is clear 
that the effective refractive index in this case can 
be written

 n E1e 1 3
2 1/2( )= + χ + χ

and, if E, 1,1 3
2 �χ χ

 n E1
1

2

1

2
.e 1 3

2≈ + χ + χ

Hence

 n n E
1

2
e o 3

2= + χ  (7.40a)

where no is the “normal,” linear refractive index 
of the medium. But we know that the intensity 
(power/unit area) of the light is proportional to E2, 
so that we can write

 n n n Ie o 2= +  (7.40b)

where n2 is a constant for the medium. Equation 
7.40b is very important and has a number of prac-
tical consequences. We can see immediately that 
it means that the refractive index of the medium 
depends upon the intensity of the propagating 
light: the light is influencing its own velocity as it 
travels.

In order to fix ideas to some extent, let us con-
sider some numbers for silica. For amorphous 
silica n2 ~ 3.2 × 10–20 m2W–1, which means that a 
1% change in refractive index (readily observable) 
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will occur for an intensity of ~5 × 1017 W m–2. For 
a fiber with a core diameter of ~5 μm, this requires 
an optical power level of 10 MW. Peak power levels 
of this magnitude are readily obtainable, for short 
durations, with modern lasers.

It is interesting to note that this phenomenon is 
another aspect of the electro-optic effect. Clearly, 
the refractive index of the medium is being altered 
by an electric field. This will now be considered in 
more detail.

7.7.7  The electro-optic effect

When an electric field is applied to an optical 
medium the electrons suffer restricted motion in 
the direction of the field, when compared with that 
orthogonal to it. Thus, the material becomes lin-
early birefringent in response to the field. This is 
known as the electro-optic effect.

Consider the arrangement of Figure 7.52. Here, we 
have incident light that is LP at 45° to an electric field 
and the field acts on a medium transversely to the 
propagation direction of the light. The field-induced 
linear birefringence will cause a phase displacement 
between components of the incident light which lie, 
respectively, parallel and orthogonal to the field; 
hence, the light will emerge elliptically polarized.

A (perfect) polarizer placed with its accep-
tance direction parallel with the input polariza-
tion direction will of course, pass all the light in 
the absence of a field. When the field is applied, 
the fraction of light power that is passed will 
depend upon the form of the ellipse, which in 
turn depends upon the phase delay introduced 
by the field. Consequently, the field can be used 
to modulate the intensity of the light, and the 
electro-optic effect is, indeed, very useful for the 
modulation of light. The phase delay introduced 

may be proportional either to the field (Pockels 
effect) or to the square of the field (Kerr effect). 
All materials manifest a transverse Kerr effect. 
Only crystalline materials can manifest any kind 
of Pockels effect, or longitudinal (E field parallel 
with propagation direction) Kerr effect. The rea-
son for this is physically quite clear. If a mate-
rial is to respond linearly to an electric field, the 
effect of the field must change sign when the 
field changes sign. This means that the medium 
must be able to distinguish (e.g.,) between “up” 
(positive field) and “down” (negative field). But 
it can only do this if it possesses some kind of 
directionality in itself, otherwise all field direc-
tions must be equivalent in their physical effects. 
Hence, in order to make the necessary distinc-
tion between up and down, the material must 
possess an intrinsic asymmetry, and hence must 
be crystalline. By a similar argument a longitu-
dinal E field can only produce a directional effect 
orthogonally to itself (i.e., in the direction of the 
optical electric field) if the medium is anisotro-
pic (i.e., crystalline) for otherwise all transverse 
directions will be equivalent. In addition to the 
modulation of light (phase or intensity/power) it 
is clear that the electro-optic effect could be used 
to measure an electric field and/or the voltage 
that gives rise to it.

7.7.8  Optical Kerr effect

The normal electro-optic Kerr effect is an effect 
whereby an electric field imposed on a medium 
induces a linear birefringence with slow axis par-
allel with the field (Figure 7.53a). The value of the 
induced birefringence is proportional to the square 
of the electric field. In the optical Kerr effect, the 
electric field involved is that of an optical wave, and 

Linear polarization becomes elliptical by passing
through an electro-optic medium with applied field E

45˚ 45˚

V

E

δ

Figure 7.52 The electro-optic effect.
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thus the birefringence probed by one wave may be 
that produced by another (Figure 7.53b).

The phase difference introduced by an electric 
field E over an optical path L is given by

 nL
2∆ϕ = π
λ

∆

where Δn = KE2, K being the Kerr constant.
Now from Equations 7.40a and b, we have

 n n I E KE
1

2
2 3

2 2∆ = = χ =  (7.41)

From elementary electromagnetism, we know that

 
I c E .2= ε

Hence, we have, from Equation 7.41

 K n c
1

2
2 3= ε = χ

showing that the electro-optic effect, whether the 
result of an optical or an external electric field, is 
a nonlinear phenomenon, depending on χ3. Using 
similar arguments it can easily be shown that the 
electro-optic Pockels effect also is a nonlinear 
effect, depending on χ2.

The optical Kerr effect has several other inter-
esting consequences. One of these is self-phase 
modulation (SPM), which is the next topic for 
consideration.

7.7.9  Self-phase modulation

The fact that refractive index can be dependent 
on optical intensity clearly has implications for 
the phase of the wave propagating in a nonlinear 
medium. We have

 nL
2

.ϕ = π
λ

Hence, for n = no + n2I
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n n I

2
( )o 2ϕ = π

λ
+

Suppose now that the intensity is a time-dependent 
function I(t). It follows that φ also will be time 
dependent, and because

 
t

d

d
ω = ϕ

the frequency spectrum will be changed by this 
effect, which is known as SPM.
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Figure 7.53 “Normal” and “optical” Kerr effects. (a) “Normal” electro-optic Kerr effect and 
(b) “Optical” Kerr effect: light acting on light.
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In a dispersive medium, a change in the spec-
trum of a temporally varying function (e.g., a pulse) 
will change the shape of the function. For exam-
ple, pulse broadening or pulse compression can be 
obtained under appropriate circumstances. To see 
this, consider a Gaussian pulse (Figure 7.54a). The 
Gaussian shape modulates an optical carrier of 
frequency ω0, say, and the new instantaneous fre-
quency becomes

 
t

d

d
0ω′ = ω + ϕ

If the pulse is propagating in the Oz direction
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and we have
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At the leading edge of the pulse dI/dt > 0, hence

 t( ).I′ω = ω−ω

At the trailing edge

 I

t

d

d
0<

and

 t( ).I′ω = ω+ω

Hence, the pulse is now “chirped,” i.e., the fre-
quency varies across the pulse. Figure 7.54b shows 
an example of this effect.

Suppose, for example, a pulse from a mode-
locked Argon laser, initial width 180 ps, is passed 
down 100 m of optical fiber. As a result of SPM the 
frequency spectrum is changed by the propagation. 
Figure 7.54c shows how the spectrum varies as the 
initial peak power of the pulse is varied. The peak 
power will lead to a peak phase change, according 
to Equation 7.42a and this phase change is shown 
for each of the spectra. It can be seen that the ini-
tial spectrum (Δφ = 0) is just due to the modula-
tion of the optical sinusoid (Fourier spectrum of a 
Gaussian pulse) and, as the value of Δφ increases, 
the first effect is a broadening. At Δφ = 1.5π the spec-
trum has split into two clear peaks, corresponding 
to the frequency shifts at the back and front edges of 
the pulse. The spectra then develop multiple peaks.
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258 Advanced optics

It is important to realize that this does not nec-
essarily change the shape of the pulse envelope, 
just the optical frequency within it. However, if 
the medium through which the pulse is passing is 
dispersive, the pulse shape will change. This is an 
interesting possibility and it leads to the phenom-
enon of soliton propagation [12].

7.7.10  Inelastic scattering effects

The effects that we have considered so far in this 
survey of nonlinear optics are all observable at 
arbitrary wavelengths and do not involve any 
intrinsic net loss of energy to the medium itself. 
By contrast, in our discussion of laser action in 
Section 7.2.4 we saw that very strong nonlinear 
behavior can be generated at particular wave-
lengths in materials where we can exploit energy 
exchange with the medium through movements 
of electrons between different energy levels. There 
are also other effects that involve exchanges of 
energy with the optical medium and wherever the 
scattering mechanism involves some loss or gain 
of energy, respectively, to or from the medium, we 
refer to this as inelastic scattering. Some inelas-
tic scattering mechanisms are not selective in 
terms of the wavelength of the incident light, and 
generate new wavelengths directly related to the 
incident wavelength. These effects result from the 
promotion of electrons to energy levels that exist 
due to the molecular structure of the medium. 
In optical fibers, the two effects of this type that 
are most important are Raman and Brillouin 
scattering.

We will first consider Raman scattering. We saw 
in Section 7.6 that energy levels in solid materials 
are widened into bands by interaction between the 
molecules that form the solid. Part of the width of 

the band represents vibrational states of the mole-
cules. In a dielectric material such as the glass used 
to make an optical fiber, there is a large energy gap 
above the top of the valence band, so that electrons 
absorbing the energy of incident photons must 
remain in the valence band after the photon has 
passed by. However, it is possible for electrons to 
be very briefly promoted to a “virtual” energy level 
within the energy gap. Such “virtual” levels can 
only be occupied for a very short time Δτ given 
by the uncertainty principle ΔτΔε ~ h, the quan-
tum constant. Once excited, the electron must 
immediately decay to the valence band, but it may 
decay to a level representing a higher vibrational 
energy than its initial level. In this case, part of 
the energy of the incident photon is transferred to 
vibration (heat) in the medium, and by conserva-
tion of energy, the resulting emitted photon must 
have lower energy than the incident photon. The 
scattered light then has a longer wavelength than 
the incident light and is referred to as “Stokes” 
radiation. The opposite energy exchange can also 
happen if the excited electron decays to a lower 
vibrational energy level compared to the initial 
state. Here, the medium loses vibrational energy 
and the emitted photon has a higher energy than 
the incident photon, thus the scattered light has 
a shorter wavelength than the incident light. The 
scattered light in this case is called “anti-Stokes” 
radiation. The energy levels and photons involved 
in Raman scattering are illustrated in Figure 7.55. 
Note that, unlike many of the scattering processes 
discussed earlier in this section, Raman scattering 
does not require phase matching between the inci-
dent and scattered waves.

The values and distribution of the molecular 
vibrational frequencies generating Raman scat-
tering vary depending on the medium. Isolated 

hνo hνs
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Figure 7.55 Raman energy level transitions: (a) Stokes and (b) anti-Stokes.
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molecules such as gases can have very well-defined 
Raman spectra. On the other hand, disordered 
solids such as glasses contain molecules with a 
wide range of vibrational energies and chemi-
cal bonds of different strengths and orientations. 
This situation leads to very broad Raman spec-
tra. Spontaneous Raman scattering is a very weak 
effect. Typically, only one incident photon in a 
million will be converted to Stokes or anti-Stokes 
radiation. However, the Stokes and anti-Stokes 
processes are not equally likely because of the 
thermal distribution of vibrational energies. The 
relative likelihood of production of a Stokes or 
anti-Stokes photon is proportional to the ratio of 
the numbers of molecules in the lower and upper 
energy states, respectively. In the typical case of a 
medium in thermal equilibrium, the ratio of the 
number of molecules N1 in an excited state with 
energy E1 will be lower than the number N2 in a 
lower energy state E2. The ratio of the numbers of 
molecules in these states is given by the Boltzmann 
distribution
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where ωv is the difference between the molecular 
vibration frequencies of the two states. For light 
incident at a frequency ω0, conservation of energy 
requires that the frequency ωs of the Stokes light 
is given by ωs = ω0 – ωv and that of the anti-Stokes 
light by ωa = ω0 + ωv. Individual molecules generat-
ing Raman scattered light act as isolated dipoles, 
so their radiation efficiency is proportional to the 
fourth power of the frequency. Taking this into 
account together with the relative probability of 
the generation of Stokes and anti-Stokes photons, 
we can predict the relative intensity of the two 
emitted frequencies for the case of spontaneous 
Raman scattering to be

 I

I

h

kT
exp

2
a

s

a

s

4
v= ω

ω






− ω
π







Brillouin scattering is similar to Raman scat-
tering to the extent that this effect also involves 
energy exchanges with molecular vibrations, 
but in this case the vibrations concerned are the 
shared vibrational modes of large groups of mol-
ecules associated with bulk acoustic waves propa-
gating in the medium. Such waves will always 

be present in a medium because the molecules 
are always in thermal motion. Some of this ther-
mal energy naturally couples into the acoustic 
vibrational modes of the medium. Whenever an 
acoustic wave propagates in an optical medium, 
the variations in the acoustic pressure and the 
associated periodic strain produce corresponding 
local variations in refractive index. Light propa-
gating in the medium will then be scattered from 
these refractive index variations but because the 
acoustic waves are themselves propagating, the 
light is being scattered from moving scatterers 
and an optical frequency shift must occur. The 
magnitude of this frequency shift is governed by 
the acoustic velocity of the medium. For a practi-
cal solid material such as fused silica, the optical 
frequency shift is of the order of 11 GHz, some two 
orders of magnitude smaller than the frequency 
shift for Raman scattering. Just as for Raman scat-
tering, the incident optical wave can either gain 
energy or lose it to the medium, so both Brillouin 
Stokes and anti-Stokes processes can occur, lead-
ing, respectively, to a down-shift and an up-shift 
in the optical frequency of the scattered waves. 
Spontaneous Brillouin scattering is a weak effect 
because the thermally generated acoustic waves 
have low amplitude.

We have so far considered only spontaneous 
Raman and Brillouin scattering, where the popu-
lations of electrons in the different energy levels 
of a material are close to their equilibrium values. 
However, when the incident wave becomes suf-
ficiently intense, it is possible to drive the energy 
level population distribution away from the nor-
mal thermal equilibrium condition, increasing 
the frequency of stimulated emission events for 
either type of scattering mechanism such that a 
new, stimulated scattering regime is produced. 
Stimulated Raman scattering provides an oppor-
tunity for creating broadband optical amplifiers 
in condensed matter, as we would expect from the 
energy band structure referred to earlier and the 
lack of any phase matching restrictions in the wave 
interactions. However, stimulated Brillouin scat-
tering (SBS) does involve phase matching restric-
tions and is intrinsically narrow band.

It is worth examining the phenomenon of SBS 
in optical fiber in somewhat greater detail as this 
behavior leads to a potential for some advanced 
applications in optical waveguides. The principles 
of the analysis apply not only to optical fibers but 
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also to integrated optics. In a single mode optical 
fiber, propagating modes can travel only forward 
or backward, parallel to the fiber’s axis. Thus, 
spontaneous Brillouin scattering of an intense 
incident wave, known as a pump wave, traveling 
in a positive direction along the core of a fiber 
can only lead to guided scattered radiation travel-
ing either forward or backward in the core. The 
backward propagating wave will interfere with 
the incident wave to produce a standing wave 
whose nodes and antinodes move at the acous-
tic velocity of the medium. The direction of the 
movement is positive for Stokes shifted backscat-
ter and negative for anti-Stokes shifted backscat-
ter, as depicted in Figure 7.56. In this figure, the 
pump wave has a radian frequency ωp and the fre-
quencies of the Stokes and anti-Stokes waves are 
represented as ωs and ωa, respectively. The radian 
frequency of the acoustic wave is denoted by Ω. 
The nodes and antinodes of the standing waves 
will produce modulation of the refractive index of 
the core of the fiber via electrostriction, thus each 
standing wave creates a moving Bragg grating in 
the core, which will tend to reinforce the mag-
nitudes of the backscattered waves. A positive 
feedback effect is therefore established, which can 
lead to a large increase in the Brillouin backscat-
ter. The Stokes frequency is given by ωs = ωp − Ω 
and the anti-Stokes frequency by ωa = ωp + Ω. 
The frequency shift in Hertz, δf, is related to the 
acoustic velocity va by the relation δf = 2nva/λ0. 

One key factor that limits the bandwidth of the 
SBS effect is the decay time of acoustic waves at 
the Brillouin frequency. In fused silica, this decay 
time is of the order of 5 ns. For optimum coher-
ent scattering from the acoustic wave, the opti-
cal wave must have a coherence time similar to 
or larger than the acoustic decay time, thus the 
optical bandwidth should be less than ∼100 MHz. 
Within this bandwidth, the strength of the effect 
can be sufficient to transfer a large proportion 
of the pump wave’s energy into the stimulated 
Brillouin backscattered waves within only a few 
meters of fiber. This principle can be employed 
to produce Brillouin effect-based amplifiers and 
filters in optical fibers. Another potential appli-
cation is to produce tunable delays by different 
methods. One of these involves the production 
of “slow light” by the stimulated Brillouin effect, 
and this will now be introduced.

Slow and fast light are terms that are used to 
describe the observation that the group velocity of 
a light wave in a medium can be substantially dif-
ferent from the velocity expected from the average 
bulk refractive index of that medium. The group 
velocity is the velocity with which energy and 
information are carried by a wave, so the possibil-
ity of creating media in which their arrival time 
can be delayed or advanced could have great prac-
tical value. This could be particularly useful if the 
group velocity could be controlled at will. One of 
the more attractive ways in which this might be 

(a)

Acoustic Ω

Acoustic Ω

ωp

ωp

ωa

ωs

(b)

Figure 7.56 Wave interactions for Brillouin scattering in an optical fiber (a) Acoustic wave 
co-propagating with pump wave (b) Acoustic wave counter-propagating against pump wave.
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done employs SBS in an optical waveguide, but the 
principles on which the phenomena depend are 
common to many different mechanisms, includ-
ing the behavior of atomic resonances and opti-
cal microresonators, to name but two. The basic 
requirement is that the medium should possess a 
sharp, strong resonance at an optical frequency. 
The typical behavior of such a resonance is shown 
in Figure 7.57. The amplitude response of the 
medium is represented by the solid curve in the 
figure. The resonance is shown by the peaking 
behavior as the optical frequency changes. In the 
case of SBS, this peak represents the frequency 
variation of the backscattered intensity. However, 
whenever such a resonance exists, there must also 
be a characteristic variation in the refractive index 
of the medium, as shown by the dashed curve in 
the figure. The group velocity Vg of a modulated 
light wave is given by

 

V
c

n
nd

d

g ( )ω =
+ω

ω

where c is the vacuum velocity of light, n is the 
refractive index, and ω is the optical frequency. 
Clearly, as dn/dω is changing across the range of 
frequencies shown, the group velocity will also be 
varying. The curves shown in Figure 7.57 indicate 
that the magnitude of the slope of dn/dω is larg-
est in the vicinity of the resonance peak, exerting 
the largest effect on the denominator in the expres-
sion for the group velocity. Thus, the modulated 
envelope of the light will be either most advanced 

or retarded near to this frequency, depending on 
whether the peak represents gain or loss. In the 
case of stimulated Brillouin gain in an optical 
waveguide, the Stokes frequency experiences a 
large positive slope in the refractive index curve 
and so slow light is produced.

7.7.11  Summary

We have seen in this chapter that nonlinear optics 
has its advantages and disadvantages. When it is 
properly under control it can be enormously use-
ful; but on other occasions it can intrude, disturb, 
and degrade.

The processes by which light waves produce light 
waves of other frequencies need very high optical 
electric fields and thus high peak intensities. It was 
for this reason that nonlinear optics only became a 
serious subject with the advent of the laser. Optical 
fibers provide a convenient means by which peak 
intensities can be maintained over relatively long 
distances and are thus very useful media for the 
study and control of nonlinear optical effects.

We must also remember that in order to cause 
one optical frequency component to generate 
another, the second must be generated in phase 
with itself along the generation path: phase match-
ing is an important feature of such processes.

We have seen how the effects occur when elec-
trons are stretched beyond the comfortable sinu-
soidal oscillations in their atoms or molecules can 
yield useful extra optical waves and can influence 
their own propagation conditions (optical Kerr 
effect, SPM).

Finally, we can also use light to alter, perma-
nently or semipermanently, the optical properties 
of a medium, and thus provide the means whereby 
a new class of optical components, especially fiber 
components, can be fabricated.

There is a wealth of potential here. The explo-
ration of possibilities for nonlinear optics, espe-
cially in regard to new, natural, or synthetic optical 
materials (e.g., organics, high Tc superconductors), 
etc., has not even really begun. The prospects, for 
example, for new storage media, fast switching of 
light by light, and three-dimensional television, 
which will be opened up in the future by such 
materials, are intriguing, and it could well be that 
nonlinear optical technology soon will become a 
powerful subject in its own right.

Gain

Frequency

Refractive index change

Figure 7.57 Gain and refractive index variation 
with frequency near to an optical resonance.
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7.8  CONCLUSIONS

In this chapter, the aim has been to emphasize the 
principles that comprise the physical basis of opto-
electronics. A thorough grasp of these principles 
should facilitate a better appreciation of the more 
advanced treatments of components and systems 
in later chapters of this handbook.
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8
Basic concepts in photometry, 
radiometry, and colorimetry

YOSHI OHNO
National Institute of Standards and Technology

8.1  INTRODUCTION

The term photometry refers to measurement of 
quantities for optical radiation as evaluated accord-
ing to a standardized human eye response, and 

therefore, is limited to the visible spectral region 
(360–830 nm) [1]. Photometry uses either optical 
radiation detectors constructed to mimic the spec-
tral response of the eye or spectroradiometry cou-
pled with appropriate calculations for weighting by 
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the spectral response of the eye. Typical photomet-
ric units include the lumen (luminous flux), the 
candela (luminous intensity), the lux (illuminance) 
and the candela per square meter (luminance). On 
the other hand, measurement of optical radiation 
at all wavelengths (approximately in the range 
from 10 nm to 1000 μm including ultraviolet, vis-
ible and infrared) is referred to as radiometry. The 
official definition of radiometry [1] is measurement 
of the quantities associated with radiant energy. 
Typical radiometric units include the watt (radiant 
flux), watt per steradian (radiant intensity), watt 
per square meter (irradiance) and watt per square 
meter per steradian (radiance). Radiometry often 
involves spectrally resolved measurements of these 
quantities as well as spectrally integrated measure-
ments. Similar to photometry, measurement of 
color of light sources and objects also deals with 
broadband measurement of the visible radiation 
and is referred to as colorimetry. Colorimetry is 
ascribed to measurement of light spectra weighted 
by three standardized spectral weighting func-
tions, one of which is identical to the standardized 
human eye response used in photometry.

Photometry and colorimetry are essential for 
evaluation of light sources used for lighting, signal-
ing, displays and other applications where light is 
seen by the human eye. Light-emitting diodes, for 
example, are now produced in all color ranges and 
expected to gain wide acceptance in many appli-
cations. This chapter focuses on fundamentals of 
photometry, but introduces radiometry and colo-
rimetry also because radiometry is closely related 
to photometry, and colorimetry is also important 
for evaluation of optoelectronic light sources. 
Some of the presented materials in this chapter are 
from Reference [2] by the same author. The termi-
nology used in this chapter follows international 
standards and recommendations [1,3,4].

8.2  BASIS OF PHYSICAL 
PHOTOMETRY

8.2.1  Visual response

The primary aim of photometry is to measure 
light (visible optical radiation) in such a way that 
the results correlate with what the visual sensa-
tion is to a normal human observer exposed to that 
radiation. Until about 1940, visual comparison 
techniques of measurements were predominant 

in photometry. The intensity of one light source 
is matched to the intensity of another light source 
using human eyes. In modern photometric prac-
tice, measurements are made with photodetectors. 
This is referred to as physical photometry. In order 
to achieve the aim of photometry, one must take 
into account the characteristics of human vision. 
The relative spectral responsivity of the human eye 
was first defined by the Commission Internationale 
de l’Éclairage (CIE) in 1924 [5]. It is called the spec-
tral luminous efficiency for photopic vision, with 
a symbol V(λ), defined in the domain from 360 
to 830 nm, and is normalized to one at its peak, 
555 nm (Figure 8.1). This model has gained wide 
acceptance. The values were republished by CIE 
in 1983 [6], and adopted by Comité International 
des Poids et Mesures (CIPM) in 1983 [7] to supple-
ment the 1979 definition of the candela. The tabu-
lated values of the function at 1 nm increments are 
available in References [6–8]. In most cases, the 
region from 380 to 780 nm suffices for calculation 
with negligible errors because the value of the V(λ) 
function falls below 10−4 outside this region.

As specified in the definition of the candela 
by Conference Générale des Poids et Mesures 
(CGPM) in 1979 [9] and a supplemental document 
from CIPM in 1982 [10], a photometric quantity 
Xv is now defined in relation to the corresponding 
radiometric quantity Xe,λ by the equation:

 ∫= λ λλX K X V ( )d .v m e,
360 nm

830 nm

 (8.1)

The constant, Km, relates the photometric quanti-
ties and radiometric quantities, and is called the 
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Figure 8.1 CIE V(λ) function.
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maximum spectral luminous efficacy (of radiation) 
for photopic vision. The value of Km is given in the 
1979 definition of candela, which defines the spec-
tral luminous efficacy of radiation at the frequency 
540 × 1012 Hz (at the wavelength 555.016 nm in 
standard air) to be 683 lm W−1. Note that this is not 
exactly at the peak of the V(λ), 555 nm. The value of 
Km is calculated as 683 × V(555.000 nm)/V(555.016 
nm) = 683.002 lm W−1 [6]. Km is normally rounded 
to 683 lm W−1 with negligible errors.

It should be noted that the V(λ) function is 
defined for the CIE standard photometric observer 
for photopic vision, which assumes additivity of sen-
sation and a 2° field of view at relatively high lumi-
nance levels (higher than approximately 1 cd m−2).  
The human vision in this level is called photopic 
vision. The spectral responsivity of human eyes 
deviates significantly at very low levels of lumi-
nance (at luminance levels less than approximately 
10−3 cd m−2) when the rods in the eyes are the 
dominant receptors. This type of vision is called 
scotopic vision. Its spectral responsivity, peaking at 
507 nm, is designated as V′(λ), and was defined by 
CIE in 1951 [11], recognized by CIPM in 1976 [12] 
and republished by CIPM in 1983 [7]. The human 
vision in the region between photopic vision and 
scotopic vision is called mesopic vision. While 
there have been active researches in this area [13], 
there is no internationally accepted spectral lumi-
nous efficiency function for the mesopic region yet. 
In current practice, almost all photometric quanti-
ties are given in terms of photopic vision, even at 
such low light levels. Quantities in scotopic vision 
are seldom used except for special calculations for 
research purposes. Further details of the contents 
in this section are available in Reference [6].

8.2.2  Photometric base unit, the 
candela

The history of photometric standards dates back to 
the early nineteenth century, when the intensity of 
light sources was measured in comparison with a 
standard candle using visual bar photometers [14]. 
At that time, the flame of a candle was used as a 
unit of luminous intensity that was called the can-
dle. The old name for luminous intensity “candle 
power” came from this origin. Standard candles 
were gradually superseded by flame standards of 
oil lamps, and in 1920, the unit of luminous inten-
sity, recognized as the international candle, was 

adopted by the CIE. In 1948, it was adopted by the 
CGPM with a new Latin name “candela” defined as 
the luminous intensity of a platinum blackbody at 
its freezing temperature under specified geometry. 
Although the 1948 definition served to establish 
the uniformity of photometric measurements in 
the world, difficulties in fabricating the blackbod-
ies and in improving accuracy were addressed. In 
1979, the candela was redefined in relation to the 
optical power, watt, so that complicated source 
standards would not be necessary. The current 
definition of the candela adopted in 1979 by the 
CGPM [9] is

The candela is the luminous inten-
sity, in a given direction, of a 
source that emits monochromatic 
radiation of frequency 540 × 1012 Hz 
and that has a radiant intensity in 
that direction of (1/683) watt per 
steradian.

The value of Km (683 lm W−1) was determined in 
such a way that the consistency from the prior unit 
was maintained, and was determined based on the 
measurements by several national laboratories. 
Technical details on this redefinition of the can-
dela are reported in References [15,16]. This 1979 
redefinition of the candela has enabled the deriva-
tion of the photometric units from the radiometric 
units using various techniques.

8.3  QUANTITIES AND 
UNITS IN PHOTOMETRY 
AND RADIOMETRY

In 1960, the Système International (SI) was estab-
lished, and the candela became one of the seven 
SI base units [17]. For further details on the SI, 
References [17–20] can be consulted. Several quan-
tities and units, defined in different geometries, are 
used in photometry and radiometry. Table 8.1 lists 
the photometric quantities and units, along with 
corresponding radiometric quantities and units.

While the candela is the SI base unit, the lumi-
nous flux (lumen) is perhaps the most fundamen-
tal photometric quantity, as the other photometric 
quantities are defined in terms of lumen with an 
appropriate geometric unit. The definitions of these 
photometric quantities are described later. The 
descriptions given here are occasionally simplified 
from the definitions given in official reference [1] 
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for easier understanding. Refer to this reference for 
official, rigorous definitions.

8.3.1  Radiant flux and luminous flux

Radiant flux (also called optical power or radiant 
power) is the energy Q (in joules) radiated by a 
source per unit of time, expressed as

 Φ= Q

t

d

d
.  (8.2)

The unit of radiant flux is the watt (W = Js−1).
Luminous flux (Φv) is the time rate of flow of 

light as weighted by V(λ). The unit of luminous flux 
is the lumen (lm). It is defined as

 ∫ΚΦ = Φ λ λλ
λ

V ( )dv m e,  (8.3)

where Φe,λ is the spectral concentration of radi-
ant flux as a function of wavelength λ. The term, 
luminous flux, is often used in the meaning of total 
luminous flux (see Section 8.3.8) in photometry.

8.3.2  Radiant intensity and luminous 
intensity

Radiant intensity (Ie) or luminous intensity (Iv) 
is the radiant flux (luminous flux) from a point 
source emitted per unit solid angle in a given 
direction, as defined by

 = Φ
Ω

I
d

d
 (8.4)

where dΦ is the radiant flux or luminous flux 
leaving the source and propagating in an element 
of solid angle dΩ containing the given direction. 
The unit of radiant intensity is W sr−1, and that 
of luminous intensity is the candela (cd = lm sr−1) 
(Figure 8.2).

The radiant intensity or luminous intensity 
of a real light source varies with the direction of 
emission, and is specified or measured for given 
direction(s) from the light source. In real measure-
ments, the solid angle dΩ will be a finite solid angle 
defined by the area A of the detector surface and 
distance r from the source (see Figure 8.3), with 
dΦ being the flux incident on the detector sur-
face. The distance r should be large enough so that 
the source can be assumed as a point source (far 
field condition) and the detector area A should be 
small enough so that dΩ is considered negligible. 
Measurement results tend to vary depending on 
geometrical conditions if these conditions are not 
met. See also Section 8.4.1 for practical aspects of 
the geometry and Reference [30] for the specific 

Table 8.1 Quantities and units used in photometry and radiometry

Photometric quantity Unit
relationship 
with lumen radiometric quantity Unit

Luminous flux lm (lumen) Radiant flux W (watt)

Luminous intensity cd (candela) lm sr−1 Radiant intensity Wsr
Illuminance lx (lux) lm m−2 Irradiance Wm−2

Luminance cd m−2 lm sr−1 m−2 Radiance Wsr−1 m−2

Luminous exitance lm m−2 Radiant exitance Wm−2

Luminous exposure lx s Radiant exposure Wm−2 s

Luminous energy lm s Radiant energy J (joule)

Total luminous flux lm (lumen) Total radiant flux W (watt)

Color temperature K (kelvin) Radiance temperature K (kelvin)

dΩ
Point source

I dΦ

Figure 8.2 Radiant intensity and luminous 
intensity.

Ω
r A

Figure 8.3 Solid angle.
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measurement geometries recommended for mea-
surement of luminous intensity of LEDs.

8.3.2.1  SOLID ANGLE

The solid angle (Ω) of a cone is defined as the ratio 
of the area (A) cut out on a spherical surface (with 
its center at the apex of that cone) to the square of 
the radius (r) of the sphere, as given by

 Ω = A

r
.2  (8.5)

The unit of solid angle is steradian (sr), which is a 
dimensionless unit.

8.3.3  Irradiance and illuminance

Irradiance (Ee) or illuminance (Ev) is the density of 
incident radiant flux or luminous flux at a point on 
a surface, and is defined as radiant flux or lumi-
nous flux per unit area, as given by

 = Φ
E

A

d

d
 (8.6)

where dΦ is the radiant flux or luminous flux inci-
dent on an element dA of the surface containing 
the point. The unit of irradiance is Wm−2, and that 
of illuminance is lux (lx = lm m−2) (Figure 8.4).

By definition, dΦ incident on dA from any 
angles within the 2π solid angle above the surface 
contributes to E. Thus, illuminance meters are nor-
mally designed to receive light from 2π solid angle 
(± 90°) with its angular responsivity tailored to fol-
low the cosine function response.

8.3.4  Radiance and luminance

Radiance (Le) or luminance (Lv) is the radiant flux 
or luminous flux per unit solid angle emitted from 
a surface element in a given direction, per unit pro-
jected area of the surface element perpendicular to 
the direction (Figure 8.5). The unit of radiance is 

W sr−1 1m−2, and that of luminance is cd m−2. These 
quantities are defined by

 L
A

d

d d cos

2

= Φ
Ω θ

 (8.7)

where dΦ is the radiant flux (luminous flux) emit-
ted (reflected or transmitted) from the surface 
element and propagating in the solid angle dΩ 
containing the given direction. dA is the area of 
the surface element and θ the angle between the 
normal to the surface element and the direction 
of the beam. The term dA cosθ gives the projected 
area of the surface element perpendicular to the 
direction of measurement.

In photometry, luminance is an important 
parameter in a sense that it represents how bright 
objects look to the human eyes. Luminance is impor-
tant, e.g., to specify the brightness of visual displays. 
Luminance meters are normally constructed using 
an imaging optics (like a camera lens) to focus on 
an object surface and accept light only from a given 
cone angle (e.g., 0.3°, 1°, 3°, etc.) from the meter.

8.3.5  Radiant exitance and luminous 
exitance

Radiant exitance (Me) or luminous exitance (Mv) is 
defined to be the density of radiant flux or lumi-
nous flux leaving a surface at a point. The unit of 
radiant exitance is W m−2 and that of luminous exi-
tance is lm m−2 (but it is not lux) (Figure 8.6). These 
quantities are defined by

 = Φ
M

A

d

d
 (8.8)

dΦ

d A

Figure 8.4 Irradiance and illuminance.

dA
dIθ

Figure 8.5 Radiance and luminance.

dΦ

d A

Figure 8.6 Radiant exitance and luminous 
exitance.
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where dΦ is the radiant flux or luminous flux leav-
ing the surface element. Luminous exitance is 
rarely used in the general practice of photometry.

8.3.6  Radiant exposure 
and luminous exposure

Radiant exposure (He) or luminous exposure (Hv) is 
the time integral of irradiance Ee(t) or illuminance 
Ev(t) over a given duration Δt, as defined by

 ∫=
∆

H E t t( )d .
t

 (8.9)

The unit of radiant exposure is J m−2, and that of 
luminous exposure is lux second (lxs). These quan-
tities are often used for pulsed radiation.

8.3.7  Radiant energy and luminous 
energy

Radiant energy (Qe) or luminous energy (Qv) is the 
time integral of the radiant flux Φe(t) or luminous 
flux Φv(f) over a given duration Δt, as defined by

 ∫= Φ
∆

Q t t( )d .
t

 (8.10)

The unit of radiant energy is joule (J), and that of 
luminous energy is lumen second (lm s). These 
quantities are often used for pulsed radiation. 
Luminous energy is also called quantity of light, 
which is listed in Reference [1].

8.3.8  Total radiant flux and total 
luminous flux

Total radiant flux or total luminous flux (Φv) is the 
geometrically total radiant flux or luminous flux of 
a light source. It is defined as

 ∫Φ = Ω
Ω

I d .  (8.11)

or

 ∫ ΑΦ =
Α

E d .  (8.12)

where I is the radiant or luminous intensity distri-
bution of the light source and E the irradiance or 

illuminance distribution over a given closed sur-
face surrounding the light source. If the radiant or 
luminous intensity distribution, or the irradiance 
or illuminance distribution, is given in polar coor-
dinates (θ, ϕ), the total radiant flux or luminous 
flux Φ of the light source is given by

 I ( , )sin d d
00

2 ∫∫Φ = θ φ θ θ φ
θ=

π

φ=

π
 (8.13)

or

 r E( , )sin d d .2

00

2 ∫∫Φ = θ φ θ θ φ
θ=

π

φ=

π
 (8.14)

For example, the total luminous flux of an isotro-
pic point source having luminous intensity of 1 cd 
is 4π lumens.

Total luminous flux (lumen) is a very impor-
tant quantity to specify lamp products. It repre-
sents how much visible light a lamp can produce 
(for the given wattage of the lamp), no matter what 
the intensity distributions are. The ratio of the 
total luminous flux to the input electrical power 
(lumens per watt) for a light source—called lumi-
nous efficacy of a light source—is an important 
parameter concerned with energy saving, and 
thus, the importance of accurate measurement 
of total luminous flux. The total luminous flux of 
light sources is normally measured either with an 
integrating sphere photometer (see Section 8.4.5) 
or a goniophotometer (see Reference [25]).

8.3.9  Radiance temperature and 
color temperature

Radiance temperature (unit: kelvin) is the tem-
perature of the Planckian radiator for which the 
radiance at the specified wavelength has the same 
spectral concentration as for the thermal radiator 
considered. It is commonly used for blackbodies 
and spectral radiance standard lamps.

Color temperature (unit: kelvin) is the tem-
perature of a Planckian radiator emitting radia-
tion of the same chromaticity (see Section 8.6.2) 
as that of the light source in question. However, 
actual light sources other than blackbodies rarely 
have exactly the same chromaticity as a Planckian 
radiator. Therefore, for various lamps used in gen-
eral lighting (such as fluorescent lamps and other 
discharge lamps), another term “correlated color 
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temperature” is used. See Section 8.6.3 for further 
details.

Distribution temperature (unit: kelvin) is the 
temperature of a blackbody with a spectral power 
distribution closest to that of the light source in 
question, and is used for quasi-Planckian sources 
such as incandescent lamps. Refer to Reference [21] 
for details.

8.3.10  Relationship between SI units 
and inch–pound system units

The SI units as described earlier should be used in 
all radiometric and photometric measurements 
according to international standards and recom-
mendations on SI units. However, some inch–
pound system units are still being used in many 
application areas. The use of these non-SI units is 
discouraged. The definitions of such inch–pound 
system units used in photometry are given in 
Table 8.2 for conversion purposes only.

The definition of foot–lambert is such that 
the luminance of a perfect diffuser is 1 fL when 

illuminated at 1 fc. In the SI unit, the luminance 
of a perfect diffuser would be 1/π (cd m−2) when 
illuminated at 1 lx. For convenience of changing 
from these inch–pound system units to SI units, 
the conversion factors are listed in Table 8.3. For 
example, 1000 lx is the same illuminance as 92.9 fc, 
and 1000 cd m−2 is the same luminance as 291.9 fL. 
Conversion factors to and from many other units 
are available in Reference [22].

8.4  PRINCIPLES IN PHOTOMETRY 
AND RADIOMETRY

Several important theories in practical photom-
etry and radiometry are introduced in this section.

8.4.1  Inverse square law

Illuminance E (lx) at a distance d (m) from a point 
source having luminous intensity I (cd) is given by

 =E
d

1
.2  (8.15)

For example, if the luminous intensity of a lamp 
in a given direction is 1000 cd, the illuminance at 
2 m from the lamp in this direction is 250 lx. Or, 
the luminous intensity I of a lamp is obtained by 
measurement of illuminance E at distance d from 
the light source. Note that the inverse square law 
is valid only when the light source is regarded 
as a point source. Sufficient distances relative to 
the size of the source are needed to assume this 
relationship.

8.4.2  Lambert’s cosine law

The luminous intensity of a Lambertian surface 
element is given by

 θ = θI I( ) cos .n  (8.16)

Lambertian surface: A surface whose luminance 
is the same in all directions of the hemisphere 
above the surface. The total luminous flux Φ of a 
Lambertian surface shown in Figure 8.7 is given by

 I LanΦ = π = π  (8.17)

where L is the luminance of the surface and a the 
area of the surface.

Table 8.2 Inch–pound system units and their 
definitions

Foot–candle 
(fc)

Illuminance Lumen per 
square foot 
(lm ft−2)

Foot–lambert 
(fL)

Luminance 1/π candela per 
square foot 
(π−1 cd ft−2)

Note: The use of these non-SI units is discouraged.

Table 8.3 Conversion between inch–pound 
system units and SI units

to obtain the 
value in

Multiply the 
value in By

lx from fc fc 10.764
fc from lx lx 0.09290
cd m−2 from fL fL 3.4263
fL from cd m−2 cd m−2 0.29186
m (meter) from 

feet
Feet 0.30480

mm (millimeter) 
from inch

Inch 25.400

Note: The use of these non-SI units is discouraged.
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Perfect (reflecting/transmitting) diffuser: A 
Lambertian diffuser with a reflectance (transmit-
tance) equal to 1.

8.4.3  Relationship between 
illuminance and luminance

The luminance L(cd m−2) of a perfect diffuser illu-
minated by E (lx) is given by (Figure 8.8)

 =
π

L
E  (8.18)

and, for a Lambertian surface of reflectance ρ,

 = ρ
π

L
E

.  (8.19)

8.4.3.1  REFLECTANCE (ρ)

The ratio of the reflected flux to the incident flux 
in a given condition. The value of ρ can be between 
0 and 1.

In the real world, there is neither existing 
perfect diffuser nor perfectly Lambertian sur-
faces, and Equation 8.19 does not apply for real 
surfaces. For real object surfaces, the following 
terms apply.

8.4.3.2  LUMINANCE FACTOR (β)

Ratio of the luminance of a surface element in a 
given direction to that of a perfect reflecting or 

transmitting diffuser under specified conditions of 
illumination. The value of β can be larger than 1. 
For a Lambertian surface, reflectance is equal 
to the luminance factor. Equation 8.19 for a real 
object is restated using β as

 = β
π

L
E

.  (8.20)

The radiometric term for this quantity is radi-
ance factor. Also reflectance factor is often used 
for the same meaning. However, reflectance fac-
tor is officially defined for reflected flux in a given 
cone angle, and it can mean radiance factor (solid 
angle = 0) or reflectance (solid angle = 2π). See 
Reference [1] for the details.

Note that radiance factor and luminance factor 
of a real surface vary depending on the illumina-
tion and viewing geometry, and thus the geometry 
must be specified. For example, β0/45 means radi-
ance (luminance) factor at a 0° incident angle and a 
45° viewing angle. See Reference [40] for such geo-
metrical notations. Luminance factor also depends 
on the spectral distribution of the illumination, 
and thus it must be specified. CIE standard illu-
minant A or standard illuminant D65 [41] is nor-
mally used. Furthermore, radiance factor is given 
as a function of wavelength.

8.4.3.3  LUMINANCE COEFFICIENT (q)

Quotient of the luminance of a surface element in 
a given direction by the illuminance on the surface 
element under specified conditions of illumination.

 =q
L

E
.  (8.21)

Using q, the relationship between luminance and 
illuminance is thus given by

 =L qE.  (8.22)

The radiometric term for this quantity is radiance 
coefficient, used either for light-reflecting or trans-
mitting diffuser materials. The bidirectional reflec-
tance distribution function (BRDF) is also used for 
the same definition as the radiance coefficient (but 
expressed as a function of angle of incidence and 
angle of reflection).

θ
In

In cosθ

Figure 8.7 Lambert’s cosine law.

ρ, β

E (lx)

L(cd/m2)

Figure 8.8 Relationship between illuminance and 
luminance.
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8.4.4  Planck’s law

The spectral radiance of a blackbody at a tempera-
ture T(K) is given by

 L T c n
c

n T
( , ) exp 1e 1

2 1 5 2
1

λ = π λ
λ







−







− − −
−

 (8.23)

where c1 = 2πhc2 = 3.74177107 × 10−16 W m2,  c2 = h
c/k = 1.4387752 × 10−2 m K (1998 CODATA from 
Reference [23]), h is Planck’s constant, c the speed 
of light in vacuum, k Boltzmann’s constant, n the 
refractive index of medium and A the wavelength 
in the medium, n = 1.00028 in standard air [6,24].

8.4.5  Principles of integrating 
sphere

An integrating sphere is a device to achieve spatial 
integration of luminous flux (or radiant flux) gen-
erated (or introduced) in the sphere. In the case of 
measurement of light sources, the spatial integration 
is made over the entire solid angle (4π). In Figure 8.9, 
assuming that the integrating sphere wall surfaces 
are perfectly Lambertian, luminance L of a surface 
element Δa (generated by uniform light incident on 
this element) creates the equal illuminance E on any 
part of the sphere surfaces, as given by

 = ∆
E

L a

R4
.2  (8.24)

In other words, the same amount of flux incident 
anywhere on the sphere wall will create an equal 
illuminance on the detector port. In the case 
of actual integrating spheres, the surface is not 

perfectly Lambertian, but due to interreflections 
of light in the sphere, the distribution of reflected 
light will be sufficiently uniform to approximate 
the condition assumed in Equation 8.24.

8.4.5.1  INTEGRATING SPHERE PHOTOMETER

By operating a light source in an integrating sphere 
as shown in Figure 8.10, the total luminous flux of 
the light source is measured using one detector on 
the sphere wall. Such a device is called an integrat-
ing sphere photometer (or Ulbricht sphere). The 
direct light from an actual light source is normally 
not uniform, and thus must be shielded from the 
detector using a baffle. When a light source with 
luminous flux Φ is operated in a sphere having 
reflectance ρ, the flux created by interreflections is 
given by

 …
1−

Φ(ρ + ρ + ρ + ) = Φ ρ
ρ

3 .2  (8.25)

Then, the illuminance Ed created by all the inter-
reflections is given by

 = Φρ
− ρ π

E
R1

1

4
.d 2  (8.26)

The sphere efficiency (Ed/Φ) is strongly dependent 
on reflectance ρ due to the term 1−ρ in the denom-
inator, where a high reflectance coating such as 
ρ = 0.98 is often used. For this reason, Ed cannot be 
predicted accurately enough to determine Φ. Real 
integrating sphere photometers are used as a rela-
tive device to measure test lamps against standard 
lamps whose luminous flux is known. For further 
details of the integrating sphere photometer, refer 
to References [25,26].
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R
E
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2a

Figure 8.9 Flux transfer in an integrating sphere.

Detector

Ed

Φ

Figure 8.10 Integrating sphere photometer.
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8.5  PRACTICE IN PHOTOMETRY 
AND RADIOMETRY

Photometry and radiometry are practiced in many 
different areas and applications, dealing with 
various light sources and detectors, and cannot 
be covered in this chapter. Various references are 
available on practical measurements in photom-
etry and radiometry. References [26,27] provide 
the latest information on standards and practi-
cal aspects in photometry. There are a number of 
publications from CIE on many subjects in pho-
tometry including characterization of illuminance 
meters and luminance meters [28], luminous flux 
measurement [25], spectroradiometry [29], mea-
surements of LEDs [30], etc. The latest list of CIE 
publications is available on-line [31]. A series of 
measurement guide documents are published from 
the Illuminating Engineering Society of North 
America (IESNA) for operation and measurement 
of specific types of lamps [32–34] and luminaires. 
The American Society for Testing and Materials 
(ASTM) provides many useful standards and rec-
ommendations on optical properties of materi-
als and color measurements [35]. There are also a 
number of publications from the National Institute 
of Standards and Technology (NIST) on photom-
etry [27], spectral irradiance [36], spectral reflec-
tance [37], spectral responsivity [38], etc.

8.6  FUNDAMENTALS 
OF COLORIMETRY

8.6.1  Color matching functions 
and tristimulus values

The perception of color is a psychophysical phe-
nomenon, and the measurement of color must 
be defined in such a way that the results corre-
late accurately with what the visual sensation of 
color is to a normal human observer. Colorimetry 
is the measurement science used to quantify and 
describe physically the human color perception. 
The basis of colorimetry was established by CIE 
in 1931 based on a number of visual experiments 
that defined a set of three spectral weighting func-
tions [39]. These functions, shown in Figure 8.11, 
are called the CIE 1931 XYZ color matching func-
tions denoted as λ λ λx y z( ), ( ), ( ).  These functions 
were derived from a linear transformation of the 

original set of color matching functions in such a 
way that λy ( )  is equal to V(λ).

By using the color matching functions, light 
stimuli having any spectral power distribution 
ϕλ(λ) can be specified for color by three values:

X k x Y k y( ) ( )d , ( ) ( )d ,∫ ∫= φ λ λ λ = φ λ λ λλ
λ

λ
λ  

 Z k z( ) ( )d∫= φ λ λ λλ
λ

 (8.27)

where ϕλ(λ) is the spectral distribution of light 
stimulus and k a normalizing constant. These inte-
grated values are called tristimulus values. Two light 
stimuli having the same tristimulus values have the 
same color even if the spectral distributions are dif-
ferent. For light sources and displays, ϕλ(λ) is given 
in quantities such as spectral irradiance and spec-
tral radiance. If ϕλ(λ) is given in an absolute unit 
(such as Wm−2 nm−1 Wm−2 sr−1 nm−1) and k = 683 
lm W−1 is chosen, Y yields an absolute photometric 
quantity such as illuminance (in lux) or luminance 
(in cd m−2). For object colors, ϕλ(λ) is given as

 R S( ) ( ) ( )φ λ = λ λλ  (8.28)

where R(λ) is the spectral reflectance factor of the 
object, S(λ) the relative spectral distribution of the 
illumination, and

 

∫
=

λ λ λ
λ

k
S y

100

( ) ( )d
 (8.29)

so that Y = 100 for a perfect diffuser and Y indicates 
the luminance factor (in %) of the object surface. 
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Figure 8.11 CIE 1931 XYZ color matching 
functions.
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To calculate color of objects from spectral reflec-
tance factor R(λ), one of the standard illuminants 
(see Section 8.6.3) is used.

Tristimulus values can be obtained either by 
numerical summation of Equation 8.27 from 
the spectral data ϕλ(λ) obtained by a spectro-
radiometer or spectrophotometer, or by broad-
band measurements using detectors having 
relative spectral responsivity matched to the 
color matching functions. Such a device using 
three (or four) detector channels is called tris-
timulus colorimeter.

When applying colorimetric data for real 
visual color matching, it should be noted that the 

λ λ λx y z( ), ( ), ( ).  color matching functions are 
based on experiments using 2° field of view and 
applicable only to narrow fields of view (up to 
4°). Such an ideal observer is called the CIE 1931 
standard colorimetric observer. In 1964, the CIE 
defined a second set of standard color match-
ing functions for a 10° field of view, denoted as 

λ λ λx y z( ), ( ), ( )10 10 10 , to supplement those of the 
1931 standard observer. This is called the CIE 1964 
supplementary standard colorimetric observer, 
and can be used for a field of view greater than 
4°. The 2° observer is used in most applications 

for colorimetry of light sources. The 10° observer 
is often used in object color measurements. For 
further details of colorimetry and color science, 
refer to official CIE publications [40–42] and many 
other general Reference [43].

8.6.2  Chromaticity diagrams

While the tristimulus values can specify color, it is 
difficult to associate what color it is from the three 
numbers. By projecting the tristimulus values onto 
a unit plane (X + Y + Z = 1), color of light can be 
expressed on a two-dimensional plane. Such a unit 
plane is known as the chromaticity diagram. The 
color can be specified by the chromaticity coordi-
nates (x, y) defined by

 =
+ +

=
+ +

x
X

X Y Z
y

Y

X Y Z
, .  (8.30)

The diagram using the chromaticity coordinates 
(x, y), as shown in Figure 8.12a, is referred to as 
the CIE 1931 chromaticity diagram, or the CIE(x, y) 
chromaticity diagram. The boundaries of this 
horseshoe-shaped diagram are the plots of mono-
chromatic radiation (called the spectrum locus).
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Figure 8.12 (a) MacAdam ellipses on CIE 1931(x, y) chromaticity diagram and (b) MacAdam ellipses on 
the CIE 1976 (u′v′) chromaticity diagram. The ellipses are plotted 10 times their actual size. The curve 
near the center region is the Planckian locus.
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The (x, y) chromaticity diagram is significantly 
nonuniform in terms of color difference. The mini-
mum perceivable color differences in the CIE (x, y) 
diagram, known as the MacAdam ellipses, are 
shown in Figure 8.12a. To improve this, in 1960, 
CIE defined an improved diagram—CIE 1960 
(u, v) chromaticity diagram (now obsolete), and in 
1976, a further improved diagram—CIE 1976 uni-
form chromaticity scale (UCS) diagram, as shown 
in Figure 8.12b, with its chromaticity coordinate 
(u′, v′) given by

 ′ =
+ +

′ =
+ +

u
X

X Y Z
v

Y

X Y Z

4

15 3
,

9

15 3
.  (8.31)

While the (u′, v′) chromaticity diagram is a signifi-
cant improvement from the (x, y) diagram, it is still 
not satisfactorily uniform. Both of these diagrams 
are widely used. Note that these chromaticity dia-
grams are intended to present color of light sources 
(emitted light) and not color of objects (reflected 
light). Presentation of object colors requires a 
three-dimensional color space that incorporates 
another dimension—lightness (black to white). 
Refer to other publications [40, 43] for the details 
of object color specification.

8.6.3  Color temperature and 
correlated color temperature

Figure 8.13 shows the trace of the (x, y) chromatic-
ity coordinate of blackbody radiation (see Section 
8.4.4) at its temperature from 1600 to 20,000 K. 
This trace is called the Planckian locus. The col-
ors on the Planckian locus can be specified by 
the blackbody temperature in kelvin and is called 
color temperature (see also Section 8.3.9). The col-
ors around the Planckian locus from about 2500 to 
20,000 K can be regarded as white, 2500 K being 
reddish white and 20,000 K being bluish white. The 
point labeled “Illuminant A” is the typical color of 
an incandescent lamp, and “Illuminant D65” the 
typical color of day light, as standardized by the 
CIE [41]. The colors of most traditional lamps for 
general lighting fall in the region between these 
two points (2800–6500 K). Strictly speaking, 
color temperature cannot be used for colors away 
from the Planckian locus, in which case correlated 
color temperature (CCT) is used. CCT is the tem-
perature of the blackbody whose perceived color 

most closely resembles that of the light source in 
question [2]. Due to the nonuniformity of the x, y 
diagram, the iso-CCT lines are not perpendicu-
lar to the Planckian locus on the x, y diagram (see 
Figure 8.13). To calculate CCT, therefore, one of 
the improved uniform chromaticity diagrams is 
used. Due to the long tradition, CIE specifies that 
the 1960 (u, v) diagram (now obsolete for other 
purposes) be used, where the iso-CCT lines are 
perpendicular to the Planckian locus by definition. 
From (u′, v′) coordinates, (u, v) can be obtained 
by u = u′, v = 2v′/3. On the (u, v) diagram, find the 
point on the Planckian locus that is at the shortest 
distance from the given chromaticity point. CCT 
is the temperature of the Planck’s radiation at that 
point. A practical way of computing CCT is avail-
able [44].

8.6.4  Color rendering index

For light sources for lighting applications, it is 
important to evaluate how well their illumination 
can render colors of objects. The CIE defines the 
color rendering index (CRI) [45]. The CRI is calcu-
lated from the spectral distribution of light under 
test and the spectral reflectance factor data of 14 
Munsell color samples. The color difference ΔEi 
(on the 1964 W∗U∗V∗ uniform color space—now 
obsolete) of each sample illuminated by the light 
under test and by a reference source (Planckian 
radiation for CCT < 5000 K or a daylight illumi-
nant for CCT ≥ 5000 K) is calculated taking into 
account chromatic adaptation. The special color 
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rendering index Ri for each color sample is calcu-
lated by

 = ∆R E100 – 4.6i i  (8.32)

This gives an indication of color rendering for each 
particular color. The general color rendering index, 
Ra, is given as the average of the first eight color 
samples (medium saturation). With the maximum 
value being 100, Ra gives a scale that expresses 
well the visual impression of color rendering. For 
example, lamps having Ra values greater than 80 
may be considered suitable for interior lighting, 
and Ra greater than 95 for visual inspection pur-
poses, etc. See Reference [45] for further details.

8.6.5  Color quantities for LEDs

In addition to chromaticity coordinates x, y and 
u′, v′, the following quantities are used to specify 
the color and spectrum of LEDs. The definitions in 
this section follow Reference [30].

Peak wavelength λp: The wavelength at the max-
imum of the spectral distribution.

Spectral bandwidth (at half intensity level) Δλ0.5: 
Calculated as the width between the wavelengths at 
half of the peak of spectral distribution, as shown 
in Figure 8.14. It is also denoted as Δλ(FWHM).

Centroid wavelength λc: Calculated as the 
“center of gravity wavelength,” according to the 
equation

 
∫
∫

λ =
λ λ λ

λ λ
λ

λ

S

S

( )d

( )d
c  (8.33)

Dominant wavelength λd: Wavelength of the 
monochromatic stimulus that, when additively 
mixed in suitable proportions with the specified 
achromatic stimulus, matches the color stimu-
lus considered. Equal energy spectrum with 
(x,  y) = (0.3333, 0.3333) is used as the achromatic 
stimulus. See Figure 8.15, where N denotes the 
achromatic stimulus.

Excitation purity pe: Defined as the ratio NC/
ND in Figure 8.15. The value of excitation purity 
is unity if the chromaticity of the LED is on the 
spectrum locus.

8.6.6  Spectroradiometry for LED 
color measurement

Spectroradiometers are commonly used for color 
measurement of LEDs. Tristimulus colorime-
ters are rarely used for LED color measurements 
because errors tend to be too large for measure-
ment of quasi-monochromatic sources such as 
LEDs. Major sources of error in spectroradiometric 
measurements of LEDs are bandwidth, wavelength 
error and stray light. To obtain the color quanti-
ties of LEDs accurately, a monochromator band-
width (FWHM) of 5 nm or less is recommended. 
The scanning interval should be matched with the 
bandwidth, or much smaller than the bandwidth. 
If the bandwidth of the instrument is larger than 
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5 nm, the bandwidth error can be very large. The 
errors with a 10 nm bandwidth can be up to 0.005 
in x, y depending on the LED peak wavelength 
[46]. A method for correcting the bandwidth error 
is available in the case where the bandwidth is a 
triangular shape and is matched with the scanning 
interval [47]. The wavelength accuracy is also criti-
cal for LED color measurements. An error for 1 nm 
in wavelength scale would lead to a maximum 
error of 0.02 in x, y, depending on the LED peak 
wavelength. The stray light of a monochromator is 
not very critical for color measurement of broad-
band white light sources such as fluorescent lamps, 
but it is critical for LEDs having narrowband emis-
sions. The errors should be examined for single 
monochromators including diode-array spectro-
radiometers. For the details of spectroradiometry 
in general, refer to other References [29,48].
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9
Nonlinear and short pulse effects

GÜNTER STEINMEYER
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PROLOGUE

The science and technology of ultrafast pulses has, 
in recent years, come of age, becoming ever more 
important in the real world. In the early days of 
lasers, efforts concentrated on getting lasers to 
operate as continuous light sources. Compared 
to conventional light sources, continuous-wave 
(cw) lasers perfectly concentrate light in the plane 
transverse to the propagation direction, which 
gives rise to the extreme high brightness of laser 
beams. Nevertheless, a continuous laser ignores 
the third dimension along the propagation direc-
tion for further possible concentration of energy. 
Using mode-locking, the light field circulating 

through a mode-locked laser can be temporally 
focused within one millionth of the total cavity 
length, which translates to a pulse duration of a few 
femtoseconds compared to a total cavity roundtrip 
time of several nanoseconds. The peak power, even 
in an oscillator pulse, readily reaches hundreds of 
kilowatts. Employing the method of chirped-pulse 
amplification, one can easily generate pulses with 
multiple gigawatt peak power, which exceeds the 
continuous capabilities of several nuclear power 
plants for the duration of a few femtoseconds. The 
advantages of having lasers operating with very 
short pulses are currently being realized more and 
more in both industry and science. An ultrashort 
pulse can process material surfaces by action of 
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its extreme electric field strength without  causing 
internal heating or melting. This nonthermal inter-
action may be applied to ablate material for analysis 
or to create gaseous phases as desired. In spectros-
copy, very short pulses can be used to investigate 
very fast chemical reactions or trigger fast photo-
chemical reactions and observe features that would 
be impossible to observe using slower processes, 
leading to far greater understanding of the science 
and technology involved. This enables the interim 
states of such reactions to be observed, whereas 
previously only the starting materials and end 
products would be apparent. To make use of this, it 
is necessary to be able to generate ultrashort pulses 
and also to be able to measure the pulses that have 
been created. This chapter describes the science 
and technology in this rapidly developing field.

9.1  INTRODUCTION

In most parts of this handbook, we deal with lin-
ear optical effects. Linear optics means that the 
optical power at the outputs of an optical device 
always scales linearly with input power. The device 
may spectrally or spatially filter the input beam; it 
may split the input beam into a multitude of out-
put beams; regardless of what the device does, the 
output power always relates linearly to the input 
power. Looking through textbooks on classical 
optics from the prelaser era, the impression may 
arise that the linearity of optical phenomena is a 
given thing as there is no mention of any nonlinear 
effects. This is in strong contrast, for example, to 
acoustics, where nonlinearities are so widespread 
that the art lies more in their avoidance than in the 
observation of nonlinearities. One may think of a 
cheap set of speakers just as one simple example. 
Increasing the volume, these speakers will start to 
sound increasingly annoying with more and more 
audible distortion. This distortion is not related to 
the frequency dependence of the speaker’s trans-
mission characteristics because this would be 
independent of volume. The distortion effect is 
related to unwanted harmonics of the input. These 
harmonics arise due to nonlinearities between the 
emitted acoustic wave and the input current to the 
speaker’s solenoid. Beyond a certain drive ampli-
tude, the speaker’s membrane position does not lin-
early follow the current anymore. These harmonics 
are not necessarily bad. All musical instruments 

also rely on acoustic nonlinearities, giving rise to a 
characteristic spectrum of overtones of the excited 
fundamental vibration of a chord. This character-
istic spectrum allows us to distinguish different 
musical instruments. The omnipresence of nonlin-
earities in acoustics is in strong contrast to optics, 
where similar effects could not be observed until 
the advent of the laser.

In a nonlinear system, the output power has 
to scale nonlinearly with input power. One such 
effect in optics, which is similar to the harmonics 
in acoustics, is called second harmonic generation 
(SHG). In this nonlinear optical effect, the overtone 
of an optical wave is generated inside a crystal, for 
example, converting the infrared light of a laser into 
bright green light with half the wavelength of the 
input light. The output intensity of the green light 
scales quadratically with the input power, which 
is a clear indication of a nonlinear optical process 
of second order. SHG is an example of a degener-
ate nonlinear optical process, i.e., all interacting 
waves carry the same wavelength. In a crystal with 
such a second-order nonlinearity, we may also 
observe nondegenerate processes. Nondegeneracy 
means mixing of two input waves with different 
wavelength, generating the sum frequency or the 
difference frequency of the two input waves. Now 
the intensity of the generated sum-frequency light 
scales with the product of the two input intensities. 
Note that all nonlinearities discussed so far only 
involve optical fields. That means that they are all-
optical nonlinear effects. This has to be seen in con-
trast to nonlinearities involving one low-frequency 
electric field (as accessible by conventional elec-
tronics) and one optical field. This interaction may 
be thought of as a limiting case of sum-frequency 
generation (SFG) with one of the fields close to zero 
frequency. This mixing effect can be used for build-
ing electro- optical modulators. However, the opti-
cal output power of the device scales linearly with 
the optical input power. Therefore, electro-optic 
mixing is not considered a nonlinear optical effect. 
The same argument holds for acousto-optics, where 
there is in fact mixing between acoustic waves and 
the optical field. Clearly, acousto-optics is also not 
considered a nonlinear optical effect as power scal-
ing is entirely linear for the optical field involved. 
In the case of the electro-optic effect, we note that 
this distinction may appear somewhat arbitrary 
looking at the underlying physics of the process. 
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This distinction will become much clearer from 
the different regime of applications of all-optical 
nonlinearities compared to optical modulators.

With the high intensities of laser sources, an 
all-optical nonlinear regime can easily be reached. 
The higher the peak power, the more pronounced 
the nonlinear behavior of certain optical materi-
als. This makes it clear that a pulsed laser source 
generates much more abundant nonlinearities 
compared to a cw source, which is why we refer to 
nonlinear processes also as short pulse effects. In 
the high-peak-power regime, the response of opti-
cal materials starts to react nonlinearly, both in 
amplitude and phase, with incident optical power. 
A further simple example for nonlinear behavior 
may be the bleaching of an optical neutral density 
filter in a pulsed high-power laser beam. As soon 
as a certain intensity is surpassed, the attenuation 
of the filter starts to decrease because a substantial 
part of the carriers within the beam cross section is 
transferred into the conduction band. In turn, the 
density of carriers in the valence band is decreased. 
These carrier-related effects, therefore, cause a sat-
uration of the absorption in this material.

In optoelectronics, such nonlinear optical 
behavior is particularly interesting for the con-
struction of an all-optical switch, a device that 
allows controlling light with light. We will use the 
term optical switch as a general term for very differ-
ent applications of optical nonlinearities, including 
optical gates, mode lockers, and optical limiters. 
For some applications, one may think of an optical 
switch acting like an optical transistor or light valve, 
employing the nonlinearity for modulation of one 
light beam by another one. Other applications rely 
on the self-action of intense short pulses in a non-
linear medium. Here, the pulse modulates its own 
amplitude or phase profile via a nonlinear optical 
effect. Consequently, one talks of self-amplitude 
modulation (SAM) or self-phase modulation (SPM), 
respectively. Quite generally all methods of all-
optical switching outperform acousto-optic or 
electro-optic concepts in terms of speed. On the 
other hand, it is very challenging for an all-optical 
switch to reach anything close to the contrast and 
efficiency possible with electro-optic switches. This 
trade-off between speed and switching contrast 
appears to be the fundamental dilemma of all types 
of optical switches. In this chapter, we will first give 
a general overview of nonlinear optical processes. 

Because of their importance in optoelectronics, we 
will then concentrate on applications of nonlinear 
optical processes as all-optical switches.

9.2  QUASI-INSTANTANEOUS 
NONLINEAR OPTICAL 
PROCESSES

In the introduction, we have already given exam-
ples for the two main types of nonlinear processes. 
Saturable absorption due to carrier transfer into 
the excited state is a process with limited response 
times, which typically lie in the picosecond range. 
Nonresonant nonlinearities such as SHG occur in 
totally transparent dielectric materials and can be 
significantly faster. As no direct transfer of carri-
ers into any kind of excited state takes place, there 
is also no limitation by relaxation processes. In 
the nonresonant case, bound electrons contrib-
ute to the nonlinearity instead. One can coarsely 
estimate the order of magnitude of the response 
time τ of nonlinearities in dielectric materials as 
τ = 1/Δv, where Δv is the transparency frequency 
range of the material. This immediately brings us 
to single femtosecond response times for materi-
als that are transparent in the visible [1]. We will, 
therefore, refer to these as materials with quasi-
instantaneous response. For simplicity, we will 
often relate to these nonlinear processes as instan-
taneous effects. Instantaneous effects comprise 
sum and difference-frequency generation (DFG), 
parametric interaction, and also phase effects such 
as SPM, see Figure 9.1.

Given the instantaneous nature of the electronic 
nonlinearities, one can directly write the polariza-
tion P in a dielectric material as a function of the 
electric field E

→
 [1,2]
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The susceptibility coefficients χ(i) are tensors of cor-
responding rank i + 1. The linear optical proper-
ties of a material are all included in the first-order 
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coefficient χ(1). In many materials, all tensor elements 
(1)
ijχ  will be identical and we can use simple scalar 

susceptibility coefficients χ(1) instead. Only materi-
als exhibiting birefringence or dichroism require a 
full-blown tensorial treatment of the susceptibility.

Otherwise, we can use a simplified version of 
Equation 9.1

P E E E E E EL .(1) (2) (3) 2( )= χ + χ + χ
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 (9.2)

The complex index of refraction is related to 
the susceptibility via n ik X1 (1)+ = + , i.e., χ(1) 

contains information about both the refrac-
tive index n and the absorption coefficient k. 
Nonlinear optical processes are included in the 
higher-order coefficients and again may affect 
both the amplitude and the phase of the light. In 
isotropic materials, such as glasses, all tensor ele-
ments are degenerate and the susceptibility coef-
ficients of even order vanish, i.e., χ(2) = χ(4) = … = 0. 
Anisotropy can be found in many crystals and is 
often, but not necessarily, accompanied by bire-
fringence. Tabulated second-order coefficients χ(2) 
for nearly all relevant second-order materials can 
be found in Reference [2].
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Figure 9.1 Linear and nonlinear optical processes in the photon picture. Real states are designated by 
solid horizontal lines; virtual states by dashed lines. Linear absorption is caused by a transition between 
two real states with the potential relaxation indicated by a dotted arrow, refraction is caused by absorp-
tion and delayed re-emission of a photon by a virtual state. In a virtual process, the energy of all pho-
tons is conserved. In the virtual χ(2) processes, three waves interact in different sum and DFG schemes. 
In this picture, the χ(3) process of nonlinear refraction (all-optical Kerr effect) can also be considered 
as the degenerate case of the more general four-wave mixing process. χ(2) processes can only occur in 
anisotropic materials. χ(3) processes occur in any kind of medium and are of particular interest in fiber 
optics. TPA ends in an excited state. The potential return path is again indicated by a dotted arrow.
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In Figure 9.1, some of the most commonly 
encountered optical nonlinearities up to order 3 
are summarized. The linear processes of absorp-
tion and refraction are also included for compari-
son. For most of these nonlinear optical processes, 

∑ ± ω =h 0i i  has to hold as a consequence of 
energy conservation (see Figure 9.1). This is not 
true for absorption and two-photon absorption 
(TPA), where energy is stored in an excited state. 
Here, ∑ ± ω = Ehi i abs  has to be fulfilled instead. 
This means that the sum of all photon energies 
equals the energy of the excited state Eabs in the 
case of one or multiphoton absorption. If only vir-
tual states are involved, no energy is absorbed in 
the process and the sum has to vanish. The latter is 
the case for SHG, DFG, and SFG. Some of the χ(3) 
processes shown in Figure 9.1 also only involve vir-
tual excited states. In all these nonabsorptive cases, 
momentum conservation k 0i∑± =  also has to 
hold, where the wavenumber ki is defined as ωin/c. 
One may think of the real processes absorption 
and TPA as frustrated refraction or four-wave mix-
ing processes, respectively. These frustrated pro-
cesses end in a real rather than virtual state and 
can, therefore, not relax back to the ground state.

It is useful to relate Equation 9.2 to our initial 
acoustics example, where the electric field E

�
 takes 

the role of the solenoid drive current and the polar-
ization P

�
 is related to the membrane position. As 

soon as a significant contribution from the nonlin-
ear terms in Equation 9.2 appears, we would expect 
to see optical harmonics in analogy to acoustics. 
Let us come back to our original example for non-
linear optical behavior, i.e., SHG. This effect mani-
fests itself as a parabolic susceptibility term χ(2) in 
Equation 9.2. In such a medium, the polarization 
P does not proportionally follow the electric field 
E ∝  sin(ωt) of the input field. As illustrated in 
Figure 9.2, the resulting polarization
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clearly exhibits distortions compared to the sinu-
soidal input field, which manifest themselves as 
frequency-doubled components in the polarization 

[1,3]. The output field, therefore, consists of the 
fundamental and its second harmonic (and a con-
stant term, which does not propagate). If we had 
investigated the χ(3) term instead, we would find 
the third harmonic of the input field. Similarly, 
one can easily show that higher order terms χ(i) 

lead to the generation of the ith harmonic in the 
polarization. The coefficients χ(i), therefore, govern 
the characteristic spectrum of harmonics of a non-
linear material, similar to the relative strength of 
overtones in acoustics discussed in the introduc-
tion. In the nondegenerate case of mixing of two 
electric fields of different frequency, one observes 
both the sum and difference frequency mixing 
terms in the output spectrum.

Second harmonicFundamental

Eout

Ein

P

λ/2λ

E

Figure 9.2 Generation of the second harmonic. 
If the polarization P inside a medium does not 
simply proportionally follow the input field Ein 
but P(E) includes a parabolic term, the resulting 
polarization contains nonsinusoidal components, 
which reveal themselves as a harmonic contribu-
tion at double the frequency of the input field. 
Generally, a χ(i) susceptibility term gives rise to 
generation of the ith harmonic in the output field.
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9.3  SCATTERING PROCESSES—
COUPLING TO THE LATTICE

The effects described so far only encompassed 
interaction of photons and electrons. A third cat-
egory of nonlinear optical processes comprises 
scattering processes, in particular those involv-
ing phonons in solid-state materials. Coupling of 
lattice vibrations and the electric field give rise to 
Brillouin scattering (acoustic phonons) and Raman 
scattering (optical phonons) [3,4]. These processes 
can be understood similar to the DFG and SFG 
processes but with one photon replaced by a quan-
tized lattice vibration, i.e., a phonon. Again, these 
processes involve virtual intermediate states (see 
Figure 9.1). The decay of one input photon into 
a photon of smaller energy and one phonon is 
referred to as the Stokes process. The wavelength 
shift accompanying this scattering process is 
called the Stokes shift. Therefore, looking at scatter-
ing processes from a photon point of view, energy 
conservation does not appear to hold as the excess 
energy is transferred into the phonon. The sum of 
all particle energies, however, is conserved. At high 
light intensities, the opposite process similar to the 
sum-frequency process may also show up. In this 
case, a previously generated phonon may add to 
the energy of one photon, with a resulting shorter-
wavelength photon as the product of this so-called 
anti-Stokes process.

The scattering processes are difficult to catego-
rize as they rely on the same kind of mechanism 
as SFG but are linear in terms of optical power. 
Therefore, they do not qualify as nonlinear opti-
cal processes similar to the electro-optic processes 
discussed in the introduction. Nevertheless, the 
appearance of Raman and Brillouin scattering is 
closely related to nonlinear processes as are the 
electro-optic processes.

At high pump intensities, a new phenomenon 
called stimulated scattering can be observed. Here, 
an exponential increase of the Stokes wave with 
input power is observed. This process is nonlin-
ear, whereas the spontaneous scattering described 
above has to be considered a linear optical process. 
These processes have found many applications in 
fiber optics, for example, for Raman lasers and fre-
quency conversion. For a detailed description of 
stimulated scattering processes and their applica-
tions, we refer the reader to specialized literature 
on nonlinear fiber optics [4].

9.4  SATURABLE ABSORBERS

9.4.1  Types of saturable absorbers

So far, we have mainly addressed processes that 
follow the polarization in the medium instanta-
neously. Many nonlinear processes, in particular, 
those involving generation of free carriers, exhibit 
a noninstantaneous response. For continuous light 
exposure or at long pulse durations, the nonlin-
earity of these processes can also be expressed as 
a perturbative series like Equation 9.2. On shorter 
time scales, however, these processes may not relax 
quickly enough, and the number of free carriers 
grows linearly with the accumulated exposure. As 
the number of carriers is responsible for the non-
linearity, there is also a cumulative effect for the 
nonlinearity of the process. For short pulses (short 
meaning faster than the relaxation time constant), 
the nonlinearity, therefore, rather scales with pulse 
energy than with peak power.

Saturable absorption is the prime example 
of such an effect. It is also a very useful effect for 
constructing nonlinear optoelectronic devices. A 
saturable absorber acts like a switch that allows, 
for example, discrimination of low-energy pulses 
inside a laser. As short pulses with sufficiently 
high-energy experience a decreased optical loss 
by the saturable absorption, a saturable absorber 
effectively favors pulsed operation of the laser 
over continuous operation. Such devices typically 
contain one or several saturable absorbers and a 
reflector. These devices have been named saturable 
Bragg reflector (SBR, [5,6]) or semiconductor satu-
rable absorber mirror (SESAM, [7]) or sometimes 
simply saturable absorber mirror. As these opto-
electronic devices have become an important ele-
ment in the construction of mode-locked lasers, we 
will outline some fundamental physical processes 
contributing to the nonlinearity of such devices. 
We will also give an overview on the construction 
of these optoelectronic building blocks.

In principle, any absorbing material could be 
used to build a saturable absorber. Dyes have been 
very popular for that purpose in the 1970s and 
1980s [8,9]. Dyes offer some adaptability by chang-
ing concentration and the center wavelength of the 
absorber. Several solid-state materials based on 
doped glasses have been proposed as an alterna-
tive [10,11]. As a crystalline material, Cr:YAG has 
found widespread applications as an intracavity 
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switch [12–15]. The potential of semiconductor 
materials for electro-optical switches, in particu-
lar, that of quantum well absorbers, has already 
been recognized in the 1970s and 1980s [16–20]. 
As the optical properties of quantum wells can 
be tailored in the most flexible way of all materi-
als discussed so far [21,22], this type of saturable 
absorber has become the method of choice for all-
optical switches and has found widespread use.

9.4.2  The physics of saturable 
absorption

The fundamental processes involved in satu-
rable absorption are schematically illustrated in 
Figure  9.3. Initially, a short laser pulse transfers 
electrons from the valence band of the absorber into 
the conduction band of the material. Again, short 
means that there is only insignificant relaxation 
back to the valence band within the pulse duration 
and sometime after. By depleting the valence band 
this process, therefore, reduces the density of car-
riers that are capable of absorbing the laser light, 
which effectively decreases absorption [21]. A short 
powerful laser pulse can generate a nonthermal car-
rier distribution high up in the valence band [22,23] 
as schematically shown in Figure 9.3b. These hot 
electrons are not in thermal equilibrium with the 
lattice and tend to rapidly cool via phonon scatter-
ing processes. Typically, this intraband relaxation 
process occurs on a time scale of τ1 ≈ 100 fs (Figure 
9.3c). The cooled carriers will fill the bottom of the 
conduction band, relaxing to the valence band on 
much longer time scales τ2, which are typically 
of the order of nanoseconds. This is also called 
interband relaxation. The two different timescales 
of carrier cooling and recombination generate a 
marked bitemporal behavior [7] of the absorption 
versus time, as shown in Figure 9.3e.
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The time-dependent loss L(t) includes two satu-
rable contributions with strength L1 and L2, and a 
nonsaturable term LNS. The nonlinear response of 
Equation 9.4 can be measured using pump-probe 
spectroscopy. Pump-probe spectroscopy employs 

a second weaker pulse to monitor the depletion at 
variable delays after the strong pump pulse at t = 0. 
From a logarithmic plot of the measured response, 
one can easily retrieve the time constants τ1 and 
τ2. Figure 9.3e qualitatively shows the bitemporal 
behavior. The induced transmission is strongest 
when all excited carriers are still in resonance with 
the pump that created them. Cooling processes 
rapidly broaden the initial hot distribution of elec-
trons, with more and more electrons being trans-
ferred to the bottom of the conduction band. This 
is the first effect reducing the induced transmission 
signal. On longer time scales, the signal is further 
weakened by recombination back into the valence 
band until it will eventually vanish, which typi-
cally happens on the nanosecond time scale.

For applications of saturable absorbers in lasers, 
the time constants τ1 and τ2 are important device 
parameters. These time constants are to be compared 
with the pulse duration of the laser. Despite the fact 
that it is possible to generate pulses that are more 
than one order of magnitude shorter than the domi-
nant response time of the absorber [24,25], the use-
fulness of an absorber is greatly enhanced the faster 
its response. Clearly, a recombination time constant 
τ2 of a few nanoseconds, i.e., approaching typical 
cavity roundtrip times, is problematic. Significant 
efforts went into acceleration of the recombination 
process. One method of doing so is the introduc-
tion of additional mid-gap states into the mate-
rial as schematically shown in Figure 9.3d. These 
additional states can be generated by a variety of 
processes. The first observation that defect-induced 
additional states contribute to an accelerated relax-
ation of a saturable absorber was reported by Ippen 
et al. [26]. Later several methods for introducing 
defects in a controlled way were explored, includ-
ing low-temperature growth [27,28], ion implanta-
tion [29], proton bombardment [30,31], or impurity 
implantation [32]. Lifetimes have been pushed down 
to one to several picoseconds, which constitutes an 
improvement of about three orders of magnitude 
compared to low-defect materials.

9.4.3  Design of saturable absorber 
mirrors

Apart from the time constants, the relative 
strength of the nonlinear absorption and its wave-
length characteristics are further important design 
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parameters of the SESAM. Both bulk absorption 
and quantum wells are used for generating satura-
ble absorption in SESAMs. Quantum wells exhibit 
a relatively strong nonlinear response because of 

quantum confinement effects [21]. The number 
and position of intrinsic and excitonic states of a 
quantum well can be influenced both by the mate-
rial and by the thickness of the quantum well. 
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Figure 9.3 A detailed look at saturable absorption. After excitation of carriers from the valence band 
of a semiconductor into its conductance band (a), the initial nonthermal distribution tends to rapidly 
cool (b) with a time constant τ1. On this time scale of intraband relaxation, the majority of carriers is 
still in the excited state and only relaxes into the valence band on longer time scale, which is called 
interband relaxation (c). Introducing additional mid-gap states as shown in (d) may greatly accelerate 
the interband recombination. Monitoring the induced transmission change ∆T/T as shown in (e) identi-
fies intraband and interband relaxation by two distinct time constants, τ1 and τ2. (f) Shows the typical 
dependence of the induced increase of transmission as a function of input fluence. For input fluence 
well below the saturation fluence Fsat, the overall loss of the device amounts to the sum of saturable 
and nonsaturable losses. At higher fluences, the loss starts to roll off in the vicinity of Fsat and reaches 
a minimum value dictated by nonsaturable losses LNS. At still higher fluence, one may observe an 
increased loss due to two-photon processes.
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Note that saturable absorption extends to below 
the nominal bandgap of a quantum well, as there 
are also strong excitonic effects in semiconductor 
heterostructures. Excitonic contributions tend to 
be faster but also weaker than contributions from 
band filling. The design of the quantum wells 
allows for some tailoring of the wavelength response 
and also of the strength of the saturable absorp-
tion. The latter can be further influenced by a mul-
titude of design parameters, namely the number of 

quantum wells, their position relative to the nodes 
of the electric field, and also by the optical design 
of the SESAM [7]. If the quantum well is positioned 
at a maximum of the standing wave inside the laser 
cavity, its response is coupled much tighter to the 
electric field than if it were positioned at a node of 
the field (see Figure 9.4).

Figure 9.4 shows two different aspects of the 
design of a SESAM device, its bandgap struc-
ture and its refractive index structure. The 
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Figure 9.4 Schematic refractive index and bandgap structure of a saturable absorber mirror. A Bragg 
reflector at the bottom of the device provides a high reflectivity and is typically implemented as a 
quarter wave layer stack of two different semiconductor materials. The index of refraction is alternat-
ing in this stack. Both materials should have a bandgap larger than the photon energy in the device. 
Saturable absorption is produced by one or several quantum wells. In these quantum well regions, 
discrete states exist. Additionally excitonic effects may contribute to the absorption behavior of 
the quantum wells. The quantum well position relative to the nodes of the field allows us to tailor 
the strength of the nonlinear response. The field strength at the quantum wells can be additionally 
manipulated by an external Fabry–Perot structure. For this purpose an additional mirror is coated on 
top of the device. This mirror can either be HR (high-finesse case) or be an antireflection (AR) coating.
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index structure is responsible for positioning 
of the nodes and the reflection properties [7]. 
The bandgap structure is engineered to provide 
suitable saturation properties, as was explained 
above. As the SESAM has to also act as a mirror, 
the absorber structure is deposited on a highly 
reflecting (HR) mirror reflector. In the simplest 
case, a Bragg mirror, i.e., a combination of quar-
ter-wave layers of alternating index of refraction, 
is used as outlined in Figure 9.4. The bandgap 
of the materials used in the reflector is signifi-
cantly higher than the photon energy; therefore, 
negligible absorption takes place in the mirror 
structure. One of the disadvantages of the Bragg 
mirror approach is its limited bandwidth, which 
is mainly caused by the weak index contrast of 
the available transparent semiconductor mate-
rials. Typically, a Bragg mirror consisting of 
AlGaAs and AlAs, as suggested in Figure 9.4, 
only covers a bandwidth of about 100 nm at an 
800-nm center wavelength. Alternatively, metal 
mirrors have also been employed for provid-
ing more broadband reflectivity [33,34]. This 
approach, however, is much more demanding in 
terms of manufacturing.

Apart from the Bragg reflector and the 
absorber, a second mirror structure can be added 
on top of the absorber toward the interface to 
air. The reflectivity of the top mirror can reach 
from more than 50% down to an AR coating. The 
case of high reflectivity results in a high finesse 
Fabry–Perot-like structure. Typically, high-
finesse SESAMs are used in antiresonance (anti-
resonant Fabry–Perot saturable absorber, A-FPSA 
[35]). The antiresonance decreases the intensity of 
the light inside the absorber relative to the main 
cavity. For example, a 95% reflectivity top mirror 
increases the saturation fluence by about a factor 
100 [7]. In more recent SESAM configurations, 
lower reflectivities of the top reflector were used 
and scaling of the nonlinearity was obtained by 
other means already discussed above [36]. The 
top mirror or AR structure can be manufactured 
either by semiconductor technologies or using 
dielectric materials such as TiO2 or SiO2. Very 
simple but efficient AR coatings can be manu-
factured by depositing a single half-wave layer of 
a material with index of refraction n n ,AR top=  
where ntop is the top layer refractive index.

Depending on the pulse duration being larger 
or smaller than the dominant time constant of the 
SESAM, one either observes a functional depen-
dence of the reflectivity with pulse peak power or 
pulse energy, respectively. On a femtosecond time 
scale, the response of the SESAM generally scales 
with energy, because significant interband relax-
ation has not set in yet. In this case, one can write 
the power-dependent reflectivity of an SESAM as

 ( )( )( ) = + ∆ − −R F R R F F1 exp /0 sat
 (9.5)

where F is the fluence in Joule per unit area, Fsat 
is the saturation fluence, R0 is the small-signal 
reflectivity, and ∆R is the modulation coefficient 
[7], which is connected to the coefficients L1 and 
L2 in Equation 9.4. The functional dependence of 
the reflectivity on the flux is shown in Figure 9.3f. 
At very high fluence F > 10Fsat, additional effects 
may contribute, which are treated below. For 
lower fluences, the saturable ∆R may range from 
L2 to L1 + L2, depending on pulse duration. In the 
absence of nonsaturable losses, R0 + ∆R should add 
up to unity reflectivity. In reality, nonsaturable 
losses LNS = 1 − R0 − ∆R are typically on the same 
order of magnitude as ∆R itself, i.e., a few percent. 
The onset of saturation is governed by the param-
eter Fsat. The saturation fluence is related to the 
cross-section σ of the absorber by the relation

 F
h

N
sat = ν

σ
 (9.6)

i.e., the saturation fluence is reached when on average 
one photon with energy hν impinges on the cross-
sectional area σ. Inside a linear laser cavity, this may 
happen twice (N = 2). In a ring cavity or otherwise 
N = 1. The saturation fluence is a decisive engineer-
ing parameter of the SESAM and should be charac-
terized carefully prior to use of an SESAM inside a 
laser. The saturation fluence of the absorber has to be 
carefully balanced with the saturation fluence of the 
laser gain material to avoid spiking of the laser. The 
gain saturation fluence is related to the gain cross 
section as defined in Equation 9.6 [37]. For clean 
mode-locked pulse trains, it is of paramount impor-
tance to scale spot sizes in the gain medium and on 
the absorber accordingly. Guidelines for a suitable 
layout of a laser cavity are given in Reference [38].
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9.4.4  TPA in saturable absorber 
mirrors

For extremely high-peak intensities, the nonlinear 
response of a saturable absorber may be affected by 
TPA giving rise to an additional term in Equation 
9.4 [39–41]. As TPA is a quasi-instantaneous non-
linear process (see Figure 9.1), this mechanism 
always scales with peak intensity I(t), regardless of 
the pulse duration regime:

 R b I–TRA 2∆ =  (9.7)

As TPA creates additional absorption for high 
enough peak powers, it defeats the effect of satu-
rable absorption at extremely high-power levels (as 
shown in Figure 9.3f). At first sight, TPA may appear 
as a limitation of SESAMs. However, this effect can 
be beneficial causing a stabilization of the pulse 
duration and preventing pulse break up, stabiliz-
ing the laser pulse duration and the average power 
of the laser. This effect can also reduce the spiking 
tendency of the laser [41] and help to provide clean 
mode-locked pulse trains with stable pulse energy.

9.4.5  Devices closely related to 
saturable absorber mirrors

The SESAM has found widespread use as intracav-
ity saturable absorbers for generating short opti-
cal pulse [7,23]. Several similar devices have been 
proposed and demonstrated. The SESAM’s main 
application is SAM. In a slightly modified geom-
etry, saturable absorption can also be used to mod-
ulate one laser beam with the aid of another one 
[42]. Here, the control light is fed into a waveguide 
and bleaches out an arrangement of several quan-
tum wells. This saturable absorption modulates a 
light beam that crosses the quantum wells at nor-
mal incidence to the waveguide direction.

Other nonlinear optical switches have been pro-
posed, which do not directly rely on the absorp-
tive properties of quantum wells or semiconductor 
bulk materials. These devices embed the saturable 
absorber in between a high-finesse Fabry–Perot 
structure. Other than with the A-FPSA approach 
previously mentioned, the Fabry–Perot is used at 
resonance and relies on refractive index changes 
accompanying the creation of free carriers in the 

conduction band of the semiconductor. Although 
SESAMs can be understood as amplitude modula-
tors, this type of Fabry–Perot modulator (FPM) relies 
on phase modulation. For inducing mode-locking 
inside a laser resonator, the SPM has to be converted 
back into an amplitude modulation, compare “non-
linear interferometers as switches” section. This is 
accomplished by the Fabry–Perot structure. The 
index change causes a tuning of the Fabry–Perot res-
onances. If the length is chosen such that the addi-
tional index change increases the overall reflectivity 
of the device, such a device can also be used as an 
optical switch for mode-locking [43]. Moreover, one 
can further exploit the phase modulation aspect of 
such Fabry–Perot structures for synchronizing lasers 
as shown in [44]. Using a laser with a photon energy 
above the bandgap of the spacer material in the FPM, 
one can modulate index of refraction for light below 
gap without inducing any losses. This index modula-
tion allows control of the cavity roundtrip time and 
passive locking of cavity repetition rates.

9.4.6  Inverse saturable absorption—
optical limiting

For many applications, an effect with exactly 
the reverse behavior of saturable absorption 
is desirable. One example could be protection 
of a sensitive photodetector from intense light 
pulses that might otherwise destroy the detec-
tor. Such a device requires a transmission that 
decreases with increasing light intensities, a 
characteristic that is referred to as optical limit-
ing. The previous discussion already addressed 
TPA in semiconductor materials as one possible 
mechanism showing exactly the right sign of 
saturable absorption needed for an optical limiter 
(Reference [39–41], see Equation 9.7 and Figure 
9.3f). In fact, semiconductor materials such as 
GaAs have been suggested early on for this pur-
pose [45,46]. Additionally, self-defocusing may 
contribute to optical limiting in these devices, an 
effect that will be explained in the following sec-
tion. Rather than using semiconductors, one can 
again also use dyes for the same purpose [44–46]. 
One of the major mechanisms for reverse satu-
rable absorption in complex organic molecules is 
the generation of excited electronic states with an 
absorption cross section larger than the ground 
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state absorption. Excited state absorption has been 
reported for several classes of organic chromo-
phores [47]. Apart from sequential single-photon 
absorption, TPA may also contribute to opti-
cal limiting in dye molecules [48,49]. Different 
chemical compounds, such as fullerenes, organo-
metallics, or carbon black suspensions have been 
discussed for optical limiting devices. Optically 
induced scattering, for example, by localized 
melting of the limiter material, has also been sug-
gested as a mechanism for optical limiting [50]. 
However, despite the variety of nonlinearities, 
materials, and device configurations that have 
been used to implement passive optical limiters, 
no single device or combination of devices has yet 
been identified that will protect any given sensor 
from all potential optical threats.

9.5  THE ALL-OPTICAL KERR EFFECT 
AND NONLINEAR REFRACTION

9.5.1  Kerr-based switches and Kerr 
gates

From the point of view of optoelectronics, satu-
rable absorption is probably the most interesting 
process among the variety of nonlinear optical 
processes, as it allows us to build an all-optical 
switch. Depleting carriers by means of a pump 
pulse, one can influence the transmission proper-
ties of a saturable absorber and thereby control the 
energy of a second probe pulse. In some way, this 
device may be thought as an all-optical transis-
tor or light valve, despite the fact that one needs 
rather large light intensities to control relatively 
small ones. Apart from acting as a light valve, a 
technologically important aspect of an all-optical 
switch is that it forms the product of optical wave-
forms. Multiplying an unknown waveform with a 
known one is at the heart of optical sampling tech-
niques and allows characterization of unknown 
optical pulse shapes with the aid of known ones. 
Unfortunately, with SESAMs one can do neither 
of these arbitrarily fast, as saturable absorption 
is a rather slow process with picosecond relax-
ation times even when midstate traps are used to 
accelerate this process. This calls for methods that 
benefit from quasi-instantaneous nonlinearities 
(cf. “Quasi-instantaneous nonlinear optical pro-
cesses” section).

It is rather clear that the temporal response 
of carrier-related effects cannot be much further 
accelerated without sacrificing modulation depth. 
Instead, many approaches have been pursued to 
employ bound-electronic optical processes to build 
an all-optical switch. These approaches rely nearly 
exclusively on nonlinear refraction, i.e., the change 
of the index of refraction with instantaneous 
intensity. First and foremost, nonlinear refraction 
is a phase effect that requires translation into an 
amplitude effect to be effective as a nonlinear opti-
cal switch. In the following, we will first review 
the physics of nonlinear refraction and point out 
that it is inseparably connected to TPA and other 
nonlinear optical effects. In fact, this connection 
between nonlinear refraction and TPA poses a 
stringent limitation of all-optical valves. We will 
then give an overview of several architectures of 
all-optical switches based on nonlinear refrac-
tion. These switches have found widespread use in 
rather distinct applications of optics ranging from 
telecommunications to measurement techniques 
for short pulses.

9.5.2  The physics of nonlinear 
refraction

The propagation (phase) velocity of light vφ in a 
dielectric medium is governed by the refractive 
index n according to vφ = c/n. The refractive index 
n is a function of wavelength and can be com-
puted from the complete knowledge of absorbing 
resonances in the ultraviolet and infrared spectral 
region using Kramers–Kronig relationship [51]. The 
slightest changes, for example, of the lattice con-
stant or temperature of a solid-state material, will 
automatically affect the refractive index when they 
modify the spectral position or relative strength of 
the resonances. In dielectric media, this will cause 
the index of refraction change according to

 n I n n l .0 2( ) = +  (9.8)

This effect of an intensity-dependent refractive 
index is called the all-optical Kerr effect [1,3,4]. The 
coefficient n2 is called the nonlinear index of refrac-
tion and is related to the real part of the suscepti-
bility tensor χ(3) via

 n
n

X
3

8
Re2

(3)=  (9.9)
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where it was assumed that the light is linearly 
polarized such that only one component of the 
third-rank tensor χ(3) contributes. Often, χ(3) is 
quoted using electrostatic units (esu). One can 
convert to the more useful W cm−2 employing the 
relation

 n
n c

Xcm W
12

Re esu .2
2 1

2

0
2

(3)( ) ( )= π−  (9.10)

Typical values for n2 of optical glasses lie in the 
range of a few 10−16 cm2 W−1 [4,52,53]. The main 
effect in a dielectric medium far away from the 
bandgap is electronic polarization, which has a 
response time of 1 fs or faster. In other materials, 
additional effects such as molecular orientation or 
atomic resonances can create much stronger non-
linear refraction, at the expense of a greatly slowed 
response and a much narrower bandwidth. In the 
following, we will restrict ourselves on the Kerr 
effect in dielectrics and semiconductors and focus 
on nonlinear refraction induced by electronic 
polarization.

A power-dependent index of refraction means 
that the phase velocity of the light has become a 
function of intensity, with high peak power pulses 
traveling slower than a low peak power beam with 
identical cross-section would do, see Equation 9.8. 
This self-action of the light is called SPM:

 I n IL( )
2

,2∆ = π
λφ

 (9.11)

where λ is the length of the medium and L is the 
wavelength of the light. The importance of non-
linear refraction can be estimated from inverting 
Equation 9.11 to find the critical intensity that is 
necessary to create a macroscopic 2π phase shift

 I
n L

.crit
2

= λ  (9.12)

Plugging in numbers for a 1 cm long piece of glass, 
one finds a critical intensity level on the order of 
1011 W cm−2. This makes it immediately clear that 
SPM only becomes important when laser pulses 
are either extremely tightly focused or when a very 
long interaction length can be used as in optical 
fibers. In fact, SPM is extensively used in nonlinear 
fiber optics [4].

9.5.3  Connection of nonlinear 
refraction and TPA

As nonlinear refraction is the most important 
effect for building quasi-instantaneous opti-
cal switches, a somewhat deeper insight into the 
underlying physics is important to gain an under-
standing on some of the limitations. The Kerr 
effect can be generated by a variety of different 
mechanisms, including molecular orientation, 
saturated absorption, and electrostriction [1]. In a 
wider sense, also thermal effects create refractive 
index changes. With response times of picosecond 
to milliseconds, application of these effects is much 
less interesting than use of the Kerr effect induced 
by electronic polarization changes. For all practi-
cal applications, this response can be considered 
instantaneous. Quite generally, there appears to 
be wide-ranging inverse connection between the 
response time of the effect and its relative strength. 
Investigations of the electronic Kerr effect, there-
fore, were motivated by finding a material that 
combines quasi-instantaneous response with max-
imum nonlinear susceptibility.

In semiconductors, an inverse Kerr effect has 
been observed, i.e., high intensities travel at higher 
velocity than low intensities, other than in dielec-
tric materials. This sign change can normally be 
explained by the generation of free carriers, which 
is a strong indication for the onset of multipho-
ton absorption in the material. The magnitude of 
the nonlinear response shows a dramatic increase 
close to the bandgap of an optical material [54]. 
This renders semiconductors very interesting for 
building all-optical switches. Figure 9.5 shows the 
fundamental behavior of nonlinear refraction and 
TPA versus photon energy. This curve is based on 
the theoretical model of Sheik-Bahae et al. for non-
linear refraction. The computation is based on the 
Kramers–Kronig relationship, which allows us to 
calculate refraction changes directly from absorp-
tion changes [51,55]. The main effect contributing 
to the nonlinear absorption is TPA, which sets 
in above half the bandgap of the material. Other 
effects, such as the Stark effect and Raman contri-
butions, also play a role and have been accounted 
for in Figure 9.5. It is important to understand 
that TPA poses a severe limitation on using the 
Kerr effect for a switching application. Excessive 
TPA will destroy the switch. From the behavior of 
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nonlinear refraction alone, one would tend to go as 
close to the bandgap as possible to create the maxi-
mum nonlinear response. Unfortunately, such a 
device would also suffer from strong possible TPA. 
For switching applications, it has been found that 
an optimum between both effects is reached when 
the photon energy is about 70% of the bandgap 
energy [55].

9.5.4  The Kerr lens as a nonlinear 
optical switch

The earliest switching method that was based on 
the Kerr effect is the so-called Kerr gate [56], which 
is illustrated in Figure 9.6. In a Kerr gate, a probe 
pulse is sent through a Kerr medium, in which 
its path crosses the path of a strong pump pulse. 
Crossed polarizers prevent detection of the probe 
light in the absence of an overlap with the pump. 

Only if the pump induces a polarization rotation 
inside the Kerr medium, is some portion of the 
probe transmitted at the polarizer. This Kerr gate 
is instantaneous provided that the Kerr nonlinear-
ity is sufficiently fast. In the more recent literature, 
interferometer-based switches are also referred to 
as optical gates (see, e.g., Reference [57]). We will 
treat these methods of translating an instanta-
neous phase nonlinearity into an amplitude non-
linearity below. Instantaneous optical gates can 
be built from Kerr induced polarization changes, 
Kerr lenses, or nonlinear interferometers.

A further Kerr-related effect that can be used 
for building a switch is self-focusing. This method 
is illustrated in Figure 9.7 [3,58,59]. When the 
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Figure 9.6 Kerr gate based on polarization rota-
tion. The gating pulse and the input pulse are 
crossed inside a Kerr medium. Both pulses are 
linearly polarized, with the polarization of the 
gating pulse rotated 45° relative to the input 
pulse. The Kerr effect causes a polarization 
rotation of the input pulse. A second crossed 
polarizer in the input beam line allows separa-
tion of the gated pulse from the rejected part 
of the input pulse. An example for the temporal 
behavior of the gating pulse, the input pulse, 
and the two output pulses are shown below for 
comparison.
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central most intense part of a beam experiences 
a phase delay according to Equation 9.8 this is 
equivalent to the focusing action of a convex lens. 
In a convex lens, the phase shift is generated by 
the larger amount of glass in the beam path of the 
central rays. Other than in an ideal conventional 
lens, however, the wave front change induced by 
the nonlinear Kerr lens is not exactly spherical 
but proportional to the spatial beam profile. For 
example, if the beam profile is Gaussian, only the 
central part of the Kerr lens can be approximated 
by a conventional lens. A nonlinear gradient-index 
duct [37,59,60] is normally a better approximation 
for the Kerr lens.

As the Kerr lens only focuses the most intense 
parts of a short pulse, one can use it to build an 
ultrafast optical switch, which is also illustrated 
in Figure 9.7. If an aperture is suitably placed in 
the focus of the Kerr lens, it will introduce losses 
for cw laser light of low intensity, whereas high 

intensity light can pass through as it sees the 
focusing action of the Kerr lens. This kind of self-
switching is used in lasers to discriminate short 
pulses and create losses for any kind of low inten-
sity background. Placed in a cavity, the Kerr lens 
switch strips off a pulse pedestal, recleaning the 
pulse on every passage. This is used for generating 
some of the shortest pulses ever generated from a 
laser with a method called Kerr-lens mode-locking 
[59–62].

9.5.5  Nonlinear interferometers as 
switches

Another method to build a switch is based on 
SPM (compare Equation 9.11). Here, the Kerr 
effect is translated into an effective SAM in a 
nonlinear interferometer. Basic idea is illustrated 
in Figure 9.8 with a Michelson interferometer. If 
one introduces a Kerr medium in only one arm 
of the interferometer, high light intensities will 
experience a phase shift compared to low inten-
sities. Provided the bias phase and the nonlinear 
phase are properly set, low intensities will be back 
reflected into the input port, whereas high inten-
sities go into the opposite port. Sending pulses in 
such a nonlinear Michelson interferometer, only 
the central and most intense part of the pulse will 
go into the output port. The weaker parts of the 
pulse will be redirected into the input port, effec-
tively leading to a compression of the input pulse. 
A Michelson interferometer is not the ideal con-
figuration for such a nonlinear switch because it 
will require active means to stabilize the bias phase 
of the interferometer. Mach–Zehnder interferom-
eters can be built in a microoptical configuration, 
dramatically reducing problems of phase drift [57]. 
A Sagnac configuration, as has first been suggested 
by Blow and Doran [63], is typically the method 
of choice. In the nonlinear optical loop mirror, the 
two interferometer arms consist of different direc-
tion of propagation in a fiber loop (see Figure 9.8). 
An imbalance of the Kerr effect between the two 
directions of propagation is simply induced by 
asymmetric beam splitting. Otherwise, the func-
tion is identical to the previously discussed case. 
The high-intensity portion of the pulse is switched 
into one port of the interferometer, the pedes-
tal goes into the other port, effectively leading to 
pulse compression. Such Sagnac interferometers 

(a)

(b)

Figure 9.7 Kerr gate based on Kerr lensing. 
Schematically shown are propagating wave fronts 
of a high-intensity and a low-intensity beam, (a) 
and (b), respectively. For sufficiently high intensi-
ties, a transverse index profile is induced by the 
pulse as indicated by gray shades. The stronger 
the induced change of the refractive index, the 
stronger the corresponding part of the beam 
front is retarded. This causes an additional beam 
front curvature, i.e., the Kerr effect transversally 
acts like a lens. A subsequent aperture can be 
used to convert the lensing effect into an effec-
tive amplitude modulation. The combination of 
the Kerr lens and an aperture acts similar to the 
gate of Figure 9.6, but is not background free.
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have been used for pulse shape cleaning and also to 
induce mode-locking.

As the impression may arise that the exact type 
of interferometer does not matter for the prin-
ciple of operation, it needs to be pointed out that 
the interferometer types discussed so far only 
exploit dual-beam interference. Using a Fabry–
Perot interferometer instead, interference of many 
pulses may create complex behavior. A nonlinear 
Fabry–Perot switch has been extensively discussed 
as an all-optical switch as it exhibits bistability and 
hysteresis, a behavior analogous to what a Schmitt 
trigger does in electronics. Using nonlinear sys-
tems with large feedback is interesting for appli-
cations as it allows us to switch large light powers 
with relatively small ones. However, this method 
has not found very widespread use because of sev-
eral disadvantages. The nonlinear Fabry–Perot 
has extremely rich nonlinear dynamics, includ-
ing period doubling and chaotic behavior [64,65]. 
Generally, this type of behavior becomes more 

pronounced the stronger the feedback inside the 
system. Another disadvantage of all nonlinear 
interferometers is the delay of the interferom-
eter arms. In the case of two-pulse interference, 
the actual switching action happens after single 
propagation through the interferometer. In the 
case of the nonlinear Fabry–Perot, the switching 
time amounts to many roundtrips through the 
interferometer. However, despite these problems, 
nonlinear Fabry–Perot interferometers have been 
successfully incorporated into lasers to initiate and 
sustain mode-locking [66–69]. Compared to satu-
rable-absorber mode-locking or Kerr-lens mode-
locking, these lasers require a stabilization of the 
interferometer phase.

9.5.6  Applications of nonlinear 
optical switches

One important application of a nonlinear optical 
switch has already been addressed in the previous 

Constructive interference(a)

SPM

Input

Gated

Reject

(c)

SPM

Reject

Gated

Input

(d)

Destructive interference(b)

Figure 9.8 Kerr gate based on nonlinear interferometers. (a and b) Interference of an unmodulated 
pulse (gray line) with a self-phase modulated pulse (black line). If the bias phase at pulse center is cho-
sen for constructive interference as in (a), destructive interference in the wings compresses the result-
ing pulse. The opposite case is shown in (b), resulting in a lengthened pulse. (c) Shows a Michelson 
configuration, where cases (a) and (b) appear in the two different output ports of the interferometer. 
A Sagnac configuration (d) works in a similar way at the added advantage that no stabilization of the 
bias phase is required.



9.6 Summary 297

section—mode-locking. For generation of short 
pulses, the nonlinear optical switch is inserted 
into the laser cavity. Its main purpose is the sup-
pression of low light levels and a preference for high 
light levels. Such a preferred transmission of high 
peak powers leads to a temporal focusing of the 
entire energy contents of the cavity into one short 
pulse. Continuous operation of the cavity is dis-
couraged by the higher losses induced by the non-
linear switch. As the switch reduces the power in 
the pulse’s pedestals compared to its peak power, 
one may also think of the switch recompress-
ing the pulse every roundtrip [68]. The nonlinear 
switch initializes the mode-locking process from 
noise and stabilizes it in the steady-state regime. 
Additional processes such as dispersion and spec-
tral broadening contribute during the steady-state 
operation and determine the pulse duration of the 
mode-locked laser.

A second application of a nonlinear switch is 
pulse characterization. One can use the geom-
etry of the Kerr gate, for example, to sample one 
unknown pulse with the aid of another one, sim-
ply by varying the delay between pump and probe 
in the Kerr gate. This is known as cross-correla-
tion. Moreover, one can also try to sample one 
pulse by itself, i.e., perform an autocorrelation. 
Pulse retrieval from autocorrelation is ambigu-
ous and impossible without further knowledge on 
the pulse shape. Advanced methods to measure 
and characterize pulse shapes are discussed in 
Chapter 17.

Telecommunication also strongly relies on opti-
cal switches. For many applications, electro-optic 
switches are still fast enough for data processing. 
However, there is a strong tendency to substitute 
electro-optical methods by all-optical variants, in 
particular when approaching data rates in the tens 
of Gbits−1. One potential application lies in the area 
of time-domain multiplexing and demultiplexing 
of optical data streams. One can use fiber-based 
switches similar to those previously discussed to 
selectively extract, for example, every fourth or six-
teenth pulse from a stream of pulses. The extracted 
pulse train then has a much smaller data rate than 
the original one and can be processed with slower 
electro-optic components. An optical switch based 
on a polarization discriminating Mach–Zehnder 
interferometer has been demonstrated with up to 
1500 GBs−1 data rates and 200-fs pulse duration 

[70]. Many different switch architectures have 
been proposed for demultiplexing applications [42, 
71–75]. Another application of all-optical switches 
is optical memories. It has been demonstrated that 
pulse sequences can be stored inside fiber ring res-
onators. A pulse sequence is launched into the ring 
and later extracted by an optical switch [76,77]. For 
launching or extracting an entire sequence at once, 
no particular fast switch is needed. With an all-
optical switch, however, individual pulses can be 
launched or extracted from the optical ring buffer, 
which greatly enhances the utility of such optical 
memories.

9.6  SUMMARY

Optical nonlinearities are important build-
ing blocks in optoelectronic devices, which 
have a variety of different applications as opti-
cal switches. Two fundamentally different basic 
concepts have evolved. One of them is the satu-
rable absorber, which is based on saturation of 
an electronic transition. Given the very strong 
interaction of quantum wells and light, extremely 
compact all-optical switches can be built using 
modern semiconductor manufacturing technol-
ogy. These devices have found widespread appli-
cation for mode-locking of lasers. Their only 
limitation is the limited switching speed, which 
cannot easily be pushed below 1 ps. A second con-
cept employs quasi-instantaneous nonlinearities, 
namely the Kerr effect, to overcome speed limita-
tions of the device. As this nonlinearity is a phase 
nonlinearity, some means of phase to ampli-
tude conversion has to be incorporated into the 
device to make it an effective saturable absorber 
with practically unlimited switching speed. This 
translation can be accomplished either by an 
interferometer, by polarization switching, or by 
using the Kerr lens mechanism. As the Kerr effect 
is a third-order nonlinearity, it is typically much 
weaker than saturable absorption of a quantum 
well. Often, sufficient nonlinearity can only be 
accumulated by propagation through a long piece 
of fiber. Therefore, many concepts for using the 
Kerr nonlinearity as a switch involve relatively 
long delays compared to the more directly switch-
ing semiconductor-based saturable absorbers. It 
strongly depends on the application, which of the 
two fundamental concepts is to be preferred.
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10.1  INTRODUCTION

Light-emitting semiconductor diodes (LEDs) are 
light sources that were developed in the last few 
decades. For most of this time, they have been used 
as small indicator lights in a wide range of con-
sumer applications. Some 10 years ago, two new 
material systems, AlGaInP and InGaN, entered 
the LED arena and gave birth to a new generation 
of light-emitting diodes: the high-brightness LEDs. 
This was an important breakthrough for the entire 
LED business, which enhanced the prospects of 

LED use in a much wider range of applications. 
Now, with InGaN covering the emission range from 
blue to green and AlGaInP from yellow to red, the 
entire visible spectrum has become accessible to 
LED light (Figure 10.1). Furthermore, the continu-
ously improving material quality, together with 
better chip and package designs, have led to much 
enhanced performances in terms of efficiency and 
total output power. Today, at certain wavelengths, 
LEDs achieve more than 50% energy efficiency in the 
laboratory and ones with more than 20% efficiency 
are commercially available. The internal conversion 
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of electrical power into light is sometimes close to 
100% and the only task left is to extract as much 
light as possible out of the semiconductor material 
without it being lost internally. It can be projected 
that the good performance at certain colors will 
eventually be extended to the entire spectrum and 
the efficiency of commercial LEDs is expected to 
exceed 50%. Another attractive feature of LEDs is 
their very long lifetime, of at least some 10,000 h or 
several years of continuous operation. Finally, the 
availability of highly efficient LEDs covering the 
range from violet to red has now allowed the gen-
eration of white light and enabled the LED to enter 
the wide field of illumination and lighting.

This chapter will give a brief overview of the 
field of visible light-emitting diodes. The his-
tory of the development of visible diodes will be 
summarized, starting with the early GaAsP and 
GaP-based devices and continuing up to the devel-
opment of high-brightness AlGaInP and InGaN 
LEDs. Next, some basic aspects of the physics of 
LEDs will be described, with emphasis on their 
optical and electrical properties. The major semi-
conductor material systems used for visible LEDs 
and their fundamental properties are then intro-
duced. Technologies for enhanced light extraction, 
such as wafer bonding on transparent substrates 
(TSs), wafer-soldering for substrate-less devices 
or resonant-cavity and photonic-bandgap designs 
are discussed next, followed by a description of 
the most common ways of generating white LED 
light. Finally, the standard packages for LEDs and 

some of the most important applications of high-
brightness LEDs will be presented. The appen-
dix A includes an introduction into the standard 
Commission Internationale de L’Eclairage (CIE) 
color system, a description of the human eye sen-
sitivity curves and an overview of the most impor-
tant radiometric and photometric units that are 
frequently used to describe the properties of LEDs.

At this point, it might be helpful to define some 
conventions for the following chapter. The most 
important parameters to characterize an LED are 
the efficiency and the output power. If not specified 
otherwise, efficiency measures the conversion of 
electrical to optical power and is usually expressed 
in per cent. For many applications, however, it is 
more relevant to measure the power of light as per-
ceived by the human eye. In this case, it is conve-
nient to use photometric units such as lumen and 
candela. The lumen is a measure of the total light 
power, weighed according to the human eye sen-
sitivity. Efficiency is then expressed in lumens per 
(electrical) watt. Candelas are a measure of bright-
ness emitted into a certain direction per unit of 
solid angle and is expressed in lumens per stera-
dian. In the following, the performance of LEDs 
will be expressed in lumens and lumens per watt 
(lm W−l) with a few exceptions where mW and per 
cents are used. Another parameter is the color of 
the LED emission. If nothing else is specified, the 
emission wavelength normally means the peak 
wavelength of the optical spectrum, which has 
to be distinguished from the dominant  apparent 
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wavelength when the human eye perception is 
taken into account (see Appendix A).

10.1.1  Historical review

In the very beginning of the last century in 1907, 
H.J. Round discovered a “curious phenomenon” 
when he applied a large voltage, of more than 100 V, 
to a SiC crystal: electroluminescence—the conver-
sion from electrical current to light [1]. Many years 
later, in the early sixties, electroluminescence was 
studied extensively on III–V semiconductor alloys 
such as GaAs or GaAsP. In 1962, the first visible 
red emitting LEDs were made of GaAsP with a 
P-fraction of 40%. The devices were fabricated by 
vapor phase epitaxy on GaAs-substrates, with a 
pn-junction formed by selective Zn-diffusion into 
a thick n-type layer. For low P-fractions, GaAsP 
has a direct energy gap (see Section 10.3.1) and is 
almost lattice matched to GaAs. As the P-content 
is increased, in order to achieve shorter wave-
lengths, the lattice mismatch and thus the defect 
density in the material increases appreciably, lead-
ing to rather low efficiencies. In 1968, the first 
commercial red GaAsP LEDs, with luminous effi-
ciencies around 0.2 lm W−l, were introduced to the 
marketplace by Hewlett Packard. Shortly there-
after, more efficient devices based on GaP doped 
with Zn and O, were developed using liquid phase 
epitaxy (LPE) on GaP wafers. GaP:Zn–O LEDs 
emit at 700 nm, where the human eye sensitiv-
ity is down to 0.4% of its maximum value, result-
ing in luminous efficiencies around 0.4 lm W−1. A 
breakthrough for the early LEDs was the discovery 
that isoelectronic impurities, such as nitrogen, can 
act as efficient radiative recombination centers in 
GaP and GaAsP. GaAsP:N and GaP:N based LEDs 
already showed efficiencies around 1 lm W−1, about 
one order of magnitude more than the first GaAsP 
diodes.

In the early 1970s, AlGaAs/GaAs single het-
erojunction diodes were developed, also using 
LPE as the method of crystal growth. Starting 
with emission in the infrared spectral range, the 
emission wavelength was continuously reduced 
by increasing the Al-fraction, until red 660 nm 
emitting diodes were achieved in 1980. The next 
advance was the introduction of double hetero-
structures (DHs) for more efficient confinement 
of the electrical carriers in the active region of 
the device. The first commercial AlGaAs DH LED 

with an efficiency around 4 lm W−1 was intro-
duced in 1985.

Although more efficient as a result of a better 
carrier confinement and direct band transitions, 
AlGaAs/GaAs LEDs had one obvious disadvan-
tage compared to the early GaP-based diodes: 
unlike GaP, GaAs is not transparent to visible 
light. The introduction of LPE grown, transpar-
ent AlGaAs substrates solved this problem and 
enhanced the efficiency by almost a factor of two. 
The first TS LEDs were introduced in 1987 as 
“super-high-brightness devices” with efficiencies 
around 8 lm W−1.

Because the AlGaAs bandstructure becomes 
indirect at high Al-fractions, it was not possible 
to fabricate AlGaAs LEDs emitting at wavelengths 
shorter than 660 nm. Therefore, a new material 
system, AlGaInP lattice matched to GaAs, was 
investigated intensively. Epitaxial growth was only 
possible using the new method of metal-organic 
vapor phase epitaxy (MOVPE). The quaternary 
composition of AlGaInP offered an additional 
advantage: the bandgap could be tuned from 
yellow-green to red while maintaining the same 
lattice constant thus allowing lattice matching on 
GaAs. With the new material, efficiencies in the 
order of 10 lm W−1 were achieved. As previously 
with the AlGaAs/GaAs LEDs, the efficiency of 
AlGaInP/GaAs devices was limited by absorption 
in the GaAs substrate. A TS AlGaInP LED was 
therefore developed by Hewlett Packard, using 
the novel technology of direct wafer bonding. 
After the growth of the AlGaInP layers on GaAs, 
the original GaAs substrate was removed and 
the thin AlGaInP film was transferred (“wafer-
bonded”) to a transparent GaP wafer. As before 
in the case of TS-AlGaAs LEDs, the efficiency 
of TS-AlGaInP LEDs was doubled compared to 
absorbing substrate (AS) LEDs and efficiencies of 
more than 20  lm W−1 were demonstrated on red 
devices. Another successful method for high effi-
ciency developed at that time was the introduction 
of thick, transparent window layers giving better 
current spreading and improved light extraction. 
In commercial AlGaInP-LEDs, both AlGaAs and 
GaP windows were employed.

The performance of TS-AlGaInP LEDs was 
further improved by optimizing the size and opti-
cal properties of the chips, yielding efficiencies of 
more than 70 lm W−1 for red emission. Recently, 
this already impressive performance was further 
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enhanced by shaping the TS-die into truncated 
inverted pyramids. Record high efficiencies of 
>100 lm W−1 (610 nm) or >50% (630 nm) were 
achieved with this technology. Alternatively, 
Osram-OS started to solder the AlGaInP epi-
taxial structure onto a new carrier and to remove 
the original GaAs substrate. The advantage of the 
wafer-soldering process is its suitability for mass 
production and its potential to achieve high yields 
on large diameter wafers. The best “substrate-less” 
AlGaInP LEDs achieve >60 lm W−1 (615 nm) or up 
to 40% efficiency (630 nm) with the potential for 
further improvements.

The early blue emitting LEDs were made of SiC 
with efficiencies of only 0.1–0.2 lm W−1. In parallel, 
researchers started to investigate the electrolumi-
nescence of GaN-based devices in 1970 [2]. Green 
and “violet” emitting devices were fabricated but 
the devices were very inefficient, mainly due to the 
almost unsolvable problem of p-doping in GaN. 
The major breakthrough came in 1989, when a 
Japanese group achieved real p-conductivity by 
activating Mg dopants with low-energy electron-
beam irradiation. Nichia Chemicals finally devel-
oped a new technique for efficient Mg-activation by 
high-temperature annealing and brought the first 
commercial blue, GaN-based LEDs to the mar-
ket in 1994. The GaN was deposited by MOVPE 
on sapphire substrates. The bandgap of nitride-
based LEDs can be tailored over a wide range, 
from 362 nm (3.4 eV) to 615 nm (2 eV), by adding 
additional In to the InGaN alloy. This allowed 
the fabrication of green LEDs and the first blue–
green (500 nm) and green (520 nm) devices were 
also produced by Nichia, for application in traffic 
lights. As an alternative to the growth on sapphire, 
which is electrically insulating, InGaN can also be 
grown epitaxially on SiC wafers. This technology 
was developed by Cree Research and resulted in 
the “superbright” GaN/SiC LED chip introduced 
in 1995.

With efficient blue and green LEDs at hand to 
complement the high-brightness red emitters, it 
became possible to fabricate white LEDs. Several 
companies developed white LEDs, using a com-
bination of blue, green and red emitting dies in a 
single package. An alternative approach to gener-
ate white light was developed independently in 
Japan and Germany: the conversion of blue LED 
light into white using a phosphor wavelength 
converter. Osram-OS (formerly part of Siemens) 

developed a phosphor based on Y3Al5O12 garnet, 
doped with cerium ions, that absorbed part of the 
blue emission of a GaN-LED and produced yel-
low luminescence. The combination of blue and 
yellow emission produces white light. The phos-
phor is either suspended in the epoxy resin used 
for encapsulation or is directly coated on the chip 
surface. Commercial white LEDs were intro-
duced to the marketplace in 1998 by Osram-OS 
and Nichia.

10.2  PHYSICS OF LEDs

The basic function of an LED is to generate light 
following the injection of an electrical current into 
the semiconductor material. The conversion of 
electrical carriers (electrons) into light (photons) 
is called electroluminescence and involves two 
important processes: the excitation of electrons 
into higher energy states and the relaxation of 
excited electrons back to empty lower states. If the 
relaxing electrons release most or all of the energy 
difference in form of electromagnetic radiation, 
the process is called a radiative transition. In the 
case of non-radiative transitions, the energy dif-
ference in such a relaxation process is released in 
form of heat (phonons). The band structure of the 
semiconductor material plays an important role 
for the transition processes of excited electrons. 
In semiconductors with a direct band structure 
(Figure 10.2), the excited electrons in the conduc-
tion band can relax into states in the valence band 
under momentum conservation. In materials with 
an indirect band structure, the transition process 
requires the assistance of a phonon in order to con-
serve momentum. Indirect band transitions are 
therefore much less probable.

Phonon

Ec
E

hν = Ec–Ev–Ephononhν = Ec–Ev

Energy E

Momentum k

Ev

Ec

Ev

k

Figure 10.2 Left: radiative band–band transi-
tions in a direct bandgap material; right: radiative 
transition in an indirect bandgap material.
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10.2.1  Optical properties of LEDs

10.2.1.1  RADIATIVE RECOMBINATION

Figure 10.3 shows a number of possible radia-
tive and non-radiative transitions in a simplified 
band diagram. The direct band–band transition 
is shown in Figure 10.3a. Because two particles, 
electrons n and holes p, are involved, this pro-
cess is called bimolecular recombination. The 
recombination rate, R (recombinations, per unit 
volume, per second), is proportional to the den-
sity of carriers in the upper state (electrons) and 
the density of empty lower states (holes) and is 
given by

 
R
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t
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Bnp
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d

d
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(10.1)

 

where n and p are the electron and hole concentra-
tions. The proportionality factor B is a measure of 
the probability of radiative recombination and is 
called the bimolecular recombination coefficient. It 
can be calculated from a few basic material param-
eters such as the bandgap energy, the absorption 
coefficient and the refractive index [3] which are 
all experimentally accessible. For most III–V semi-
conductors, the bimolecular recombination coeffi-
cient is in the order of 1–10 × 10−10 cm3 s−1. At very 
high carrier concentrations, as for instance in laser 
diodes, B starts to decrease and Equation 10.1 has 
to be modified [4].

If the carrier concentrations deviate from the 
equilibrium, e.g., in the case of electrical or optical 
excitation, n and p can be written as n = n0 + Δn and 

p = p0 + Δp, and the recombination rate can be split 
into two parts, an equilibrium recombination rate 
R0 and an excess recombination rate ΔR:

 R R B n n p p .0 0 0( )( )+ ∆ = + ∆ + ∆  (10.2)

The small term ΔnΔp in Equation 10.2 can be 
neglected. With R0 = Bn0p0, the expression can be 
written as
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with the excess recombination rate given by

 R B n p n.0 0( )∆ = + ∆  (10.4)

In the case of low excitation, with an excess car-
rier concentration much smaller than (n0 + p0), 
the excess carriers will decay exponentially with 
time
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which gives the time-dependent recombination 
rate as
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Comparing Equations 10.4 and 10.6, the decay life-
time is obtained as
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In the intrinsic case of an undoped semiconductor, 
with n0 = p0 = ni, Equation 10.7 reduces to
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(10.8)

By inserting Equation 10.8 in Equation 10.1, the 
radiative recombination rate can be expressed as
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(10.9)

For n-type materials, the electron is referred to as the 
majority carrier and the hole as the minority carrier, 
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Figure 10.3 Recombination mechanisms in a 
simple band diagram: (a) radiative band–band 
transition, (b) band-impurity level transitions, 
 (c) donor–acceptor transition, and (d) Auger 
recombination process.
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since n p0 0� . For p-type semiconductors, the roles 
are reversed. For an n-type semiconductor, we have 
n n p0 0∆� � , meaning that the excess carrier con-
centration is much smaller than the majority carrier 
concentration, yet much larger than the minority 
carrier concentration. Because both types of carri-
ers are required for the recombination process, the 
carrier lifetime that determines the radiative decay 
of the excess carriers, is the minority carrier lifetime. 
A very large fraction of majority carriers cannot 
find a minority carrier for recombination and thus 
the average majority carrier lifetime is much longer. 
In the case of doping, the carrier lifetimes become 
τn = 1/(Bp0) and τp = 1/(Bn0), for p-and n-doped semi-
conductors, respectively.

Intermediate states in the semiconductor band-
gap may also contribute to the transition from the 
upper conduction band to the lower valence band, 
as shown in Figure 10.3b. Examples are transitions 
from the conduction band to acceptor states or tran-
sitions from donor states to the valence band. If the 
impurity level is deep inside the bandgap, such tran-
sitions can be highly probable. Because the impurity 
has a well-defined position in the crystal lattice, its 
wave function extends widely in the momentum 
space. This permits momentum-conserving transi-
tions to occur with reasonable probability even in 
indirect bandgap materials such as GaP.

Apart from band-impurity level transitions, 
transitions between two impurity levels are also 
possible (Figure 10.3c). These donor–acceptor 
transitions can be rather effective and are very use-
ful for light-emitting diodes. Photons generated in 
this process have an energy, hν, given by

 h E E E Ec v D A( )ν = − − +  (10.10)

where ED and EA are the donor and acceptor binding 
energies. Coulomb interaction between the donor 
and acceptor atoms increases the energy of the 
excited states by an increment of q2/εd, where ε is the 
dielectric constant of the semiconductor host crys-
tal and d the distance between donor and acceptor 
atoms. This additional energy increases inversely 
with the separation, d, between donors and accep-
tors. Because the spatial distance between donors 
and acceptors in the host crystal can vary largely, 
the Coulomb energy increment varies accordingly, 
causing a wide range of possible photon energies 
and thus a broad emission spectrum.

10.2.1.2  NON-RADIATIVE RECOMBINATION

Radiative transitions are electron–hole recombi-
nations in which the excess energy is used to gen-
erate a photon. Non-radiative transitions are all 
other transitions having one feature in common, 
namely that no photon is generated in the transi-
tion process. In fact, in many semiconductors non-
radiative carrier recombination is the dominant 
process. In semiconductors with indirect band 
structure, such as Si or Ge, the measured radiative 
lifetime is three orders of magnitude smaller than 
the calculated value, due to the much larger proba-
bility of non-radiative transitions. Experimentally, 
non-radiative transitions are much more difficult 
to characterize than radiative transitions, because 
no characteristic photons are generated. They can 
be measured only indirectly by analysing the radi-
ative efficiency or the dynamics of the radiation 
process after external excitation.

The most relevant non-radiative process for 
optoelectronic devices is recombination via states 
related to crystal defects. Examples of such defects 
are dislocations, pores, grain boundaries, vacan-
cies, inclusions or precipitates. Carriers within 
a diffusion length of the defect will usually be 
trapped by the defect states and recombine there. 
The recombination rate scales linearly with the 
carrier concentration:

 R A nnr = ∗  (10.11)

where the proportionality factor A∗ increases with 
the density of non-radiative centers.

Usually a defect deforms the bandstructure, 
either by trapping charges or by deforming the lat-
tice, thereby inducing local strain. In either case, 
the deformation produces a potential barrier of 
the height, Eact, which has to be overcome by the 
 carriers. Therefore, the process recombination has 
a thermal dependence of the form:
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where Rnr(T) is the non-radiative recombination 
rate and R∗ a temperature independent coefficient. 
The temperature dependence of the radiative tran-
sition can be neglected. Therefore, as the tempera-
ture is reduced, the non-radiative recombination 
rate decreases exponentially and the radiative 
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processes become more dominant. The tempera-
ture dependence of the radiative recombinations 
over the total number of recombinations is then
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where the ratio R∗/Rr is constant. The quantity 
ηqi(T) is the internal quantum efficiency.

So far, we have been looking at non-radiative 
processes inside the semiconductor material. 
Additionally, minority carriers reaching the sur-
face of the LED are lost due to surface recombina-
tion [5]. At the semiconductor surface, the periodic 
arrangement of atoms, which is the basis for the 
band structure model, no longer exists. Thus, the 
surface is a perturbation of the crystal lattice with 
a strong impact on the band diagram. Due to the 
lack of neighbours, surface atoms have dangling 
bonds, partly filled electron orbitals, which can be 
described as deep or shallow energy levels in the 
bandgap which may act as recombination centers. 
The recombination of carriers via surface states 
is dependent on the semiconductor material and 
is phenomenologically described by a parameter 
called the surface recombination velocity, S. It 
is particularly high in GaAs (S = 106 cm  s−1) com-
pared to InP (S = 103 cm s−1) or Si (S = 101 cm s−1). In 
Al-containing alloys such as AlGaInP, the sur-
face recombination scales appreciably with the 
Al-fraction [6]. S increases from 105 cm s−1 for 
(Al0.1Ga0.9)0.5 In0.5P to 106 cm s−1 for AlInP.

When designing LEDs, it is very important to 
consider surface recombination. Carrier injec-
tion into the active region of the device should 
take place several diffusion lengths away from 
any surface. Recombination at the top-surface of 
the LED is usually prevented by a high-bandgap 
confinement layer above the active region and a 
thick current-spreading or window layer. In some 
LEDs, light extraction shapes are etched deeply 
into these top layers. Theoretically, very high 
extraction efficiencies should be achievable if such 
shapes would penetrate the pn-junction, but then 
a substantial number of carriers could recombine 
at the surface states. However, as long as the active 
region remains planar, surface recombination can 
be neglected due to the lack of minority carri-
ers above the confinement layers. In LEDs with a 

planar surface, carrier diffusion to the lateral edges 
is reduced by placing the top electrode in the center 
of the die.

Instead of generating a photon, the energy 
released during carrier recombination can also be 
transferred to other carriers (electrons or holes) 
and then be dissipated as phonons. This non-
radiative process is called Auger recombination. 
Two examples for Auger processes are shown in 
Figure 10.3d, but many other processes are pos-
sible, depending on the nature and occupation of 
the involved electronic states. Since two carriers of 
one type and one carrier of the opposite type are 
required for the Auger process, the recombina-
tion rate is proportional to either np2 or pn2. The 
proportionality factor C is called the Auger coef-
ficient and has typical values for III–V materials of 
10−28–10−29 cm6 s−1. It is described as

 R C np C pnAuger p
2

n
2= +  (10.14)

or, in the intrinsic case:

 R Cn .Auger i
3=  (10.15)

The Auger recombination thereby scales as the 
cube of the carrier concentration. For LEDs 
where typical carrier densities are low compared 
to lasers, the Auger recombination plays a minor 
role in the device efficiency. However, the Auger 
effect becomes more prominent in materials with 
small bandgap energies such as infrared emitting 
devices.

10.2.1.3  EMISSION WAVELENGTH

The center emission wavelength of an LED is 
mainly given by the bandgap energy λ = hc/Eg. 
The full width at half maximum (FWHM) of the 
emission is approximately ΔE ≈ 2kT [7]. Thus, at a 
given temperature, Δλ/λ scales with 2kT/Eg or Δλ 
increases with λ2. The linewidth can be increased 
by using high doping levels or having graded 
compositions in the active region of the LED. The 
emission linewidth is an important parameter for 
near-infrared LEDs for optical fiber transmission 
systems due to the dispersive nature of the fiber.

Light that is extracted through the top surface 
has to penetrate through only transparent  material 
before reaching the semiconductor–air or –epoxy 
interface. A significant fraction of light is guided 
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along the active layers and extracted at the die side-
walls. Along this path, the emission wavelength is 
changed by absorption, which affects mostly the 
short-wavelength part of the spectrum. This effect 
is shown in Figure 10.4 for an AlGaInP LED. Here, 
the emission spectrum measured at the top-side 
(0°) differs substantially from the side emission 
(90°). While the effect is typical for all LEDs that 
employ band–band transitions, it is not present in 
LEDs which are based on impurity level  transitions, 
such as used in GaP-based devices. Figure 10.4 
shows the emission spectra of a GaP:Zn, O LED 
which is essentially independent of the emission 
direction.

10.2.1.4  LIGHT EXTRACTION

Although light can be efficiently generated inside 
an LED (ηqi > 90%) only a few per cent of the 
generated photons can actually escape from the 
semiconductor material. Due to the large differ-
ence in the refractive index between the semicon-
ductor (n = 3–3.5) and the surrounding medium 
(n = 1–1.5), the interface acts as a perfect mirror 
for most of the generated photons and prevents 
them from leaving the diode. The major contri-
bution to the high reflectivity is total internal 
reflection which occurs at all angles larger than 
the critical angle ϑc. According to Snell’s law, this 
angle is
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where ns and nm are the refractive indices of the 
semiconductor and the surrounding medium. All 
angles are measured to the direction normal to 
the interface. Only rays of light with ϑ < ϑc can 
escape from the diode. In 3D-space this range of 
angles forms a cone, which is frequently called 
the “escape cone.” If the semiconductor chip (e.g., 
GaAs, n = 3.5) is surrounded by air (n = 1), the criti-
cal angle ϑc is 17°, in the case of epoxy encapsula-
tion with a refractive index of n = 1.5, ϑc becomes 
26°. The fraction of escaping photons to the total 
number of generated photons is then given by
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which is the ratio of the surface subtended by the 
spherical escape cone divided by the surface of the 
full sphere. Even for light that is incident perfectly 
normal to the chip surface some of the photons are 
reflected by Fresnel reflection:
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This relation describes the reflection at normal 
incidence. The correct angular dependence is 
described by the so-called Fresnel formulae which 
were first derived by Fresnel in 1823 [8]. For reasons 
of simplicity we approximate the Fresnel reflection 
within the light extraction cone by Equation 10.18. 
Then the total extraction efficiency is
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For a GaAs-based LED the fraction of light that 
escapes the material is as low as ≈2% or ≈4% for 
air or epoxy as surrounding medium, respectively. 
Internal reflection is therefore a major obstacle for 
the fabrication of high efficiency AlGaInP/GaAs or 
AlGaAs/GaAs-based LEDs.

The typical destiny of a totally reflected photon 
is to be reflected a couple of times before finally 
being absorbed either in the active region or some-
place else in the LED structure. Even without the 
presence of absorption, the angles of reflection in 
a typically cube-shaped LED die will continue to 
reproduce themselves, without ever falling inside 
an escape cone (Figure 10.5). A  straightforward 
remedy for LEDs on TSs is to give the entire die a 
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geometrical shape which is more suitable for light 
extraction. The ideal solution would be a spheri-
cal or hemispherical chip with small active area 
in the center. Other geometries are LEDs with 
hemispherically shaped top side, inverted cones, 
truncated spheres or truncated cones. Already, 
in the early sixties, die shaping for high effi-
ciency LEDs was extensively investigated [9,10]. 
At that time, the technology of more or less indi-
vidually shaped dies turned out to be not practi-
cal, mostly because of the associated high costs. 
However, more than 30 years later, high bright-
ness LEDs with  geometrically shaped dies have 
now entered the market: the truncated inverted 
pyramid AlGaInP LED (see Section  10.4) and 
the InGaN/SiC “Aton” LED, offered by Lumileds 
and Osram-OS, respectively. A photograph of the 
Aton-chip is shown in Figure 10.6. Light is gen-
erated in the GaN-based structure on the SiC-
substrate. Because the refractive index of SiC is 
larger than the index of GaN, light rays which 
enter the SiC material can only cover an angular 
range of 0°–68°, according to Snell’s law. Since 
most of this light would be totally reflected at 
the SiC–air interface in a cube-shaped die, the 
side facets are inclined by 30°. This increases the 
angular range of extracted light rays appreciably 
and results in an almost doubled brightness com-
pared to the standard rectangular die [11].

From a fabrication point of view, planar LED 
structures with the shape of a rectangular paral-
lelepiped are favorable. One way to increase the 
efficiency of planar LEDs is to increase the thick-
ness of the transparent layers above the  active 
layer, until the escape cones parallel to the 
active layer are fully utilized. This is schemati-
cally shown in Figure 10.7. If the window layer 
thickness d is big enough, light generated in the 
center and emitted into the side escape cone can 
escape if
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where w is the lateral size of the die. For an 
encapsulated GaP LED with ns = 3.4 and nm = 1.5, 
the critical angle ϑc is 26°. If the chip width is 
w = 300 μm, the optimum window layer would 
be dwindow = 74 μm. If the substrate is transpar-
ent, it is theoretically possible to extract the 
escape cones from all six sides of the cube, which 
would give 24% extraction efficiency for an 
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GaN (n = 2.4)

SiC (n = 2.7)

Figure 10.6 Above: InGaN “Aton” chip with 
inclined facets. Below: principle of light extrac-
tion in the “Aton”-die: (a) range of angles 
coupled from GaN into SiC, (b) range of angles 
that can transmit the SiC–air interface, (c) fraction 
of light in SiC that can be extracted.
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Figure 10.5 Top: total internal reflection and 
“escape cone” at the semiconductor–air inter-
face. Bottom: reproduction of reflection angles in 
a cubically shaped LED die.
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encapsulated LED. In case of an AS, the bottom 
cone and the bottom half of the four side cones 
are lost, leaving an extraction efficiency of 12%, if 
the window layer complies with Equation 10.20. 
This is of course only a very crude model to esti-
mate the effect of transparent windows and sub-
strates because important effects like multiple 
pass reflection, absorption and re-emission are 
neglected. Real LEDs with TS and thick win-
dow layer can achieve up to 32% external effi-
ciency  [12] exceeding even the theoretical value 
of 24% using the simplified model.

Bragg mirror—About half of the emission of 
an LED is directed towards the substrate. If the 
substrate is not transparent, this light is basi-
cally lost by absorption resulting in a substantial 
reduction in extraction efficiency. This loss can be 
partly reduced by the introduction of a Bragg mir-
ror between the active layer and the AS. A Bragg 
mirror consists of a stack of layer pairs with dif-
ferent refractive indices, where each layer has the 
thickness of a quarter optical wavelength. In such 
a stratified layer structure, each interface provides 
a certain reflectivity, depending on the contrast in 
refractive index. The Fresnel reflectivity at each 
interface is given by
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Here, nlow and nhigh are the refractive indices of 
the layer with higher and lower index, respectively. 
Because all layers have the thickness of a quarter 
wavelength, all reflections in that direction add in 
phase so that the total reflection for perpendicular 
incidence can be very high. If the number of layer 
pairs is m, the mirror reflectivity is
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This shows that a high mirror reflectivity can be 
achieved even for low index contrast materials, 
if the number of layer-pairs m is high enough. 
However, besides the practical drawback of grow-
ing large number of layer pairs, a low index contrast 
also results in a very narrow reflection bandwidth 
both in terms of wavelength and angular range. 
Therefore, Bragg mirrors are only of practical use 
if the material system offers a ratio nhigh/nlow suf-
ficiently larger than 1.

In an LED, the Bragg mirror should be tuned 
to a maximum power reflectivity integrated over a 
range of angles within the escape cone. Note, that 
this situation is typically not achieved with a Bragg 
mirror optimized for perpendicular incidence. By 
shifting the center reflectivity of a DBR towards 
longer wavelength, the reflectivity for off-axis light 
rays is enhanced and, since the solid angle with 
a given angular increment in these directions is 
much larger, a significantly higher integral reflec-
tivity is obtained. If we take a 630 nm AlGalnP-
LED, with a 20 period Al0.5Ga0.5As/AlAs DBR, 
the integral reflectivity for a center wavelength at 
630 nm is in the order of 50%, whereas it is close to 
75% if the mirror is tuned to 670 nm.

Surface structuring—Another approach to 
enhance the extraction efficiency of LEDs on ASs 
is to texture the surface [13]. Figure 10.8 shows 
a schematic drawing of a commercial surface-
structured high-brightness AlGalnP-LED. The 
light extraction structure is etched into the win-
dow layers above the pn-junction. The basic idea 
is to inject the electrical current only along the 
edges of the die so that most of the light is gener-
ated close to the edge. The surface structure is then 
optimized for the extraction of light generated 
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Windowd ϑ

W/2

Active layer

Transparent
substrate

Absorbing
substrate

Figure 10.7 Escape cones in a cubic LED die. 
Top: LED with AS and thick window layer. 
Bottom: TS LED.
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below the electrical contacts. An additional ben-
efit of this approach is that the light is generated 
far away from the bond pad, which would other-
wise shadow a substantial fraction of the emission. 
Other approaches for high extraction efficiency are 
discussed in Section 10.4.

10.2.1.5  RADIATION PATTERNS

If external factors such as reflection, absorption or 
re-emission are excluded, the spontaneously gen-
erated photons in an electronic transition are emit-
ted isotropically into all directions. The radiant 
intensity Ie of an LED is the divergence of optical 
power at a defined angular direction. In the case 
of ideal isotropic emission, the radiant intensity Ie 
would have the same value of Ie = Pout/Ω = P/4π in 
all directions. The solid angle Ω of a full sphere 
has the value Ω = 4π. In the non-isotropic case, Ie is 
defined as the integral of dPout/dΩ over all angles. 
Ideal isotropic radiation can only be achieved with 
point light sources and without the presence of 
internal reflection. In a real semiconductor diode, 
however, light is generated in an active region with 
the lateral extension of the die and is extracted 
through the semiconductor–air interface. In this 
case, the radiant intensity can be described by a 
cosine dependence:

 I I cose 0( ) ( )ϑ ≈ ϑ  (10.23)

This is the Lambertian cosine law of radiation 
which applies to most planar LEDs. LEDs with TSs 
such as GaP-and AlGaAs/AlGaAs-LEDs or wafer-
bonded AlGaInP/GaP devices, have enhanced side 
emission. Some novel types of LEDs show totally 

different emission patterns. Examples are LEDs 
with shaped dies such as the truncated inverted 
pyramid LED [14] or the “Aton LED” [15]. Other 
examples are resonant-cavity LEDs, where the 
radiation pattern is given by the built-in optical 
resonator [16] (Figure 10.9). Besides the proper-
ties of the LED die, the radiation characteristics 
of encapsulated LEDs is strongly influenced by the 
used package.

10.2.2  Electrical properties 
electroluminescence

In a semiconductor diode, an electrical cur-
rent composed of a flow of electrons and holes, 
is injected into the active region. A forward bias 
across the pn-junction reduces the potential barri-
ers for electrons and enables them to spill over into 
the p-region (Figure 10.10). Similarly, the forward 

Substrate

Surface structure

Current injection

Bondpad (isolated)

Figure 10.8 Sketch of a surface structured LED, 
with an etched light-extraction structure along 
the contacts at the chip edges.
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bias reduces the potential barrier which blocked 
the flow of holes into the n-region. The overlapping 
concentration of electrons and holes allows spon-
taneous recombination.

The most simple diode structure is a pn-homo-
junction LED, where the p-and n-doped regions 
of a semiconductor material form a pn-junction. 
Examples of homojunction LEDs are blue GaN-
LEDs where the pn-junction is created during 
the eptiaxial growth of n- and p-type GaN layers. 
Better carrier confinement is achieved, if the pn-
junction is formed by two semiconductors having 
different bandgaps. Single heterojunction (SH) 
LEDs typically involve an n-type semiconductor 
with a narrow bandgap and a p-type semiconduc-
tor with a wider bandgap. SH active regions were 
first employed for LEDs in the AlGaAs system. 
Even better injection efficiency of electrons and 
holes and improved carrier confinement can be 
achieved if two heterojunctions are used to form 
the active region. Double heterostructure active 
regions of LEDs use a narrow bandgap semicon-
ductor, sandwiched between two wide bandgap 
materials (Figure 10.11) [17,18]. In semiconductor 
lasers, the narrow bandgap layer has a thickness 
of a few ten nanometers, whereas in LEDs it can 

be up to some micrometers thick. High-brightness 
AlGaInP-and InGaN-LEDs employ double hetero-
structure active regions.
If Apn and dpn are the area and thickness of the 
active region, the generation density of carriers is
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with Ja = Ia/Apn as the current density. If the gen-
eration rate of carriers equals the recombination 
rate in the active layer of the LED, the system has 
reached an equilibrium:
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The right-hand side of Equation 10.25 is the 
total recombination rate for a given density of 
injected electrons n. The coefficient A in the lin-
ear term accounts for surface recombination, as 
well as recombination via defect levels. For typi-
cal, undoped III–V materials, A is in the order of 
108 s−1. The quadratic term includes the bimolecu-
lar recombination coefficient B and accounts for 
radiative transitions. The cubic term is the Auger 
recombination.

According to Equation 10.25, the radiative 
recombination rate increases with the square of 
the carrier density, whereas the non-radiative 
recombination is basically a linear function of the 
carrier density (neglecting Auger). As the carrier 
concentration in the active region increases, the 
radiative process starts to dominate over the non-
radiative process and the internal efficiency of the 
device will increase. High carrier density in the 
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Figure 10.10 Band structure at the pn-junction 
of a simple homostructure LED. Above: with no 
bias and below: under forward bias. Lower right: 
electron and hole distributions.
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active layer is usually achieved with a double het-
erostructure, where the active layer is sandwiched 
between large-bandgap barrier layers. The number 
of carriers that spill over the barriers is exponen-
tially dependent on the barrier height, as well as 
on the temperature. Thus, to minimize this carrier 
leakage, the heterobarriers should be as high as 
possible, at least a few kT. While some alloy sys-
tems, such as AlGaAs/GaAs or InGaN/GaN, offer 
the possibility to realize high potential barriers, 
some other systems, like AlGaInP, lack large direct 
bandgap compositions.

The typical ternary and quaternary III–V alloys 
used for LEDs consist of solid solutions of binaries 
with direct (GaAs, InP) and indirect (GaP, AlP) 
bandgaps. As the fraction of indirect materials 
is increased, the bandstructure can change from 
direct to indirect. The closer the composition of an 
active region is to the so-called cross-over point, 
where the indirect conduction band minimum (X) 
becomes lower than the direct minimum (Γ), the 
more carriers are leaking into the X-minimum. 
The Γ–X transfer of carriers is a non-radiative loss 
mechanism which substantially limits the internal 
efficiency of yellow and green emitting devices (see 
Section 10.3).

10.2.2.1  CURRENT–VOLTAGE 
CHARACTERISTICS

The current–voltage characteristic of pn-junctions 
is described by the Shockley equation [19,20], 
which is given by
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where Is is the current obtained with a reverse bias 
(V negative). Is is called the saturation current and 
is controlled by the number of minority carriers 
which diffuse to the pn-junction. In this (ideal) 
case, the current density, Is/A, can be calculated 
according to
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where A is the cross-sectional area of the diode 
junction, Dn and Dp are the electron and hole dif-
fusion constants, np0 and pn0 are the equilibrium 
electron and hole concentration on the p-and 

n-side, respectively. Under forward bias for V > 
3kT/q the current rises exponentially with V.

To describe real diodes, with a series resistance 
Rs, and in the presence of recombination centers in 
the active material, the Shockley equation has to 
be modified:
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The factor α is the so-called ideality factor. In the 
case of an ideal diode, α becomes 1, and, in the case 
of recombination only via defect states in the 
depletion region, α becomes 2. Since in real diodes 
both processes take place, the ideality factor α will 
take a value between 1 and 2. The series resistance 
Rs is typically of the order of a few ohms and can 
be neglected at small currents <1 mA. However, 
at higher currents Rs has an important influence 
on the I(V) characteristics and on the energy 
efficiency.

A typical current–voltage characteristics of 
an AlGaInP-LED at room temperature is shown 
in Figure 10.12. A linear current scale is used for 
the upper half of Figure 10.12, whereas the lower 
part uses a logarithmic scale. At currents in the 
microampere region and below, non-radiative 
transitions dominate the recombination mecha-
nisms and the ideality factor α is 2. For currents 
between approximately one microampere and 
one milliampere, more carriers are injected into 
the active region and the non-radiative transi-
tions become saturated with carriers. At those 
currents, the desired radiative recombination 
can compete successfully with the transitions via 
non-radiative centers and the ideality factor α 
reduces to 1.3–1.5. At currents above some milli-
amperes, the series resistance of the LED eventu-
ally determines the slope of the current–voltage 
characteristics.

10.2.3  Efficiencies

In an ideal LED, every injected electron generates 
one photon with an energy of hν = Eg. In this case, 
the number of injected carriers I/q equals the num-
ber of generated photons and the efficiency of this 
process is 1. However, in reality, not all injected 
electrons reach the active region, not all electrons 
in the active region can generate photons and not 
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all photons can escape from the semiconductor. 
Therefore, all involved processes like carrier injec-
tion, carrier recombination or photon extraction 
are more or less efficient. Their efficiencies can be 
expressed either as quantum efficiency in terms of 
the number of photons and electrons involved or as 
power efficiency in terms of the optical or electrical 
power of all carriers involved.

In real LEDs, some of the electrical current is 
lost, e.g., due to conductive channels along the sur-
faces of the die or at crystal defects in the vicinity 
of the pn-junction. The fraction of  current which is 
actually reaching the active region is

 I Ia inj 0= η  (10.29)

The ratio ηinj = Ia/I0 is called the injection efficiency.
At the pn-junction, the carriers recombine, 

either via radiative or non-radiative transitions. 
The internal quantum efficiency ηqi is defined as 
the number of generated photons per unit time 

over the number of electrons injected per unit time. 
In some cases, it is more convenient to express ηqi 
in terms of radiative and non-radiative recombina-
tion rates (Equation 10.13) or the corresponding 
carrier lifetimes:
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Only photons that leave the semiconductor chip 
are useful. Since only a small portion of photons 
generated in the die can be extracted, we have to 
define an extraction efficiency ηextraction as the num-
ber of extracted photons over the total number of 
generated photons.

The external quantum efficiency of an LED is 
the product of the internal quantum efficiency and 
the extraction efficiency:

 ext qit extractionη = η η  (10.31)

This is the ratio of the number of photons emit-
ted from the LED per unit time to the number 
of injected electrons into the LED per unit time. 
The number of emitted photons from the LED is 
obtained by dividing the measured optical energy 
by the photon energy hν. The number of electrons 
per unit time is the injected electrical current 
divided by the elementary electron charge q. Thus, 
the external quantum efficiency, ηext, can be calcu-
lated according to
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In an ideal diode, the forward voltage, Vf, of the 
device equals the bandgap energy divided by the 
elementary electron charge Eg/q. In real LEDs, 
however, the device structure contains additional 
series resistances and potential barriers which will 
increase the forward voltage. Therefore, we can 
define an external power efficiency or “wall-plug 
efficiency” as
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The “wall-plug” efficiency is the most important 
parameter for LED applications. It can be expressed 
in terms of several efficiencies defined above:
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(10.34)

The different definitions are summarized in 
Table 10.1.

10.3  MATERIAL SYSTEMS FOR 
VISIBLE LEDs

10.3.1  GaP and GaAsP

The evolution of ternary III–V alloys started with 
the development of epitaxial growth methods 
like LPE or VPE. Binary alloys like GaAs or GaP 
were first available as bulk crystals and could be 
used as substrate materials. If P is added to an epi-
taxial layer of GaAs, the emission is shifted from 
the infrared to the visible spectrum (Figure 10.13) 

Table 10.1 Summary of different definitions of internal and external efficiencies
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Note: The last expression for the extraction efficiency is valid for LEDs with a planar structure.
I0, total injected current; Ia, current flow into the pn-junction; Rrad, radiative recombination rate; Rnr, non-radiative 

recombination rate; τr, radiative carrier lifetime; τnr, non-radiative carrier lifetime; Pout, optical power emitted 
from the LED; V, applied voltage; ϑc, angle of total reflection; ns, refractive index of the semiconductor mate-
rial; nm, refractive index of the surrounding medium; #, number.
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and the lattice constant becomes larger than that 
of GaAs. For low P-fractions up to about 0.45 in 
GaAs1–xPx, the bandstructure remains direct and 
direct red emission is achieved [21]. However, the 
more P is added to the alloy, the larger the lattice 
mismatch to GaAs becomes and the more misfit 
dislocations are generated. The external efficiency 
of a GaAsP LED decreases by about a factor of 10 
as the P-fraction is increased to the direct–indirect 
crossover point at x = 0.45. Fortunately, the human 
eye response increases in this wavelength range by 
more than a factor of 50 so that the product of LED 
efficiency and eye sensitivity reaches a maximum 
at x = 0.4 (≈650 nm, red). The fabrication process of 
these LEDs is rather simple. It includes a selective 
Zn-diffusion step into an n-type layer to form the 
pn-junction and subsequent contact formation.

The emission properties are significantly changed 
if the material is doped with an isoelectronic impu-
rity such as nitrogen. As a group V-element, nitro-
gen does not produce additional carriers as standard 
dopants do, but introduces a carrier trapping level 
approximately 100 meV below the conduction band. 
Trapped electrons become localized in space which 
causes a large spread in the allowed momentum of 
the electron. Matching the momentum of holes in the 
valence band enhances dramatically the probability 
for radiative recombination and thus the generation 
of light. The problem of lattice-mismatch-induced 
dislocations is, of course, still present and limits the 
efficiency for higher P-fractions in GaAsP [22]. On 
the other hand, isoelectronically doped LEDs do 
not suffer from re-absorption to the same extent as 
intrinsic devices, which is a substantial advantage for 
higher efficiency. Consequently, the light extracted 
in different directions from the die does not show 
the variation in the wavelength spectrum that is 
observed in high-brightness LEDs (Figure 10.14).

Doping GaP simultaneously with the two group 
V-elements N and O also enhances the efficiency of 
GaP-LEDs. Introduced together in similar quanti-
ties, the two dopants tend to form complexes after 
proper annealing, and these function as isoelec-
tronic traps. The Zn–O complex level lies deeper 
in the GaP band gap (approximately 0.3 eV below 
the conduction band) than the N-level and pro-
duces red photons at a wavelength of 700 nm. The 
low sensitivity of the human eye at 700 nm and the 
rapid saturation of the Zn–O centers with increas-
ing current density limits the luminous efficiency 
to values below 0.5 lm W−1.

Table 10.2 summarizes some characteristic fea-
tures of the most common GaAsP and GaP-based 
LEDs. One property of transitions via impurity 
levels is, that the recombination rate saturates as 
more carriers are injected, which limits the maxi-
mum applicable current to the diode. The bright-
ness of isoelectronically doped LEDs, such as 
green GaP:N devices, is still sufficient for many 
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Figure 10.14 Emission spectrum from a red 
GaP:Zn, O LED showing a directionally indepen-
dent emission spectrum.

Table 10.2 Properties of the most common types of GaAsP-and GaP-based LEDs

Substrate Color

Peak 
wavelength 

(nm)
Ext. 

efficiency (%)
Performance 

(lm W−1)

GaAs06P GaAs Red 650 0.2 0.2
GaAs0.35P0.65:N GaAs Orange–

red
630 0.7 1

GaAs0.14P0.86:N GaAs Yellow 585 0.2 1
GaP:N GaP Green 565 0.4 2.5
GaP:Zn–O GaP Red 700 2 0.4
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applications such as indoor signs, indicators or 
illumination of small displays. However, although 
such LEDs are still sold in quantities of billions of 
devices per year, the performance is not sufficient 
for high brightness applications.

10.3.2  AlGaAs/GaAs

The first high-brightness LEDs on the mar-
ket were red AlxGa1–xAs/GaAs devices. The ter-
nary alloy AlxGa1–xAs is a solid solution of AlAs 
(Eg = 2.168 eV) and GaAs (Eg = 1.424 eV). Since 
AlAs (a = 5.66 Å) and GaAs (a = 5.65 Å) have basi-
cally the same lattice constant, AlGaAs is conve-
niently lattice matched to a GaAs substrate for the 
entire composition range. While GaAs is a direct 
bandgap material, AlAs has an indirect band-
structure. The bandgap of AlGaAs is direct for 
an Al-fraction up to 45% and indirect for higher 
values. This limits the efficient emission of visible 
light to the red spectral range above 620 nm. The 
composition dependence of the Γ-(direct gap) and 
the X-minima (indirect gap) of the Brillouin zone 
can be calculated according to Reference [23]:

 E x x x= 1.424 + 0.247 eV 0 0.45g ( ) ≤ ≤Γ  (10.35)

( )
= +

+ − ≤ ≤

ΓE x x

x x

( ) 1.424 0.247

1.147 0.45 eV 0.45 1

g

2

 (10.36)

E x x

x x

( ) 1.9 0.125

0.143 eV 0 1.0.

Xg

2

= +

+ ≤ ≤  (10.37)

The energies of the AlGaAs conduction band min-
ima of the Γ-, X- and L-bands, are shown in Figure 
10.15 as a function of the Al-mole fraction. The 
band discontinuity at an AlGaAs/AlGaAs hetero-
junction splits in a ratio of roughly 60:40 between 
the conduction and valence bands [24]. Typical 
doping elements for p-type AlGaAs are zinc, car-
bon, beryllium and magnesium, while n-doping 
can be achieved with silicon, selenium or tellu-
rium. The electrical conductivity of the material 
decreases rapidly with increasing Al-content.

Today, AlGaAs is a mature material system, read-
ily fabricated using LPE or MOVPE growth [25]. 
High brightness visible LEDs emitting between 650 
and 660 nm are routinely produced and are used 
worldwide. High performance AlGaAs-LEDs uti-
lize an active layer with a double heterostructure 

confinement layer. Grown on absorbing GaAs sub-
strates, these devices achieve luminous performances 
around 3 lm W−1. The material system offers the pos-
sibility to grow thick (100–150 μm) epi-layers by LPE 
on GaAs substrates. With these very thick AlGaAs 
layers, it is possible to remove the original GaAs sub-
strate by, e.g., selective etching, leaving a transparent 
“substrate” LED structure. Such TS AlGaAs LEDs 
are roughly twice as bright as devices on GaAs sub-
strates with luminous performances of 8 lm W−1. One 
major drawback of AlGaAs is its tendency to oxidize 
in the presence of oxygen or moisture. Because the 
standard epoxy materials cannot seal the LED die 
efficiently, the oxidation is also present after polymer 
encapsulation. The process is accelerated at elevated 
temperatures. Although visible AlGaAs LEDs are 
still used in large quantities, it is anticipated that they 
will be replaced in many outdoor applications by the 
more robust AlGaInP LEDs.

10.3.3  AlGaInP/GaAs

The alloy system (AlxGa1–x)yIn1–yP is a direct semi-
conductor material that covers the range of colors 
from red (650 nm) to yellow-green (560 nm). 
For higher brightness applications, it has widely 
replaced the indirect bandgap emitters GaP:N and 
GaAsP:N. The quaternary alloy AlGaInP can be 
regarded as a mixture of three binary materials, AlP, 
GaP and InP. The first two binaries have nearly the 
same lattice constant, which is appreciably different 
from the third involved material InP (Figure 10.16). 
In order to obtain lattice matching to GaAs, the In 
mole fraction is fixed at about 0.48, whereas the Al 
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mole fraction x can be varied widely without affect-
ing the lattice constant (Figure 10.17). 

As usual for zinc blende type lattices, the band 
structure of the material has a single conduction band, 
with minima at the Γ-, X- and L-points, and three 
valence bands with degenerate heavy and light hole 
bands at the Γ-point. For low Al-content the bandgap 
is direct, but becomes indirect, with X being the low-
est conduction band level for increasing Al-content. 
The bandgap energies have been determined by vari-
ous methods [26], yielding slightly different results. 
A commonly accepted relation for the bandgap varia-
tion with composition at room temperature is

 E X x( ) 1.900 0.61 eVg ( )= +Γ  (10.38)

 E X x( ) 2.204 0.085 eV.Xg ( )= +  (10.39)

These values indicate that the Γ–X crossover takes 
place for x = 0.58, corresponding to an energy of 
2.25 eV or a wavelength of 550 nm. As the cross-
over composition is approached from the low-
energy side, the radiative efficiency of the material 
decreases drastically due to transfer of electrons 
from the Γ-to the X-valley, determining the maxi-
mum accessible range of wavelengths for LEDs. 
The conduction L-valley has not been seen directly 
in any experiment, but from measurements involv-
ing hydrostatic pressure [26], it has been estimated 
to be at least 125 meV above Γc. Although some 
theoretical work indicates a closer proximity to 
Γc [27], there are negligible effects on the perfor-
mance of luminescent devices.

Various data indicate that the common 60:40 
rule for the conduction and valence band offsets 
is also applicable in AlGaInP material [28]. The 
X-minimum of the conduction band changes 
accordingly, leading to a maximum band offset of 
about 200 meV in the conduction band. This con-
clusion has been nicely confirmed by transport 
experiments on n–i–n heterostructures [29].

For the active material, a double heterostructure 
design or a multiple quantum well (MQW) struc-
ture, embedded between larger bandgap layers, is 
used to optimize the carrier confinement. As the 
Al-concentration in the active region is increased 
to achieve shorter wavelength emission, electrons 
are thermally transferred from the Γ-minimum 
to the X-minimum, generating an additional 
non-radiative recombination channel. Beyond 
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the Γ–X-crossover, the radiative efficiency drops 
to zero. Closed-form expressions for the non-
radiative losses through Γ–X-transfer have been 
derived under certain approximations [28] but a fit 
to experimental data requires additional assump-
tions, specifically a reduction of carrier lifetimes 
with Al-concentration. While this assumption is 
reasonable (the residual oxygen incorporation, 
e.g., increases with the Al content), electron leak-
age and, to a minor extent, hole leakage across the 
barriers follow a similar relationship on current 
and temperature, making it difficult to distinguish 
between the mechanisms in simplified models.

Simulations of the device efficiency show that, 
in the red color range, the internal quantum effi-
ciency is solely determined by non-radiative 
processes [30]. For emission wavelengths below 
600 nm on the other hand, carrier leakage super-
sedes the non-radiative losses. Carrier leakage can 
be minimized by using larger active layers. Lower 
carrier densities in the active layer lead to higher 
effective barriers. At the same time, however, non-
radiative processes become more favorable. Thus, 
as in many cases, the optimum configuration is 
determined by the material quality and different 
results have been obtained by different research 
groups [12,13]. Another way of suppressing the 
carrier leakage is to increase the barrier heights. 
The barriers are maximized by using doped AlInP 
for the confinement layers. Even larger barri-
ers can be obtained by thin layers of AlInP, with 
tensile strain or multiple quantum barrier (MQB) 
structures [31]. In the latter case, a combination of 
barrier layer and short-period strained superlattice 
(SPSS) is used, such that the lowest SPSS miniband 
accessible for electrons tunneling out of the active 
layer is above the largest conduction band energy 
of any of the constitutant materials.

An important issue for the fabrication of opto-
electronic devices is the tendency of the material 
to form ordered phases. Depending on the growth 
conditions, atomic ordering of In and Al/Ga along 
the (111) planes can occur on the group-III sublat-
tice [32]. The modified crystal structure leads to a 
significant reduction of the bandgap energy, which 
has been measured to be up to 160 meV in par-
tially ordered material [33] and is estimated to be 
as large as 471 meV for completely ordered mate-
rial [34]. Moreover, in photoluminescence experi-
ments, it has been found that peaks can be split 
and broadened [35] and luminescence intensities 

are decreased [36], possibly due to the formation 
of piezoelectric fields and non-radiative recombi-
nation centers at domain boundaries. Therefore, 
disordered material is more favorable for most 
LED devices, in particular when short wavelengths 
are needed. Generally, the use of misoriented sub-
strates, e.g., (100) tilted towards the 〈110〉 or the 
〈111〉A direction, and the proper choice of growth 
conditions and doping profiles allows the complete 
suppression of ordering in the material [37]. More 
details about the AlGaInP alloy system can be 
found in the literature [28,30,38].

10.3.4  InGaN

The group-III nitrides are the only III–V system 
that allows the generation of UV, blue and green 
photons. (Al)InGaN alloys can be described as a 
solution of the three binaries AlN, GaN and InN, 
with a very restricted solid miscibility due to ther-
modynamic constraints [40]. All three materials 
are direct semiconductors with band gaps of 6.2, 
3.4 and 1.9 eV, respectively [41]. By adding In to 
GaN, the emission wavelength is shifted from the 
UV (365 nm) to the visible spectrum. Theoretically, 
the (Al)InGaN-system can cover a wide wave-
length range up to 630 nm. The practical limit 
today, however, is somewhere in the green spectral 
range (≈ 550 nm).

The alloys can crystallize in two different 
modifications, either in a cubic zinc blende struc-
ture or in a hexagonal wurzite structure with the 
latter being considered as thermodynamically 
more stable. Since neither GaN nor AlN are avail-
able as bulk crystals, the system lacks a suitable 
semiconductor substrate for epitaxial growth 
(Figure 10.18). The most common substrate today 
is sapphire, with a lattice mismatch of 16% to 
GaN. Although this large mismatch causes a very 
high dislocation density between 107 and 109 cm−2 
in the epitaxial films [42], the system is still capa-
ble of producing highly efficient LEDs, for rea-
sons that are not fully understood. Obviously, the 
dislocations that must occur do not act as efficient 
recombination centers, which, together with the 
low diffusion length of holes, do not appreciably 
affect the radiative recombination efficiency. An 
alternative substrate is SiC which has a lower 
lattice mismatch to GaN and offers a number 
of additional advantages such as good electrical 
and thermal conductivity or a high electrostatic 
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discharge hardness [43,44]. Compared to sap-
phire, SiC is about ten times more expensive and 
less transparent. Also, its refractive index is less 
suitable for light extraction.

It has been found that the growth of a GaN, 
AlN or AlGaN buffer layer is essential for the 
growth of high-quality layers on both mis-
matched substrates SiC and sapphire. This 
buffer is usually grown at low temperatures 
(500°C–600°C), before the temperature is raised 
to 1000°C–1100°C for the growth of the device 
structure. On sapphire substrates, the buffer layer 
is necessary to achieve a smooth surface mor-
phology and good optical and electrical proper-
ties despite the large lattice mismatch [45–47]. 
On SiC-substrate, the buffer layer reduces the 
voltage drop across the SiC–GaN interface. Also, 
the buffer thickness directly impacts the quality 
of the subsequently grown layers. Maximum Hall 
mobility in n-type GaN is achieved with 20 nm 
thick GaN-buffer layer thickness [47]. From the 
different temperature dependence of the Hall 
mobility with GaN-and AlN-buffer layers, it 
might be concluded that the GaN-buffer reduces 
the effect of ionized impurity scattering [48].

Nominally undoped GaN is n-type, with a 
high residual electron concentration. P-doping is 
very difficult to achieve in III-N-alloys. The lack 
of p-type material, and hence of pn-junctions, 
has been a blocking point for the fabrication of 
light-emitting devices for a long time. A lot of the 
early work was done with Zn as acceptor [49,50], 
but today the preferred material for p-doping is 

magnesium [51]. After the epitaxial growth, the 
acceptors are passivated by the formation of some 
sort of Mg–H complexes [52]. P-conductivity 
can be obtained after a post-growth treatment 
by thermal annealing or using low-energy elec-
tron irradiation (LEEBI), but also “in situ” by a 
suitable growth and cooling-down procedure. 
The activation energy of Mg acceptors in GaN, 
deduced from temperature-dependent Hall mea-
surements, is assumed to be around 160 meV. 
In InGaN and AlGaN-alloys, the activation of 
Mg acceptors is dependent on the composition. 
Silicon or germanium is used for n-type dop-
ing. The donor activation energy of Si in GaN is 
around 33 meV.

As a consequence of the high ionicity of the 
nitrides, their refractive indices are relatively 
small. The values for the binaries are listed 
in Table 10.3. The index of (Al)InGaN can be 
changed appreciably by changing the composi-
tion and thus the bandgap. The refractive index is 
an important parameter for light extraction from 
the diode chip. Another favorable property of the 
III-nitrides is their high thermal conductivity. 
Some of the values are listed in Table 10.3. The 
common substrates such as sapphire and 6H-SiC 
have thermal conductivities of 0.439 and 4.9 W 
cm−1 K−1, respectively.

The first blue emitting LEDs were homotype 
pn-junction GaN devices. The electrolumines-
cence spectrum consists of a narrow acceptor-
band emission in the UV (around 370 nm) and 
a broad band-acceptor line at 420 nm. Better 
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carrier confinement and thus more efficient 
recombination are achieved in double hetero-
structure devices. By adding Al to GaN, the 
bandgap is increased while the addition of In 
shifts the bandgap to lower energies. Thus, typi-
cal DH-devices involve AlGaN confinement lay-
ers around GaN or InGaN active layers. Due to 
the large difference of lattice constant between 
AlN and InN, the range of usable composition 
and layer thickness is limited. Similar to the 
impurity related transitions in GaP, simultane-
ous doping of InGaN with Zn and Si can gener-
ate relatively efficient donor–acceptor emission 
in the violet to green spectral range [53,54]. 
Using active material of quantum wells with a 
well thickness below the critical thickness the 
quality of the LED structure is improved sig-
nificantly, which enables the use of band–band 
or near band–edge transitions as major recom-
bination process [55]. As long as mismatch-
induced strain and the quantum well thickness 
do not exceed the critical limits, the emission 

wavelength can be readily adjusted with the 
In-mole fraction. Nakamura et al. reported 
emission from violet to yellow for In-fractions 
between 0.15 and 0.7 [56].

10.4  HIGH EFFICIENCY LEDs AND 
NOVEL TECHNOLOGIES

The traditional design of an LED chip is a semi-
conductor die, with a planar metal contact at 
the bottom and a circular or square electrode at 
the top (Figure 10.19). Very simple devices use 
a homostructure pn-junction as active region, 
the more advanced ones include a single-or 
double-heterostructure. Several factors limit the 
external efficiency of such LEDs: total internal 
ref lection, shadowing by the metal electrodes 
and absorption in the semiconductor mate-
rial. With the exception of GaP-based LEDs 
and some AlGaAs-devices on TSs, a substantial 
amount of light is lost by absorption in the sub-
strate material. Therefore, even with an efficient 

Table 10.3 Material properties of binary III-nitrides and their potential substrates

Material
Lattice 

constant (Å)
thermal expansion 
coefficient (10−6 K−1)

thermal 
conductivity 
(W cm−1 K−1) refractive index

GaN a = 3.160…3.190a 5.59 1.3 2.29 @ 1000 nma

c = 5.25…5.190 7.75

InN a = 3.5446a – 2.56 @ 500 nma

c = 5.7034

AlN a = 3.11a 5.27a 2.0

c = 4.98 4.15

6H-SiC a = 3.0806a 4.9 4.89 (0.878) 2.55378 + 3.417 × 104 λ2a

c = 15.1173

Sapphire a = 4.758b 7.70 (∧c) 0.439 Ordinary ray: 1.78 @ 
589 nmc 
(Extraordinary ray: 
−0.008)

8.33 (||c)

GaAs 5.65325 5.8 0.46 3.5 @ 600 nm
Si 5.43102 2.29 1.48 3.94 @ 600 nmd

Note: GaAs and Si are listed as reference. Note that the thermal conductivity of SiC is anisotropic. The value in 
brackets gives the value in a different crystallographic direction.

aLandolt Börnstein data handbook, new series.
bS. Nakamura, Semiconductor and Semimetals, vol. 48.
cE.D. Palik, Handbook of Optical Constants of Solids II.
dE.D. Palik, Handbook of Optical Constants of Solids I.
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internal process of current-light conversion, 
the external efficiency of standard LEDs hardly 
exceeds a few per cent. This frustrating situation 
has stimulated a lot of work on ways to increase 
the efficiency of LEDs such as

 ● Fabrication of dices that are as transparent as 
possible, by the use of very thick transparent 
layers and a TS

 ● Die-shaping to enhance the extraction 
efficiency

 ● Fabrication of substrate-less LEDs, to avoid 
substrate absorption

 ● Modification of the spontaneous emission by 
using optical cavities 

Each approach tackles the problem of light extrac-
tion in a different way. The first one applies rig-
orously the principle of extracting light from as 
many escape cones as possible. Die shaping is a 
step towards the ideal solution, that of a point light 
source in the center of a spherical semiconductor 
die. Most of such ideas are almost as old as the LED 
itself, but practical devices have not been generated 
until very recently. For obvious reasons, die shap-
ing works best on LEDs with TSs. The (absorbing) 
substrate can be removed entirely, if the LED layers 
are transferred to a new carrier such as a semicon-
ductor wafer or other materials such as metal or 
ceramic. If metal soldering is used to combine the 
LED structure with the carrier, the metal also acts 
as mirror. Because the reflected light has to pass 
through the entire layer structure, the efficiency of 
LEDs with such an integrated reflector is very sen-
sitive to internal absorption (Table 10.4).

A completely different idea for high extraction 
efficiency is to change the fundamental process 
of spontaneous emission. Placing light generat-
ing material in an optical resonator, with spatial 
dimensions in the order of the emission wave-
length, can change the spontaneous generation 
of light significantly [57,58]. The ultimate micro-
cavity LED would allow only one single optical 
resonator mode which could be extracted as effi-
ciently as the optical modes in a laser. While such 
ideal LEDs are still far from any practicably manu-
facturable device, some aspects of micro-cavity 

Substrate

n-contact

p-contact

Epitaxial structure

Figure 10.19 Conventional LED die on a conduc-
tive substrate. Typical dimensions are a chip area 
of 200 × 200 μm2 and a height of 200 μm.

Table 10.4 Summary of LEDs with the highest reported efficiencies

Device Material system technology
Color 

range (nm) Status

Transparent substrate 
LED

AlGaInP/GaAs Direct wafer bonding 590–650 Prod.

Truncated inverted 
pyramid LED

AlGaInP/GaAs Direct wafer bonding, die 
shaping

590–650 Prod.

Thin-film LED AlGaInP/GaAs Wafer soldering 590–650 Prod.
Surface textured 

thin-film LED
AlGaAs/GaAs Epitaxial lift-off, surface 

roughness
850–980 Demo.

LED with tapered 
waveguide

AlGaAs/GaAs Etched lateral taper 850–980 Demo.

InGaAlP/GaAs 650 Demo.

Resonant cavity LED AlGaAs Standard technology 850–980 Demo.
AlGaInP/GaAs 650 Prod.

Note: Listed are the material system, the technology used, the color range of emission and the status (productive or 
demonstrator). The different LEDs are described in more detail in the text.
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LEDs have already found their way into commer-
cial LEDs, e.g., red emitting (650 nm) RCLEDs.

10.4.1  Transparent substrate 
AlGaInP LEDs

The extraction efficiency of LEDs with TSs is 
substantially higher than that of LEDs on ASs. 
Examples of LEDs on TSs are the early GaP-
devices or AlGaAs-LEDs fabricated on thick LPE 
grown transparent layers. Due to the large lat-
tice mismatch to GaP, high-brightness AlGaInP 
must be grown on absorbing GaAs-wafers, which 
strongly reduces the extraction efficiency. In order 
to overcome this fundamental limitation, Kish et 
al. developed a technique to remove the absorbing 
GaAs substrate and to transfer the AlGaInP-LED 
layers to a transparent GaP wafer [59]. Direct wafer 
bonding allows the combination of various semi-
conductor materials more or less independently of 
their crystallographic lattice constant. In the case 
of AlGaInP–GaP, wafers with up to 3 in. diameter 
are bonded [60], the limit set by the diameter of the 
available GaP-wafers. The clean surfaces of both 
wafers are brought into contact under uniaxial 
pressure and heated up to temperatures of 750°C 
or more [61]. Under such conditions, and with 
proper crystallographic alignment, the two mate-
rials form a semiconductor heterointerface with 
covalent bonds between the two materials [60]. 
The interface is optically transparent and conducts 
both heat and electrical current. Excellent control 
over this complex process is required, in order to 
ensure low-resistance electrical contact over the 
entire bonded area. The feasibility of the AlGaInP–
GaP wafer bonding process for the fabrication 
of an LED has been demonstrated by Hewlett-
Packard and is now routinely used in high-volume 
production. The new class of AlGaInP LEDs is 
named TS LEDs to distinguish them from AS LED 
on GaAs-wafers.

With the very thick GaP current spreading 
layer on top of the AlGaInP active region and 
the transparent GaP-wafer below, the TS-LEDs 
achieve record high levels of light extraction. Very 
high efficiencies of up to 32% at 630 nm have been 
reported [12]. In terms of luminous efficiency, a 
maximum value of 74 lm W−1 has been achieved at 
shorter wavelengths (615 nm). The extraction effi-
ciency of TS-LEDs can be further enhanced, if the 
die is shaped into cones, pyramids or spheres [62]. 

The highest reported efficiencies of AlGaInP LEDs 
are achieved with wafer-bonded TS-material 
which is cut into dices with the shape of a trun-
cated inverted pyramid [14]. Light is generated at 
the base of the inverted pyramid and is extracted 
after a reduced number of reflections and with a 
low average photon path length within the semi-
conductor. The truncated inverted pyramid LED 
achieves a luminous efficiency of 102 and 68 lm W−1 
at wavelengths of 610 and 598 nm, respectively. A 
peak external efficiency of 55% was measured at 
650 nm.

10.4.2  Wafer-bonded thin-film LED

A viable alternative to direct wafer bonding is to 
solder wafers with an intermediate metal layer. This 
is well established in silicon technology and is com-
monly used for the fabrication of micro mechani-
cal components. In the context of AlGaInP-LEDs, 
the idea is to transfer the epitaxial structure at 
wafer level to a new carrier by soldering followed 
by GaAs removal [63]. This process generates a new 
wafer, with a metal layer buried between the epi-
taxial LED layers and the carrier material. Both the 
high reflectivity of the metal-semiconductor inter-
face and the possibility to form ohmic contacts are 
favorable for the functionality of the LED.

The process flow is shown schematically in 
Figure 10.20. After epitaxial growth, Au and AuSn 
are deposited on the AlGaInP-LED structure 
and the carrier wafer, respectively. Carrier and 
LED-structure are then brought into contact and 
soldered at 350°C. Then the original GaAs sub-
strate is removed by selective wet chemical etch-
ing. Processing of the “new wafer” is then finished 
using standard LED processing technology.

Figure 10.21 shows the basic principle of a 
thin-film LED. The metal layer below the active 
layer serves both as a reflector and as the anode. 
Light which is not directly extracted is reflected 
either by total reflection at the  semiconductor–
air (or epoxy) interface or at the metal mirror. 
Extraction is significantly enhanced if the repro-
duction of reflection angles is suppressed by 
surface roughness. Other critical parameters for 
high efficiency are a sufficiently thin active layer 
for reduced self-absorption and a power reflec-
tivity of more than 90% at the metal–semicon-
ductor interface. Although metals like Au, Al or 
Ag offer a very high reflectivity on AlGaInP or 
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AlGaAs, the reflectivity is greatly reduced if the 
metals are alloyed to form good electrical con-
tacts. Even on highly doped semiconductors con-
tact alloying is necessary to reduce the contact 
resistance. For the thin-film LED, this problem 
is solved by locally separating areas with high 
reflective mirrors from areas with good electrical 

contacts to the semiconductor. A thin dielectric 
layer, such as Si2N3 or SiO2, is deposited between 
the semiconductor and the metal layer(s). 
Openings in this dielectric film define the elec-
trical contacts, whereas the rest of the area serves 
as a dielectric/metallic mirror. The layer system 
can be alloyed in order to lower the contact resis-
tance, without significantly changing the optical 
properties of the mirror area.

An attractive feature of wafer soldering for LEDs 
is the possibility to structure one of the surfaces 
before bonding. Geometrical shapes, such as cones, 
prisms or spheres, might be transferred into the 
AlGaInP-structure (or the carrier surface) by etch-
ing before they are covered with metal and embed-
ded inside the LED structure. Generally, most of 
the geometries that have been used to shape dices, 
in order to enhance the extraction of light [62], can 
also be buried at the bonded interface of a thin-film 
LED. An example for an LED with an embedded 
array of cone-shaped micro reflectors is shown in 
Figure 10.22. Truncated cones are etched through 
the active layer and electrically contacted at open-
ings in the dielectric layer at the soldered interface. 
The fact that the localized current injection leads 
to a preferred generation of light in the center of 
the etched cones is used to design the actual shape 
of the microstructure. Light rays that are totally 
reflected at the metal mirror along the cones are 
directed upwards towards the LED surface where 
they are extracted. The path length from the active 
layer to the top of the LED structure is only a few 

Soldering and
subsequent
substrate
removal

AlGaInP-active
on new carrier
with intermediate
metal layer

AlGaInP LED
on GaAs substrate

Carrier

AlGaInP DH active
Au

AuSn

GaAs substrate

New carrier
(e.g., GaAs)

+

Figure 10.20 Schematic layout of the thin-film process sequence. Left: metal layers of Au and AuSn 
are deposited on the epitaxial AlGalnP-structure and the carrier wafer, respectively. After bonding 
and GaAs removal, the LED structure together with the new carrier forms an artificial wafer (right) 
which can be processed using standard LED processing.

Thin active layer

Metallic mirror

Carrier

Rough surface

Figure 10.21 Principle of operation of an LED 
with metallic reflector.

GaAs carrierp-contact

n-contact

Micro prism

Active layer

Figure 10.22 Schematic cross-section of a thin-
film LED with buried micro reflectors.



10.4 High efficiency LEDs and novel technologies 329

micrometer and does not include any absorbing 
material such as the active layer so that the effect of 
self-absorption inside the device is greatly reduced.

Figure 10.23 (left) shows the top view of a 615 nm 
device with a structured interface. Although the 
array of micro reflectors is located underneath 
the planar top-layers, it is clearly visible from the 
top. Current injection is facilitated from the iso-
lated bond pad and the connected square frame 
along the edge via the top n-contact layer to the 
individual p-electrodes in the center of the indi-
vidual reflectors. As shown in the illumination 
pattern (Figure 10.23, right) light is generated and 
extracted around the micro reflectors, confirming 
the principle of operation. Figure 10.24 depicts the 
optical characteristics of the device. Driven at a 
dc-current of 100 mA, the LED emits up to 9.7 lm, 
corresponding to an optical power around 32 mW. 
In the range of 10–20 mA of operation current, the 
luminous performance is above 50 lm W−1 with 
a peak value of 53 lm W−1 at 10 mA. One of the 
advantages of the thin-film technology is the low 

ohmic resistance that can be achieved. Operated at 
a dc-current of 10 mA, the forward voltage of the 
615 nm LEDs is still below 2.0 V.

Thin-film LEDs are also very attractive as large-
area chips for high-current application. Contrary to 
most other high-brightness LEDs, they do not need 
a thick window layer for light extraction. Because 
the thickness of these GaP or AlGaAs window lay-
ers is directly related to the chip size (Equation 
10.20), an increase of chip area usually results in 
a reduced extraction efficiency. The output charac-
teristics of two large-area thin-film LEDs with 700 
and 1000 μm chips are shown in Figure 10.25. Up 
to a drive current of several hundred mA, the effi-
ciency of both devices is comparable. Only at very 
high currents, the output power of the smaller chip 
begins to roll over due to thermal problems. The 
1 mm LED achieves 64 lm at 1 A.

The possibility of shaping the LED surface before 
bonding offers a whole range of new opportuni-
ties to optimize or tailor the device performance 
by combining novel micro-structures for light 

Figure 10.23 Top view (left) and illumination pattern (right) of a 615 nm thin-film LED.
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Figure 10.24 Optical performance of a 615 nm thin-film LED operated under dc-conditions.
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extraction with new schemes for current injection, 
heat dissipation or emission profiles. Figure 10.26 
shows the performance of a 637 nm thin-film LED 
with a modified reflector structure. At 50 mA, the 
device emits a power of 34 mW corresponding to a 
quantum efficiency of 36%. The maximum values 
of quantum and wall-plug efficiency are 39.5% and 
38%, achieved at a drive current of 10 and 2 mA, 
respectively.

A different approach to fabricate thin-film 
AlGaInP-LEDs is to bond the epitaxial structure 
to an isolating wafer. In this case, two top elec-
trodes are required. Horng et al. fabricated 600–
620 nm AlGaInP LEDs on Si-wafers coated with 

SiO2 [64,65] using a metal combination of Au and 
AuBe for bonding. Despite the intermediate dielec-
tric layer, the LEDs benefited from the good ther-
mal properties of Si. A luminous intensity of 90 
and 205 mcd (620 nm) was demonstrated at 20 and 
50 mA of operation current, respectively.

Obviously, the thin-film approach is not 
restricted to a specific material system. Recently, a 
460 nm InGaN thin-film LED was reported achiev-
ing an external quantum efficiency of 25% [66]. The 
device structure was grown on a sapphire and sub-
sequently bonded to a GaAs wafer. A laser lift-off 
process was used to remove the original sapphire 
substrate.

10.4.3  Surface-textured thin-film LED

The idea of surface-textured thin-film LEDs dates 
back to the early 1990s, when Schnitzer et al. dem-
onstrated an external efficiency as high as 72% 
with an optically pumped thin-film LED [67] and, 
shortly later, an electrically driven diode with an 
external efficiency of approximately 30% [68]. The 
devices are based on two new techniques for LEDs: 
“epitaxial lift-off” (ELO) [69] and surface roughen-
ing by “natural lithography” [70]. The idea of the 
ELO process is to insert a sacrificial layer, typically 
some 10 nm of AlAs, between the LED structure 
and the substrate. A selective wet chemical etch-
ing process removes the sacrificial layers and sepa-
rates the epitaxial layers from the GaAs substrate. 
Subsequently, the thin epitaxial film is trans-
ferred to a new wafer by van der Waals bonding 
[71]. A metal film on the carrier serves as a highly 
reflective back mirror for the LED. Surface rough-
ening is achieved by depositing a monolayer film of 
randomly ordered polystyrene spheres on the LED 
wafer. Then the random pattern is transferred into 
the semiconductor surface by dry etching.

The principle of operation is to randomize the 
angles of totally reflected light at the top surface 
with the high reflectivity of a metallic back mir-
ror on the bottom side (Figure 10.21). Light that 
is not extracted through the surface is reflected 
back and forth between the back mirror and the 
rough surface. For high efficiency devices, the 
losses per round-trip through the LED structure 
have to be minimized by (i) reducing the thick-
ness of all absorbing layers including the active 
layer and (ii) optimizing the reflectivity of the back 
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mirror. Both can be achieved easily in the AlGaAs/
InGaAs/GaAs material system. The band structure 
offers a sufficiently high carrier confinement to use 
only a few nanometers of active material for effi-
cient light generation. Additionally the reflectivity 
of common metals like Au, Ag or Al is very high in 
the infrared regime.

The combination of epitaxial lift-off and sur-
face roughening has been optimized by Windisch 
et al. on near infrared (850 nm) LEDs [72,73]. 
A  schematic layout of the device is shown in 
Figure 10.27a. The LED employs a mesa structure, 
with a selectively oxidized current aperture to pre-
vent the generation of light under the metal con-
tact. Current injection is facilitated via an annular 
top-side p-contact and a lateral n-contact around 
the mesa. In order to extract some of the laterally 
guided light, not only the surface on top of the 
mesa but also the area between mesa and bottom 
contact was roughened. Very high quantum effi-
ciencies of up to 43% and 54% were achieved before 
and after encapsulation, respectively [74]. Current 
densities up to 1000 A cm−2 were applied. Similar 
devices at 650 nm emission wavelength resulted 
in 24% external quantum efficiency (31% after 
encapsulation) [75]. Due to relatively high forward 
voltages, the wall-plug efficiency of the red LEDs 
ranges between 10% and 15% at 1 mA of operation 
current.

10.4.4  LED with tapered waveguide

A device that extracts solely the laterally guided 
modes inside the epitaxial structure is the LED 
with a radial tapered output coupler [76] shown in 
Figure 10.27b. The circular device structure com-
prises a central top contact, a circular symmetric 
out-coupling taper with the shape of a shallow 
truncated cone and a ring-contact along the taper 
perimeter. Light extraction occurs through the 
bottom side, where the GaAs substrate has been 
removed by wet chemical etching.

The principle of operation is to generate light 
in a small active area, defined by the geometry 
of the p-contact and to guide it radially towards 
the tapered area. The dimensions are chosen such 
that the light rays that hit the taper surface have 
a small azimuthal wave vector component which 
is an essential design parameter for efficient light 
extraction. Light that is reflected at the out-cou-
pling surface is reflected again at the metal mirror 
on the taper and returns under a more favorable 
angle of incidence. The procedure is repeated 
until finally the angle of incidence falls within the 
escape cone. Absorption inside the waveguide lay-
ers which include unpumped active material and a 
reflectivity below 100% at the metal mirror on the 
taper limit the efficiency of this device.

With one and two InGaAs/GaAs compres-
sively strained quantum wells as active material, 
Schmid et al. demonstrated 45% quantum effi-
ciency at 980 nm on encapsulated devices [77]. 
Maximum efficiency was reached at 2 mA injec-
tion current and a forward voltage around 2 V. 
This resulted in a wall-plug efficiency of 30% and 
44%, before and after encapsulation, respectively. 
The first attempt to apply the same technology to 
650 nm GaInP/AlGaInP devices resulted in an 
external efficiency of 13%.

10.4.5  Resonant-cavity LEDs

The resonant-cavity LED or RCLED consists of a 
light-emitting active region between two Bragg 
mirrors which form an optical resonator. If the dis-
tance between the Bragg mirrors is set to a small 
multiple of half the optical wavelength, the cavity 
is in resonance with the emission and becomes 
transparent. In 1946, Purcell discovered that the 
spontaneous emission properties of an atom can 
be influenced by placing it inside a small (micro-) 
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p-AlGaAs

Bottom contact

Top contact
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Current aperture

Mirror

p-contact
Active layer
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(b)
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Figure 10.27 (a) Non-resonant LED with metallic 
back mirror and roughened surface. (b) LED with 
a radial tapered waveguide.
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cavity [78]. The local strength of the electromag-
netic modes and the density of states might then 
change the angular distribution as well as the emis-
sion rates. Schubert et al. [79] proposed in 1992 to 
use a one-dimensional resonant cavity with a thin 
active layer inside as LED and to apply the cavity to 
manipulate the spontaneous emission.

The cavity determines the optical properties of 
the RCLED. It can be designed to direct more spon-
taneous emission into the escape cone than in the 
case of isotropic emission. This results in a higher 
intensity emitted in the surface normal direction as 
shown in Figure 10.28. The different wavelengths 
within the emission linewidth fulfil the resonance 
conditions of the cavity at different angles of inci-
dence at the top surface. Therefore, the RCLEDs 
spatial emission pattern contains every individual 
wavelength within the material linewidth in a spe-
cific angular direction. If the emission is spatially 
filtered, e.g., by coupling it into an optical fiber, also 
the range of emitted wavelengths is filtered, result-
ing in a narrow fiber coupled emission linewidth. 
However, when integrating over the entire half-
sphere around the device, the measured emission 

linewidth is the same as that of the active material 
without the resonator.

A comprehensive introduction into the physics 
of RCLEDs can be found in the review of Benisty 
et  al. [80,81]. Here, we will summarize only a 
few of the most important rules for the design of 
RCLEDs:

 1. The cavity order should be as low as possible. 
Even if the spacing between the Bragg mirrors 
is one half or one wavelength, the penetration 
depth of light into the Bragg layers increases 
the effective cavity length. Hence, the index 
contrast should be as high as possible.

 2. The quantum-well active layer should be placed 
in a maximum of the standing wave in the 
cavity.

 3. The emission of the active material should 
be tuned to a shorter wavelength than the 
resonance wavelength of the cavity. This 
compensates for a possible wavelength shift 
as the temperature rises and enhances the 
fraction of extracted light. The latter is due 
to the fact that the shorter wavelengths are 
resonant in off-axis directions with a much 
larger solid-angle element than the exactly 
tuned wavelength.

Contrary to conventional LEDs, many proper-
ties of RCLEDs such as the temperature depen-
dence of intensity, the radiation pattern or the 
coupling efficiency into some kind of optical 
system can be designed. The key parameter here 
is the wavelength tuning of the cavity resonance, 
given by the thickness between the two mir-
rors and the emission wavelength. According to 
point 3, it is usually favorable to have the active 
material emitting at a few nanometers shorter 
than the on-axis cavity resonance wavelength. 
As the temperature is increased, the emission 
wavelength is shifted towards the resonance 
and increases the amount of light extracted in 
the surface normal direction. This is schemati-
cally shown in Figure 10.29. Thus, for example 
the amount of fiber coupled light can increase 
with increasing temperature. At even higher 
temperatures, the emission will shift from the 
resonance to longer wavelengths and the surface 
normal intensity will decrease again. The wave-
length tuning also affects the spatial radiation 
pattern of RCLEDs. If the peak intensity of the 

Escape cone
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Figure 10.28 Spontaneous emission in a con-
ventional LED (top) and in an RCLED (bottom). 
Because the spontaneous emission in the reso-
nant cavity is no longer isotropic, the cavity can 
be designed to launch more emission into direc-
tions where the light is extracted (escape cone).
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active layer emission is shifted to shorter wave-
length than the cavity resonance, more light 
is extracted in off-normal directions. A two-
dimensional-cross section of the resulting radia-
tion pattern shows the typical double-lobe shape 
as shown in Figure 10.29.

RCLEDs have been fabricated mostly for the 
infrared spectral range, often with the inten-
tion to use them as efficient light source in fiber 
communication systems. For this application, 
the RCLED has to compete with vertical cavity 
lasers, which are even more suitable for high-
speed communication. However, a few groups 
continued to optimize RCLEDs and achieved 
remarkable results using, e.g., metal-mirrors or 
fully oxidized AlxOy/GaAs DBRs [82]. An exter-
nal quantum efficiency above 20% was achieved 
by De Neve et al. [83] with a bottom emitting 
980 nm RCLED using an AlGaAs/GaAs-DBR 
and a metallic Ag-mirror. Also visible RCLEDs 
based on the AlGaInP/GaAs system have been 
demonstrated [16,84,85].

Only in the dark red around 650 nm, RCLEDs 
have made it to commercial products. At this wave-
length there is a need for medium speed light sources 
for plastic fiber communication. RCLEDs are attrac-
tive because the directional output yields in a high 
fiber coupling efficiency and, due to the above-men-
tioned spatial filtering effect, in a narrow spectral 
linewidth in the fiber. Even with small devices and 
active diameters of less than 100 μm, levels of fiber 
coupled power well above 1 mW are achievable. If 
operated at some 10 mA of electrical current, the 
radiative carrier lifetime is reduced mainly by the 
high current density to rise-and fall-times of a few 
nanoseconds [86,87]. Figure 10.30 shows the struc-
ture of a commercial 650 nm RCLED. It consists of 
two Al0.5Ga0.5As/Al0.95Ga0.5As Bragg mirrors and an 
active layer of compressively strained GaInP quan-
tum wells inside the 1 − λ-cavity [88]. For high-mod-
ulation speed, the material is processed to devices 
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Figure 10.29 Effect of cavity tuning in RCLEDs. 
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Figure 10.30 Top: layout of a 650 nm RCLED 
with annular top contact and proton implanted 
current confinement. The distance between the 
AlGaAs-Bragg mirrors corresponds to one opti-
cal wavelength (1 − λ cavity). Bottom: top view of 
two commercial RCLEDs. The chip dimensions 
are (200 × 250) μm2 and (260 × 260) μm2 for the left 
and right device. The smaller die has a light-emit-
ting area with a diameter of 80 μm.
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with an 80 μm light opening within an annular 
p-electrode (bottom of Figure 10.29), but also con-
ventional LED contact layouts are used. Large area 
devices achieve wall-plug efficiencies around 12% at 
20 mA and 1.75 V forward voltage (Figure 10.31). The 
high-speed devices are less efficient (9.5%), mainly 
due to the lack of photon recycling [89].

10.4.6  Photonic bandgap 
approaches

Similar to the electronic bandgap, photonic band-
gaps are defined as frequency bands over which all 
electromagnetic modes and spontaneous emission 
are suppressed [90–92]. They are a feature of peri-
odically patterned materials with a strong dielectric 
constant contrast, so-called photonic crystals. The 
realization of photonic bandgap structures at optical 
frequencies requires the modulation of the dielectric 
constant on a nanometer scale, which is a challeng-
ing task for semiconductor processing technolo-
gies. In the context of optoelectronic device design, 
photonic bandgap structures are discussed as novel 
approaches for light confinement but their optical 
diffraction properties are also interesting.

Photonic bandgap structures can be employed 
for LEDs in different ways. One is to confine the 
photons in the device in two or three dimensions 
by using a periodic pattern in the semiconductor 
active material. This can be used to create wave-
guide structures with unique features on a very 
small scale but also to fabricate micro-cavities. The 
spontaneous emission in such a micro-cavity can be 

controlled if at least one dimension of the cavity is 
in the order of the emission wavelength. Ultimately, 
the vision is to realize single-mode LED emission or 
threshold-less micro-cavity lasing operation [92,93]. 
In micro-cavities with metallic mirrors, two-
dimensional photonic bandgap structures are used 
to create bandgaps for propagating surface waves or 
surface plasmon polaritons [94,95]. Unlike three-
dimensional photonic crystals, two-dimensional 
structures are easier to fabricate and therefore may 
be more interesting for practical applications.

Similar to grating output couplers on top-emit-
ting in-plane lasers [96,97], a two-dimensional 
photonic bandgap structure can be used to redirect 
laterally guided light inside an LED towards the sur-
face normal direction. Photonic crystal light extrac-
tors have already been used in a number of different 
devices where the photonic bandgap structure was 
either etched into the top layer or all the way through 
the active LED structure. Erchak et al. demonstrated 
a sixfold enhancement of PL-intensity at 925 nm 
using a two-dimensional photonic bandgap in the 
upper cladding of an asymmetric LED structure [98]. 
Rattier [99] proposed a device where an unstruc-
tured LED-area for direct microcavity emission is 
surrounded by a deeply etched photonic bandgap 
for guided mode outcoupling. In both approaches, 
an oxidized AlxOy/GaAs Bragg reflector is used as 
bottom mirror, which offers a sufficiently high index 
contrast but is electrically isolating.

In order to combine an enhancement of the 
spontaneous emission rate with a mechanism for 
efficient light extraction, light can be generated 
in a thin film of active material and guided in a 
surface plasmon polariton mode [95]. These are 
guided optical modes that may exist at the inter-
face between a dielectric and a metal and consist 
of an oscillating electromagnetic field coupled to 
an oscillating surface charge density. The rate of 
spontaneous emission can be increased by the cou-
pling of the emitter to the enhanced electric fields 
associated with the guided modes (Purcell effect). 
A two-dimensional periodic photonic bandgap 
structure is used to create Bragg scattering and to 
couple the mode into useful radiation. A signifi-
cant enhancement of PL extraction efficiency was 
demonstrated with optically pumped LEDs based 
on a thin-slab photonic crystal [100] and exter-
nal quantum efficiencies of >70% were predicted 
with such a structure [94]. Most of the efficiency 
increase was associated with the improvement of 

151050
DC current (mA)

RCLED, 650 nm
RT

O
ut

pu
t p

ow
er

 (m
W

)

W
al

l-p
lu

g 
ef

fic
ie

nc
y 

(%
)

0

1

2

3

4

5

20
7

8

9

11

10

12

13

14

15

Figure 10.31 Wall-plug efficiency and optical 
output power of a 650 nm RCLEDs. The die size is 
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Bragg extraction and to a minor increase in the 
Purcell enhancement.

The potential performance of LEDs using sur-
face plasmon polariton modes is difficult to esti-
mate. Apart from all the technical problems of 
realizing such devices, there are still a number of 
open questions to answer. Dissipative losses related 
to the propagation of light along a dielectric/metal 
interface will affect the performance and must be 
circumvented. Also it is not obvious if an effective 
extraction of the guided mode can be achieved 
with a structure that efficiently couples the emitter 
to the surface plasmon polarity mode [101].

10.5  WHITE LED

With the availability of wide-bandgap InGaN-
based semiconductors, it became possible to pro-
duce not only efficient ultraviolet, blue and green 
diodes but also white emitting LEDs. Before that, 
the lack of white light has been a major barrier for 
LEDs in a wide range of applications. With LEDs 
covering the full color spectrum including white, 
the ultimate goal of LED-based illumination and 
lighting became possible.

10.5.1  White light

It is important to define what is meant by “white” 
light, as it has to be compared with some kind of 
standard. The most fundamental model for white 
light is the solar spectrum shown in Figure 10.32, 

but even then the sunlight changes with daytime 
and season of the year. It is usually therefore “ide-
alized” by using an equivalent black body radia-
tion spectrum. According to Wien’s law, the peak 
maximum of the black-body spectrum is only a 
function of the temperature:

 T
K

2880
m .peakλ = µ

 
(10.40)

 

As the temperature increases from room 
temperature to thousands of degrees kelvin, the 
peak wavelength of the black body radiation 
moves from infrared to visible wavelengths. In 
the chromaticity diagram, this is represented 
by a line from the red towards the center of the 
white colors (see Appendix A). Consequently, 
assuming true black-body radiation, it is suffi-
cient to use only one parameter, the color tem-
perature, to specify the spectral properties. The 
Commission Internationale de l’Eclairage (CIE) 
defined several standards for the so-called white, 
illuminants. The most commonly used standard 
for white light is the Illuminant C, describing 
overcast sunlight at a color temperature around 
6770 K.

Besides the color temperature, the quality of 
white light can also be measured by the so-called 
color-rendering index Ra. Ra describes the color of 
objects illuminated with the light source as com-
pared to the illumination with a reference light 
source. The CIE defined eight different sample 
objects, again using sunlight as reference. At first, 
eight special values Ra are deduced from these 
objects and then the average Ra is calculated as the 
arithmetic average [102]. By definition, sunlight 
has Ra = 100, incandescent bulbs achieve Ra up to 
100, fluorescent lamps Ra = 85 and Na-vapor lamps 
Ra = 20. A selection of some application-specific 
requirements on Ra is given in Table 10.5. The 
color rendering index is a relative parameter and 
does not describe the real appearance of illumi-
nated objects or the true color of the light source. 
Therefore, even bluish or reddish light sources can 
achieve the ideal value of 100. Table  10.6 sum-
marizes the values of Ra for a selection of conven-
tional and LED-based white light sources. Note 
that the color rendering index is very important 
for all illumination purposes, but is irrelevant for 
many other applications such as white signals or 
signs. 
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Figure 10.32 Spectrum of sunlight. The solid 
lines show the solar spectrum before and after 
transmitting the earth’s atmosphere. The dashed 
line is the blackbody radiation at 5800 K.
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10.5.2  Phosphor-converted 
white LEDs

The first commercial white LEDs introduced by 
Nichia, used the same principle as white-emit-
ting high pressure mercury lamps, that of add-
ing a “color-correcting” phosphor to the bulb to 
convert part of the primary emission into yel-
low. These LEDs mixed the residual blue emis-
sion from the LED chip with the complementary 
yellow luminescence from phosphor. The first 
phosphor-converted white LEDs were developed 
by the Fraunhofer Institute for Solid State Physics 
(IAF) in Germany. Blue emitting GaN LEDs were 
used in conjunction with organic color conver-
tors. The luminescent dyes, dissolved in the epoxy 

resin,  absorbed  the  blue light and re-emitted 
luminescence at different colors [103]. Using the 
same principle of luminescence conversion, the 
blue GaN emission could also be used to fabricate 
green, yellow and red LEDs [104].

Today, white LED light is usually achieved by 
the use of an efficient inorganic phosphor and a 
single blue LED [105, 106]. The resulting emission 
spectrum, together with the human eye sensitiv-
ity is shown in Figure 10.33. The most common 
phosphors are based on yttrium aluminium garnet 
(YAG) doped with one or more rare earth elements 
or rare earth oxides. Optically active rare earth 
elements such as neodymium (Nd), erbium (Er), 
cerium (Ce) or thorium (Th) are widely used in 
light sources like lasers, light amplifiers or fluores-
cent tubes. A very common and extensively stud-
ied phosphor for blue–yellow conversion is YAG:Ce 
(Y3Al5O12:Ce3+ (4f1)) [107]. Within the packaging 
procedure, the YAG phosphor powder is suspended 
in the epoxy and deposited directly on or around 
the LED die [108]. Color temperature and color 
rendering index of such a single-chip white LED 
can be adjusted by the amount of phosphor sus-
pended in the epoxy and the emission wavelength 
of the LED die. From a production point of view, 
the packaging step is critical for maintaining con-
sistency in the color characteristics, because subtle 
variations in concentration or spatial distribution 
of the phosphor coating changes the tint of white 
light between a more yellowish-or bluish-white.

Typically, the emission of such devices appears 
as a bluish or cold white due to the low level of 

Table 10.6  Color rendering of different LED-
based and conventional white light 
sources [111]

technology Ra

Blue LED + yellow phosphor 75–80
Blue LED + green + red phosphors ≥90
UV LED + blue + green+ red 

phosphor
≥90

Red + blue + green LED 
(610/470/560 nm)

60

Blue + yellow LED (500/595 nm) 40
Halogen W-filament incandescent 

lamp
100

Fluorescent lamp 85
Na vapor lamp 20–65
Hg vapor lamp 35–55
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Figure 10.33 Spectral emission of a white LED 
based on phosphor conversion. Also shown is 
the human eye sensitivity with its maximum at 
555 nm (green).

Table 10.5  Color rendering index required for 
different applications

application Ra

Indoor/retail 90
Indoor office/home 80
Indoor work area 60
Outdoor pedestrian ≥60
Area

Outdoor general ≤40
Illumination

Source: ODIA workshop on LEDs for solid state lighting, 
October 26–27, 2000, Albuquerque, nm.
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absorption in the phosphor. Because the emission of 
the blue LED is directional, while the phosphor con-
verted light radiates over a 2π solid angle, the appear-
ance of white changes for an observer looking from 
the side. Compared to other approaches, phosphor 
converted LEDs have lower fabrication costs and 
offer a good control over quality and color. Color 
rendering with Ra around 75 is typically achieved 
at effective color temperatures around 5000 K. The 
energy conversion efficiency of a single phosphor is 
below 60%, which is still rather low. Another draw-
back is the lifetime of the encapsulating materials 
which can degrade in the presence of the near-UV 
radiation tail from the blue LED die.

White light can also be generated by the com-
bination of a near-UV (380–400 nm) LED and a 
two-or three-color phosphor. The generation of 
white light by UV-pumped three-color phosphors 
is widely used in fluorescent tubes and phosphors 
for the emission of the gas-discharge process at 
254 nm are readily available. The overall efficiency 
of such an LED is given by the efficiency of the 
UV-LED, the degree of absorption in the phos-
phors and the efficiency of the wavelength-con-
version process. Despite the challenging material 
constraints in the AlGaN/InGaN system [109], 
UV LEDs with remarkably high quantum efficien-
cies of up to 32% at 390 nm and output power lev-
els of 21 mW at 20 mA have been reported [110]. 
Although less efficient than these record val-
ues, UV InGaN-LEDs with a few mW of output 
power are already commercially available. The 
UV absorption in the phosphors is still an issue 
for optimization and much effort is dedicated to 
either developing LEDs that match the absorption 
of existing phosphors or developing appropriate 
phosphors absorbing at wavelengths where the 
LED is most efficient. However, even with 100% 
UV-absorption, a substantial amount of energy is 
lost in the actual wavelength conversion processes 
which markedly limits the overall luminous per-
formance of such devices.

A potential advantage of the UV-pumped phos-
phor-based LED is that the visible emission is solely 
originated by phosphorescence with a broad spec-
tral output. The superposition of three broad lines 
at red, green and blue (e.g., 610, 560 and 470 nm) 
results in white light with excellent CRI values 
(>90). Also, the white point in the CIE chromatic-
ity diagram is independent of the LED character-
istics. Thus, in terms of color rendering and color 

stability the UV pumped phosphor-based LED is 
the most attractive source for white lighting.

10.5.3  Multi-chip white

By definition, the addition of two complementary 
colors produces white. Hence, white light can also 
be generated by mixing the emission of two differ-
ent LEDs with complementary colors. In the chro-
maticity diagram, the positions of complementary 
colors lie on opposite sides of the achromatic point 
with x = y = 0.3333. All white points along this 
line are accessible by adjusting the power ratio of 
the two monochromatic colors at the perimeter of 
the chromaticity diagram. An  example for white 
light generated by a mixture of blue (490 nm) and 
amber (590 nm) is shown in  Figure 10.34. LED-
based white light sources using two discrete colors 
are very efficient in terms of luminous performance 
(lm W−l) and costs/lumen. The main problem, 
however, is the very limited color rendering which 
excludes this solution for general lighting applica-
tions. Despite this drawback, two-chip white LEDs 
are commercially available and used, e.g., as map 
lights in the interior of automobiles. The luminous 
output of such lamps can be increased by using sev-
eral LEDs of each color within the same package.
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Figure 10.34 Examples for complementary 
colors in the CIE chromaticity diagram. The line 
between 490 and 590 nm is used for two-chip 
white LEDs. The 460–580 nm line is an example 
for white from phosphor-converted blue.
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White with a better spectral distribution is gener-
ated by the mixture of three discrete colors of three 
different LED chips. The three-chip white LED has 
the advantage of providing no inherent loss mecha-
nisms due to wavelength conversion to the emission 
from the primary sources. In the CIE chromaticity 
diagram, the three monochromatic colors span a 
triangle in which all mixed colors including white 
are accessible by the adjustment of the power ratios 
of the corner point colors. Figure 10.38 shows an 
arrangement of three LEDs (blue, green and red) in a 
single package. With individually addressable dices, 
such a multi-chip full color LED lamp is capable of 
producing various mixed colors, including a range 
of whites. As a white light source, the multi-chip 
LED achieves relatively good color rendering, color 
temperatures between 3000 and 7000 K, and high 
efficiencies in terms of luminous performance [112]. 
Unlike single-chip white LED, the color characteris-
tics of multi-chip white LEDs can be altered after the 
packaging step. Used only as a source of white light, 
the multi-chip LED might be too expensive, but it is 
ideally suited for applications where variable-color 
pixels are required. Commercial multi-chip LEDs 
are offered with three or even five dices of discrete 
color in one lamp.

10.6  APPLICATIONS

10.6.1  Packaging

The packaging technology is becoming increas-
ingly important for the performance of LEDs in 
many current and future applications. Some of the 
older, conventional packages today are inadequate 
for the rapidly improving high brightness AlGaInP 
or InGaN dices. Novel packages must consider bet-
ter optical, electrical and thermal performance. The 
demand for high reliability puts stringent require-
ments on the chemical and thermal stability of the 
packaging, die attach and encapsulating materials 
as well as the selected processes. Devices with light 
converting phosphors such as white LEDs have to 
take additional care of the efficiency and stability 
of the phosphor materials. The best monochro-
matic LEDs today achieve >100 lm W−1 and the 
goal to achieve this and better efficiencies within 
the entire visible spectrum and, most importantly, 
in white LEDs will depend not only on the dices 
but also on the package used for assembly.

A simple radial LED package is shown in 
Figure 10.35. It was originally designed for low 
current indoor applications and has a thermal 
resistance of max. 280 K W−1 (Rthjs, thermal resis-
tance at junction solder point), limiting the elec-
trical input power to some hundred mW. The die 
has typically a lateral dimension of 200–300 μm. 
It is attached to the metal lead frame with epoxy-
based conductive glue, so that the lead frame can 
act as electrical contact to the outside. This metal 
is shaped in a way that it can act as a mirror cup 
as well as heat sink for the die. A separate metal 
pin is connected to the bond-pad on the chip and 
acts as second electrode. Chip and lead-frame 
are encapsulated by epoxy which has the form 
of a dome in order to achieve a certain radia-
tion characteristics. The epoxy almost doubles 
the extraction efficiency due to its favourable 
refractive index around 1.5 and the non-planar 
epoxy–air interface. Standard diameters of the 
epoxy dome are 3 and 5 mm and the package is 
also named simply “5 or 3 mm-LED package.” 
About two-thirds of all high brightness LEDs 
are shipped in radial housings.

Packages for LEDs, like for most electronic com-
ponents, can be divided into two categories: through 
hole and surface mount. Through hole components 
like the radial package are loaded to a PC-board 
from one side and soldered from the other. Surface 
mount devices (SMDs) are loaded and soldered on 
the same side. This has several benefits for indus-
trial  production such as faster placing in automatic 
machines, smaller size, less parasitic effects and lower 
costs. In particular, in applications where space is 
limited such as in mobile phones, the surface mount 
technology (SMT) is superior. Figure 10.36 shows 
a standard SMT-package for LEDs with the lateral 
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Figure 10.35 Radial LED lamp.
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dimensions of 3.4 × 3.0 mm2 and a height of 2.1 mm. 
The die is attached to the lead-frame with the pre-
moulded housing of plastic (A-model). A bond wire 
connects the die’s top electrode to the other part of 
the lead-frame. Finally, the housing is filled with 
encapsulating resin and, if necessary, one or more 
phosphor converters. The flat epoxy–air interface 
of SMT-packages results in a 10% lower extraction 
efficiency compared to radial packages with epoxy 
domes. However, for applications with the need for 
narrower emission profiles or more directionality, a 
transparent lens can be integrated (see Figure 10.37).

Depending on the application, the leads are 
folded either outwards or inwards under the hous-
ing. Some packages use specially bent leads so that 

the LED can disappear in a hole in the PC-board 
while still being soldered from the top. SMT pack-
ages can be made very small. The smallest devices 
are 0.5–1 mm wide and high, which is just a little 
more than the dimensions of the die. The thermal 
resistance of SMT packages ranges from 300 to 500 
K W−1 This limits the maximum applicable current 
to 100–150 mA. SMT packages can also house sev-
eral chips, e.g., for the generation of white light or 
as multiple-color LEDs. An example for a multi-
chip SMT package is shown in Figure 10.38.

High-flux LEDs are designed for operation cur-
rents of 1 A or even more. For this current range, 
the package has to be capable of dissipating ther-
mal powers of 1–2 W. High power packages, like 
the one shown in Figure 10.39, include a deep 
reflector and heat sinking metal base. The package 
can also include a lens-shaped epoxy dome to opti-
mize the radiation pattern.

10.6.2  Applications

For a long time, LEDs were low cost, low brightness 
devices suitable for single color, low power applica-
tions, e.g., to illuminate switches, indicators, small 
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Figure 10.37 Examples for SMT packages. Note 
the small size of, e.g., the SmartLED: 0.8 × 1.2 and 
0.6 mm height.
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Figure 10.36 Schematic drawing of a surface 
mount LED package (TOPLED).

Figure 10.38 Three-chip LED in an SMT-package. 
Below: arrangement of MultiLEDs for a full-color 
display.
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signs or to transmit information. With the availabil-
ity of high brightness yellow and red AlGaInP LEDs 
and the development of blue and green InGaN-LEDs, 
the full color spectrum could be covered and a whole 
range of new applications opened up. A good exam-
ple is signs and displays, where originally LEDs were 
only applied for monochromatic indoor numeri-
cal or text displays. Today, LED-based single or full 
color outdoor signs can be found as variable message 
signs on motorways or large area video panels for 
entertainment arenas and sports stadiums. One of 
the largest high resolution outdoor panels is the outer 
skin of the NASDAQ-building at New York’s Time 
Square, which consumes 18 million LEDs. The LED 
sign market accounts for about one-third of the total 
market for high brightness LEDs (2000: $1.22 billion).

LCD backlighting—The rising market for cellu-
lar phones has also opened up new opportunities 
for LEDs. Here, LEDs are used to illuminate both 
the LCD display as well as the keypad. In 2000 
about 400 million cellular phones were sold world-
wide with an average number of approximately ten 
LEDs per unit. This application is still dominated 
by standard-type low brightness GaP yellow–green 
LEDs, but the use of high-brightness devices, in 
particular white, is growing rapidly. The argu-
ments for LEDs here is mainly their small size but 
also the low power consumption, which helps to 
prolong the battery lifetime. White LEDs are also 
increasingly used to illuminate other types of LCD 
displays such as digital camera displays, handheld 
computers or, maybe in a longer perspective, even 
large area LCD screens.

Traffic lights—Traffic lights are a typical exam-
ple for an application, where LEDs as efficient 

monochromatic light sources can favourably 
compete with conventional solutions. A tungsten 
bulb with a red filter provides about 4 lm W−1 com-
pared to more that 50 lm W−1 of a high-brightness 
AlGaInP-diode. The motivation to use LEDs is 
mainly driven by energy savings and reduced 
requirements for replacement. After the initial 
hurdles of standards and regulations were taken, 
high brightness AlGaInP-(red and yellow) and 
InGaN-LEDs (green) have an impressive degree of 
market penetration, especially in the US. In 2000 
about 14% of all red and 6% of all green traffic sig-
nals in the US had been converted to high-bright-
ness LEDs [113].

LEDs for automotive applications—Another 
application which increasingly consumes high 
numbers of LEDs is the interior and exterior illu-
mination of automobiles. Inside a car, LEDs are 
used not onlly to backlight the dash panel, push 
buttons and indicator lamps but also LCD-displays, 
e.g., for the navigation system. Primarily, LEDs 
are used for dashboard illumination because their 
lifetime is significantly longer than that of conven-
tional incandescent bulbs. Despite the higher price 
for LEDs, cost savings can be achieved, because no 
replacement has to be considered, but also because 
surface mount LED packages allow for cost effi-
cient automated dashboard assembly. In total, the 
number of LEDs inside a car can easily sum up to 
several hundred pieces per car.

The first application in the exterior was the cen-
ter high mounted stop light (CHMSL), which is still 
a steadily increasing market for AlGaInP red LEDs. 
While the CHMSL was for many years the only exte-
rior LED application for automobiles, LEDs have now 
also started to penetrate other areas such as stop-or 
tail-lights and indicators. The benefits of LEDs here 
are their ruggedness, small size, low power consump-
tion and the high reliability. They also offer a much 
faster turn-on time compared to incandescent bulbs, 
which is an important safety aspect for stop-lights 
and CHMSLs. Sometimes, LEDs are clustered in 
modules of 70 or 80 red and amber LEDs that com-
bine the functions of stop-, tail-and indicator lights. 
So far only a few car manufacturers have started to 
equip some high-end car models with LED-based 
exterior functions, but it is expected that the number 
of LEDs in the exterior of automobiles and trucks will 
grow rapidly over the next years.

General lighting—The ultimate goal for the 
future of white LEDs is, of course, general lighting. 
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Figure 10.39 High flux package. The package 
can take dices up to 1 × 1 mm2 area and dissipate 
more than 1 W of excessive heat.
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This market is valued to approximately $12 billion 
and represents a huge potential market for LEDs. 
In order to make this happen, LEDs do have to face 
a number of issues that are relevant to the light-
ing industry. The efficiency of LEDs as well as the 
light-output generated per device or module has 
to be raised to the level of conventional lighting 
systems. In terms of efficiency, the target for white 
LEDs is somewhere between 100 and 150 lm W−1, 
the total generated flux should come up at least 
to levels of incandescent bulbs (1700 lm for a 100 
W bulb). For indoor lighting, the color rendering 
index describing the appearance of colors when 
illuminated with LED light, should be higher than 
80. The color temperature of LED-white should at 
least replicate the values of fluorescent or incandes-
cent (2850 K) lamps. Color variations in different 
directions of radiation or variations from device to 
device have to stay within the acceptable ranges of 
conventional sources. The color stability of phos-
phor-converted white LEDs is mainly an issue for 
the packaging process, whereas multi-chip LEDs 
require very reproducible intensity ratios or an 
active adjustment of the color point. A long device 
lifetime is important to reduce the overall operat-
ing costs including replacement and maintenance. 
The crucial part for high reliability is the package 
including encapsulating and converter materi-
als. Even if the diode chip alone has a lifetime of 
many 10,000 h, the encapsulating materials tend 
to degrade faster in the presence of UV-photons. 
Finally, it is of paramount importance to reduce 
the cost for white LED light to competitive levels.
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APPENDIX 10A

10A.1 The CIE color system

In 1931, the Commission Internationale de 
l’Eclairage (CIE) produced the “Color Standard 

Table” in order to create an objective method of 
determining colors [114]. As a basis for standard-
ization, the CIE chose the response of the three sets 
of color receptors in the eye. Colors are measured 
by comparison with an additive mixture of three 
elementary colors and specified by the tristimulus 
values X, Y and Z. The next task was to find a way 
for a two-dimensional representation of colors in a 
color map, similar to geographical maps. This was 
achieved by calculating a new set of variables, the 
color-masses x, y and z from the measured tristim-
ulus values by dividing each of them by their total 
sum: x = X/(X + Y + Z), y = Y/(X + Y + Z) and z = Z/
(X + Y + Z). With this conversion, only two val-
ues, e.g., x and y, remain independent and can be 
used as coordinates in a two-dimensional chart. A 
representation with the x-values on the horizontal 
axis and the y-values on the vertical axis is called 
the CIE chromaticity diagram. The saturated col-
ors are located on the locus of the chromaticity 
diagram. A straight line, the “purple line” joins the 
red and violet ends of the spectral locus to form a 
closed diagram. The colors on the purple line are 
mixtures of the spectral colors 770 and 400 nm on 
the right-and left-hand side. All existing colors lie 
within the tongue shape delineated by the line of 
spectral colors and the purple line (Figure 10A.1).

The CIE defined the color coordinates of several 
illuminants to describe commonly used white light 
sources (Table 10A.1).

The special point E with the coordinates 
x = y = 1/3 is denoted “equal energy” and locates 
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the achromatic point representing greys and white. 
Complementary colors lie on opposite sides of the 
achromatic point. An important definition for 
the color of LEDs is the dominant wavelength. It 
is defined as the spectral color that is perceived to 
be the same as the color of the LED. In the chro-
maticity diagram, the dominant wavelength can 
be determined by drawing a straight line from the 
achromatic point through the point representing 
LED color (Figure 10A.2). The intersection of the 
prolonged line with the perimeter of the diagram 
gives the spectral color that defines the dominant 
wavelength. This concept is also used to define the 
color purity of a light source. Color purity is a mea-
sure of how close the color point lies to the perim-
eter of the CIE diagram. It is defined as the ratio 
of the distance of the color point to the perimeter, 
weighted with the distance of the achromatic point 
to the same intersection point. Thus, the purity of 
a color ranges from 0 for the achromatic point to 1 
for saturated colors at the perimeter.

The human eye sensitivity has been defined 
and standardized by the CIE in 1924. Usually two 
response curves Vλ and V ′λ  for day and night vision 
(photopic and scotopic vision) are used (Figure 
10A.3). In daylight vision, yellowish–green light at 
555 nm stimulates the eye more than blue or red light. 
At this wavelength, the human eye can detect about 
10 photons s−1 or a radiant power of 3.58 × 10−18 W. 
At blue (450 nm) and red (650 nm), the eye detection 
limits are 214 and 126 photons s−1 respectively [115].

10A.2  Photometric and radiometric 
units

Radiometry is the measurement of electromagnetic 
radiation at all frequencies, whereas photometry is 
restricted to the measurement of visible light. The 

Table 10A.1 Color coordinates and color temperature of CIE illuminants

Illuminant x y T (K)

Incandescent lamp A 0.4476 0.4074 2856
Direct sunlight B 0.3484 0.3516 4870
Overcast sunlight C 0.3101 0.316 6770
Daylight D65 0.3128 0.32932 6504
Equal energy E 0.3333 0.3333

Note: Illuminant E is an imaginary color with equal values for x, y and z.
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difference between the two methods is that in pho-
tometry everything is weighted by the human eye 
sensitivity.

In radiometry, the power flux of electromag-
netic radiation is measured in watts (W). This 
flux is called the radiant flux ϕe of a light source. 
The photometric pendent to the radiant flux is the 
luminous flux ϕv and has the SI unit lumen (lm). 
The definition of lumen is related to the CIE eye 
response curve where 1 W of radiant flux at 555 nm 
wavelength is defined to have a luminous flux of 
683 lm.

 = 683Vv eφ φλ  (A1)

Luminous efficiency is the ratio of luminous flux 
measured in lumen and the electrical power used 
to generate this flux measured in watt. One very 
confusing thing here is that watt as the general 
SI unit for power is used for optical and electrical 
measurements. Thus another term, the luminous 
efficacy K defined as the ratio of luminous flux and 
radiant flux has the same unit lm W−1.

 
K .v

e

= φ
φ  

(A2)

Luminous efficiency is inevitably lower than the 
luminous efficacy, because some of the input power 
is lost in form of heat and does not appear as emit-
ted radiant power. The efficiency of converting 
electrical power into radiant flux is measured by 
the radiant efficiency with the unit WW−1.

The total radiant or luminous flux does not 
indicate how the LED output varies with direction. 
For many applications, it is important to know 

how much power in watts or lumen is concentrated 
within a narrow angular range in a particular 
direction. This is measured by the radiant inten-
sity Ie or the luminous intensity Iv of the LED in 
that direction. The units for luminous intensity are 
W sr−1 (sr = steradian) and lm sr−1, respectively. The 
latter unit, lm sr−1 is called candela (cd) and is equal 
to 1 lm sr−1.

The concept of radiant and luminous inten-
sity applies only to point sources. Sources with 
an extended light-emitting area are characterized 
by the luminance, defined as luminous intensity 
per unit light-emitting area. The unit of lumi-
nance is cd m−2. Since light sources that emit the 
same luminous intensity from a smaller emitting 
area appear brighter, the term luminance is cor-
related with the qualitative term “brightness.” The 
radiometric counterpart to luminance is radiance, 
which is the radiant flux per steradian per square 
meter of emitting surface area (Table 10A.2).
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11.1  INTRODUCTION

The design and technology of semiconductor lasers 
has come a long way since their advent in the early 
1960s, and as a result, these lasers have revolution-
ized communications, spectroscopy, data, and mate-
rial processing [1–5]. The simple pn homojunction 
laser device [6] formed a key starting point but had 

characteristics, which meant they were not well 
suited to many applications. To realize the capabil-
ity of semiconductor lasers, a convergence of many 
technologies had to be achieved. Advancements 
in crystal growth technologies  [6,7], the develop-
ment of the idea of the double heterojunction (DH) 
laser, [8] and subsequent laser designs incorporating 
quantum-confined active media such as quantum 
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wells (QWs), wires and dots (QD), material passiv-
ation and efficient thermal management schemes, 
strained layer materials, breakthroughs in device 
designs including single-frequency, single-mode 
lasers and laser diode arrays, distributed feedback 
(DFB) lasers, and the simultaneous development of 
complementary technologies, the most significant of 
which is the rare earth doped fibers for fiber ampli-
fiers (EDFAs) and fiber lasers, all contributed to one 
of the most enabling technological industries of 
today, that of semiconductor lasers [9–13]. In many 
ways, semiconductor lasers and amplifiers are sec-
ond only to the transistor and integrated circuit due 
to their impact on today’s high-technology market 
place. They form the backbone on which the Internet 
became economically feasible worldwide and are the 
key technological development of the 21st century on 
which the information age depends. Semiconductor 
lasers are now preferred over gas and solid-state lasers 
due to their wide tuning rage, high wall plug effi-
ciency, compactness, low cost, and reliability. While 
low-power diode lasers are used in communication 
and data processing, their high-power counterparts 
are used in modern medical and surgical equipment, 
material processing, and optical pumping of solid-
state lasers among other applications.

Within 10 years of their first proposal, semicon-
ductor lasers had advanced to the point where DH 
lasers had been developed, resulting in reduced 
threshold continuous wave (CW) emission [14], 
together with advancements in single-frequency 
emission designs, although reproducibility still 
remained an issue. Initially, liquid phase epitaxy 
was used to fabricate these lasers [6], which resulted 
in poor material growth quality causing poor device 
performance and characteristics. However, with the 
development of two key crystal growth technolo-
gies, metal-organic chemical vapor deposition and 
molecular beam epitaxy, a new chapter was started 
in the field of semiconductor lasers [6]. Now it was 
possible to achieve crystal deposition control with 
reproducible atomic layer accuracy. This resulted in 
two important benefits: uniform material deposi-
tion and growth of quantum-confined active layers, 
both of which took semiconductor laser perfor-
mance to new heights [7]. For modern semiconduc-
tor laser designs, improved crystal quality meant 
reduced propagation losses and decreased thermal 
resistance as the lasers could now be made thinner, 
broader, and longer without compromising on the 
crystal quality. Additionally, quantum- confined 

active regions reduced the threshold current among 
other beneficial effects. Out of the various applica-
tions mentioned above, the use of semiconductor 
lasers and amplifiers in optical communications 
stands out. Extremely low bit-error rates are possi-
ble with these devices under high speed operation. 
Initial 10 Gbits/s systems have been now replaced by 
40 and 100 Gbits/s systems and beyond will trans-
form modern Internet technology and facilitate the 
so-called Internet of Things [9]. Recent advancement 
in high-power diode laser technology has replaced 
traditional solid state and gas laser in medical and 
material processing industries [4,5,10,15].

In the following sections, we will attempt to 
bring together the basic concepts behind the opera-
tion of semiconductor lasers while simultaneously 
following the history of their development. This 
will be followed by a review of different types of 
semiconductor lasers that have been developed for 
various applications. For catering to applications at 
different wavelengths, a variety of semiconductor 
alloys have been developed which we will discuss. 
Finally, we conclude by looking at the future pros-
pects for semiconductor lasers.

11.2  BASIC THEORY OF 
SEMICONDUCTOR LASERS

The primary requirements for achieving laser 
action are (1) an active medium, (2) achieving 
population inversion in the active medium, and 
(3) an optical cavity to preferentially amplify gen-
erated radiation along its optical axis via positive 
feedback. We will start by understanding the basic 
functionality of an optical cavity before discuss-
ing the active medium and schemes of achieving 
population inversion in the cavity.

11.2.1  Optical cavity

The simplest type of optical cavity is a Fabry–Perot 
cavity [9–13,15], which is also the most common 
cavity configuration used in semiconductor diode 
lasers. A Fabry–Perot cavity consists of two reflect-
ing planes (can be mirrors) at the end of its optical 
(z-) axis (Figure 11.1a and b). In the transverse (x, 
y) direction, the cavity walls may or may not be 
reflecting depending on the required cavity design 
(Figure 11.1a). Regardless of the generating source 
(the active medium), which we will discuss in the 
next section, for the generated optical radiation 
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to remain confined inside the cavity, the tangen-
tial components of the longitudinally propagating 
intracavity electric field vector must be zero at the 
cavity mirrors, thus forming a standing wave [15]. 
This boundary condition determines the spatial 
profile and the possible frequencies of the optical 
field that can be sustained in the cavity. The spatial 
electric field profiles (modes) that can be sustained 
inside the cavity in the transverse (x, y) direction 
and along the optical (z-) axis are called the spa-
tial modes and longitudinal modes, respectively. 
The spatial and longitudinal modes are sometimes 
also referred to in the literature as transverse and 
axial modes, respectively. These cavity modes are 
solutions of Maxwell’s equations for a given opti-
cal cavity and are specific to the dimensions of the 
cavity. We will develop a simple intuitive picture 
below. If one of the cavity mirrors is made partly 
reflecting, then the cavity radiation can be coupled 
out of from this mirror (see Figure 11.1a and b).

Because the wavelength of optical radiation is 
generally much smaller than the dimensions of the 
cavity, several modes can be sustained by the cav-
ity. Let us analyze the mode formation in the lon-
gitudinal direction first, where the formation for 
stationary modes requires that standing waves exist 
between the two cavity mirrors. It can be shown that 
an integral number q of half wavelengths can (simul-
taneously) satisfy the above-mentioned boundary 
condition along its optical axis (Figure 11.2a) [15]. In 

the presence of an active medium having refractive 
index η (generally itself a function of wavelength), 
the wavelength of each mode is related to the cavity 
length L via the relation:

 λ
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Figure 11.1 (a) Basic optical cavity with active medium inside showing a possible direction of 
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 cavity dimensions together with possible intersections of the intracavity field in the transverse (x, y) 
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where q is an integer (1, 2, 3, …). The correspond-
ing frequency is c / ,q qν = λ  and qη  is the refractive 
index corresponding to a discrete wavelength qλ  
(since, in general, the refractive index is wavelength 
dependent). The electric field in the longitudinal 
direction labeled by q is called the qth longitudinal 
mode. Note that longitudinal modes differing in 
order are of different wavelengths. All these modes 
form resonant modes for the given cavity. For finite 
reflectivity of the mirrors, the cavity supports only 
specific frequency (wavelength) components to 
have high transmission for output coupling (OC), 
as shown in Figure 11.2b. The separation between 
the adjacent longitudinal modes, known as the free 
spectral range (FSR) of the cavity, is given by [15]

 ∆λ =
λ
η L2

,
q

q
FSR

2
 (11.2)

which for typical semiconductor diode lasers 
is generally less than 0.5 nm. In the frequency 
domain, the FSR is given by

 ∆ν =
η
c

L2
.

q
FSR  (11.3)

In between the longitudinal modes, the cavity has 
high losses for intracavity radiation. The width 
(full width at half-maxima) of a single cavity reso-
nance is related to the total losses αtot in the cavity 
(see Section 11.6) [15]:
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πη
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πτ

 (11.4)

where cavτ  is the cavity decay time—the time it 
takes for the intracavity field (not intensity, see 
Equation 11.26) to decay to 1/e of its initial value. 

p
c∆ν  is the line-width of the cavity resonance. 

Another useful parameter is the quality factor Q of 
the cavity, defined by [15, 21]

 Q .p

p
c

= ν
∆ν

 (11.5)

The higher the Q-factor, the better the cavity is in 
sustaining intracavity radiation of a particular 
frequency. We will discuss more about the cavity 
losses in a later section. Semiconductor lasers gen-
erally have lower Q-factors compared to the other 

solid-state and gas lasers owing to a poorer cavity 
resonance line-width q

c∆ν . In practice, the refrac-
tive index qη  should be substituted by the effective 
group index in the semiconductor, which takes into 
account the wavelength dependence of the refrac-
tive index influencing a propagating laser mode [9].

The transverse modes that can be sustained in 
a cavity with plane parallel mirrors symmetrical 
about the cavity optical axis can be obtained as 
solutions of Maxwell’s equation as [6,15]
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where H m and H n are mth and nth order Hermite 
polynomials, respectively; a, b, and w are cavity-
dependent parameters, k is the optical wave num-
ber, and w is called the spot size of the mode. The 
(m, n) order Hermite–Gaussian modes describe 
well the spatial modes in semiconductor lasers. 
Note that the n, m take values starting from zero 
(i.e., 0, 1, 2, …, number of intersections of the intra-
cavity field with the lateral and transverse cavity 
axes) unlike q for longitudinal modes, which starts 
from 1. The 0th order spatial mode (m = 0, n = 0) 
corresponds to the fundamental spatial mode. We 
will discuss spatial modes again in further detail 
later in this chapter.

11.2.2  Active medium

The source of optical radiation for directional 
amplification in the cavity described above is an 
active medium. Not all materials capable of gen-
erating luminescence can act as an active medium 
for laser action and special preparation and designs 
are generally required. Before we proceed to dis-
cuss more about the active medium, it is impor-
tant to discuss the optical transitions in materials, 
which govern the properties of light emitters and 
absorber. The induced (stimulated) emission and 
absorption processes as well as spontaneous emis-
sion are fundamental to lasing action.

Note that the phenomenon of spontaneous 
emission can only be explained properly via pure 
quantum mechanical arguments, whereas the 
stimulated emission and absorption (both induced) 
processes can (also) be explained via semiclassical 
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arguments. Einstein in his seminal 1917 paper Zur 
Quantentheorie der Strahlung (On the Quantum 
Theory of Radiation) [16], predicted, based on ther-
modynamic arguments, that together with induced 
absorption and spontaneous emission, another emis-
sion process (stimulated emission) ought to exist for 
a system in the presence of a radiation field to be in 
thermal equilibrium [16,17,89]. It is also interesting 
to note that a full quantum mechanical theory of 
spontaneous emission had not yet been developed in 
1917 [90]. Einstein also asserted in the same paper, 
based on the requirement of momentum balance, 
that radiation as a result of stimulated emission 
should be identical in all respects to the stimulating 
radiation. We will build an intuitive picture of these 
three fundamental processes here without using a 
rigorous quantum mechanical treatment, which can 
be found elsewhere [16,17,90]. Consider a two-level 
system separated by energy ΔE = E2 − E1 in the pres-
ence of a radiation field, as shown in Figure 11.3.

An incoming photon can induce a system to 
move to an excited state by absorbing a photon from 
the radiation field (Figure 11.3a). This induced pro-
cess of absorption can occur, for example, in a semi-
conductor medium where a photon from incoming 
radiation is absorbed and an electron from the 
valence band (state E1) is excited to the conduc-
tion band (state E2). An excited state is generally an 
unstable state and the electron in this state can emit 
a photon spontaneously and return to the valence 
band, recombining with a hole. The spontaneously 
emitted photons are emitted in random directions 
with random phases and polarization [18,19]. There 
is no driving or inducing element for this sponta-
neous emission process and it is generally agreed 
that the omnipresent zero-point energy fluctua-
tions (virtual photon interactions) of the system are 
responsible for the occurrence of this fundamental 

emission process [19]. It is also possible that another 
photon in the radiation field induces the electron 
in state E2 to return back to E1 and in the process 
the system emits a photon in a state (quantum 
state) completely identical to the photon inducing 
(stimulating) this process. This process is called 
stimulated emission and is at the heart of the las-
ing phenomenon (Figure 11.3c). The reason why 
the photon resulting from stimulated emission is 
identical to the photon stimulating its emission can 
be intuitively understood by noting the fact that 
photons are bosons that have an affinity to occupy 
the same quantum states [18,20]. The fact that laser 
emission is coherent also stems from the aforemen-
tioned statement. Photons generated via stimulated 
emission tend to occupy the same quantum state 
of momentum and polarization, thereby creating a 
stream of spatially and temporally coherent radia-
tion. The degree of coherence varies from one laser 
type to another and an appropriate understanding 
can only be developed via advanced treatments 
[21]. Semiconductor lasers are in general less coher-
ent than, for example, gas lasers [15,21].

The concept of stimulated emission was put 
forward in 1917 by Einstein but it took almost half 
a century for the laser to be realized. The under-
standing that a resonant cavity (described above) 
in addition to a suitable active medium (radiation 
source) is required for directional amplification of 
stimulated emission took time to develop [6,15,21]. 
An interesting account on these developments can 
be found in the Nobel lecture by Prokhorov [89].

We now consider the type of semiconductors that 
are efficient sources of optical radiation. In semi-
conductors only direct band-gap materials (such as 
GaAs) have a high probability of radiative transitions 
(spontaneous and stimulated emission) resulting in 
radiative recombination (generation of optical radia-
tion) between electrons in the conduction band and 
holes in the valence band, see Figure 11.4a. In indirect 
band semiconductors (such as Si, Ge),  electron–hole 
recombination generally occurs via nonradiative 
routes (i.e., without the generation of optical radia-
tion), such as via generation of phonons which 
heat-up the lattice (Figure 11.4b). The probability of 
radiative transitions is significantly lower in indirect 
band-gap semiconductors owing to the fact that the 
indirect semiconductor requires the presence of a 
phonon in order to conserve energy and momentum 
in the process. The amount of optical radiation that 
electron–hole pairs can generate is governed by the 
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Figure 11.3 Three fundamental processes for 
interaction of radiation with matter: (a) induced 
 (stimulated) absorption, (b) spontaneous emis-
sion, and (c) induced (stimulated) emission process 
(see text for explanation of the three processes).
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competition between the radiative and nonradia-
tive rates and the latter tends to dominate in indirect 
semiconductor materials. The underlying reason for 
this is that for any transition the momentum should 
be conserved in addition to the energy. The energy 
conservation requirement is met in both direct and 
indirect transitions in a straightforward manner. 
However, the momentum conservation requires the 
transition to be vertical, the so-called k-conservation 
rule (

�
k 0∆ = ) [9]. As the photon momentum is very 

small, the momentum conservation requirement 
is direct semiconductors is easily met. However, in 
indirect semiconductors a transition is possible only 
via the generation of another particle (a phonon) 
for the net change in momentum is zero (see Figure 
11.4b); the absorption of a phonon for momentum 
balance is less probable owing to the many-body 
requirements of the process.

11.2.3  Population inversion

From the above discussion it is clear that in order 
to achieve a higher rate of stimulated emission in 
a semiconductor active medium (primary require-
ment for lasing action), one would need to con-
stantly maintain a large number of electrons in 
an excited state (conduction band), i.e., the sys-
tem needs to be in a state of population inversion. 

In addition, the semiconductor should be a direct 
band-gap so that the radiative recombination is 
dominant. A state of inverted population can be 
made possible via optical pumping the system with 
radiation [at energy > Eg (= Ec − Ev)], whereby the 
system constantly absorbs the radiation field and 
remains in an excited state. This scheme of opti-
cal pumping for achieving population inversion is 
used in a particular class of semiconductor lasers, 
the vertical external cavity semiconductor lasers 
(VECSEL), as discussed in Section 11.3. Most pres-
ent day semiconductor laser designs however rely 
on the phenomenon of electrical injection to gen-
erate luminescence [electroluminescence (EL)], 
where injected electrical current is used to main-
tain the system in a state of population inversion 
(Section 11.4). Nevertheless, the notion of opti-
cal pumping allows us to intuitively understand 
the conditions required for achieving population 
inversion, gain, and amplification.

Let optical (pump-) radiation Ipump with variable 
energy hν be incident on a slab of semiconductor 
material (assumed direct and intrinsic) and for 
simplicity let T = 0 K (see Figure 11.5). If hν < Eg, 
no absorption takes place as electrons in the fully 
occupied valence band do not have enough energy 
to move to the conduction band. Absorption 
occurs (ignoring band tail effects [9–12]) if hν ≥ Eg 
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valleys are shown. The heavy-hole (hh) and light-hole (lh) bands are also shown. The energy difference 
between the conduction band minimum and valence band minimum is the band-gap, Eg.
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when electrons in the valence band obtain enough 
energy to move to the empty states in the conduc-
tion band. It is easy to see that the degree of absorp-
tion is proportional to the number of empty states 
(recall density of states [9–12], see Figure 11.12) 
available for the electrons in the valence band. As 
hν increases further and beyond Eg, the absorption 
grows according to the increase in the density of 
states above Eg (see Figure 11.5a) and log(Iout/Ipump) 
decreases according to the Beer–Lambert law. Now 
consider a slightly different situation where the 
semiconductor slab is bathed in a very stong Ipump 
and a large electron population is maintained in 
the conduction band. Such a nonequilibrium state 
of population inversion is depicted in Figure 11.5b, 
where electron and hole populations are now 
described by new individual chemical potentials 
μe and μh (generally synonymous to quasi-Fermi 
levels Fe and Fh provided they have the same zero 
reference energy [22,23], otherwise not [24]). Note 
that Ec, Ev, μe, and μh generally have a common 
zero reference energy, while Fe and Fh are measured 
from the respective band edges [22]. Also note that 
at T = 0 K, the Fermi energy coincides with the 
chemical potential (maximum value of a single 
chemical potential) [23,25]. The concept of Fermi 

energy is borrowed from the theory of metals [23]. 
Thus, usage of chemical potential is more appropri-
ate and generally valid for understanding carrier 
population in semiconductors [22]. However, due 
to its widespread usage in the literature, we will use 
quasi-Fermi levels in the discussion that follows.

As interband relaxation (see Figure 11.5b curved 
arrow) is fast (∼ps) compared to intraband transitions 
(∼ns), the quasi-Fermi levels can be used to describe 
electron and hole populations local to the conduc-
tion and valence band, respectively [12]. Thus, at 
T = 0 K all states in the conduction band up to Fe are 
filled and all states above Fe are empty. Similar argu-
ments apply to the valence band. If a variable energy 
probing wave now passes through the semiconduc-
tor under population inversion, it experiences gain in 
intensity via the stimulated emission process rather 
than loss via absorption. The probing wave grows in 
intensity, again as per the Beer–Lambert law. As gain 
is just opposite to the absorption phenomenon, the 
gain profile is symmetric to the absorption profile 
(Figure 11.5b) about the energy axis.

The gain, however, is not experienced at all 
energies. If the probing wave energy hν > μe − μh 
(μe − μh = Eg + Fe + Fh = μe−h, the total chemical poten-
tial for the electron–hole plasma [22]), then we have 

k
Eg

Fe

Fh

(a)

Ipump(v)

µh

T = 0 K

k

E

Eg hν
EC

EF

EV

G
ai

n
Ipump(v)

Lo
ss log (Iout/Ipump)

Ipump(v)
Semiconductor

Iout < Ipump (v)

T = 0 K

T > 0 K

Eg hν

(b)

G
ai

n
Lo

ss

log (Iprobe-out/Iprobe-in)

µe – µh

µe

Ipump(v)

Iprobe-in(v0 > v)

Iprobe-out(v0) > Iprobe-in(v0)

Semiconductor

Figure 11.5 Schematic of the E(k) vs. k diagram (for k > 0), optical absorption, inversion and gain in 
a semiconductor (considered direct and intrinsic. (a) Optical (pump) radiation with a variable energy 
hν is assumed incident on a slab of semiconductor and the logarithm of the ratio of output vs. input 
intensity log(Iout(ν)/Ipump(ν)) (absorption) is plotted as a function of energy hν. (b) Gain experienced 
under population inversion by a variable energy probing wave while a strong broad-band pump 
 radiation is continuously incident on the semiconductor; log (Iprobe-out (ν)/Iprobe-in(ν)) is plotted (see text 
for further explanation). Filled circles denote electrons, whereas open circles denote holes.
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the normal situation of filled states in the valence 
band and empty states in the conduction band and 
the probing wave suffers absoption. Similarly for 
hν < Eg the semiconductor is completely transpar-
ent to the incident probing radiation. Therefore, 
the necessary condition for amplification of inci-
dent radiation at energy hν in a semiconductor 
medium with inverted population is Eg < hν < 
μe − μh. This requirement was first put forward by 
Bernard and Duraffourg who derived the above 
relation in 1961  [26]. So far we have considered 
T = 0 K in the above analysis; for T > 0 K the sharp 
transition from gain to absorption (Figure 11.5b) 
is smoothed out due to the thermal distribution of 
electrons and holes. We will discuss more about 
the energy dependence of gain in Section 11.5.

11.2.4  Injection luminescence, 
carrier, optical, and current 
confinement

Consider a simple pn homojunction shown in 
Figure 11.6a and b. If electrons and holes are con-
tinuously injected from the n- and the p-contacts, 
respectively, a state of population inversion similar 
to the one described in the previous section can be 
created under high injection. The carriers (electrons, 
holes) can recombine in the vicinity of the depletion 
region resulting in radiation (injection lumines-
cence or EL), which can experience optical gain.

We will discuss the wavelength of the gener-
ated radiation later but at this stage it is interesting 
to note that such an injected pn-junction, if placed 
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inside a Fabry–Perot cavity, can result in laser emis-
sion. Indeed, the first n-GaAs-based (edge emitting) 
semiconductor laser with a Zn diffused p-region 
used the naturally cleaved facets of GaAs (33% reflec-
tive) as the Fabry–Perot cavity mirrors (Figure 11.6) 
[27]. However, this was a very inefficient device that 
 generated laser emission only at cryogenic tem-
perature, required very high electrical current for 
lasing emission to start and worked only under low-
duty cycle (nonthermal) pulsed operation. Further 
research led to the realization that carrier leakage 
from the junction, inefficient confinement of the 

optical mode both vertically (perpendicular to the 
junction) and laterally (parallel to the junction) 
together with optical losses via absorption and due 
to inferior (epitaxial) material quality was behind 
the inefficiency and high current operation.

As the epitaxial growth technology improved 
and semiconductor materials with reduced defects 
and dislocations became available, the active 
region design of semiconductor lasers evolved 
from a homojunction to a single heterojunc-
tion and then to double heterojunction (DH) (see 
Figures 11.6 through 11.8) in order to get better 

Wide gap p-type
confinig layer

Hole
current

Conduction
band Hetero-barrier Electron

leakage
Electron
current Electrons

Electron
quasi-fermi level

Hole
quasi-fermi

 level

Narrow gap
active layer

Hole
leakage Valence

band

Optical mode
profile

Wide gap n-type
confining layer

Growth direction

Re
fr

ac
tiv

e
in

de
x 

pr
of

ile

Holes

En
er

gy

eV

(a)

Hole
leakage

Carrier
confinement

Optical mode

Wide gap n-type
confining layer

Wider gap n-type
cladding layer

Electron
quasi-fermi level

Growth direction

En
er

gy

En
er

gy

Re
fr

ac
tiv

e
in

de
x

Optical confinement

Valence
band

Hole
current

Hole
quasi-fermi level

Conduction
band

Wide gap p-type
confining layer

Hetero-barrier

Holes

Wider gap p-type
cladding layer

Electron
leakage

Active
layer

Electron
current Electrons

eV

(b)

Figure 11.7 Schematic of active region designs for semiconductor lasers. (a) Double-heterojunction 
(DH) design showing simultaneous carrier confinement and optical mode confinement, e.g., narrow 
band-gap GaAs active region sandwiched between wide band-gap AlxGa1−xAs. (b) Separate confine-
ment heterostructure (SCH) with DH design used in modern semiconductor lasers: extra wide band-
gap material for mode confinement. Tilted bands shown under high current injection (forward bias). 
Doping and space-charge interface effects are ignored for simplicity.
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Figure 11.8 Evolution in the design of semiconductor laser active regions: (a) homojunction, (b) single heterojunction, (c) double heterojunction, (d) 
single-quantum well (SQW), (e) SQW with separate confinement heterostructure (SCH), (f) SQW with graded-index SCH, (g) multiquantum well with 
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dicular to the junction) are also shown. Direction of electron and hole injection into the active region are indicated by arrows. Diagrams not to scale.
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confinement of the injected carriers and simulta-
neously an improved optical confinement of the 
generated radiation. It is a fortuitous fact of nature 
and a gift to the field of semiconductor lasers that, 
in general, as the band-gap of a semiconductor 
material decreases its refractive index increases 
(and vice versa) [11,12]. H. Kroemer in 1963 pre-
sented in his paper a DH design (similar to shown 
in Figure 11.7a), which automatically allowed for 
simultaneous optical and carrier confinement in 
semiconductor diode lasers [8]. In addition, it sig-
nificantly reduced the optical losses via absorption 
in adjacent layers due to the wider band-gap, reduc-
ing the laser threshold. The active region design 
for the first room temperature CW semiconductor 
laser based on a lattice-matched AlxGa1−xAs/GaAs 
(x ~ 0.3) double heterostructure [14] is shown in 
Figure 11.7a. Such a lattice-matched material sys-
tem (see Section 11.7) allowed for relatively defect-
free material growth together with the flexibility 
of designing the required band offsets and refrac-
tive index profile (Figure 11.7a) for simultaneous 
carrier and optical mode confinement. For their 
contributions to the development of semiconduc-
tor lasers, Kroemer and Alferov were awarded the 
Nobel Prize in Physics in the year 2000.

With the proposal of the possibility of using a 
QW as the active region in a semiconductor laser 
in 1974 [28], researchers immediately realized 
that such a thin active region would benefit from 
a separate confinement heterostructure (SCH) that 
they had been working on [29,30], in addition to 
the potential benefits from the quantum-confined 
active region itself (Section 11.7). As QWs are too 

thin to confine the optical mode, it was suggested 
that having a separate confinement for carriers 
(electron and holes) and that of the generated light 
via a SCH would result in lowering of the lasing 
threshold as well as increasing the efficiency of 
the lasing process (Figure 11.7b). In addition, the 
SCH design reduces carrier leakage from the active 
region and the optical power load at the facet pre-
venting facet damage. Modern semiconductor 
lasers use variants of the SCH design and the active 
regions are generally undoped. Figure 11.8 shows 
the changes in semiconductor laser active region 
designs as they evolved toward achieving better 
simultaneous carrier and optical confinement.

Another crucial aspect of semiconductor laser 
design is the design for lateral (x-direction) current 
and spatial mode confinement. It was realized quite 
early that the injected carriers can easily undergo 
undesirable nonradiative recombination if allowed 
to reach the surface (side walls) of the device. Thus, 
a current injection stripe design was implemented 
[31,32] for laterally confining the injected carriers 
defining the emission width of the laser. Variants 
of this stripe geometry design are still commonly 
used in commercial edge-emitting semiconductor 
lasers.

As noted above, in the growth direction (y-axis) 
the optical (spatial) mode is index-guided (via total 
internal reflection) by the refractive index pro-
file created by the epitaxial layers, whereas in the 
lateral direction (x-axis) the lateral current injec-
tion stripe design defines the lateral spatial mode 
guiding via either gain-guiding (Figure 11.9b) or 
index-guiding (Figure 11.9c). In a gain-guided 

(a) (b) (c) (d)

n n n

n
p p p

ppp n

(–) (–) (–) (–)

(+)(+)(+)(+)

Unguided Gain-guided Weakly index-guided Strongly index-guided

n-substraten-substraten-substraten-substrate

Figure 11.9 Different current injections schemes in semiconductor lasers: (a) unguided, (b) gain-
guided, (c) weakly index guided, and (d) strongly index guided, a buried heterostructure design (see 
text for details). Top (anode) and bottom (cathode) metal contacts are also shown. Oxide insula-
tion [gray strips on p-side in (b) and (c)] defines the lateral current path and spreading which in turn 
determines the lateral emitting aperture (in red) of the laser. On the other hand, the vertical emitting 
aperture is determined by the refractive index profile perpendicular to the junction, see Figure 11.8.
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semiconductor laser, the light is laterally confined 
by optical gain created under the contact stripe, see 
Figure 11.9b, whereas in the strong index-guided 
design a lateral index step created generally by 
etching the p-side and regrowth (called buried 
heterostructure) in the transverse epitaxial struc-
ture, Figure 11.9c, which guides the mode. Weak 
index-guided designs involve just etching but no 
regrowth resulting in ridge-waveguide (also called 
mesastripe) structures [9–13].

11.2.5  Optical gain

We have discussed how population inversion 
in a semiconductor medium can result in opti-
cal gain for intracavity optical radiation. Before 
 proceeding, it is important to understand the 
spectral, carrier, and temperature dependence of 
the optical gain in semiconductors. As we will see 
later, laser actions starts only when optical gain 
overcomes the losses in the system (cavity + active 
medium). Here, we present a simple but realistic 
approach for optical gain in bulk semiconduc-
tor material and qualitatively discuss the effects 
of quantum confinement. More sophisticated 
approaches to undertaking gain calculations can 
be found elsewhere [33,34]. Considering transi-
tions only between  conduction and heavy-hole 
valence band for simplicity, we start with the 
expression for the photon energy (Eph = hν) and 
carrier density (N) dependent absorption optα  
[10,11,24], which is opposite to optical gain (also 
known as material gain) in an inverted semicon-
ductor at T > 0 K:
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Here, η is the refractive index of the gain medium 
(which itself is energy dependent, ignored here for 
brevity), Eg is the band-gap (neglecting carrier-
induced band-gap shrinkage [9–12], the electron 
and hole quasi-Fermi levels are denoted by Fe and 
Fh , respectively). The energetic distribution of elec-
trons and holes are given by the Fermi functions fe 
and fh, respectively [34].

In order to calculate the optical gain using 
the expression 11.7, we need to know the total 

spontaneous emission r E N,spon ph( ). Electronic 
states in a semiconductor are broadened by inelas-
tic scattering and the scattering rate (dephasing 
rate [9–12]) can be of the order of tens of ps−1 lead-
ing to several meV (of the order of μe − μh) of broad-
ening, γ. This causes an intrinsic homogeneous 
broadening of the spontaneous emission spectrum. 
Homogeneous broadening can be modeled using a 
Lorentzian broadening function, which gives
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where we have ignored, as is done in practice, the 
crystal momentum ( �E / ) dependence of the elec-
tron scattering rate [12]. r is a material-dependent 
constant (see Figure 11.11). f e and f h  are carrier 
density-dependent Fermi-distribution functions 
for electrons and holes, respectively [34]. With 
Equations 11.7 and 11.8 one gets simple treatment 
for the behavior of optical gain in (direct band-
gap) bulk semiconductors and a realistic behavior 
of optical gain variation with energy, carrier den-
sity, and temperature can be reproduced. Including 
homogeneous broadening directly in the spontane-
ous emission calculation ensures that the optical 
transparency occurs at F F Ee h g+ + , which is thermo-
dynamically correct, see Figure 11.10 (note x-axis 
is rescaled to Eph − Eg, so optical transparency is at 
F Fe h+ ). In contrast, incorporating homogeneous 
broadening as a multiplicative factor (line-shape 
function [15,21]) with the gain, a treatment found in 
many textbooks (e.g., [35,36]), which directly follows 
a generic laser physics-based formalism for bulk 
semiconductor gain calculations, results in optical 
transparency below F F Ee h g+ +  (thermodynamically 
incorrect) in addition to substantial sub-band-gap 
absorption, which is not observed experimentally 
[24,34,37].

Most semiconductor gain media are homo-
geneously broadened at and above room tem-
perature, where any change in carrier density 
equally (homogeneously) affects the gain over 
the whole spectral range. In contrast, inhomo-
geneous broadening causes each part of the gain 
medium to spectrally respond independently 
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to the intracavity radiation. Quantum dot and 
nitride-based gain media (Sections 11.7 and 11.4) 
show a varied degree of inhomogeneous broad-
ening, but is significant only at low temperatures. 
The nature of gain broadening plays a crucial 
role in mode selection and formation in all lasers 
[15,21] and semiconductor lasers are no excep-
tion [34,38]. In addition, broadening affects the 
lasing threshold and the dynamic characteristics 
of semiconductor lasers [39]. Before proceed-
ing further, it is useful to look at some typical 

representative but useful results one can obtain 
from the simple gain model outlined above for 
the bulk gain medium.

A few things are worth noticing from the plots 
in Figure 11.11a. The gain spectrum is narrower 
than the spontaneous emission spectrum with a 
peak at lower energy than the latter. The peak for 
both shifts to higher energies (shorter wavelengths) 
with increasing carrier density (band-filling) at a 
constant temperature (300 K). Both have an asym-
metric profile dictated by the density of states and 
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carrier distribution functions. The effect of homo-
geneous broadening leads to a broadening of the 
spectra as expected, a reduction in peak value and 
some sub-band-gap gain and spontaneous emis-
sion. The optical transparency point also moves 
to higher energies with increasing carrier density. 
If we track the variation of the integrated (total) 
spontaneous emission and the peak gain with car-
rier density (Figure 11.11b), we find that that the 
total spontaneous emission has a stronger non-
linear dependence on carrier density compared 
to peak gain (which is sublinear). Thus, the total 
spontaneous emission is generally modeled as BN2, 
where B is taken as constant for a material (bimo-
lecular recombination coefficient) while the gain is 
assumed to linearly depend on carrier density as

 �g N g N N tr( ) ( )= −λ λ  (11.9)

at a given energy (wavelength λ) and temperature. 
For QW lasers, however, a linear dependence of 
peak gain on carrier density is considered incorrect 
and a logarithmic dependence (see Section 11.10) 
is assumed instead [9]. In the above expression of 
peak gain, �λg  is the differential gain λg Nd /d , and 
Ntr is the transparency carrier density, the carrier 
density at which optical gain balances the material 
loss, the stimulated emission and absorption rates 
become equal rendering the material transparent 
to radiation at wavelength λ. This brings us to the 
discussion on losses in a gain material and the con-
cept of threshold in a laser cavity.

11.2.6  Carrier loss, photon loss, and 
laser threshold

Recombination of injected carriers resulting in 
spontaneous emission is a major route to  carrier 
loss in semiconductor lasers. A laser operates by 
amplifying spontaneous emission leading to seed-
ing and enhancement of stimulated  emission. It is 
a fundamental process that cannot be suppressed 
completely and replaced by stimulated  emission 
in a laser. Spontaneous emission plays a key role 
deciding the longitudinal mode  structure, the 
line-width, and noise in semiconductor lasers. It 
is a bimolecular phenomenon where an  electron 
and a hole is required for the process to occur 
and the coefficient B can be shown to have a (300 
K/T)3/2 × (Eg/1.5 eV)2 dependence on temperature 

and energy, respectively, in a bulk semiconduc-
tor [40]. Spontaneous emission clamps at a constant 
value at the onset of lasing due to gain saturation (see 
Sections 11.8 and 11.10) in homogeneously broad-
ened gain media [15, 19]. Another loss mechanism 
for injected carriers is recombination via crystal 
growth induced defect states in the semiconduc-
tor. This is a monomolecular process (Shockley–
Read–Hall [SRH] recombination [9–12]), which 
depends linearly on carrier density (as AN) with 
A as the corresponding recombination coefficient. 
The degree of carrier loss via defect recombina-
tion depends on the density of defects in the mate-
rial and can be reduced by improving the crystal 
growth quality. A third process, Auger recombi-
nation is a dominant carrier loss mechanism in 
long wavelength semiconductor lasers [9–12]. It 
is a three-carrier Columbic interaction whereby 
the energy of a recombining electron and hole is 
given to a third carrier (electron or hole), which 
is excited high in its respective band. The energy 
is then dissipated via phonons, heating the lattice. 
As a three-carrier process, it is assumed to have a 
cubic dependence on carrier density and is modeled 
as CN3, with C as the Auger recombination coeffi-
cient. Finally, leakage of carriers (thermally acti-
vated or otherwise) from the active region causes 
carrier loss in the semiconductor active medium. 
Carrier leakage has an exponential dependence on 
the carrier density, but is frequently modeled as a 
higher order carrier density (Nx, x ≥ 3) dependent 
process. Note that while spontaneous emission is 
a radiative loss mechanism, defect recombination, 
Auger recombination, and leakage are generally 
nonradiative loss mechanisms. All of these are car-
rier recombination loss processes. Photon (optical) 
loss processes such as intervalence band absorption 
(IVBA) [9–12,41] and free-carrier absorption [9–12] 
and absorption in the cladding layer (adjacent to 
the SCH layer) also contribute to the total optical 
loss in the system and are generally combined with 
losses due to scattering and diffraction in the cav-
ity and collectively known as the internal loss αint 
of the system. In addition, optical losses due to the 
(useful) light escaping from the finite reflectivity 
(R1 and R2) cavity mirrors (facets) can be written as 
αm = −ln(R1R2)/2L [9–12], L being the cavity length. 
This term is known as the mirror loss and repre-
sents the useful light extracted from the laser.

At the transparency carrier density, opti-
cal gain balances the total material (carrier) loss. 
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Additional carrier injection is needed to increase 
the carrier density up to the threshold carrier den-
sity, Nth (> Ntr), when the modal gain equals the 
total photon loss, αtot, which accounts for the light 
escaping from the mirrors, thus αtot = αint + αm and 
laser threshold is attained. Ntr and Nth are in gen-
eral a function of λ . The requirement of the thresh-
old condition is written as [9–12]

Γ = α + α = α + 
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where yΓ  is the transverse optical confinement fac-
tor defined using the overlap integral as
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The product of yΓ  with the material gain is called 
the modal gain, which at threshold is gy thΓ . yΓ  
is defined under the assumption that the lateral 
field amplitude x( )ψ  of a guided spatial mode 

x y x y,( )( ) ( )( )ε = ϕ ψ  can be decoupled from its 
transverse counterpart y( )ϕ  under the effective 
index approximation [42], which assumes that the 
lateral refractive index variation is much slower 
than its transverse variation. d is the thickness of 
the active region. Usually, the lateral confinement 
factor xΓ  is close to unity for most edge-emitting 
semiconductor laser designs and only yΓ  influences 
the modal gain. Semiconductor lasers have higher 
threshold modal gain typically 100 cm−1 or more 
compared to, e.g., He–Ne lasers for which g th is typ-
ically 10−3 − 10−2 cm−1 [15]. The transverse electric 
(TE) spatial modes, i.e., spatial modes polarized 
in the plane of the active region, have a higher yΓ  
compared to the orthogonal TM (transverse mag-
netic) modes [9–12]. In addition, the facet reflectiv-
ity for cleaved facets is also higher for TE modes 
than TM modes [43]. Hence, the TE modes satisfy 
the threshold condition Equation 11.10 at a lower 
gain. Thus, the laser emission primarily constitutes 
TE polarized spatial modes. However, with the 
advent of strained QW lasers it has been possible to 
increase the gain of TM polarized modes resulting 
in TM polarized emission from tensile trained QW 
gain media (more in Section 11.7) [9–12].

The injected current corresponding to the 
threshold carrier density is called the threshold 

current Ith and the threshold current divided by 
the active area (Ith/L·S) is the threshold current 
density, Jth, where L and S are the cavity length 
and width of the current injection stripe, respec-
tively. In steady state, the injected current through 
a semiconductor laser with an active region vol-
ume V (=L·d·S) can be defined in a straightforward 
manner as I q VN /e c= τ  where N is the injected 
carrier density and cτ  the (total) carrier lifetime, 
that is the average time before injected carriers 
recombine (radiatively and nonradiatively) [9–12]. 
From the above discussion, we can define the car-
rier lifetime as
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Stimulated emission rate depends on photon den-
sity, which is still weak below and near threshold. 
Hence, we can write the carrier lifetime as (for 
N ≤ Nth)

 N
1

A BN CN
,c 2 c ( )τ =

+ +
≡ τ  (11.13)

where we have also assumed that carrier leakage 
is negligible. The A, B, C model used to define the 
carrier lifetime is only an empirical model [33], but 
works quite well in practice to quantify losses in 
semiconductor lasers. Multiplying Equation 11.9 
with q V /e cτ , setting N = Nth and using Equation 
11.10 for the laser threshold at a given wavelength, 
one can obtain the threshold current for the semi-
conductor laser using the above definition of 
injected current as
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Note that the above expression is derived under the 
linear gain approximation Equation 11.9, but pro-
vides useful insights into the basic requirements of 
achieving low threshold in semiconductor lasers. As 
noted above, the threshold current constitutes of two 
parts, the transparency current I tr required to render 
the active semiconductor transparent to radiation 
and an extra current I int mirror+  required to overcome 
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the internal and mirror losses. Obviously, I th can be 
lowered by reducing the total active volume. I int mirror+  
is reduced mainly by increasing the differential gain 
�g  and the optical confinement factor yΓ  while keep-
ing the internal and cavity losses mint( )α + α as low 
as possible. Note that a higher yΓ  can be achieved 
by increasing the active volume V, which in turn 
increases I th (in practice, there is a trade-off). Both 
I tr and I int mirror+  are affected by the material (carrier) 
losses (via the carrier lifetime in Equation 11.13) and 
once the cavity and internal losses are optimized, 
the magnitude of I th is essentially dominated by 
radiative and nonradiative recombination in the 
semiconductor below and up to threshold. Using the 
above discussion one can write

 I q V IAN BN CN ,th e
2 3

leakage( )∝ + + +  (11.15)

where we have added the leakage component back 
in Equation 11.14. It is also useful to compare the 
corresponding expression for QW lasers based on 
Equation 11.28 in Reference [9]. The above rela-
tionship between I th , the injected carrier density 
N , and the radiative and nonradiative recombina-
tion provides a useful tool to understand the fac-
tors limiting the magnitude of laser threshold in 
semiconductor lasers (see Section 11.9).

11.2.7  Advantages of quantum 
confinement

In DH lasers, the typical active layer thickness is 
of the order of ~50–300 nm (with SCH designs) 
[9–12], resulting in a transverse confinement fac-
tor that is in the range 10%–70%. The density of 
electronic states E( )ρ  increases with the square 
root of energy at the band edge E E Eg( )ρ ∝ − ) 
for gain media based on bulk semiconductors, 
Figure  11.10a (dashed lines). If the thickness of 
the active layer is shrunk to values of 20 nm or 
less (~de Broglie wavelength of an electron), the 
electronic wave functions in this QW show a 
quantization in a direction perpendicular to the 
junction plane resulting in discrete energy levels, 
see Figure  11.12a (solid lines). In this case, the 
density of electronic states E( )ρ  increases in steps 
located at the electronic energy levels of the QW 
[9–12]. E m L* / z( )ρ ∝  for QWs, where m * is the 
effective mass of the particular band/sub-band, 
and Lz  is the width of the QW. Thus, in principle 

the density of states close to the lowest energy level 
of a QW is much higher than the density of states 
at the band edge of the bulk material. The den-
sity of electronic carriers at a given energy is the 
product of the density of states E( )ρ  and the prob-
ability of being occupied by electrons fe or holes 
fh (Figure 11.12b). Thus, the carrier distribution 
in a QW (active layer) laser structure has a higher 
maximum value and a smaller energy width. Thus, 
in addition to a smaller active volume, fewer states 
are required to be filled to reach inversion, hence 
the transparency carrier density is lower in a QW 
laser [9–12]. Thus, lower threshold currents can be 
obtained compared to DH lasers. Also, the mate-
rial- and the differential-gain are much higher and 
the spectral shift of the gain curve is much smaller 
[9–12]. However, the thin QW results in a very low 

yΓ and hence modal gain and in practice multiple 
QWs and a SCH layer is employed for an efficient 
carrier and optical confinement. Furthermore, 
the possibility of introduction of strained QWs 
extends the usable wavelength range of a particu-
lar material system. For these reasons, the use of 
(strained-) QWs is a rule rather than an exception 
in modern state-of-the-art semiconductor lasers.

Figure 11.12 shows a simplistic representation of 
a QW active medium, with the quasi-Fermi levels 
inside the bands under population inversion. In 
practice, the situation is different in an unstrained 
(lattice-matched) material as the effective mass for 
holes is in general larger than for electrons [9–12]. 
This affects the transport and density of states 
in such a way that as the injected carrier density 
approaches transparency, the quasi-Fermi level for 
electrons is already well into the conduction band 
before the quasi-Fermi level for holes has reached 
the valence band edge. This increases the density of 
electronic states in the valence band and a higher 
carrier injection is needed to achieve transparency 
and therefore lasing threshold. Nevertheless, due to 
the properties outlined above, unstrained QW lasers 
still have lower threshold than semiconductor lasers 
based on a bulk active medium. It was proposed 
independently by Adams [44] and by Yablonovitch 
and Kane [45] that lasing threshold in QW lasers 
can be further reduced by introducing biaxial (in-
plane) strain into these thin QW layers, leading to 
additional beneficial characteristics in QW lasers 
such as an extended emission wavelength range, an 
increase in differential gain, increased differential 
quantum efficiency, reduced temperature sensitivity 
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of lasing threshold (Section 11.9), increased modu-
lation bandwidth (see Section 11.11), and a decrease 
in phase–amplitude coupling (Section 11.10) [9–12]. 
Incorporation of biaxial strain (tensile or compres-
sive) can be achieved by growing QWs with a slight 
lattice mismatch to the substrate material. Due to 
the thin layers, QWs can remain strained without 
getting plagued by dislocations and defects unlike 
thick bulk layers under strain. The critical thick-
ness for growing a SQW under strain without form-
ing dislocations is approximately 0.2(a/Δa) nm, 
where a is the lattice constant of the well material 
and Δa is the lattice-constant difference between 
the QW and the substrate material [9–12], imply-
ing that a 20 nm QW can be grown with 1% lattice 
mismatch, although we note that 20 nm would be 
relatively wide for a QW. Figure 11.13 shows how 
the introduction of biaxial strain lifts the degen-
eracy of the light- and the heavy-hole bands result-
ing in a reduced hole effective mass (for compressive 
strain), which in turn reduces the density of elec-
tronic states near the top of the valence band (at the 
Brillouin zone center [25]). This can be understood 
by recalling the effective mass for motion along the 
confinement direction in the QW determines the 
confinement energy, whereas the effective mass in 
the plane of the well determines the density of states. 
Now the hole quasi-Fermi level can move into the 
valence band fulfilling the Bernard and Duraffourg 
condition (Section 11.3) at a lower injected carrier 
density [9–12,44,45]. Thus, the transparency carrier 
density is reduced and hence the lasing threshold. 
A reduction in the effective hole mass also results 
in an increase in the differential gain [9–12]. This 
directly impacts the lasing threshold (see Equation 
11.14) and has profound effects on the modula-
tion bandwidth and phase–amplitude coupling as 

indicated above. The lower transparency carrier 
density reduces the carrier-dependent losses such as 
Auger recombination, which is a major loss chan-
nel for injected carriers in long wavelength (infra-
red) lasers [9–12]. Additionally, carrier leakage 
to the valence (sub-) bands in the QW and IVBA 
is also reduced [9–12]. Tensile-strained QWs also 
offer reduced threshold currents and improved 
performance. However, the reason for this is differ-
ent because the hole effective mass at the top of the 
valence band is not reduced. Instead, in the tensile 
strained case, the benefits arise due to the fact that a 
higher fraction of the valence band states can con-
tribute to optical gain and uniquely allow lasing in 
the TM mode.

Application of both compressive and tensile 
strain has been shown to have beneficial effects 
in QW laser characteristics [9–12]. Compressively 
strained QWs show higher gain for the TE polar-
ized intracavity radiation, whereas tensile-strained 
QWs have higher gain for TM polarized intracav-
ity radiation [9–12]. Thus, one can design strained 
QWs for emission at a particular polarization. In 
general, both tensile and compressive strained 
QWs and barriers may be sandwiched appropri-
ately in multiquantum well (MQW) lasers in order 
to get a net unstrained active medium, which is 
useful for long-term reliability of the devices.

A QW creates quantization effects only in one 
dimension (the crystal growth direction). It turns 
out that quantum confinement in two or all three 
dimensions (see Figure 11.14) results in very inter-
esting and useful properties for semiconductor 
laser gain media. In the case of three-dimensional 
quantum confinement, such as with quantum dots 
[10,39], the density of states becomes a delta func-
tion, see Figure 11.14d, i.e., it becomes atom-like 
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growth direction, corresponding to compressive (tensile) strain, respectively. (Right) Effects of strain 
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11.2 Basic theory of semiconductor lasers 367

resulting in many desirable properties such as 
decreased transparency carrier density (hence 
reduced laser threshold), increased characteristic 
temperature (infinite for ideal QDs), and a reduced 
(zero for ideal QDs) phase–amplitude coupling 
[39] (see Sections 11.9 and 11.10). A comparison of 
calculated gain spectra for ideal gain media with 
bulk (no quantum confinement), QW (1D confine-
ment), wire (2D confinement), and QD (3D con-
finement) active regions is given in Figure 11.14e. 
In practice, growth of QD/wire type active regions 
leads to an inhomogeneous distribution of dot/
wire sizes due to the self-organized (Stranski–
Krastanov [10,39]) growth technique used. This 
leads to inhomogeneous broadening of the gain-
spectrum and negates some of the ideal properties 
[91,92].

11.2.8  Modal structure in 
semiconductor lasers

Mode formation (both longitudinal and spatial) 
in a semiconductor laser is decided by a dynami-
cal competition between gain and loss in the sys-
tem. Material dispersion (refractive index) plays 

an important part too as any change in gain at 
a given frequency affects the dispersion in the 
entire frequency range (Kramers–Kronig rela-
tion [23]). A complete understanding of mode 
selection and formation in semiconductor lasers 
can only be developed via sophisticated theoreti-
cal models, some of which are still being refined 
[38,47]. Most semiconductor lasers (e.g., for opti-
cal communications) are designed for single spa-
tial (lateral and transverse) and single longitudinal 
mode operation. Single spatial mode emission 
ensures improved spatial coherence (e.g., improves 
light coupling to fibers), while single longitudinal 
mode results in an enhanced temporal coherence 
(improved laser line-width). However, for high-
power generation these requirements are generally 
relaxed as comparatively wider stripe widths and 
cavity lengths are needed for achieving high gain 
and maximum heat dissipation (see Section 11.3). 
Wider stipe widths (wider gain regions) sustain 
many lateral modes, whereas longer cavities sus-
tain several longitudinal modes. We will consider 
a single spatial mode design (e.g., multi-QW with 
~2 μm wide current injection stripe, index-guided 
Fabry–Perot laser) to understand the longitudinal 
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mode selection and formation first, before moving 
on to discuss spatial mode formation.

For a pumped active medium, useable gain is 
experienced at cavity (resonant) frequencies that 
fall within the gain bandwidth g∆ , see Figure 11.15a. 
The number of longitudinal modes that can experi-
ence gain is given by the ratio between the gain and 
the ∆νFSR (see Equation 11.3), FSR of the cavity (i.e., 

/g FSR∆ ∆ν ). Typically, the width of a semiconduc-
tor gain spectrum is an order of magnitude larger 
than the FSR of the cavity; hence, several longitudi-
nal modes experience gain. However, the theory of 
gain saturation in a homogeneously broadened gain 
medium (such as a semiconductor QW laser) sug-
gests that the gain should increase and eventually 
saturate homogeneously over the entire spectrum 
[15,21]. Thus, as pumping increases, photons at the 
cavity transmission frequency (cavity resonance) 
closest to the peak gain experience the maximum 
gain at the onset of laser emission, i.e., the laser 
threshold (see Equation 11.9 and Figure 11.15a). 
Photon density at adjacent cavity resonances can 
also grow but will be relatively weak compared to 
the photon density near the gain peak.

With further increase in pumping, photons at 
frequencies near the peak gain will extract most of 
the available gain depleting the gain at the adjacent 
cavity resonances (via gain narrowing—a charac-
teristic of any optical amplifier [48]) as the gain 
clamps at threshold (homogenous gain saturation 
[15,21]). The laser should therefore emit a single lon-
gitudinal mode near the gain peak above threshold 

[15,21]. This however, does not happen in prac-
tice in any homogeneously (or inhomogeneously) 
broadened lasing medium, including semiconduc-
tor lasers, which emit more than one longitudinal 
mode unless specific design elements are in place 
(Section 11.3). Gain-guided semiconductor lasers 
tend to emit in more longitudinal modes in com-
parison to their index-guided counterparts (see 
below). Multilongitudinal mode emission in a 
homogenously broadened gain medium occurs pri-
marily due to two effects: longitudinal spatial hole-
burning [15] (see Figure 11.15b) and secondly due to 
spontaneous emission feeding the photons at cavity 
resonances adjacent to the gain peak [13]. An addi-
tional effect—spectral hole burning—affects mode 
selection in an inhomogeneously broadened gain 
medium [15,21,38], the details of which are beyond 
the scope of this introductory chapter.

Spatial hole burning in a laser is said to occur 
when the intracavity photon density depletes 
unused carriers (gain) in space (locally) thereby 
burning a local hole in the carrier pool [13,15]. 
Now consider the spatial distribution of the carri-
ers along the optical axis of a cavity in the presence 
of intracavity radiation (Figure 11.15b). Adjacent 
longitudinal modes that form standing waves along 
the optical (z-) axis have their crests and toughs at 
slightly different spatial locations (separated by ~λ/4 
for adjacent standing waves [15]) due to their differ-
ent wavelengths (see Equation 11.1). Hence, adjacent 
longitudinal modes can extract gain from spatial 
locations where the gain is unused by the other 
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longitudinal mode(s). In Figure 11.15b, if we tag the 
longitudinal mode at the gain peak by 1 (the central 
mode) then the adjacent longitudinal mode 2 can 
extract gain from the unused longitudinal carrier 
profile (Figure 11.15b, points A, B, and so on) and 
saturate the available gain to the value at threshold 
via longitudinal spatial hole burning. Hence, even 
though the longitudinal modes adjacent to the cen-
tral mode do not experience gain spectrally, spa-
tially they can experience gain and the spectrum 
of a Fabry–Perot laser shows multiple longitudinal 
modes. However, as the laser is pumped high above 
threshold, the central and adjacent longitudinal 
modes smear out the longitudinal carrier distri-
bution and aided by gain narrowing, prevent the 
appearance of additional longitudinal (side-) modes.

This, however, does not explain the difference 
observed between the lasing spectra of gain- and 
index-guided semiconductor lasers, where the 
former emits in more longitudinal modes com-
pared to the latter (Figure 11.16a and b). Clearly, 
all photons generated in the active medium via 

spontaneous emission are not coupled to guided 
modes in the laser but a fraction of them are. It 
can be shown that the number of photons in a 
mode is directly proportional to the fraction of 
spontaneous emission feeding that mode and 
that this fraction is increased by a factor K (called 
Peterman’s K-factor or astigmatism factor) [13], 
depending on the nature of the phase fronts of the 
spatial modes that the laser sustains. The K-factor 
is generally an order of magnitude larger for gain-
guided lasers (curved phase fronts) compared to 
the index-guided counterparts (flat phase fronts, 
K = 1 ideally). The underlying reason for this is 
the nonorthogonality of the spatial and longitudi-
nal modes in a laser cavity (in any generic lasing 
system) [49]. A higher effective rate of spontane-
ous emission feeding the longitudinal modes in 
gain-guided semiconductor lasers is said to result 
in multilongitudinal mode emission compared to 
few longitudinal mode emission in index-guided 
lasers, as the pumping increases (Figure 11.16a and 
b) [13]. The two effects considered above explain the 
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basic mechanism for selection and oscillation of 
longitudinal modes in semiconductor lasers. More 
sophisticated theoretical models have been put for-
ward in order to explain the complex longitudinal 
mode spectra observed in different semiconductor 
lasers and the reader is directed to specialized ref-
erences for further reading [47].

As the gain peak is at a lower energy compared 
to the spontaneous emission (EL) peak (see Figure 
11.11a), laser emission starts at the longer wave-
length side of the EL spectrum at threshold, see 
Figure 11.16c inset. If one tracks the peak emis-
sion wavelength from below to above threshold 
(see Figure 11.16c), until threshold, the (EL peak-) 
wavelength shifts to shorter wavelengths (higher 
energies) due to band-filling (carrier injection fill-
ing states at higher energy) [9–12] and refractive 
index change via the free carrier plasma effect 
[10,13,34]. Beyond threshold, under CW opera-
tion, the peak lasing wavelength can shift to longer 
wavelengths due to temperature-induced band-gap 
shrinkage (shifting the gain peak to lower ener-
gies) and temperature-induced refractive index 
change. In order to understand longitudinal mode 

structure in semiconductor lasers we considered a 
single spatial (lateral and transverse) mode design 
above, i.e., the laser sustaining only the fundamen-
tal spatial mode. If we relax the single spatial mode 
requirement in design, for example, by increasing 
the current injection stripe width, the laser can 
sustain higher order lateral modes. In this case, the 
longitudinal mode spectra develop a fine structure, 
where each longitudinal mode has an associated 
spatial mode family, see Figure 11.16d [15].

Similar to the discussion in Section 11.1, one can 
proceed and define the number of intersections, the 
transverse and the lateral modes made with the y- 
and x-axis as l and m, respectively. The transverse 
modes (along the y-axis) reflect the standing wave 
structure between the two heterojunctions confin-
ing the active layer and are generally guided via 
total internal reflection (SCH design) or refraction 
(GRINSCH (Graded Index Separate Confinement 
Heterostructure) design) [9,58] (see Figure 11.17). 
The active layer of modern semiconductor lasers 
with quantum-confined active regions are usually 
thin and allow only the fundamental transverse 
mode (l = 0) to propagate. Thus, for semiconductor 
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lasers, lateral modes and spatial modes are gener-
ally regarded as synonymous. Near laser thresh-
old the angular frequencies qmω  of stationary and 
stable lateral modes sustained in a semiconductor 
laser having a stripe width S and cavity length L are 
given by [51]

 η ω





= π





+ π
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S
q qm

2 2 2  (11.16)

resulting in an optical frequency separation Sδυ  
between adjacent spatial modes as
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where FSR∆υ  is given by Equation 11.3 and q > 1 and 
m > 0 [ m = 0 (fundamental lateral mode) corre-
sponds to q = 1]. Note, a close inspection of Figure 
11.16a shows higher-order spatial modes emerging 
in the longitudinal mode spectrum of the gain-
guided laser at the shorter wavelength (higher 
frequency) side of each longitudinal mode as the 
output power (pumping) increases. As a rule of 
thumb, one can assume : : 1 :10 :100S FSR gδυ ∆υ ∆ ≡  
for QW lasers [15]. As noted in Section 11.4, the 
lateral mode structure gets defined by either gain 
guiding or via index guiding or a combination 
[10,13,31,38]. Pure gain guiding is usually a weak 
guiding mechanism and is not preferred. Instead 
quasi-index guided (weak lateral index guided) 
designs are generally used when wide stripe 
designs are required, e.g., for high-power diode 
lasers. Figure 11.17 describes the basics of lateral 
and transverse mode formation in gain-guided 
semiconductor lasers. In quasi-index guided and 
completely index-guided structures, lateral mode 
formation is generally tighter (reduced lateral 
spreading of the mode) [38]. Transverse mode 
formation essentially has the same mechanism in 
both gain- and index-guided designs.

The spatial distribution of light intensity at the 
emitting facet of the semiconductor laser is called 
the near-field intensity (often abbreviated to just 
near-field) (Figure 11.17e) [9–13,96]. Due to the 
asymmetric nature of wave guiding in a semicon-
ductor laser, the emitted light diffracts asymmet-
rically as it propagates outwards. The diffraction 
is stronger perpendicular to the junction plane 
(hence called the fast axis) and weaker along the 
junction plane (called the slow axis) making the 

overall far-field intensity distribution elliptical, see 
Figure 11.17e). Mathematically, the far-field is the 
Fourier transform of the near-field [9–13,97]. The 
asymmetry in waveguiding (transverse vs. lateral) 
in a semiconductor laser also leads to astigmatism 
in the output field intensity [9–13]. Although the 
astigmatism can be corrected using cylindrical 
lenses, multilobed far fields occurring due to the 
presence of higher order spatial modes that cannot 
be easily controlled (see Section 11.3 for further 
discussion).

11.2.9  Light–current–voltage 
characteristics of 
semiconductor lasers

Under low injection, a semiconductor laser behaves 
similarly to a light emitting diode (LED) with the 
emission dominated by spontaneous emission. As 
the current injection is increased, the semicon-
ductor laser emits amplified spontaneous emis-
sion (ASE [11]) in the longitudinal direction, i.e., 
along the cavity and exiting from the laser facets. 
Pure spontaneous emission continues to be emit-
ted in other directions and is useful as a means 
of probing the fundamental behavior of the laser 
in experiments [93–95]. For conventional bulk 
and QW lasers (generally not for QD lasers [52]), 
spontaneous emission saturates as the injected 
current passes Ith (Section 11.10), beyond which 
almost all the additional injected carriers recom-
bine via stimulated emission. The carrier density 
(hence gain) clamps at the threshold carrier den-
sity (threshold gain, Section 11.10) value and the 
output power continues to grow at a high rate giv-
ing rise to a light (power) current curve as shown 
in Figure 11.18a. The total output power (from 
both facets) Pout above I th  at a given current I  can 
be written as [9,11,53,54]
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η −  (11.18)

where qe is the electronic charge and λ  is gener-
ally taken as the peak emission wavelength. The 
internal differential quantum efficiency int

dη , which 
quantifies the number of photons generated above 
threshold per injected carrier, is generally close to 
unity [53,54].
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The rate of change of output power with injected 
current per unit photon energy is defined as the 
external differential quantum efficiency as [53,54]
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where ext
dη  is also referred to as the slope efficiency. 

The above relation can be used to determine int
dη  

and  by plotting  vs. L for identical lasers with dif-
ferent cavity lengths and known facet reflectivi-
ties [11]. Because the carrier density saturates at 
threshold, μe − μh pins at its threshold value (com-
monly referred to as Fermi level pinning [11,52]) 

resulting in the saturation of the junction voltage 
Vj (qeVj = μe − μh). The junction voltage is related 
to the applied forward bias Va via the series resis-
tance Rs (internal to the laser plus external) in the 
circuit.

 V V IR .j a s= −  (11.20)

The slope of the IV curve above threshold in Figure 
11.18a gives the series resistance in the circuit, 
which can be used to estimate the internal resis-
tance of the laser provided the external resistance 
in the circuit is known. The total power balance 
above threshold in the laser can be written as [55]
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where the first term in the right hand side is due 
to Ohmic losses (Joule heating), the second term is 
due to carrier recombination losses, the third term 
is due to internal optical losses, and the final one is 
due to the emitted power from the laser.

Under CW operation, Joule heating has a det-
rimental effect on almost all of the characteristics 
of semiconductor lasers. Mostly significantly, I th 
increases, ext

dη  decreases, and the emission wave-
length shifts, among other unwanted effects. 
Therefore, wherever possible, semiconductor lasers 
are operated under low duty (0.1%–1%), nonther-
mal (few hundred ns) pulsed conditions. Even 
then, in commercial applications the operating 
temperature conditions vary significantly, which 
influences the laser characteristics. Therefore, 
commercial devices employ thermo-electric cool-
ers (TECs) in the semiconductor laser packages 
to control the device temperature. Unfortunately, 
in most cases, the TECs consume more electri-
cal power than the semiconductor laser itself. 
Reducing the temperature sensitivity of semicon-
ductor laser characteristics is still an open problem 
[9,11,12,93–95]. The temperature sensitivity of I th 
is characterized by the characteristic temperature 
T0, which are related via an empirical relationship
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Over a limited temperature range, if T0 is constant, 
then the solution is a simple exponential depen-
dence, thus
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where I 0 is a reference value. The characteristic 
temperature is generally measured in Kelvin and 
can be calculated using the following relation
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by measuring the laser threshold at two different 
temperatures, T1 and T2.

Strictly speaking, T0 is a function of tempera-
ture itself over a wide temperature range, but is 
often taken as a constant in practice. Typical 1.3 
and 1.5 μm emitting QW semiconductor lasers 
show a T0 in the range of 50–60 K, whereas shorter 
wavelength semiconductor lasers emitting in vis-
ible and near infra-red show a higher T0, in the 
100–200 K range. The higher the value of T0, the 
less temperature sensitive is the threshold current 
of the semiconductor laser. It can be shown that for 
an ideal QW laser a maximum T 300 K0 =  is pos-
sible at room temperature [10,56]. The temperature 
dependence of the threshold current originates 
from the temperature dependence of the various 
carrier recombination channels, leakage, and pho-
ton loss (via IVBA [41]) processes in the semicon-
ductor material (see Equation 11.14).

One can separate the radiative (spontaneous 
emission) and nonradiative (SRH, Auger, and leak-
age) components of the threshold current and write 
Ith = Ith, rad + Ith, non-rad. As the rate of nonradiative 
recombination mechanisms depend on temperature, 
albeit differently, by monitoring Ith and Ith, rad as a 
function of temperature, see Figure 11.19 [57], it can 
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Figure 11.19 The laser threshold current and its 
radiative component current is measured as a 
function of device temperature. Ith equals Irad at 
very low temperatures (70 K), from which one can 
extrapolate Irad to room temperature and above by 
monitoring the power in the spontaneous emission 
spectrum as a function of temperature [57]. T0 is 
shown for each current component. It can be seen 
that as the temperature of the device increases 
the threshold current is mainly dominated by the 
nonradiative current [57]. Data for a 1.55 μm emit-
ting (InGaAsP/InP) laser diode.
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be shown that the threshold current, for example, of 
1.3 and 1.5 μm semiconductor lasers at and above 
room temperature is mainly dominated by nonra-
diative recombination [95].

11.2.10  Static and dynamic 
characteristics of 
semiconductor lasers

In this section we will outline the basic rate equa-
tions for semiconductor lasers and use them to 
study their static and dynamic characteristics. 
The rate equations described here are based on the 
photon density S and not the electric field (complex 
and a vector quantity); hence the phase of the opti-
cal field, which plays an important part in under-
standing many of the optical characteristics of the 
laser, cannot be treated self-consistently. Also they 
are valid only for time scales larger than the cav-
ity decay time (see Equation 11.4), hence cannot 
be used in the ultrafast regime [58]. Nevertheless, 
the simple nonlinear rate equations defined below 
describe the basic characteristics of semiconduc-
tor lasers reasonably well. For a detailed under-
standing, however, one needs to rely on electric 
field-based equations together with an appropri-
ate model for the gain and index variation in the 
semiconductor medium as a function of injection 
and temperature [33, 38]. The simple rate equa-
tions defined below assume that the laser emission 
occurs at a single spatial and longitudinal mode 
(at wavelength λL). Additionally, it is assumed that 
there is no variation of gain and loss along the laser 
cavity (z-axis) or laterally along the current injec-
tion stripe (x-axis). Thermal effects are ignored. 
With these assumptions and borrowing from the 
discussion in Section 11.6, we can write two rate 
equations describing the (coupled) carrier and 
photon density dynamics in a semiconductor laser:
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where the factor c2 /η converts the difference 
between optical gain and total loss to a rate. 

c v/ gη=  is the group velocity of the light in the 
laser. The factor 2 comes from going from electric 
field to photon density (intensity) while deriving 
Equations 11.24 and 11.25 [9,12,13,34] and is gener-
ally absorbed in the definition of gain but we have 
kept it for clarity. β is the spontaneous emission 
factor that supplies the laser mode [13]. The total 
spontaneous emission rate R BN Nspon

2
spon

1= = τ− , 
where sponτ  is the spontaneous emission lifetime. 
The photon losses can be related to a photon life-
time in the cavity as

 v 2 .ph
1

g tot cav
1τ = α = τ− −  (11.26)

This gives the time taken for the intracavity photon 
density to decay to 1/e of its initial value (compare 
with Equation 11.4). The remaining parameters 
have already been described in the sections above. 
For bulk semiconductor active media, one can 
define
 �g g N N S1Bulk Bulk tr Bulk( )( )= − −ε  (11.27)

and for QW gain media (see Section 11.5 and 
11.7) [9]

 �g g N N Sln / 1 ,QW QW tr QW( )( )= −ε  (11.28)

where �g  is the differential gain corresponding 
to the respective g at λL. ε is a phenomenological 
parameter introduced here to account for intensity 
dependent gain suppression. Intensity-dependent 
gain saturation can only be explained adequately 
by applying sophisticated semiconductor laser 
models [58]. The right-hand side of Equation 11.24 
has the current source term (pump), the carrier 
loss (via nonradiative and spontaneous emission) 
term followed by the carrier loss (via stimulated 
emission) term, which balances the total carrier 
generation and loss rate in the system.

The photon density rate balance equation 
(Equation 11.25) describes the photon density gain 
and loss with an additional source term resulting 
from spontaneous emission, which seeds the laser 
mode at λL. In steady state Equation 11.25 gives 
( S td /d 0= )

 S
R

v g2
,

y

spon

g tot opt( )= β
α −Γ

 (11.29)
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which suggests that the optical power in the laser is 
seeded by a small fraction of the total spontaneous 
emission (10−4 < β < 10−5 typically [12,13]).

As spontaneous emission is essentially white 
noise, it is easy to see that that laser amplification 
starts from noise. As current injection increases 
and the optical gain approaches the total loss, the 
denominator of Equation 11.29 approaches zero 
and the amplification of spontaneous emission 
increases. As the optical gain nears the loss, the 
photon density grows to such a high value that each 
additional injected carrier results in stimulated 
emission. It can be shown using Equations 11.24 
and 11.25 that at threshold (when the denominator 
of Equation 11.29 equals zero), the carrier density 
pins at its threshold value and does not increase 
significantly upon further current injection, see 
Figure 11.20a. A close inspection of Figure 11.20a 
reveals that there is a very slow increase of the 
carrier density from its threshold value Nth as the 
current is increased beyond threshold. This hap-
pens because the small signal (unused) gain does 
not saturate at threshold and continues increasing 
even when the modal gain has saturated at thresh-
old [59].

It is important to notice in Figure 11.20b that 
there is a delay in turn on of the laser emission even 
when the injected current is above threshold. This 

is due to the fact that the laser oscillations take time 
to build up in the cavity before the photon density 
reaches a steady-state value (typically more than 
200 cavity round trips are required [60]). The turn 
on delay is of the order of cτ  and decreases with 
injected current above threshold according to [61]

 I I Iln /turn-on c th( )τ = τ −   (11.30)

It can be reduced by applying a small prebias to 
the semiconductor laser [62]. As the injection sur-
passes the threshold, there is a sharp increase in 
stimulated emission; hence, the emitted photon 
density depletes the carrier density, which had 
grown above its threshold value during the turn 
on delay. Note that the photon dynamics are faster 
(~ps) than the carrier dynamics (~ns); hence, the 
pump is unable to supply enough carriers in time 
and the carrier density drops below Nth. A lower 
carrier density reduces the photon density until 
the pump catches up and increases the carrier den-
sity above threshold again, which in turn increases 
the photon density back depleting the carriers 
again. This oscillation in carrier density continues 
and slowly damps to Nth together with a simulta-
neous damping of the counter correlated photon 
density to its steady state value Sst. The damping 
time dampτ  for this relaxation oscillation (RO) is 
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Figure 11.20 (a) Light power–current characteristics obtained by solving Equations 11.24 through 
11.27 showing a steep increase in output power from one of the laser facets (equal output from the 
other) after threshold. The corresponding variation of carrier density pinning at its threshold value, 
Nth, is also shown. (b) Temporal large-signal response of the laser power and carrier density under 
step current (dotted line) injection at t = 2.5 ns (plot shown from 2 ns instead of zero ns for clarity) 
obtained by solving (Equations 11.24 through 11.27), using typical material and cavity parameters [11]. 
The turn-on delay, the ROs and its damping is clearly visible. Also the optical power P and steady-
state photon density Ss are related as P hcVS v= α λ/st g m  (see text for details).
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approximately double the turn on delay time and is 
determined by the differential gain and cτ  [9]. The 
frequency of the ROs ROν  before damping varies as 
the square root of the steady-state photon density 
and is generally between 1 and 10 GHz [9,12]. They 
are given as [9,12]

 �v gS2damp
1

damp g st c
1τ = γ = + τ− −  (11.31)

and

 �v gS
1

2
2 ,RO g st ph

1ν =
π

τ−  (11.32)

where dampγ  is the damping rate of the RO. In order 
to generate fast optical signals by modulating the 
injected current into the semiconductor laser, the 
optical pulse intensity should achieve a steady-
state value Sst quickly (similar arguments apply 
after the current switch-off [9,12]). This would 
require a large damping rate dampγ  and the RO fre-
quency ROν . This can be achieved if the differen-
tial gain is large and both the carrier and photon 
lifetimes are short (see Equations 11.31 and 11.32). 
While a large differential gain lowers the laser 
threshold (see Equation 11.14), short carrier and 
photon lifetimes would lead to a higher threshold 
current. Thus, for simultaneously achieving low-
threshold and high-speed modulation, one needs 
only high differential from the laser that can be 
readily achieved in strained QW lasers. It is worth 
noting that during the time dampτ , oscillations in 
the carrier density (of the order of 1017 cm−3) and 
hence in the gain and refractive index (via phase 
amplitude coupling, see below) lead to complex 
dynamics and shifting of the longitudinal modes 
(emission wavelength) selected before the inten-
sity reaches Sst. Such chirping [9,12] of the laser 
emission leads to in an effective increase in the 
laser line-width. This is unwanted in long-haul 
large capacity fiber optic communication systems 
in which semiconductor lasers play a pivotal role. 
The line-width of the emission spectrum from a 
single (longitudinal and spatial) mode semicon-
ductor laser emitting at a peak frequency Lν  is 
inversely proportional to optical power output Pout 
and is given by [9,11,12]
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 is the 

spontaneous emission coefficient (see Equation 
11.7) accounting for any incomplete inversion in the 
semiconductor laser and is typically between 1.5 and 
2.5. L∆ν  is the Schawlow–Townes semiconductor 
laser line-width L

ST∆ν  [15,21] broadened by 1 H
2( )+α , 

where Hα  is the line-width enhancement factor pro-
posed and calculated by Henry (hence the subscript 
H) [63]. The line-width enhancement occurs due to 
the random fluctuating phases of the spontaneously 
emitted photons that feed a lasing mode in a semi-
conductor laser. L∆ν  is the intrinsic laser line-width 
for a semiconductor laser (tens of MHz), which is 
further broadened via finite cavity losses, i.e., via 
the cavity resonance line-width c∆ν  (see Equation 
11.4) that is of the order of tens of GHz. The fact that 

L∆ν  is narrower than c∆ν  can be intuitively under-
stood by noticing that the effective photon lifetime 
(Equation 11.26) in a cavity with gain is longer than a 
passive cavity photon lifetime [15]. Thus the effective 

L∆ν  can be of the order of tens of MHz for single-
mode Fabry–Perot lasers but can be reduced down 
to a few kHz for specifically designed semiconductor 
lasers such as DFB lasers (see Section 11.3). Still L∆ν  
in semiconductor lasers is significantly higher than 
what can be achieved using solid state and gas lasers 
(in 100s kHz or less) [9,12,13,15]. The line-width 
enhancement factor, also known as the antiguiding 
parameter typically, has an average value between 2 
and 5 and plays an important role deciding the char-
acteristics of modern semiconductor lasers and is 
briefly described next.

Unlike gas lasers there is a strong dependence of 
the local refractive index on the carrier density in 
semiconductor lasers, which affect mode discrimi-
nation and beam quality severely in a diode laser. 

Hα  couples the phase (related to refractive index) 
and amplitude (related to gain and hence carrier 
density) of the intracavity electric field in a semi-
conductor laser. The local refractive index in the 
semiconductor active medium decreases as carrier 
density is increased locally (and vice versa) due to 
free-carrier absorption, band-filling, intraband 
transition and scattering, and band-gap shrinkage 
effects [22,23]. The carrier-induced refractive index 
changes are basically all a consequence of causality, 
governed by the Kramers–Kronig relations [23]. 
Generally, the intraband and free-carrier absorp-
tion components are the strongest among the fac-
tors contributing to phase amplitude coupling [34] 
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and depending on the nature of quantum confine-
ment and transverse waveguide design, the intra-
band or the free-carrier part can dominate over 
the other [34]. Instead of the Kramers–Kronig 
approach, the line-width enhancement factor can 
be obtained by direct evaluation of the real and 
imaginary parts of the carrier density-dependent 
complex dielectric susceptibility χ as [55]
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where H
ibα  is the intraband transition component 

and H
fcα  is the free-carrier component [55]. ∂η ∂N/  

is the differential index and �∂ ∂ =g N g/  the dif-
ferential gain, both defined at the peak wavelength 

Lλ . It can be shown that the differential change in 
complex effective index is given as [55]

 n
g

k2
,eff

m H

0

[ ]δ = − δ α − ι  (11.35)

where g mδ  is the modal differential gain and k0 
the vacuum wave number. The negative sign indi-
cates that the local refractive index (real part 
of Equation 11.35) increases when the effective 
modal differential gain increases for a positive Hα . 
It can be shown that Hα  is in general a function of 
wavelength, temperature, as well as carrier den-
sity [33,34], even though these dependencies are 
often ignored in the literature [9–12]. A nonzero 
and positive Hα  not only causes chirping and an 
enhanced line-width of the emitted radiation in 
semiconductor lasers but also increases unwanted 
external optical feedback noise [64] and causes 
filamentation (or flame like beam flickering) of 
the emitted radiation from wide aperture semi-
conductor lasers used for high-power generation 
[38,96]. Compared to bulk devices, strained QW 
lasers have shown much smaller Hα  due to the 
enhanced differential gain.

11.2.11  Modulation characteristics 
of semiconductor lasers

A major advantage of semiconductor lasers is that 
they can be directly modulated by simply varying 
the injected pump current. External modulation 
of the emitted optical beam, while keeping the 
laser output power constant, is also possible using 

optical modulators [9,12]. This eliminates the issues 
associated with turn-on delay, ROs, and multi-
mode operation, but increases the costs. Modern 
light-wave transmission systems use intensity 
modulation-direct detection schemes for short 
haul transmission links and coherent systems for 
long haul transmission. The former scheme uses an 
intensity modulated semiconductor laser coupled 
to an optical fiber where the output is detected via 
a photo-diode, which transforms the optical sig-
nal into an electrical signal. This is a cost-effective 
approach but induces noise in long distance com-
munications, which is resolved using optical fiber 
amplifiers [9,10]. In contrast, coherent systems 
are based on amplitude shift keying, frequency 
shift keying, and phase shift keying or a combina-
tion where two semiconductor lasers are used in a 
master-slave configuration in its basic format and 
the generated optical beat signal is detected by the 
receiving photo diode [9,10]. This approach needs 
semiconductor lasers with closely matched emis-
sion wavelengths, narrow line-widths, and the 
same polarization and additionally polarization 
controllers and complicated receiver circuitry in 
the system, making it less cost effective than the 
direct detection scheme. We will now briefly dis-
cuss direct modulation of semiconductor lasers 
highlighting the basic characteristics of semicon-
ductor lasers under modulation. Analogue modu-
lation can be achieved by superimposing a small 
AC modulation over a DC (bias) offset. For digi-
tal modulation, the laser can be DC biased close 
to threshold and a digital modulation is superim-
posed, see Figure 11.21a. If the modulating bias is 
small compared to the DC offset, one can use small 
signal analysis to obtain the modulation efficiency 

( )δ ω  ( ω = πνwith 2 ), which gives the number of 
photons generated per injected electron normal-
ized to the value at ω = 0 as [10,13]

 0
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2
RO
2 2 2

damp
2( )

( )
( )

δ ω
δ

= ω

ω −ω +ω γ
 (11.36)

which clearly shows resonance characteristics 
with a resonance (angular) frequency at ROω  . 
Figure 11.21b shows Equation 11.36 plotted as a 
function of /2ν = ω π  under different bias condi-
tions. R / 0int

2( ) ( ) ( )ω = δ ω δ   gives the intrinsic 
frequency response of the laser. The maximum 
modulation bandwidth /23 dB 3 dBν = ω π  of the laser 
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can be found by setting R 1/2int ( )ω = . It should be 
pointed out that the modulation bandwidth from 
the laser is also affected by the electrical resistance 
and capacitance of the device and the circuit. The 
maximum modulation frequency for analogue 
modulation is ROν  but requires high linearity of the 
light-current characteristic of the laser. Analogue 
modulation can transmit more information than 
digital modulation but is plagued by optical feed-
back noise and other noises in the system, which 
can be tolerated only in short haul transmission 
links. Digital modulation uses on-off signal pat-
terns on top of a fixed bias and hence reduces 
the noise in the system but is affected by carrier 
density- dependent pattern effects [10].

Noise in semiconductor lasers primarily origi-
nates from carrier- and photon-density fluctua-
tions. The relative intensity noise (RIN) spectrum 
can be used to analyze the noise characteristics 
and the modulation bandwidth in high-speed 
semiconductor lasers. A simplified expression for 
RIN can be written as [10, 13]

 RIN
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where �damp
*γ  and �dampγ  now additionally depend on 

carrier transport effects and the gain suppression 
parameter ε [10,13]. �damp

*γ  is the cavity loss inde-
pendent component of �dampγ . RIN assessment is 

generally believed to be free from parasitic resis-
tance and capacitance noises in the system high-
lighting the actual modulation performance from 
the semiconductor lasers. RIN, however, is strongly 
affected by carrier transport effects [9,10,13]. A 
common way of measuring the RIN spectrum is 
to operate the laser in CW and detect the output 
via a wide-band photodetector in an electrical (RF) 
spectrum analyzer. The intensity noise in the laser 
results in an output power fluctuation, which in 
turn is translated to fluctuations in detected pho-
tocurrent measured as a function of frequency 
in the RF spectrum analyzer resulting in a RIN 
spectrum.

Because the dominant factor limiting the mod-
ulation response of high speed lasers are the para-
sitic losses, designs having low parasitic resistance 
and capacitance are of immense importance in 
practice. In order to gain a better understanding 
of these parasitic losses an electrical equivalent cir-
cuit of the laser is generally employed. The equiva-
lent circuit includes the bond wire capacitance, 
p- and n-side series resistances, capacitances of 
the top and bottom contact area, and the intrinsic 
capacitance of the laser diode. For a typical laser 
diode (short cavity, low modulation frequency), 
the equivalent circuit can be represented as below 
in Figure 11.22. The roll off of the overall response 
due to parasitic effects is characterized by the total 
RC constant of the laser diode package. The length, 
diameter, and ground proximity of the bond wire 
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Figure 11.21 (a) Analogue and digital modulation. (b) Schematic of the resonance phenomena [13].
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are minimized. For modulation speeds above 
20–30 GHz using QW lasers, more complicated 
equivalent circuit models are employed to analyze 
and optimize the parasitic effects [115].

For operating diode lasers in CW or under 
pulsed conditions, power supplies with appropri-
ate voltage and current range are employed. As 
laser diodes typically have a low series resistance, 
the internal resistance of the power supply is 
designed to be low for maximum power transfer. 
Furthermore, as diode lasers are highly susceptible 
electrical surges, overvoltage, reverse bias, current 
upper limit, as well as electrostatic discharge pro-
tection form an essential element for diode laser 
driver designs. A simple working representation of 
the driver circuit is shown in Figure 11.22 is shown 
in Figure 11.23. For high-speed modulation of laser 
diodes or for high-power generation more complex 
driver circuits are used [115,116], the details of 
which are beyond the scope of this chapter.

11.3  SPECIFIC SEMICONDUCTOR 
LASER DESIGNS FOR 
TARGETED APPLICATIONS

We will briefly discuss below specific designs that 
cater to particular applications of semiconductor 
lasers. They mainly fall under two categories: (1) 
edge emitting semiconductor lasers where the laser 
emission occurs in the plane of the active region, 
which follows on from the above discussion; (2) 
vertically emitting lasers, where the laser emission 

occurs perpendicular to the active layer. A com-
prehensive discussion of each design is beyond the 
scope this chapter. Therefore, for a detailed under-
standing, the reader will be referred to more spe-
cialized references.

11.3.1  Single-frequency and 
wavelength-tunable lasers

The Fabry–Perot edge-emitting lasers discussed 
above generally emit in multiple longitudinal 
modes unless special design features are in place. 
We have also noted above that multiple spatial 

LD module

M2

Vbias

VDD

M1

Vmod

Figure 11.23 A typical simple laser diode (LD) 
module driver circuit based on NMOS (Negative-
channel Metal Oxide Semiconductor) transistors 
(M1 and M2), which can be used for modulation 
of the laser diode by setting a modulation volt-
age Vmod at a given bias voltage Vbias [116]. VDD is 
the drain voltage for the NMOS transistors.
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Figure 11.22 Equivalent circuit representation of a packaged laser diode together with it driver circuit 
[115]. vj0 is the voltage drop across the laser diode junction, Rint is the internal dynamic resistance of 
the laser diode. Lj is the internal inductance. Rint

Sh and Cint are the shunt components which determine 
the damping and relaxation rate. RL and CL are determined by the laser structure and strongly depend 
on the current confinement design. CP is the parasitic capacitance due to the packaging, whereas LB 
and RB correspond to the inductance and resistance of the bonding wires. Up to this point the circuit 
represents an RF equivalent circuit of a laser diode module. The driver circuit also presents itself as an 
inductance L0 and a capacitance C0 together with RSource to the laser diode package.
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mode operation can be controlled by shrinking 
the width of the emitting stripe to the order of 
the emission wavelength. For many applications, 
such as in atomic spectroscopy and long haul 
optical transmission links, etc., multilongitudi-
nal mode operation is not desirable and special 
mode control features are incorporated into the 
laser structure to encourage single-mode opera-
tion. Longitudinal mode selection can be achieved 
by using a grating structure to selectively reflect 
and maximize emission at the desired wave-
length (Figure 11.24a). This is done in a distrib-
uted Bragg reflected (DBR) laser design shown in 
Figure 11.24b, where the cavity formed by the end 
facets in a generic semiconductor laser is replaced 
by an effective cavity formed by repeating (corru-
gated) reflectors, which selectively reflects only the 
desired wavelength.

The corrugation does not necessary have to be 
near the facets; the grating structure can be defined 
throughout the active layer, e.g., in the waveguide 
or the cladding layer, forming a DFB laser design 
where the evanescent tail of the intracavity field 
interacts with the grating (Figure 11.24c). Both 
DBR and DFB lasers essentially have the same 
operating principle. The optical radiation gener-
ated in the active layer satisfying the Bragg condi-
tion will be reflected back efficiently. This condition 
is set by waves scattering off successive corruga-
tions reflecting and constructively interfering. For 

a guiding layer with refractive index η, the Bragg 
condition is given by [9,55]

 m2 sin / .0Λ θ = λ η  (11.38)

The minimum requirement for a positive optical 
feedback within the cavity is scattering at ~180° 
with respect to the direction of propagating mode 
resulting in θ ~ 90°. One can include the angular 
dependence in the definition of the modal effective 
index effη  for the guided mode giving

 m /2 ,0 effΛ = λ η  (11.39)

i.e., the grating period required for the laser to oper-
ate at 0λ  depending on the order of diffraction m.

The grating structure can be produced via pho-
tolithography in which holographic techniques 
are used for projecting a periodic interference 
pattern on the surface to be etched [9,12,55]. For 
many near-infrared lasers, the requirement for 
the first-order grating period is in the 100–300 nm 
range, requiring resolutions available only with 
advanced lithographic equipment. To make fab-
rication easier, higher-order diffraction grating 
structures have been investigated although their 
efficiency tends to be lower due to lower-order dif-
fraction loss. It can be shown that a DFB laser has 
two resonant frequencies around the desired cavity 
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Figure 11.24 (a) Schematic of a distributed Bragg reflected (DBR)-based waveguide design on a 
substrate with grating period Λ. (b) A DBR laser design with a grating structure defined to selec-
tively reflect the desired wavelength for oscillating in the active layer. (c) A distributed feedback laser 
design where the grating covers the entire cavity. Both lasers shown have a buried heterostructure 
lateral current confinement design [9,12].
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resonance where the cavity oscillations can occur 
[65]. This is undesirable and is generally remedied 
by using a /40λ  phase-shifted design [66]. DBR 
lasers can also provide single-frequency operation 
with a high degree of stability and tunability. As 
the gain and Bragg reflection regions are separate, 
independent control of the carrier density in the 
grating region is possible which can be used to alter 
the effective index of the waveguide using the free 
carrier plasma effect [55], for fine frequency tun-
ing. The above longitudinal mode control designs 
allow generation of very narrow laser line-widths 
(<0.1 nm), not possible in conventional Fabry–
Perot designs. In addition, the emission wave-
length in DBR and DFB lasers are less susceptible 
to temperature changes via the change in band-gap 
and depend more on the temperature dependence 
of the grating period and refractive index, which 
are comparatively less sensitive to temperature.

The DBR design can be adapted to design efficient 
and widely tunable lasers on a single semiconduc-
tor chip. Figure 11.25a shows a three-section laser 
design where each section can be pumped indepen-
dently. This allows wavelength tuning via phase tun-
ing or tuning of the effective grating period (both 
via refractive index tuning) by independent electri-
cal pumping of the respective sections. A combina-
tion of both allows a continuous tuning of about 1% 
around the central wavelength [67]. This limitation 
of tuning range is imposed by the extent to which the 
effective refractive index can be altered via current 
injection, i.e., (mainly) via the free carrier plasma 
effect. In this effect, the free carriers under mutual 

Columbic interaction alter the dielectric polarization 
of the material, thereby altering its refractive index 
[67,68]. An order of magnitude increase in the tun-
ability range can be achieved by using a superstruc-
ture grating (SSG) design (Figure 11.25b). A SSG can 
be approximated as an array of frequency indepen-
dent scattering centers spaced at Λ. The SSG-DFB 
laser works using the Vernier effect between the 
reflection peaks of the two SSGs which are designed 
to have slight offset in their reflection peaks [67,68]. 
SSG-DFB lasers and related design variations are 
used as local oscillators in modern coherent detec-
tion systems forming an integral part of today’s opti-
cal communication networks.

11.3.2  Vertical cavity surface 
emitting lasers (VCSELs)

We note from the discussion in Section 11.8 that if 
the frequency spacing between the adjacent longi-
tudinal modes is wider that the gain bandwidth, 
a single longitudinal mode operation is possible. 
Equation 11.3 suggests that this can be achieved by 
having a very short cavity. In a vertical cavity surface 
emitting laser, the cavity length is made very short 
and the laser beam is emitted perpendicular to the 
wafer, i.e., in the same direction as that of the injected 
current. The short cavity and small active volume 
require a high-Q cavity to keep the lasing threshold 
current low [9,69]. VCSELs can be fabricated using 
conventional planar integrated circuit fabrication 
techniques and can provide emission over a wider 
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aperture if high-order spatial modes can be tolerated 
in the application. Optical interconnects based on 
narrow aperture VCSELs are used in many levels of 
modern light-wave communication systems.

The active layer in a VCSEL is sandwiched 
between a stack of Bragg mirrors, i.e., alternate lay-
ers of high and low refractive index materials each 
of which is designed to be a quarter wavelength 
thick at the desired laser wavelength (Figure 11.26a 
and b). The Bragg mirrors provide very high reflec-
tivity of the light back into the active region, allow-
ing the VCSEL to generate sufficient gain despite 
the small gain region and optical path length. 
Constructive and destructive interference within 
the Bragg stack results in a Bragg resonance that 
gives rise to a reflectivity, which increases with the 
number of layer pairs (one high index highη  and one 
low index lowη ). The resultant reflectivity for the 
intracavity field can be approximated by
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if the entry and exit material for the radiation is 
considered the same [70], where m is the number of 
layer pairs. For 0.3high lowη − η = , greater than 98% 
intensity reflectance R rBragg

2( )=  can be achieved 

for 30 layers in a AlGaAs/GaAs-based Bragg stack 
for resonance wavelength around ~850 nm. For 
longer wavelengths, a higher number of (thicker) 
layer pairs is generally required [70]. A Bragg stack 
with a sufficient number of layer pairs results in a 
flat and broad reflectivity spectrum (called a stop-
band) with a width ΛΛ around the cavity resonance 
wavelength 0λ  it is designed for, see Figure 11.27b. 
The top Bragg stack usually has a lower number of 
layer pairs for OC of the generated laser beam.

This emission wavelength from a VCSEL (or for 
that matter any single-frequency laser) is selected 
via a dynamic competition between the cavity res-
onance and material gain peak. For a high Q cav-
ity, the emission wavelength is closer to the cavity 
resonance than the gain peak (mode/frequency 
pulling [15]). Thus, in general, the VCSEL cavity is 
designed so that there is a fixed detuning between 
the material and the cavity resonances at room tem-
perature so that at the operating temperature the 
cavity resonance aligns with the peak gain and the 
desired wavelength is emitted with maximum gain 
available at the cavity resonant mode [101–103]. In 
addition to the advantage of being an inherently 
single-frequency laser, VCSELs offer several other 
advantages including ease of fabrication and on-
wafer testing of single chips, ease of fabrication of 
planar arrays (hence lower costs), and their sym-
metric circular beam profile that makes coupling 
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of the generated light to an optical fiber easier and 
more efficient (lower coupling loss) compared to 
edge-emitting lasers. Note that the resonant cavity 
LED (RCLED) is a related device that provides sur-
face emission in a VCSEL-like structure. However, 
such devices have a lower number of DBR layer 
pairs in the Bragg stack and do not achieve a las-
ing threshold and thus emit narrow band sponta-
neous emission. Such devices are, however, useful 
for applications such as plastic optical fiber-based 
visible light data links [118]. Other forms of surface 
emitting laser have also been designed where an 
angled facet is used to direct the laser beam per-
pendicular to the plane of the epistructure while 
using conventional current injection designs as in 
edge emitting semiconductor lasers [9,10,12]. Laser 
designs based on photonic band-gap materials (i.e., 
photonic crystal lasers [5]) also employ vertical 
emitting designs with carrier injection schemes 
similar to conventional VCSELs.

11.3.3  Designs for high-power 
generation

Direct and efficient conversion of electrical energy 
into coherent light provides a wealth of applica-
tions such as in solid state and fiber laser pump-
ing, medical applications, optical communication 
via free space energy transfer and high quality 
material processing (cutting and welding) allow-
ing the process to be controlled with high spatial 
and temporal resolution. Thus, interest in scaling 
the output power to the kilowatt range and beyond 
has been there from the very beginning of semi-
conductor lasers. There is a limit to the maximum 

optical power that can be extracted from an edge 
emitting stripe-geometry laser. This limit is set 
by the thermal runaway power load and secondly 
the optical power load at the facet which can be 
up to few ~MW cm−2, beyond which the facet suc-
cumbs to the generated heat and undergoes cata-
strophic optical damage (COD) [104,105]. With 
an in increase in carrier injection (pumping) the 
optical output power from the laser increases until 
the generated heat (via unused injected power) 
causes thermal escape of the carriers from the 
active region (thermal runaway [71]) resulting in 
a drop in the optical power upon further current 
injection. At sufficiently high injection the device 
no longer lases owing to the fact that the thresh-
old current itself increases (due to joule heating) 
with injection until such point that the threshold 
current exceeds the injected current level. Thermal 
runaway is a reversible phenomenon, unlike COD, 
which irreparably damages the laser [71]. COD is 
sensitive to the quality of the facet and modern 
facet passivation approaches mean that COD is 
less problematic than it once was. Thermal run-
away generally occurs at a much lower power load 
than facet damage in diode lasers and thus, under 
some circumstances, self-limits the device from 
undergoing COD. High-power diode lasers con-
sequently require wide aperture designs; first, to 
achieve a higher gain volume for high-power gen-
eration and second, to withstand and efficiently 
dissipate the heavy thermal load generated by the 
device. Additionally, they are often operated under 
quasi-CW conditions (100 μs–1 ms pulse length) to 
limit thermal effects and to extract the maximum 
possible power.
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The distinction between low-power and high-
power semiconductor lasers is not very well 
defined. It may depend on the type of diode laser 
and the application for which it has been designed. 
Generally, 50 mW (or more) CW for single-mode, 
single-frequency lasers and 500 mW (or more) CW 
for broad-area, multimode lasers and laser arrays 
is generally considered to be high power [71]. For 
many applications, however, the power require-
ment from diode lasers is quite low. For example, 
compact disc players use a 3 mW range GaAs laser 
emitting at λ = 780 nm, supermarket scanners use 
visible (λ = 670 nm) 3 mW AlGaInP lasers and in 
optical fiber telecommunications 10–50 mW (in-
fiber) InGaAsP lasers (λ = 1.3 μm or λ = 1.55 μm) 
are generally used, all emitting in single mode. 
However, an important class of applications 
requires much higher output powers in either 
pulsed or CW operation. Operation in a single spa-
tial mode or at a single frequency is often desirable 
but raw power can also be very useful. One exam-
ple where raw power output is most important is 
diode-pumped yttrium aluminum garnet (YAG)-
based solid-state lasers, where the pumping laser 
array fabricated from AlGaAs material emits kilo-
watts of incoherent quasi-CW pulses. The wave-
length of the AlGaAs laser array is well-tuned to 
the absorption spectrum of the YAG crystal (806–
810 nm), providing much higher overall efficiency 
than flash-lamp pumping. Applications where 
both high-power and near-diffraction-limited 
beam quality (i.e., coherent emission) are required 
include many communication and most scien-
tific applications, where transmission over long 
distances and/or the ability to focus the light to a 

small spot of high-power density is desired, such 
as pumping EDFAs. In general, the power avail-
able from incoherent sources exceeds the power 
available from coherent sources by more than an 
order of magnitude. However, the brightness or 
radiance (power/beam divergence) of coherent, 
diffraction-limited sources is significantly higher. 
Tremendous advances have been made in scaling 
the output power of diode lasers and arrays, thanks 
to modern crystal growth, device cooling and facet 
passivation technologies.

Over the last two decades, the output power 
from diode lasers has increased by an order of 
magnitude [4,71]. The electro-optic (wall-plug) 
conversion efficiency measured under laboratory 
conditions is now >70% in GaAs-based lasers, 
which has reduced the thermal load immensely 
[72–75]. Under pulsed conditions more than 
150 W of optical power output has already been 
demonstrated from a ~100 μm emitting stripe 
geometry laser [73]. Under CW operation, opti-
cal power in the range of tens of watts has been 
demonstrated before thermal runaway occurs [74]. 
Further improvements are being reported each 
year [74,75]. Multi-kW level raw power delivery is 
already possible from modern stacked laser diode 
arrays [76].

A diode laser array is essentially a multistripe 
semiconductor laser with stripes fabricated in 
close proximity to each other (Figure 11.28). 
Lateral current confinement can either be achieved 
via a mesa-stripe (gain guided) or via proton 
bombarded (index-guided) design [76–78]. It is 
common to have 1 cm wide arrays (called diode 
laser bars) in array stacks. The proximity of the 
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individual stripes results in an overlap of oscillat-
ing intracavity field distributions from adjacent 
emitters (Figure 11.28b), and with appropriate 
design, these can phase-locked resulting in a com-
bined, coherent wave front being emitted from the 
whole facet [76–78]. Vertical stacks of the 1 cm bars 
operate under active, e.g., liquid-based cooling 
(Figure 11.28c).

Optically pumped semiconductor slab/disc lasers 
(also known as VECSELs or optically pumped sur-
face emitting lasers (OPSELs), see below) [79] are the 
only technology competing with stacked diode laser 
arrays. Vertical external cavity lasers or VECSELs 
are essentially optically pumped large aperture 
VCSELs which are designed with a pump absorb-
ing layer in place of the top DBR stack (OC side), see 
Figure 11.29a. Hence, they are also called OPSELs or 
just disc or slab lasers. Diode laser array stacks are 
used for optical pumping, while an external mirror 
completes the cavity (Figure 11.28) [79].

The advantage of VECSELs over a stack of edge 
emitting laser bars is a symmetric beam profile, a 
narrow line-width and the possibility of intracav-
ity frequency doubling [79]. The scalability of the 
aperture allows generation of high powers while 
maintaining the circular beam shape and narrow 
line-width. However, efficient thermal manage-
ment is essential for VECSEL operation due to the 
generally poor thermal conductivity of the bottom 
DBR.

Despite the developments in high-power diode 
laser technology, achieving high-spatial coher-
ence (beam quality) still remains an open chal-
lenge. Beam quality of high-power diode lasers 

(both edge emitting and large aperture VECSELs) 
is affected by nonlinear filamentation of the spa-
tial modes and is far behind from what is achiev-
able from modern solid state and gas lasers. Poor 
beam quality affects the focusability (brightness) 
of the beam and the coupling efficiency to opti-
cal fibers. A nonzero positive phase–amplitude 
coupling in the semiconductor gain medium is 
the primary reason behind the filamentation 
instability [71,78]. Thermal effects also play a key 
role [71,78,97–99]. Currently, a master oscillator 
power amplifier (MOPA) design or a derivative of 
it offers some promise in achieving high spatial 
and temporal coherence from a broad area diode 
laser [71,78]. However, the coherence proper-
ties start deteriorating at higher pumping due to 
thermal effects [38,96–100]. The working principle 
behind a MOPA design is as follows. The MOPA 
design consists of a narrow aperture ridge wave-
guide section with a inbuilt grating (a DBR laser 
type design) acting as the master oscillator, which 
injects a spatially and spectrally filtered beam into 
an adiabatically tapered section, which amplifies 
and scales the optical power (see Figure 11.29b). 
Some variants of the MOPA design do not use a 
grating when spectral purity is not important for 
the application. Beam spoiling grooves are some-
times used to attenuate any backward propagating 
wave in the tapered region for enhancing the beam 
stability [71,78].

High brightness, high-power diode laser sources 
are gaining in interest for applications previously 
dominated by solid-state lasers, because of their effi-
ciency, compactness, and high reliability. Among 
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others, laser projection displays, free-space com-
munication, frequency doubling, and direct mate-
rial processing are rapidly emerging areas, where 
high output power together with diffraction-lim-
ited beam quality are either the key requirements or 
strongly enhance system performance. Production 
of high-power diode lasers with improved bright-
ness will allow them to compete with the very best 
solid-state and gas lasers at much lower cost [4,71], 
and may enable future generations of compact, 
inexpensive, and portable laser systems.

11.3.4  Quantum cascade lasers

The semiconductor lasers that we have discussed 
so far emit wavelengths largely determined by the 
band-gap of the available (direct band-gap) semi-
conductor materials because the devices rely on so-
called interband transitions. This restricts the use 
of semiconductors as a lasing medium in large parts 
of the mid- to far-infrared spectrum not covered 
by conventional direct semiconductor materials or 
for which processes, such as Auger recombination, 
which become increasingly important for nar-
row band-gaps, are problematic and limit device 
performance [106,107]. A quantum cascade laser 
(QCL) uses intraband transitions (instead of inter-
band transitions used by conventional lasers) to 
generate photons in the mid- and the far infrared 
spectrum, including in the terahertz (THz) range. 
These intraband transitions are electronic tran-
sitions within the QWs and the emitted photon 
energy depends on the QW width and heterojunc-
tion band offsets. Therefore the desired emission 
wavelength can be varied just by varying the well-
width. Thus, QCLs are unipolar lasers unlike con-
ventional semiconductor lasers, which are bipolar 
devices. Almost all III–V semiconductor-based 
QCLs use electrons in the conduction band as the 
charge carriers; however, it is also possible to use 
holes as charge carriers in a valence band-based 
device as is the case with SiGe/Si-based QCLs [119]. 
The QCL structure was originally proposed in 1971 
[80] and was first demonstrated only in 1994 [81], 
mainly due to the complex structure and accurate 
growth technology required to implement a QCL 
design in practice. Because QCLs are intraband 
and unipolar devises, the physics of gain and las-
ing is different from what we have discussed above 
for interband lasers and a detailed discussion is 
beyond the scope of this chapter. Nevertheless, 

QCLs form an important class of modern semicon-
ductor lasers so we will present a qualitative outline 
of their working principles.

The cavity and waveguide design used in both 
conventional semiconductor lasers and QCLs are 
essentially similar except for the doping (both 
cladding layers are n-doped in the majority of 
QCLs) [5,80,82]. The main difference in QCLs 
lies in the active layer which employs intraband 
transitions only in one band. Because electron 
charge carrier in conduction band-based devices 
form the vast majority of QCLs, we will focus 
on these. This can be seen in Figure 11.30, which 
shows a section of the active layer, which employs 
MQWs in two stages: an injector region and an 
active region all under an electric field. The closely 
spaced QWs and narrow barriers in the injector 
region result in the formation of mini-bands in a 
superlattice [5,80,82]. Quantum-mechanical tun-
neling assisted transport of the injected electrons 
through the minibands into the adjacent active 
region creates an effective population inversion in 
the active QW. This leads to an intraband transi-
tion of the electron from the upper level to lower 
level of the QW resulting in a photon being emit-
ted. Subsequently, the electron thermalizes to 
a lower state and tunnels into the next injector 
region cascading through the structure (hence the 
name of the laser) producing many more photons. 
A typical QCL has 20–80 such stages each having 
several MQW structures. Typically, there are sev-
eral hundred to over a thousand epilayers in QCLs. 
QCLs have been demonstrated from just below 3 
μm up to 67 μm, opening-up the THz range and 
its associated applications [82,83]. High-power and 
DFB QCLs have also been demonstrated [5,82]. It 
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Figure 11.30 Schematic of the conduction band 
design for two successive stages inside the active 
region of a quantum cascade laser (QCL).
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is interesting to note that the quantum efficiency of 
QCLs can be far above 100% owing to the fact that 
one electron produces many photons. However, 
this is not breaking any law of physics, as the power 
(wall-plug) efficiency is typically <50% owing to 
the large voltages that are required to produce the 
electric field across the structure, which allows the 
cascading process to occur.

11.4  SEMICONDUCTOR 
MATERIALS FOR MODERN 
SEMICONDUCTOR LASERS

The lasing characteristics and reliability of semicon-
ductor lasers largely depend on materials used in 
their design. The band-gap and the lattice constant 
both play a vital part as well as the maturity of the 
growth technology of the chosen semiconductor. 
While the band-gap for most types of laser largely 
determines the emission wavelength, the lattice 
constant determines whether the semiconductor 

material can be grown lattice matched on the sub-
strate of choice, hence reducing the density of 
defects. The latter directly affects the performance 
and reliability of the device. As discussed earlier, 
a small amount of strain can be beneficial if kept 
within a thin QW layer [9,10]. However, in general, 
the overall semiconductor laser structure should be 
relatively strain free to minimize defect formation. 
A simple SQW-SCH active region design requires a 
minimum of five epilayers on the substrate to make 
a laser structure (typically there are more than ten 
layers). One can see that this immediately limits the 
number of semiconductor alloys with the desired 
band-gap and lattice constants that can be used in 
a typical laser design. Although many new semi-
conductor alloys have been proposed in recent years 
to fill the existing gaps, there are only a few with 
mature enough growth technology that can be used 
for commercial devices, which require high reli-
ability. Figure 11.31 lists some semiconductor alloys 
with their band-gaps and lattice constants [84,85].
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Materials falling on a vertical line are lattice 
matched to each other. There is a great impetus 
toward achieving efficient semiconductors active 
regions grown on silicon substrates which will allow 
on-chip integration of lasers with silicon-based opti-
cal wave-guide components for all-optical commu-
nications and data processing. Being an indirect 
band-gap semiconductor, silicon itself is a poor 
emitter of light; hence, the integration of high optical 
quality direct band-gap semiconductors on cheap 
silicon substrates is highly desirable [86]. The pri-
mary limiting issue to achieve this is the lattice mis-
match between silicon and standard III–V materials 
such as InP- or GaAs-based alloys (see Figure 11.31), 
which makes it difficult to grow high-quality alloys 
directly on silicon.

There have been tremendous advancements in 
hybrid approaches to this where strain relaxed 
(metamorphic) growth techniques have been 
used to grow relatively defect-free working laser 
structures [87,108], through the use of quantum 
dot [109] and exotic QW [110] active regions 
and through wafer fusion approaches [108]. This 
remains an active area of ongoing research as noted 
in a number of reviews on this topic [120,121]. 
Entirely new materials for semiconductor lasers 
continue to being investigated to help push the 
wavelength limits of semiconductor lasers and to 
improve the efficiency and temperature sensitivity 
of devices. Recently, for example, GaAsBi-based 
semiconductor lasers have been demonstrated 
[87,111–114]. Such alloys have the potential over-
come the ill effects of Auger recombination, which 
have limited the maximum achievable power and 

efficiency of near- and mid-infrared semiconduc-
tor lasers and have the potential to significantly 
reduce the energy demands of optical fiber com-
munications [88,111–114].

Table 11.1 lists some of the common active and 
cladding layer compositions used in modern semi-
conductor lasers together with the substrate mate-
rial and the emission wavelength range. The list is 
incomplete as many materials and compositions 
still under research are not included [88]. The values 
of mole-fractions indicated in Table 11.1 are either 
for direct band-gap or strain- balanced designs. 
Semiconductor lasers emitting in the range 0.35–
0.92 μm find applications in holographic storage, 
image recorders, fax machines, printers, solid state, 
and fiber laser pumping, barcode readers, blu-ray 
discs and other disc read write devices, material 
processing, medical therapeutics, range finders, 
and aerospace. 0.9–1.10 μm semiconductor lasers 
are used as optical fiber amplifier pumps, in mate-
rial processing and medicine. 1.1–1.65 μm lasers 
find used in optical fiber communication systems, 
transceivers, and Raman amplifiers. 1.24–1.30 μm 
are also used in aerospace and military range find-
ers. 1.7–4.4 μm lasers are used in spectroscopic 
sensing of humidity, gas impurities, drugs and 
optical fiber, and free-space communications [5].

11.5  CONCLUDING REMARKS

In this chapter, we have presented a brief outline 
of the essential working principles of semicon-
ductor lasers. We have also discussed the many 

Table 11.1 List of some example active and cladding layer compositions used in modern 
semiconductor lasers

Cladding layer/active layer Substrate
Emission wavelength range 

(μm)

GaN/Inx Ga1−x N Sapphire, GaN, SiC ~0.35–0.50
AlxGa1−xN/InxGa1−xN Sapphire, GaN, SiC ~0.40–0.60
CdxZn1−xS/CdS CdS ~0.35–0.50
(AlxGa1−x)0.5In0.5P/GayIn1−yP GaAs ~0.60–0.72
AlxGa1−xAs/GaAs GaAs ~0.60–0.92
AlxGa1−xAs/InyGa1−yAs GaAs ~0.90–1.10
InP/GaxIn1−xAsyP1−y InP ~1.1–1.65
AlxGa1−xAs/InyGa1−yAs1−xNx GaAs ~1.24–1.30
AlxGa1−xSb1−yAsy/InxGa1−xSb1−yAsy GaSb or InAs ~1.7–4.0

Note: The substrate material and approximate emisson wavelength range is also indicated in References [6,7].
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and varied applications of semiconductor lasers, 
various semiconductor laser designs and materi-
als used for making these fascinating devices. As 
it is not possible to cover all the relevant details 
of semiconductor lasers and their novel appli-
cations such as mode- and injection locking, 
etc. [5–13,34,39] in a short chapter, the reader is 
encouraged to refer to more specialized articles 
and monographs highlighted in the references. 
The field of semiconductor lasers is an amazing 
field of science where one is able to bring funda-
mental quantum physics directly in connection 
with everyday life. The Internet as we see it today 
would have been very different without the advent 
and development of semiconductor lasers. The 
field is fast advancing as new ideas and semicon-
ductor materials emerge and can be expected to 
be a fruitful area of research in science, engineer-
ing, and technology development for many years 
to come.
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12.1  INTRODUCTION

This chapter describes the operating principles, 
construction, and characteristics of major optical 
detectors.

Optical detectors (often called photodetectors) 
can be classified by their principle of light detection 
as shown in Table 12.1. Typical optical detectors 
utilizing physical or chemical changes are photo-
graphic films, but these are now seldom used in pho-
tometric applications. Methods utilizing solid or gas 
ionization and scintillation are usually limited to 
detection in the X-ray and gamma-ray regions.

Optical detectors making use of photoelectric 
effects are widely used as UV (ultraviolet) to IR 
(infrared) sensors in various applications includ-
ing measurement instruments, industrial produc-
tion equipment, and communication devices. To 
make the contents of this chapter more practical, 
we will chiefly discuss optical detectors utilizing 
photoelectric effects.

Optical detectors utilizing photoelectric effects 
can be further divided by their detection principle 
into two groups: one using external photoelectric 
effects and the other using internal photoelectric 
effects. Table 12.2 shows typical optical detectors 
utilizing these effects and their features. As can 
be seen from Table 12.2, optical detectors also fall 
under two categories: point detectors that merely 
detect light intensity and two-dimensional detec-
tors including position sensors and image sensors. 
Spectral response range (detectable wavelength 
band) also differs depending on the type of opti-
cal detector. In general, optical detectors utilizing 
the external photoelectric effect are represented by 

photomultiplier tubes (PMTs) and exhibit fast time 
response and high sensitivity. On the other hand, 
optical detectors using the internal photoelectric 
effect, such as photodiodes (PDs) and photocon-
ductive cells, offer a wide spectral response range, 
compact size, and easy operation. Along with 
recent trends toward image measurements, the 
product quality and quantity of two-dimensional 
detectors are improving and increasing.

12.2  PHOTOELECTRIC EFFECTS

As stated earlier, photoelectric conversion is 
roughly divided into external photoelectric effects 
[1] by which bound electrons inside a semiconduc-
tor thin film are released into a vacuum when light 
strikes the semiconductor and internal photoelec-
tric effects [2], where photoelectrons are generated 
inside a semiconductor by light and excited into 
the conduction band. The photocathode used as 
the photoemissive surface of a PMT has the former 
function. The photoconductive effect and photo-
voltaic effect take place by the latter principle.

12.2.1  External photoelectric effect

Semiconductor thin films having a photoemissive 
surface are usually called “photocathodes” [1,3]. 
They have a band model structure like that shown 
in Figure 12.1. Inside a semiconductor, there exists 
a valence band occupied by electrons, a forbidden 
band that cannot be occupied by electrons and a 
conduction band where electrons are free to move. 
When photons strike a photocathode, electrons in 
the valence band absorb photon energy hν, become 

Table 12.1 Classification of optical detectors

Principle Method Detectable electromagnetic radiation

Physical or 
chemical 
changes

Dosimeters Charged particles
Photographic films UV, visible, IR radiation, charged particles
Cloud chambers, bubble chambers X-rays, gamma-rays, charged particles

Solid or gas 
ionization

Proportional counters, etc. Charged particles, X-rays, gamma-rays

Scintillation Solid-state or liquid 
scintillators + optical detectors

Charged particles, X-rays, gamma-rays

Photoelectric effect Optical detectors utilizing external 
photoelectric effect (PMT, etc.)

UV, visible, near-IR radiation

Optical detectors utilizing internal 
photoelectric effect (PDs, etc.)

UV, visible, near-IR radiation, X-rays, 
gamma-rays
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excited into the conduction band and diffuse toward 
the photocathode surface. When the diffused elec-
trons have enough energy to overcome the vacuum 
level barrier, they are emitted into the vacuum as 
photoelectrons. Photocathodes can be classified by 
the photoelectron emission process into reflection 
mode and transmission mode photocathodes. The 
reflection mode photocathode is usually formed on a 
metal plate and photoelectrons are emitted from the 
photocathode in the opposite direction to the inci-
dent light. The transmission mode photocathode is 
usually deposited as a thin film on an optically trans-
parent flat plate and photoelectrons are emitted in 
the same direction as that of the incident light. Most 

photocathodes are made of a compound semicon-
ductor chiefly consisting of alkali metals with a low 
work function such as Cs3Sb and Na2KSb. Changing 
the photocathode materials, it is possible to achieve 
sensitivity in various bands of the spectrum from soft 
X-rays to near-IR radiation (described in Section 12.3 
in detail).

PMTs [3] are typical optical detectors utilizing 
the external photoelectric effect. They are vacuum 
tubes with a glass envelope and consist of a photo-
emissive cathode (photocathode), an electron multi-
plier, and an electron collector (anode) in a vacuum 
tube. Figure 12.2 shows the schematic construction 
of a PMT. Light, which enters a PMT, is detected and 
produces an output signal through the following 
processes.

 1. Light passes through the input window and 
enters the photocathode in a vacuum.

 2. It excites the electrons in the photocathode so 
that photoelectrons are emitted into the vacuum 
(external photoelectric effect).

 3. Photoelectrons are accelerated and focused by 
the focusing electrode onto the first electrode 
called a “dynode” in the electron multiplier 
section, where they are multiplied by means of 
secondary electron emission. This secondary 
emission is repeated at each of the successive 
dynodes. (A dynode is an electrode capable 

Table 12.2 Types and classification of optical detectors utilizing photoelectric and thermal effects

Detecting 
principle

Detectors (point 
detectors)

two-dimensional 
detectors

Spectral 
response 

range

External 
photoelectric 
effect

Phototubes IIs Vacuum UV 
to near-IR

PMTs Streak cameras

Internal 
photoelectric 
effect

Photoconductive 
effect

Photoconductive cells Photoconductive type 
camera tubes 
(vidicons, etc.)

Visible to IR

Photovoltaic effect PDs Semiconductor image 
sensors (CCD, etc.)

UV to 
near-IR

Phototransistors 
Avalanche PDs

Semiconductor 
position sensors 
(PSD, etc.)

Thermal effect Pyroelectric effect Pyroelectric IR 
detectors

Pyroelectric image 
sensors

Near-IR to 
far-IR

Photovoltaic type Thermocouples

Conductivity type Bolometers 
Thermistors

Vacuum

Vacuum level
Conduction
band

e–

Valence
band

Light: hv

Eg

Ea

Forbidden
band

Fermi level

Figure 12.1 Photocathode band model.
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of emitting secondary electrons. An electron 
multiplier used in a PMT usually has about 10 
stages of dynodes.)

 4. A bunch of multiplied secondary electrons 
emitted from the last dynode are ultimately 
collected by the anode and output to an exter-
nal circuit as an electrical signal. Since the 
PMT is a kind of electron tube, it is relatively 
large in size, but superior in sensitivity and 
response speed, making PMTs useful as optical 
detectors in a variety of applications such as 
analytical instruments, medical equipment, 
and industrial measurement systems.

12.2.2  Photovoltaic effect

Internal photoelectric effects will now be explained 
using a PD as an example.

A cross section of a typical PD is shown in 
Figure  12.3a. The p-layer at the light sensitive sur-
face and the n-layer at the substrate form a p–n junc-
tion that serves as a photoelectric converter. The 
usual p-layer for a silicon PD is formed by selective 
diffusion of boron to a thickness of approximately 
1 μm. The neutral region at the junction between 
the p-layer and the n-layer is known as the depletion 
layer. By varying and controlling the thickness of the 
outer p-layer, substrate n-layer and bottom N+-layer 
as well as the doping concentration, the PD’s spectral 
response and frequency response can be controlled.

A band model for photoelectric conversion 
that occurs at the p–n junction of a PD is shown 
in Figure 12.3b. When light strikes a PD and its 
energy is greater than the bandgap energy Eg, 
the electrons in the valence band are excited and 
pulled up into the conduction band, leaving holes 

in their place in the valence band. These electron–
hole pairs are generated throughout the p-layer, 
depletion layer, and n-layer. In the p-layer and 
depletion layer, the electric field accelerates the 
electrons toward the n-layer and the holes toward 
the p-layer. Of the electron–hole pairs generated 
in the n-layer, the electrons are left in the n-layer 
conduction band along with electrons that have 
arrived from the p-layer, while the holes diffuse 
through the n-layer up to the p–n junction and col-
lect in the p-layer valence band while being acceler-
ated. In this manner, electron–hole pairs generated 
in proportion to the amount of incident light are 
accumulated in the n-layer and p-layer, resulting 
in a positive charge in the p-layer and a negative 
charge in the n-layer. When an external circuit is 
connected between the p-layer and n-layer, elec-
trons will flow from the n-layer and holes from the 
p-layer toward the opposite electrode, respectively.

12.2.3  Photoconductive effect

When light strikes some kinds of semiconduc-
tor, electron–hole pairs are generated and their 
internal electric conductivity increases. This phe-
nomenon is called the “photoconductive effect.” 
Photoconductive detectors are divided into intrin-
sic detectors and extrinsic detectors doped with 
impurities.

Figure 12.4 shows the operation models of photo-
conductive detectors. A phenomenon called “intrin-
sic photoconduction” is presented in Figure 12.4a. 
When photons hν with energy greater than the 
energy bandgap Eg in the forbidden band enter an 
intrinsic detector, electron–hole pairs (carriers) are 
generated and the number of conductive charges in 
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Vaccum

(~10 P–4 Pa)

Dy2

Incident
light

Window

Photocathode

Electron multiplier
(dynodes)

Anode
Stem

Focusing electrode

Last dynode Stem pin

e–

Figure 12.2 Construction of a PMT.
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the conduction band changes. Figure 12.4b shows 
the operation of an extrinsic detector doped with 
impurity atoms. In this extrinsic detector, an impu-
rity level is formed at a relatively deep energy level 
in an n-type semiconductor. When the input pho-
tons have energy higher than the ionization energy 
E1, they mainly act on the impurities and create free 
electrons and bound holes. The free electrons and 
free holes contribute to changes in the electric con-
ductivity. This phenomenon is called “extrinsic pho-
toconduction.” Since E Eg 1� , extrinsic detectors 

are used for IR detection at longer wavelengths when 
compared to intrinsic detectors.

Figure 12.5 shows how a photoconductive sensor 
is used to detect light. When light enters the photo-
conductive sensor, its internal resistance changes 
to produce an increase in electric current, ΔI, 
which is added to the constant bias current Ib. This 
change in the electric current is detected as a signal. 
Various types of material are used to fabricate pho-
toconductive sensors, such as CdS for visible light 
detection and PbS, PbSe, and InSb for IR detection. 
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Although photoconductive sensors have the dis-
advantages of slow response speeds, they are still 
widely used because of their useful features such as 
small size, light weight, and wide spectral response 
range (from the visible to the far IR region).

12.3  SPECTRAL RESPONSE 
CHARACTERISTICS OF 
PHOTODETECTORS

It is essential to select an appropriate type of pho-
todetector that matches the wavelength region of 
the light to be measured. This section explains 
photodetectors used to detect wavelengths in the 
X-ray to IR region.

12.3.1  Definition of photodetector 
sensitivity

A wavelength spectrum of light from the X-ray to 
IR ray region is shown in Figure 12.6 along with 
the name of each spectral region and unit systems, 
which will be used throughout this chapter.

In this section, we will define sensitivity used to 
evaluate photodetectors. If light at a certain inten-
sity level (W) enters a photodetector and a certain 
amount of photocurrent (A) flows after photoelec-
tric conversion, then the following terms are usu-
ally used to define the photoelectric sensitivity of 
the photodetector.

12.3.1.1  RADIANT SENSITIVITY OR 
PHOTOSENSITIVITY S

Radiant sensitivity or photosensitivity S is the pho-
tocurrent A divided by the incident light level W. It 
is represented as

 S
A

W
AW( ).1= −  (12.1)

12.3.1.2  QUANTUM EFFICIENCY

Quantum efficiency (QE) is the number of elec-
trons or holes extracted. It is photocurrent divided 
by the number of incident photons, and generally 
expressed in percent (%). QE and radiant sensitiv-
ity S (A W−1) have the following relationship at a 
given wavelength λ (nm):
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 S
QE

1240
100 (%).= ×

λ
×  (12.2)

12.3.1.3  NOISE EQUIVALENT POWER

This is the amount of light equivalent to the noise 
level of the photodetector. In other words, it is 
the light level required to obtain a signal-to-noise 
(S/N) ratio of 1. Noise equivalent power (NEP) is 
usually defined as shown in Equation 12.3, using 
the wavelength λp of maximum sensitivity and a 
bandwidth of 1 Hz:

NEP
Noise current(A Hz )

Photosensitivity at (A W )
(W Hz ).

1/2

p
1

1/2=
λ

−

−
−

 
(12.3)

12.3.1.4  D* VALUE
This indicates the value of the S/N ratio of a detec-
tor when radiant energy of 1W enters the detector. 
D* is normalized by a sensitive area of 1 cm2 and 
noise bandwidth of 1 Hz so that detector materials 
can be compared regardless of the size and shape of 
the detector element. An optical chopper is usually 
used to measure D* for passing and interrupting a 
beam of incident light. D* is normally expressed in 
the format D*(A, B, C), where A is the color tem-
perature (K) of the light source, B is the chopping 
frequency (Hz), and C is the noise bandwidth (Hz). 
D* is therefore represented in units of cm Hz1/2. 
The higher the D* value, the better the detector. 
D* is given by

 D
S N f

PA

( / )
,*

1/2

1/2
= ∆  (12.4)

where S is the signal, N is the noise, P is the inci-
dent light energy (W cm−2), A is the sensitive area 
(cm2), and Δf is the noise bandwidth (Hz). The fol-
lowing relation is established by D* and NEP:

 D
A

NEP
.*

1/2

=  (12.5)

Radiant sensitivity and QE are usually used to 
define photodetector sensitivity for UV to visible 
photodetectors, while NEP and D* are frequently 
used for IR detectors.

12.3.2  X-ray to vacuum UV 
photodetectors

Light tends to behave as particles more actively 
in the X-ray to vacuum UV (VUV) region. 
Absorption of light by any substance also changes 
a great deal in some wavelength bands of this 
region. Because of this, in this region, it is impor-
tant to consider the stopping power (efficiency) 
versus light and the performance characteristics of 
window materials as well as photoelectric conver-
sion sensitivity. Typical transmittance characteris-
tics of window materials [5] used in the VUV, soft 
X-ray, and X-ray regions are shown in Figure 12.7. 
As can be seen from this figure, organic films and 
light metals such as Be (beryllium) and Al (alumi-
num) can be used as a window in the X-ray region 
at several kiloelectron volts or less, although there 
are currently no window materials available for 
some bands of the X-ray region. Figure 12.8 shows 
the typical spectral transmittance of optical win-
dows used in the UV to VUV region. Quartz glass 
and UV-transmitting glass are preferably used as 
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Figure 12.7 Transmittance of window materials used in VUV, soft X-ray, and X-ray regions.
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transparent window materials in the UV region. 
MgF2 (magnesium fluoride) and LiF (lithium 
fluoride) crystals are chiefly used as windows for 
detectors in the VUV region where significant 
absorption of light by oxygen and nitrogen occurs. 
Table 12.3 shows a list of typical photodetectors [6] 
used in the X-ray to VUV region.

12.3.2.1  PHOTODETECTORS UTILIZING GAS 
IONIZATION

Proportional counter tubes and Geiger–Mueller 
(GM) tubes using gas ionization have been 
employed as photodetectors for quite a long 
time. The operating principles of these tubes are 
slightly different from each other. Therefore, pro-
portional counter tubes are capable of detecting 
both radiation energy and dose rate, while GM 
tubes are used only to measure dose rate. Due 

to the transmission bands of the window mate-
rial (Be window) and fill-gas absorption charac-
teristics, proportional counter tube applications 
are usually limited to a radiation energy region 
of 1–25 keV. Likewise, applications of GM tubes 
are determined by the transmission bands of the 
window material (Fe–Cr alloy) and by fill-gas 
absorption characteristics. GM tubes are there-
fore usable at a radiation energy of 50 keV–1 MeV. 
The multiwire proportional counter (MWPC) is a 
position-sensitive proportional counter tube and 
is used as a two-dimensional detector in X-ray 
scattering, diffraction, and synchrotron radiation 
experiments.

12.3.2.2  SCINTILLATION PHOTODETECTORS

In scintillation counting [7], a scintillator is used 
to convert radiation into visible light and this 
light is detected with a PMT or PD. Figure 12.9 
shows a scintillation photodetector consisting 
of a scintillator coupled to a PMT. The amount 
of light emitted from a scintillator is propor-
tional to the energy level of incident radiation, 
and this light emission is measured with a PMT 
or PD. Table 12.4 lists typical characteristics and 
applications of major scintillators that are made 
of inorganic or organic materials. Scintillation 
counting is excellent in energy resolution when 
measuring radiation so it is used in nuclear medi-
cal equipment, nuclear physics experiments, and 
oil well logging.

An X-ray image intensifier (II) [8] is a kind of 
scintillation photodetector. It is a two-dimensional 
X-ray detector having a phosphor-coated window 
for X-ray to visible light conversion and a photo-
cathode sensitive to visible light. X-ray IIs can be 
fabricated with a large sensitive area, making them 
useful in X-ray medical equipment and industrial 
nondestructive inspection.
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Table 12.3 Typical photodetectors used in X-ray to VUV regions

Detecting 
principle Detectors

Detectable 
region Energy (wavelength) region

Gas ionization Proportional counter tube,  
GM tubes, MWPC

X-rays, γ-rays A few keV to 1 MeV

Scintillation Scintillator + PMT (or PD) X-rays, γ-rays A few keV to several dozen MeV
X-ray IIs X-rays 20–150 MeV

Photoelectric effect Semiconductor detectors X-rays, γ-rays A few keV to several dozen MeV
PMT without window Soft X-rays A few to 100 nm
PMT with window VUV 100 nm or more
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12.3.2.3  PHOTOCONDUCTIVE DETECTORS

Among the photoconductive detectors, semicon-
ductor radiation detectors [9] are classified by the 
manufacturing method into the following groups:

 1. p–n junction type
 2. Surface barrier type
 3. Lithium (Si(Li)) drift type
 4. High-purity germanium type

Each type of these detectors makes use of the 
depletion layer that is formed when a reverse bias 
voltage is applied to the junction of p- and n-type 
semiconductors. Different photosensitive materi-
als, size, and window materials are used depending 
on the wavelength band (energy) to be detected.

Si(Li) drift type and high-purity germanium 
type detectors are mainly used in the soft X-ray 
to X-ray region. Although the actual wavelengths 
that can be detected differ according to the 

Reflective coating

Gamma-ray

Radiation
source

Scintillator PMT

Optical coupling
(using silicone oil)

Photocathode

Photoelectrons

Dynodes
Anode

Figure 12.9 Scintillation photodetector for radiation measurement.

Table 12.4 Typical characteristics and applications of scintillators

Density 
(g cm−3)

relative 
emission 
intensity 

(NaI(tl) = 100)
Emission 
time (ns)

Emission peak 
wavelength 

(nm)  applications

NaI(Tl)  3.67  100  230  410 Survey meter, area 
monitor, gamma 
camera, SPECT

BGO  7.13  15  300  480 PET, X-ray CT
CsI(Tl)  4.51  45–50  1000  530 Survey meter, area 

monitor, X-ray CT
Pure CsI  4.51  <10  10  310 High energy physics 

experiments
BaF2  4.88  20  0.9/630  220/325 TOF, PET
GSO:Ce  6.71  20  30  310/430 Area monitor, oil well 

logging
Plastic  1.03  25  2  400 Area monitor, neutron 

detector
LSO  7.35  70  40  420 PET
PWO  8.28  0.7  15  470 High energy physics 

experiments
YAP  5.55  40  30  380 Survey meter, compact 

gamma camera
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detector material and structure, these can usu-
ally detect X-ray energy ranging from 1 keV to 
10 MeV. These detectors are not easy to handle 
because liquid nitrogen cooling is required, but 
they offer the advantage of high-energy resolu-
tion. Currently, these detectors are available with a 
sensitive area from 2 or 3 up to 10 cm in diameter, 
and their detection sensitivity is constantly being 
improved. Multielement detector arrays are also 
being developed.

Photocathodes (cathodes made of photoemissive 
materials) having external photoelectric effects are 
also used for detection in the UV to X-ray region. 
In a wavelength region where optically transparent 
windows are available, semi-transparent (trans-
mission mode) photocathodes can be used, but 
at even shorter wavelength regions, where proper 
window materials are unavailable, reflection mode 
photocathodes are exclusively used without win-
dows. Typical photoemissive materials used to 
detect wavelengths shorter than the UV region are 
alkali halide metals, pure metals and metal oxide. 
Figure 12.10 shows the typical spectral response 
characteristics of photoemissive materials that can 
be used in the soft X-ray region. These materials 
can be applied to an X-ray to electron conversion 
surface such as the first stage of electron multi-
pliers or to a reflection mode photocathode by 
vacuum deposition onto the input edge surface of 
microchannel plates (MCPs) (described in Section 
12.6.1).

12.3.3  UV detectors

Photodetectors used to measure radiant energy of 
UV rays can be divided into photovoltaic and pho-
toemissive types.

PDs using SiC, GaN, AlGaN, and diamond thin 
films with a large bandgap are now being developed 
as photovoltaic type semiconductor UV sensors [10]. 
In actual applications, UV sensors using a general-
purpose PD combined with a UV filter are frequently 
used. Figure 12.11 shows a typical spectral response 
curve of a UV sensor that can be obtained by the 
combination of a UV–visible range sensitive GaAsP 
PD and a UV-transmitting filter. Major applications 
of this type of UV sensor are UV measurement of 
sunlight, mercury lamp monitoring, etc.

Phototubes are also used in UV detection. 
They are made up of a photocathode using the 
external photoelectric effect and an anode for 
collecting photoelectrons emitted from the pho-
tocathode (see Figure 12.12). Phototubes can be 
fabricated with various types of spectral response 
characteristics by changing the combination of 
photoemissive materials [11]. Figure 12.13 shows 
the typical spectral response characteristics of 
photocathodes specifically selected and processed 
to have sensitivity only in the UV range. The 
spectral response characteristics on the short-
wavelength side are determined by absorption 
characteristics of window materials. Metals and 
alkali halide compounds having a large bandgap 
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Figure 12.10 Typical spectral response character-
istics of photoemissive materials in the soft X-ray 
region.
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are used as UV sensitive photocathode materi-
als. Sensitivity in the longer wavelength region 
is determined by the bandgap of each material. 
In addition to having various spectral response 
characteristics selectable by the combination of a 
window and photocathode materials, phototubes 
offer outstanding features such as high-speed 

response (nanosecond rise time) and low noise 
due to extremely high output impedance. Since 
UV phototubes are sensitive only in the UV region 
(insensitive to visible and longer wavelengths and 
often called “solar blind”), they have found appli-
cations in colorimeters, pollution monitors, densi-
tometers, and UV laser detection.

12.3.4  UV to visible region 
photodetectors

Light is most actively utilized in this wavelength 
region. Compared to other regions of the electro-
magnetic spectrum, there are numerous types of 
photodetectors available in the UV to visible region, 
in terms of both quantity and quality. Phototubes 
and PMTs utilizing the external photoelectric effect 
and PDs having the internal photovoltaic effect are 
most frequently used in this region.

12.3.4.1  PHOTODETECTORS UTILIZING 
EXTERNAL PHOTOELECTRIC 
EFFECT (PHOTOTUBES, PMTs)

Phototubes and PMTs are widely used in the UV to 
visible region. As stated earlier, these detectors use 
a semiconductor thin film that is a photoelectric 
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Figure 12.12 Construction of a phototube.
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converter surface called a “photocathode.” In 
this section, we will briefly discuss the basic 
operating principle and operating method of a 
PMT. As shown in Figure 12.14, a high voltage is 
applied between the photocathode and the anode. 
Photoelectrons emitted from the photocathode 
are accelerated and focused onto the first dynode 
(Dy1) to produce secondary electrons, which are 
then accelerated toward the subsequent dynodes 
(Dy2 to Dyn). When the accelerated electrons strike 
a dynode, secondary electrons are emitted with a 
secondary emission ratio (δ). Since this process is 
repeated up to the last dynode (Dyn), the electrons 
are multiplied and increase. To make the operat-
ing circuit simpler, voltage dividing resistors are 
usually placed between the photocathode and the 
anode to distribute the supply voltage to each dyn-
ode, as shown in Figure 12.14.

The secondary electron emission ratio δ is a 
function of the interstage voltage E between each 
dynode and is given by

 E ,k
1δ = α  (12.6)

where α is a constant, and k is a coefficient deter-
mined by the material and structure of the elec-
trode (dynode). δ has a value 0.7–0.8.

The photoelectron current Ik (photocurrent that 
flows per unit light flux in lumens) emitted from 

the photocathode strikes the first dynode where a 
secondary electron current (Id1) is emitted. At this 
point, the secondary electron emission ratio 8 of 
the first dynode is given by

 I

I
.

k
1

d1δ =  (12.7)

These electrons are multiplied in a cascade process 
from the first dynode → second dynode →⋯→ the 
nth dynode. The secondary emission ratio δn of the 
nth stage can be calculated as

 I

I
.n

n

n

d

d( 1)

δ =
−

 (12.8)

The anode current Ip is given by

 I I ,k np 1 2= δ δ δ  (12.9)

so that

 I

I
.

k
n

p
1 2= δ ⋅δ ⋅⋅⋅δ  (12.10)

The product of δ1, δ2, …, δn is called the gain (μ) 
and is given by

 .n1 2µ = δ ⋅δ ⋅δ  (12.11)

Photocathode

High-voltage current

V

hv

Rn+1

Ib

Ip
e– Dy1 Dy2 Dyn

Dyn–1

C C C

Rn+2Rn

R1 R2 R3

Ip : Anode current =
V : Overall supply voltage
E : Interstage voltage (=V/n)

Focusing electrode

Anode

R1 + R2 +...+Rn+2
Ib : Bleeder current = V

Figure 12.14 PMT operation circuit.
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If the number of dynodes in a PMT, which is oper-
ated using an equal-division voltage divider, is n, 
then changes in the gain μ versus the supply voltage 
V can be obtained by

 
E

V

n
AV( )

1
,k n n

kn
knµ = α = α

+






 =

 
(12.12)

where A should be equal to αn/(n + 1)kn. From this 
equation, it is clear that the gain μ is proportional 
to the kn exponential power of the supply volt-
age. Typical gain versus supply voltage is shown in 
Figure 12.15 along with luminous sensitivity. Since 
this figure is expressed in a logarithmic scale for 
both horizontal and vertical axes, the slope of the 
straight line becomes kn. The gain increases with 
an increase in the supply voltage, so a high gain of 
up to 107 or more can be obtained in most cases. 
Figure 12.16 shows various types of dynode struc-
tures. The circular-cage dynode is mainly used 
in side-on PMTs and has high gain and fast time 
response. The box-and-grid dynode has high gain, 
and the linear-focused dynode offers fast time 
response. The Venetian-blind dynode features high 
gain and compactness. Recently, the mesh-type 
dynode and MCP have been put to practical use as 
an electron multiplier of PMTs. These dynode types 
each have merits and demerits in terms of time 
response, dynamic range, and gain, so they should 
be carefully selected according to the application. 

A PMT is usually operated with a supply voltage 
of 1000–2000 V in order to obtain a high gain of 
106–107, and can be used in photon counting mode 
(explained in Section 12.4.2). PMTs have excellent 
capability for low-light-level detection and also 
deliver extremely fast response with rise times of 
nanoseconds (PMTs using normal dynode types) 
to subnanoseconds (PMTs using MCP).

Figure 12.15 Luminous sensitivity and gain versus 
supply voltage.
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PMT spectral response is determined by the 
photocathode material on the long-wavelength 
side and the transmittance of the window material 
on the short-wavelength side. Typical photocath-
ode spectral response characteristics are shown in 
Figure 12.17. Up until now, photocathode sensitiv-
ity has been limited to the UV to near-IR region. 
However, recent developments in semiconductor 
crystal materials [12] have extended photocathode 

sensitivity up to the IR region. Figure 12.18 shows 
a photograph of typical PMT products.

12.3.4.2  PHOTODETECTORS UTILIZING 
INTERNAL PHOTOVOLTAIC EFFECT 
(E.G., PDS)

Various types of semiconductor sensors have also 
been developed and used for light detection in the 
UV to visible region. Among these, PDs [4] are most 
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Figure 12.17 Typical photocathode spectral response characteristics.

Figure 12.18 Typical PMT products.
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extensively used. PDs can be classified according 
to their manufacturing method and structure as 
shown in Figure 12.19. In the p–n type, light fall-
ing on a PD is absorbed in the depletion layer near 
the internal p–n junction after passing through the 
p+-layer on the PD surface and is converted into 
an electrical signal of electron–hole pairs. The 
p–n type PDs have a planar structure that allows 
a relatively large active area with better sensitivity 
not only in the visible to IR region, but also in the 
UV region. However, these have a larger junction 
capacitance so response speed is limited. The PIN 
type PDs have a high resistance  intrinsic (i) layer 
formed between the p- and n- layers. This i-layer 
reduces the junction capacitance so response time 
is improved while maintaining high sensitivity. 
This type of PD exhibits an even faster response 
time when used with a reverse voltage and so is 
designed with low leak current.

Schottky-type PDs have a structure in which 
a thin gold (Au) coating is sputtered onto the 
surface of an n-type semiconductor to form a 
Schottky effect p–n junction. Since the distance 
from the outer surface to the junction is small, UV 
sensitivity is high. Avalanche photodiodes (APDs) 
are used with a reverse voltage applied to the p–n 
junction so as to form a high electric field within 
the depletion layer. When light enters in this state, 

the generated electrons are accelerated by the 
electric field and collide with atoms to produce 
secondary electrons. The process occurs repeat-
edly so signals are amplified. This phenomenon 
is known as the avalanche effect and is ideal for 
detecting low-level light.

Typical spectral response characteristics of PDs 
are shown in Figure 12.20. Various types of PDs 
are currently available with sensitivity in the UV, 
visible, and also near-IR regions. Recently, InGaAs 
PDs have become widely used as promising receiv-
ers in IR optical communications. Semiconductor 
photodetectors are small and compact yet have 
high sensitivity, so they are now used in large 
numbers in general electronics products and also 
other diverse applications. Figure 12.21 shows a 
photograph of typical PD products.

12.3.5  IR detectors

IR radiation covers the electromagnetic spectrum 
at wavelengths from 0.8 μm to 1 mm. The wave-
length region of 0.8–3 μm is called the near-IR 
region, the wavelength region of 3–15 μm, the mid-
IR, and the wavelength region of 15 μm–1 mm, the 
far-IR.

Table 12.5 shows the types of IR detectors 
and their characteristics [14]. In the IR region, 
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thermal-type and quantum-type (photovoltaic and 
photoconductive) detectors are commonly used. 
Thermal-type detectors make use of IR energy as 
heat, their responsivity is independent of wave-
length and cooling is not required. However, their 
response speed is slow and detection sensitivity 

is not so high. Quantum-type detectors, on the 
other hand, have higher responsivity and faster 
time response, while their responsivity depends 
on wavelength. They often have to be cooled to 
ensure more stable operation.

Figure 12.22 shows the typical spectral 
response characteristics of IR detectors. As can 
be seen from this figure, IR detectors using vari-
ous kinds of photoelectric material have been 
developed to cover a broad spectral range from 
the near-IR to far-IR radiation. It should be noted 
that spectral responsivity of InGaAs, Ge, and InSb 
detectors shifts to shorter wavelengths when the 
detector element is cooled, while spectral respon-
sivity of PbS, PbSe, and MCT (HdCdTe) detectors 
shifts to longer wavelengths when the element is 
cooled. Pyroelectric detectors are thermal-type 
IR detectors made of pyroelectric materials such 
as LiTaO3, TGS, and PZT. Unlike quantum-
type detectors, pyroelectric detectors operate at 

Figure 12.21 Typical PD products.

Table 12.5 Types of IR detectors and their characteristics

type  Detector

Spectral 
response 

(μm)

Operating 
temperature 

(K)

Thermal type Thermocouple, Thermopile
Bolometer
Pneumatic cell
Pyroelectric detector

Golay cell, 
condenser-
microphone 
PZT, TGS, 
LiTaO3

Depends on 
window 
material

300
300
300
300

Quantum type Intrinsic 
type

Photoconductive 
type

PbS
PbSe
InSb
HgCdTe

1–3.6
1.5–5.8
2–6
2–16

300
300
213
  77

Photovoltaic type Ge
InGaAs
Ex InGaAs
InAs
InSb
HgCdTe

0.8–1.8
0.7–1.7
1.2–2.55
1–3.1
1–5.5
2–16

300
300
253
  77
  77
  77

Ge:Au
Ge:Hg
Ge:Cu
Ge:Zn
Si:Ga
Si:As

1–10
2–14
2–30
2–40
1–17
1–23

77
4.2
4.2
4.2
4.2
4.2

Source: Hamamatsu Photonics; Technical information SD-12/Characteristics and use of IR detectors, Cat. No. 
KIRD9001E04, 2011.
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room temperatures and their responsivity is not 
dependent on wavelength. One of their applica-
tions, recently the focus of much attention, is the 
“human body sensor” that is finding wide appli-
cations in many fields such as home automation, 
security, and energy saving.

IR detectors are used in diverse application 
fields including general electronics, security, disas-
ter prevention, industrial measurement, commu-
nications, remote sensing, medical equipment, and 
analytical instruments.

12.4  PHOTODETECTOR SIGNAL 
PROCESSING METHODS AND 
S/N RATIO

To operate photodetectors in actual applications, 
optimum detectors must first be selected by con-
sidering the light wavelength to be detected, the 
required time response, and S/N ratio. In addition, 
the signal processing circuit connected to photo-
detectors must also be optimized. Particularly, 
when the incident light intensity is very low, it 
is important to take countermeasures against 

external noise and design measurement systems 
that will maintain a satisfactory S/N ratio.

12.4.1  Incident light intensity and 
signal processing method

Figure 12.23 shows output signal waveforms of a 
photodetector (a PMT is used here) observed on 
an oscilloscope while changing the intensity of 
light emitted from a pulse-driven light emitting 
diode. When the light intensity is high, the pho-
toelectron pulses generated after photoelectric 
conversion overlap each other and create an ana-
log waveform as shown in Figure 12.23a. When 
the light intensity is reduced slightly, the output 
waveform will contain more AC components than 
DC components like those shown in Figure 12.23a 
through c. If the light intensity is reduced further, 
the output signal will be discrete pulses as shown 
in Figure 12.23d. This is the so-called photon 
counting region (digital count mode).

In this way, the output signal waveform differs 
depending on the incident light intensity so the sub-
sequent signal processing [15,16] may use various 
methods. Typical optical measurement methods 

Wavelength (µm)

D
*  (

cm
 · 

H
z1/

2 /W
)

108

109

1010

1011

1012

1013

1014

1 2 30 4 5 6 7 8 9 17 18 19 20 21 22 23 24 2510 11 12 13 14 15 16

MCT (–60° C)
PbSe (–20° C)

InAsSb (–30° C)

InSb (–196° C)

PbSe (25° C)

MCT (–196° C)

PbS (–20° C)

PbS (25° C)

Si (25° C)

MCT (–196° C) MCT (–196° C)

Thermopile

InAs (–196° C)

InAsSb (–196° C)

Short wavelength enhanced type InGaAs (25° C)

Long wavelength type InGaAs (–196° C)

Long wavelength type InGaAs (25° C)

Photovoltaic detectors
Photoconductive detectors
Si thermal detectors

InAsSb for 8 μm band (–30˚ C)

Figure 12.22 Typical spectral response characteristics of IR detectors. (From Hamamatsu Photonics; 
Technical information SD-12/Characteristics and use of IR detectors, Cat. No. KIRD0001E08, 2015.)



412 Optical detectors and receivers

are shown in Figure 12.24. The DC measurement 
method in Figure 12.24a amplifies DC components 
from the photodetector and detects them through 
a low-pass filter. This method is used in optical 
measurements at rather high intensity and has been 
extensively used for many years. In the AC or pulse 
measurement method in Figure 12.24b, only the AC 
components in the output are extracted via a capac-
itor, amplified by a pulse amplifier, and converted 
into digital signals by a high-speed AD converter. 
This method is frequently used for demodulating 

pulsed light signals of wide bandwidth such as in 
optical communications. The photon-counting 
method shown in Figure 12.24c is a pulse-counting 
method in which photoelectron pulses from the 
photodetector are amplified one by one, and only 
the pulses with an amplitude higher than the preset 
discrimination pulse height are counted as signals. 
Though not shown in Figure 12.24, there are other 
optical measurement methods suitable for low-
light-level detection even in applications subject to 
excessive noise. These include the boxcar method 
and lock-in detection method used in conjunction 
with an optical chopper in spectrophotometry.

12.4.2  Photon counting method

In this section, we will discuss specific circuit 
configurations used to perform photon counting 
[17,18], which is an effective technique for light 
detection at extremely low-light levels.

Figure 12.25 shows a typical circuit configura-
tion for photon counting and a pulse waveform 
obtained at each circuit. In a PMT, input pho-
tons are converted into photoelectrons, which are 
then multiplied by the dynodes up to an order of 
106–107. The multiplied pulses output from the 

Light intensity High
(a) (b)

Low

Light intensity

(c) (d)

Low Very low

Figure 12.23 Signal waveforms observed on an 
oscilloscope when light intensity is changed. 
(a–c) Analog mode and (d) digital mode.
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PMT are converted into voltage pulses by a wide-
band amplifier and amplified. These voltage pulses 
are fed to the discriminator and counted by a coun-
ter via a pulse shaper. The discriminator usually 
employs a comparator IC that compares the input 
voltage pulses with the preset reference voltage 
(threshold level) and eliminates those pulses with 
amplitudes lower than this value. In general, the 
lower level discrimination is set at the lower pulse 
height side and the upper level discrimination is set 
at the higher pulse height side to eliminate noise 
pulses with higher amplitudes. The counter usu-
ally has a gate circuit to set the desired measure-
ment timing and intervals. This photon-counting 
method is most effective in detecting extremely 
low-level light.

To enable photon counting, photodetectors must 
have the following performance characteristics.

 1. Photodetectors must have adequate gain. 
Usually, a gain of 105 or more is required in 
consideration of the relation between the next 
circuit’s amplifier noise level and noise index.

 2. High QE at wavelengths to be measured, and few 
noise pulses in order to attain a high S/N ratio.

 3. Narrow pulse height distribution.
 4. Large photosensitive area (when measuring dif-

fused light).

PMTs satisfy almost all of the aforementioned 
prerequisites, so they are widely used in low-
light-level photometric equipment such as pho-
ton counters. In recent years, PMTs for photon 
counting have been improved significantly, lead-
ing to the development of PMTs [19] that deliver 

an exceptionally low noise pulse count around 
0.1 cps. This allows measurement at extremely 
low-light levels equivalent to nearly 1 photon per 
second.

In fluorescence lifetime measurement, even 
changes in the light emission that persist for a very 
short time must be measured along with the pho-
ton counting, so sophisticated techniques like time-
resolved photon counting and TCPC are used.

12.4.3  Signal-to-noise ratio

In optical measurements, S/N ratio [20,21] is a crit-
ical factor in determining the lower detection limit 
of photodetectors.

Figure 12.26 shows a typical model of a photode-
tector connected to an external circuit. Light is con-
verted into electrons in the photoelectric section of 
the photodetector and the electrons are amplified if 
the photodetector has an electron multiplier func-
tion. The output from the photodetector is then 
amplified by the externally connected electronic 
circuit and extracted as an output signal.

Figure 12.27 shows an analog output waveform 
generally obtained from a photodetector. This out-
put contains both signal components produced by 
the incident light and the noise components. These 
components can be defined as follows:

Mean value of noise component: Id
AC component of noise: id (rms)
Mean value of signal (including noise  component): 

Ip+d
AC component of signal (including noise 

 component): ip+d (rms)

ULD

LLD

(ULD)
LLD

Photon

Preamp Main amp Discriminator
(comparator)

Pulse
shaper

8888

Counter

Gate

PMT

TTL Level

Figure 12.25 Circuit configuration for photon counting.
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Using these factors, the S/N ratio is given by

 S N
I

i
/ ,p

p d

=
+  (12.13)

where Ip is the mean value of the signal component 
obtained by subtracting Ip from Ip+d.

The extent of the degradation in the S/N ratio 
during the multiplication process is commonly 
expressed in terms of the noise figure (NF). NF is 
defined by
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In general, the S/N ratio in analog measurement 
regions can also be calculated by
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where Ik is the mean value of photocurrent generated 
by signal, e is the electron charge, F1 is the NF of the 
photodetector, Id is the mean value of dark current, 

k is Boltzmann’s constant, T is the absolute tempera-
ture, F2 is the NF of the externally connected ampli-
fier, RL is the equivalent resistance for connection 
to the externally connected amplifier, M is the gain 
of the photodetector, and B is the bandwidth of the 
entire system. The numerator in Equation 12.15 is the 
signal component and the denominator is the sum of 
the AC components (including the signal and noise) 
and the noise generated in the externally connected 
electronic circuit. The NF indicates the increase in 
noise ratio caused during the multiplication process 
in the photodetector. Since PMTs have high gain, 
the noise in the externally connected electron circuit 
can be ignored in most cases. The NF is about 1.3 for 
PMTs and 2–3 for APDs.

The second term of the noise in the numerator 
can be mostly ignored in PMTs since they have a 
high gain that can be regarded as infinite (M = ∞). 
On the other hand, this noise cannot be ignored in 
PDs because they have no gain (M = 1). If the band-
width is widened, the S/N ratio will degrade.

In photon counting, the average value of the 
counts of individual photoelectron pulses is treated 
as a signal and the fluctuations in the count values 
are treated as noise. The S/N ratio in photon count-
ing is given by

Light

amp

e–

External amp

Photodetector

Photoelectric conversion

Figure 12.26 Typical model of a photodetector connected to an external circuit.

Noise
component

Signal
component

Id

id

Ip+d

ip+d

Figure 12.27 Analog output waveform obtained from a photodetector.
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where Ns is the average value for the signal pulse 
count per second, Nd is the average value for the 
noise pulse count per second, and T is the counting 
time in seconds.

When comparing the S/N ratio of the photon 
counting and analog methods (Equations 12.15 
and 12.16), the extent of the NF makes it clear that 
the photon-counting method is superior to the 
analog method.

12.5  HIGH-SPEED 
PHOTODETECTORS

In recent years, there has been a shift away from 
conventional methods and toward using light in 
many applications. For example, light is exten-
sively used to analyze substances and properties, 
make measurements and control various devices. A 
variety of different observation and measurement 
techniques have been developed for high-speed 
light measurement [22,23] and put to practical 
use. To analyze even higher speed phenomenon 
and achieve higher speed information processing, 
there is a demand to create light sources producing 

even shorter pulses and demodulators (photo-
detector and electrical circuit) with high-speed 
time response [24]. In this section, high-speed 
photodetectors will be described after touching 
briefly on general methods for high-speed light 
measurement.

12.5.1  High-speed light 
measurement techniques

Typical methods for measuring short light pulse 
signals from high-speed phenomena are shown 
in Table 12.6. The analog measurement sampling 
technique is a method for finding the waveform of a 
high-speed PD or PMT on an oscilloscope or other 
device. The response boundaries of this method 
are determined by the response of the high-speed 
photodetector, and the frequency bandwidth of the 
oscilloscope. Current technology has achieved a 
time resolution of around 10 ps. Among the real-
time measurement methods, the streak method 
[25] has the best time resolution (picosecond to 
subnanosecond range).

The auto-correlation method attains a time 
resolution of 10 fs and excellent high-speed charac-
teristics yet cannot find the optical waveform itself 
due to its measurement principle.

Table 12.6 Typical methods for measuring short light pulses

Measurement 
method Detectors time resolution Features

Analog 
measurement 
sampling 
method

PDs Nanoseconds Merits: Easy to use, relatively 
fast response

Biplanar 
phototubes

PMTs Subnanoseconds Narrow dynamic range
MCP-PMT

Streak method Streak camera Femtoseconds Merit: Ultra-fast response
Auto-correlation 

method
SHG correlator Femtoseconds Merit: Measurement of 

ultra-fast 
phenomenon

Demerit: Optical waveform 
cannot be measured 
directly

Time-resolved 
photon-
counting 
method

PMTs Subnanoseconds Merits: Fast response, wide 
dynamic range

Demerit: Longer measurement 
time than analog 
method
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The TCPC method [26], along with having a 
comparatively fast time resolution, also has high 
sensitivity to low-level light, and a wide dynamic 
range (105–106); the only drawback is that it has a 
long measurement time.

12.5.2  High-speed photodetectors

High-speed photodetector types and their time 
response characteristics are shown in Table 12.7. 
Besides showing whether or not the detector has 
an amplification mechanism, this table also reveals 
large differences in photodetector response speeds. 
The biplanar phototube has a rise time of 60 ps but 
no amplification mechanism, so detection is lim-
ited to strong pulsed light. Conventional PMTs have 
response in the nanosecond range but PMTs using 
MCPs (MCP-PMT) have a time resolution of 25 ps 
and a gain of 106.

Semiconductor photodetectors are widely used 
in measurement, control, and analysis equipment 
as well as optical communications. Time response 
characteristics of semiconductor photodetectors 
are determined by carrier transit time in the deple-
tion layer, the delay time set by the CR time con-
stant [CR time constant meant constant defined 
by C (capacitance) and R (resistance) of the cir-
cuit used]; in the case of APDs, the time response 
is additionally determined by the avalanche rise 
time. Figure 12.28 shows the effective area versus 
frequency characteristics of PIN-PDs. As shown in 
the figure, the photosensitive area of the PIN-PDs 
is nearly proportional to the frequency response. 
A response up to 300 MHz is shown for an area 
size of 1.5 mm in diameter but even smaller pho-
tosensitive areas have a better response of several 
gigahertz.

High-speed photodetectors are particularly 
indispensable in the optical communications field 
due to their large data communication capacity 

and high speed. Current technology has achieved 
frequency characteristics up to 10 GHz using a long-
wavelength band InGaAs PD, yet photodetectors 
with response characteristics of 50–90 GHz on up to 
the terahertz range will be in actual use.

High-speed devices like the metal–semicon-
ductor–metal photodetectors (or MSM-PD) using 
GaAs as the substrate are well known among 
semiconductor photodetectors. The MSM has a 
response of 20 ps (rise time) in actual operation; 
it is reported that a high-speed response in the 
subpicosecond [27] level can be attained.

Streak tubes have the highest speed among cur-
rently used photosensors, delivering a time reso-
lution of 2 ps, but in recent years, some have also 
attained the subpicosecond range. With devel-
opment, femtosecond streak tubes have attained 
a time resolution of 360 fs and just recently, a 
time resolution of 180 fs has reportedly been 
reached [28]. Streak tubes are used for research-
ing chemical reaction dynamics, measuring the 
semiconductor device relaxation process, and 
observation of super-high-speed phenomena such 
as  implosions in laser nuclear fusion.

Table 12.7 High-speed photodetector types and their time response characteristics

Detectors amplification response speed

Biplanar phototubes  No 60 ps
PMTs  Yes 0.3–20 ns
MCP-PMT  Yes 160 ps
PDs  No Subnanoseconds to microseconds
APDs  Yes Subnanoseconds to microseconds
Streak tubes  Yes 0.2–20 ps
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Figure 12.28 Effective area versus frequency 
characteristics of PIN-PDs.
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12.5.3  Photodetectors for optical 
communication

In this section, we will discuss photodetectors used 
in optical communication. Digital communica-
tion [29] using light has become a useful tool in a 
wide range of applications mainly due to techni-
cal advances such as long-wavelength optical fibers 
(1.3 and 1.5 μm bands) having low transmission 
loss as well as rapid progress in wavelength multi-
plexing technology. High-speed digital communi-
cation using optical fibers requires photodetectors 
[30] with fast response speeds and high sensitivity 
that can be easily coupled to fiber-optic cables.

12.5.3.1  OPTICAL FIBER COMMUNICATION

A typical block diagram for information trans-
mission using an optical fiber is shown in Figure 
12.29. An information source is converted from 
electrical signals to optical signals (E/O conver-
sion) after being modulated by various means; it is 
then transmitted to the receiver side through the 
optical fiber. At the receiver end, optical signals 
are converted to electrical signals (O/E conver-
sion) and then demodulated back into the original 
information. Optical fiber communication has the 
following advantages compared to conventional 
information transmission by electrical signals.

 1. High resistance to noise since there is no elec-
tromagnetic induction.

 2. Good insulation.
 3. Lower transmission loss means longer distance 

communication.
 4. Optical fibers are lightweight and take up less 

space.
 5. Huge bandwidth.

12.5.3.2  PERFORMANCE REQUIRED OF 
PHOTODETECTORS IN OPTICAL 
FIBER COMMUNICATION

Figure 12.30 shows a typical configuration for a 
fiber-optic receiver. Light transmitted through an 

optical fiber is detected by a photodetector via an 
optical connector and converted to electrical sig-
nals. These signals are electrically processed by an 
analog/digital circuit and then output. The follow-
ing characteristics are required of photodetectors 
for use in optical fiber communication.

1. High sensitivity at signal light wavelength.
2. Time response fast enough for system trans-

mission speed.
3. Low noise level.
4. High stability and long service life under con-

tinuous operation.

Besides optical connectors such as that shown in 
Figure 12.30 for coupling between the optical fiber 
and the photodetector, fiber-to-fiber direct cou-
pling using pigtail type photodetector modules 
(see Figure 12.31) is often used.

12.5.3.3  RECEIVER MODULES FOR OPTICAL 
FIBER COMMUNICATION

In optical fiber communication, photodetectors 
generally come attached to optical fibers (pigtail 
type) rather than as discrete components, or as the 
so-called optical receiver modules with pream-
plifiers built in for signal amplification. Various 
types of packaged receiver modules are shown in 
Figure  12.31 [31]. This photograph shows typical 
products including coaxial types with internal 
preamplifiers, coaxial types without internal pre-
amplifiers, and a fiber jointed device (pigtail type). 
Long-distance communication uses laser diodes 
on the 1.3 and 1.5 μm bands, so InGaAs com-
pound semiconductor photodetectors are used 
rather than silicon photodetectors. Due to the 
need for optical coupling with the fibers and high-
speed response, APDs or PDs with small sensitive 
areas 20–80 μm in diameter are  generally used.

Device characteristics of the most recent 
receiver modules of Si APDs, Si PIN-PDs, InGaAs 
PIN-PDs, and InGaAs APDs are shown in 
Table 12.8. The highest speed modules are used in 
10 Gbps long-distance communication.

Modulator E/O
converter

O/E
converter

Optical fiber

DemodulatorInformation
source

Information

Figure 12.29 Typical block diagram for information transmission using an optical fiber.
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Even further advances in optical communica-
tion technology are predicted. Technical innova-
tions will expand communication now attainable 
at 10–40 Gbps and further future advances will 
take optical communication to speeds in the tera-
bit per second range.

12.6  IMAGE SENSORS

Up to here in this chapter, we have defined photo-
detectors as sensors that only detect the intensity 
of light. We now define image sensors as photode-
tectors that not only detect the intensity of light but 
also detect one-dimensional or two-dimensional 
information.

Table 12.9 shows categories of image sensors. 
Image sensors can be roughly classified into elec-
tron tube image sensors, solid-state image sensors, 
and hybrid image sensors combining both types. 
Electron tube image sensors are further divided 
into those using the external photoelectric effect 
or the internal photoelectric effect. IIs are typi-
cal electron tube image sensors using the external 
photoelectric effect. They are extremely high-sen-
sitivity image sensors since they have an internal 
electron multiplier called MCP that delivers a mul-
tiplication factor (gain) in the order of 103–106. IIs 
were primarily developed for low-light imaging 
such as at night time so they are still referred to as 
night vision tubes. In addition to low-light imaging 
applications, IIs are applied to high-speed shutter 

Light

Optical fiber
Optical

connector
Photodetector Analog/Digital

circuit
Signal

Figure 12.30 Typical configuration of a fiber-optic receiver.

Figure 12.31 Various types of packaged receiver 
modules.

Table 12.8 Typical characteristics of receiver modules for optical communications

active 
area 
(mm)

Sensitivity 
(a W−1) 
typical

Wavelength 
(nm)

Bandwidth 
fc (GHz) 

Minimum Preamplifier Package Data rate

InGaAs 
PIN-PD

40 1.00 1550 8.0 Built in 17-PIN mini 
butterfly

10 Gbps

50 0.89
0.94

1310
1550

2.5 No Coaxial 2.5 Gbps

80 0.89
0.94

1310
1550

2.5 No Coaxial ≤622 
Mbps

InGaAs 
APD

20 0.7 1550 7.0 Built in 17-PIN mini 
butterfly

10 Gbps

50 0.94
0.96

1310
1550

2.5 Built in Coaxial 2.5 Gbps

50 0.94
0.96

1310
1550

1.0 No Coaxial ≤622 
Mbps

50 0.94
0.96

1310
1550

2.5 No Coaxial 2.5 Gbps
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cameras because an electronic shutter that works 
in subnanoseconds can be implemented.

Typical solid-state image sensors are charge 
transfer type CCD (charge-coupled device) image 
sensors and CID image sensors, and addressed 
type MOS (metal–oxide–semiconductor) image 
sensors. More recently, hybrid image sensors using 
an electron tube image sensor and a semiconduc-
tor image sensor have been developed and put to 
practical use.

Image sensors can also be classified by appli-
cation into sensors used for quantitative mea-
surement such as for spectrophotometry and 
pattern recognition; and sensors used for general 
imaging such as home video cameras. Since only 
limited space is available, this section will only 
describe image sensors designed for measurement 
applications.

12.6.1  Electron tube image sensors

Camera tubes, the best known electron tube image 
sensors, have been used in many imaging applica-
tions. In recent years, however, camera tubes have 
been almost completely replaced by semiconduc-
tor image sensors; they are now seldom used in the 
visible light region.

IIs [32,33] are electron tube image sensors with 
ultra-high sensitivity and a high-speed electronic 
shutter mechanism.

Figure 12.32 illustrates the structure of a prox-
imity-focused II. In operation, an optical image 
from a low-light-level object is converted into 

photoelectrons by the photocathode, multiplied by 
the MCP, and reconverted into an amplified opti-
cal image on the phosphor screen. An MCP con-
sists of a multitude of glass capillaries (channels) 
10–20 μm in inner diameter, fused together and 
formed into the shape of a thin disc 0.1–1.0 mm 
thick. The inner wall of each channel is coated 
with a secondary emissive material with a proper 
resistance value, so each channel serves as an inde-
pendent, nondiscrete secondary electron multi-
plier. For example, in an MCP of 18 mm outside 
diameter, about 106 channels are arrayed in two 
dimensions so that each channel corresponds to a 
pixel when used as a two-dimensional sensor. This 
MCP multiplication function allows IIs to have a 
high gain of 103–106 (depending on the number of 
MCP stages), so that they are used in night vision 
devices and low-level-light image sensors. Figure 
12.33 shows a circuit for driving a high-speed elec-
tronic shutter (gate) built into an II. By applying 

Table 12.9 Categories of image sensors

Detecting principle
readout 
method

typical 
product Sensitivity

Wavelength 
range

Image Sensors

 External 
photoelectric 
(electron tube 
sensor)

Photoemissive II Super-high sensitivity VUV to near-IR

Photoconductive Vidicon Sensitive to invisible light Visible to IR

 Internal 
photoelectric 
(solid-state sensor)

Address type MOS
CID

High sensitivity UV to near-IR

Hybrid sensor Charge transfer CCD High sensitivity UV to near-IR
ICCD
EBCCD

Super-high sensitivity VUV to near-IR

MCP
Output
window

Input
window

Photo-
cathode

Phosphor screen

(Light to photoelectron
conversion)

(Electron to light conversion)

(Fiber optic
plate)

(Electron
multiplication)

Figure 12.32 Structure of a proximity-focused II.
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a negative pulse between the photocathode and 
the MCP, the photoelectrons emitted from the 
photocathode can be controlled so as to have an 
electronic shutter function [34] that turns the II 
operation on or off. In Figure 12.33, the shutter 
turns on when a negative voltage pulse is applied 
to the photocathode. This electronic shutter is 
used at speeds of nanoseconds to microseconds 
in most applications, although special shutters are 
designed to operate at ultra-high speeds of 50 ps 
[35]. When viewing highly repetitive phenomena, 
phosphor materials [36] having a short decay time 
τ designated as P47 (τ = 0.1 μs), P46 (τ = 0.2 μs), or 
P24 (τ = 8 μs) are used. But, in general applications, 
P43 (τ = 1 ms) is used because of its high emission 
efficiency.

By selecting the window and photocathode 
materials, IIs can be used for imaging in various 
wavelength regions of the spectrum from soft 
X-rays to IR radiation. II products are shown in 
Figure 12.34.

12.6.2  Semiconductor image sensors

CCD image sensors and MOS image sensors are typi-
cal semiconductor image sensors [37,38]. They are 
broadly divided by structure into one-dimensional 
arrays (linear image sensors) and two-dimensional 
array sensors (area image sensors). Semiconductor 
image sensors are generally mass-produced for image 
capturing applications but in this section, we will dis-
cuss their use in making measurements.

Semiconductor image sensors are also grouped 
into address types and charge transfer types 
according to their scan method.

The address type shown in Figure 12.35a is a 
two-dimensional array of pixels consisting of 

photoelectric elements such as PDs. Each pixel 
is, respectively, connected to a vertical and hori-
zontal shift register. To read out signal charges 

Photoelectrons
Phosphor screenMCPPhotocathode

Gate on pulse
Light

Pulse
generator

C

R

VG

VB VSVMCP

Example: VB = 30 V, VG = 230 V

–

–+ + +– –

0

Figure 12.33 Electronic shutter operation.

Figure 12.34 II products.
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ic
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 sh
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Pixel

Video output

(a)

(b)

Video
output

Figure 12.35 Operating principle of semicon-
ductor image sensors. (a) Address type and (b) 
charge transfer type.
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from pixels, an external pulse is sent in sequence 
to the pixels, and the signal charge accumulated 
at the intersecting pixel is read out. In the charge 
transfer type shown in Figure 12.35b, signal 
charges of pixels comprising PDs are sequen-
tially transferred in parallel vertically, and also 
transferred one line at a time horizontally. The 
signal charge is then read out. MOS image sen-
sors are typical address type sensors, while CCD 
image sensors are typical charge transfer type 
sensors.

The CCD has high sensitivity, low noise and 
is capable of handling large numbers of pixels. It 
is the most dependable yet least expensive device 
among currently available image sensors and is 
used in large numbers. MOS image sensors offer 
a large photosensitive area capable of handling a 
large storage charge and have low power consump-
tion. One disadvantage of MOS image sensors is 
their large capacitive noise compared to CCD; the 
S/N ratio gets worse under low-level light.

In this section, we cover image sensors intended 
mainly for optical measurement. For information 
on general-purpose image sensors, such as for 
video cameras, refer to other texts [39].

12.6.2.1  LINEAR IMAGE SENSORS [40]

Linear image sensors are image sensors segmented 
in only one dimension. A typical application of 
CCD linear image sensors is for facsimile read-
out. Image sensors are also used in multichan-
nel wavelength detectors in polychromators for 
spectrophotometry.

Figure 12.36 shows the structure of an n-MOS 
linear image sensor. The photosensitive area is a 
p–n junction PD consisting of a p-type silicon sub-
strate on which an n-type diffusion layer is formed. 
The sensor has a photoelectric function to convert 
the optical signal into an electrical signal and a 
function to temporarily store the acquired signal 
charge.

Table 12.10 shows typical structure and device 
characteristics of linear image sensors having a 
photoelectric surface made of InGaAs or silicon 
material. The photosensitive layers of InGaAs or 
silicon, respectively, match the visible-to-near-IR 
and the IR regions. Pixel size is several millime-
ters in height and up to 100 μm in width, with 
some hundreds to thousands of pixels fabricated 
as channels. Figure 12.37 shows an equivalent 
circuit of an n-MOS linear image sensor. The 

photosensitive area of the PD, as shown in the 
figure, comprises a switching section to read out 
the PD signal, and a shift register to address that 
switch. The linear image sensor using silicon may 
be fabricated to have a maximum of 2048 chan-
nels. These image sensors are usually used singly 
but may often be used in combination with an II 
as described later.

The image sensor using InGaAs is utilized for 
spectrophotometry in the IR range on a wavelength 
of approximately 0.5–2.55 μm. As a photodetector 
for near-IR multichannel spectrophotometry, this 
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Figure 12.36 Structure of an n-MOS linear image 
sensor.
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Figure 12.37 Equivalent circuit of an n-MOS linear 
image sensor.
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has applications in the inspection of farm prod-
ucts by the IR absorption technique, radiation 
thermometers, and nondestructive inspections.

12.6.2.2  AREA IMAGE SENSORS

Two-dimensional image sensors (area image sen-
sors) for measurement applications often use CCD 
image sensors [41]. The transfer method, struc-
ture, and characteristics of CCD image sensors are 
described as follows.

CCD image sensor transfer method. CCD image 
sensors can typically be grouped into one of the 
following three types of transfer methods.

 1. Frame transfer (FT) type: The FT type CCD 
shown in Figure 12.38 comprises two vertical 
shift registers made up of a photosensitive area 
and charge storage area, one horizontal shift 
register, and an output section. A transpar-
ent electrode such as polycrystalline silicon is 
generally used as the metal electrode for the 
photosensitive area. The areas other than the 
photosensitive area are covered with a non-
transparent electrode such as aluminum so 
that light will not enter those areas.

 2. Full frame transfer (FFT) type: The FFT type 
CCD in Figure 12.39 is basically the FT type 
CCD without the charge storage area. Since 
there is no charge storage section, it must 

Table 12.10 Typical structure and device characteristics of linear image sensors

Detector 
material

Window 
material

Spectral 
response 

range Cooling Pixel size Number of pixels

Si Quartz 200–1000 nm  No 50 μm × 0.5 mm 128, 256, 512
50(25) μm × 2.5 mm 128, 256, 512, (1024)

14 μm × 1.0 mm 2048 × 1

 Yes 50(25) μm × 2.5 mm 256, 512, (1024)
InGaAs Sapphire 0.5–1.7 μm  No 25 μm × 500 μm 512

0.9–1.67 μm  Yes 50 μm × 500 μm 256, 512
0.9–2.55 μm  Yes 25 μm × 250 μm 512

Active area

Storage
section

Horizontal shift register

Vertical
shift
register

Figure 12.38 Structure of a FFT CCD.

Active
area

Horizontal shift register

Vertical
shift
register

Figure 12.39 Structure of a full FFT CCD.
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normally be used with some kind of external 
shutter mechanism. This limitation makes 
it difficult to use the CCD as a video camera 
so its use is mainly limited to measurement 
applications.

 3. Interline transfer (IT) type: In the IT type CCD 
shown in Figure 12.40, the photosensitive area 
is formed separately from the transfer section. 
Here, the vertical shift register is formed on the 
sides so as to enclose the PD that constitutes the 
photosensitive area. Because of this structure, 
the numerical aperture is low; so, this type is 
not suited for measurement applications.

To sum up the aforementioned described methods, 
the IT type is used in video cameras, while the FT 
and FFT types are mainly used in measurement 
applications.

Structure of area image sensors for mea-
surement work. To function effectively in 

measurement applications, the area image sen-
sor must have high sensitivity, a wide dynamic 
range and be multichannel. Table 12.11 shows 
pixel formats of typical area image sensors used 
in measurement applications. The structure of an 
FFT (or FT) type CCD image sensor is generally 
used. A rectangular format is generally used for 
spectrophotometry as a precondition for bin-
ning (described later); a square format is used for 
imaging. Actual CCD image sensor products are 
shown in Figure 12.41.

To improve measurement performance of the 
CCD image sensor, low noise is achieved by cool-
ing (to −20°C), sensitivity is improved by back-
illumination, and scanning is used in the binning 
operation.

Figure 12.42 shows the structure of a back-
illumination CCD [42] (also called “back-thinned 
CCD” since the backside of the CCD chip is 
thinned).

Table 12.11 Pixel formats of typical area image sensors used in measurement applications

applications Number of pixels (H × V) Pixel size

Spectrophotometry 2048 (1024) × 122, 128, 250, 506 12 μm × 12 μm
2048 (1024) × 16, 64 14 μm × 14 μm
1024 (512) × 4, 58, 60, 122, 124 24 μm × 24 μm
1536 × 128 48 μm × 48 μm

Imaging 1280 × 1024 7.4 μm × 7.4 μm
659 × 494 9.9 μm × 9.9 μm
2048 × 2048 21 μm× 12 μm
1024 × 1024 24 μm× 24 μm

Horizontal shift register

Transfer gate

Photodiode

Vertical
shift
register

Figure 12.40 Structure of an IT type CCD.
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As shown in the figure, light enters from the 
front surface on a normal CCD. However, light 
loss occurs when light is input from the front due 
to absorption of light by the oxide film and the 
electrodes. In contrast, in the back-illumination 
CCD, there is no such light loss, high sensitivity 
is obtained, and a QE as high as 90% is achieved. 
Even in the UV region, a high QE of 40% or more 
is achieved. Spectral response characteristics of the 
back-illumination CCD are shown in Figure 12.43, 
along with characteristics of the front-illumination 
CCD for comparison. A great increase in sensitiv-
ity can be seen in the UV region as well as in the 
visible region.

The binning operation unique to CCD image 
sensors will be described next. Figure 12.44 
shows the principle of the binning operation 
in the CCD image sensor. In the FFT-CCD, the 
signal charges are stored in the potential well 

during the integration time, and when the inte-
gration time ends, the signal charges are stored 
two-dimensionally. Here, signals can be summed 
in the line direction (line binning) as shown in 
the figure, by transferring charges separately to 
the vertical shift register and horizontal shift reg-
ister. Besides vertical binning that adds signals 
perpendicularly in this way, binning can also be 
performed horizontally.

Binning allows the use of a two-dimensional 
image sensor as a one-dimensional image sensor 
(line binning); it allows changing the number of 
effective channels (horizontal binning).

Spectrophotometry applications of semicon-
ductor image sensors are expanding to fluores-
cence spectrometry, induction coupled plasma, 
Raman spectrometry, and multichannel spec-
trometry. Imaging applications include fields such 
as bio-imaging, semiconductor device analysis, 
and astronomical observation.

12.6.3  Latest advanced high 
sensitivity/high-speed image 
sensors

Recently, in the field of biology and physics, the 
need for imaging of very weak luminescence and 
fluorescence is increasing. Therefore, scientific 
measurement cameras must feature a higher sen-
sitivity, resolution, and frame rate than general 
industrial application cameras.

This chapter describes the high-sensitivity 
technology and fundamental knowledge of this 

Figure 12.41 CCD image sensor products.
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Figure 12.42 Structure of a back-illumination CCD.
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scientific measurement camera, and introduces 
the basic technology and camera characteris-
tics of the EM-CCD (electron multiplying CCD) 
camera and scientific CMOS (sCMOS) camera, 
both of which have seen improved performance 
recently.

There are two methods for improving the sen-
sitivity of CCD and CMOS cameras: amplifying 
the signal itself or reducing the noise completely. 
The amplifying method relates to the EM-CCD 
camera and reducing the noise relates to both the 
cooled CCD and sCMOS cameras. The amplifying 
camera obtains the signal while the light (photon) 

entering into the sensor is converted into charge 
(electron) then amplified by the amplifier in the 
sensor. Therefore, super high-sensitivity detec-
tion is required. It features super high-sensitivity 
though it may not improve the S/N depending 
on the light level for the sample since it amplifies 
the noise factor as well. Conversely, the low noise 
camera does not have an amplifier but by reduc-
ing the noise inside the sensor or noise (electron) 
produced during the signal read-out, it can detect a 
very weak signal level. This can be explained by the 
following example: stars cannot be observed under 
daylight due to the strong scattering light from the 
sun, but can be observed in the nighttime without 
the noise factor of sunlight scattering. For a low 
noise camera, the exposure time can be extended 
as a method for obtaining a higher S/N image.

12.6.3.1  EM-CCD camera
The advances made in CCD technology are quite 
impressive, as a result, very sensitive and low-noise 
CCDs has become available. Although, the detec-
tion limit is defined by the read-out noise, in order 
to detect the signal below the noise level, the signal 
is made above the noise level by accumulating the 
input light on the CCD. To overcome this problem, 
amplified type sensors that amplify the detected 
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input light inside the sensor and then produce 
output signals have been developed such as the II 
tubes and electron bombarded CCD (EB-CCD). 
To provide amplification within the sensor itself, 
there were many technical barriers to overcome. 
Recently, the EM-CCD has been introduced to pro-
vide a solution for the problem; it is widely used as 
an effective method in the field of low-light-level 
detection.

Figure 12.45a [43] illustrates the functionality 
of EB-CCD. The basic function is the same as the 
FT-CCD, and is backside illuminated. Also simi-
lar to FT-CCD, electrons created at the image area 
(photon detection area) are transferred to the stor-
age area; then, the signal carriers are forwarded to 
a horizontal serial transfer resister and taken as a 
signal at each pixel. With EB-CCD, an amplifying 
resister (charge multiplying) is placed behind the 
horizontal serial transfer resister. This amplifying 
resister is applied a higher voltage than the hori-
zontal transfer voltage, therefore the signal elec-
trons are amplified. Figure 12.45b [43] illustrates 
the amplification theory of an amplifying resister. 
Each gate electrode is applied a higher voltage 
from 30 to 40 V (varies according to the CCD); 
this higher electric field accelerates the signal elec-
tron to generate an electron–hole pair. This effect 
is called impact ionization. The probability (g) is 
very low, 1.0%–1.6% as an average value. Inside the 
amplifying resister, this effect is repeated, thus a 

high EM gain is obtained. Normally, the amplifica-
tion stage number (N) is 400–600; thus, the equa-
tion to obtain the EM gain becomes

 ( )= +M g1 ,
N

where

g probability of producing an electron–hole pair at 
each pixel, N amplification stage number.

The probability of producing an electron–hole 
pair at each pixel (g) is highly dependent on the 
supply voltage to amplify the resister and the tem-
perature of the sensor. Therefore, a stable sup-
ply voltage and temperature control of the sensor 
become very important when a quantitative mea-
surement is performed.

The key technical point of the EM-CCD is that 
the electric charge inside the CCD is amplified 
within the amplifying resister before the charge 
is converted into voltage in the photodiode array 
(PDA). As described earlier, the major defining 
factor of the detection limit of the CCD is the 
read-out noise induced in the PDA. This noise is 
frequency dependent so that the noise increases in 
proportion to the half power of the driving speed 
of CCD when the latter is increased in order to take 
high speed into account. Therefore, it is not practi-
cal to observe a low illuminated object in real time 
at high speed.

With the EM-CCD, the signal is amplified by the 
amplifying resister before it is read; therefore, the 
signal exceeds the noise level after the amplification, 
the noise induced within the PDA becomes less than 
1 electron relatively, and it becomes possible to detect 
single photon level phenomenon in real time. This is 
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the main feature of EM-CCD that makes real-time 
high-sensitivity measurement possible by amplify-
ing the signal in the amplifying resister under high-
speed driving mode. An actual imaging sample is 
shown in Figure 12.46 [43]; the image are taken with 
no EM gain level by the signal being above noise level 
while amplification is gradually increased.

As noted earlier, for the EM-CCD, the EM gain in 
the amplifying resister has large temperature depen-
dency so that the stability of the sensor temperature 
becomes very important. Figure 12.47 [43] shows 
the temperature dependency of the amplification. 
As shown, the gain varies approximately 10 times 
when the sensor temperature varies 70°C. Further, 
if the sensor temperature decreases, the gate voltage 
dependency of the gain curve becomes rather steep so 
that the temperature dependency becomes large even 
at the same gate voltage. Accordingly, not only does 
the temperature of the camera have to be cooled, it is 
important to maintain the temperature stability.

12.6.3.2 sCMOS CAMERA

In the past, CMOS sensors were known to have higher 
noise level than CCD. Thus, it was not suitable for use 
in scientific measurement application. But, recently, 
design and manufacturing technology of CMOS has 
advanced so much that its performance and image 
quality have overcome the historical common sense 

of the CMOS sensor, and it has been used in various 
optical imaging and measurement applications from 
very weak light levels through fluorescence light.

The latest sCMOS sensor has an on-chip microlens 
on each pixel, which improves the light collection effi-
ciency. Thus, the sensitivity has increased compared 
to former conventional CMOS image sensors. Figure 
12.48 [44] shows the wavelength dependency of QE.

Input–output characteristics (linearity) is given 
proper linearity between the input incident light 
and output signal, as shown in Figure 12.49 [44], by 
the most suitable circuit designed for the applicable 
sensor. As for the read-out noise, which defines the 
detection limit, is decreased drastically by apply-
ing appropriate semiconductor process for best 
suited element amplifier, high gain and reduction 
of variation of element amplifiers. Further, a CDS 
circuit, which is an important factor for the reduc-
tion of noise in the CCD image sensor, is installed 
on the element for lowering the noise. In addition, 
two line parallel sequential readout, column ampli-
fiers, and A/D converters, allow both low noise 
and high-speed readout. The latest sCMOS sensor 
realizes very low readout noise level of around 1.3 
electrons, which is far below that of conventional 
cooled CCD image sensors. Nevertheless, despite 
the lower readout noise capability, it achieves high-
speed readout of 100 frame/s at 400 megapixels, 
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which is impossible for conventional CCD image 
sensors. As for the dynamic range, the readout 
noise is around 1.3 electrons against the saturation 
electric charge of 30,000 electrons. Therefore, the 
dynamic range is very large, that is, 23,000:1, which 
is almost the same level as a slow-scan cooled CCD 
camera (known to have a large dynamic range 
among conventional cameras).

The cameras introduced in this chapter each 
have specific features. It is important to select the 
appropriate kind depending on the application 

best suited for the feature noted. In general, it is 
recommended that for the measurement of very 
low light level detection in photon counting, the 
EM-CCD camera [45,49] should be chosen; and for 
the measurement of weak fluorescent light at high 
frame rate, one should choose the sCMOS camera 
[46–48]. In the future, improvements in the per-
formance of CMOS sensors may be more drastic; it 
is expected to have much higher sensitivity, speed, 
and resolution allowing expansion of usage to other 
fields of application.
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12.7  FUTURE PROSPECTS

This chapter has discussed categories, basic princi-
ples, and various characteristics of photodetectors 
or optical detectors. Future years will show accel-
erated progress in applying light to measurement, 
machining, control technology, communica-
tions, general electronics, and basic science fields. 
Along with these advances, extensive effort will be 
poured into developing practical photodetectors 
with higher sensitivity and time response, greater 
miniaturization or integration, and multichannel 
detection capabilities.
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13
Optical fiber devices

SUZANNE LACROIX AND XAVIER DAXHELET
Ecole Polytechnique de Montreal

13.1  INTRODUCTION

Maximizing the capacity of the fiber as a trans-
mitting medium is the major challenge met by 
network operators. Solitonic propagation as well 
as wavelength division multiplexing (WDM) are 
among the solutions presently proposed to increase 
the flow of information propagating in these net-
works. This progress is made possible thanks to 
the development of such essential components as 
the erbium doped fiber amplifier (EDFA) and fre-
quency stabilized laser sources. However, other 
components to perform all the functions (routing, 
filtering, dispersion compensation, etc.) are not 
less essential. Different approaches to design and 

realize the corresponding components are com-
monly used. The advantage of the all-fiber approach 
over its competitors (micro- and integrated optics) 
lies undoubtedly in the fact that all-fiber compo-
nents are readily integrated to the network without 
significant splicing loss. In addition, their polar-
ization sensitivity (which would induce loss and 
dispersion) is intrinsically much smaller than that 
of their integrated optic counterparts.

The present chapter content is restricted to all-
fiber components, their micro-optics and inte-
grated-optics equivalents being treated in Chapters 
A16 and B8, respectively. Unless expressly men-
tioned, these all-fiber components are made of 
single-mode fiber. The emphasis is put on the way 
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they function and their intrinsic limitations, leav-
ing out details about fabrication and packaging 
problems. Besides, only passive components are 
considered. Optical amplifiers and lasers can be 
found in Chapter 16. Some other more advanced 
components, such as wavelength converters, are 
based on non-linear effects (see Section 2.4). They 
usually take advantage of the inherent third-order 
non-linear effects, but second-order effects can 
also be induced. But these components are not 
treated in the present chapter.

In the following section, we present the basic 
technologies that are involved. The subsequent sec-
tion gives concepts that determine the behavior of 
these all-fiber components. Example components 
are presented in the third section.

13.2  TECHNOLOGIES

Two main technologies are presently used to man-
ufacture all-fiber components:

 1. The fusion and tapering technology
 2. The inscription of gratings including both 

short-period gratings (usually referred to 
as Bragg gratings) and long-period gratings 
(LPGs)

13.2.1  Fusion and tapering

The tapering technique consists of locally heating 
and stretching a fiber using a micro-torch or a CO2 
laser, thus creating a biconical structure such as 
that of Figure 13.1.

Before tapering, one may laterally fuse two 
(or more) fibers together so as to create a more 

complex transverse structure in order to transfer 
power from one guide to another. Such structures 
are referred to as couplers.

Irrespective of the transverse structure, the 
behavior of the component is largely determined by 
the slopes of the longitudinal structure. In the case 
of a tapered single fiber, however, the angle is made 
small enough everywhere so that only a negligible 
leakage of power from the fundamental mode as 
it propagates along the structure is ensured. In 
such cases, the propagation and, by extension, the 
taper itself is said to be adiabatic, where the fiber 
transmission is not affected by the tapering process 
[1]. In contrast, when the slopes are abrupt, such 
as those of the structure shown in Figure 13.1, one 
may observe large oscillations  in  the transmitted 
power, as the fiber is elongated. In addition, for 
a given elongation, similar oscillations are seen 
in the transmission as a function of wavelength 
(Figure 13.20) or of the refractive index surround-
ing the tapered part of the fiber [2].

While adiabaticity is usually required for cou-
plers, non-adiabaticity of tapered single fibers can 
be used to design a variety of all-fiber spectral filter.

13.2.2  Gratings

All-fiber short- and long-period gratings are peri-
odically perturbed fibers. The number of periods 
ranges from ten to several thousands depending 
on the intensity of the index perturbation (up to 
10−2). Both short- and long-period gratings oper-
ate_according to a resonant couphng effect result-
ing in a condition relating to the modal wave 
vectors 1

�
β  and 2

�
β  with the grating one B

�
β

 .1 2 B

� � �
β = β +β  (13.1)
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Figure 13.1 Profile of an abruptly tapered fiber.
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Wave vector resonance conditions are shown in 
Figure 13.2 for contra-and codirectional cou-
pling. Short periods Λ = 2π/βB are of the order of 
0.5 μm and long ones 500 μm. As their periods 
are of the order of half the wavelength in silica, 
short-period gratings reflect the fundamental 
mode into itself (through contradirectional cou-
pling) at a given wavelength ( ).2 1

� �
β = −β  They also 

reflect higher-order cladding modes at shorter 
wavelengths with lesser efficiency, unless espe-
cially designed for this purpose. On the other 
hand, long-period gratings couple, at a given 
wavelength, the fundamental mode into coprop-
agating higher-order modes (through codirec-
tional coupling), which are eventually absorbed 
by the fiber jacket. Both types of grating are thus 
rejection filters in transmission.

13.2.2.1  SHORT-PERIOD GRATINGS

There are essentially two methods to manufac-
ture this type of grating. Both are, however, based 
on photosensitivity—a stable refractive index 
change of the order of a few 10−4 up to 10−2 that 
the Gedoped core of the fiber experiences, when 
exposed to near UV-radiation.

 1. The first method consists of exposing the fiber 
to an interference field created by two locally 
planar waves of a UV-laser such as doubled 
Ar+, dye lasers or copper vapor lasers. The 
period Λ is then given by

 Λ = λ
θ2sin( /2)

UV  (13.2)

  where λUV is the writing wavelength and θ 
the angle between the interfering waves. This 
method referred to as the holographic method 
is very flexible because any periodicity may be 
realized. A number of practical implementa-
tions have been designed [3,4]. However, as for 

any holographic setup, stability is an issue. It is 
thus easier to implement it in a pulsed regime.

 2. The alternative method uses a phase mask as 
schematized in Figure 13.3. It is a phase grat-
ing having a periodicity Λm, twice that of the 
grating to be written in the fiber (Λm = 2Λ). 
Its depth e and refractive index n (at λUV) are 
related by 2(n–1)e = λUV ensuring that the zero 
order is not transmitted. Waves from orders 
+1 and −1 thus interfere in a similar manner 
to that described above for the holographic 
method.

The main advantage of the phase mask method 
over the holographic one is that the UV-source 
may have a limited spatial and temporal coher-
ence. This is the case of excimer lasers (KrF lasing 
at λUV = 248 nm and ArF at λUV = 193 nm), which 
are frequently used for fiber grating inscriptions. 
The fiber and the mask are then separated by only a 
few micrometers. The disadvantage of this method 
is that the Bragg period is determined by that of 
the phase mask, which is an expensive component.

This drawback may, however, be overcome by 
a combination of both methods in set-ups such as 
the Talbot interferometer in which the phase mask 
is used as a splitting plate and the fringe periodic-
ity is varied through a mirror angle [3,4].

13.2.2.2  LONG-PERIOD GRATINGS

As their period is long (Λ = 300–800 μm), this type 
of grating usually does not require sophisticated 
set-ups such as those of their short-period coun-
terparts. Most of the time they use step-by-step 
methods.

Contradirectional operation Codirectional operation

β1 β1 β1

β2
βBβB

Figure 13.2 Wave vector conservation in fiber gratings. Contradirectional coupling corresponds to 
large grating wave vectors βB and thus small grating periods Λ (typically half a μm), while codirectional 
coupling corresponds to small grating wave vectors βB and thus large grating periods Λ (several 
hundred μm).

Λm

n
e

Figure 13.3 Phase mask.
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 1. The fiber may be irradiated by a UV-source 
just as in the short-period case. One may use 
the step-by-step method or an amplitude 
mask.

 2. CO2-laser irradiation (λ = 10, 6 μm) also 
induces index changes of the same order of 
magnitude, but the mechanism responsible 
for this change, although not completely 
identified, is certainly different as the pertur-
bation persists at higher temperatures than 
 photosensitivity [5].

 3. Larger index changes (up to a few 10−3) may 
also be induced by an electrical discharge. The 
grating is also stable at high temperatures and 
its inscription is clearly related to the fiber 
inner stresses [5].

 4. Femtosecond intense Ti:sapphire lasers are also 
known to induce large refractive index changes 
that may be used to manufacture long-period 
gratings.

 5. Finally, one may manufacture LPGs by peri-
odical tapering of the fiber.

All these fabrication techniques (fusion-tapering 
and grating inscription) may be viewed from a 
theoretical viewpoint as perturbations to the lon-
gitudinal invariance of the fiber structure. These 
perturbations in turn induce coupling between 
the modes and thus power the transfer from the 
fundamental mode to others. These effects are 
described by the coupled mode formalism, which 
is now presented.

13.3  COUPLED MODE THEORY

Except for the propagation factor eiβjz along the 
guide, modes of an unperturbed guide, identi-
fied by their indices j, are z-invariant solutions 
of Maxwell equations. Any solution, i.e., any 
electromagnetic field propagating along the 
guide, is a superposition of these modes with 
amplitudes  aj.

When the guide is perturbed, these modes 
are no longer solutions and the optical power 
may transfer from one mode to another. This is 
described by permitting the modal amplitudes aj 
to vary with z.

Whatever the perturbation, periodical or not, 
resonant or not, between co- or contradirectional 
modes, it always consists of a variation of the 

refractive index, i.e., of the polarization vector. 
Coupled mode equations may be demonstrated 
from Maxwell equations by expanding the elec-
tromagnetic field on a modal basis [6]. These equa-
tions may be written as
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where aj and βj are, respectively, the amplitude and 
the propagation constant of mode j and Cjℓ(z) the 
coupling coefficient between mode j and mode ℓ. 
This coupling coefficient may be real or complex 
depending on the waveguide perturbation. As the 
set of all the modes (guided as well as radiation 
modes) of an unperturbed guide constitutes a basis 
for the expansion of any electromagnetic field, it is 
natural to choose aj to be amplitudes of the normal 
modes of a guide. The choice of the guide used for 
the basis depends on the problem as will be shown 
in the following section.

13.3.1  Ideal mode coupling

As shown in Figure 13.4, whenever the perturba-
tion is a slight departure from a z-invariant guide, 
referred to as the ideal guide, the natural basis is 
the set of modes of this ideal guide. One also refers 
to this expansion as the ideal mode expansion. The 
coupling coefficient in the scalar approximation [6] 
is shown to be
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where n(x, y) is the perturbed guide index profile, 
n x y( , )  the unperturbed one, A∞ the guide cross-
section area ˆ

jψ  and ˆ
�ψ  the normalized scalar nor-

mal fields obeying

 ∫ ψ ψ = δ
∞

Aˆ ˆ dj

A

j
*

� �  (13.5)

with δjℓ the Kroonecker symbol.

Figure 13.4 Perturbation of an ideal guide.
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13.3.2  Local mode coupling

Whenever, as shown in Figure 13.5, the guide var-
ies slowly along z, one can define, in each z cross-
section plane, a guide which locally coincides with 
the perturbed guide. Then, the so-called local mode 
expansion is performed. In this case, as opposed 
to the former one, the basis modes depend on z 
in particular through their propagation constants 
βj(z). The coupling coefficient, in the scalar approx-
imation, is shown when one neglects longitudinal 
variations of the modal field

 C i
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j j
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13.3.3  Individual guide coupling

In the case of couplers made of single-mode wave-
guides, as shown in Figure 13.6, the amplitudes 
aj and aℓ of Equation 13.3 are the fundamental 
mode amplitudes of the unperturbed guides (i.e., 
without the other guides). Although obviously 
not constituting a basis, these modes serve as an 
expansion set, which permits us to describe the 
power exchange between the guides quite accu-
rately. The coupling coefficient takes the same form 
as in Equation 13.4 although, here, ˆ

jψ  and ˆ
�ψ  are 

the normalized modal fields of individual guides j 
and ℓ the unperturbed index profile n x y,( ) is that 
of the individual guide supposed alone and n(x, y) 
the index profile of the whole coupler.

Note, however, that in the case of a fused cou-
pler, single-mode guides are not defined for any 

cross-section so that one must abandon this con-
cept and use supermodes instead, as described in 
more detail in Section 13.3.1.

13.3.4  Beating and coupling lengths

The beating and coupling lengths are the key 
parameters to predict the behavior of components.

Let Cjℓ be the coupling coefficient between 
modes j and ℓ. Whenever the coupling coefficients 
do not depend on z, solutions of the coupled mode 
Equation 13.3 are sinusoidal functions. The cou-
pling length LC is defined as the length for which a 
complete power transfer cycle takes place (transfer 
from mode j to mode ℓ and back to mode j). One 
thus defines

 L
C

2
.

j
C

�
=  (13.7)

The beating length zb between these two modes is 
defined as the length along which the modes accu-
mulate a 2π phase difference. One thus has

 z
2

.
j

b
�

=
β −β

 (13.8)

These length scales permit us to define a criterion 
to discriminate between slowly varying adiabatic 
structures and abruptly varying ones for which 
modes are coupled. A rule of the thumb is given by 
the condition

 L zc b=  (13.9)

 1. If the coupling length of two given modes is 
larger than their beating length LC > zb, the 
modes accumulate a phase difference through 
the beating phenomenon without an exchange 
of power. The process may be considered as an 
adiabatic one.

 2. If the coupling length of two given modes is 
smaller than their beating length LC < zb, the 

z

Figure 13.5 Perturbation of local guide.

Exit 2L

Exit 1Entrance 1

Entrance 2

P0 P0 cos2 fi

P0 sin2 fi

Figure 13.6 Diagram of a 2 × 2 coupler.
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modes exchange power through the coupling 
process over such distances that their propaga-
tion phase difference is negligible. The process 
is then non-adiabatic.

13.4  ALL-FIBER PASSIVE 
COMPONENTS

Passive components are defined as components 
that do not necessitate an external source of 
energy, as opposed to lasers, amplifiers and other 
active components. Most of the time, all-fiber pas-
sive components are based on the technologies 
such as fusion-tapering and grating inscription 
described earlier. The fabrication parameters of an 
individual structure, tapered fiber coupler or grat-
ing, may be varied to obtain a prescribed behavior. 
In addition, several individual components may 
be concatenated, cascaded or mixed to accomplish 
more complex functionalities. The following sec-
tions give the essential basic concepts to under-
stand the principles underlying the operation of all 
these components and describe some of the exam-
ple components based on these principles.

These components are characterized by several 
parameters. Essential parameters are IL, CD, PDL 
and DGD.

 1. The insertion loss (IL) is the transmittance in 
dB, defined by IL = 10 log T.

 2. The chromatic dispersion (CD) is the pulse 
broadening per unit wavelength and length 
of propagation, resulting from both material 
and waveguide contributions. For fibers, it is 
expressed in ps nm−1 km−1 and, for step index 
profiles, the main contribution comes from 
the material CD, i.e., the dependence of the 
index of silica on wavelength. In components, 
it is expressed in ps nm−1 and is usually small 
except for gratings, which may be designed to 
compensate the dispersion accumulated over 
several kilometers of fiber.

 3. The polarization dependent loss (PDL) is due 
to the component birefringence. This birefrin-
gence results an IL depending on polarization. 
The PDL parameter is defined by the difference 
of the ILs for the best and worst polarization 
states and is thus expressed in dB.

 4. The differential group delay (DGD) charac-
terizes the variation of the group delay with 
polarization. It is defined by the difference 

between group delays for the fastest and slow-
est polarization states, and is usually expressed 
in ps. Note that the length of fiber is character-
ized by its polarization mode dispersion (PMD) 
expressed in ps km−1/2, as the DGD accumu-
lates statistically as the square root of distance 
of propagation.

13.4.1  Splitters and combiners

All-fiber splitters and combiners are based on 
couplers which are, most of the time, made by the 
fusion and tapering technique. Although a coupler 
may consist of an arbitrary number of fused possi-
bly different fibers, most of them are 2 × 2 couplers 
made of identical fibers. Two geometric param-
eters determine their behavior:

 ● Their degree of fusion f that may theoreti-
cally vary from zero (tangent fibers) to one 
(completely fused fibers resulting in a circular 
cross-section) [7].

 ● Their longitudinal profile that is described by 
the variation of the inverse taper ratio (ITR-) 
parameter along z. In a first approximation, 
the tapering process is assumed to preserve the 
structure respective dimensions, so that one 
can characterize the transverse reduction by 
the ratio of a given length (e.g., the core radius 
or the coupler width) measured after and 
before the tapering process. This is the defini-
tion of the ITR-parameter.

13.4.1.1  PRINCIPLE OF OPERATION

13.4.1.1.1  Concept of supermodes
As a fused and tapered coupler is not longitu-
dinally invariant, one must work with the local 
modes (or in other words, local supermodes) of the 
fused structure. As explained later, in identical 
fiber couplers, the power exchange from the main 
to the secondary branch, and vice versa, takes place 
via the beating phenomenon between supermodes. 
Supermode coupling, which would arise from very 
abrupt slopes, is undesirable as it would create loss. 
Symmetric fused couplers are thus, most of the 
time, adiabatic structures.

 1. At the coupler entrance, the fibers are not 
tapered: modes of individual guides are con-
fined in the cores, and one can consider that 
the supermodes are combinations of individual 
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guide modes. The two supermodes of a sym-
metrical 2 × 2 coupler, i.e., made of two identi-
cal fibers, are

 +

2
and

2

1 2 1 2ψ =
ψ ψ

ψ =
ψ − ψ

+ −
 (13.10)

  where the Dirac notation 1ψ  and 2ψ  is used 
to describe the fields of the fundamental (sca-
lar) LP01 modes of guides 1 and 2. The super-
modes corresponding to ψ+  and ψ−  are, 
respectively, called SLP01 and SLP11 after their 
circular two-layer fiber counterparts as can be 
seen in Figure 13.7 for degree of fusion f = 1. 
Whenever one excites 1ψ , the fundamental 
mode of fiber 1 at the entrance of the coupler, 
one actually excites a superposition of both 
supermodes, which can be written as

+

2
and

2
1

+
2

+ψ =
ψ ψ

ψ =
ψ − ψ− −  (13.11)

  All these modes are degenerate, i.e., the super-
mode propagation constants, β+ and β−, are 
identical to that of the each individual guide 
fundamental mode, β (β = β1 = β2 = β+ = β–)

  Figure 13.8 shows, as an example, super-
mode fields for two different degrees of fusion 
(f = 0.1 and 1) in the case of a core guiding 
structure. For a coupler made of standard 

telecommunication fibers, supermodes may be 
approximated by superpositions of individual 
fiber modes as long as ITR > 0.4.

 2. In the central region of the coupler, the indi-
vidual guides lose their identity and the cores 
in their guiding roles. Only supermodes keep 
a physical meaning. Figure 13.7 shows the 
supermodes for the same degrees of fusion as 
in Figure 13.8, but for ITR = 0.1.As shown in 
Figures 13.9 and 13.10 for two different degrees 
of fusion, the effective indices neff = n± (and thus 
propagation constants β± = 2πn±/λ) of the first 
two supermodes (SLP01 and SLP11) split apart 
in the central region of the coupler (for which 
ITR < 0.4). Supermodes accumulate a phase 
difference as they propagate along the coupler 
structure. In other words, it is the supermode 
beating phenomenon which governs the power 
exchange process.

 3. At the coupler exit, the situation resembles that 
of the entrance, i.e., the guides are sufficiently 
separated so that the supermodes are again 
superpositions of individual guide modes and 
are consequently degenerated. It is thus the 
phase difference accumulated in the central 
region that determines the power splitting 
ratio at the exit of the coupler. Expressions of 
the individual modes (Equation 13.11) show 
that whenever the supermodes are in phase, the 
power is recovered in branch 1 and, whenever 

SLP01 ( f = 0.1)

SLP01 ( f = 1)

SLP11 ( f = 0.1)

SLP11 ( f = 1)

Figure 13.7 Fields of the first two supermodes of a 2 × 2 coupler for two different values of the 
degree of fusion and for an ITR = 0.1.



438 Optical fiber devices

SLP01 ( f = 0.1) SLP11 ( f = 0.1)

SLP01 ( f = 1) SLP11 ( f = 1)

Figure 13.8 Fields of the first two supermodes of a 2 × 2 coupler for two different values of the 
degree of fusion and for an ITR = 0.5.
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they are out of phase, it is recovered in 
branch 2. A 50/50 splitting ratio—which cor-
responds to the so-called 3 dB coupler—occurs 
whenever the supermodes exit the coupler with 
a π/2 phase difference.

13.4.1.2  BIREFRINGENCE

As detailed in the following section, a coupler is 
characterized by its transfer matrix, which relates 
individual guide amplitudes at the exit of the cou-
pler to the entrance ones. This matrix depends on 
the accumulated supermode phase difference and 
thus on their local propagation constants β+ (z) 
and β− (z).

As the transverse cross-section of a coupler does 
not show the circular symmetry (even though f = 1, 
the cores break off the symmetry), two propagation 
constants must be attributed to each supermode 
SLPℓm corresponding to both polarizations along 
the symmetry axes. As a result, two transfer matri-
ces must be defined, one for each polarization. Thus, 
from a general viewpoint, couplers are birefringent 
and their transmissions are polarization depen-
dent. The less fused the coupler, the more obvious 
the departure from circular symmetry. One then 
understands that the birefringence is larger for 
slightly fused couplers than for those approach-
ing f = 1. If the birefringence is negligible, the sca-
lar approximation is sufficient for the calculations. 
Otherwise, polarization corrections (see Chapter 13 
of [6]) or exact (i.e., vectorial) calculations must be 
made.

13.4.1.3  TRANSFER MATRICES

The coupler transmissions as functions of elonga-
tion and wavelength greatly depend on the fabrica-
tion parameters, degree of fusion and longitudinal 
profile. These fabrication parameters determine 
the transfer matrix, which relates individual guide 
amplitudes at the exit of the coupler to the entrance 
ones. For a coupler of length L, one has [7]
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with the average propagation phase
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and the supermode accumulated phase difference

 ∫α = β + β+ −z z
z

( ) ( )

2
d .

L

0

 (13.14)

Here β+ (z) and β− (z) are the propagation constants 
of the local fundamental supermode SLP01 and of the 
first antisymmetric supermode SLP11, respectively. 
The parameter 2α is the phase difference accumu-
lated by these two supermodes along the coupler.

From the transfer matrix, one may, for a given 
entrance condition, calculate the transmitted 
power in both branches. For example, excitation in 
branch 1 corresponds to a column vector

1

0













and, as a result, in a power transmission in the 
same branch
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and, in the secondary branch
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2
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2= α = + α  (13.16)

Whenever the modes are in phase (2α = 0 + 2pπ with 
p an integer) at z = L, the transmission is maximum 
in the main branch (T1 = 1). Whenever they are out of 
phase (2α = π + 2pπ) at z = L, the transmission is min-
imum (T1 = 0), corresponding to a complete power 
transfer in the secondary branch (T2 = 1). This power 
exchange for a strongly fused 2 × 2 coupler is shown 
in Figure 13.11, which displays an experimental 
response as well as the theoretical one predicted 
from the fabrication parameters. The polarization 
effects are clearly visible in this example recording. 
From a more general viewpoint, the overall trans-
mission is a superposition of both the polarization 
transmissions. For a polarization entering at 45° 
from the cross-section symmetry axes x and y, the 
transmission in the main branch may be written as
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with αx and αy the supermode accumulated phase 
difference for polarization x and y, respectively. 
In Figure 13.11, the birefringence appears as an 
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overmodulation of the power exchange with nodes, 
whenever both polarization transmissions are out 
of phase (2αx − 2αy = π ± 2mπ). In the first power 
exchange cycles, the birefringence effect is negli-
gible, which permits us to manufacture 3dB polar-
ization-independent couplers. In contrast, slightly 
fused couplers present strong birefringence [7].

Oscillations visible in Figure 13.11 as a func-
tion of elongation also occur as a function of wave-
length, which confer to couplers spectral filtering 
or multiplexing applications as shown in the fol-
lowing sections.

13.4.1.4  COMPONENTS

13.4.1.4.1  Power splitters
The simplest component to be conceived is the power 
splitter. According to the Figure 13.11 recording, 

any polarization-independent splitting ratio may 
be obtained for a relatively short elongation. They 
are, however, wavelength dependent, which may be 
undesirable for a number of applications.

Wavelength-independent splitters may be real-
ized using 2 × 2 dissymmetric couplers. As opposed 
to the symmetric coupler, modes of individual 
guides of a dissymmetric coupler are not degener-
ated. When the individual guides are sufficiently 
separated, at the coupler entrance and exit, the 
supermodes are the individual guide modes. Quite 
paradoxically, an adiabatic dissymmetrical coupler 
would not experience any power exchange. It is 
thus a supermode coupling process (as opposed to a 
beating process) which governs the power transfer 
in a dissymmetric coupler. This power transfer may 
be complete or do not depend, for a given asymme-
try, on the slopes of the longitudinal structure. The 
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Figure 13.11 Recording (plain line) of the main branch transmission of a strongly fused 2 × 2 coupler 
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large coupling ratio (around 12 dB). (By Courtesy of ITF Optical Technologies.)
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calculation of the adiabaticity criterion as a func-
tion of the ITR-parameter is then critical to design 
a coupler with a prescribed response [8].

An alternative technique is by concatenat-
ing two 3dB couplers in a Mach–Zehnder (MZ) 
arrangement with a π phase difference between the 
two branches [9].

Both solutions are used in practice. Any cou-
pling ratio is attainable with these techniques as 
exemplified in Figure 13.12.

13.4.1.4.2  Polarization splitters/
Combiners and depolarizers

Although considered a nuisance for power split-
ters, one may take advantage of the intrinsic 
polarization dependence of couplers, to realize 
polarization splitters—the all-fiber equivalent of 
polarizing cubes. These all-fiber polarizers consist 
of couplers elongated until the polarization node 
(obtained for an elongation of about 47 mm in 
Figure 13.11) is attained. Used in the reverse con-
figuration, they serve as polarization combiners. 
These polarization splitters/combiners, however, 
suffer from being narrowband. A wideband alter-
native consists in an all-fiber MZ structure with 
a short length (half the beatlength) of a polariza-
tion maintaining fiber in one branch. An example 
response of a wideband polarization splitter/com-
biner is shown in Figure 13.13. These components 
are particularly useful as polarization pump com-
biners in Raman amplifiers. For a given power 
of the pump sources, they allow us to double the 
pump power at a given wavelength and reduce the 

impact of the inherent polarization dependence of 
the Raman gain.

An alternative solution to obtain a polariza-
tion-independent Raman amplifier is to depolar-
ize the pump source. This can be done with the 
help of a depolarizer that consists of an unbal-
anced interferometer. The arm length difference 
is longer than the polarization coherence length 
(which coincides with the usual light source 
coherence length) so as to uncorrelate the two 
polarizations. Different designs of depolarizers 
may be found in [10]. The highest-performance 
device takes advantage of the MZ polarization 
combiner (described in the previous section) 
combined with a fiber ring delay line working in 
a non-interferometric operation, i.e., with a loop 
length much longer than the coherence length of 
the light source. This type of device is character-
ized by its degree of polarization (DOP) defined 
as follows

 ( )= −
+
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I I
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1x y

x y
xy2

2  (13.18)

where Ix and Iy are the autocorrelation functions 
for perpendicular polarizations and gxy the cross-
correlation normalized coefficient.

An example response of such a depolarizer is 
shown in Figure 13.14. It features a DOP of the 
order of 10% over a 120 nm spectral band for any 
temperature between 0°C and 70°C. This type 
of device is also of use for test and measurement 
applications.
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Figure 13.13 Experimental transmissions in one branch for both polarizations of a wideband polariza-
tion pump combiner as a function of wavelength. Transmissions in the second branch are similar with 
polarizations exchanged. (By Courtesy of ITF Optical Technologies.)
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13.4.1.4.3  Wavelength splitters/
combiners

Fused couplers present an almost inherent sinu-
soidal wavelength dependence, with a period that 
decreases when the elongation increases. This 
wavelength dependence is the basis of several 
WDM applications. However, their intrinsic prop-
erties limit their application.

 1. Even for a relatively large wavelength separa-
tion, the inherent sinusoidal spectral response 
might be a limitation. This is the case for a 
1480 nm pump–1550 nm signal multiplexer, 
useful for Er-doped amplifiers/lasers.

 2. The shortest wavelength period attainable 
is limited by the polarization dependence of 

the couplers as mentioned earlier. They are 
consequently not suitable to realize dense 
wavelength division multiplexing (DWDM) 
interleavers able to de/multiplex channels as 
close as 1 nm or less.

In both the cases, alternative solutions may be found 
by concatenating couplers in MZ arrangements.

 1. Figure 13.15 shows, as an example, the spec-
tral response of an MZ 1480–1550 nm WDM 
allowing a large band around 1550 nm.

 2. Dense interleavers are also usually made of an 
unbalanced MZ structure. Simple MZ con-
sists of two concatenated 3 dB couplers, but 
more sophisticated non-sinusoidal responses 
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Figure 13.14 DOP as a function of wavelength of a wideband depolarizer. The ripples are due to 
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may be obtained by concatenating several MZ 
structures. Figure 13.16 shows an example of 
spectral response of such a device. These inter-
leavers are then cascaded in a tree arrangement 
to effectively separate (or combine) the chan-
nels as shown in Figure 13.17. Challenges are to 
make them temperature insensitive with a high 
isolation, and to respect, over a large spectral 
range, the ITU grid which is characterized by 
constant frequency intervals.

Single couplers are nevertheless useful, among 
other things, to realize de/multiplexers for well-
separated signal channels (coarse WDM such as 
that shown in Figure 13.18), pump–signal mul-
tiplexers and pump combiners for Er-doped and 
Raman amplifiers.

13.4.1.4.4  Mode splitters/combiners
When made of two-mode fibers, fused couplers 
may be designed to separate the modes, LP01 stay-
ing in the main branch while LP11 is transferred 
to the secondary branch [11]. This modal splitter 
in combination with a reflecting modal converter 
Bragg grating opens up the possibility to get rid of 
inherently lossy micro-optic circulators.

13.4.2  Spectral filters and dispersion 
compensators

13.4.2.1  PRINCIPLES OF OPERATION

Most of these components, as opposed to couplers, 
have only one entrance and one exit branch. Some 
are based on the tapering technology, others on 
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Figure 13.16 Spectral response of a DWDM interleaver with a wavelength spacing of 0.4 nm (50 GHz). 
(By Courtesy of ITF Optical Technologies).
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the grating inscription technology. Combination 
of both the technologies, as in the optical add and 
drop multiplexers (OADM) described later, may 
also be used. The tapering technology takes advan-
tage of the sinusoidal wavelength responses of 
tapered fibers while gratings are resonant devices: 
they couple, at a given wavelength λ, two modes 
of propagation constants β1 and β2 through the 
matching condition of Equation 13.1

 p( – ) 21 2β β Λ =  (13.19)

where Λ is the grating period. Mode 1 is usually 
the fundamental core mode, while mode 2 is, in 
the case of a short-period grating, the counter-
propagating fundamental mode (β2 = −β1) and, in 
the case of a long-period grating, a copropagating 
cladding mode.

13.4.2.2  TAPERED FIBERS

13.4.2.2.1  Oscillatory transmissions
When the slopes of a tapered single-mode fiber are 
abrupt, such as those of Figure 13.1, one observes 
oscillations in the transmitted power as a function of 
elongation (see Figure 13.19). For a given elongation, 
similar oscillations occur in the transmission as a 
function of wavelength (see Figure 13.20). This behav-
ior may be explained in terms of coupling and beating 
of the local modes of the tapered structure [12].

When the downtaper is so abrupt that the adia-
baticity criterion is not fulfilled, the fundamental 
mode LP01 is unable to adapt its field and propagation 
constant to the guide change and it is transformed 
through the coupling process into a superposition of 
modes of the same symmetry (LP01, LP02, LP03, …), 
which propagate along the adiabatic central region, 
thus accumulating phase differences. When they 
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enter the uptapered region, they again experience 
a coupling process. Power is then recovered in the 
core. The core transmission depends on the relative 
phase of the different modes. If they exit the compo-
nent in phase, transmission is 1. Otherwise, power 
is dispatched between the fundamental core mode 
and cladding modes. Cladding mode power is even-
tually lost in the jacket.

This coupling-beatings-coupling process 
thus confers to a tapered fiber an oscillatory 
 transmission. Large-amplitude oscillations seen in 
Figure 13.20 come from LP01 and LP02 modes, while 
small-amplitude and larger-frequency oscilla-
tions only occur if LP03 and possibly higher-order 
modes participate in the process [13]. Besides, the 
LP01 – LP02 period A of the tapered fiber spectral 
response may be predicted from N, the number of 
oscillations observed during elongation performed 
at wavelength λ. For sufficiently large N, one has

 
N

.Λ = λ  (13.20)

This oscillatory predictable spectral response is the 
basis for spectral filtering devices made of tapered 
fibers.

13.4.2.2.2  Long-period gratings (LPGs)
Gratings are also useful in terms of their filtering 
applications, but as opposed to tapered fibers their 
behavior is based on a resonant coupling resulting 
in a wavelength peak in their spectral response.

 ● Transfer matrix: A sinusoidal perturba-
tion of period Λ = 2π/βB induces a coupling 
coefficient

 = β +C c z f2 cos( )12 B
 (13.21)

which, around resonance condition (13.19), 
couples two codirectional modes of propagation 

constants β1 and β2. One can show, by solv-
ing coupled mode equations, that the transfer 
matrix is (13.22)
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  Here ℓ is the length of the grating extending 
from z0 to z0 + ℓ and the other parameters are 
defined as follows

c

2 2
and

.

1 2 B 1 2

2 2 2

∆ = β −β −β = β −β − π
Λ

γ = ∆ +
 

(13.23)

  As for the coupler, if one assumes injection in 
mode 1 (a2(z0) = 0), the power transfer to mode 
2 is readily calculated to be

 T z M
c

( ) sin ( ).2 0 21

2

2
2� �+ =  =

γ
γ2  (13.24)

  Remaining power in mode 1 can be calculated 
by T1 =|M11|2 or using the energy conservation 
condition T1 + T2 = 1.

  The power transfer to mode 2 is sinusoi-
dal as a function of ℓ, but a sinc function of 

c .2 2γ = ± ∆ +  The peak-to-peak amplitude of 
the transmission is

 T
c c

c
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2 2=
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 (13.25)
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Figure 13.20 Spectral response of the tapered fiber of Figure 13.19.
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  It is always smaller than 1, being maximum for 
Δ = 0, i.e., at resonance. Figure 13.21 shows the 
oscillatory fundamental mode transmission 
along z.

 ● Bandwidth: Let the LPG length ℓ equal half 
the coupling length defined by Equation 13.7: 
ℓ = LC/2 = π/(2c) so that, at resonance, the power 
transfer is complete. (This would occur for any 
odd number of LC/2.) Figure 13.22 shows, for a 
component of length LC/2, the power transfer 
from mode 1 to mode 2 as a function of the 
detuning |Δ|.

 ● The LPG used as a filter may be character-
ized by its bandwidth, i.e., by the FWHM of 
its transmission, or approximately of T2MAX, 
which in terms of Δ is equal to 2c. It is readily 
converted in terms of wavelength to give

 
L n n

2

C

2

g1 g2

δλ = λ
−

 (13.26)

  where ng1 and ng2 are the group indices defined 
by

 n n
nd

d
.i i

i
g = − λ

λ
 (13.27)

  The following approximation

 
L N

2

C

δλ ≈ λΛ = λ  (13.28)

  is valid inasmuch as ng1 – ng2 ≈ n1 – n2. Here, ni 
are the modal effective indices (ni = 2π/βi/λ), λ is 
the peak wavelength and N the total number of 
steps. As a result, the greater the number of steps, 
the more selective the grating will be. For a given 
grating step (determined by the pair of chosen 
modes at λ), the longer the grating (and as a 
consequence the smaller the coupling coefficient 
c, since L = LC/2), the narrower its bandwidth.
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 ● Fundamental mode transmission: The cladding 
modes being absorbed by the jacket, most of 
the time, one only has access to T1. LPGs are 
thus rejection band filters. Actually, for a given 
grating step Λ, several pairs of modes (i, j) may 
be resonant in a wavelength range inasmuch as 
the following condition is fulfilled.

 
z

n n
2 2

( )
2

.i j
ij

i jβ −β = π = π
λ

− = π
Λ

 (13.29)

Here, zij is the beating length of modes i and j and 
ni and nj their effective indices, which depend on 
the wavelength λ. This equation generalizes the 
matching condition written in Equation 13.19. If, 
as in tapered fibers, the perturbation preserves the 

circular symmetry, only modes of the same sym-
metry are involved. Figure 13.23 shows the beating 
lengths z1j for LP01–LP0j modal pairs as functions 
of λ. This graph permits us to find the resonance 
wavelengths for a given step Λ. Alternatively, it 
gives the periods that may be chosen to realize a 
filter at a given wavelength.

Figure 13.24 gives, as a function of wavelength, 
the dB transmission in the fundamental mode of a 
grating of step Λ = 525 μm in a standard telecom-
munication fiber.

Note finally that, with slanted gratings, it is also 
possible to transfer power from the fundamental 
core mode LP01 to cladding modes with different 
symmetry such as LP11 and LP21.
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The main limitation of the LPGs used as filter-
ing components is their temperature dependence 
of the order of 100–150 pm°C−1 (10–15 nm/100°C). 
This high figure, which largely depends on the fiber, 
comes from the fact that the principle of operation 
of an LPG is based on the coupling of a core mode 
with a cladding mode. Being made up of different 
materials, these two layers are subjected during 
hot drawing and subsequent cooling of fiber to dif-
ferent stresses, which result in a different thermal 
sensitivity. LPGs made of standard SMF28 Corning 
fibers exhibit a thermal dependence of 50 pm°C−1.

13.4.2.2.3  Short-period gratings
Let the period Λ = 2π/βB of the sinusoidal pertur-
bation couple two contradirectional modes of the 
same propagation constant β1 = −β2 = β. The corre-
sponding coupling coefficient may be written as

 C ic z2 cos( ).12 B= β +φ  (13.30)

With a notation similar to that used in the codirec-
tional case, one has

 
2 2 2

.1 2 B B∆ = β −β − β = β− β = β− π
Λ

 ● Transfer matrix: By solving the coupled mode 
equations, one then finds the transfer matrix of 
a grating extending from z0 to z0 + ℓ
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where
 c –2 2 2γ = ∆  (13.32)

1. If Δ ≤ c,

 
c 2 2γ = − ∆  (13.33)

and solutions are those written in Equation 13.31 
with γ real.

2. If Δ ≥ c,
 

i c2 2γ = ∆ −  (13.34)

so that solutions can be written as in Equation 13.31, 
but with γ = i|γ| an imaginary number. Using then 
cosh (i|γ|z0) = cos (|γ|z0) and sinh (i|γ|z0) = i sin (|γ|z0), 
one can rewrite them as sinusoidal functions.

 ● Fundamental mode reflection and transmission: 
The reflection and transmission coefficients 
may then be calculated for given limit condi-
tions. Inversion of the matrix MSPG gives
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Let z0 = 0. Usually one has a2(ℓ) = 0, so that one 
finds the amplitude reflection and transmission 
coefficients
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and the power coefficients
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Explicitly, one has to distinguish the cases depend-
ing on the detuning with respect to the coupling 
coefficient.

 1. If Δ ≤ c

 
R z

a z

a

c z
( )

0

sinh [ ( )]

cosh ( ) sinh ( )

2

1

2

2

2

2
2

2
2

�

� �
= ( )

 ( )
=

γ
γ −

γ + ∆
γ

γ

2

2

 (13.38)

T z
a z

a

z z
( )

0

cosh [ ( )] sinh [ ( )]

cosh ( ) sinh ( )

1

1

2
2

2
2

2
2

2
2

� �

� �
= ( )

 ( )
=

γ − + ∆
γ

γ −

γ + ∆
γ

γ

2

2
 

 (13.39)

with c .2 2γ = − ∆

 2. If Δ ≥ c
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T z
a z

a

z z
( )

0

cos [ ( ) sin [ ( )]

cos ( ) sin ( )

1

1

2
2

2
2

2
2

2
2

� �

� �
= ( )

 ( )
=

γ − + ∆
γ

γ −

γ + ∆
γ

γ

2

2

 (13.41)

with c .2 2γ = ∆ −
The minimum transmission (corresponding to 

a maximum reflection) takes place at resonance: 
Δ = 0 or γ = c (Figure 13.25). For a grating of length 
ℓ one calculates

 R c T
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tanh ( ) and
1
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Max

2
min 2

�
�

= =  (13.42)

Figures 13.26 and 13.27 show the reflection and 
transmission behavior as a function of z depending 

on the value of the detuning parameter  Δ. The 
transmission coefficient T(z) may be locally > 1. 
This local energy accumulation, similar to that 
observed in a Fabry–Perot interferometer, is due 
to the resonance or stationary waves between the 
grating ends. This effect, which gives rise to side 
lobes in the spectral response, is undesirable for 
spectral filtering applications. It may be suppressed 
by apodizing techniques as explained in a subse-
quent section.

 ● Spectral response: As for LPGs, the wavelength 
response is determined by the transmission 
and reflection coefficients as functions of the 
Δ parameter. The magnitude of Δ compared 
to that of the coupling coefficient c determines 
γ as per Equation 13.32, which is real close to 
the resonance condition, but purely imaginary 
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as soon as Δ > c. Transmission then becomes 
oscillatory, resulting in the typical spectral side 
lobes. The Δ = c condition, as in the LPG case, 
may thus be used to define the peak width. 
An example spectral response in reflection is 
shown in Figure 13.28.

 ● Apodization: For most applications, side lobes 
seen in the spectral response are undesirable. 
They originate from the multiple reflections 
that take place between the grating ends as 
in a Fabry–Perot resonator. One can also 

understand this effect by remembering that, in 
a first approximation (i.e., when the perturba-
tion is weak), the spectral response of a grating 
is the Fourier transform of the amplitude c of 
the refractive index modulation. The Fourier 
transform of a rectangular function is a sinc 
function. The larger the rectangular function, 
the narrower the sinc function. Similar obser-
vations are valid for the grating: the longer the 
grating, the narrower the spectral width and its 
side lobes.
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One can reduce these side lobes by smoothing the 
coupling coefficient, giving it a gaussian envelope. 
This results in smoothing the wavelength response 
(in other words, apodizing). To be efficient both on 
the short- and long-wavelength sides, the average 
refraction index all over the grating length should 
be uniform. Figure 13.29 shows the effect of apo-
dization on the grating of Figure 13.28.

The thermal dependence of SPGs is much 
weaker than that of LPGs. It is typically 10 pm°C 
(1 nm/100°C), i.e., approximately ten times less 
than that of LPGs, and does not depend on the 
fiber. Nevertheless, the thermal sensitivity of these 
gratings, irrespective of their application, must be 
compensated by an appropriate packaging.

13.4.2.3  SPECTRAL FILTERS

Spectral filtering is a key function of WDM net-
works. Some applications are described below.

13.4.2.3.1  Narrow-width spectral filters
The most immediate application of the Bragg SPGs 
is to use them as selective mirrors in all-fiber lasers 
in linear (as opposed to loop) configuration. They 
are currently found in doped fiber lasers as well as 
cascaded Raman lasers used to pump Raman gain 
amplifiers.

Bragg SPGs are also used to stabilize both the 
wavelength and power of semiconductor pump 
laser diodes. In this case, the grating, with a reflec-
tion coefficient of only a few per cent, is integrated 

in the pigtail at a distance exceeding the coherence 
length of the laser.

Finally, filters are needed to enhance isolation 
between the pump and the signal or between two 
adjacent signal channels. They are also used in 
combination with a circulator (which is a micro-
optic device) to drop the signal of a particular 
wavelength channel. The ideal spectral amplitude 
shape to accomplish this type of function is then a 
rectangular response with a prescribed bandwidth. 
The Bragg reflection grating remains well suited 
for this type of filtering, especially if narrowness is 
an issue: although not perfectly rectangular, well-
known standard apodization techniques are used 
to eliminate undesirable side lobes and give rise 
to excellent spectral characteristics. However, as 
can be seen in Figure 13.30 (top), such a standard 
grating filter has a parabolic group delay profile 
that adversely affects signals at the transmission 
rates of 10 and 40 Gb s−l. More complex apodiza-
tion profiles with phase shifts allow for correction 
and equalization of this parabolic group delay 
characteristic and result in an ultra-low dispersion 
over the filter passband. As shown in Figure 13.30 
 (bottom), group delay can be minimized to a ripple 
function of less than ±5 ps in amplitude [14].

13.4.2.3.2  Large-width spectral filters
Other filters with larger bandwidths are also 
needed. Among them, the most often used is the 
gain flattening filter (GFF) designed to equalize 
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the channels amplified by Er-doped fiber gain. The 
following all-fiber technologies have been explored 
and implemented sometimes in conjunction.

 1. Fusion-tapering technology
 2. Short-period gratings (SPGs), straight or 

slanted
 3. Long-period gratings (LPGs), straight or 

slanted
 4. Thin-film technology

However, the best fits to the inverse gain curve are 
obtained by using concatenated tapered structures 

or chirped short-period unslanted Bragg gratings 
in the transmission mode. Both types of GFF offer 
similar performance in terms of error function 
(< ±0.1 dB), PMD (< 0.05 ps). Thermal stability is 
better for gratings (< 0.5 pm°C−l) than for tapered 
fiber filters (< 2 pm°C−1). While the grating solu-
tion is more compact, it suffers back reflection, 
which needs an additional isolator. Group delay 
ripples, which result from undesired weak reflec-
tions occurring along the grating, are negligible 
with a typical amplitude of ±0.3 ps. They both are 
commercially available. Example responses are 
shown in Figures 13.31 and 13.32.
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13.4.2.3.3  Mode converters
At the resonance wavelength, an LPG is a mode 
converter operating in the codirectional scheme. 
Similarly, an SPG can also be used as a mode 
converter, but operates in the contradirectional 
scheme, since not only the fundamental mode, 
but other contradirectional modes may also be 
reflected through a short-period Bragg grat-
ing [15]. By choosing the step, the length and the 
grating tilt with respect to the fiber axis, one can 
choose the wavelength and the mode(s) in which 
there is conversion. Figure 13.33 shows the spec-
tral response of an LP01–LP11 converter. To avoid 
undesirable conversion to cladding modes, a spe-
cial fiber should be used. Used in conjunction with 

mode splitters, the mode converters open up the 
design of new all-fiber components, which would 
get rid of micro-optic devices such as circulators.

13.4.2.3.4  OADMs
A signal at the Bragg wavelength rather than 
reflected from a short-period grating back to the 
source can be extracted. It is then a selective wave-
length demultiplexer, which has a significant role 
to play in future communication networks. Indeed, 
the strategy that is implemented to currently 
increase the data flow in a fiber link is the DWDM. 
Channel frequency spacing is typically 100 GHz 
(corresponding to 0.8 nm around λ = 1550 nm), 
which makes it possible to put 40 channels in the 
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EDFA gain bandwidth (the C-band) and thus to 
multiply the current flow by 40, which is of 2.5 Gbit 
s−1 Narrower spacings such as 50 and 25 GHz (0.4 
and 0.2 nm) are also used (see Figure 13.16 for an 
example 50 GHz spacing component).

To extract the reflected signal, one can use a cir-
culator, which is made up of micro-optic compo-
nents. An alternative all-fiber solution is shown in 
Figure 13.34, which makes use of identical gratings 
in an MZ arrangement. Cross-talk between chan-
nels must be avoided by apodizing the spectral 
response and by a proper design of the fiber to get 
rid of the cladding mode reflections. From the fab-
rication viewpoint, the symmetry of the compo-
nent is critical for its correct operation. Alternative 
solutions making use of a single grating written 
in the central region of a single coupler were also 
studied [16].

13.4.2.4  DISPERSION COMPENSATORS

Dispersion in standard fibers mainly comes from 
material CD, which happens to be zero around 

λ = 1.3 μm. In the C-band (around λ = 1.55 μm), dis-
persion causes a pulse to spread in time, the high-
est frequencies (shortest wavelengths) arriving 
before the lowest ones. CD is inherently trouble-
some and solutions to eliminate it completely by 
using dispersion-shifted fiber were rapidly aban-
doned because four-wave mixing (a non-linear 
effect, which induces cross-talk between channels) 
is automatically phase matched around the zero-
dispersion wavelength. It is thus better to compen-
sate for dispersion by using additional devices.

The simplest way is to use a dispersion compen-
sation module (DCM), which consists of a length 
of a different fiber with a carefully designed index 
profile to tailor the modal propagation constant. 
A relatively long fiber length of compensating 
fiber must be used (typically 20 km of compensat-
ing fiber for 100 km of standard fiber), and it only 
partially compensates for higher-order dispersion 
effects (typically 60% of the slope), which is the 
channel-to-channel variation of the dispersion.

Because of their compactness, Bragg SPGs are 
alternative promising devices that may be used for 
dispersion compensation. Chirped SPGs (CSPGs) 
shown in Figure 13.35 reflect different frequency 
components of a pulse at different locations. Its 
first step being longer than the last, with a care-
ful design, it can compensate for the delay of the 
low frequencies on the high ones. To recover the 
reflected signal, a circulator (a micro-optic compo-
nent) is necessary. An SPG can have a dispersion 
of several orders of magnitude higher than a simi-
lar length of fiber, so that a few cm long dispersion 
compensator compensates for the dispersion of 
many kilometers of optical fiber. While relatively 
narrowband in nature, CSPGs can be made wide-
band by making them multi-channel. A multi-
channel CFBG-based dispersion compensator can 
be made by writing many CSPG components in 
separate sections of a fiber or by superimposing 
many CSPG components on the same section of 

3 dB
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λ1, λ2, λB, λ3, ..., λn
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Figure 13.34 Principle of operation of an all-fiber OADM.
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Figure 13.35 (a) Principle of operation of a 
chirped SPG to compensate pulse dispersion and 
(b) dispersion compensator made of a chirped 
SPG associated with a circulator.
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fiber, the latter solution resulting in a very compact 
component. Another advantage of the SPGs over 
standard broadband compensation techniques 
such as DCF is that they are inherently indepen-
dent of each other, which allows the design of com-
plex structures including channel skipping and 
channel-to-channel variation of the dispersion.

Using the superimposed approach, compensa-
tion over up to 32 channels has been achieved with 
100 GHz spacing and allowing for compensation 
of both the second- and third-order CD accumu-
lated over 50 km of SMF-28 fiber [14]. Due to the 
possible adjustment of the dispersion on a per-
channel basis, the wideband compensation based 
on a superimposed grating is a good candidate for 
compensating such a residual CD. As an example, 

Figure 13.36 shows the reflectivity and group delay 
spectra of a 32-channel dispersion compensation 
grating with a 100 GHz spacing in which the dis-
persion varies from channel to channel: from −860 
to −800 ps nm−1.

CSPGs can also be used in conjunction with 
DCM to fully manage the dispersion over a large 
number of WDM channels.

13.5  CONCLUSION

This chapter has highlighted the importance 
of all-fiber components, which are an integral 
part of the current telecommunication net-
works. They already perform extremely diversi-
fied functions and their performance, thanks to 
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the maturity of manufacturing technologies, is 
excellent. Depending on applications, they must 
sometimes compete with their integrated or 
micro-optics equivalents. The future communica-
tion networks will undoubtedly take advantage of 
all the available technologies, but the all-fiber will 
keep a privileged position thanks to the inherent 
low excess loss.
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14.1  INTRODUCTION

Optical modulators accept as input the continu-
ous wave (CW) or pulsed output of the laser diode 
and generate as output, a modulated optical wave-
form. The modulating signal is an electrical input 
voltage either in digital or analog format. Using 
an external modulator allows the laser to operate 
independently. Hence, its output power and fre-
quency should be controlled very accurately. There 
are many different applications that require modu-
lators. One very important application is the digi-
tal fiber optic communication systems. The advent 
and widespread use of Internet has increased the 
data transmission rates drastically. There is an 
ongoing demand for more bandwidth. Fiber optic 
communication networks have the capability to 
deliver such demand. At present, 40 Gbit/s fiber 
optic transmission systems are being developed 
and installed all around the globe. This requires 
optical signals to be modulated to such rates. Since 
most data generated is in electrical form, some form 
of electrical to optical modulation is required. This 
can be achieved by directly modulating the output 
of a laser diode through its drive current. There 
are laser diodes with small signal modulation 
bandwidths approaching 40 GHz [1]. Although 
this approach is simple, it is not generally used 
over 2.5 Gbit/s mainly because of the chirp of the 
directly modulated laser output [5]. The undesired 
frequency modulation associated with amplitude 
modulation severely limits the transmission dis-
tance over the fiber at high bit rates. This difficulty 
necessitated the development of external optical 
modulators. Transmission of analog signals also 
requires external modulators. Analog transmis-
sion is typically used to carry and distribute ana-
log cable TV signals. Such distribution eliminates 
frequent microwave amplification that is needed 
on a coaxial distribution system, thus, improving 
the reach and reliability of the transmission [2]. 
Subcarrier multiplexing is another scheme that 
allows transmission independent of data format. 
It can be combined with digital transmission to 

improve functionality, such as optical labeling and 
header recognition [3]. Modulators are also used 
in military applications, especially in phased array 
radar [4]. Control signals to different radiating ele-
ments can be carried over the optical fiber, allow-
ing for large distances between the antenna and 
the control site of the radar. Furthermore, many 
other functions in the microwave domain, such as 
tunable filtering, tunable delaying, and high-speed 
analog-to-digital conversion, can be performed 
using photonics techniques. All these microwave 
photonics applications rely on optical modulators 
for electrical-to-optical conversion. However, the 
required properties of the modulator for each one 
of these applications are different. Digital appli-
cations typically require low drive voltages, wide 
bandwidth, and adjustable chirp. On the other 
hand, analog applications require high degree of 
linearity and very low insertion loss. These require-
ments are most often conflicting and impose sig-
nificant challenges on the design and fabrication 
of the modulator.

In this chapter, the criteria used to charac-
terize an optical modulator are first described. 
Next, the fundamentals of phase and amplitude 
modulators are given. Then, the traveling wave 
modulation technique, which is universally used 
in all high-speed modulators, is described. This is 
followed by the description of the physical effects 
used in optical modulation. Both electro-absorp-
tive and electro-optic effects are described. 
Then, specific examples of modulators in differ-
ent material systems are given. These are elec-
tro-absorption (EA), LiNbO3, III–V compound 
semiconductor, and polymer modulators. This is 
followed by a description of silicon and graphene 
modulators.

14.2  MODULATOR SPECIFICATIONS

A modulator, which is described by the block 
diagram shown in Figure 14.1, is characterized 
using certain specifications. These are defined 
and described briefly in the following subsections. 
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Their ranges and specifics for different technolo-
gies are described in detail in Section 14.7.

14.2.1  Insertion loss

Insertion loss is the optical power loss in the on 
state. It is typically given in units of decibels and 
is defined as

 

( )









P

P
10log ,

Out On

In  
(14.1)

where POut On( )  and PIn are the output power in the 
on state and input power, respectively.

14.2.2  Extinction ratio

This is the ratio of the off state output power, 
POut Off( ) , to the on state output power and typically 

defined in decibel units as
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14.2.3  Drive voltage

This is the voltage required to switch the modula-
tor from on to off state. It is most often referred to 
as Vπ. Vπ is desired to be as low as possible, espe-
cially for high-speed operations, where the genera-
tion of voltages larger than a few volts may be very 
difficult. Most commercial modulators require 
a modulator driver, which amplifies the voltage 
available to a level sufficient to drive the modulator 
at the required impedance level.

14.2.4  Chirp

In a modulator, the amplitude and phase changes 
are coupled. This means that every time the ampli-
tude changes, so does the phase and vice versa. 
This coupling could be due to material properties 
and/or modulator geometry. Since frequency is 

the time rate of phase change, phase modulation 
accompanying amplitude modulation changes the 
instantaneous frequency of the optical wave. This 
is known as chirping. Chirping combined with 
dispersion can severely limit the transmission dis-
tance of high-speed pulses in a communication 
system [5]. The chirp of a modulator is quantified 
using a chirp parameter, σ, which is the ratio of 
phase modulation to amplitude modulation:
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where φ and E  are the phase and the amplitude of 
the optical electric field at the output of the modu-
lator. The chirp parameter is expected to be zero 
for a pure amplitude modulator and infinity for a 
pure phase modulator.

14.2.5  Polarization dependence

Polarization dependence quantifies the perfor-
mance of a modulator for different polarizations. 
Since any incoming polarization can be thought of 
as the superposition of two mutually orthogonal 
polarizations, the performance of the modulator is 
specified with respect to two mutually orthogonal 
polarizations. These polarizations are chosen as 
transverse electric (TE) and transverse magnetic 
(TM) in a guided wave modulator. The physical 
effect used in most modulators is observed only 
at certain polarizations of the optical mode. In 
other words, the operation of the modulator is 
polarization dependent. This is not a major con-
cern in lasers where the modulator is used right 
after the laser diode. However, it could become an 
important issue if the modulator is used after some 
fiber transmission, which can generate random 
polarization at the input of the modulator. Such 
difficulty can be dealt with by using polarization 
diversity schemes that separate the random output 
polarization into two mutually orthogonal polar-
izations and deal with each polarization compo-
nent separately.

14.2.6  Bandwidth

The bandwidth specifies the range of modulation 
frequencies over which the device can be operated. 

Optical
modulator

CW optical
power input, PIn

Modulated optical
power output, POut  

Modulating
voltage, v(t)  

Figure 14.1 Block diagram of an optical modulator.
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It is usually taken as the difference between the 
upper and lower frequencies at which the modula-
tion depth falls to 50% of its maximum value.

14.2.7  Bias stability and drift

For some modulators, the bias voltage required to 
keep the modulator operating properly may change 
over time. Therefore, constant monitoring of the 
bias point and its continuous adjustment using a 
feedback circuitry may be required.

14.3  PHASE MODULATORS

As described in Section 14.6, the index of refraction 
of a material can be changed using external pertur-
bations. Changes in the index of refraction create 
changes in the phase velocity and the phase of the 
optical wave. Therefore, an optical wave propagating 
in a material whose index of refraction is modulated is 
phase modulated. Phase modulation can be achieved 
either in the bulk material or in an optical waveguide. 
In either case, any component of the electric field of 
the propagating optical wave can be expressed as

= ω −β = ω − π
λ
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If the index of refraction n is perturbed using a 
time-varying external voltage v t( ),

 n t n n n Kv t( ) ( ),0 0= + ∆ = +  (14.5)

where K is a proportionality constant depending on 
the physical effect, geometry, and the material used. 
Specific K values depend on the technology and are 
described in detail in Section 14.7. With this pertur-
bation, the electric field at the end of the propaga-
tion through the material of length L becomes
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Clearly the output wave is phase modulated with a 

modulation index = π
λ
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was dropped, because it is a fixed phase delay.
In other words, by choosing the time origin appro-
priately, it can always be eliminated. The optical 
spectrum of such a phase-modulated wave can be 
quite complicated. For example, for a simple sinu-
soidal modulating voltage
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where J ms are the Bessel functions of the first kind of 
order m. As this expression shows, as soon as a single-
frequency optical wave enters an index-modulated 
medium, its spectrum broadens and it is no longer a 
single frequency waveform due to phase modulation.

14.4  AMPLITUDE MODULATORS

Amplitude modulation can be achieved by absorp-
tion or index changes. Amplitude modulation 
based on index changes requires converting phase 
modulation into amplitude modulation. This is 
most commonly done using either Mach–Zehnder 
interferometers or directional couplers, which are 
described in the next section.

14.4.1  Directional coupler amplitude 
modulators

An optical directional coupler consists of two 
single-mode optical waveguides brought in close 
proximity over a length L as illustrated schemati-
cally in Figure 14.2. If the separation between the 
waveguides is sufficiently small, the evanescent tail 
of the optical waveguide mode of one waveguide 
does not completely decay to zero before reaching 
the other waveguide. As a result, coupling between 
the waveguides occurs. Hence, part of the wave in 
one waveguide can cross over or couple to the other 
waveguide. This situation is typically analyzed 
using the coupled mode theory [6,12]. The field 
over the coupled section can be approximated as 
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= +− β − βE x y z a z e x y a z e x y( , , ) ( ) ( , )e ( ) ( , )ej z j z
1 1 2 2

1 2

. 
 (14.8)
This is the superposition of individual normal-
ized waveguide modes, e x y( , )1  and e x y( , )2 , with 
propagation constants β1 and β2. The amplitudes 
of the individual waveguide modes a z( )1  and a z( )1  
are z dependent due to coupling between the wave-
guides. If only one of the waveguides is excited at 
the input, such that a (0) 11 =  and a (0) 02 =
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where δ = β −β( ) 21 2  is the detuning between the 
waveguides and κ is the coupling coefficient. κ  
depends on the degree of spatial overlap between 
the individual waveguide modes [6]. Hence, over a 
given length, a certain fraction of the input power 
will cross over to the other waveguide. In particular, 
if = =1 2 0β β β

 a z z a z z( ) cos and ( ) sin .1
2 2

2
2( ) ( )= κ = κ

Hence, for

 
L L
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,κ = π = π
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complete cross over takes place. It is possible to 
eliminate complete cross over by modulating the 
index of refraction and hence the propagation con-
stant of one or both waveguides. For example, if 

L2 2δ + κ = π, the optical power will switch back 
to the input waveguide. The required detuning is 
found after eliminating L using Equation 14.11 as
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then
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and the required external voltage is found as

 
V

K K L K K

3

( )

3

2 ( )
0

1 2

0

1 2

= λ κ
π −

= λ
−π

. 
(14.16)

The required voltage magnitude is minimized if 
K K K1 2= − = . This requires an index change of 
equal magnitude and opposite sign in the cou-
pled waveguides and is known as the push–pull 
drive. Depending on the applied voltage, different 
degrees of coupling will occur. The variation of the 
coupled power as a function of the applied voltage 
is known as the transfer function of the modula-
tor. Mathematically, this would be expressed in the 
cross-over waveguide as
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where Vπ is the required voltage swing to turn the 
modulator off and is given by
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Figure 14.2 Schematic of an optical directional 
coupler.
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The transfer function of a directional coupler mod-
ulator is shown in Figure 14.3.

One can also use the result of this analysis to 
determine the chirp of a directional coupler modu-
lator. Examining Equation 14.10, it is seen that the 
phase of E x y L( , , )2  can be kept constant if the drive 
is a push–pull, i.e., if 1β  increases a certain amount 
and 2β  decreases the same amount, which leaves 
β −β( ) 21 2  unchanged. This results in a chirp-free 

operation. A chirp-free operation is not possible 
for E x y L( , , )1  since its phase depends on the drive 
conditions. Therefore, if a chirp-free operation is 
desired when using a directional coupler modula-
tor, modulated power should be taken out of the 
cross-over waveguide and push–pull drive should 
be used [7].

14.4.2  Mach–Zehnder amplitude 
modulators

Another commonly used amplitude modulator 
is the Mach–Zehnder interferometer shown in 

Figure 14.4. This is the integrated optics version 
of the Michelson interferometer. The optical wave 
in the incoming waveguide is split into two equal 
parts using a Y-branch and made to propagate 
along the arms of the interferometer. At the other 
end, the waves in the two arms are combined into 
the output waveguide using another Y-branch. It 
is also possible to use 3 dB couplers in place of the 
input and output Y-branches. For proper operation 
of the interferometer, all the optical waveguides 
should be of single mode. The mode amplitude in 
the output waveguide can be written as

a s s ae (1 )ej L j L
10

2 ( 2 ) 2 ( 2 )
1

1 1 2 2= + − 
− β + ϕ − β + ϕ

. (14.19)

where s 2 is the power splitting ratio in the Y-branch, 
1ϕ  and 2ϕ  are the phase shifts along the arms of the 

Y-branch, and 1β  and 2β  are the propagation con-
stants of the arms of the interferometer. Any phase 
shift due to a length difference between the arms 
can also be included in 1ϕ  and 2ϕ , allowing us to 
assume that the arms have the same length L.

Ideally for equal power splitting, s 1 22 = . 
However, due to imperfections during fabrica-
tion, there could be slight deviations from the ideal 
value. In this case, we can express s 2 as s 1 22 = + ξ.  
Using this definition, Equation 14.19 can be 
expressed as
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The ratio of the output power to the input power 
is known as the transfer function of the Mach–
Zehnder interferometer. Assuming that 1β  and 2β  
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Figure 14.3 Transfer function of a directional 
coupler modulator.
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Figure 14.4 Schematic of a Mach–Zehnder interferometer.
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can be perturbed with external voltages as shown 
in Equations 14.13 and 14.14, and 0ξ =  and 1 2ϕ = ϕ , 
the transfer function becomes
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This transfer function is periodic with respect to 
the applied voltage. The modulator is turned off 
when  ( )( )π λ − = πK K Lv t( ) ( ) (Odd integer) 20 1 2 . 
The lowest required voltage to turn the modulator 
off, known as Vπ, is given by 

 V
L K K2

0

1 2( )
= λ

−π  (14.22)

Comparing this equation with Equation 14.16, 
we observe that the voltage swing required to 
turn a Mach–Zehnder modulator from on to off 
state is 3  times less than that required to turn a 
directional coupler modulator from on to off state 
for a given technology. Again, Vπ is minimized if 
K K K1 2= − = , i.e., for a push–pull drive. In terms of 
this definition of Vπ, the transfer function becomes
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The transfer function of a Mach–Zehnder modula-
tor under push–pull drive is plotted in Figure 14.5.

While considering the operation of a  Mach–
Zehnder modulator, it is important to have a physi-
cal explanation of what is happening in the off state. 
In the analysis, a lossless modulator is assumed. 
Equation 14.21 predicts that there is no power output 

from the modulator in the off state even though 
there is input power. Since there are no reflections 
and optical absorption, one wonders what causes 
the power loss. This question can be answered with 
the help of Figure 14.6, which describes the opera-
tion of a Mach–Zehnder modulator. In the on state, 
the incoming mode of the single-mode waveguide 
splits with equal amplitude at the input Y-branch 
to both arms of the interferometer. If  L L1 2β = β , the 
waves in both arms arrive at the output Y-branch 
with equal phase and combine to form the mode of 
the single mode output waveguide. However, in the 
off state, L L1 2β −β = π, and the waves in both arms 
arrive at the output Y-branch with a π phase shift 
as shown in Figure 14.6b. As a result, when they 
are gradually combined by the Y-branch in the out-
put waveguide, a mode with a null in the middle 
is excited. This would be the higher order mode of 
the output waveguide. If the output waveguide is of 
single mode, the higher order mode would radiate 
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Figure 14.5 Transfer function of a Mach–Zehnder 
interferometer.
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Figure 14.6 The physical description of a Mach–Zehnder modulator. (a) On state and (b) off state.
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out of the waveguide. As a result, there will be no 
power left in the output waveguide after a certain 
length. This explanation shows that in the off state, 
power is not lost. It simply radiates out of the output 
waveguide. It also shows that for proper operation, 
the waveguides in the interferometer should be of 
single mode, and the output waveguide should be 
sufficiently long for the radiation to take place in the 
off state. If the waveguides are not of single mode 
in the off state, only mode conversion between the 
fundamental and the higher order mode takes place.

Examining Equation 14.20, it is observed that if 
0ξ =  and 1 2ϕ = ϕ
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If the drive is a push–pull so that β +β( )/21 2  is con-
stant during modulation, the phase of the output 
signal does not change and a chirp-free operation 
is achieved. Therefore, a push–pull driven Mach–
Zehnder intensity modulator has no chirp.

14.4.3  EA amplitude modulators

In some materials, the absorption at a given wave-
length can be controlled using external voltages. 
Hence, it becomes possible to change the transmis-
sion through a waveguide with external voltages. 
This results in a very simple modulator, which is 
typically a short waveguide with an EA layer in it. 

However, critical control of the material composi-
tion and thickness is required. These devices are 
described in detail in Section 14.7.1.

14.5  TRAVELING WAVE 
MODULATORS

In optical modulators, the physical effects used to 
create index changes are very weak. As a result, the 
K coefficients used in Equations 14.18 and 14.22 are 
very small. This necessitates making the modula-
tor electrode very long in order to have low drive 
voltages that can be supplied at high frequencies. 
Typical electrode lengths for electro-optic modu-
lators are in the order of several centimeters. 
However, this increases the capacitance of the elec-
trode drastically. The resulting RC product limits 
the bandwidth of modulation to less than a few 
GHz. These conflicting requirements on the elec-
trode length can be eliminated by using the trav-
eling wave electrode concept. In this approach, 
the electrode is designed as a transmission line. 
Therefore, electrode capacitance is distributed 
and does not create an RC limit on the modula-
tor speed. A schematic of a traveling wave Mach–
Zehnder modulator is shown in Figure 14.7.

In this figure, the electrode is designed as a 
coplanar waveguide. An electrical signal is applied 
from a voltage generator of internal impedance 
Z s Ω. In this case, the signal is an electrical pulse. 
Both the electrical pulse and the CW optical sig-
nal travel in the same direction. On the part of the 
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Figure 14.7 Schematic of a traveling wave Mach–Zehnder modulator.
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electrode where the voltage is present, the index of 
the material is modified. In this case, a push–pull 
drive is considered; hence, the index increases a 
certain amount in one arm of the interferometer 
and decreases the same amount on the other arm. 
Clearly, if the optical signal travels at the same 
velocity as the electrical signal, it will experience 
the same index change all along the electrode. 
Hence, the phase shift it experiences will be inte-
grated over the electrode length. Therefore, a very 
small index change may create a large phase shift. 
Any velocity mismatch between the electrical and 
the optical signals will reduce the net phase shift. 
The small signal modulation response of a travel-
ing wave modulator whose electrode is terminated 
by its characteristic impedance is given by [8]
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where αm and L are the loss coefficient and the length 
of the electrode, respectively. f is the electrical fre-
quency and c is the speed of light in vacuum. nμ and no 
are the microwave and optical indices and are related 
to the microwave and optical velocities through well-
known expressions. The electrical waveform applied 
to the electrode of the modulator has a certain shape 
and contains many frequency components. The CW 
light that enters the modulator also becomes phase 
modulated as soon as it starts to interact with the 
electrical signal and exhibits a spectral range. As a 
result, the center of gravity of both the electrical and 
optical signals should match [9]. This requires group 
velocity matching; hence, the microwave and optical 
indices defined earlier should be the group indices. 
Usually, the modulator electrode is a quasi-trans-
verse electric magnetic (TEM) transmission line and 
has no or very little dispersion. That makes the group 
and the phase velocities on the electrode the same. 
If the electrode exhibits significant dispersion, com-
plications may arise. For example, if the electrode 
is driven by a CW microwave signal like in a pulse 
generation application, microwave phase and opti-
cal group velocities should be matched. However, if 
a digital electrical signal is applied to the electrode, 

optical and microwave group velocities should be 
matched. This can create velocity mismatch depend-
ing on the application. Furthermore, optical group 
velocities may change due to material dispersion. 
For example, a modulator velocity matched at 1.5 μm 
can be mismatched at 1.3 μm [10,11]. This is a prob-
lem especially for semiconductor modulators, where 
material dispersion is much more significant com-
pared to LiNbO3.

Even in the case of perfect velocity matching, 
the bandwidth is limited by the microwave loss of 
the electrode. At high microwave frequencies, the 
microwave loss increases; this reduces the voltage 
on the line. Hence, modulation is no longer as effec-
tive as it was at lower frequencies where microwave 
loss was lower. Based on Equation 14.25, if there is 
no velocity mismatch, the 3 dB bandwidth will be at 
a frequency where the total electrode loss becomes 
6.34 dB. Therefore, a low-loss, velocity-matched 
electrode is essential for the realization of a very 
wide bandwidth traveling wave modulator. Another 
very important consideration is impedance match-
ing the modulator electrode. If the electrode is ter-
minated with impedance having a value different 
from that of the electrode impedance, there is an 
impedance mismatch at the end of the modula-
tor. This mismatch creates a reflected voltage wave 
traveling in the opposite direction. The reflected 
wave interferes with the wave traveling in the same 
direction as the optical wave and a standing wave 
is formed on the electrode. As a result, voltage on 
some parts of the electrode is higher than the rest. 
These parts modulate effectively; whereas, modula-
tion is less effective on the parts having less voltage 
amplitude. Variation of the standing wave voltage is 
frequency dependent and the modulation efficiency 
could significantly vary as a function of frequency. 
In modulators with long electrodes, counter prop-
agating part of the standing wave is badly mis-
matched and contributes to modulation only at low 
frequencies. In these cases, modulation efficiency 
drops rapidly over a few GHz.

Based on this discussion, we note that the fol-
lowing requirements should be satisfied to take full 
advantage of the traveling wave idea:

 1. The propagation loss of the optical guide 
should be low so that a long modulator can be 
realized. This helps to significantly reduce the 
drive voltage.
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 2. The microwave electrode mode should be 
quasi-TEM; hence, the phase and the group 
velocities are the same for the electrode.

 3. Microwave and optical group velocities should 
be matched.

 4. The electrode microwave loss coefficient should 
be low, so that a long modulator can be real-
ized. As described before, the total electrode 
loss should be lower than 6.34 dB at the desired 
3 dB bandwidth point.

 5. The electrode should be terminated by its 
characteristic impedance so that there is no 
standing wave on the electrode. It is desirable 
to have an electrode characteristic impedance 
of 50 Ω, but this may not always be possible.

14.6  PHYSICAL EFFECTS USED 
IN OPTICAL MODULATORS

The physical mechanisms used in optical modu-
lators are change in absorption and the index of 
refraction under external perturbations. Change 
in absorption and the index of refraction are fun-
damentally related. The most commonly used 
external perturbation is an externally applied elec-
tric field, which can be generated electronically 
by applying voltages to the material. Modulators 
utilizing index changes and absorption changes 
under an external electric field are known as elec-
tro-optic and EA modulators, respectively. Index 
and absorption changes can also be generated 
using pressure or strain and magnetic fields. The 
strain is typically generated using acoustic waves. 
Modulators using acoustic waves to induce index 
changes due to strain are known as acousto-optic 
modulators. Similarly, modulators using magnetic 
fields to induce index changes due to magneto-
optic effect are known as magneto-optic modu-
lators. Absorption is most important in III–V 
compound semiconductors, such as GaAs, AlAs, 
InP, and their alloys AlGaAs and InGaAsP.

14.6.1  Change of absorption in 
semiconductors under 
external electric fields

In semiconductors, the sources of optical absorp-
tion are band-to-band transitions, free carriers 
(FCs), intraband transitions, excitons, transitions 
between band tails, transitions between bands and 
impurities, and acceptor-to-donor transitions. 

Of these, band-to-band absorption, FC absorption, 
intraband absorption, and excitonic absorption 
are the most dominant processes in good qual-
ity material. These processes can be perturbed by 
external electric fields and are briefly described in 
the following sections.

14.6.1.1  BAND-TO-BAND ABSORPTION AND 
FRANZ–KELDYSH EFFECT

In semiconductors, an incoming photon can excite 
an electron from the valence band to the conduc-
tion band under certain conditions as illustrated in 
Figure 14.8. Since the photon momentum h/λ, where 
h  is Planck’s constant and λ  is the wavelength of the 
light, is much smaller than the crystal momentum 
h b/ , where b is the lattice constant, momentum 
conservation requires that the momentum of the 
initial and final states remain unchanged. Hence, 
only vertical transitions are allowed. Furthermore, 
in order to absorb a photon, the initial state in the 
valence band should be filled and the final state in 
the conduction band should be empty. Energy of 
the photon should be larger than the energy differ-
ence between the filled initial state and the empty 
final state of the semiconductor. This energy dif-
ference is typically the bandgap of the material, 
but depending on the doping type and level, the 
required photon energy could be larger than the 
bandgap. The absorption coefficient α due to band-
to-band absorption in a direct bandgap semicon-
ductor can be expressed as

 α = υ ρ υ −A R h h F F( ) ( )( ),
2

r 1 2

where R is the matrix element, hυ is the photon 
energy, F1 and F2 are the Fermi factors for the 
valence and conduction bands, respectively, rρ  is 
the reduced density of states, and A is a coefficient 
that depends on fundamental constants [12]. The 
matrix element R is proportional to the overlap 
of the electronic wave functions in the conduc-
tion and valence bands. The value of R depends 
on the material type and its dimensionality and 
the polarization of the optical wave. Polarization 
dependence typically appears in lower dimen-
sional systems such as quantum wells (QWs). rρ  
also depends on the material dimensionality. For 
bulk materials, absorption can be expressed as [12]
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assuming F 11 = , and F 02 =  as in undoped bulk 
material. In this expression, εg  is the bandgap of 
the material.

In the presence of an electric field, energy bands 
are tilted. Figure 14.9 shows the variation of the 
conduction band minimum and valence band 
maximum in space for different values of applied 
electric field. If there is no external electric field and 
the material properties such as doping and compo-
sition are uniform, band extreme are flat. Increasing 
external electric field values tilt the energy bands, 
which increases the penetration of the electron and 
hole wave functions into the bandgap as shown in 
Figure 14.9. This in turn increases the overlap of the 
electrons and holes in the bandgap. In Figure 14.9, 
points A and B are the classical turning points 
for the electron and hole wave functions. In other 
words, at these points, the wave functions change 
from oscillatory to exponentially decaying behav-
ior. Due to penetration of the wave functions into 
the bandgap, it is possible to excite an electron 
from the valence band to the conduction band with 
a photon of energy hυ as seen in Figure 14.9. This 
energy is clearly less than the bandgap of the mate-
rial. Hence, it becomes possible to absorb at photon 

energies less than the bandgap energy and this 
absorption increases with increasing external field. 
As a result, the absorption tail extends to shorter 
energies or longer wavelengths. This phenomenon 
is known as the Franz–Keldysh effect [13,14]. It is 
possible to modulate the absorption from low to 
high absorption in the long-wavelength side with 
external fields. This situation is similar to tunneling 
through a potential barrier under an applied elec-
tric field. The increasing external electric field effec-
tively reduces the width of the barrier due to more 
and more penetration of the wave functions into the 
bandgap. The absorption coefficient under an exter-
nal applied field, Eα , can be expressed as [15,16]
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In this equation, Ai x( ) is the Airy function and mr 
is the reduced effective mass. The absorption is also 
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Figure 14.8 Band structure of a typical III–V compound semiconductor in the vicinity of the zone cen-
ter. Various possible transitions responsible for dominant optical absorption are also illustrated.
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modified for photon energies larger than the band-
gap energy. In this case, absorption becomes oscil-
latory since electron and hole wave functions are 
oscillatory above the bandgap. Therefore, bringing 
them closer changes their overlap in an oscilla-
tory manner. Below the bandgap, the wave func-
tions are exponentially decaying; hence, bringing 
them closer increases their overlap monotoni-
cally. Absorption changes above the bandgap are 
not used for modulation due to large background 
absorption.

14.6.1.2  EXCITONIC ABSORPTION IN BULK 
AND QW MATERIAL AND THE 
QUANTUM-CONFINED STARK 
EFFECT

In a material, free electrons and holes attract 
one another and form a bond similar to a hydro-
gen atom. This is called an exciton. An exciton 
has a strong absorption somewhat similar to an 
atomic absorption. In an exciton, electron–hole 
interaction is treated as a Coulomb interaction 
between two point charges. Using the hydrogen 
atom model, the binding energy for an exciton 
can be expressed in eV as n m(13.6 )( ),xn x

2
r r

2ε = ε  
where nx is an integer  representing different 
energy levels, i.e., the quantum number, mr is 
the reduced effective mass, and rε  is the relative 

dielectric constant. Another important param-
eter is the exciton dimension. Again using the 
hydrogen atom model, the exciton radius can be 
expressed in Å as = εa m n(0.53 )( ).xn xr r

2  In a bulk 
compound semiconductor, x1ε  is about 5 meV and 
ax1 is about 150 Å. As a result, a bulk exciton covers 
many lattice sites and is weakly bound. Therefore, 
it is observed only at low temperatures. However, 
in a QW, electrons and holes are confined in the 
same physical space. As a result, they overlap and 
interact strongly and form an exciton confined in 
the QW. This strong confinement increases the 
binding energy or the energy required to ionize 
an exciton into an electron–hole pair. For a purely 
two-dimensional exciton, the increase in the bind-
ing energy would be factor 4 [17]. However, in a 
QW, the exciton wave function penetrates into 
the barriers and the dimensionality of the exci-
ton is somewhere in between two and three. For 
a very thin QW, this penetration could be exces-
sive and the exciton behaves like a three-dimen-
sional exciton. The increase in the binding energy 
due to quantum confinement makes the binding 
energy of the exciton larger than the broadening 
due to phonon scattering at room temperature. As 
a result, excitonic absorption is observed at room 
 temperature. Spectra of such strong excitonic 
absorption are very sharp, and are localized in 
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Figure 14.9 Variation of the conduction band minimum and valence band maximum under different 
applied external electric fields in a material with uniform doping and composition. Penetration of the 
electron and hole wave functions ( eΨ  and hΨ ) into the bandgap is also illustrated.
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the vicinity of wavelengths corresponding to the 
bandgap of the QW. This energy is larger than the 
bandgap of the QW material due to quantization 
of the electron and hole energy levels as shown 
in Figure 14.10. When an external electric field is 
applied, electrons and holes are forced to oppo-
site ends of the QW and are physically separated 
as seen in Figure 14.10. The applied field shifts the 
energy levels in the QW. This situation is similar 
to the shift in the energy levels of an atom under 
an applied electric field, which is known as the 
Stark effect. Hence, the corresponding transition 
energy shift in a QW is known as the quantum-
confined Stark effect (QCSE). In QCSE, the spatial 
overlap or interaction of the electron and the hole 
is reduced and excitonic absorption is decreased 
and broadened. This makes it possible to modulate 
the absorption around a narrow wavelength range 
very strongly with external fields.

Figure 14.11 shows the photocurrent spectra 
of an unstrained multi quantum well (MQW) 
material as a function of wavelength at different 
applied voltages [18], where device photocurrent is 
proportional to optical absorption. Two peaks are 
resolved in the absorption spectra. These are due 
to excitons formed between electrons and heavy 
holes (hhs) and electrons and light holes (lhs). 
Transition energies of hh and lh excitons are dif-
ferent due to different effective mass of lhs and hhs 
as seen in Figure 14.11. Furthermore, the excitons 

interact with different optical polarizations. The 
hh excitons interact with TE polarized light and lh 
excitons interact with both TE and TM polarized 
light. In Figure 14.11, the first absorption peak has 
a lower transition energy or higher optical wave-
length and corresponds to the lowest hh exciton 
indicated in Figure 14.10. The second absorption 
peak corresponds to the lh exciton. As bias voltage 
increases, absorption characteristics broaden and 
peak absorption decreases and moves toward lon-
ger wavelengths. For example, at 1.55 μm, absorp-
tion is modulated strongly when bias changes 
between 0 and 3 V. For low bias voltages, the shift 
in the ground state energy ε∆ i of a particle in a QW 
can be approximated as [19]

 Cm w Ei i
4 2ε∆ = , i e hh lh, ,=  (14.26)

where mi is the effective mass of the particle, w is 
the width of the QW, and C is a constant. Hence, 
wide QWs are desired for efficient operation.

14.6.1.3  FC ABSORPTION

FCs are electrons and holes free to move in the con-
duction and valence bands. They can interact with 
photons and make transitions to a higher energy 
in the same band by absorbing a photon. This is 
known as an intraband absorption. Since such 
transitions are not vertical, they require additional 
interactions to conserve momentum. The required 
momentum change can be provided by phonons 
or scattering from ionized impurities. There is no 
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energy threshold for this transition; its spectrum is 
typically monotonic and covers a very wide range. 
Using a simple Drude model, which models an 
electron in an oscillatory field as a damped oscil-
lator, absorption coefficient due to FCs, fα , can be 
expressed as [20]

 
Nq

m nc8
,f

2 2

2 * 3
α = λ

π τ  
(14.27)

where N  is the electron concentration, τ is the car-
rier relaxation time, m* is the effective mass, n  is 
the index of refraction, c  is the speed of light in 
vacuum, and λ  is the free space wavelength. Other 
formulations in which the momentum is provided 
by acoustic phonons, optical phonons, or ionized 
impurities yield a wavelength dependence of pλ , 
where p can range from 1.5 to 3.5 [20]. Since one of 
the elements that affect τ is ionized impurity con-
centration, its value depends on the doping level 
and type. At high doping concentrations, the car-
rier concentration dependence of fα  could be more 
like N 3/2. Around 1.55 μm, N1 10 (cm )f

18 3α = × − −  
in GaAs [21]. The situation is similar for intra-
band absorption involving holes. However, there is 
another source of absorption due to the possibility 
of transition between light and heavy hole bands 
in p-type material. The most likely source for this 

absorption is vertical or near vertical transitions at 
longer wavelengths—intraband absorption—and 
is indicated schematically in Figure 14.8.

14.6.2  Electro-optic effects

The real and imaginary parts of a complex function 
are related to one another if the function has no 
poles in the lower or upper complex plane. If one 
describes the index of refraction of a material as 
a complex function, the real and imaginary parts 
will be related. In this representation, the real and 
imaginary parts of the complex index of refrac-
tion are the index of refraction and the absorption 
of the material. As a result, a change in absorp-
tion will generate a change in the refractive index 
and vice versa. This relationship is known as the 
Kramers–Kronig relation and can be expressed as

 
n E
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d '.

2 2
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∫ε ε
ε ε

ε∆ =
π

∆α
−

∞

 
(14.28)

Hence, any effect that creates an absorption change 
∆α under an applied electric field E  at photon 
energy ε will also create an index change n∆ . These 
index changes are known as electro-optic effects 
and are described in the next section.
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Figure 14.12 The calculated change in the index of refraction and absorption coefficient as a function 
of photon energy for GaAs and InGaAsP at different electric field strengths. (Reprinted with permis-
sion from Alping, A. and Coldren, L.A., J. Appl. Phys., 61, 2430–2433, 1987, Figures 1 and 5. Copyright 
1987, American Institute of Physics.)
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14.6.2.1  ELECTRO-REFRACTIVE EFFECT

Electro-refractive effect is the phenomena of 
index change accompanied with Franz–Keldysh 
and QCSE. Electro-refraction in bulk GaAs and 
InGaAsP were calculated in Reference [22]. The 
calculated change in the index of refraction and 
absorption coefficient as a function of photon 
energy for GaAs and InGaAsP at different electric 
field strengths are shown in Figure 14.12.

Index change increases rapidly toward the 
bandgap. The peak of the increase shifts away 
from the band edge with increasing electric field. 
For wavelengths very close to the bandgap index, 
change decreases and it should eventually be nega-
tive. Figure 14.13 shows the change in the refrac-
tive index in In0.76Ga0.24As0.52P0.48 as a function 
of the applied electric field at two different wave-
lengths. For photon energies far below the band-
gap, the refractive index for a given electric field 
can be expressed as

 n G E( ) .2∆ = λ  (14.29)

There is a quadratic dependence on the electric 
field and the wavelength-dependent coefficient G( )λ  
can be expressed for GaAs as

 
G( ) 3.45 10 exp

3
cm V ,16

3
2 2λ = ×

λ






− −

 
(14.30)

where wavelength is expressed in micrometers [23]. 
For InGaAsP, µ = × − −G(1.55 m) 5.8 10 cm V .15 2 2   At 
high electric fields, it is possible to raise the refrac-
tive index by about 3 10 3× −  at photon energies 
near the bandgap. However, this index change is 
accompanied with a large absorption change due 
to the Franz–Keldysh effect. In order to get a pre-
dominantly electro-optic effect, absorption change 
should be kept at minimum. The relative varia-
tion of the real and imaginary parts of the index 
of refraction with applied field is quantified using 
the figure of merit n k/∆ ∆ , where k∆  is the change 
in the imaginary part of the refractive index. k∆  
and ∆α are related by the equation, k4 / .∆α = π∆ λ  
As described earlier, it is possible to modify the 
absorption in a QW close to the band edge strongly 
by QCSE. This also creates an accompanying index 
change. n∆  and n k/∆ ∆  as functions of the electric 
field for two MQW samples at two different wave-
lengths are shown in Figure 14.14 [24]. In both cases, 

n∆  shows a quadratic dependence on the applied 
field. G(1.537 m) 6.73 10 cm V13 2 2µ = × − −  for an 85 A 
InGaAsP QW of bandgap energy 1.57 μm within 85 
A InP barriers. G(1.306 m) 7.32 10 cm V13 2 2µ = × − −  
for a 70 A InGaAsP QW of bandgap energy 1.33 μm 
within 250 A InP barriers [24]. These values are 
more than two orders of magnitude larger than the 
corresponding bulk material values. But this does 
not necessarily make a much better modulator 
since there is a few percent overlap of the optical 
mode with the QW material in a typical modulator. 
However, the spectral width of the absorption in a 
QW material is much narrower compared to bulk 
material. Furthermore, QCSE red shifts this rela-
tively narrow resonance; hence, for a given wave-
length, detuning n k/∆ ∆  value is larger in the QW 
material compared to the bulk material.

14.6.2.2  PLASMA EFFECT

The plasma effect is the accompanying index 
change associated with the FC absorption. For an 
n-type GaAs of carrier concentration N, the index 
change nN∆  with respect to an undoped material is
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Figure 14.13 The change in the refractive index 
n∆  in In0.76Ga0.24As0.52P0.48 as a function of the 

applied electric field at two different wave-
lengths. (Reprinted with permission from Alping, 
A. and Coldren, L.A., J. Appl. Phys., 61, 2430–
2433, 1987, Figure 3. Copyright 1987, American 
Institute of Physics.)
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where n is the index of refraction and ε  is the pho-
ton energy. For a p-type GaAs of carrier concen-
tration P, the corresponding index changes for 
intraband and interband transitions are

 
n

P
6.3 10PInter

22
2ε

∆ = − × −

 
and

 

 
n

P

n
1.8 10 .PIntra

21
2ε

∆ = − × −

As these expressions indicate, removal of elec-
trons or holes in a doped semiconductor reduces 
FC absorption, which in turn increases the index 
of refraction.

14.6.2.3  BAND-FILLING EFFECT

In a doped material, the position of the Fermi 
level moves depending on the doping level. In 
very heavily doped material, the Fermi level can 
move closer or even into the conduction or valence 
bands. Therefore, the absorption threshold in 
doped material could be different from that in 
undoped material. Therefore, at photon energies 
near the bandgap, absorption could be stronger 
for intrinsic material compared to heavily doped 
material. This creates an index change due to the 
Kramers–Kronig relationship between doped 
and undoped materials. This index change can be 
expressed as [23,25]

 n H N .ε ε( ) ( )∆ =

The coefficient H strongly peaks around photon 
energy ε  corresponding to the bandgap of the 
material [23]. Below the bandgap, its value is about 
5 10 cm21 3× − −  for GaAs. This relationship holds 
as long as the semiconductor is not very heav-
ily doped and the doping level is less than about 
5 10 cm17 3× − . For heavier doping, band tails that 
develop at the conduction band edge and bandgap 
shrinkage start to dominate the absorption. This 
increase in the absorption starts to give an index 
change that opposes the band-filling effect [26]. For 
a p-type material, the variation of the Fermi level 
with doping concentration is much less due to the 
heavier hole effective mass. Hence, the band-filling 
effect is much weaker in a p-type material.

14.6.2.4  LINEAR ELECTRO-OPTIC EFFECT

Linear electro-optic effect can be thought of as 
the accompanying index change due to absorp-
tion at ultraviolet wavelengths. However, the 
tail of absorption at such high photon energies 
is very weak around 1.55 μm. Hence, this effect 
is thought of as a pure index change and mod-
eled in a different way. In a dielectric material, 
electric field 

�
E  and electric flux density 

�
D  are 

related through the dielectric tensor, which can 
be expressed as
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Figure 14.14 Change in the refractive index, n∆ , and the ratio of the changes in the real and imagi-
nary parts of the refractive index, n k/∆ ∆ , as functions of the electric field for two MQW samples 
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1.16 μm. (Reprinted with permission from Zucker, J.E. et al., Appl. Phys. Lett., 54, 1, 10–12, 1989, 
Figure 3. Copyright 1989, American Institute of Physics.)
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Index of refraction of the crystal n  is defined as 
n r= ε . This tensor has only six independent com-
ponents [27]. The electric energy density We in 

a medium is given as 
� �

W E D
1

2
e = ⋅ . Using Equation 

14.31, this can be written as

W
n

D
n

D

n
D

n
D D

n
D D

n
D D

2
1 1

1
2

1
2

1
2

1
.

xx
x

yy
y

zz
z

yz
y z

xz
x z

xy
x y

0 e 2
2

2
2

2
2

2 2 2

ε = 





 +








+





 + 






 + 






 + 








 (14.32)

It should be noted that in Equation 14.32, 
n n1 1

xx
xx

2 2( ) ( )≠  unless the principle axes are used 
as the coordinate system. Since the left-hand side 
of Equation 14.32 is a constant, the following asso-
ciation can be made:

 x D C y D C z D C, , and ,x y z= = =

where

 C W2 .0 e= ε

With this association and using the abbreviated 
notation in which xx 1≡ , yy 2≡ , zz 1≡ , yz 4≡ , xz 5,≡  
and xy 6≡ , Equation 14.32 can be rewritten as
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In this equation, x, y, and z relate to the polariza-
tion of the optical field. For example, y z 0= = , 
means an x polarized optical field. Equation 14.33 
represents an ellipse and is known as the index 

ellipsoid or optical indicatrix. Using this equation, 
one can find the phase velocity of an optical wave 
propagating in the crystal in any arbitrary direc-
tion [27].

If an external electric field is applied to the mate-
rial, the coefficients of the index ellipsoid change. 
This external electric field is the modulating field 
and typically extends in frequency from DC to 
millimeter wave range. This change in the coeffi-
cients is equivalent to modulating the velocity of 
the optical wave and is used to modulate the opti-
cal wave. It is linearly proportional to the applied 
field; hence, the relationship between the six coeffi-
cients in Equation 14.33 and the three electric field 
components can be expressed as
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The 6 × 3 matrix multiplying the electric field vec-
tor is known as the electro-optic tensor and its 
elements rij  are known as the electro-optic coeffi-
cients. The typical magnitude of these coefficients 
is in the order of 10 m V12 1− − . With these changes, 
the index ellipsoid is written as
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Crystal symmetry imposes certain restrictions on 
the form of the index ellipsoid. Figure 14.15 shows 
the form of the electro-optic tensor for 3 m and 
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cubic crystal symmetries. More complete repre-
sentation of the electro-optic tensor for other crys-
tal symmetries can be found in Reference [28].

14.7  SPECIFIC EXAMPLES OF 
DIFFERENT MODULATOR 
TECHNOLOGIES

14.7.1  EA modulators

14.7.1.1  LUMPED EA MODULATORS

Earlier it was shown that in a QW, it is possible to 
modulate the absorption very strongly with exter-
nal fields around a narrow wavelength range due 
to QCSE. If such QWs are embedded in an opti-
cal waveguide, the insertion loss of this waveguide 
can be modulated by applying an electric field and 
changing the absorption of the QWs through the 
QCSE [29]. Figure 14.16 shows such a modula-
tor [1,30]. Typically, MQWs are used to increase 
absorption and are embedded in the i region of 
a reverse biased p-i-n diode. The typical thick-
ness of the i region, di, is in the 0.1–0.5 μm range. 
Therefore, it is possible to apply very strong elec-
tric fields with a few volts of reverse bias. In this 
case, the well and barrier material are InGaAs and 
InAlAs, respectively. The index of refraction of 
the top p and bottom n-InAlAs is lower than that 
of MQW. This forms a slab waveguide. By deeply 
etching this slab waveguide, a channel optical 
guide is formed. Waveguide widths are in the order 
of 1–3 μm and the etch depths are about 1–2 μm. 
Typical device lengths are in the 50–300 μm range. 
Ohmic contacts are formed at the top and bottom. 

Etched areas underneath the bonding pads are 
filled with a low dielectric constant polyimide to 
reduce device capacitance. Since only the absorp-
tion modulation is utilized, optical waveguide need 
not be of single mode. Therefore, the profile of the 
optical waveguide can be optimized for improved 
coupling with the incoming fiber mode. However, 
critical control of the composition and thickness of 
the epitaxial layers are required.

The transmission through such a modulator as 
a function of applied voltage can be expressed as

 T V T V L( ) exp ( ) ,0 [ ]= −Γα  (14.36)

where Γ is the overlap between the optical mode 
and the MQW, α(V) is the absorption coefficient as 
a function of applied voltage V, L is the length, and 
T0 is the coupling coefficient between the fiber and 
the optical waveguide. The on/off ratio of an EA 
modulator in dB can be expressed as
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Optical propagation loss of EA modulators is 
large, typically in the 15–20 dB/mm range. The 
main components of this loss are the FC absorp-
tion, especially in the p layers, and band-to-band 
absorption, both described in earlier sections. The 
second loss component can be made smaller by 
increasing the separation between the wavelength 
of operation and the absorption peak, which is 
called detuning. Typical detuning values are about 
20–50 nm. Typical /∆α α values are in the 3–10 
range. Large on/off ratio devices can be obtained 
using long devices, but these also increase the 
insertion loss. For the typical EA modulator 
lengths in the 50–300 μm range, propagation loss 
is 1–3 dB. Therefore, to get large extinction ratios 
with low device insertion loss, /∆α α should be 
maximized. Furthermore, efficient modulation 
requires a large v/∆α ∆  or d E(1/ )( / )i ∆α ∆ , where E 
is the applied electric field. In other words, large 
Stark shifts are required. For low bias voltages, the 
shift in the ground state energy E∆ i  of a particle 
in a QW is proportional to the fourth power of the 
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Figure 14.15 Electro-optic tensor (a) for 3m crys-
tal symmetry, and (b) for cubic crystal symmetry.
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well width as shown in Equation 14.26 [19]. Hence, 
wide QWs are desired for efficient operation.

For fiber optic communication applications, 
the desired wavelength is around 1.55 μm. This 
requires alloys of InP and GaAs as active material 
grown on InP substrates. Quaternary alloys such 
as InGaAsP and InGaAlAs can be grown lattice 
matched to InP; this makes it possible to change 
the bandgap energy and well thickness indepen-
dently [31,32]. Thick QWs up to 12 nm have been 
reported in InGaAsP/ InGaAsP MQW resulting 
in drive voltages as low as 1.2 V [31]. Similarly, 
InGaAlAs/InAlAs MQWs with well widths as 
large as 19.6 nm yielded very low voltage EA mod-
ulators at 1.55 μm, requiring about 1 V for 10 dB 
on/off ratio [33]. Larger electron confinement 
due to increased conduction band discontinuity 
in this material system makes such wells compa-
rable to narrower wells in the InGaAsP system. 
It is possible to obtain similar results using lat-
tice matched InGaAs ternary QWs. However, as 
the wells get thicker, the absorption edge shifts 
to longer wavelengths and operation around 1.55 
μm becomes difficult. This difficulty in the ter-
nary material can be eliminated by using tensile 
strained QW [18]. A commonly used material 
design consists of a 0.6 μm n-InAlAs buffer, an 

undoped strained MQW absorption layer, a 2 μm 
p-InAlAs cladding layer, and a p+-InGaAs contact 
layer [34]. The strained MQW layer contains ten 
8.8 nm In0.48Ga0.52As wells and 5 nm In0.53Al0.47As 
barriers. The wells are under 0.35% tensile strain 
and the barriers are under 0.5% compressive 
strain. The strain in the barriers is used for strain 
compensation. Proper amounts of alternating 
compressive and tensile strain can make the total 
strain in the MQW near zero, allowing large peri-
ods of strained MQW without exceeding the criti-
cal layer thickness. Fiber-to-fiber insertion loss of 
a typical high-speed EA modulator as a function 
of external bias at different wavelengths is shown 
in Figure 14.17 [34]. QCSE is most pronounced for 
photon energies near the bandgap of the mate-
rial and shows strong wavelength dependence 
as seen in Figure 14.17. At shorter wavelengths, 
modulation becomes more efficient, but inser-
tion loss also increases. EA modulators are very 
short devices and, hence have small device capaci-
tance. Therefore, when driven as a lumped circuit 
element, their speed of operation will be limited 
by the RC time constant of the circuit. Therefore, 
reducing the capacitance by shortening the device 
increases the speed of operation. Typically, a 2.5 
μm wide and 150 μm long device has a capacitance 
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Bonding pad

p+-InGaAs

P-InAlAs

n-InAlAs

i-MQW

Polymide

n-InP

n-electrode

AR coat

Figure 14.16 Schematic of an MQW EA modulator. (Ido, T. et al., IEEE Photon. Technol. Lett., Figure 1. 
©1994 IEEE.)
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of about 0.33 pF, which is low enough for 20 GHz 
bandwidth when driven by a 50  Ω source with 
a 50 Ω terminating resistance across the device. 
Higher bandwidths are possible using a lower 
terminating resistance. This reduces the RC time 
constant, and hence increases the bandwidth at 
the expense of modulation efficiency. Electrical 
3 dB bandwidths approaching 60 GHz have been 
reported for lumped devices [34–37]. High-speed 
operation requires not only a short device but also 
good impedance matching and proper microwave 
packaging. Although unpackaged devices demon-
strated very high-speed operation, it was difficult 
to duplicate these results in packaged modules. 
The main source of the difficulty was cleaving and 
packaging devices as short as 50 μm. One solution 
to this difficulty is to integrate passive input and 
output waveguides to a very short EA section [34]. 
This requires etching of the MQW region outside 
the EA modulator section and regrowing low loss 
passive waveguide sections. This technique was 
used to obtain overall device lengths of 1 mm, 
with EA modulator sections as short as 50 μm. 
The measured frequency response of such a 1.55 
μm modulator is illustrated in Figure 14.18, which 
shows a 3 dB electrical bandwidth of 50 GHz. At 
1.3 μm, bandwidths as large as 38 GHz have been 
demonstrated [38].

In an unstrained material, QCSE is polar-
ization dependent. However, using strain com-
pensated QWs can significantly reduce the 
polarization dependence [18,39,40]. The most com-
mon approach is to use about 0.5% tensile strained 
InGaAs wells and about 0.5% compressive strained 
InAlAs barriers [34,39].

14.7.1.2  TRAVELING WAVE EA MODULATORS

One of the emerging directions in EA device 
research is to reduce the drive voltage and increase 
the bandwidth. Lumped device performance 
seems to be saturated around 2 V drive voltage and 
50 GHz bandwidth. The main reasons for this are 
the conflicting requirements on the length of the 
device. Low drive voltages require longer devices 
yet wide bandwidths require shorter devices. One 
way to address this problem is to design the device 
as a traveling wave modulator. As described ear-
lier for a traveling wave device, the RC time con-
stant is not the bandwidth limit and the device 
can be made longer without sacrificing bandwidth. 
However, the special structure of an EA modula-
tor presents interesting issues. First, the optical 
propagation loss of an EA device is rather high. 
Therefore, increasing the length over even a few 
hundred microns introduces excessive loss. Large 
device capacitance per unit length also makes it 
difficult to make a 50 Ω transmission line with 
matched velocity. Since the device is rather short, 
velocity matching is not an issue up to frequen-
cies well into the sub- millimeter-wave range. The 
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bandwidth is typically limited by the microwave 
loss [41]. For traveling wave EA (TW-EA) modu-
lator electrodes, measured microwave loss coef-
ficients of about 60–80 dB/cm at 40 GHz were 
reported [41]. This excessive loss is due to heavily 
doped layers inside the device and is another fac-
tor limiting the length of the device. Characteristic 
impedance values are about 25 Ω [41,42]. However, 
designing the device as part of a 25 Ω transmission 
line makes longer devices possible and packag-
ing easier. Recently, a 200 μm long TW-EA device 
with a bandwidth over 54 GHz [43] and a 300 μm 
long device with a bandwidth of 25 GHz [42] were 
reported. Both devices were polarization insensi-
tive and operated at 1.55 μm. For 20 dB on/off ratio, 
the drive voltage of the 200 and 300 μm devices 
were 3 and 1.9 V, respectively.

14.7.2  LiNbO3 modulators

Among all external modulators, LiNbO3 trav-
eling wave modulators have the most mature 
technology. Such modulators are commercially 
available from several manufacturers and are 
used in many commercial applications. LiNbO3 
is a ferroelectric crystal that is readily available 
commercially.

A schematic of a typical LiNbO3 phase modu-
lator is shown in Figure 14.19. On the surface, 
there are two electrodes across which the modu-
lating voltage is applied. An optical waveguide is 
also formed in the crystal. The most common way 
of fabricating optical waveguides in LiNbO3 is Ti 
indiffusion. Typically, Ti stripes of about 3–8 μm 
wide and about 0.1 μm thick are patterned on the 
surface of LiNbO3 using the lift-off process. These 
Ti stripes are subsequently driven into LiNbO3 at 
around 1000°C for about 10 h in an oxygen atmo-
sphere. The resulting Ti diffusion profile translates 
itself into a higher index of refraction and optical 

guiding results. The index steps generated this 
way are in the order of 0.01, and typical optical 
propagation loss coefficients are less than 0.2 dB/
cm. Furthermore, the optical modes in such wave-
guides match rather well with the mode of a single-
mode optical fiber. As a result, 5 dB fiber-to-fiber 
insertion is quite common for LiNbO3 traveling 
wave modulators with 5 cm long electrodes. Other 
techniques of fabricating optical waveguides in 
LiNbO3 include ion exchange, proton exchange, 
and Ni diffusion. The effect used for modulation 
is the linear electro-optic effect and its specifics for 
LiNbO3 are described next.

14.7.2.1  ELECTRO-OPTIC EFFECT IN LINBO3

LiNbO3 has 3 m crystal symmetry. When an 
external modulating field is applied to LiNbO3, 
its index ellipsoid is perturbed and observing 
Equations 14.34, 14.35 and Figure 14.15, it can be 
expressed as
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where no and ne are known as the ordinary and 
extraordinary indices of refraction, respectively. 
Their values are n 2.21e =  and n 2.3o = . The electro-
optic coefficients are given as = × −r 3.4 10 m/V,22

12  
r 8.6 10 m/V13

12= × − , r 30.8 10 m/V33
12= × − , and 

r 28 10 m/V51
12= × − . In this case, depending on the 

direction of the modulating electric field, different 
possibilities exist. For example, if the modulating 
field is z directed and E E 0x y= = , Equation 14.38 
reduces to
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Figure 14.19 The most commonly used LiNbO3 
modulator configurations using (a) an x-cut and 
(b) a z-cut crystal.



478 Optical modulators

In this case, the index ellipsoid remains diagonal. 
The index of refraction for an optical wave polarized 
in the z direction and propagating in either the x or 
y direction can be found using Equation 14.39 as
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Since r33 is the largest electro-optic coefficient, this 
arrangement generates the largest index change, 
while keeping the index ellipsoid diagonal. For this 
reason, a z-directed modulating field, modulating a 
z polarized optical wave is the most commonly used 
arrangement for LiNbO3 electro-optic modulators.

The two most commonly used configurations 
taking advantage of this arrangement are shown in 
Figure 14.19. For x-cut crystals, the optical wave-
guide is in the y crystal orientation. A horizontal 
electric field parallel to the surface of the crystal, 
i.e., an electric field along the z-axis is utilized. This 
configuration modulates the TE polarized optical 
mode, in which the main electric field component 
of the optical waveguide mode is parallel to the sur-
face of the crystal, i.e., it is along the z-axis of the 
crystal. For z-cut crystals, an electric field vertical 
to the surface of the crystal is used. Optical wave-
guides are along the y-axis of the crystal as shown 
in Figure 14.19. This field modulates the TM polar-
ized optical mode most efficiently. For TM modes, 
the main electric field component of the optical 
waveguide mode is also perpendicular to the sur-
face of the crystal, i.e., it is along the z-axis of the 
crystal. For both configurations, the modulating 
external field and the main electric field compo-
nent of the optical mode are parallel to each other 
and to the z-axis of the crystal. In z-cut crystals, a 
low index buffer layer, such as SiO2, is usually used 
under the electrode. This buffer layer is used to iso-
late the optical mode from the metal electrode in 
order to keep the optical propagation loss low.

The presence of the applied electric field modi-
fies the index of the material as described earlier. 
This in turn modifies the propagation constant of 
the optical mode. Since the effect is very small, this 

perturbation can be found using a perturbation 
analysis. The result is [12]

 
n n n S

2
with d ,zeff eff

2∫∫∆β = π
λ

∆ ∆ = ∆ ϒ

where ϒ is the normalized electric field of the opti-
cal mode. The integration is carried out over the 
entire optical mode. Substituting the value of nz∆  
derived in Equation 14.40, we obtain
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Multiplying and dividing this equation by v g , 
where v is the applied voltage and g is the electrode 
gap, we obtain

 
n r n

v

g

g

v
E dS r n

v

g

1

2

1

2
.zeff 33 e

3
2

33 e
3∫∫∆ = ϒ






= Γ

 (14.42)

Γ is known as the overlap integral and is expressed as
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Γ is proportional to the overlap of the magnitude 
squared normalized optical mode electric field and 
the normalized z component of the applied modu-
lating field. With this definition, we can express 
the K coefficients defined in Equations 14.11 and 
14.13 as
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Therefore, the Vπ of a push–pull driven LiNbO3 
directional coupler modulator is given as
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Similarly, that of a push–pull driven LiNbO3 
Mach–Zehnder modulator is
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Obviously in order to have a low drive voltage, a 
large electro-optic coefficient, a large index of 
refraction, a large overlap integral, a long elec-
trode length, and a small electrode gap are desired. 
A simple back of the envelope calculation indi-
cates that unless L is very long, it is not possible 
to achieve low drive voltage modulators. However, 
long electrode length necessitates a traveling wave 
configuration as described earlier. For this reason, 
all practical LiNbO3 electro-optic modulators are 
traveling wave modulators. Such modulators are 
described in the next section.

14.7.2.2  TRAVELING WAVE LINBO3 
ELECTRO-OPTIC MODULATORS

A schematic of a typical LiNbO3 traveling wave 
modulator is shown in Figure 14.20 [44]. The opti-
cal structure is a Mach–Zehnder interferometer. 
The electrode length is in the order of centime-
ters; hence, velocity matching is essential in such 
a modulator.

The dielectric constant of LiNbO3 shows a large 
amount of dispersion going from microwave to 
optical frequencies due to large ionic contribution 
to its dielectric constant. For z-cut crystals, the 
microwave relative dielectric constants of LiNbO3 
parallel and perpendicular to the crystal are εry = 43 
and εrz = 28, respectively. For a transmission line 
running along the y direction, one can define an 
effective relative dielectric constant under quasi-
static approximation as [45]

 ,r ry rzeffε = ε ε  (14.47)

which is around 35. The most commonly used 
electrode for such modulators is the coplanar 

transmission line (CPW). The effective microwave 
index of a CPW on LiNbO3 with zero conductor 
thickness and air as the top dielectric is [46]
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This value is larger than 4. On the other hand, the 
commonly assumed effective index of an optical 
mode in a Ti indiffused LiNbO3 optical waveguide 
is 2.15. As a result, an electrical signal applied to 
the electrode will travel significantly slower than 
the optical wave. Therefore, velocity matching in 
LiNbO3 modulators requires increasing the veloc-
ity of propagation of the microwave electrode.

The most common way of achieving this is to 
use a SiO2 buffer layer under the electrode and to 
increase the thickness of the conductors. The char-
acteristic impedance, Z0, and the velocity of propa-
gation, vμ, of a transmission line are given as
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(14.49)

where l and C are the inductance and capacitance 
per unit length of the transmission line, respec-
tively. Under quasi-static approximation, l is found 
using the exact same line geometry in which the 
dielectrics are replaced by air. Since electro-optic 
materials used are nonmagnetic, l of this air line is 
the same as the l of the original line. But the capac-
itance per unit length of the air line, Ca, is different. 
Such a line with uniform air dielectric supports a 
TEM mode with the velocity of propagation the 
same as the speed of light in air, c. Hence
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Figure 14.20 (a) Top view and (b) cross-sectional schematics of a z-cut y propagating LiNbO3 traveling 
wave modulator. (Gopalakrishnan, G.K. et al., J. Lightwave Technol., Figure 1. ©1994 IEEE.)
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Combining these equations together, we find that
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The relative dielectric constant of SiO2 is 3.9, which 
allows filling part of the transmission line with a 
low index medium. This in turn reduces C; hence, 
vμ and Z0 are increased. Placing a dielectric like 
SiO2 under the metal electrode also helps to reduce 
the overlap of the optical mode with the metal elec-
trode as described earlier. This helps to reduce the 
optical propagation loss significantly especially for 
z-cut devices. However, thick SiO2 layers are not 
desirable since part of the electrode voltage that 
drops across this layer reduces the electric field 
intensity in LiNbO3 and hence, the modulation 
efficiency of the device. Typical SiO2 layer thick-
ness is about 1 μm. The additional velocity increase 
is typically achieved by increasing the conduc-
tor thickness. Increasing the conductor thickness 
increases the electric field strength in the slots 
between the conductors. This in turn increases Ca; 
hence, vμ increases and Z0 decreases. Typical con-
ductor thicknesses range from 10 to 20 μm. For 
such thick electrodes, the slope of the sidewalls 
starts to affect the electrode characteristics [44]. 
Although it is possible to achieve velocity matching 
this way, the undesirable side effect is the reduction 
in the characteristic impedance of the electrode. It 
is possible to adjust the gap and the width of the 
center conductor of the CPW to match vμ and Z0 

simultaneously, but this requires rather narrow 
gap and width values [47]. As a result, microwave 
electrode loss increases and becomes the limiting 
factor for the bandwidth. This difficulty was solved 
by introducing the ridge structure [48].

Figure 14.21 illustrates the basic idea behind 
this approach [48]. Compared to the conventional 
modulator, the ridge removes the high microwave 
dielectric constant LiNbO3 between the conduc-
tors. As a result, C reduces and both vμ and Z0 
are increased simultaneously. This allows velocity 
matching without sacrificing impedance match-
ing. Furthermore, a high dielectric constant in the 
ridge helps to confine the electric field lines under 
the electrode so that the field becomes almost ver-
tical under the electrode. As a result, the desired 
vertical component of the electric field overlaps 
better with the optical mode improving the effi-
ciency of the modulator. This is especially true for 
z-cut devices. Detailed analysis of this modulator 
geometry is reported in Reference [49].

Traveling wave LiNbO3 modulators with 
very wide bandwidths have been demonstrated. 
Frequency dependence of the modulation response 
of a modulator fabricated using the ridge structure 
is shown in Figure 14.22.

For this modulator, tb = 1.0 μm, ridge height, 
tr = 4.0 μm, tm = 20 μm, L = 2 cm, W = 8 μm, and 
G = 25 μm. The measured electrical and optical 
bandwidths are 75 and 110 GHz, respectively and 
Vπ is 5.1 V [50]. If the length of the same device 
is increased to 3 cm, Vπ decreases to 3.5 V but the 
electrical and optical bandwidths also decrease 
to 30 and 45 GHz, respectively. Recently, care-
ful loss measurements up to 110 GHz revealed 
that up to 20 GHz loss is dominated by conductor 
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Figure 14.21 Cross-sectional schematic and potential distribution around the center conductor of (a) 
a conventional modulator and (b) a ridge structure. (Noguchi, K. et al., IEEE Photon. Technol. Lett., 
Figure 3. ©1993 IEEE.)
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losses [51]. Above 20 GHz, dielectric and radiation 
losses become important. The SiO2 buffer layer 
is found to have a loss tangent four times higher 
than that of the LiNbO3 substrate [51]. Therefore, 
the quality of this buffer layer needs to be carefully 
controlled. Another loss component is the cou-
pling-to-substrate modes in a CPW structure [52]. 
The usual technique to eliminate this loss is to thin 
the LiNbO3 substrate. Typical substrate thickness 
used is less than 0.5 mm. The thinner the substrate, 
the higher the frequency at which this coupling 
occurs. Moreover, keeping a large part of the sub-
strate covered with metal helps to eliminate this 
coupling. CPW electrodes provide an advantage in 
this regard. In the measurements in Reference [51], 
several narrowband electrode loss increases at 85, 

95, and 105 GHz were reported. This observation 
was attributed to coupling-to-substrate modes in 
the electrical connectors.

The recent results in the bandwidth of LiNbO3 
modulators are impressive. However, drive volt-
ages required to drive such modulators at high 
frequencies are still high. Present day electronics 
is expected to generate about 3.5 V drive voltages 
at 40 GHz and even less at higher frequencies. This 
means the drive voltages of existing modulators 
need to be reduced even further. One obvious way 
to reduce drive voltages is to increase the electrode 
length. In a recent work, a reflection type traveling 
wave modulator was reported [53]. This approach 
reflects the electrical and optical signals from the 
cleaved and polished edge of the substrate. The 
reflection doubles the interaction length with the 
electrode. For an electrode and interaction length 
of 5.3 and 10.6 cm, respectively, Vπ was 0.89 V at 
1.3 μm.

Another approach is to use a thin film of 
LiNbO3 on a low dielectric constant material. 
Figure 14.23a shows the cross-sectional profile of 
such a modulator [54]. A thin film LiNbO3 of thick-
ness TLN is attached to a LiNbO3 substrate using a 
low dielectric constant adhesive of thickness Tad. 
Both the LiNbO3 substrate and thin film are x-cut. 
Figure 14.23b shows the scanning electron micro-
scope (SEM) image of the fabricated structure.

The presence of a low dielectric constant layer 
reduces the capacitance of the CPW electrode, 
which allows the reduction of the electrode gap, G. 
This in turn reduces Vπ. Tad was set at 50 μm. 
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Figure 14.22 Modulation response as a function 
of frequency for a broadband LiNbO3 travel-
ing wave modulator employing ridge structure. 
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The  variation of the VπL product, characteristic 
impedance, and TLN required for velocity matching 
for three different metal electrode thickness values 
are shown in Figure 14.24.

As expected, as G decreases, VπL decreases. 
However, small gaps increase electrode capacitance 
and thin film thickness should be reduced to remove 
the high dielectric constant LiNbO3 and reduce 
electrode capacitance to the value required for 
velocity matching. Hence, G was chosen as 25 μm, 
which requires about 7 μm thick thin film for 20 μm 
thick metal. This yields a VπL product of 7.7 V cm 
and Vπ becomes 1.7 V for a 4.4 cm long electrode. Z0 
is 40 Ω, which is acceptable in a 50 Ω system. The 
fabricated device with W = 35 μm had Vπ of 1.8 V. 
The reflection coefficient of the electrode was less 

than −10 dB up to 50 GHz and the 3 dB electrical-
to-optical bandwidth is given as 25 GHz. The device 
was successfully used for 40 Gb/s transmission.

In this case, a thin film was obtained using 
precise polishing and lapping; its thickness was 
7.1 ± 0.25 μm over a 3″ wafer. Thin LiNbO3 films 
can also be manufactured based on ion slicing. 
This approach uses two LiNbO3 wafers. One of 
them is ion implanted with either hydrogen or 
helium. The depth of penetration depends on ion 
energy. These are the lightest ions possible and can 
penetrate into LiNbO3 an appreciable distance at 
high ion energies. Significant damage results at a 
depth where ions finally stop due to nuclear inter-
actions with LiNbO3 ions. A SiO2 layer is deposited 
on the other LiNbO3 wafer. Then, the implanted 
and SiO2 covered wafers are bonded to each other. 
This is followed by thermal treatment. During this 
thermal treatment, a thin single crystal LiNbO3 
layer above the damaged region in the implanted 
wafer splits off. Therefore, a thin single crys-
tal LiNbO3 layer on SiO2 on a LiNbO3 wafer like 
the one shown in Figure 14.23a is formed. At this 
point, further annealing is used to strengthen the 
bonding. Finally, a chemical mechanical polish is 
used to obtain a smooth surface. However, in this 
approach, thickness of the single crystal LiNbO3 
layer is limited to about 700 nm due to limited ion 
penetration depth.

Yet another approach to integrate LiNbO3 with 
other materials is to bond other materials directly 
on to a LiNbO3 substrate [55]. In one example, a 
silicon layer on silicon on insulator (SOI) wafer 
is bonded to LiNbO3. This is followed by remov-
ing the silicon substrate and SiO2 layers of the SOI 
wafer as shown in Figure 14.25. Then, an optical 
waveguide is formed in the silicon and modulator 
electrodes are formed on LiNbO3.

The optical wave in the silicon waveguide pen-
etrates into the LiNbO3 lower cladding and experi-
ences the index change produced in LiNbO3. This 
generates modulation and the approach results in 
Mach–Zehnder intensity modulators with a 26 V cm 
VπL product at a wavelength of 3.39 μm [55]. The 
propagation loss of such silicon on LiNbO3 wave-
guides were given as 2.5 dB/cm. Using this approach, 
other materials can be bonded on LiNbO3 possibly 
providing optical gain or sources. The drawback is 
reduced optical mode overlap with LiNbO3 due to 
high index contrast between silicon and LiNbO3 
and limited wafer size of LiNbO3 substrates.
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LiNbO3 is susceptible to what is known as pho-
torefractive effect [56]. Under optical illumination, 
electrons from ionized impurity centers (typically 
Fe2+) are excited to the conduction band. Then, 
they move around until they are recaptured by 
traps. This creates charge separation, which cre-
ates large electric fields inside the material. These 
electric fields change the index through the elec-
tro-optic effect. Propagation loss also changes. 
This is a time-dependent process depending on the 
charge dynamics and changes in the illumination 
levels. The effect is most significant at wavelengths 
shorter than about 870 nm [57] and becomes less 
of an issue at infrared wavelengths like 1.55 μm 
for typical power levels used in communication 
applications. It is shown that photorefractive sen-
sitivity of Ti indiffused LiNbO3 modulators can 
be reduced significantly using high temperature 
O2 anneals [58]. Annealed modulators were oper-
ated at 1.3 μm at input optical powers as high as 
400 mW up to 168 h with only a 3.5° drift in the 
modulator bias point. There was no measurable 
change in the bias point at 100 mW. It is also shown 
that annealing at high temperatures in N2 and Ar 
ambience increases the sensitivity to the photore-
fractive effect significantly [58].

Bias stability of modern day LiNbO3 devices is 
very good. They can operate at constant bias for 
thousands of hours under the control of automatic 
biasing circuitry. However, when bias voltages 
change suddenly, bias drifts with time constants 
from hours to many days may be observed. The 
major source of bias point drift is attributed to flow 
and redistribution of electrical charge under the 
application of applied voltages. The conductivity 

of SiO2 buffer and LiNbO3 are very high but finite. 
Usually, a certain amount of low mobility charge 
exists in these materials at their interface or on their 
surface. These charges could be process related or 
can be generated with optical or thermal excitation 
during the operation of the device. When voltages 
are applied to the electrodes, the charge starts to 
move and modify the electric field applied to the 
optical guides. As a result, modulation character-
istics change. This behavior can be modeled using 
an electrical network approach [59]. Each layer in 
the device can modeled by an equivalent resistance 
representing the flow of charge through it and each 
interface can modeled by a capacitance represent-
ing the potential for charge storage. Such models 
are able to describe experimental observations 
successfully [59]. The usual method of preventing 
such drift involves controlling the resistivity of the 
buffer, matching it to the resistivity of waveguide 
layers, and modifying the LiNbO3 surface before 
depositing the buffer layer.

The electro-optic effect in LiNbO3 depends on 
the polarization of light; high-speed modulators 
are polarization dependent. However, polarization-
independent LiNbO3 have been demonstrated. They 
usually take advantage of the anisotropic electro-
optic tensor of LiNbO3. One approach relies on TE/
TM mode coupling via off diagonal elements of the 
electro-optic tensor [60]. In another approach, a Δβ 
coupler is used [61]. There have been other novel 
approaches using crossing waveguides and specially 
designed directional couplers [62,63]. Digital  optical 
switches can also be used as polarization- independent 
modulators [64]. Polarization-independent modula-
tors usually require special crystal cuts and electrode 
geometries. As a result, the electro-optic coefficient 
used is not the largest, and the electrode is not suit-
able for high-speed operation. This makes the effi-
ciency and speed of such devices low.

14.7.3  III–V compound 
semiconductor electro-optic 
modulators

14.7.3.1  ELECTRO-OPTIC EFFECT IN III–V 
COMPOUND SEMICONDUCTORS

III–V compound semiconductors such as GaAs, 
InP, and their alloys have excellent optical proper-
ties due to their direct and tunable bandgap and are 
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materials of choice in many opto-electronic com-
ponents such as lasers and detectors. They also lack 
inversion symmetry and possess an electro-optic 
coefficient. It is also possible to utilize the other 
electro-optic effects described earlier if the wave-
length of operation is close to the material bandgap. 
As a result, they are also used in modulator appli-
cations. The most commonly used optical struc-
ture is a Mach–Zehnder interferometer. There are 
many different ways of making optical waveguides 
in III–V compound semiconductors. It is possible 
to adjust the index of refraction of these materials 
by controlling the composition of their alloys. For 
example, increasing Al composition x in AlxGa1-

xAs compound semiconductor decreases its index 
of refraction. Furthermore, AlxGa1-xAs is lattice 
matched to GaAs for all x values. By growing such 
layers epitaxially using techniques such as molecu-
lar beam epitaxy (MBE) or metal organic chemical 
vapor deposition (MOCVD), it is possible to sand-
wich a higher index material between two lower 
index materials. This forms a slab waveguide and 
provides waveguiding in the vertical direction. The 
most common approach to provide lateral wave-
guiding is to etch a rib and form what is known as 
a rib waveguide. The effective index under the rib is 
higher than the effective index outside the rib in the 
etched regions. This provides a lateral index step 
and a two-dimensional waveguide is formed. There 
are many other ways to provide waveguiding that 
include proton implantation, buried heterostruc-
tures, pn junctions, and disordering. However, rib 
waveguides are almost the universal choice since 
vertical and lateral index profiles and dimensions 
can be independently and precisely controlled. 
Typical rib widths are in the 2–4 μm range and rib 
heights are typically less than 1 μm.

III–V compound semiconductors have a  or zinc 
blende crystal structure. When an external mod-
ulating field is applied, the index ellipsoid is per-
turbed and using Equations 14.34 and 14.35 and 
Figure 14.15, it can be expressed as
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The refractive index value for compound semicon-
ductors is around 3.5 at 1.55 μm. This value can be 
adjusted over a wide range by changing the com-
position of the material. The electro-optic coef-
ficient is given as r 1.4 10 m/V41

12= × −  [65]. In this 
case, depending on the direction of the modulat-
ing electric field, different possibilities exist. For 
example, if the modulating field is z directed and 
E E 0x y= = , Equation 14.52 reduces to
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 (14.53)

In this case, the index ellipsoid is no longer diago-
nal. It can be diagonalized using a simple coordi-
nate transformation in the xy plane as shown in 
Figure 14.26. The new x y′ ′ axes are simply rotated 45° 
with respect to the xy  axes. In the new x y z, ,′ ′  coor-
dinate system, the index ellipsoid can be written as
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 (14.54)

In this case, there is no index change for an opti-
cal wave polarized in the z direction. The index of 
refraction for an optical wave polarized in the x ′ 
direction and propagating in the y ′ direction can 
be found using Equation 14.54 as

n n n
r E n n
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hence
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Similarly, the index of refraction for an optical 
wave polarized in the y ′ direction and propagating 
in the x ′ direction can be found as

 
n r n E

1

2
.y z41

3∆ = −′
 

(14.56)

In practice, the z-axis is along the 001 crystal plane. 
Then, the x -′  and y -′  axes are along the 110 and 110 
crystal axis. Therefore, in such a material, a ver-
tically applied electric field in the 001 direction 
increases the index of refraction by nx∆ ′ in the 110 
direction and decreases by ny∆ ′ in the 110 direc-
tion. In other words, the index increases along one 
of the two mutually orthogonal directions paral-
lel to the surface of the crystal. It decreases by the 
same amount in the other orthogonal direction. 
These directions correspond to the cleavage planes 
of the 001 oriented material. No index change is 
observed in the 001 direction, which implies that 
a vertically applied electric field to an 001 oriented 
crystal will only modulate the TE mode of the opti-
cal waveguide in which the main electric field com-
ponent of the optical mode is either in the 110 or 

110 directions; in other words, it is tangential to 
the surface. No modulation will result for the TM 
mode, which has its main electric field component 
in the 001 direction, i.e., normal to the surface of 
the crystal. The electro-optic coefficient in com-
pound semiconductors is about 20 times less than 
that of LiNbO3; however, the net index change for a 
given electric field is only about five times less due 
to higher index of refraction of the semiconduc-
tor. It is possible to enhance this index modulation 
using other physical effects described earlier.

14.7.3.2  LUMPED III–V COMPOUND 
SEMICONDUCTOR MODULATORS

Electric fields that exist in the depletion regions of 
either pn junctions or Schottky barriers are used 
to modify the index of compound semiconductors. 
Figure 14.27 shows a phase modulator using the 
electric field in the reverse biased pn junction of a 
GaAs/AlGaAs bulk heterostructure.

The high index GaAs layer of thickness d in 
between two lower index AlGaAs layers provides 
vertical waveguiding. For lateral confinement, 
etching the layers outside the rib of width w forms 
a rib waveguide. Ohmic contacts are formed at the 
top p+-GaAs contact layer and at the backside of 
the n+-substrate. A dielectric isolation layer, such 
as SiO2, covers the sidewalls and the etched regions. 
By reverse biasing the pn junction, a large electric 
field is generated in the depletion region. Typically, 
the core of the waveguide—in this case, the GaAs 
layer—is undoped. Hence, a fairly constant elec-
tric field is generated across the core of the wave-
guide. This electric field generates an index change 
through the electro-optic effects described earlier. 
These are the linear electro-optic effect, electro-
refractive effect, plasma effect, and band-filling 
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Figure 14.26 The axes of the index ellipsoid for 
a III–V compound semiconductor in the case of 
a z-directed external electric field. The dielectric 
tensor is diagonal in x , y , z and ′ ′ ′x y z, ,  coordi-
nate systems in the absence and the presence of 
the electric field, respectively. TE1, TE2, and TM 
show the direction of the main optical field of the 
two orthogonal TE and TM modes, respectively.
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Figure 14.27 Schematic of a III–V compound 
semiconductor waveguide phase modulator.
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effects. QWs instead of bulk material are also used 
to enhance the electro-refractive effect. We can 
express the resulting effective index change using 
Equations 14.29, 14.42, and 14.55 as
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In Equation 14.57, it is assumed that the linear elec-
tro-optic and electro-refractive effects are the dom-
inant effects. The basic phase modulator shown in 
Figure 14.27 can easily be extended into an ampli-
tude modulator using either a Mach–Zehnder or 
directional coupler design. The presence of doped 
layers may increase the optical insertion loss. One 
of the doped layers can be eliminated by replacing 
one side of the junction with a Schottky barrier. As 
a matter of fact, totally undoped material can be 
used if we replace both doped layers with Schottky 
barriers. One such modulator was fabricated using 
substrate removal [66]. The top and cross-sectional 
schematic of a substrate-removed modulator is 
shown in Figure 14.28.

In this case, an undoped GaAs/AlGaAs epi-
layer grown on a GaAs substrate is etched to form 
rib waveguides. An AlAs etch stop layer is also 
grown between the substrate and the epilayer. 
Then, a Schottky barrier is formed on top of the 
rib. Next, the entire wafer is glued onto a transfer 
substrate using a polymer bonding layer. In this 
case, the polymer is benzocyclobutene (BCB). 
After this bonding, the growth substrate is 

etched away. The substrate etch stops on the AlAs 
etch stop layer. Next, the etch stop layer is also 
etched away. This exposes the backside of the epi-
layer. Another Schottky electrode is formed on 
the backside. Hence, in between two electrodes 
on either side of the epilayer, two back-to-back 
Schottky diodes are formed. A voltage applied to 
the electrodes reverse biases one of the Schottky 
diodes and the electric field formed in its deple-
tion region generates index changes. The thin 
undoped GaAs/AlGaAs layers self-deplete due 
to Fermi level pinning at the surfaces and behave 
effectively as a dielectric material with electro-
optic properties. This makes the electrode gap 
the same as the thickness of the epilayer, which 
is only 1.95 μm. Such a small gap results in low Vπ 
and can be kept very uniform since it is obtained 
by epitaxial growth rather than by lithography. 
Another big advantage of such a design is the 
ability to bias both arms of the interferometer 
independently. As a result, true push–pull opera-
tion is possible. This creates a zero-chirp modu-
lator. Using appropriate bias on both arms, any 
amount of chirp can be obtained. The modula-
tor reported in Reference [66] had a Vπ of 3.7 for 
a 1 cm long electrode when driven push–pull as 
shown in Figure 14.29a. Phase modulators fabri-
cated using the same technology also validated 
this result. Phase modulators combined with 
facet reflections form Fabry–Perot resonators.

Transmission through such a resonator is 
shown in Figure 14.29b. Fringe visibility of this 
measurement also gives the on chip propagation 
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Figure 14.28 (a) Top schematic of the device reported in [66] and (b) the cross-sectional schematic 
of the optical waveguide along A–A′. (Shin, J.H. et al., IEEE Photonics Technol. Lett., Figure 1. ©2006 
IEEE.)
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loss. In this case, the experimentally determined 
value is 2.9 dB/cm.

This approach can be further refined to reduce 
Vπ significantly. One approach is to increase ver-
tical confinement and decrease the electrode gap. 
Figure 14.30 shows a phase modulator in a sub-
strate removed waveguide [67,68]. This waveguide 
is formed by removing a GaAs epilayer from its 
growth substrate and gluing it on top of a transfer 
substrate using BCB, very much like the example 

described earlier. In this case, GaAs epilayer is only 
0.3 μm thick. This figure also shows the intensity 
contours of the optical mode. As seen, the mode 
can be confined very tightly in the vertical direc-
tion due to very high index steps. However, electro-
optical modulation requires external electrodes to 
apply the modulating electric field. Usually, this is 
achieved using metal electrodes, but in the phase 
modulator shown in Figure 14.30, this approach 
is not acceptable. Even though the vertical optical 
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Figure 14.29 (a) Measured transfer function of the modulator shown in Figure 14.28. The curve fit 
to the well-known Mach–Zehnder transfer function is also shown. (b) Measurement and fit of the 
Fabry–Perot transmission as a function of the applied voltage for a phase modulator. For both cases, 
the electrode length and the total device length were 1 and 1.6 cm, respectively. (Shin, J.H. et al., IEEE 
Photonics Technol. Lett., Figure 2. ©2006 IEEE.)
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waveguide with buried doped semiconductor electrodes. (b) Normalized transmission of a Mach–
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(a). (Shin, J.H. and Dagli, N., IEEE J. Sel. Top. Quantum Electron., Figure 1. © 2013 IEEE; Reprinted 
with permission from Shin, J.H. et al., Appl. Phys. Lett., 92, 201103, 2008, Figure 2. Copyright 2008 by 
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confinement is very strong, the mode still extends 
a submicron distance outside the epilayer. If metal 
electrodes are placed on both sides of the epilayer, 
the metal overlaps strongly with the optical mode 
and optical propagation loss becomes excessively 
large. This makes the waveguide unsuitable for 
any practical application. The difficulty is solved 
by using buried electrodes made out of n- and 
p-doped QWs as shown in Figure 14.30. These 
electrodes form a p-i-n diode in which the p and 
n regions are contacted on the sides of the optical 
waveguide. Under reverse bias, a very large electric 
field overlapping very well with the optical mode 
can be applied to the submicron i region. Since 
buried electrodes are contacted on the sides of the 
optical waveguide, the ohmic contacts and the con-
tact metals do not overlap with the optical mode. 
There is some FC absorption loss due to doped bur-
ied electrodes. But having FCs confined within the 
QWs reduces the overlap of the FCs with the optical 
mode; hence, it keeps the FC absorption loss mini-
mal. In this case, the electrode gap is the separation 
between the n- and p-doped QWs. This separation, 
which is the gap of the modulator electrode, can be 
made very small and uniform since it is determined 
by the material growth. In the device reported in 
Reference [68], this gap was reduced to 0.15 μm 
with low propagation loss resulting in a practical 
device. The transfer function of a Mach–Zehnder 
modulator with arms made out of the phase mod-
ulators shown in Figure 14.30a is reproduced in 
Figure 14.30b. Reported Vπ was 0.3 V for a 7-mm 
long electrode at 1.55 μm. This corresponds to a 
modulation efficiency of 0.21 V cm, which is much 
less than LiNbO3 can offer. However, coupling in 
and out of such compact waveguides is challenging.

Low loss coupling requires mode transformers. 
Since substrate is removed, mode transformation 

from the semiconductor waveguide into a much 
bigger polymer waveguide is possible [69]. The 
extinction ratio of the transfer function shown 
in Figure 14.30b is low mainly due to unmodu-
lated light trapped in BCB between the epilayer 
and the transfer substrate. Although this part is 
not a waveguide and cannot guide radiation, the 
index difference between BCB and the substrate/
epilayer is so large that leakage is not complete. 
As a result, some portion of the light that couples 
to this part emerges at the output and increases 
the off state power since it is not modulated. 
Improving coupling using mode transformers 
should improve the extinction ratio. In Reference 
[67], a thin metal layer was deposited on the sur-
face of the transfer substrate. This layer absorbed 
most of this stray light and the extinction ratio 
improved to 15 dB.

These results were obtained using bulk material. 
As discussed before, electro-optic efficiency can be 
improved further by using QWs. Therefore, efficiency 
was expected to improve on using an MQW of appro-
priate composition in the core of the waveguide. One 
such result was reported in Reference [70].

Figure 14.31 shows the top schematic and cross-
sectional schematic of one of the arms of an inten-
sity modulator made this way. This is very similar 
to the bulk GaAs/AlGaAs device described earlier. 
In this case, an InP-based material system is used 
and a p-i-n diode exists in the waveguide. The core 
of the waveguide contains n- and p-doped layers 
that act as buried electrodes and an InGaAlAs/
InAlAs MQW. Ohmic contacts are formed at these 
layers on the sides away from the optical mode. The 
epilayer exists only in areas where optical wave-
guiding is needed; it is removed elsewhere. There 
is also an isolation implant on the Y-branches. 
This isolates the arms electrically; the arms can be 
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Figure 14.31 (a) Top schematic of the fabricated Mach–Zehnder intensity modulator. (b) Cross-
sectional profile of one of the arms, which is a phase modulator. (Dogru, S. and Dagli, N., IEEE/OSA J. 
Lightwave Technol., Figure 1. ©2014 IEEE.)
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biased independently. By applying a reverse bias 
to the p-i-n diode, a very large electric field over-
lapping very well with the optical mode is gener-
ated. The electrode gap is the same as the thickness 
of the i region of the p-i-n diode, which is only 
160 nm thick and mostly consists of the MQW of 
photo luminescence (PL) peak 1.37 μm. This corre-
sponds to a detuning of 180 nm between the MQW 
PL peak and the operating wavelength. Hence, 
MWQ absorption and its contribution to propaga-
tion loss are minimized.

Figure 14.32a shows the transfer function of 
a modulator with a 3-mm long electrode for sin-
gle arm and push–pull drives. Vπ is 0.4 V under 
single arm drive and around 1.2 V reverse bias. 
It goes down to 0.2 V around 0.8 V reverse bias 
as expected. This corresponds to a modulation 
efficiency of 0.06 V cm. Figure 14.32b shows the 
current– voltage (IV) characteristics of one of 
the modulator arms of a modulator with a 3-mm 
long electrode. The insert shows the PL spectra 
of the MQW. The PL peak is at 1.37 μm. The IV 
with and without 1.55 μm radiation in the modu-
lator is shown and the expected diode behavior 
is observed. Reverse leakage current up to 2 V 
reverse bias is less than 50 μA. This indicates that 
current-related index changes do not contrib-
ute to modulation and voltages up to 1.5 V can 
be comfortably applied. The change in the cur-
rent with 1.55 μm radiation is negligible up to 
−1.5 V and increases for higher reverse bias. This 
shows the presence of photo-detected current; 
hence, absorption is very low at moderate reverse 

biases but increases at higher reverse biases due 
to QCSE.

14.7.3.3  TRAVELING WAVE III–V COMPOUND 
SEMICONDUCTOR MODULATORS

Traveling wave designs are used for high-speed 
operation. The index of bulk compound semicon-
ductors is isotropic. Furthermore, the refractive 
index variation between microwave and optical fre-
quencies is rather small. The optical index of refrac-
tion is around 3.4 and the relative dielectric constant 
at microwave frequencies is about 13, which corre-
sponds to an index of 3.6. Since it is easier to form 
electrodes on the surface of a crystal, the most com-
monly used electrode is either a coplanar waveguide 
(CPW) or a coplanar strip (CPS) structure. The opti-
cal signal is entirely confined in the semiconductor, 
which has a refractive index of about 3.4. On the 
other hand, the microwave and millimeter wave 
electric field fringes into the air and experiences an 
effective index between that of the air and the semi-
conductor. For example, for a coplanar line of zero 
conductor thickness, the effective dielectric con-
stant is the arithmetic mean of the dielectric con-
stants of the air and the semiconductor as indicated 
earlier in Equation 14.48. Therefore, the effective 
dielectric constant is around 7, which corresponds 
to a microwave index of about 2.65. Therefore, there 
is in about 38% of index mismatch between the opti-
cal and microwave signals. This requires about 23% 
velocity reduction. Therefore, in III–V compound 
semiconductors, velocity matching requires slowing 
down of the microwave signal. The most commonly 
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used technique to slow down the microwave signal 
is to use a slow wave transmission line [10,71–73]. 
Such lines are obtained by periodically loading a 
uniform transmission line. The loading element 
is typically a capacitor. This can be achieved using 
either doped or undoped epitaxial layers.

Figure 14.33 shows the schematic of a traveling 
wave Mach–Zehnder modulator using doped lay-
ers [71]. The optical structure is a Mach–Zehnder 
interferometer utilizing multimode interference 
sections at the input and output for power split-
ting and combining. GaAs/AlGaAs epitaxial layer 
is grown on a semi insulating (SI) GaAs substrate. 
Underneath the GaAs core, there is a buried n+-layer, 
which acts as a ground plane. The main electrode is 
a coplanar strip line. This electrode is periodically 
loaded by narrow and small capacitive elements. 
In Reference [71], the capacitive elements used are 
the reverse biased capacitance of a Schottky-i-n 
junction as shown in Figure 14.33. The advantage 
of this approach is that the large vertical electric 
field existing in the reverse biased Schottky-i-n 

junction can be utilized. This field overlaps very 
well with the optical mode enabling low drive volt-
ages. Furthermore, these capacitive elements do not 
carry any of the axial currents in the transmission 
line. Hence, increase in the microwave loss of the 
electrode due to loading is marginal.

Such devices with a total of 1-cm electrode 
length and loading segment lengths of 0.5, 0.6, and 
0.7 mm were fabricated and characterized [71]. DC 
Vπ values at 1.15 μm for 0.5, 0.6, and 0.7 mm seg-
ment-length electrodes were 5.7, 4.25, and 4.24 V, 
respectively. Corresponding bandwidths were 
>26.5, 25.0, and 22.5 GHz, respectively. Recently, 
such a device demonstrated an electrical 3 dB band-
width of 50 GHz and Vπ of 13 V at 1530 nm [72].

Another approach to design a GaAs traveling 
wave modulator is to use unintentionally doped 
epitaxial layers [10,74,75]. Such GaAs/AlGaAs lay-
ers self-deplete due to Fermi level pinning at the 
surface and the depletion originating at the SI 
substrate interface and behave very similar to low 
loss dielectric materials. As a result, optical and 
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Figure 14.33 Schematic of traveling wave Mach-Zehnder modulator using capacitively loaded 
 coplanar strip line. (Walker, R.G., Proceedings of IEEE/LEOS’95 8th Annual Meeting, Figure 1. ©1995 
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microwave losses become very low. The required 
velocity slowing can be achieved using a properly 
designed electrode. A schematic of such a device 
is shown in Figure 14.34. The waveguide used 
here is the same as the waveguide shown in Figure 
14.28b except that the metal electrode widths are 
reduced to 3 μm. 2 μm wide ribs are etched 0.65 μm 
into the top clad of a 0.75 μm Al0.9Ga0.1As/0.44 μm 
GaAs/0.75 μm Al0.9Ga0.1As epilayer. 2 μm wave-
guide width was chosen for ease of fabrication. The 
etch depth is the maximum allowable for single 
mode operation. The epilayer is removed from the 
substrate it was grown on and glued onto a trans-
fer substrate using the polymer BCB. It is undoped 
and etched away in areas where optical guiding is 
not needed. The remaining epilayer self-depletes 
and behaves as a dielectric electro-optic material 
with slight optical loss. Removing the growth sub-
strate allows the placement of metal electrodes on 
both sides of the epilayer. The overlap of the opti-
cal mode and the electrodes is negligible; the elec-
trodes do not increase the optical loss. The worst 
case of chip propagation loss was 2.9 dB/cm.

These devices had simple electrodes suitable 
for low-speed designs. Realizing the high-speed 

version of this modulator requires a traveling wave 
design due to the length of the electrode. In such 
designs, the modulator electrode is designed as a 
microwave transmission line. Such an approach is 
used in this work and schematic of the resulting 
capacitively loaded traveling wave electrode mod-
ulator is shown in Figure 14.34a. This electrode 
consists of a regular ground–signal–ground (GSG) 
coplanar transmission waveguide (CPW) loaded 
periodically with small capacitances. The loading 
capacitances are formed between the electrodes on 
the top and the bottom of the optical waveguide. 
The top and the bottom electrodes are connected 
to ground and signal lines of the CPW using short 
stems. These electrodes are called T-rails due to 
their shape. The connection is done such that mod-
ulating electric field direction reverses between the 
arms of the modulator resulting in a true push–
pull operation. If the period of loading d is such 
that the Bragg frequency of the loaded line is much 
larger than the frequency of interest, the load-
ing is mainly capacitive and the inductance per 
unit length remains unchanged. The microwave 
phase velocity and characteristic impedance of the 
capacitively loaded line are given by [76]
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where L0 and C0 are the inductance and capaci-
tance of the unloaded CPW and C∆  is the addi-
tional capacitance per arm due to loading. C∆  is a 
fraction of the capacitance between the electrodes 
sandwiching the optical waveguide C T such that 

C FC p d C/T T( )∆ = = . F p d/=  is the fill factor of 
the electrodes, i.e., the fraction of the interferom-
eter arm that is electro-optically active. As seen in 
Figure 14.34, the appropriate fill factor is achieved 
by segmenting the electrode on the waveguides. 
This segmentation also helps to keep the micro-
wave loss low since no axial currents can flow 
along the segmented T-rails. Axial currents only 
flow along the conductors of the CPW where the 
electric field and current density is low. The operat-
ing voltage of a velocity matched modulator can be 
expressed as
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where l is the electrode length, Γ is the overlap of 
the vertical electric field with the optical mode, ne 
is the effective index, r41 is the electro-optic coef-
ficient of the material, and t is the thickness of the 
epilayer. As mentioned earlier, V 0π  values as low 
as 3.7 V cm have been obtained earlier using this 
design [66].

For the waveguide shown in Figure 14.28, Γ 
improves very little for rail widths larger than 
3 μm. So, electrode width is chosen as 3 μm. The 
group velocity of the optical waveguide used is 
8.43 cm/ns at 1.55 μm. Therefore, using Equation 
14.58, a velocity matched 50 Ω electrode requires 
L 5.9 nH/cm0 =  and C C2 2.4 pF/cm0 + ∆ = . Hence, 
the unloaded line dimensions should be chosen 
such that L 5.9 nH/cm0 =  with C0 and the propaga-
tion loss as low as possible. Another constraint is 
the arm separation of the interferometer. If this is 
large, input and output Y-branches tend to be long 
and the modulator becomes long. This typically 
limits the width of the CPW signal line to less than 
50 μm. The ground conductor widths of the CPW 
were chosen as 200 μm since line properties do not 
change for larger widths. The loss coefficient of the 

unloaded CPW saturates if the gap and W product 
is larger than a few thousands of µm2. Using these 
constraints, W and the gap were chosen as 40 and 
80 μm, respectively, resulting in L 5.9 nH/cm0 =  
and C 0.73 pF/cm0 = . The required segmentation F, 
and the resultant Vπ were 0.47 and 8.4 V cm, respec-
tively. Another possible design is to have only a 
velocity matched electrode. If the electrode is ter-
minated by its characteristic impedance, there will 
be no standing wave on the electrode and band-
width will be maximized. Based on Equation 14.58, 
it can be seen that velocity matching is possible 
with larger C∆  values if L0 is reduced. This comes 
at the expense of reduced electrode impedance. 
Again, while keeping the ground signal width at 
200 μm, a range of signal line widths and gaps were 
explored and W and gap were chosen as 50 and 
20 μm, respectively, resulting in L 3.62 nH/cm0 =  
and =C 1.05 pF/cm.0  For the velocity matched con-
figuration, the segmentation F, and drive voltage 
was 0.85 and 4.6 V cm, respectively. The character-
istic impedance was 30 Ω.

The optical transfer functions of the two dif-
ferent Mach–Zehnder modulators are shown in 
Figure 14.34. The measured drive voltage for the 
velocity matched and the velocity matched 50  Ω 
designs were 5 and 10 V cm, respectively. This is 
larger than the design values of 4.6 and 8.4 V cm.

The S-parameters of the electrodes along with 
extracted electrode parameters are shown in Figure 
14.35 up to 40 GHz. In both cases, S-parameters 
show periodic oscillations due to interference aris-
ing from the reflections at both ends of the elec-
trode. In the microwave measurements, TLM 
calibration method is used and an unloaded CPW 
fabricated on a chip is used as a line. This makes 
the reference impedance level for velocity matched 
50 Ω and velocity matched only designs about 97 
and 60 Ω, respectively. That is why at frequen-
cies when s11 becomes very small due to destruc-
tive interference, the line appears to be impedance 
matched to these values. At the same time, loss 
also appears to be high. The phase velocity mainly 
depends on the period of the oscillations, is very 
smooth and does not show any dispersion. For 
both designs, the phase velocity is 9.5 cm/ns. 50 Ω 
and velocity matched designs had about 57 and 
46 Ω impedance. The higher than expected veloc-
ity and impedance values are due to the misalign-
ment of the top and bottom electrodes as explained 
before. Reduced field strength reduces the loading 
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capacitance, increasing the velocity and the imped-
ance. The microwave loss of the velocity matched 
50 Ω and velocity matched only designs at 40 GHz 
were 6 and 7 dB/cm, respectively. Loss difference 
is due to different unloaded CPW dimensions and 
impedance levels of the two different designs. The 
loss coefficient of the electrode can be approxi-
mated as

α ≈ =

+ ∆

= + ∆ = α + ∆R

Z

R
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C C
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C

C

C2
2

2

2
1

2
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0

0 0
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In the loaded line design, the electrode resistance 
per unit length changes very little between loaded 
and unloaded lines. Velocity matched only designs 
had higher 0α  due to unloaded CPW dimen-
sions and higher C C2 / 0∆  ratio due to increased 

loading. As a result, it has higher attenuation. 
Such low electrode loss indicates that both designs 
have electrical-to-electrical bandwidths of about 
40 GHz.

It is possible to improve on these results sig-
nificantly using doping and InP material system. 
This material system allows for the incorporation 
of MQWs of appropriate composition to improve 
electro-optic efficiency for 1.5 μm operation [77].

Figure 14.36 shows the modulator described 
here. It is a traveling wave electro-optic inten-
sity modulator. The optical structure is a Mach–
Zehnder interferometer, which consists of two 
Y-branches and arms made out of single-mode 
optical waveguides. Waveguides are contained 
in the epilayer, which exists only as two narrow 
stripes located within the gaps of the electrode. 
Figure 14.36 also shows the details of the optical 
waveguide used in the modulator as well as the 
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Figure 14.35 S-parameter measurements, microwave phase velocity, characteristic impedance (circle 
symbols), and microwave loss as a function of microwave frequency for the (a) velocity matched and 
(b) 50 Ω impedance design. (Shin, J.H. et al., IEEE Photonics Technol. Lett., Figure 3. ©2007 IEEE.)
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fundamental mode pattern. This is also one of 
the phase modulators used in the Mach–Zehnder 
interferometer arms. Its core is a 0.49 μm thick 
undoped MQW of 33 × 10 nm In0.53Al0.08Ga0.39As 

QWs and 32 × 5 nm In0.52Al0.48As barriers. Room 
temperature photoluminescence peak of this MQW 
stack is at 1.37 μm. This is 180 nm away from the 
operating wavelength of 1.55 μm; hence, absorp-
tion due to MQW is minimal and not a significant 
contributor to propagation loss. The MQW core is 
clad above and below with 1.2 μm thick InP layers. 
One of the InP layers is n-doped to 5 × 1017 cm−3. 
The other is undoped. Thin InAlAs layers are the 
barriers to the first and last QWs. These are thicker 
than the barriers used in the MQW stack and act 
as etch stop layers during fabrication. The design 
of the waveguide is such that the optical mode 
is entirely contained within the InP cladding 
and MQW stack. The epilayer also has p+ and n+ 
In0.53Ga0.47As layers on the undoped and n-doped 
InP claddings. Therefore, it contains a p-i-n diode 
formed by p+ In0.53Ga0.47As, the undoped InP/
MQW stack, and n InP/n+ In0.53Ga0.47As. n+ and 
p+ In0.53Ga0.47As layers are also used for low resis-
tance ohmic contact formation. In0.53Ga0.47As lay-
ers and the ohmic contacts do not overlap with the 
optical mode. Furthermore, there is no p doping 
within the waveguide. Hence, the propagation loss 
is mainly due to scattering from etched sidewalls 
and FC absorption due to n InP. Both of these loss 
components are low and experimentally measured 
optical propagation loss is about 2.5–4 dB/cm 
depending on the waveguide width. Waveguide 
width mainly affects the loss due to sidewall 
roughness scattering by changing the mode over-
lap with etched sidewalls. Width of the waveguides 
used in the modulator is 2 μm. Furthermore, the 
big size of the optical mode results in efficient cou-
pling with lensed fibers. Measured coupling loss 
on waveguides without antireflection (AR) coated 
facets is about 3–5 dB per facet depending on the 
waveguide width. Coupling loss can be reduced 
by about 3 dB per facet by using AR coating and 
simple mode transformers.

The electrode is a modified coplanar transmis-
sion line in ground–signal–ground configuration. 
The epilayer containing the waveguide is periodi-
cally implanted with boron. This implant makes 
the epilayer highly resistive and breaks the wave-
guide into sections electrically isolated from one 
another. The period of this segmentation is d and 
the length of the ohmic contacts on the electrically 
active epilayer is k. Therefore, only the k/d fraction 
of the optical waveguide contributes to modula-
tion. This ratio is defined as the fill factor.
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Figure 14.36 (a) The top and cross-sectional 
schematics of a traveling wave electro-optic 
intensity modulator. (b) Cross-sectional profile 
of the optical waveguide used in the modula-
tor. (c) Optical mode pattern of the fundamental 
mode of the waveguide. (After Dogru, S. and 
Dagli, N., Opt. Lett., 39, 20, 6074–6077, 2014. 
With permission of OSA.)



14.7 Specific examples of different modulator technologies 495

In this case, the index changes are due to FC 
depletion, linear and quadratic electro-optic (LEO) 
effects. Vπ of the interferometer of length L can be 
expressed as

 
V L

t K N t

n r RE
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N
x

N
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41 LEO QEO( )
=

λ − ∆ Γ

Γ + Γπ

Using λ = µ1.55 m, L 1 cm= , = µt 2.0 m, K NN
x∆

10 3= −  for N 10 cm17 3= −  [78], 1.5 10 ,N
2Γ = × −  

n 3.3e = , r 1.4 10 m/V41
12= × − , R 4.1 10 m /V19 2 2= × −  

[79], E 1 10 V/mB
7= × , 0.6LEOΓ =  and 0.54QEOΓ = , 

we obtain V 0.5 V=π .
The measured transfer function of a 1-cm long 

electrode device is shown in Figure 14.37 both 
under single arm and push–pull drive conditions. 
Fits to data using the well-known Mach–Zehnder 
transfer function are also shown. There is very 
little modulation up to about 4 V reverse bias. 
This is due to depletion of charge in the uninten-
tionally doped i MQW and InP layers. Once this 
charge depletes, a high electric field is set up on 
the i layers and efficient modulation starts. Based 
on curve fitting, a Vπ value of 1.6 V is obtained 
around 7 V bias and under single arm drive. This 
value reduces to 0.77 V around the same bias 
under the push–pull drive. Modulation becomes 
more efficient under increased reverse bias due to 
increased bias field. Increase bias field increases 
the effective LEO coefficient due to MQW and 
modulation becomes more efficient. However, 
peak transmission also drops. This is due to the 
quantum confined Stark effect (QCSE), which 

moves the tail of the MQW absorption to longer 
wavelengths.

The effect of increased absorption is also evi-
dent in the IV characteristics of the device shown 
in Figure 14.38. Increase in reverse current under 
higher reverse bias when there is 1.55 μm radiation 
in the device is due to photo-detected current caused 
by MQW absorption. This increases with increasing 
reverse bias due to QCSE. Around 7 V reverse bias, 
this current is less than 25 μA and the total reverse 
current is less than 50 μA. The measured small signal 
modulation response of this modulator under zero 
bias is shown in Figure 14.38. The 3 dB bandwidth 
corresponding to 3 dB reduction in electrical-to-
electrical response is 40 GHz. The 3 dB reduction in 
electrical-to-optical response, which corresponds to 
6 dB reduction in this figure is more than 67 GHz. 
This is the most commonly quoted bandwidth. Both 
measured Vπ and bandwidth values are very close to 
the design targets. These values make the reported 
device the lowest drive voltage and widest band-
width modulator ever fabricated.

It is also possible to realize this device on 
a growth substrate without substrate removal 
[80,81]. This is possible since the mode is entirely 
confined within the epilayer. Wide bandwidth 
operation requires growth on an SI substrate. One 
drawback of this approach is the inability to seg-
ment the doped contact layer at the bottom of the 
epilayer. Hence, microwave loss of the electrode 
increases since microwave currents are allowed to 
flow through this doped layer. The result is a reduc-
tion in the electrical bandwidth. Nevertheless, 
electrical bandwidths approaching 20 GHz is 
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Figure 14.37 (a) Transfer function of a 1 cm long electrode device under single arm and (b) push–pull 
drive at 1.55 μm. (Dogru, S. and Dagli, N., Opt. Lett., 39, 20, 6074–6077, 2014. With permission of 
Optical Society of America.)
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possible [82], making this device a candidate for a 
range of applications.

Polarization-independent operation of III–V 
electro-optic modulators can be achieved either by 
designing the material using appropriate amount 
of strain, or using novel device ideas. Strain may 
provide equal electro-optic coefficients for TE and 
TM modes, making the operation the same for two 
orthogonal polarizations. In bulk material, it is 
possible to get TE/TM coupling for certain applied 
field orientations. In one approach, polarization 
independence was obtained using near degenerate 
TE and TM modes and controlling the coupling 
between them [83]. In this case, electrodes were 
suitable for traveling wave operation [84]. Such a 
device has potential for broadband polarization-
independent operation.

14.7.4  Polymer modulators

Organic polymers have many attractive features for 
integrated optical applications [85]. It is possible to 
form multilayer polymer stacks by spin deposition 
and curing on a large variety of substrates or even on 
fabricated circuits [86]. They can be patterned using 
several different techniques such as photobleaching 
and reactive ion etching. Organic polymers pres-
ent good optical properties, such as low propaga-
tion loss and low index of refraction very close to 
that of the single mode fiber. They also have a low 
dielectric constant, which is important for high-
speed devices. These properties resulted in passive 
low loss polymer optical waveguides that can couple 
to single-mode optical fibers very efficiently [87,88].

Polymers can also be made electro-optic and 
used in active devices. Certain molecules known 
as chromophores possess large ground state elec-
tric dipole moments and exhibit large optical non-
linearities. These microscopic nonlinearities can 
be converted into a macroscopic nonlinearity by 
mixing chromophores with polymers and aligning 
their dipole moments. The most common method 
of doing this is to take a chromophoric polymer 
film and applying a strong electric field across it 
while keeping the film heated at a high tempera-
ture near its glass transition temperature. At such 
high temperatures, randomly aligned individual 
chromophores are able to move in the polymer and 
align themselves with the externally applied elec-
tric field due to their dipole moments. After this 
alignment, if the film is cooled to room tempera-
ture while the applied electric field is still present, 
ordering of chromophores is achieved. This creates 
a macroscopic nonlinearity that can be used for 
electro-optic modulation. The process is known as 
high-temperature poling. Poling temperatures and 
fields depend on the particular film, but are typi-
cally about 100–200°C and 100–200 V/μm.

The most common techniques of poling a poly-
mer film is either corona or electrode poling. In 
corona poling, corona discharge is used to create 
large poling fields over large areas. In electrode 
poling, one approach is to spin coat the lower clad-
ding and core on a ground electrode. Then pol-
ing electrodes are formed on top of the cladding. 
After poling, these electrodes are removed and the 
upper cladding is spin coated. Alternatively, the 
whole stack can be spin coated, followed by poling 
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electrode formation, poling and removal of poling 
electrodes. The conductivity of the upper and lower 
cladding regions of the polymer waveguide should 
be larger than the core of the waveguide for most of 
the poling voltage to drop across the electro-optic 
core and result in effective poling. Usually, the elec-
tro-optic coefficient increases linearly with poling 
field but so does the optical loss and birefringence.

After poling, electro-optic activity is observed. 
For modulating fields applied in the poling field 
direction, two different electro-optic coefficients 
are observed depending on the polarization of the 
optical mode. The coefficient for TM polarization, 
i.e., when the optical field is polarized in the modu-
lating field direction, is r33. The coefficient for TE 
polarization, i.e., when the optical field is polarized 
perpendicular to the modulating field direction is 
r13. Typically, for polymers, r33 is about three times 
larger than r13. At the present time, for most of the 
reported modulators, r33 values range between 1 
and 20 pm/V, although values as high as 67 pm/V 
have been reported [89]. The index change for an 
applied electric field is given by Equation 14.42. 
Polymer indices of refraction are around 1.6, which 
makes a polymer with r33 ≅ 12 pm/V equivalent to 
bulk GaAs as far as index change is concerned. To 
take advantage of the high r33, the modulating field 
should be applied in the poling field direction and 
the optical mode should be polarized in the same 
direction. For these considerations, the most com-
monly used electrode is a microstrip and the opti-
cal polarization is TM.

Figure 14.39 shows a traveling wave polymer 
modulator [92]. The optical structure is the Mach–
Zehnder interferometer. The optical waveguides 

were fabricated by spin coating three layers of 
polymers that act as claddings and the core of the 
optical waveguide onto a high resistivity Si wafer, 
which was coated with a patterned gold plated film. 
Exposing the polymer film to a high intensity light 
at the appropriate wavelength reduces the refrac-
tive index in the exposed areas, which is known 
as photobleaching. After poling, photobleaching 
was used to form channel optical waveguides. The 
thickness of the polymer stack was 6.5 μm. Tapered 
coplanar lines were used to couple in and out of the 
12 mm long microstrip electrode. Vπ of this modu-
lator was 10 V. Low dielectric constant and low 
dielectric constant dispersion of polymers from 
microwave to optical frequencies offer an advan-
tage in the design of traveling wave modulators. It 
is possible to get very good velocity matching using 
a microstrip electrode. For example, using a com-
monly quoted value of 1.6 for the optical index, 2.9 
for the microwave relative dielectric constant, and 
a 10 μm thick polymer stack, a 50 Ω microstrip line 
would have about 25 μm strip width and less than 
5% velocity mismatch. In the case of the modula-
tor shown in Figure 14.39, the index mismatch was 
estimated to be 0.03. The bandwidth is wider than 
40 GHz. Other polymer modulators with band-
widths wider than 40 GHz have also been reported 
[90,91]. Furthermore, polymer modulators operat-
ing at W band (75–110 GHz) have been reported 
demonstrating the intrinsic high frequency 
response of electro-optic polymers [90,91].

If corona poling or a single poling electrode is 
used, chromophores in both arms of the Mach–
Zehnder are aligned in the same direction. This 
makes it difficult to make a push–pull modulator 

2D optical
waveguide

Biasing electrode

Microstrip line

Si wafer

Ground
electrode

 K
connector

Tapered
coplanar

waveguide

Figure 14.39 Schematic view of a polymeric traveling wave modulator. (Reprinted with permission 
from Teng, C.C., Appl. Phys. Lett., 60, 1538–1540, 1992, Figure 1. Copyright 1992, American Institute 
of Physics.)
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using a single microstrip electrode and usually 
only one arm of the interferometer is phase mod-
ulated [92,93]. It is possible to use two electrodes 
driven 180° out of phase on both arms of the inter-
ferometer to get push–pull operation and halve 
the drive voltage. This requires a broadband 3 dB 
microwave hybrid and makes only halve the power 
available to each arm without considering the loss 
of the hybrid. Another way of obtaining push–
pull operation is to pole the arms of the Mach–
Zehnder in opposite directions as shown in Figure 
14.40 [94]. In this case, poling electrodes had to be 
closely spaced in order to form a 50 Ω microstrip 
line. The polymer stack is about 10 μm thick, which 
makes the required microstrip width about 30 μm, 
and implies that the separation between the arms 
of the interferometer should be less than that. 
Therefore, the poling electrodes should be less than 
30 μm apart. Since voltages approaching 1000 V 
must be applied to create poling fields in the range 
of 100 V/μm across the 10 μm film, the air break-
down between closely spaced poling electrodes 
becomes an issue. In this case, the difficulty was 
addressed by using a fused silica piece on top of the 
poling electrodes to modify the field distribution 
in the gap and the sample was placed in an inert 
gas (SF6) ambience to increase the breakdown field. 
Modulators with 2 cm long microstrip electrodes 
had Vπ values of 40 and 20 V for one arm and 
push–pull operation, respectively, at 1.3 μm [94]. 
This corresponds to an r33 value of about 7 pm/V. 
The typical loss of a pigtailed modulator was about 
12 dB. 6 dB of the loss was attributed to the on-chip 

optical loss of the 3 cm long interferometer and the 
rest was due to mode mismatch between the fiber 
and the optical waveguide. The additional process-
ing associated with poling electrode formation can 
be eliminated if device electrodes can be used as 
poling electrodes. By applying 180° out of phase 
pulsed voltages to the electrodes, it is possible to 
pole both arms of the interferometer sequentially 
[95]. In this way, the maximum voltage between 
the electrodes is reduced from 2Vp in the case of 
DC poling to Vp in the case of pulse poling, where 
Vp is the poling voltage applied across one arm of 
the interferometer. The field strength between the 
device electrodes during poling can be further 
reduced by increasing the separation between elec-
trodes. One approach uses parallel microstrip lines 
of 100 Ω characteristic impedance each [96]. In 
this way, it was possible to get a separation of 200 
μm between the arms of the interferometer.

Chromophores used in electro-optic polymers 
have certain optical transitions in the wavelength 
range used in optical applications. For example, it 
is reported that disperse red 19 (DR19) chromo-
phores have a peak absorption wavelength around 
470 nm corresponding to π − π* transition [97]. 
Therefore, any optical energy present around this 
wavelength excites the chromophore, which loses 
its orientation when it relaxes. This results in pho-
toinduced relaxation, which reduces the electro-
optic coefficient, absorption, and the optical index. 
This effect is shown to be polarization dependent 
due to the large optical dipole moment associated 
with the chromophore. At wavelengths away from 

Top MSL electrode

Cladding/waveguide
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Figure 14.40 Top and cross-sectional view of the device showing the optical push–pull operation in a 
polymer electro-optic Mach–Zehnder modulator and a single microstrip line driving circuit. The white 
and gray arrows represent poling and modulation field directions, respectively. (Wang, W. et al., IEEE 
Photonics Technol. Lett., Figure 1. ©1999 IEEE.)
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the absorption peak, this effect decreases signifi-
cantly. However, optical nonlinearity of the mate-
rial results in second harmonic generation, which 
in turn generates optical power within the absorp-
tion band even for near infrared excitations [98]. 
Typically, second harmonic generation efficiency 
in commonly used optical waveguides is very low 
due to poor phase matching. Nevertheless, this 
places an upper limit on the maximum power han-
dling capacity of the optical waveguide. For exam-
ple, at 1320 nm for 10 mW in a 10 μm2 cross-section 
waveguide, the device lifetime is estimated to be 
larger than 104 h for a 30% decay in the electro-
optic efficiency [97]. On the other hand, lifetime at 
1064 nm was estimated to be ~1 h due to 532 nm 
second harmonic [97]. Recently, double-end cross-
linked polymers were found to be stable when 
exposed to 250 mW at 1.32 μm for 1 week [99]. 
They were also found thermally stable when baked 
at 100°C in air for more than 2000 h. r33 of these 
materials are quoted to be 6 pm/V.

Long-term bias stability is another very impor-
tant concern. Polymer layers have finite conductiv-
ity that effects electrical response under DC and 
AC applied biases. This effect was studied using an 
equivalent network approach [59,100,101]. Every 
layer of the optical waveguide can be modeled as 
a parallel RC circuit. The resistance and capaci-
tance of each layer depend on its conductivity, σ, 
and dielectric constant, ε, respectively. At low fre-
quencies and low DC biases, the fraction of the 
applied voltage across the electro-optically active 
core layer depends on the relative conductivity 
of the layers. For low bias operation, conductiv-
ity of the electro-optic layer is desired to be much 
smaller than the other layers. This condition is also 
required for effective poling. However, it is shown 
that low conductivity would generate a bias drift 
that depends on the amplitude of the AC voltage 
swing. This could be a problem in practical opera-
tions requiring continuous bias point monitoring 
and adjustment. The effect has a ω−1 dependence 
and can be made zero by matching the relaxation 
constants (σ/ε) for all layers [100].

Currently, the field of electro-optic polymers is 
a very intense research area. One way forward is 
to improve material stability and the electro-optic 
properties of polymers. Another possibility seems 
to be elimination of high-temperature electric field 
poling. This would enable room temperature pro-
cessing, but requires electro-optically active, or 

ordered, material to start with. Such a material can 
be achieved by depositing the polymer film mono-
layer by monolayer using Langmuir–Blodgett films 
and relying on self-ordering of the chromophores 
in each monolayer.

14.7.5  Silicon modulators

Recently, a wide range of guided wave compo-
nents have been demonstrated in crystalline 
silicon [102]. A significant advantage of these 
 components is the possibility of integration with 
CMOS-based electronics and very large-scale 
photonic/electronic integration. This is the silicon 
photonics field that offers significant cost reduc-
tion and performance enhancement. However, it 
is not sufficient to have passive guided wave com-
ponents, such as waveguides, couplers, arrayed 
waveguide gratings, and so on. Active compo-
nents such as modulators and switches that are 
controlled by external voltages are also needed. 
Bulk crystalline silicon has inversion symme-
try and lacks electro-optic coefficient. However, 
it is possible to use other electro-optic effects to 
generate loss and index modulation in silicon. In 
particular, the Franz–Keldysh effect and carrier 
injection or depletion-related effects can be used 
[103]. The Frantz–Keldysh effect-related index 
change is about 10−5 at 1.07 μm but is too small 
at regular communication wavelengths. On the 
other hand, carrier-related index changes could 
be strong but comes with an associated absorp-
tion change. For crystalline silicon, the changes 
in the real and imaginary parts of the index 
n n jn' ''= −  at 1.55 μm are given as

( )∆ ′ µ = − × ∆ − × ∆− −n N P1.55 m 2.37 10 3.93 10 ,23 1.08 18 0.815

( )∆ ′′ µ = × ∆ + × ∆− −n N P1.55 m 4.92 10 1.96 10 .26 1.2 24 1.1

Figure 14.41 shows the real and imaginary parts 
of the silicon index due to changes in electron 
and hole concentrations at 1.55 μm. For most 
device applications, a phase change of π is neces-
sary. Carrier injection or depletion to get a π phase 
shift can be calculated using these formulas as 
L n/ 2= λ ∆ ′π . The loss change over this length in dB 
units is L n4.34 2 /( )∆α = π λ ∆ ′′π .

Hole concentration changes are more effec-
tive for index changes compared to electron 
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concentration changes. There is also an accompa-
nying significant loss change. As electron and hole 
concentration increases, index decreases and loss 
increases. Carrier concentration changes can be 
realized using a pn junction. Forward biasing the 
pn junction increases carrier injection and hence 
decrease in index is possible. Under large forward 
biases, significant carrier injection and index 
change is possible. But in this case, carrier reduc-
tion is due to electron–hole recombination and is 
limited by minority carrier lifetime to nanosec-
ond levels. It is also possible to start with heavily 
doped material and decrease the carriers through 
depletion under reverse bias. In this case, intrinsic 
response times can be of the order of sub picosec-
ond, but ultimate speed of response is limited by the 
RC time constant of the pn junction. Modulators of 
both types have been realized. For depletion-type 
modulators, pn junction can be fabricated verti-
cally or horizontally as shown in Figure 14.42.

This figure also shows the most commonly 
used silicon waveguide. In this case, silicon is on 
1–2 μm thick SiO2. Typical silicon thickness is in 
the 220–240 nm range to keep the waveguide sin-
gle mode in the vertical direction. The rib wave-
guide etch is typically kept shallow (70–90 nm) to 

reduce the scattering loss due to etched sidewalls 
and the waveguide width is around 0.5 μm. Hence, 
the width-to-height ratio is about 2. For either 
junction type in this waveguide to get the larg-
est effective index change, overlap of the optical 
mode with the depletion region should be maxi-
mized. This overlap can be increased by increasing 
the mode confinement. For the typical SOI wave-
guide, the index difference is much higher in the 
vertical direction. Therefore, mode confinement is 
stronger in this direction, which makes the overlap 
of the optical mode with the depletion layer of a 
vertical pn junction higher. The ratio of the over-
lap factors for the vertical and horizontal pn junc-
tions is about the width to height ratio or a factor 
of 2. Therefore, it is possible to get a factor of two 
higher effective index change in the vertical junc-
tion. Lateral confinement can also be increased by 
etching the rib deeper but this increases scattering 
loss as well as the resistance of the p and n layers. 
Ultimately, careful optimization of doping profiles 
and levels is needed [104]. Both types of junctions 
were used in Mach–Zehnder type of intensity mod-
ulators. Horizontal pn junctions are more suitable 
for guided wave types of modulators where ohmic 
contacts to p and n regions can be made on both 
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Figure 14.42 Horizontal and vertical pn junctions for carrier depletion type of modulators.
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sides of the waveguide away from the optical mode. 
Vertical pn junctions are usually used in microdisk 
modulators that allow an ohmic contact to the top 
doped layer in the middle of the disk where there 
is negligible optical field. In both cases, modulator 
performance optimization requires the optimiza-
tion of the junction geometry.

For the horizontal type pn junctions used in 
guide wave modulators, this is done in Reference 
[105] considering several different junction geom-
etries. Table 14.1 shows the different phase shifter 
configurations considered.

In configurations B and C, the waveguide 
is p-doped and p concentration is significantly 
lower than n concentration. Hence, under reverse 
bias, the depletion region extends mainly into the 
waveguide. The junction lies inside the rib wave-
guide in type A. Phase shifters of type D consists 
of a higher doped 60 nm wide stripe inside the 
low p-doped waveguide to provide enhancement 
in efficiency. Type E refers to a similar configu-
ration where a 100 nm pn-doped stripe is imple-
mented in the center of the rib waveguide for 
higher modal overlap. In this case, the waveguide 
is broader and shallow-etched for minimization 
of absorption losses.

Figure 14.43 illustrates the important character-
istic curves of the phase shifters. In Figure 14.43b, 
the absorption losses are shown including linear 
waveguide loss as a function of applied reverse 
bias. For the phase shifters type A, B, C, and D, the 
linear waveguide loss was set to the typical value of 

2.0 dB/cm. On the other hand, the broader, shallow 
etched waveguides used for type E typically exhibit 
less linear loss of 0.5 dB/cm. Since the modulator 
structures are usually several mm long, it is very 
critical for the phase shifter to introduce as low 
absorption losses as possible. In Figure 14.43a, the 
VπL product calculated from the voltage required 
for π phase change is shown. For pn-type phase 
shifters, the trade-off between FC absorption and 
VπL product is obvious. Loss and VπL product show 
opposite trends as a function of applied voltage. 
Type A is commonly used and has low VπL prod-
uct but high loss. For these types of modulators, 
a typical drive voltage length product is in the 1.5 
–3 V cm range [104,106]. This may suggest a 1.5 Vπ 
device with 1-cm long electrode but the optical loss 
due to undepleted doped layers is in the 10–15 dB/
cm range. This makes a low Vπ device unpracti-
cal. Reducing the electrode length reduces loss at 
the expense of Vπ. Such devices have been demon-
strated and can be practical in application when a 
low on/off ratio is sufficient. A 1–3 dB extinction 
ratio can be achieved by applying only a fraction 
of Vπ, which can be supplied from a CMOS cir-
cuitry that can be integrated with such a modula-
tor. Type E analyzed in Table 14.1 looks promising. 
This design has a heavily doped pn junction stripe 
in the middle of the rib for higher confinement. 
The background doping is kept low to minimize 
absorption losses. The waveguide is also shallow 
etched to minimize the linear loss. This design can 
provide a 1.5 Vπ device having a 1 cm long electrode 

Table 14.1 Different phase shifter configurations considered for phase shifter optimization in 
horizontal pn junctions
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with about 5 dB loss. However, the fabrication of 
such a doping profile is challenging.

A modulator containing type B phase shifter 
was reported in Reference [107] using a self-aligned 
pn junction approach. Accurately positioning the 
junction using a self-aligned fabrication process 
has significant advantages. It reduces performance 
variations caused by process tolerances. This in turn 
increases device yield, which reduces the chip cost. 
Furthermore, older generation fabrication tools 
with lower alignment accuracy can be used provid-
ing further cost reduction. Basic fabrication steps 
outlining this approach are shown in Figure 14.44. 
The active waveguide region is first doped p-type 
by implanting boron ions through a photoresist 
mask. Next, a silicon dioxide layer is then deposited 
and patterned. This patterned layer is used first as 
a hard mask to etch the optical waveguides. After 
etching the waveguides, another photoresist pattern 
is formed. This combined with the silicon dioxide 
layer acts as a mask for the subsequent phospho-
rus implant. It is followed by a boron implantation 
through another photoresist mask and the wave-
guide shown in Figure 14.45 results.

The waveguide height and width are 220 and 400 
nm, respectively. The slab height is 100 nm. The sepa-
rations between the highly doped regions and the 
waveguide edge are 500 and 450 nm for n+ and p+, 
respectively. Holes are etched through a 1 μm thick 
silicon dioxide top cladding layer down to the highly 
doped regions to form ohmic contacts. Coplanar 
waveguide electrodes are used to drive the device 

at high speed. An electrode thickness of 1.3 μm is 
selected to reduce electrode loss and allow for an 
increased electrode bandwidth. In this design, the pn 
junction will always be at the waveguide edge. Hence, 
there is no need for very high alignment accuracy. 
The position of the pn junction requires that the dop-
ing concentrations should be arranged such that the 
depletion extends mainly under the rib under reverse 
bias conditions. This can be achieved by making the n 
concentration larger than the p concentration. In the 
device reported in Reference [107], p and n concen-
trations were 3 × 1017 and 1.5 × 1018 cm−3, respectively, 
making it equivalent to the type B device shown in 
Table 14.1.

The modulation efficiency for an Mach Zehnder 
modulator (MZM) fabricated this way with 3.5 mm 
phase shifters is measured to be approximately 
2.7 V cm. Propagation loss is given as 4 dB/mm. VπL 
product matches well with the result of the analy-
sis given in Figure 14.43a, but loss value is signifi-
cantly higher than what is shown in Figure 14.43b. 
This again shows the difficulty of getting a low Vπ 
with low loss. High-speed performance has been 
analyzed by applying a 40 Gbit/s electrical pseudo 
random bit sequence (PRBS) data stream amplified 
to 6.5 V peak-to-peak to the device. This resulted 
in open eyes with a10 dB extinction ratio. Electrical 
bandwidth of such Mach–Zehnder modulators can 
be improved using a traveling wave electrode [106].

Compact and lower drive voltage modulators can 
be fabricated using ring resonators. It is possible to 
tune the bandstop resonance and quality factor of a 

Type A
Type B
Type C
Type D
Type E

Type A
Type B
Type C
Type D
Type E

Reverse bias voltage (V) Reverse bias voltage (V)

Lo
ss

(d
B/

cm
)

Loss/2

2
0

1

2

3

4

5

(a) (b)

4 6 8 10 2 4 6 8 10
0

5

10

15
V

 π
 L

(V
 c

m
)
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function of applied reverse bias. (Petousi, D. et al., J. Lightwave Technol. ©2013 IEEE.)



14.7 Specific examples of different modulator technologies 503

Boron implant

Buried oxide

Buried oxide Buried oxide

Buried oxide

Sillcon
overlayer

SiO2 mask SiO2 mask

SiO2 mask

Silicon
overlayer

Photo
resist

P type

P type

P type

P type

Photo resist

Phosphorus implant

n type

Figure 14.44 Basic steps of the self-aligned fabrication process to form the type B phase shifter given 
in Table 14.1. (Thomson, D. J. et al., IEEE J. Sel. Top. Quantum Electron. ©2013 IEEE.)

Signal

Buried oxide

Ground
Top cladding oxide

P+
nn+ P

Figure 14.45 Resulting phase shifter following the process shown in Figure 14.44. This is the type B 
phase shifter given in Table 14.1. (Thomson, D. J. et al., IEEE J. Sel. Top. Quantum Electron. ©2013 IEEE.)

Drop

Input

�ru

Ground

Groundl line
Signal

4µm
p

(a) (b)

n

n+p+

4µm

Si-micro disk

Si-Bus

Si-Bus

Signal line

Tungsten
via

Figure 14.46 (a) Schematic of a silicon disk resonator modulator containing a vertical pn junction. 
(b) Scanning electron microscope of the fabricated device. (Watts, M.R. et al., Opt. Express, 19, 22, 
21989–22003, 2011. With permission of Optical Society of America.)



504 Optical modulators

single disk or ring resonator resonances by changing 
the index and loss of the ring or disk. An example of 
such a device is shown in Figure 14.46. The micro-
disk contains vertical pn junction formed using mul-
tiple implants [108]. In this case, the optical mode is 
contained along the outer perimeter of the disk.

This allows making ohmic contacts within the 
disk as shown in Figure 14.46. Furthermore, the 
disk is deeply etched, which permits very low disk 
diameter without significant radiation loss. In this 
case, disk diameter is only 4 μm, which results in 
a very compact device. Under a reverse bias, deple-
tion of the pn junction in the ring creates index 
and loss change due to extension of the depletion 
region. These changes change the resonant fre-
quency and quality factor of the disk resonances. 
This effect is shown in Figure 14.47.

This figure shows the calculated and measured 
transmission spectra of the device shown in Figure 
14.46 and described in Reference [108]. As the 
applied voltage increases, the depletion layer of the 
vertical pn junction widens and more carriers are 
swept out in the disk. The associated index change 
increases the effective index of the disk mode and 
shifts the resonance frequency to lower frequen-
cies. Higher voltages mean more depletion, car-
riers sweep out, and there is more index change 
resulting in more resonant frequency shift. At 
the same time, due to carrier depletion, propaga-
tion loss decreases and quality factor of the reso-
nances improves. This is observed as sharpening 
of resonances. In this case, a resonant frequency 

shift of 21 GHz is observed under a 3.5 V reverse 
bias. Figure 14.47a shows that operating at the fre-
quency corresponding to 0 frequency shift at 0 V 
and applying a 3.5 V reverse bias, it is possible to get 
an on/off or extinction ratio of 5 dB with a 1.8 dB 
additional insertion loss. Such performance could 
be sufficient for short reach applications such as 
optical interconnects. Measurement results shown 
in Figure 14.47b match closely with calculations. 
This modulator was used in a 10 Gb/s NRZ trans-
mission experiment with a 1.8 V swing and low bit 
error rate was demonstrated [108]. The bandwidth 
of such resonators is limited extrinsically by the RC 
time constant and intrinsically by the resonance 
built-up times. A combination of these two effects 
usually limits the bandwidth to around 25 GHz. 
The biggest drawback of this approach is the lim-
ited optical bandwidth of the modulator and sensi-
tivity of the resonance frequency to external effects 
such as temperature and frequency fluctuations as 
well as fabrication tolerances. These arise due to 
the resonant nature of these modulators. As a mat-
ter of fact, such microdisks or rings are efficient 
sensors. In order to utilize these devices in real-life 
applications, some tuning mechanism is needed. 
This is typically achieved using thermal tuning 
[109]. In a recent demonstration, compensation for 
thermal drift of 7.5°C with low additional energy 
consumption was reported [109]. This is one area 
that requires further work to make these devices 
viable in applications that use large numbers of res-
onators operating at large number of wavelengths.
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14.7.6  Graphene modulators

Graphene, a recently discovered new material, is an 
example of new two-dimensional materials suitable 
for modulator applications. It is a 0.34 nm thick 
monoatomic sheet of carbon atoms arranged in a 
hexagonal lattice [110]. It can be deposited or trans-
ferred on a wide range of substrates making its inte-
gration possible on different material platforms. 
One of the very important attributes of graphene 
is its very high and tunable conductivity. This tun-
ing can be achieved either through doping or mov-
ing the Fermi level, Ef , using external gate voltages. 
Tunable conductivity also makes the dielectric con-
stant and index of refraction of graphene tunable. 
Therefore, it is possible to generate both phase shifts 
and absorption changes in graphene electrically, 
which is the basis of optical modulation. Figure 
14.48 shows the energy band diagram of graphene.

Graphene does not have a bandgap and the dis-
persion diagram is linear over the typical energy 
ranges used in practice. In pristine graphene, the 
Fermi level Ef  is at Dirac point. This point is usu-
ally taken as the reference point for Ef . It is possible 
to move Ef  up or down by applying external elec-
tric fields. This changes the carrier concentration 
and conductivity. A theoretical analysis describes 
the graphene conductivity due to intraband and 
interband transitions as [111]
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where f E 1/ e 1E E kT
d

/f( )( ) = +( )−  is the Fermi func-
tion and τ is a broadening term. In the following 
calculations, � / 5 meVτ = . Using these equations, 
conductivity of the graphene can be determined. 
This allows us to calculate the dielectric constant 
of graphene as ε( ) ( )ε ω = − σ ω ω δE j E, 1 , /f f 0 , 
where 3.4 10 m10δ = × −  is the thickness of a mono-
layer of graphene. The results of a numerical cal-
culation showing the variation of the conductivity 
and dielectric constant of graphene as a function 
of Ef  is shown in Figure 14.49. This calculation is 
done at λ = µ1.55 m corresponding to a photon 
energy of 0.81 eV. Since E E, ,f f( ) ( )ε ω = ε ω −  and 

E E, ,f f( ) ( )σ ω = σ ω − , the exact same behavior is 
obtained for negative Ef  values. In other words, 
it does not matter if Ef  moves up or down in the 
band diagram. It is observed that around 0.4 eV 
where E hf2 ,f ≈  there are very strong conductiv-
ity and dielectric constant changes. Magnitude of 
the imaginary part of the dielectric constant that 
accounts for material loss decreases very rapidly. 
This is due to blocking of the interband absorp-
tion as shown in Figure 14.48. For E hf2 ,f >  there 
is low residual absorption due to intraband pro-
cesses; hence, the imaginary part of the dielectric 
constant remains low and changes very little. But 
the real part that accounts for the index of the 
material keeps changing significantly. It should 
be noted that both the absorption and index 
changes are very high; indeed, much higher than 
the commonly used materials such as semiconduc-
tors, polymers, and ferroelectrics. This presents a 
unique opportunity for device applications that 
are described in the next section. Changing Ef  also 
changes the charge, n Es f( ), and electric field, ε, on 
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the graphene. These can be calculated using the 
following formulas:
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Here, D E( ) is the density of states of the gra-
phene, v F is the Fermi velocity in graphene, and 

dε  is the dielectric constant of the dielectric  on 
graphene. In the calculations, v F is taken as 
106 m/s. Variations of surface charge density and 
electric field on graphene for different dielectrics 
are shown in Figure 14.50.

Electric field decreases as the dielectric con-
stant of the dielectric increases. At the desired E ,f  
the electric field should be less than the break-
down field, εbd, of the dielectric used. It is well 
known that high dielectric constant materials 
have lower breakdown fields. This in turn trans-
lates to lower operating voltage. For example, in 
Figure 14.50, 7.5rdε =  corresponds to Si3N4 with a 
ε =11 MV/cmbd . Therefore, Ef  can be moved com-
fortably by 0.7 eV or more for Si3N4. On the other 
hand, 100rdε =  corresponds to sputtered BaTi3O4 
with ε = 0.8 MV/cmbd . Therefore, in this mate-
rial, somewhat less Ef  change can be achieved. 
However, based on Figure 14.49, changes up to 
E 0.6 eVf =  seems to be sufficient to observe very 
large loss and index changes in graphene. Hence, 
it is possible to use a wide range of dielectrics in 
combination with graphene.
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Figure 14.50 (a) Surface charge density and (b) electric field on graphene as a function of Fermi level 
for three different dielectrics.
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14.7.6.1  UTILIZATION OF GRAPHENE IN 
DEVICE APPLICATIONS

Although there is a large publication body on the-
oretical graphene modulators, so far very limited 
experimental demonstration of graphene modula-
tors of any kind has been reported [112,113].

Figure 14.51 shows one example [112]. A 50 nm 
thick Si layer was used to connect a 250 nm thick Si 
waveguide and one gold electrode. Both the silicon 
layer and the waveguide were doped with boron to 
reduce the sheet resistance. A spacer of 7 nm thick 
Al2O3 was then uniformly deposited on the sur-
face of the waveguide by atomic layer deposition. 
A graphene sheet grown by chemical vapor deposi-
tion was then transferred onto the Si waveguide. To 
further reduce the access resistance of the device, 
the counter electrode was extended toward the bus 
waveguide by depositing a platinum (10 nm) film 
on top of the graphene layer. The distance between 
the platinum electrode and the waveguide was kept 
at 500 nm, so that the optical modes of the wave-
guide do not overlap with the platinum contact. 
Excess graphene was removed by oxygen plasma, 
leaving graphene only on top of the waveguide and 
between the waveguide and the platinum electrode.

The cross-sectional view of the device struc-
ture and the optical field distribution of the guided 
mode are also shown in Figure 14.51. Graphene 
only interacts with the tangential (in-plane) electric 

field of electromagnetic waves; the graphene mod-
ulator is polarization sensitive, as are conventional 
semiconductor-based electro-optical modulators.

Figure 14.52 displays the waveguide transmis-
sion of 1.53 μm at different drive voltages, VD. At 
low drive voltage ( V1 V 3.8 VD− ≤ ≤ ), the Fermi 
level E VF D( ) of graphene is close to the Dirac point 
(E V hf / 2F D 0( ) < ), and interband transitions occur 
when electrons are excited by the incoming photons 
(hf 0). The optical absorption of graphene is deter-
mined by the position of the Fermi level. By apply-
ing a drive voltage between the graphene and the 
waveguide, the Fermi level of the graphene is tuned 
and the total transmission is modulated. With the 
current waveguide design, the modulation depth is 
as high as 0.1 dB per μm, resulting in a graphene 
EA modulator with a footprint of merely 25 μm2. At 
large negative VD ( 1 V),< −  the Fermi level is lowered 
below the transition threshold E V hf( ) / 2F D 0( )=  
due to positive charge accumulation. As a result, 
there are no electrons available for interband tran-
sitions, and hence, the graphene appears transpar-
ent. On the other hand, at large positive VD ( 3.8 V> ), 
all electron states are filled up, and no interband 
transitions are allowed. Ideally, there should be a 
sharp change in transmission at E V hf / 2.F D 0( ) =  
In reality, this transition was broadened due to 
defects in the graphene, and shifted to higher volt-
age owing to natural doping from the substrate.
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Figure 14.51 Three-dimensional schematic, cross-sections and pictures of the modulator. (Reprinted 
by permission from Macmillan Publishers Ltd. Nature, Liu, M. et al., Nature, vol. 474, pp. 64–67, copy-
right 2011.)
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14.8  SUMMARY

Optical modulators are key components for fiber 
optic networks. This chapter described the basic 
modulator specifications, phase and different 
types of amplitude modulators, as well as physical 
effects used in modulators. In addition, examples 
from different competing modulator technologies 
were given. Of these, electro-absorption modula-
tors offer compact size, low drive voltage, and high 
bandwidth. However, modulation characteristics 
depend critically on wavelength and temperature. 
Furthermore, material preparation requires critical 
layer thickness and composition control. Lumped 
EA modulator modules with electrical band-
widths approaching 60 GHz and drive voltages 
around 2 V for 20 dB extinction have been dem-
onstrated at 1.55 μm. Their fiber-to-fiber insertion 
loss is around 10 dB and polarization-independent 
operation has been achieved. Drive voltage and 

bandwidth can be improved further using TW-EA 
modulator approach. LiNbO3 has the most mature 
technology. LiNbO3 traveling wave modulators 
are commonly used in industrial applications. 
They have higher drive voltages, which requires a 
modulator driver. Such modulators with electri-
cal bandwidths as high as 75 GHz and Vπ around 
5 V have been demonstrated. Their fiber-to-fiber 
insertion loss is around 5 dB. Further Vπ reduction 
is being pursued using thin LiNbO3 films on dif-
ferent substrates. III–V compound semiconductor 
electro-optic modulators offer excellent bandwidth 
and drive voltages at the expense of higher inser-
tion loss Electrical bandwidths exceeding 67 GHz 
have been realized. Vπ values as low as 0.2 V were 
demonstrated. Wide bandwidth modulators with 
0.77 V Vπ and bandwidths exceeding 67 GHz 
were demonstrated. However, these devices have 
fiber-to-fiber insertion loss in the 10–15 dB range. 
Efforts to reduce the fiber-to-fiber insertion 
using novel processing techniques are under way. 
Polymers offer the promise of low cost technology 
and presently, are an active research area. High-
speed capability of electro-optic polymers has been 
demonstrated. Polymer modulators with electrical 
bandwidths exceeding 40 GHz have been reported. 
Vπ values are around 10 V and fiber-to-fiber inser-
tion loss is about 10 dB. Silicon modulators provide 
a significant advantage in integration especially 
with CMOS and could be useful in short range 
applications such as optical interconnects. Newly 
emerging material systems such as graphene offer 
significant potential along with significant chal-
lenges. In all technologies, drive voltage reduction 
while improving the speed of operation remains a 
challenge.
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15.1  BACKGROUND

From the first demonstrations of optical commu-
nication systems, a primary drive in the research 
activity has been directed towards constant increase 
in system capacity. Over the past 25 years, it has been 
an alternating activity to overcome the fundamental 
fiber limitations of either attenuation or dispersion, 
and on the basis of the limiting term of the trans-
mission link, systems have been denoted as either 
loss limited or dispersion limited. In the mid-1980s 
the international development had reached a state at 
which not only dispersion-shifted fibers were avail-
able but also spectrally pure signal sources emerged. 
The long-haul optical communication systems were, 
therefore, clearly loss limited and their problems 
had to be overcome by periodic regeneration of the 

optical signals at repeaters applying conversion to 
an intermediate electrical signal, which was a com-
plex technology with lack of flexibility.

The technological challenge was to develop a 
practical way of obtaining the needed gain, that is, to 
develop relatively simple and flexible optical amplifi-
ers, which would be superior to the electrical regener-
ators. Several means of doing this had been suggested 
in the 1960s and 1970s, including direct use of the 
transmission fiber as amplifying medium through 
nonlinear effects [1], semiconductor amplifiers with 
common technical basis in the components used 
for signal sources [2], or doping optical waveguides 
with an active material (rare-earth (RE) ions) that 
could provide the gain [3]. First, however, with the 
pronounced technological need for optical ampli-
fiers and the spectacular results on erbium-doped 
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fiber amplifiers (EDFAs) [4], an intense worldwide 
research activity on optical amplifiers was initiated. 
This resulted in the appearance of commercially 
available packaged EDFA modules in 1990.

EDFAs operate at signal wavelengths around 
1550 nm, i.e., in the so-called third optical trans-
mission window of silica fibers used in telecommu-
nication systems. With the availability of efficient 
optical amplifiers in this wavelength region, 
which allowed for cost-effective transmission of 
optical signals (almost independent of modu-
lation format and bit-rate), the development of 
multi-channel—wavelength-division-multiplexed 
(WDM)— systems became possible and a very 
rapid development of improved amplifier technol-
ogies has followed over the past 10 years. EDFAs 
have truly revolutionized optical telecommuni-
cations. By contrast, other optical amplification 
technologies such as Raman amplification, semi-
conductor amplifiers, planar amplifiers, and vari-
ous RE-doped amplifiers for different wavelength 
regimes have yet to make a significant impact on 
deployed optical communication systems.

In this chapter, we will provide a short review 
of the general properties and limitations of opti-
cal amplifiers. Thereafter, the specific technologies 
available for the realization of optical amplifiers 
are reviewed, and their key parameters are com-
pared. However, since the area of optical amplifiers 
is extremely broad, we do not attempt to cover all 
details of the latest development; rather, a selection of 
recent research and development results will be pre-
sented. This selection includes an overall discussion 
of amplification bands, cladding-pumped amplifiers 
for high-power amplification, recent results on high-
concentration erbium doping in silica glass, and pla-
nar optical amplifiers in silica-on-silicon technology.

By and large, we restrict our discussion to 
amplifiers used in optical transmission systems. 
There are many other uses for optical amplifiers, 
in other types of system for other types of appli-
cation. While all optical amplifiers used in optical 
transmission systems are waveguiding ones (fiber 
amplifiers in particular), there are also nonguid-
ing (“bulk”) amplifiers. These are primarily used 
for high-power amplification and amplification 
of high-energy pulses. Bulk amplifiers have many 
disadvantages compared to waveguiding ones, 
including a low gain efficiency and generally a low 
gain. Furthermore, in the case of a crystalline host, 

the bandwidth is narrow. Bulk amplifiers are not 
used in optical transmission systems and will not 
be discussed here. See, for example, Reference [5] 
for further details.

15.2  GENERAL AMPLIFIER 
CONCEPTS

In this section, we discuss some basic concepts 
common to all optical amplifiers. Due to the gen-
eral nature of this first part of the chapter, this first 
part will follow the description given in Reference 
[6]

Ideally, an optical amplifier would amplify the 
signal by adding, in phase, a well-defined number 
of photons to each incident photon. This means 
that a bit sequence (or analogue optical signal) 
simply would increase its electromagnetic field 
strength, but not change its shape by passage 
through the optical amplifier. Figure 15.1 shows 
the basics of optical amplification. In a perfect 
amplifier, this process would take place indepen-
dent of the wavelength, state of polarization, inten-
sity, (bit) sequence, and optical bandwidth of the 
incident light signal, and no interaction would take 
place between signals, if more than one signal were 
amplified simultaneously. In practice, however, the 
optical gain depends not only on the wavelength of 
the incident signal, but also on the electromagnetic 
field intensity, and thus the power, at any point 
inside the amplifier. Details of wavelength and 
intensity dependence of the optical gain depend on 
the amplifying medium.

An amplifying medium needs to be pumped. 
For example, a sufficient number of erbium ions 
must be excited so that a population inversion is 
reached, otherwise the erbium ions will attenuate 

Amplifier
Signal outSignal in

Fiber

Figure 15.1 Optical amplification. In this case, 
the amplifier is fiber coupled, so that the input 
and output signals propagate in an optical fiber.
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rather than amplify the beam. All amplifiers 
described here need to be optically pumped, with 
the exception of semiconductor optical amplifi-
ers. Laser diodes are the only acceptable pump 
sources for telecom applications, because of their 
efficiency, reliability, and small size. The develop-
ment of suitable pump diodes has therefore been 
an integral part of the development of optical 
amplifiers. However, this will not be discussed 
here.

Next, some general concepts of practical opti-
cal amplifiers will be outlined. First, we consider a 
case in which the amplifying medium is modelled 
as a homogeneously broadened two-level system. 
In such a medium, the gain coefficient (i.e., the 
gain per unit length) can be written as [7]:

 
g

g

T P P
( )

1 ( ) /
.0

0
2

2
2

s sat

ω =
+ ω − ω +  
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Here g0 is the peak value of the gain coefficient 
determined by the pumping level of the amplifier, 
and ω is the optical angular frequency of the inci-
dent signal, related to its vacuum wavelength λ by 
ω = 2πc/λ. Furthermore, ω0 is the atomic transition 
angular frequency. Ps is the optical power of the sig-
nal and Psat is the saturation power, which depends 
on amplifying medium parameters such as fluores-
cence lifetime and the transition cross section at the 
signal frequency. The parameter T2 in Equation 15.1 
is normally denoted as the dipole relaxation time [7].

Two important amplifier characteristics are 
described in Equation 15.1: First, if the signal power 
ratio obeys Ps/Psat ⪡ 1 throughout the amplifier, the 
amplifier is said to be operated in the unsaturated 
region. The gain coefficient is then maximal when 
the incident angular frequency ω coincides with 
the atomic transition angular frequency ω0 The 
gain reduction for angular frequencies different 
from ω0 is generally given by a more complex func-
tion than the Lorentzian profile, but this simple 
example allows us to define the general property of 
the gain bandwidth. This is normally defined as the 
full width at half maximum (FWHM) value of the 
gain coefficient spectrum g(ω). For the Lorentzian 
spectrum, the gain bandwidth is given by Δωg = 2/
T2 (Figure 15.2).

From a communication system point of view, 
it is more natural to use the related concept of 
amplifier bandwidth (often determined by the 3 dB 

points) instead of the gain bandwidth, which is 
related to a point within the amplifying medium. 
The difference becomes clear, when we consider 
the linear gain of the amplifier G defined as

 G
P

P
s
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s
in=  (15.2)

where Ps
in  is the input power and Ps

out  is the out-
put power of a continuous wave (cw) signal being 
amplified. The amplifier gain G may be found by 
using the relation

 P

z
gP

d

d
=  (15.3)

where P(z) is the optical power at a distance z 
from the amplifier input end. If the gain coef-
ficient g(ω), for simplicity, is considered constant 
along the amplifier length, the solution of Equation 
15.3 is an exponentially growing signal power 
P z P gz( ) exp( )s

in=  For an amplifier length L, we 
then find that

 G g L( ) exp[ ( ) ].ω = ω  (15.4)

Equation 15.4 illustrates the frequency depen-
dence of the amplifier gain G, and shows that 
G(ω) decreases much faster than g(ω) with the sig-
nal detuning (ω − ω0), because of the exponential 
dependence of G on g. Having said that, in many 
cases the gain spectrum is tophat-like (e.g., super-
gaussian) rather than Lorentzian, and then, the 

–4 –2 2

0.2

2/T20.4

0.6

0.8

g / g0
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4 (ω – ω0) T2 

Figure 15.2 Lorentzian gain profile with band-
width ∆ωg = 2/T2 (FWHM, full width at half 
maximum). The unsaturated gain is shown, with 
P P .s sat�
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difference between gain bandwidth and amplifier 
bandwidth, which is smaller, is reduced. The lim-
ited amplifier bandwidth results in signal distor-
tion in the cases where a broadband optical signal 
is transmitted through the amplifier. In practical 
optical transmission systems, a very important 
consequence of a restricted bandwidth relates to 
WDM signal amplification: different signals at 
different wavelengths are amplified by different 
amounts if the amplifier bandwidth is too narrow. 
The deviation from a flat gain is referred to as gain 
ripple. The problem of gain ripple is exacerbated 
in a long-distance transmission system employing 
many cascaded amplifiers. Any systematic differ-
ences in amplification of the different channels 
then add up, leading to high requirements on gain 
flatness. To meet this requirement many amplifiers 
incorporate gain-flattening filters that equalize the 
gain over a range of wavelengths [8]. While most 
gain-flattening filters are static, dynamic ones 
have been developed for demanding applications. 
In any case, the bandwidth of optical amplifiers is 
extremely large and one of their principal attrac-
tions, maybe around 1 THz even in the simplest 
amplifier and exceeding 10 THz in state-of-the art, 
gain-flattened, ones.

Another limitation of the nonideal amplifier is 
expressed in the power dependence of the gain coef-
ficient. This property, which is known as gain satu-
ration, is included in the example of Equation 15.1, 
and it appears in all cases where the term Ps/Psat  
is non-negligible. Since the gain coefficient is 
reduced when the signal power Ps becomes com-
parable to the saturation power Psat, the amplifica-
tion factor (or amplifier gain) G will also decrease. 
This limits an amplifier’s maximum signal output 
power, known as the saturated output power. Gain 
saturation might be seen as a serious limitation for 
multi-wavelength optical communication systems. 
However, gain-saturated amplifiers have practical 
use because of their self-regulating effect on the 
signal output power in links of many concatenated 
amplifiers. Furthermore, the saturated output 
power of modern EDFAs is high enough not to be a 
practical limitation.

Besides the bandwidth and gain saturation 
limitations of practical optical amplifiers, there is 
another important limitation in practical ampli-
fied systems. Optical amplifiers, in general, will 
add spontaneously emitted or scattered photons 
to the signal during the amplification process, 

and this will consequently lead to a degrada-
tion of the signal-to-noise ratio (SNR). The SNR 
degradation is quantified through a parameter F, 
normally denoted as the amplifier noise figure, 
which is defined as the SNR ratio between input 
and output [9]:
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It should be noted that it is common practice to 
refer the SNR to the electrical power generated 
when the optical signal is converted to electrical 
current by using a photodetector. The noise figure 
as defined in Equation 15.5, therefore, in general, 
would depend on several detector parameters, 
which determine the shot noise and thermal noise 
associated with the practical detector. However, 
the influence of detector parameters will not help 
us to clarify the amplifier noise properties, and it 
is, consequently, advantageous to consider an ideal 
detector, whose performance is limited by shot 
noise only [9].

In practice, the spontaneous emission is 
reduced by optical filtering of the received signal, 
by rejecting light at frequencies away from the 
signal. Therefore, the SNR generally also will be 
dependent on the bandwidth of the optical filters 
and the spectral power distribution of the sponta-
neous emission from the amplifier. However, since 
this filtering is a process independent of the ampli-
fier properties, it is also common practice to elimi-
nate this ambiguity by considering an ideal filter 
[7]. Such an ideal filter is introduced only to allow 
the signal and the spontaneous emission within 
the signal bandwidth to pass to the detector. 
Therefore, it will only be the spontaneous emission 
spectral power density at the signal wavelength 
that enters the ideal detector, and the noise figure 
becomes independent of the spectral shape of the 
spontaneous emission. Note that since the ampli-
fier deteriorates the SNR, that is, SNRin > SNRout, 
the noise figure will always obey the relation F > 1. 
In fact, conventional, so-called phase-insensitive, 
amplifiers like the EDFA always have a noise figure 
of at least 2 (i.e., 3 dB) in the limit of high gain. This 
is known as the quantum limit. We emphasize that 
the common interpretation that the output SNR 
is always at least 3 dB worse than the input SNR 
is only correct for high-gain amplifiers when the 
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input SNR is shot-noise limited. Though the coher-
ent state emitted from an ideal laser is shot-noise 
limited, far from all input signals fulfil this. In par-
ticular, it is not true for an input signal that has 
already been amplified.

The noise contribution of an amplifier can 
also be understood as arising from a fundamen-
tally stochastic nature of the amplification process 
(stimulated emission). Absorption can also occur 
in an amplifier, again in a fundamentally sto-
chastic manner that adds to the noise. In order to 
minimize the noise contribution of an amplifier, 
one should maximize the stimulated emission to 
absorption ratio—preferably there should be no 
absorption at all.

Though the SNR at the output of the amplifier 
is degraded, the high power of the amplified signal 
means that additional noise added further down 
the transmission line will have less impact. Thus, 
the amplifier improves the SNR of the transmis-
sion line as a whole.

A phase-insensitive amplifier operates indepen-
dently of the optical phase of the signal. In con-
trast, its counterpart, the phase-sensitive amplifier, 
provides amplification that does depend on the 
phase of the signal. A phase-sensitive amplifier 
does not necessarily degrade the SNR (i.e., it can 
have a noise figure of unity) [10]. Phase-sensitive 
amplifiers are used for squeezed-state amplifica-
tion in research applications, but are not in com-
mon use because of practical difficulties.

For a practical communication system, the 
amplifier spontaneous emission may have another 
influence besides that described through the noise 
figure (i.e., besides the effect that it adds fluctua-
tions to the amplified optical signal power, which 
are converted to current fluctuations during the 
photo-detection process). This additional influ-
ence is that the spontaneous emission, which is 
emitted from the amplifier input end, may enter 
the signal source (a semiconductor laser), where it 
can result in performance disturbances. Therefore, 
it is often necessary to include isolation between 
amplifier and light source to avoid additional noise 
in the system. Therefore, it must be considered that 
the optical communication system has to be pro-
tected against undesired emission from the ampli-
fier. These may also transmit residual pump power 
onto the transmitter and/or detector. The actual 
effect of this will be strongly dependent on the 
spectral properties of the pump light and whether 

the signal source or detector is sensitive to such 
radiation.

Another property that has to be evaluated for 
the optical amplifier is the polarization sensitiv-
ity. A high polarization sensitivity means that the 
amplifier gain G differs for different polarization 
states of the input signal. Since optical communica-
tion systems normally do not include polarization 
control, and because the polarization state is likely 
to vary due to external factors such as mechanical 
pressure, acoustic waves, and temperature varia-
tions, the amplifier polarization sensitivity is an 
undesired property in most cases. Therefore, for 
amplifiers that are inherently polarization sensi-
tive, it has been a primary goal to reduce or even 
eliminate the amplifier output power variation due 
to changes in the signal input polarization state. 
Fortunately, the dominating EDFA has a negligible 
intrinsic polarization dependence of the gain.

All of the limiting properties which we have 
previously discussed are not surprisingly distinctly 
different for different types of amplifier. This is also 
the case for the crosstalk limitation that relates to 
multi-channel applications of optical amplifiers. In 
contrast to the ideal case, where all signal chan-
nels (or wavelengths) are amplified by the same 
amount, undesired nonlinear phenomena may 
introduce inter-channel crosstalk (i.e., the modu-
lation of one channel is affected or modified by the 
presence of another signal channel). We will return 
to the more specific nature of these nonlinear phe-
nomena in connection with the discussion of the 
different optical amplifiers.

Other factors such as polarization mode disper-
sion, multi-path interference, and nonlinearities 
may also degrade an amplifier.

The final limiting factors that should be men-
tioned here are closely related to the physical envi-
ronment in which the amplifier is placed. These 
may include sensitivity toward vibrations, radioac-
tive radiation, chemicals, pressure, and tempera-
ture. However, since at least amplifiers for optical 
communication systems generally are placed in 
controlled environments, we will not go further 
into a detailed discussion of such properties.

The relative importance of the different lim-
iting factors as just discussed depends on the 
actual amplifier application. One application is 
the replacement of electronic regenerators; in such 
cases the amplifiers are placed at a considerable dis-
tance from the transmitter and receiver and they 
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are denoted as in-line amplifiers (Figure 15.3a). The 
optical amplifier may also be used to increase the 
transmitter power by placing an amplifier just after 
the transmitter (Figure 15.3b). Such amplifiers are 
called power amplifiers, or boosters, because their 
main purpose is to boost the transmitted power. 
Long-distance systems may also be improved by 
the inclusion of the so-called preamplifiers, which 
are placed just before the receiver (Figure 15.3b). 
Effectively, they improve the sensitivity of the 
receiver, so that lower-power signals can be detected, 
thus increasing the distance over which a signal can 
be transmitted. Furthermore, optical amplifiers can 

be used in local area networks in which they can 
compensate for distribution losses (Figure 15.3c). 
Thereby, the number of nodes in the networks may 
be increased. Amplifiers can also compensate for 
the loss of various components, thus enabling the 
use of lossy optical components such as optical 
add–drop multiplexers and switches (Figure 15.3d).

It is interesting to note that the most important 
parameter of an amplifier, its gain, is not a limit-
ing factor, at least not for EDFAs in optical com-
munication systems. They can easily reach a gain 
of 10,000 (40 dB). However, because of noise limits 
and nonlinear limits in the transmission system, 
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Figure 15.3 Amplification of optical signals with erbium-doped fiber amplifiers (EDFAs) in various 
optical transmission fibers. (a) In-line amplifiers are used periodically in a link comprising several fiber 
spans. (b) A booster amplifier is used after a transmitter (Tx) and a pre-amplifier is used before a 
receiver (Rx) in a simple repeaterless link. (c) A signal is amplified before being split up in a distribu-
tion network. (d) Amplifiers enable the use of optical add–drop multiplexers and other lossy optical 
components. Similarly, signals can be amplified in high-power EDFAs to the point where nonlinear 
optical effects can be utilized, e.g., for all-optical regeneration.
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there is no need for such high gain in a well-
designed system. Thus, EDFAs can be designed to 
reach the gain required in an optically amplified 
system relatively easily.

15.3  DIFFERENT CLASSES OF 
OPTICAL AMPLIFIERS

The most important factors that limit the perfor-
mance of practical optical amplifiers have now 
been identified. The next task is to investigate the 
technologies available for obtaining real-world 
amplifiers. Basically, six different ways of obtaining 
optical amplification are considered: fiber-Raman 
and fiber-Brillouin amplifiers, semiconductor 
optical amplifiers (SOAs), RE-doped fiber ampli-
fiers, RE-doped waveguide amplifiers, and optical 
parametric amplifiers (OPAs). The aim of the fol-
lowing description is to present the basic physical 
properties of these amplifiers. The properties of the 
different amplifiers are summarized in Table 15.1.

15.3.1  Fiber-Raman amplifiers

Raman amplification is currently a very active field of 
research. The fiber-Raman amplifier works through 
the nonlinear process of stimulated Raman scattering 
(SRS) occurring in the fiber itself. Like most optical 
amplifiers, a fiber Raman amplifier must be optically 
pumped, preferably by a semiconductor laser diode 
(LD) or a fiber laser. As early as 1962, it was observed 
that for very intense pump waves a new phenomenon 
of SRS can occur in which the Stokes wave grows rap-
idly inside the medium such that most of the pump 
energy appears in it. SRS is an interaction between 
light and the vibrational modes of silica molecules 
that converts a fraction of the incident power from 
one optical beam (the pump) to another optical beam 
(the signal, or Stokes wave) at a frequency down-
shifted by an amount determined by the vibrational 
modes (phonon energy) of the medium. A phonon 
is a quantized vibration of the surrounding medium. 
SRS involves the so-called optical phonons. Optical 
phonons of a given energy exist with a broad range 
of momenta, so that momentum conservation (phase 
matching) is guaranteed. As a consequence, Stokes 
waves are generated both co-propagating and coun-
ter-propagating with the incident beam. See, e.g., 
Reference [1] for a discussion of SRS.

In an amplifier context, if the signal angular 
frequency ωs and pump angular frequency ωp are 
chosen with a difference ΩR = ωp − ωs (the Stokes 
shift) corresponding to the vibrational energy of 
the molecules, the signal may experience Raman 
gain via SRS. Thus, with a proper choice of pump 
wavelength, Raman amplification is possible at any 
signal wavelength (e.g., 1300 nm, 1550 nm, …), 
limited only by the transparency of the material. 
Since phase-matching is automatically fulfilled, 
Raman gain is independent of the pump direction. 
Another significant feature of the Raman gain in 
silica fibers is that it extends over a large frequency 
range (up to 40 THz) with a broad dominant peak 
near 13 THz with a typical FWHM width of 6 THz 
(Figure 15.4). This is due to the amorphous nature 
of fused silica in which the molecular vibrational 
frequencies spread out into bands overlapping 
each other and creating a continuum (depending 
on the fiber core composition). The bandwidth 
of a Raman amplifier would normally be nar-
rower than the intrinsic Raman gain, but it can 
be extended by using multiple pumps at different 
wavelengths. Each pump creates Raman gain with 
a peak down-shifted by ~13 THz. With an appro-
priate choice of pump wavelengths, the Raman 
gain spectra of the individual pumps will overlap. 
Thus, the combined amplification spectrum can 
be significantly broader, with a low ripple. This is 
shown in Figure 15.5. Thus, Raman amplification 
bandwidths exceeding 10 THz can be obtained 
in silica fibers, and with careful optimization, the 
gain ripple can be below 0.5 dB [12]. In this kind 
of system there is significant stimulated Raman 
scattering between the pumps, that redistributes 
the pump power and therefore needs to be taken 
into account [13]. However, the pump beams can 
be time multiplexed in order to suppress the inter-
action [14]. Also SRS between signals at different 
wavelengths is a concern in high-power, broad-
band systems. For bandwidths beyond ~10 THz, 
the signal and pump beams would have to overlap 
spectrally with silica fibers. This leads to severe sig-
nal degradation, and is why the bandwidth of silica 
fiber Raman amplifiers is limited to ~10 THz, even 
though amplification can be obtained at any wave-
length with the right pump.

The large bandwidth of fiber Raman amplifiers 
and a very large saturation power (typically 0.1–1 
W) makes them attractive for optical communica-
tion systems. Also their noise properties are good, 
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Table 15.1 Characteristics of optical amplifiers for telecom applications, with an emphasis on commercially available amplifiers

EDFa EDWa
Other rE-doted 

amplifiers Fiber raman Semiconductor Fiber OPa Fiber Brillouin Comment

Amplifying 
medium

Er-doped fiber Er-doped planar 
waveguide

Rare-earth doped fiber or 
waveguide

Any fiber; Lumped Raman 
amplifier should use 

optimized fiber; distributed 
Raman amplification uses 

transmission fiber

Semiconductor, e.g., 
InGaAsP for 1550 nm 

operation

Dispersion-shifted-
fiber (zero-
dispersion 

wavelength must 
coincide with pump 

wavelength)

Any fiber

Status, 
deployment

Widely deployed in 
commercial systems

Commercially 
available but not 

deployed

Some amplifiers 
commercially available 
(e.g., Tm and Pr-doped 
fluoride fiber amplifiers); 

not deployed

Lumped Raman amplifiers 
not deployed; small-scale 
deployment of distributed 

Raman amplification

Commercially available 
but not deployed

Not commercially 
available or 

deployed; not 
active R&D area

Not 
commercially 
available or 

deployed; not 
active R&D area

Pumping Optical, at 980 or 
1480 nm; typical 

pump power a few 
hundred milliwatts

Optical, at 980 or 
1480 nm; typical 

pump power a few 
hundred milliwatts

Optical; typical pump 
power a few hundred 

milliwatts

Optical, e.g. at ∼1450 nm 
for amplification at 

1550 nm; typical pump 
power 1 W

Electrical; typical pump 
current a few hundred 

milliamperes

Optical, at 
Wavelength near 

signal wavelength; 
typical pump power 

>.1 W

Optical, ∼10 GHz 
above signal 

frequency

Gain 20–30 Db typical, 
40 dB 

readilyobtainable

20 dB (typical) 20 dB (typical) 15–20 dB optimum for 
distributed Raman 

amplification

10–30 dB (typical) 40 dB obtainable; 
uni-directional if 

pump is 
uni-directional

Sufficient; 
uni-directional if 

pump is 
uni-directio

30 dB sufficient for 
telecom 

applications; even 
10 –20 dB is 

sufficient in many 
cases

Noise 
performance

Good (e.g., 4 dB 
noise figure)

Reasonable (noise 
figure typically 

5–7 dB)

Varying (good in many 
cases)

Reasonable for lumped 
RFAs; excellent for 
distributed Raman 

amplification

Reasonable (6–10 dB 
noise figure typical)

Good Poor For nonfiber 
amplifiers, fiber 
coupling loss 
degrades the 
noise figure

Maximum output 
power

From 10 dBm up to 
23–27 dBm in 

high-power EDFAs, 
limited by pump 

power (50 dBm has 
been demonstrated 

[11])

Typically 10–15 dBm Varying 25 dBm 8–17 dBm (typical) Typically up to 
30 dBm

Depends on 
pump power

Generally 
maximum output 

power depends on 
pump power, 

which is high for 
Raman and 
parametric 
amplifiers

(Continued)
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Table 15.1 (Continued ) Characteristics of optical amplifiers for telecom applications, with an emphasis on commercially available amplifiers

EDFa EDWa
Other rE-doted 

amplifiers Fiber raman Semiconductor Fiber OPa Fiber Brillouin Comment

Operating 
wavelengths

1480–1620 nm 
(C-band 1528–1562 

nm, L-band 
1570–1620 nm, 

S-band 1480–1520 
nm

1530–1560 nm Tm, 1450–1520 nm 
(S-band); Pr, 1300 nm 

(2nd telecommunications 
window); Nd, 1300 nm

Any wavelength, 
determined by pump 
wavelength and fiber 

composition

Any wavelength 
(determined by 

bandgap of given 
material and structure); 

1200–1650 nm 
demonstrated

Any wavelength 
(near zero 
dispersion 

wavelength of fiber)

Any wavelength, 
determined by 

pump 
wavelength and 

fiber 
composition

Bandwidth 1–10 THz(single 
band) 8–18 THz (split 

band)

1–4 THz 1–2 THz ∼3 THz with single-
wavelength pumping, up to, 

10 THz with broadband 
pumping; 20 THz possible 

with tellurite fibers

Up to, ∼10 THz Typically 1–2 THz 
(25 THz with pulsed 

pumping)

Intrinsically 
below 0.1 GHz

Polarization 
dependence 
of gain

Negligible Small with 
appropriate 

waveguide design

Negligible in fibers (small 
in appropriately designed 

planar waveguides)

Small with polarization 
multiplexed or scrambled 

pump, otherwise high

Small with appropriate 
waveguide design 

(e.g., 0.5 dB)

Intrinsically high, 
but smaller with a 

polarization 
multiplexed or 

scrambled pump

Small with 
polarization 

multiplexed or 
scrambled ump, 
otherwise high (

Gain response 
time

0.1–1 ms ∼1 ms Varying, 0.1 ms typical Instantaneous Sub-nanosecond Instantaneous Nanosecond Depends on gain 
medium, 

waveguide design, 
and operating 

conditions

Extractable 
energy stored 
in gain 
medium

Large Large Large None Small None None The small energy 
stored in SOAs 
and their short 
response time 
leads to signal 
distortion in 
saturation

Transient 
behavior

Transients potentially 
severe because 

saturated gain, often 
suppressed with 
electronic pump 
power control

Gain often not 
saturated, in which 
case transients are 

small

Varying Gain normally not saturated, 
transients therefore small

OK in special designs 
(gain-clamped, 

“linear”, amplifiers)

Gain normally not 
saturated, transients 

therefore small

Gain efficiency High (a few dB Mw−1 
in C-band)

Reasonable Varying Low(up to ∼50 dB·W−1 for 
distributed Raman 

amplification in standard 
single-mode fiber

High Low High Gain efficiency less 
important for 
high-power 

devices

Power conversion 
efficiency

Good Often poor Varying Good Good Good Good Important for 
high-power 

devices

(Continued)
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Table 15.1 (Continued ) Characteristics of optical amplifiers for telecom applications, with an emphasis on commercially available amplifiers

EDFa EDWa
Other rE-doted 

amplifiers Fiber raman Semiconductor Fiber OPa Fiber Brillouin Comment

WDM capability? OK OK OK OK OK in special designs 
(gain-clamped, 

“linear”, amplifiers)

OK No Besides 
broadband gain, 

unsaturated 
operation or slow 

gain dynamics 
(preferably with 

transient control) 
required for WDM 

amplification

Fiber coupling 
loss

Low (fusion splicing) Moderate Low (splicing) Low (fusion splicing) High Low(fusion splicing) Low (fusion 
splicing)

Typical length of 
waveguide (or 
fiber)

1–50 m 0.1–1 m (long 
waveguides in coiled 
geometry to reduce 

device size)

1 m Kilometer Millimeter 0.1–1 km (typical) <1 km Depends on 
concentration for 

RE-doped devices; 
nonlinear 

processes occur 
faster at higher 

powers, allowing 
for shorter devices

Cost Low, and low relative 
to performance 
($1000 EDFAs 

advertised)

Potentially very low High Relativel Potentially very low 
(currently advertised 

below $1000)

High Low-cost simpler 
amplifiers geared 
towards metro; 
highend EDFAs 
and Raman for 

long haul

Example of 
suppliers

Numerous Inplane Photonics 
NKT Integration 
Teem Photonics

NEL IPG Photonics Licomm MPB 
Communications Xtera 

(distributed Raman 
amplification)

Alcatel Genoa 
Kamelian Opto Speed

None None
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with a noise figure close to 3 dB being obtainable. 
While stimulated Raman scattering leads to gain, 
the pump beam will also cause spontaneous Raman 
scattering. The scattered light is Stokes shifted by 
the Raman frequency shift, so it will overlap spec-
trally with the signal. Since spontaneous Raman 
scattering is a stochastic process, it effectively adds 
noise to the signal, though the noise addition can 
be close to the 3 dB quantum limit.

SRS requires long fibers and high pump pow-
ers because it is a weak process. Starting with the 
Raman gain coefficient shown in Figure 15.4, the 
actual Raman gain can be obtained by dividing the 

gain coefficient by the effective area (e.g., 50 μm2) 
and multiplying it by the effective fiber length (up 
to ~20 km). Despite the weakness of SRS, with the 
present development of powerful solid-state pump 
lasers, sufficient power levels are obtainable from 
fiber lasers as well as directly from laser diodes. A 
pump power of 1 W can be enough to generate a 
gain of up to 50 dB in standard single-mode fiber. 
For amplification at 1550 nm, a pump wavelength 
of ~1450 nm is preferable, and suitable laser diodes 
have been developed at that wavelength. In addi-
tion, since SRS will be more efficient if the pump 
and signal beams are more tightly focused, efficient 
Raman amplification is possible in fibers shorter 
than 10 km with optimized designs. In highly non-
linear fibers such as small-core holey fibers, device 
lengths can be of the order of 100 m.

The weak nature of SRS is actually an advantage 
for distributed Raman amplification: since Raman 
gain takes place directly in a silica fiber, it can also 
occur in the transmission fiber itself. Thus, it is 
possible to turn the transmission fiber itself into an 
amplifier, and with an appropriate pump source, it 
is possible to distribute the gain over several tens of 
kilometers of transmission fiber. That way amplifi-
cation can be realized many kilometers away from 
the pump injection point (often at the receiver end 
of a transmission link). This leads to a better SNR, 
since the signal starts to be amplified before it has 
experienced the full loss of the transmission link 
(in the absence of Raman gain). Most of the recent 
record-breaking transmission experiments have 
indeed utilized distributed Raman amplification 
in the transmission line [16].

Raman amplification is limited by Rayleigh scat-
tering. At too high gain multiple Rayleigh scattering 
leads to multi-path interference, which degrades the 
signal. Optimum distributed Raman on–off gain is in 
the range 15–20 dB.

Polarization is another concern for Raman 
amplification. The gain in a polarization orthogo-
nal to the pump polarization is only a few percent 
of the gain for parallel polarization [17–19]. Thus, 
the polarization properties must also be taken into 
account when evaluating the Raman gain in a fiber 
[19]. Because polarization control is not normally 
employed in optical communication systems, this 
property introduces an additional complexity. 
In practice, the polarization dependence can be 
mitigated with pump polarization scrambling or 
multiplexing.
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nm. The Raman gain coefficient scales approxi-
mately inversely with the pump wavelength. 
(After Stolen, R. H., Proc. IEEE., 69(10),  
1232–1236, 1980.)

Frequency shift (THz)
0 5 10 20 25 3015

Ra
m

an
 g

ai
n 

(A
.U

.) 

Figure 15.5 Schematic illustration of how several 
pumps (three in this case) at different wave-
lengths combine to create a broadened Raman 
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The numbers quoted so far refer to silica and 
germanosilicate fibers. Recently, however, Raman 
amplifiers have been demonstrated in tellurite 
fibers. Tellurite is a nonsilica glass with a signifi-
cantly broader bandwidth. An amplification band-
width of 20 THz, from 1490 to 1650 nm, has so far 
been demonstrated, which is a record for a single-
band cw amplifier [20].

15.3.2  Brillouin amplifiers

Because of severe limitations such as narrow line-
width, Brillouin fiber amplifiers are not practi-
cal and will not be treated henceforth. See, e.g., 
Reference [1] for details on Brillouin amplifiers.

15.3.3  Semiconductor optical 
amplifiers

The SOA is fabricated in a material and structure 
very different from the silica transmission fiber. 
It incorporates a waveguide within a semicon-
ductor gain medium. For 1550 nm amplification, 
InGaAsP SOAs are often used. The major attrac-
tion of SOAs is the potential for low cost and the 
direct electrical pumping.

Since an SOA is not a fiber device, the cou-
pling of light from fiber to SOA and vice versa 
is difficult. There are inevitably significant 
coupling losses which degrade the noise figure. 
Furthermore, intrinsically, the SOA itself also 
will experience relatively large feedback due to 
ref lections occurring at the cleaved end facets 
(32% ref lectivity due to refractive index differ-
ences between semiconductor and air), result-
ing in sharp and highly disadvantageous gain 
reduction between the cavity resonances of the 
Fabry–Perot resonator. Therefore, it is generally 
necessary to design travelling wave (TW) type 
SOAs by suppressing the ref lections from the 
end facets; a common solution is the inclusion of 
antiref lection coating of the end facets. It turns 
out that to avoid the amplifier bandwidth being 
determined by the cavity resonances rather than 
the gain spectrum itself, it becomes necessary 
to require that the facet ref lectivities satisfy the 
condition [7]:

 G R R 0.17.1 2 <  (15.6)

Here, G is the single-pass amplification factor, and 
R1 and R2 are the power reflection coefficients at 
the input and output facets, respectively. For an 
SOA designed to provide a 30 dB gain, this condi-
tion will mean that R R 0.17 101 2

3< × − , which is 
difficult to obtain in a predictable and reproducible 
manner by antireflection coating alone. Additional 
methods to reduce the reflection feedback include 
designs in which the active-region stripe is tilted 
from the facet normal and introduction of a trans-
parent window region (nonguiding) between the 
active-layer ends and the antireflection coated 
facets. Thereby, reflectivities as small as 10–4 may 
be provided, so that the SOA bandwidth can be 
determined by the amplifying medium rather than 
by the narrower resonance peaks of the cavity. 
Typically, 3 dB amplifier bandwidths of 60–80 nm 
may be obtained. Another attractive spectroscopic 
property of SOAs is that, with appropriate compo-
sition and design, gain can be realized over a very 
wide range of wavelengths from 1200 to 1650 nm 
(though limited to, say, 80 nm in a given device 
with a specific bandgap).

The gain in an SOA depends on the carrier 
population, which changes with the signal power 
and the injection current. To reiterate, the SOA 
is pumped electrically. By contrast, alternative 
optical amplifiers are optically pumped. Typical 
pump currents are a few hundred milliamperes. 
An important property is the very short effective 
lifetime of the injected carriers (e.g., of the order 
of 100 ps). This property becomes specifically 
relevant for multi-channel applications of SOAs, 
where crosstalk limitations arise. This crosstalk 
originates from two nonlinear phenomena: cross-
saturation and four-wave mixing. The former 
appears because the signal in one channel through 
stimulated recombinations affects the carrier pop-
ulation and, thereby, the gain of other channels. 
This significant problem may only be reduced by 
operating the amplifier well below saturation, but 
this is not an easy task due to the relatively limited 
saturation output power of the order of 10 mW. 
Four-wave mixing also appears because stimu-
lated recombinations affect the carrier number. 
More specifically, the carrier population may be 
found to oscillate at the beat frequencies between 
the different channels, whereby both gain and 
refractive index are modulated. The multi-channel 
signal, therefore, creates gain and index  gratings, 
which will introduce inter-channel crosstalk by 
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scattering a part of the signal from one channel 
to another.

Despite these difficulties, the so-called gain-
clamped (“linear”) SOAs for multi-wavelength 
amplification have been realized [21,22]. Because 
of their linear (power-independent) characteris-
tics, channel cross talk and four-wave mixing can 
be avoided. For instance, a linear SOA with 10 dBm 
output power, up to 25 dB gain, and 8 dB noise fig-
ure is offered commercially by Genoa [23].

As with other types of optical amplifier, the 
stimulated emission is accompanied by spontane-
ous emission, which leads to noise. The noise prop-
erties of the SOA are determined by two factors. 
One is the emission due to spontaneous decays and 
the other is the result of nonresonant internal losses 
αint (e.g. free carrier absorption or scattering loss), 
which reduce the available gain from g to (g − αint). 
The nonzero absorption then increases the noise 
figure. Also residual facet reflectivities increase the 
noise figure, via loss of signal input power and via 
multi-path interference. Typical values of the noise 
figure for SOAs are 6–10 dB.

Another undesirable characteristic of early 
SOAs is the polarization sensitivity, which appears 
because the amplifier gain differs for the trans-
verse-electric (TE) and transverse-magnetic (TM) 
modes in the semiconductor waveguide structure. 
However, intense research in the early 1990s has 
reduced the problem, and SOAs with polarization 
sensitivity reduced to less than 0.5 dB have been 
reported [24]. Other methods of using serial or 
parallel coupled amplifiers or two passes through 
the same amplifier are also suggested. Although 
such schemes increase complexity, cost, and stabil-
ity requirements, they may add attractive proper-
ties applicable in optical signal processing (e.g., in 
optical wavelength conversion Reference [24]).

To conclude the discussion of the SOA, it is 
important to note that the major drawbacks are 
polarization sensitivity, interchannel crosstalk, 
and large coupling losses. These drawbacks have 
been overcome to some extent, but the resulting 
performance is still significantly worse than that 
of EDFAs. Therefore, the impact of SOAs on real 
systems has been small so far. In favor of the SOA 
are the large amplifier bandwidth, the possibility 
of amplification at any wavelength in the range 
1200–1650 nm (at present), and the possibility 
of monolithic optoelectronic integration, espe-
cially within the receiver, where the input signal 

powers are weak enough to avoid undesired 
nonlinearities. It should also be mentioned that 
the SOA itself can be used as an amplifier and 
a detector at the same time, because the voltage 
across the pn-junction depends on the  carrier 
density, which again interacts with the optical 
input signal. Promising results for transparent 
channel drops, channel monitoring, and auto-
matic gain control have been demonstrated [24]. 
Note that possible future applications of SOAs 
are not limited to amplification alone; they can 
also be used as wavelength conversion elements 
and optical gates [24].

15.3.4  Rare-earth-doped fiber 
amplifiers

Parallel to the maturation of SOAs, another devel-
opment has taken place, with a revolutionary 
impact on optical communication systems. With a 
point of reference in work on RE-doped glass lasers 
initiated as early as 1963 [3], the first low-loss, 
single-mode, RE-doped fiber amplifiers (as pos-
sible useful devices for telecommunication appli-
cations) were demonstrated in 1987 [4]. Progress 
since then has multiplied to the extent that ampli-
fiers today offer far-reaching new opportunities in 
telecommunication networks. We will in the fol-
lowing sections discuss some of the recent results 
on RE-doped fiber amplifiers.

The possible operational wavelengths of 
RE-doped fiber amplifiers are determined by 
the emission spectra of the RE ions, moderately 
dependent on the host material in which they are 
embedded. Only a few RE materials become rel-
evant for optical communication purposes, pri-
marily erbium, which may provide amplification 
in the 1550 nm wavelength band (the third telecom 
window), and praseodymium, which may be oper-
ated around the 1300 nm band (the second telecom 
window). Note that also ytterbium and thulium 
have shown important features in amplifier devel-
opment over the past few years.

The absorption spectrum holds accurate 
information about the location of possible pump 
wavelengths that can be used to excite the RE 
ions to higher energy levels. From this higher 
energy level the ion can relax to the ground state, 
transferring its packet of energy either radia-
tively or nonradiatively. The most prominent 
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nonradiative de-excitation mechanism, known 
as multi- phonon relaxation, involves the creation 
of phonons. The maximum energy of a phonon 
is limited in any given host, for example, in 
silica to approximately 1100 cm−1 (correspond-
ing to a frequency of 33  THz). Thus, the larger 
the energy gap that is to be bridged via multi-
phonon relaxation, the more phonons need to be 
created. However, this becomes an increasingly 
improbable process. At energy gaps exceeding 
around six times the maximum phonon energy, 
multi-phonon relaxation becomes insignificant. 
Then, other processes, notably radiative decay, 
will dominate the relaxation process. Figure 15.6 
shows the energy levels, possible pumping 

wavelengths (980 and 1480  nm), and emission 
processes for erbium. Quite fortuitously, the pho-
non energy in silica is such that the 980 nm pump 
level (4I11/2) relaxes via rapid multi-phonon relax-
ation to the metastable level (4I13/2), while multi-
phonon relaxation from 4I13/2 is virtually absent. 
Instead, the decay from the meta-stable level to 
the lower energy level (the ground state4I15/2) is 
radiative. Thus, it leads to the emission of a pho-
ton, either via spontaneous or stimulated emis-
sion. Spontaneous emission always takes place, 
when an amplifying medium such as a collection 
of ions is in an excited state; therefore, spontane-
ously emitted light cannot be avoided in a fiber 
amplifier. Stimulated emission is the process that 
allows signal amplification to take place and, 
therefore, is the desired property of the fiber 
amplifier. The process may be explained as fol-
lows: a photon incident on the medium, with an 
energy equal to the difference in energy of the 
ground state and an excited metastable state, 
promotes de-excitation, with the creation of a 
photon that is in phase with the incident photon.

Radiative transitions within triply ionized RE 
ions are actually relatively weak because they are 
“forbidden” for reasons of symmetry (the normally 
dominant electrical dipole transition is not allowed 
for the relevant intra-4f transitions). Because of the 
weak nature, the involved lifetimes in the upper 

1480 nm

4I11/2

4I13/2

4I15/2

Rapid multi-phonon relaxation (few microseconds)

Stimulated emission (gain), 1480–1620 nm
Spontaneous emission (noise, lifetime 10 ms)

980 nm

Figure 15.6 Energy levels of Er3+. Each level is 
further split by the so-called Stark effect, as 
schematically illustrated. Within each level, the 
Stark sub-levels are in thermal equilibrium.
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laser level (a measure of the spontaneous decay) 
are many orders of magnitude larger than the non-
radiative lifetimes of the higher energy levels, and 
many orders of magnitude larger than the radiative 
lifetime of states that can decay via electric dipole 
transitions (typical, e.g., for transition metals). In 
Er3 +, the upper-level lifetime is typically 10–14 ms.

The absorption and emission cross-sections 
for Er3+ are shown in Figure 15.7. Their size is the 
measure of the probability for a photon to interact 
with an Er3+ ion in the ground state or metastable 
state. They are wavelength dependent, and allow 
absorption and stimulated emission in Er3+ to be 
described quantitatively.

EDFAs are commercially available and are 
widely deployed. For this reason, we will describe 
the EDFA in some detail.

EDFAs have revolutionized optical commu-
nication by removing the loss limit from opti-
cal transmission systems, enabling simultaneous 
amplification of a large number of optical chan-
nels, and facilitating the use of lossy components, 
as well as nonlinear components that only work at 
high powers. Hence, more complex links and net-
works with vastly higher capacity are made pos-
sible. As shown in Figure 15.7, EDFAs operate in 
the third transmission window around 1550 nm. 
Figure 15.8 illustrates a simple EDFA. An input 
signal is launched into the erbium-doped fiber 
via an isolator and a wavelength-selective cou-
pler. A  pump beam from a pump diode is com-
bined with the signal beam in the coupler, and also 
launched into the erbium-doped fiber. There, it is 
absorbed by the erbium ions, which thereby are 
excited to the metastable state. Thus, the erbium-
doped fiber can amplify the signal via stimulated 
emission. The amplified signal exits the amplifier 

through a second isolator. The isolators only trans-
mit light in one direction, and protect the amplifier 
from external feedback from reflections. Though 
the isolators and pump diode are discrete compo-
nents, they are all fiber pigtailed so that the ampli-
fier can be fusion-spliced together.

Real EDFAs are more complicated than the 
simple one shown in Figure 15.8. They often con-
sist of two amplifier stages, and may incorporate a 
gain-equalizing filter (Figure 15.9). Furthermore, the 
input and output signal powers are monitored, and 
the pump power is controlled to maintain a constant 
gain. The pump power control must be fast enough 
to suppress transients that can arise in amplified sys-
tems and destroy them. Telemetry systems need to be 
implemented, too. For demanding applications, the 
erbium-doped fiber may be temperature controlled.

An EDFA may be fabricated using a silica glass 
host, and semiconductor pump sources have been 
successfully used to pump amplifiers in the 800, 
980, and 1480 nm absorption bands. In addition, 
pumping at shorter wavelengths is also possible, but 
less interesting due to the lack of practical pump 
sources [25]. Basic differences exist between the 
application of the three mentioned pump choices. 
First, it should be noted that amplification occurs 
according to a three-level scheme when 800 or 980 
nm pumping is applied, but the erbium ion works 
as a two-level system when 1480 nm pumping is 
used. Furthermore, 800 nm pumping is much less 
efficient than 980 nm pumping due to a pronounced 
excited-state absorption (ESA) of pump photons 
[25]. Because of these differences, today only 980 
and 1480 nm pumping are considered in practi-
cal system applications. In cases, where very low 
noise figures are required, 980 nm pumping is the 
preferred choice, since the three-level nature of the 
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Figure 15.8 Schematic of an erbium-doped fiber amplifiers.
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system makes excitation of essentially all erbium 
ions (full inversion) possible, resulting in a noise 
figure very close to 3 dB. For 1480 nm pumping only 
around 70% of the erbium ions may be excited to 
the upper laser level. Ions in the ground state absorb 
the signal and thus degrade the noise figure. Noise 
figures down to 5 dB are generally obtainable with 
1480 nm pumping. However, 1480 nm pumping 
still provides highly efficient amplifiers.

EDFAs readily provide small-signal gain in the 
order of 30–40 dB, and values as high as 54 dB 
have been achieved [26]. The EDFA also pro-
vides high saturation powers, and signal output 
powers of more than 500 mW have been demon-
strated; multi-watt output power is even possible 
in cladding-pumped, ytterbium-sensitized, EDFAs 
[11]. In such power amplifier applications, 80% or 
more of the pump photons may be converted to 
signal photons, indicating the high efficiency of 
the EDFA. A 30 nm bandwidth of the EDFA may 
easily be obtained, and is available in commercial 
amplifiers.

The long lifetime in the upper laser level makes 
the EDFA an excellent energy reservoir, and it is 
important to note that, with the power levels used 
in modern optical communication systems, one 
signal pulse will only interact with a very small 
fraction of the erbium ions within the EDFA. The 
following pulse is, therefore, very unlikely to inter-
act with the same erbium ions, and it will remain 
unaffected by other pulses. For this reason, in prac-
tice no crosstalk will be seen in fiber amplifiers. 
The EDFA is also essentially insensitive to polar-
ization variations of the signal, and only systems 
with cascaded amplifiers have lately demonstrated 
degradation due to polarization effects. A typical 

gain variation of 0.1 dB was found [27], when the 
polarization state of the signal is switched between 
orthogonal linearly polarized states. Finally, it 
should be mentioned that since the EDFA is an 
optical fiber itself, very low coupling losses (com-
parable to ordinary splice losses) are involved in 
the application of EDFAs.

It should be stressed that EDFAs work very well, 
and well-engineered EDFAs are available commer-
cially. Performance-wise, EDFAs can provide more 
power, and more gain, than what is required in a 
telecom system. The noise figure can be very near 
the quantum limit of 3 dB of traditional (phase-
insensitive) amplifiers. There is essentially no 
polarization dependence. They are very efficient. In 
these aspects, there is no need, or it is fundamen-
tally impossible, to improve the EDFA.

EDFAs with larger bandwidth would arguably 
be desirable. Most EDFAs, and all of those used 
in real systems, are made with silica fibers, often 
Er-doped aluminosilicate. Therefore, this article 
is focused on silica EDFAs. Other types of EDFA, 
made, e.g., with fluoride, tellurite, or bismuth glass 
may offer some performance advantages, espe-
cially in terms of bandwidth. Unfortunately fibers 
from such glasses are vastly inferior to silica fibers 
in properties such as durability and strength, and 
are much more difficult to fabricate and splice. 
Furthermore fluoride glasses are hygroscopic. In 
fact, silica EDFAs have been engineered to the 
point where they outperform other types of EDFA 
in all important respects, and the over 30 nm band-
width available in typical broadband commercial 
silica EDFAs is sufficient for the vast majority of 
today’s transmission systems. Furthermore band-
widths of up to 48 nm have been demonstrated in 
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an antimony silicate EDFA operating at around 
1550 nm [28]. This bandwidth is still not quite as 
large as that of the SOA, but the bandwidth can 
be extended if one considers other amplification 
bands: during the first years of the EDFA research 
and commercial employment, the primary inter-
est was focused on the spectral band from ∼1530 
to ∼1560 nm, because limited lengths of erbium-
doped fibers allow for very efficient amplification in 
this frequency range, and because this range coin-
cides with the loss minimum of silica fibers. Hence, 
this band has been denoted as the “conventional” 
band or just C-band. This use of names naturally 
indicates that other bands have emerged. Indeed, 
differently designed EDFAs allow for amplification 
in the 1570–1620 nm wavelength range, where the 
loss of silica fibers is still quite low. Such EDFAs are 
generally said to operate in the long-wavelength or 
L-band. For example, Codemard et al. [29] report 
an unflattened amplification band from 1555 to 
1620 nm in a cladding-pumped ytterbium-sensi-
tized phosphosilicate EDFA. L-band amplification 
can be realized by operating the EDFA at a low 
inversion level (with only a small fraction of the Er 
ions excited). This leads to a ground-state absorp-
tion in the C-band, which suppresses gain there. At 
longer wavelengths, the transition becomes quasi-
four level (with insignificant ground-state absorp-
tion), so a low but finite gain can be realized even 
with a low inversion level. Long fibers must then be 
used in order to reach a sufficient gain.

Amplifiers operating on the short-wave-
length side of the C-band (from around 1450 
to 1520 nm) are defined by the International 
Telecommunications Union (ITU) to belong to the 
class of S-band amplifiers. Sometimes the range 
1450–1480 nm is called the S+-band. Transmission 
in the S-band, at wavelengths between the sec-
ond and third telecom windows, is possible due to 
the low loss at those wavelengths in newly devel-
oped low-OH silica fibers. High-gain EDFA have 
also been demonstrated in the S+-band, down to 
1480 nm [30]. In order to realize an S+-band EDFA 
one must operate at a high inversion level in order to 
bleach the large erbium absorption in the S+-band. 
Furthermore, a distributed filter is required to sup-
press the C-band gain, which otherwise saturates 
the amplifier. Note that S+-band EDFAs are gen-
erally considerably more complicated than C-and 
L-band EDFAs. All these types of amplifier have 
been realized with silica fibers.

Thulium-doped fiber amplifiers (TDFAs) are in 
fact dominating in the S-band while S-band EDFAs 
are a later development. Typically, TDFAs provide 
amplification in the 1450–1480 nm window [31], 
though TDFAs gain-shifted to longer wavelengths 
within the S-band have been demonstrated. Thus, 
TDFAs can access the whole S-band. Another 
option for extending the gain to longer wavelengths 
is to cascade a TDFA with a discrete Raman ampli-
fier, e.g., to a total bandwidth of 40 nm [32]. Still, 
compared to (C-band) EDFAs, TDFAs have several 
disadvantages. The energy-level diagram of triply 
ionized thulium ions (Tm3+) is quite complicated, 
and many levels play important roles in S-band 
TDFAs. One problem is that the upper laser level 
is quenched in silica fibers by multi-phonon relax-
ation. Therefore, nonsilica glasses with lower maxi-
mum phonon energy such as fluoride and, recently, 
tellurite glasses are used instead. Another problem 
is that the lower laser level needs to be depopu-
lated in order to maintain population inversion 
and avoid the so-called self-termination. Because 
of this, complicated pumping schemes, including 
two-wavelength pumping schemes, are employed. 
Nevertheless, TDFAs are commercially available, 
and high-gain (20–30 dB), high-output-power (e.g., 
20 dBm), and low-noise operation (∼5 dB noise fig-
ure) has been demonstrated.

Though transmission at around 1550 nm is cur-
rently the dominating technology, historically, 
large-scale deployment of systems in the second 
transmission window at 1300 nm predates this 
development. As a result, there has been a large 
demand for amplifiers at 1300 nm. Unfortunately, 
RE-doped fiber amplifiers for the second transmis-
sion window at 1300 nm have to deal with a number 
of difficulties, and their applicability is quite limited. 
The neodymium-doped fiber amplifier is limited by 
excited-state absorption to wavelengths that are too 
long (around 1340 nm and beyond) for real systems 
(at ∼1310 nm), and so the best RE candidate in the 
1300 nm wavelength band is the praseodymium-
doped fiber amplifier (PDFA). The primary diffi-
culty is that also praseodymium has to be placed in a 
host material other than silica, with a lower phonon 
energy, since otherwise, the upper energy level of the 
transition in question will be quenched by multi-
phonon relaxation, and no net gain will appear 
[25]. Until now the most promising host materials 
have been different compositions of fluoride glasses, 
with problems such as low strength and hygroscopy. 
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Another problem is that the 1300 nm amplifiers 
normally have lower pump efficiency than EDFAs. 
However, pump efficiency as high as 4 dBm·W−1 for 
praseodymium-doped amplifiers is shown together 
with noise figures in the 5–8 dB range.

15.3.5  Rare-earth-doped waveguide 
amplifiers

RE-doped waveguide amplifiers are only fun-
damentally different from fiber amplifiers in the 
respect that the RE material is embedded in a 
planar optical waveguide and not a fiber. This 
means at first glance that only another wave-
guide geometry has to be considered. However, 
several important factors have to be considered 
in the design of RE-doped waveguide amplifi-
ers. First, the background loss is several orders of 
magnitude larger in a planar waveguide (around 
0.01–0.05 dB·cm−1) than in a fiber, and second, a 
much higher RE-dopant concentration is neces-
sary to achieve high gain in the relatively short 
planar waveguides. This raises the problem of 
energy transfer between the RE ions and results in 
a lower amplifier efficiency. Not surprisingly, the 
focus has been on the erbium-doped planar wave-
guide amplifiers in silica, and integration with a 
980/1530 nm wavelength division multiplexer 
was presented early in the development [33]. In 
this component a maximum gain of 13.5 dB for 
a 600 mW pump power was shown, but gain val-
ues up to 20 dB have been demonstrated in other 
amplifiers. Recent results by Hübner et al. [34] also 
demonstrate that boundaries between active and 
passive regions may be fabricated with transition 
losses below 0.03 dB/transition and back reflec-
tions suppressed more than 70 dB. However, it is 
not realistic to expect that the RE-doped wave-
guide amplifier will completely replace EDFAs 
as high-performance amplifiers in optical com-
munication systems, but their advantages have 
to be found in the ability for integration of sev-
eral functionalities, e.g., splitting and amplifica-
tion on the same component. In addition, planar 
waveguide amplifiers can be realized in a wider 
range of materials than fibers. We may consider 
host materials such as lithium niobate, which is 
electro-optic, and new applications besides opti-
cal communication. Furthermore, Nd-doped pla-
nar waveguides in fluoro-aluminate glass remain 
a possibility for 1310 nm amplification [35]. We 

will return to more detailed descriptions of prop-
erties of Er-doped planar waveguide amplifiers 
and high-concentration doping in the following 
sections.

15.3.6  Optical parametric amplifiers

An OPA utilizes a so-called wavemixing process, 
in which pump photons at one wavelength are 
converted directly to signal photons at another 
wavelength through a lossless nonlinear interac-
tion in a medium. At the same time, idler pho-
tons are created in an idler beam at yet another 
wavelength to satisfy requirements on energy 
and momentum conservation. It is referred to 
as a parametric process as it originates from 
light-induced modulation of a medium param-
eter such as the refractive index. Its origin lies 
in the nonlinear response of bound electrons of 
the material to an applied optical field. Optical 
parametric amplification is traditionally realized 
via three-wave mixing (or three-photon mixing) 
in electro-optic materials such as lithium niobate 
with a second-order nonlinearity. However, it is 
also possible in media without a second-order 
nonlinearity, such as silica [36,37]. In this case, 
a third-order nonlinearity (the nonlinear refrac-
tive index) leads to amplification. This is now a 
four-photon process (i.e., a four-wave-mixing 
process), involving two pump photons, a signal 
photon, and an idler photon. Two pump pho-
tons, from a single or from two different pump 
beams, are annihilated, and a signal photon 
and an idler photon are created. Thus, the idler 
becomes an image of the signal. This allows OPAs 
to be used for signal wavelength conversion. 
Because of energy conservation, the signal and 
idler photons are created at optical frequencies 
located symmetrically on opposite sides of the 
frequency (or frequencies) of the pump beam(s). 
Though four-wave mixing in silica is intrinsically 
a much weaker process than three-wave mixing 
in electro-optic materials, the low loss (allow-
ing for long interaction lengths) and tight modal 
confinement of silica fibers enhances nonlinear 
interactions and thus compensates for the intrin-
sic weakness of the four-wave mixing process.

Interestingly, OPAs can be configured both as 
conventional phase-insensitive amplifiers as well 
as phase-sensitive ones [38]. In the case of a phase-
sensitive fiber OPA, powerful pump as well as idler 
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beams need to be injected into the amplifier. The 
pump and idler beams interact to create gain for a 
signal beam of a particular optical phase. Any sig-
nal beam with opposite phase would be attenuated, 
in a process in which a signal and an idler photon 
combine to create two pump photons. The diffi-
culties in tracking and controlling optical phases 
are major practical drawbacks of phase-sensitive 
OPAs.

There is no idler beam injected into a phase-
insensitive OPA. Instead, the idler is created in the 
four-wave mixing process, with an optical phase 
that depends on the phase of the signal. Because 
of this, the signal can be amplified independently 
of its phase, and there is no need to control the 
optical phase of any beam. Nevertheless, there 
are many challenges with a phase-insensitive 
OPA (which also apply to phase-sensitive ones). 
The main difficulty is that phase matching of the 
interacting pump, signal, and idler waves has to 
be maintained along the fiber. This means that 
fibers with tailored dispersion properties must be 
used, and the pump wavelength must be near the 
zero-dispersion wavelength of the fiber. Four-
wave mixing depends on the polarization of the 
interacting waves, so in a typical system without 
control of signal polarization, the pump beam 
should be unpolarized, polarization scrambled, 
or polarization multiplexed. Furthermore, a 
high-pump-power requirement is a serious limi-
tation. Still, for example, the pump power needed 
to reach a certain gain with OPAs may be less 
than half of what is needed in a Raman amplifier. 
Thus, an OPA has a higher gain efficiency, though 
its power conversion efficiency may be lower. In 
addition, an OPA does not require long fibers 
as a Raman amplifier does. Phase-insensitive 
fiber OPAs were first demonstrated with 49 dB 
peak fiber gain for 32.2 dBm of launched pump 
power [36]. The amplification bandwidth was 
approximately 10 nm on both sides of the pump 
wavelength of 1562 nm (parametric gain occurs 
symmetrically, in wavelength ranges on both 
sides of the pump wavelength in a phase-insensi-
tive parametric fiber amplifier). The noise figure 
was inferred to be similar to that of an EDFA. The 
bandwidth of OPAs increases with pump power, 
and Ho et al. recently demonstrated a pulsed 
fiber OPA with more than 200 nm of total band-
width using only 20 m of highly nonlinear fiber 
[39]. High gain, high output power, and low noise 

figure (e.g., 4 dB) have been confirmed in several 
recent experiments.

Parametric amplifiers have several attractions, 
but they are at present not developed to the level 
of erbium-doped, semiconductor, or Raman opti-
cal amplifiers. See, e.g., Reference [40] for a recent 
summary on fiber OPAs.

15.4  CHALLENGES IN FIBER 
AMPLIFIER APPLICATION AND 
DEVELOPMENT

To reiterate, the performance of EDFAs is suf-
ficient for transmission applications, and there is 
not much reason to improve performance. A major 
challenge is instead to cut cost, e.g., by reducing 
the cost of pump diodes and other EDFA compo-
nents. A lower cost would increase the prolifera-
tion of EDFAs in the network, and include uses for 
which the specifications are not so demanding. 
This allows for further cost reductions. Other cost-
reduction strategies include a higher degree of 
parallelization and integration (e.g., by employing 
planar technology), as well as cladding pumping, 
both to be discussed further below.

The only performance limitation of EDFAs is its 
limited wavelength range. Still, the EDFA band-
width is sufficient for today’s systems. Nevertheless, 
the limited bandwidth may well become a bottle-
neck some day. Since the available amplification 
bandwidth—as indicated—may not be extended 
significantly beyond the C-or L-band using estab-
lished EDFA technology, and since the RE-doped 
S-band amplifiers still are complex (including 
S-band EDFAs), researchers have begun seeking 
alternative enabling techniques wider than those 
that can be managed by erbium-(or even thulium-) 
doped amplifiers. In this context, broadband, 
wavelength-agile technologies such as SOAs and 
Raman amplifiers, discussed above, are attractive 
options. Also from a cost perspective, SOAs are 
potentially very attractive, but they still require 
further development before they can be widely 
deployed.

Distributed Raman amplification directly in 
the transmission line can provide the best overall 
system performance, and offer the longest reach of 
optical networks. Still, the cost, dominated by the 
pumping system, must be reduced before Raman-
amplified systems will be widely deployed.
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15.5  CLADDING-PUMPING

Early fiber amplifiers were pumped by large laser 
systems requiring many kilowatts of electrical 
power, with an overall EDFA power conversion 
efficiency (“wallplug efficiency”) of the order of one 
in a million. EDFAs only became practical with the 
realization of suitable semiconductor laser diodes 
for pumping. These pump-LDs improved the wall-
plug efficiency to the per cent level and above. In 
most EDFAs, the optical pump beam is injected 
into the core, which implies that a (transversally) 
single-mode pump source must be used. Though 
single-mode pump diodes are being developed 
rapidly, they are still limited in power to less than a 
watt. While an EDFA is typically pumped by more 
than one LD, this power limitation still means 
that, in practice, traditional core-pumped EDFAs 
are limited in power to less than 1 W (i.e., 30 dBm). 
This power is more than enough for most appli-
cations in optical communications, but higher 
powers can be used in free-space communication 
and in distribution networks in which the trans-
mitted power (e.g., 1 W from an EDFA) is divided 
and distributed in a large number of different fiber 
branches.

Cladding-pumping is a method of overcom-
ing the power limitation of core-pumped EDFAs. 
Cladding-pumped fiber devices utilize multi-mode 
pump-LDs rather than single-mode ones. Multi-
mode diodes are more powerful and often cheaper 
than single-mode ones. They come in many shapes 
for a wide range of power ranges, up to several 
kilowatts, but the simplest, lowest-cost multimode 
diode is the broad-stripe diode, typically generat-
ing up to a few watts of output power.

Standard RE-doped fibers cannot be cladding-
pumped. Instead, special fibers known as double-
clad fibers are used. These comprise a secondary, 
multi-mode waveguide into which the multi-
mode pump beam can be launched. Typically, this 
structure is realized with a secondary cladding 
(“outer cladding”) surrounding the original clad-
ding (“inner cladding”). The outer cladding has 
a lower refractive index than the inner cladding, 
so that the pump beam can be guided within the 
inner cladding via total internal reflection. There is 
still a core for guiding signal light. It resides in the 
inner cladding and is similar to the core of a core-
pumped EDFA, i.e., it is doped with erbium (or 
another RE) and has a higher refractive index than 

the surrounding inner cladding (Figure  15.10). 
A single-mode core is preferred for amplifiers in 
optical transmission systems. The pump light still 
reaches the RE-doped core and excites the RE 
ions, so that gain is created and the signal can be 
amplified.

Thus, a cladding-pumped fiber amplifier has a 
potential not only for higher power, but also lower 
cost, than a core-pumped one. However, there are 
challenges with this technology. While the pump 
has a high power, its intensity (power density) is 
much lower than it is with core pumping. This is 
a problem since erbium ions require a minimum 
pump intensity to reach gain. A related problem 
is that because the overlap between the pump 
beam and the RE-doped region is small, the pump 
absorption is low. Since the intrinsic absorption 
of Er3+ is already quite low, and since the maxi-
mum Er3+ concentration is relatively limited, this 
can lead to excessively long Er-doped fibers, e.g., 
100 m or even more if special care is not taken. For 
this reason a small inner cladding is preferred for 
EDFAs, significantly smaller than 100 μm diam-
eter [41], but this makes it more difficult to launch 
the pump light into the fiber. Another proposed 
[42] and recently demonstrated [43] design modi-
fication is to dope the erbium in a ring around the 
core, since this reduces reabsorption and signal-
induced gain-compression. The most common 
approach, however, is to co-dope (sensitize) the 
erbium with ytterbium [44]. In an ytterbium-sen-
sitized EDFA, pump photons are initially absorbed 
by Yb3+ ions, which are thus excited. Then, the 
energy is transferred nonradiatively from Yb3+ 
ions to Er3+ ions, resulting in de-excitation of the 
Yb3 + ions and excitation of the Er3+ ions. Ytterbium 
has a larger absorption cross-section than erbium, 
as well as a much broader absorption band, from 
910 to 980 nm. Significantly, the broad absorption 
can alleviate the requirement of pump wavelength 
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Figure 15.10 Schematic drawing of a double-clad 
fiber, comprising an RE-doped core, and an inner 
and an outer cladding.
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stabilization via temperature control of the pump-
LD. Furthermore, Yb3+ is comparatively resistant 
to a reduction of efficiency at high Yb concentra-
tions (concentration quenching), and can therefore 
be incorporated in much higher concentrations 
than Er3+. In total, this means that a high gain 
can be obtained with much lower pump intensi-
ties than without sensitization, and even in fibers 
with a large inner cladding, a fully adequate 
pump absorption of several decibels/meter can be 
reached. However, so far, efficient Yb-sensitized 
EDFAs require a host glass with a high phospho-
rus content. Unfortunately, this leads to a relatively 
narrow gain spectrum, so Yb-sensitized EDFAs 
have not been able to cover the whole C-band. This 
is a very important aspect. Ytterbium-free EDFAs 
do not suffer from this problem—their gain spec-
trum even defined the extent of the C-band. But, 
because of the poor pump absorption, Yb-free 
cladding-pumped EDFAs are relatively inefficient 
and of low output power. With cladding-pumping, 
the L-band actually appears more attractive than 
the C-band, for Yb-sensitized EDFAs because 
the gain spectrum is wider there, and for Yb-free 
EDFAs because the pump absorption is higher.

The pump launch is another challenge with clad-
ding-pumped EDFAs. Wavelength-selective fused 
fiber couplers used to combine the signal and pump 
beams in core-pumped EDFAs do not work with 
multi-mode beams. Micro-optic couplers do work 
and have been used for cladding-pumping. However, 
these rely on lenses and wavelength-selective reflec-
tors with free-space (unguided) beam propagation 
to combine the beams, and require precise assembly 
and alignment. They are much more complex and 
therefore more costly than fused fiber couplers. Their 
power-handling capability is also worse, which is a 
distinct disadvantage for cladding-pumped EDFAs 
designed for high powers.

Instead of launching the pump through the end 
of the erbium-doped fiber, together with the signal, 

one can launch it through the side of the fiber. We 
will describe three such side-pumping schemes.

One scheme utilizes several (typically three) 
parallel fibers combined into a common fiber 
assembly. The fibers are embedded in a polymer 
coating with a low refractive index so that the fibers 
themselves can guide pump light. Furthermore, 
the fibers are in optical contact with each other, 
meaning that pump light can couple from one fiber 
into another. One (or several) of the fibers contain 
a core doped with erbium, typically sensitized with 
ytterbium. Figure 15.11 shows an example of such a 
multi-fiber assembly, known as a GTwave fiber. In 
the GTwave fiber, the fiber with a doped core can 
be spliced to any fiber carrying a signal. The signal 
is then launched into the erbium-doped core and 
amplified in the GTwave fiber. The fibers without 
a core constitute pump fibers, to which pigtailed 
pump diodes can be spliced, as many as one to each 
end of each pump fiber. Once in the pump fiber, the 
pump light will couple over to the Er-doped fiber 
and excite the ions in the core.

GTwave fiber devices take simplicity to the limit 
in that no other components, bar pump-LDs, are 
required to realize an EDFA (though practical 
amplifiers do include isolators and, optionally, gain-
flattening filters). Another attractive feature is the 
possibility to include several parallel Er-doped fibers 
in a multi-port amplifier for parallel amplification. 
Amplification in eight parallel fibers has been dem-
onstrated [45]. Single-channel GTwave amplifiers 
can reach well over 1 W of output power with high 
gain and noise characteristics typical for EDFAs. 
Broadband versions have been realized both in the 
C-and L-band [46,47].

V-groove side-pumping (VSP) is another 
approach to cladding-pumping, that offers many 
of the advantages that GTwave fibers provide, with 
comparable performance [47,48]. An additional 
advantage is that VSP amplifiers can be made with 
any double-clad fiber. On the other hand, while 

Figure 15.11 A GTwave fiber assembly consisting of a single pump fiber and a single signal fiber, sur-
rounded by a polymer coating. Pump light (red) is launched into the pump fiber, and couples over to 
the signal fiber. Here, it excites the erbium in the core, leading to amplification of the signal light.
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conceptually simple, the fabrication of the v-groove 
as well as the pump launch are relatively complex 
issues. A v-groove is fabricated in the side of a 
 double-clad fiber, penetrating into the inner clad-
ding but leaving the (erbium-doped) core intact. 
Then, pump light from a laser diode is launched 
through the opposite side of the fiber, and hits the 
v-groove from within the fiber. The light is then 
deflected off the v-groove facet by ∼90°, along the 
fiber axis and inside the inner cladding, via total 
internal reflection. Thus, the pump light is launched 
into the inner cladding of the double-clad fiber, 
while signal-carrying fibers can be spliced to its 
ends.

Finally, multimode couplers offer a convenient 
and widely used way of launching pump light into 
a double-clad fiber through its side. For example, 
the tapered fiber bundle is a multi-port version of 
such a coupler [49].

Despite the success of GTwave, VSP, and multi-
mode couplers, the difficulty of combining high out-
put power, efficient operation, and broadband gain 
(over the whole C-band) in cladding-pumped EDFAs 
remains. High-power cladding-pumped ytterbium-
doped fiber lasers emitting at 980 nm have therefore 
been developed as a pump source for EDFAs [50–52]. 
This is an alternative way of combining cladding-
pumping with EDFAs that is compatible with con-
ventional core-pumped EDFAs, including fused fiber 
couplers. The EDFA is powered by laser diodes, albeit 
in an indirect way. Thus, the high-power advantage 
of cladding-pumping can be realized without com-
promising amplification bandwidth or reliability. 
Cladding-pumped ytterbium-doped fiber lasers can 
generate several watts of output power at 980 nm in a 
single-mode beam.

15.6  PLANAR ERBIUM-DOPED 
OPTICAL AMPLIFIERS

The development of integrated optical amplifiers 
has been intensified due to the demand for more 
compact and lower-cost solutions for the DWDM 
systems, in which the vast majority of erbium-
doped fiber-based amplifiers have found commer-
cial use. The commercialization of other planar 
lightwave components (PLCs) such as AWGs, power 
splitters and optical switch blocks has resulted in a 
maturing of the PLC manufacturing with silica-on-
silicon being the most widely used technology. The 

next logical step in the evolution of optical com-
ponents and subsystems is to combine functions 
realized in passive PLCs with amplifiers, realizing 
loss-less or amplifying components of high com-
plexity and functionality that at the same time can 
be mass produced and offer the overall component 
size to be reduced significantly compared to the 
fiber-or bulk optic based counterparts.

In recent years, the development of the planar 
amplifiers has thus moved from the university and 
research labs into industry, where it is presently 
being commercialized in a number of different tech-
nologies such as erbium-doped  silica-on- silicon, 
ion-exchange in erbium-doped glass, and as SOAs. 
At the same time, the fiber-based optical amplifi-
ers are decreasing rapidly in size, the smallest now 
being less than the size of a credit card. Comparing 
the technologies, the silica-on-silicon technol-
ogy potentially has the advantages of the erbium-
doped fiber-based amplifier (low noise figure, low 
polarization dependence, and low gain cross-mod-
ulation). In addition, it allows monolithic integra-
tion of components known from the passive PLC 
technology. The main obstacles for the planar 
erbium-doped amplifier remain the propagation 
loss and the limited length of the waveguide that 
requires the erbium concentration to be increased 
with a factor of 10–100 compared to that in normal 
erbium-doped fiber. As we describe in Section 15.7, 
the efficiency of the amplifier strongly depends on 
the erbium concentration and at high concentra-
tion it is reduced due to the ion–ion energy transfer 
that is increasing rapidly with concentration and 
even more as the erbium ions tend to form clusters 
at high concentrations. This is known as concen-
tration quenching.

The propagation loss of high-quality waveguides 
has been reduced to a minimum of 1–3 dB m−1, which 
is still orders of magnitude larger than for fibers, but 
sufficiently low to allow the use of a long waveguide 
and hence a relatively low erbium concentration. 
The fact that the propagation loss is non-negligi-
ble, however, means that a planar erbium-doped 
waveguide amplifier will never be as efficient as 
the fiber-based amplifiers. On the other hand, the 
pump laser technology has led to high-power pump 
lasers at significantly reduced prices. This enables 
the less efficient planar amplifier technology to be 
used instead of the fiber-based technology, if it offers 
other advantages in terms of functionality, perfor-
mance, manufacturability, cost, or size.
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The focused development of the erbium-doped sil-
ica-on-silicon technology has led to planar amplifiers 
with sufficiently high gain and low noise figures to be 
applicable in commercial long-haul or metro systems. 
On the picture on Figure 15.12, a wafer with four PLC 
chips, each containing ten individual waveguide 
amplifiers, is shown. Each of the amplifiers consists 
of an erbium-doped waveguide section that is curled 
up in a spiral to achieve sufficient length. 980/1550 
nm combiners on all amplifier inputs and outputs 
are included for pump multiplexing and removal of 
excess pump power.

These waveguide amplifiers were produced 
by a modified plasma-enhanced chemical vapor 
deposition (PECVD) process, in which the erbium 
precursors and other co-dopants are introduced 
directly into the core deposition process. This tech-
nique allows detailed control of the glass composi-
tion, and enables highly uniform glass layers to be 
deposited. In contrast to fabrication processes not 
involving etching of the waveguide core, such as the 
ion exchange process, the PECVD-based silica-on-
silicon manufacturing process allows the erbium 
doping to be confined to the waveguide core, where 
the pump intensity is high. Hence, the erbium ions 
are easily inverted, leading to a low threshold pump 

power for amplification. A typical gain spectrum for 
such a waveguide chip is shown in Figure 15.13 for a 
pump power of 100 mW at 976 nm. For this device, 
a net gain exceeding 14.5 dB has been achieved over 
the entire C-band. The performance of such ampli-
fiers typically results in noise figures between 4 and 
4.5 dB at low input signal powers.

As for all erbium-doped amplifiers, the perfor-
mance is strongly dependent on the selected ampli-
fier length, erbium concentration and pump power. 
For optimized waveguide parameters, gain in excess 
of 16 dB over the C-band is reached for 100 mW of 
pump power, and for 200 mW pump power more than 
25 dB of gain can be achieved over the C-band, while 
maintaining the low noise figures. Such gain values 
will suffice for most applications, and thus represent a 
viable alternative to the fiber-based amplifiers.

15.7  RARE-EARTH INCORPORATION 
IN SILICA GLASS

Practical use of RE-doped silica for amplifica-
tion purposes typically requires RE concentra-
tion levels above 1018–1019 cm−3, and elimination of 
quenching processes. The main sources of quench-
ing are multi-phonon processes associated with 
O–H bonds and the so-called “concentration-
quenching” arising from electrostatic interac-
tions between RE ions. These effects lead to the 

Figure 15.12 Picture of a wafer with four PLC 
chips, each containing ten individual wave-
guide amplifiers. Each amplifier consists of a 
curled-up erbium-doped waveguide section, 
and 980/1550 nm combiners on all inputs and 
outputs for pump multiplexing and removal of 
excess pump power. The picture is kindly pro-
vided by NKT Integration A/S.
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Figure 15.13 A typical gain spectrum for a 
waveguide chip obtained for a pump power of 
100 mW at 976 nm. The results are kindly pro-
vided by NKT Integration A/S. Similar gain spec-
tra can be obtained with EDFAs, albeit typically 
with a higher gain. For WDM applications, the 
strong gain variations would have to be equalized 
with a gain-flattening filter.
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requirement of a “dry” silica (i.e., with a low 
hydrogen content) with well-dispersed RE ions. 
The content of hydrogen in as-fabricated samples 
can be substantial depending on the fabrication 
process, but it may be straightforwardly eliminated 
by subsequent heat treatment and chlorine drying 
if necessary [53]. Concentration quenching is a 
more difficult problem to overcome. The root of the 
problem is that excited RE ions can de-excite each 
other through electrostatic dipole-dipole interac-
tions, whose magnitudes decay with distance as 
r−6 so that the interaction between neighboring 
RE ions in the glass network may be substantial. 
This problem is particularly severe in the case of 
erbium, where the energy of the upper laser level 
(I13/2) is close to half the energy of the I9/2 level so 
that a near-resonant upconversion process can take 
place between close-lying Er ions. Because of its 
fundamental nature this problem sets an ultimate 
limit to the useful RE concentration in many sys-
tems such as Er-and Nd-doped silica glasses. The 
problem is magnified by the low solubility of RE 
ions in the pure SiO2 matrix, which leads to strong 
RE clustering during post-production annealing, 
and in practice it is this effect which limits the 
usable RE concentrations [54,55]. This is particu-
larly critical in the case of integrated optics, where 
the limitations on device dimensions put a lower 
limit (around 1019 cm−3) on the Er concentrations 
needed to obtain useful signal amplification.

Co-doping of silica glass with aluminium or 
phosphorus increases the RE solubility and is 
therefore often used to counter RE cluster forma-
tion. Such glasses are known as aluminosilicate and 
phosphosilicate. Aluminium doping has proven 
very effective, ensuring essentially complete cluster 
dissolution at RE concentration levels in the range 
1019–1020 cm−3 (approximately 0.1–1% by weight) 
when the Al/RE concentration ratio is around 10 
or higher. Furthermore, Al doping broadens the 
emission spectrum of erbium, which is highly 
desirable. Using P as a co-dopant a slightly higher 
ratio of about 15 is needed [56]. Nevertheless, with 
sufficient P content, phosphosilicate glass has a 
very high RE solubility. This is also true for phos-
phate glasses (free from silica), in which RE con-
tents of 35% by weight have been realized (however 
with severe quenching). However, the gain spec-
trum of phosphosilicate EDFAs is narrower than 
that of aluminosilicate EDFAs.

At RE concentration levels encountered in 
Er-doped amplifiers (say, up to 1% by weight), the 
macroscopic properties of the silica glass are not 
strongly affected by the co-doping and integration 
with other glass-based components is a straight-
forward matter. This suggests that the mechanism 
underlying the cluster dissolution is a local interac-
tion between RE and co-dopant ions rather than 
an overall modification of the SiO2 network struc-
ture. Whereas the effect of P codoping is not well 
understood on a microscopic level there is some 
experimental [57] and theoretical [58] evidence 
for this hypothesis in the case of Al codoping. 
General thermodynamic arguments suggest that 
cluster dissolution should be favored by a high fic-
tive temperature of the glass [58], but no system-
atic experimental data exist to test this hypothesis. 
In addition, thermodynamic arguments may not 
apply to glasses fabricated by low-temperature 
processes such as sol–gel or PECVD. In fact, for 
Er-doped PECVD glass it is an advantageous strat-
egy to keep the processing temperatures as low as 
possible in order to limit Er diffusion and thereby 
cluster formation [55].

An important effect of the local environment 
around RE dopants is to modify the level spacings 
and optical matrix elements within the 4f mani-
fold due to ligand-field effects. The site-dependent 
Stark shifts are an advantage for device fabrica-
tion, since they facilitate the manufacturing of 
amplifiers with wide and flat gain curves suitable 
for operation at multiple wavelengths. It has been 
found that the addition of Al leads to an increase 
of the inhomogeneous broadening by more than 
a factor of two compared to pure or P-doped 
silica [59]. The ligand fields also lead to a slight 
mixing of the f-orbitals with states of even parity, 
in effect making f–f transitions dipole allowed. 
As it turns out, this mechanism controls the 
oscillator strengths of the f-shell transitions. The 
optical intensities of the f-shell transitions are 
usually rationalized through the so-called Judd–
Ofelt theory [60,61], which expresses all oscilla-
tor strengths in terms of three phenomenological 
parameters which are related to the matrix ele-
ments of the local electrostatic field, but which 
are most often used as fitting parameters. The 
Judd–Ofelt theory is approximate, and the under-
lying assumptions were only partially justified 
in a recent theoretical analysis of the local fields 
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and electronic structure around an Er impurity 
[58]. However, in most practical cases the theory 
is able to describe all oscillator strengths of RE 
impurities to an accuracy of 10–30% with suit-
able parameter choices [62–64]. Most systematic 
investigations of the dependence of Judd–Ofelt 
parameters on chemical composition of silicate 
glasses have focused on glass containing signifi-
cant amounts (> 10 mol. %) of dopants such as 
Na, Al, B, Mg or Ca [62,63,65,66]. Even for such 
mixed glasses the Judd–Ofelt parameters show 
only slow and moderate (within a factor of 2–3) 
variation with composition, suggesting that the 
possibilities for engineering these quantities by 
varying impurity concentrations is limited in the 
lightly doped, so-called high-silica, glasses com-
monly used for fiber amplifiers. Interestingly, 
the Judd–Ofelt parameters found in Al-codoped 
fiber preforms [64] differ substantially from those 
found in heavily doped silicates, possibly due to a 
more covalent character of the Er–O bonding in 
the weakly Al-doped silica glass.

15.8  SUMMARY

EDFAs have revolutionized optical communica-
tion systems and are widely deployed. They have 
removed the loss limit and thereby extended the 
optical reach to over 10,000 km. They have also 
enabled mass deployment of WDM systems, and 
transmission of several terabits per second has 
been demonstrated in laboratories. The use of 
lossy components, including optical switches for 
all-optical networks, is made possible by EDFAs. 
The only limitation of EDFAs is their limited band-
width, but they have the potential to cover over 
140 nm (∼18 THz) in split band configurations and 
even the more standard 30 nm bandwidth is fully 
sufficient for systems considered today.

Distributed Raman amplification can provide 
the best system performance, but deployment is 
so far very limited. Several amplifier technolo-
gies (semiconductor, Raman, OPAs) can operate 
at any wavelength that is considered for tele-
coms. Bandwidths of 20 THz or more have been 
realized in a continuous band. The rapid prog-
ress in this field continues towards better opti-
cal amplifiers that will find even more uses in 
the telecom systems of tomorrow. In particular 
metro applications benefit from the ongoing cost 

reduction and the development of simple ampli-
fiers [67].
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16
Ultrafast optoelectronics

GÜNTER STEINMEYER
Max Born Institute

The science and technology of ultrafast pulses has, 
in recent years, come of age, becoming ever more 
important in the real world. In the early days of 
lasers, efforts concentrated on getting lasers to 
operate as continuous light sources. Compared to 
conventional light sources, continuous-wave (cw) 
lasers perfectly concentrate light in the plane trans-
verse to the propagation direction, which gives 
rise to the extreme high brightness of laser beams. 

Nevertheless, a continuous laser ignores the third 
dimension along the propagation direction for 
further possible concentration of energy. Using 
mode-locking, the light field circulating through 
a mode-locked laser can be temporally focused 
within one millionth of the total cavity length, 
which translates to a pulse duration of a few fem-
toseconds compared to a total cavity round-trip 
time of several nanoseconds. The peak power, even 
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in an oscillator pulse, readily reaches hundreds of 
kilowatts. Employing the method of chirped-pulse 
amplification (CPA), one can easily generate pulses 
with multiple gigawatt peak power, which exceeds 
the continuous capabilities of several nuclear power 
plants for the duration of a few femtoseconds. The 
advantages of having lasers operating with very 
short pulses are currently being realized more and 
more in both industry and science. An ultrashort 
pulse can process material surfaces by action of 
its extreme electric field strength without causing 
internal heating or melting. This nonthermal inter-
action may be applied to ablate material for analysis 
or to create gaseous phases as desired. In spectros-
copy, very fast pulses can be used to investigate very 
fast chemical reactions or trigger fast photochemi-
cal reactions and observe features that would be 
impossible to observe using slower processes, lead-
ing to far greater understanding of the science and 
technology involved. This enables the interim states 
of such reactions to be observed, whereas previously 
only the starting materials and end products would 
be apparent. To make use of this, it is necessary to 
be able to generate ultrashort pulses and also to be 
able to measure the pulses that have been created. 
This chapter describes the science and technology 
in this rapidly developing field.

16.1  INTRODUCTION

The technology of ultrafast optoelectronics 
involves devices for emitting, modulating, trans-
mitting, or sensing (and even harvesting) light. At 
a fundamental stage, these devices require inter-
action of light with electrical current, effectively 
converting photons into electrons or vice versa. 
The temporal response of, e.g., an optoelectronic 
emitter is, therefore, generally limited by the fast-
est available rise time of a current-pulse generator. 
Similarly, the direct detection of light in a photo-
detector can only be accomplished directly with a 
few picosecond temporal resolution [74].

It is not only the device limitations as, on 
the electronics side, further constraints can be 
imposed by parasitic inductances or capacitances 
in the electronic circuitry and high-frequency 
attenuation mechanisms in cables.

Some devices, such as streak cameras [70], can 
merge the generation of photoelectrons and their 
temporal resolution into one device and overcome 
some limitations. Nevertheless, even these fastest 

direct optoelectronic detection devices are typi-
cally limited to a response time of the order of 1 ps.

The examples discussed so far rely on a direct 
interaction of light with an electronic current. In the 
following, we will describe ways to circumvent the 
electronic bandwidth problem. The basic technolo-
gies used for ultrafast optoelectronics are also now 
being used in the latest high-speed optical commu-
nication systems. In early fiber-optic data links, light 
was converted directly back into an electronic cur-
rent prior to any processing. In ultrafast systems, this 
direct detection approach has been replaced by all-
optical means of processing photonic data streams. In 
parallel with enhancing the speed of a single optical 
channel, further major improvement in terms of data 
capacity have been achieved by the method of wave-
length-division multiplexing (WDM). This permits 
terabit/s rates by simultaneously transmitting many 
channels at different optical wavelengths through a 
single fiber. Unfortunately, of course, increasing the 
data rate of a “single wavelength” channel inevitably 
involves broadening the bandwidth of this channel, 
requiring greater spectral separation between each 
carrier in a WDM link.

In this chapter, we will introduce methods of 
providing the fundamental optoelectronic func-
tions, viz. emitting, modulating, transmitting, and 
sensing light, all with a temporal response or resolu-
tion of a few femtoseconds. These methods are ulti-
mately limited only by the duration of the optical 
cycle itself and the inevitably huge spectral broad-
ening when only a few cycles are present in a single 
pulse. We will refer to these schemes as ultrafast 
optoelectronic devices, even though the response 
of the basic optoelectronic components, where 
photons and electrons interact, can be inherently 
slow. As indicated above, the methods described 
split the optoelectronic process into two steps, an 
ultrafast all-optical step, which ensures sufficient 
bandwidth and a second slower direct step where 
efficient conversion between photons and electrons 
occurs at a strongly reduced bandwidth.

Before continuing our technical discussion in 
detail, it is appropriate here to indicate how this 
chapter is organized.

First, we will review methods for the genera-
tion of femtosecond pulses. Short light pulses can 
experience reshaping effects, which may strongly 
modify their pulse shape and these effects become 
increasingly severe the shorter the pulses are. 
Compared to electronic pulses, however, these 
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effects only start to become significant at tera-
hertz rather than gigahertz frequency and also 
mainly affect the spectral phase rather than the 
amplitude. Therefore, particular attention will 
be paid to methods that allow compensation of 
dispersive pulse broadening. Second, this discus-
sion will be followed by an overview of femto-
second pulse characterization methods. Finally, 
in Section 16.5, we will address the methods to 
modulate phase and amplitude of femtosecond 
pulses. Together with the characterization meth-
ods, ultrafast optoelectronics nowadays allows for 
synthesis of desired pulse shapes and control of 
optical waveforms, very similar to the generation 
of arbitrary electronic waveforms, so the technol-
ogy behind this will be presented.

16.2  ULTRAFAST LASER PULSE 
GENERATION

Compared to that practically possible with elec-
tronics, the available bandwidth in optical systems 
is enormous. This is a clear driving force behind 
all-optical telecommunications. Fiber-optic sys-
tems can provide terabit/s of transmission capaci-
tance over transatlantic distances [2,75]. From 
elementary Fourier theorems, it is also clear that 
a wide optical bandwidth must be used to support 
extremely short pulses. The laser material with the 
widest known gain bandwidth is titanium-doped 
sapphire [22]. The 650–1100  nm gain capability 
allows us to generate directly pulses of about 5 fs 
pulse duration, corresponding to less than two 
optical cycles of the electric field. As an alterna-
tive to direct generation in lasers, the only method 
allowing an even wider bandwidth is optical 
parametric chirped pulse amplification (OPCPA) 
[120,121], which we discuss further below.

Laser operation is generally sustained by an optical 
cavity to provide optical feedback into the gain material. 
The photons circulating in the cavity experience laser 
gain but losses from the cavity can occur due imper-
fect reflections but primarily from output coupling [83]. 
Laser gain saturation favors equal filling of the cavity 
with photons, i.e., cw operation of the laser [56]. In 
order to generate a short pulse, the energy content of 
the optical cavity has to be temporally confined into an 
interval as short as possible. This requires us to intro-
duce a condition where lasing action occurs preferen-
tially in bursts of short pulses. One means of achieving 

this is to insert an intracavity amplitude modulator, 
which opens and closes in synchronism with the light 
traveling through the cavity [84] (Figure 16.1).

This process generates a gain advantage for 
those photons that travel through during the fully 
open state of the modulator, so this produces a reg-
ularly spaced stream of very narrow optical pulses 
at the output. The process is known as mode-lock-
ing because it produces a relatively broad optical 
spectrum consisting of a finely spaced manifold of 
very many narrow-linewidth laser cavity modes, 
each related in phase and corresponding to a reso-
nant optical mode of the laser cavity.

If conventional electro-optic or acousto-optic 
modulators are used, this whole scheme is always 
limited to some extent by the electronic pulse 
width of the modulator driver, but even so optical 
pulses shorter than the electronic driving pulses 
can still be generated at the minimum attenua-
tion point of the modulator cycle. Following the 
philosophy mentioned in our introduction, it is, 
however, preferentially desirable to eliminate elec-
tronic bandwidth limitations by switching to an 
all-optical modulator.
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Figure 16.1 Schematic of cw (top) and mode-
locked (bottom) operation of a laser. In the cw 
case, the cavity is equally filled with photons, 
i.e., the energy density E is constant. Insertion of 
a modulator synchronously driven at the cavity 
round-trip frequency focuses light into a small 
time slot centered at the fully open position of 
the modulator (bottom). The two situations are 
also depicted in the frequency domain on the 
right side. Continuous operation results in single-
longitudinal-mode operation of the laser. The 
modulator creates sidebands at the neighboring 
modes, effectively transferring energy to the 
spectral wings. This is called mode-locking.
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16.2.1  Saturable absorber 
mode-locking

The simplest mode-locking schemes using an 
all-optical modulator rely directly on saturable 
absorption of an optical material [38,48,67]. 
Typically, either organic dyes or semiconduc-
tor materials can be used. At high intensities, 
the absorption of these materials bleaches out 
because the majority of electrons or holes has 
been excited from the ground state to higher 
energy states. The absorption recovers quickly 
after the pulse passes, so such an all-optical mod-
ulator is automatically self-synchronous with the 
light in the cavity. To start the process, any small 
initial power spike inside the cavity will experi-
ence less loss than the rest of the cavity’s energy 
content, so this spike becomes bigger on every 
cycle, until all the energy is concentrated in a 
small time slot. Unfortunately, the relaxation of 
the bleaching process is not arbitrarily fast, but 
again, pulses shorter than the modulation time 
constants can be produced. As with an active 
electro-optic modulator, it is not even necessary 
for the relaxation time of the absorber to be faster 
than the cavity round trip, but nevertheless the 
all-optical method still experiences a limitation 
from response-bandwidth effects. Typically, this 
prevents generation of pulses much shorter than 
a picosecond. There are, however, some ingenious 
schemes that overcome some of the limitations 
of a slow absorber and extend the operation of 
saturable absorber mode-locking well into the 
femtosecond range [27,37,51].

In the last two decades, a number of differ-
ent approaches for implementing the saturable 
absorber in solid-state lasers and fiber lasers have 
been explored. The most widespread method is 
the semiconductor absorber mirror (SESAM) 
[122–125]. The SESAM relies on the saturable 
absorption of a single (or even several) quantum 
well(s), embedded in a resonant [126] or antireso-
nant [127,128] Gires–Tournois [129] interferom-
eter structure, viz. an interferometer consisting of 
a high reflector and a partial reflector. Although 
the resonant variant allows the high modulation 
depths required for use with fiber lasers, the anti-
resonant versions of SESAM are typically employed 
in solid-state lasers, usually having much higher 
intracavity pulse energies.

In a SESAM, the quantum well structure needs to 
be suitably designed to provide saturable absorption 
over a reasonable, but still fairly narrow wavelength 
range (typically 50–100 nm). More recently, carbon 
nanotubes (CNTs) have been found to provide very 
similar properties [130] as SESAMs over an optical 
bandwidth of up to a whole octave [131]. Moreover, 
CNTs have found to be applicable to nearly all-solid-
state [131] and fiber lasers [132]. Even more recently, 
the remarkable new material graphene has emerged 
as yet another alternative to implement a saturable 
absorber for mode-locking a laser [133,134].

Many of these approaches are fairly specialized 
and rely on the interplay of several optical mecha-
nisms inside the cavity. An alternative approach 
came from the use of the so-called reactive nonlin-
earities (e.g., the Kerr nonlinearity, see  Figure 16.2). 
In contrast to the amplitude changes caused by satu-
rable absorption devices, these alternatives influence 
the phase of the light only. This self-phase modula-
tion causes larger phase delay for high light intensities 
compared to low light intensities [1]. As no electron 
carrier dynamics are involved in the process, the 
mechanism can be very fast with a typical response 
time of less than 1 fs. The “reactive” character of the 

∆n(z) = n2l(z)

∆n(x, y) = n2l(x, y)

Longitudinal Kerr effect:
Self-phase modulation

Transverse Kerr effect:
Kerr lens
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Figure 16.2 The nonlinear optical Kerr effect is 
caused by a dependence of the index of refrac-
tion on intensity. Along the axis of propagation 
z, this causes a phase retardation of the most 
intense part of the temporal pulse profile due to 
self-phase modulation. In the plane perpendicu-
lar to z, the retardation causes a deformation of 
the phase fronts. In the central part of the spatial 
beam profile, the phase fronts experience an 
additional curvature, i.e., the Kerr effect causes 
an effect similar to a lens. Therefore, the trans-
verse Kerr effect is also referred to as a Kerr lens.
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nonlinearity, however, now requires a conversion 
mechanism to transfer the nonlinear phase modula-
tion into an effective amplitude modulation to form 
an effective saturable absorber.

16.2.2  Passive mode-locking based 
on reactive nonlinearities

We shall now describe how such an effective satu-
rable absorber can be constructed, using a com-
bination of a phase-to-amplitude converter and 
a reactive nonlinearity. Several types of effective 
saturable absorbers have been proposed. One 
method is to place the self-phase modulator in a 
second cavity, which is coupled to the gain cavity. 
The coupled cavity acts as a nonlinear mirror, pro-
viding high reflectivity for the more intense center 
part of the pulse and low reflectivity everywhere 
else. This method is called additive-pulse mode-
locking [46]. Another method is Kerr-lens mode-
locking (KLM) [54,78,89]. Here, the transverse 
effect of the Kerr nonlinearity is used instead (see 
Figure 16.2). When the most intense axial region of 
an optical beam is phase retarded compared to the 
outer region, the effect corresponds to the focusing 
action of a lens. A suitable arrangement of intra-
cavity apertures (field stops) can then be used as 
spatial filters to translate the Kerr nonlinearity into 
an effective absorber. The focused high-intensity 
light experiences fewer losses at these apertures 
due to its smaller diameter. Alternatively, one can 
also arrange the cavity mirror design to provide 
a better spatial overlap with the pump light when 
the additional nonlinear lens is in place. Pulses as 
short as approximately 5 fs have been produced 
with this method [23,95].

Other variants of the effective saturable absorber 
are now particularly popular for mode-locking fiber 
lasers where the transverse effect of a Kerr lens can-
not be exploited. These methods include nonlinear 
polarization rotation (NPR, [135,136]) and the non-
linear amplifying loop mirror (NALM, [137]). The 
former method exploits the fact that short pulses 
may experience an additional polarization rotation 
while propagating through an optical fiber. This 
NPR effect is caused by the all-optical Kerr effect, 
which causes different phase shifts for light with par-
allel and orthogonal polarization. Suitably combined 
with a linear rotation effect of opposite sign and a 
polarizer, the same effect as in KLM can be obtained. 

For the NALM method, one of the laser end mirrors 
is effectively replaced by a nonlinear Sagnac interfer-
ometer [137,138].

16.2.3  Amplification

Typical KLM lasers can deliver pulses with time 
durations in the range from 5 to 100 fs at ener-
gies of a few nanojoules and at a repetition rate of 
100 MHz. Pulse energies can be increased either by 
using a longer cavity [15], by additional extracav-
ity amplification [63], or by cavity dumping [8]. All 
these methods allow for a few 10 nJ pulse energy at 
megahertz repetition rates. Further increase of the 
pulse energy into the microjoule range, whereas 
still maintaining femtosecond time duration would 
increase the peak power of the pulse into a regime 
where most optical materials are likely to encoun-
ter damage. For achieving greater amplification, 
the pulse, therefore, needs to be “stretched” before 
amplification and then be recompressed to its 
original duration after the amplifier. The design of 
the stretcher and compressor will be treated in the 
following section. The method is called CPA [6,93] 
and has been demonstrated with 15 fs pulses of 
millijoule energy at a 10 kHz repetition rate [5,114]. 
Even stronger amplification and reduction of rep-
etition rate can lead to hundreds of joules pulse 
energy at 450 fs pulse duration [73]. The latter sys-
tem reaches a peak power of 1.5 PW (1.5 × 1015 W). 
The focused intensity reaches 6 × 1020 W cm−2. The 
electric field strength in the focus of such a laser 
pulse exceeds typical interatomic binding forces by 
about three orders of magnitude [11].

Although the peak powers demonstrated in [73] 
remained unsurpassed for more than a decade, 
there are currently several facilities offering pet-
awatt powers. In 2015, e.g., the 2 PW laser for fast 
ignition experiment laser has been commissioned, 
redefining the world record in terms of laser peak 
powers [139]. Moreover, initiatives are underway 
to increase the obtainable peak powers to 10 PW 
and beyond. More importantly, however, the more 
recent PW laser facilities use significantly shorter 
pulses to obtain the high peak power. Although the 
first demonstration in [73] generated 450 fs pulses, 
plans for a 10 PW system to be installed at the 
European Union’s Extreme Light Infrastructure 
Beamlines facility in Dolní Břežany near Prague, 
foresee generation of 150 fs pulses. Then, pulse 
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energies only need to be scaled by a factor of 3.5 
to obtain 10 times higher peak powers [140]. In a 
second laser to be installed at the same facility, an 
even more radical 30 fs pulse duration is planned 
to obtain the same peak power as in Reference [73] 
with a pulse energy of only 8% of that of the former 
design [141].

16.2.4  Wavelength conversion—from 
terahertz to x-rays

So far, we have concentrated on direct oscillator and 
amplifier schemes. Laser materials having the wide 
optical bandwidth as needed for short-pulse gen-
eration are only available in the near-infrared (IR) 
and part of the visible spectral range [16,26,27,117]. 
Another approach for the generation of short 
pulses is the conversion of femtosecond radiation 
by nonlinear optical mechanisms. One mechanism 
is frequency doubling in nonlinear optical crystals. 
For frequency doubling of extremely short pulses, 
very thin crystals with a typical thickness of a few 
micrometers have to be employed [30]. Another 
method is optical parametric amplification, which 
can be used both in the near-IR and visible spectral 
range. The parametric process splits an input photon 
into two photons of lower energy, with wavelengths 
depending on the phase-matching conditions in 
the nonlinear optical material. Beta-barium borate 
has been shown to provide extremely wideband 
phase matching, which has been used to generate 
pulses well below 5 fs [81,115]. There is a wealth of 
other methods leading deeper into the ultraviolet 
(UV), including Raman sideband generation [110], 
high-harmonic generation [11,57,60], and Thomson 
scattering [79]. Wavelength conversion is also a 
very important mechanism to generate radiation 
of longer wavelengths than directly available from 
oscillators. Again, parametric processes can be 
used here [55]. Another important case is terahertz 
radiation [88]. All these mechanisms allow access 
to wavelength regions that are not readily covered 
by wideband laser materials.

16.2.5  Optical parametric chirped-
pulse amplification

The general idea of CPA mentioned above can also 
be transferred to nonlaser gain processes, such as 
parametric amplification, combining the methods 

from Sections 16.2.4 and 16.2.5. This method, called 
OPCPA was first discussed by Dubietis et al. in the 
1990s [120,121,142,143]. Compared to direct paramet-
ric amplification, the seed pulses are now prestretched 
into the range of 100 ps–1 ns prior to amplification, 
and similar to CPA, this effect is then reverted after 
amplification. In OPCPA, one can, therefore, employ 
pump lasers with rather long-pulse durations. Highly 
energetic pulses for this application can often be gen-
erated by relatively simple Q-switching. Compared 
to their laser equivalents, OPCPAs feature a number 
of advantages, including a very high amplification 
in a single amplification stage, adaptability over a 
wider range of wavelengths and much lower thermal 
effect problems as negligible energy loss occurs in the 
parametric process. Moreover, extremely wide band-
widths can be hosted, in particular, in noncollinear 
schemes where several 100 nm wide near-ideal phase-
matching conditions can be achieved, when arranged 
with a particular “magic angle” between pump and 
signal wave [144]. The specific noncollinear arrange-
ment in parametric amplifiers is often also referred 
to as NOPA. The OPCPA concept has been scaled 
toward PW peak powers [145–149] and typically 
enables to reach shorter pulse durations together 
with high peak powers compared to traditional CPA. 
Another advantage is a better suppression of pre-
pulses and postpulses [145].

16.3  FEMTOSECOND PULSE 
PROPAGATION EFFECTS AND 
DISPERSION COMPENSATION

In microwave electronic systems, a severe limi-
tation is imposed by high-frequency damping 
mechanisms. In optics, limitations due to spectral 
absorption over short optical paths are often not a 
concern or can be easily avoided. Many dielectric 
media, like glasses and crystals, are transparent 
in the range of 150–1000 THz [102]. Limitations 
typically only arise in optical amplification or 
nonlinear optical conversion. In a 10 THz window 
in the near-IR (1.55 μm wavelength), exception-
ally low losses of 0.3 dB km−1 have been demon-
strated in silica fibers [69]. In this exact wavelength 
region, Er-doped glass amplifiers [10,17] can eas-
ily be embedded into optical telecommunication 
systems. Compared to electronic systems, optical 
bandwidth is, therefore, abundant and a much 
lesser concern.
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16.3.1  Group delay dispersion as 
leading-order propagation 
effect

If one tries to launch a 100 fs pulse train into an 
optical fiber, one finds that due to dispersion, 
the extremely short pulses will broaden to pico-
seconds after only a few meters of propagation. 
Dispersion causes different spectral components of 
the pulse to propagate at different group velocities, 
which induces broadening of short pulses during 
propagation. Compensation of dispersive effects, 
therefore, poses a ubiquitous problem not only in 
telecommunication systems [2] but also with ultra-
short pulse generation systems [106]. A pulse with 
angular carrier frequency ω = 2πc/λ experiences a 
group delay (GD):
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when propagating through a dispersive medium 
with index n and length l. The GD determines the 
propagation time of a pulse and must not be con-
fused with the phase delay ln/c. To first order, pulse 
broadening is governed by the group delay disper-
sion (GDD):
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Gaussian pulses of duration τ0 are stretched to a 
duration τ, where
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when propagating through a material with dis-
persion GDD. Equation 16.3 is a useful relation 
to estimate the severity of pulse broadening in 
optical systems [1]. Optical materials can exhibit 
either negative or positive dispersion and this 
can actually change sign as the wavelength var-
ies (see Figure 16.3). Fused silica, e.g., shows 
zero dispersion at 1.3 μm with positive disper-
sion below and negative dispersion above this 
wavelength. At the zero-dispersion wavelength 
of a material, broadening effects due to GDD 
are eliminated; but similar effects are caused by 

higher order derivatives of the refractive index, 
e.g., third-order dispersion:
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Positive and negative GDD must not be confused 
with normal or anomalous first-order dispersion, 
which refers to the sign of dn/dω. In a system with 
positive dispersion, blue spectral components will 
be retarded relative to red components. This causes 
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Figure 16.3 Material dispersion. The dispersion  
of a dielectric material (simplified model of 
fused silica) with a UV resonance at 80 nm and a 
vibronic IR resonance at 10 μm is schematically 
shown. The top figure shows the refractive index 
itself. For the entire range between the reso-
nances, dn/dλ ≤ 0 holds, which is referred to as 
normal dispersion. Only on resonance, we find 
anomalous dispersion dn/dλ > 0. The resulting 
GD and GDD are also shown. The GDD is the 
leading term responsible for pulse reshaping 
during propagation. Note that regions of positive 
and negative GDD do not coincide with those of 
normal and anomalous dispersion.
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a variation of the pulse carrier frequency with time, 
which is usually referred to as a chirp. Depending 
on the sign of the dispersion, one talks about posi-
tive or negative chirp. If no other mechanism is 
present, both signs of dispersion are totally equiva-
lent in terms of pulse broadening. However, self-
phase modulation will typically generate a positive 
chirp. As self-phase modulation also introduces 
spectral broadening, its combination with nega-
tive dispersion can be used for pulse compression 
schemes. Balancing of a positive chirp, generated 
by the nonlinear optical process of self-phase mod-
ulation and negative material dispersion can lead 
to self-stabilizing optical pulses called solitons. 
These solitons can propagate over great distances 
through dispersive systems without changing their 
pulse shape [1,36].

The discussion earlier makes it clear that con-
trol and engineering of dispersion is of paramount 
importance for ultrafast optical systems and for 
telecommunications. Dispersion management 
is particularly important for long-distance fiber 
links [86,87]. With ever wider bandwidth becom-
ing accessible, compensation of higher order 
dispersion becomes a consideration [72]. Pulse 
compression is a particularly useful mechanism 
for ultrashort pulse generation [1,34]. Passively 
mode-locked lasers (described above in its basic 
function) make extensive use of recompression of 
pulses, employing self-phase modulation in the 
laser crystal together with negative dispersion in 
the cavity [12,39]. Only by fully exploiting this 
mechanism can the shortest pulses be generated. 
In general, an ultrafast pulse compressor can only 
be built with negative dispersion, which unfortu-
nately is not a characteristic available for optical 
materials below 1 μm wavelength. This calls for 
alternative concepts to compensate for material 
dispersion and chirps caused by nonlinear optical 
mechanisms.

One can classify sources of dispersion into 
bulk or material dispersion (i.e., from homo-
geneous materials like glasses and crystals), 
geometrical dispersion (prism and grating 
arrangements), dispersion from interferometric 
effects, and microstructured dispersion [fiber 
Bragg gratings, chirped mirrors, chirped quasi-
phase matched crystals, arrayed waveguide grat-
ings (AWGs)]. Bulk dispersion has already been 

treated earlier and reference data for many mate-
rials can be found in Reference [102].

16.3.2  Geometrical dispersion—
prism and grating 
compressors

In the following, we will first address geometrical 
dispersion as can be produced by prism [28,80] 
and grating sequences [99]. When a short pulse 
is sent into a prism or on to a grating, its spec-
tral components are angularly dispersed and 
sent into different directions (see Figure 16.4). A 
second prism of opposite alignment can then be 
used to make the spectrally dispersed beams par-
allel again. On their propagation between both 
prisms, the outer rays have experienced a delay 
relative to the center ones. It is important to note 
that this “parabolic” spectral delay is equivalent 
to negative GDD. It can, therefore, be used to 
compensate positive material dispersion. Pairs of 
Brewster-cut prisms can compensate dispersion 
without introducing losses and have been very 
successfully used inside laser cavities [28].

The major shortcoming of the geometrical 
approach, however, is that it introduces higher 
order dispersion terms. For prism compressors, a 
careful choice of the prism material can give van-
ishing third-order dispersion in the wavelength 
range above 800 nm [58]. In particular, fused silica 
prism pairs introduce vanishing third-order aber-
rations in the Ti:sapphire laser wavelength range, 
as was used for the first demonstration of sub-10 fs 
pulse generation with this laser [118].

Diffraction grating sequences may be used 
instead for the same purpose (see Figure 16.4), i.e., 
an arrangement that is also known as the Treacy 
compressor. These sequences are of extreme impor-
tance for CPA [64,93], which allows for amplifica-
tion of pulses from the oscillator up to the millijoule 
level, or, at a reduced repetition rate, even to the 
joule level. To prevent optical damage in the ampli-
fier chains, the oscillator pulse is stretched into 
the picosecond range before amplification. This 
reduces its peak power by the stretching ratio and 
also prevents significant nonlinear optical effects. 
After amplification, the pulse can then be recom-
pressed into the femtosecond range, using a grat-
ing sequence with exactly the opposite dispersion 
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of the stretcher plus any amplifier material disper-
sion. This restores a short pulse duration and allows 
for the generation of extremely high peak powers. 
The stretcher [119] employed in CPA is typically 
a grating sequence, which incorporates a tele-
scope with −1 magnification. The telescope exactly 
inverts the dispersion of a compressor in all orders. 
The trick is now to slightly unbalance a stretcher 
and a matched compressor and to accommodate for 
material dispersion using the difference between 
stretcher and compressor dispersion. Second-order 
dispersion (Equation 16.2) is adjusted by a differ-
ence in grating distances; third-order dispersion 
(Equation 16.3) can be zeroed out by adjusting grat-
ing angles [59]. Finally, fourth-order aberrations 
can be compensated by the use of gratings having 
different line spacings [90]. Typically, aberrations of 
the telescope have to be compensated by using suit-
ably corrected optics [13]. This approach has been 
used for the demonstration of 15 fs amplified pulse 
duration [5,114]. Other approaches exist that intro-
duce a controlled amount of imaging aberration in 
the stretcher’s telescope to achieve compensation 
up to fourth order [94].

16.3.3  Microstructured dispersion—
chirped mirrors and similar 
devices

One of the major shortcomings of the geometrical 
dispersion compensation approach is that, with 
the few exceptions already noted, they typically 
allow only for the compensation of second-order 
dispersion. Geometrical dispersion compensa-
tion schemes are, therefore, limited to approxi-
mately 100 THz bandwidth. However, the idea of 
the prism compressor can be readily extended to 
compensation of arbitrary dispersion: rather than 
using free-space propagation of laser beams, one 
could imagine coupling each and every spectral 
component into an individual fiber of precisely 
engineered length. A discrete approach would 
certainly be cumbersome but integrated optical 
devices similar in function have been demon-
strated and are referred to as AWGs [21,85,97]. The 
main use of these devices is channel multiplexing 
in telecom systems; nevertheless, their use for dis-
persion compensation has recently been pointed 
out [72]. This type of device is shown in Figure 16.5 
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in the grating compressor). An exact calculation for the group and phase delay of a prism compressor 
(fused silica Brewster prisms with 1 m apex distance) based on [80] is also shown. The resulting GDD is 
depicted below. Note the strong higher order dispersion of this approach.
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and it is probably the most pictorial example for 
microstructured dispersion compensation, even 
though its application is not very widespread yet.

Rather than directly introducing a wavelength 
dependent propagation length, several other meth-
ods for arbitrary dispersion compensation are pos-
sible. These are also shown in Figure 16.5. One of 
these approaches is chirped mirrors [52,66,91,96]. 
These dielectric mirrors consist of alternating 
pairs of transparent high-index and low-index lay-
ers. The same effect can be achieved with chirped 
gratings in optical fibers by modifying the refrac-
tive index with exposure to UV light through a 

variable-pitch periodic mask [42,53]. The portions 
of the fiber that have been exposed to the short-
wavelength radiation show a modified index of 
refraction. Even though the index differences are 
much smaller in the fiber grating approach, they 
provide the same functionality as a distributed 
Bragg reflector if the period of the index modu-
lation is chirped along the fiber [24,71]. A Bragg 
mirror reflects light when all Fresnel reflections 
at the high-/low-index interfaces constructively 
interfere. This is the case when the optical thick-
ness of all layers is chosen to be equal to a quarter 
of the light wavelength. Varying the optical layer 
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second harmonic in a quasi-phase-matched crystal. The poling period of the crystal determines the 
conversion wavelength, which again allows control of the total GD as a function of wavelength.
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thickness along the mirror structure then results 
in a dependence of the wavelength of peak reflec-
tivity, the so-called Bragg wavelength λB, on the 
penetration depth z into the mirror structure. 
Chirping the mirror structure, therefore, allows 
the generation of a desired group delay GD(ω). It is 
obvious that the Bragg wavelength does not have to 
be varied linearly with penetration depth; in fact, 
any single-valued function can be tailored into the 
Bragg-wavelength chirp function.

It needs to be mentioned that this simple pic-
ture is often distorted by other contributions to the 
dispersion. In chirped mirrors, the top reflection at 
the interface to air gives rise to undesired interfer-
ences, which spoil the dispersion characteristics of 
the mirror and give rise to strong spectral fluctua-
tions of the dispersion. A solution to this problem 
is impedance matching from the ambient medium 
to the mirror stack. In deposited mirror structures, 
a partial solution can be provided by double chirp-
ing [52,66]. Other methods have been proposed to 
overcome these dispersion fluctuations [65,98]. In 
fiber optics, the UV exposure level can be slowly 
reduced to give a slow increase of the index modu-
lation in the initial part of the fiber Bragg grating. 
This is referred to as apodization [3].

A novel approach to compensation of arbitrary 
dispersion is also offered by the method of quasi-
phase matching (see Figure 16.5). Here, the wave-
length of conversion of a broadband nonlinear 
optical conversion process is varied with propaga-
tion distance. This means that short wavelengths 
are converted, e.g., into the second harmonic, at a 
different propagation distance compared to longer 
wavelengths. This offers a means to tailor processes 
like second-harmonic generation (SHG) in order to 
support extremely broad bandwidths [31,45].

16.3.4  Interferometric 
effects—Gires–Tournois 
interferometers

The dispersion of chirped mirrors arises from 
change in Bragg wavelength of alternating high- 
and low-index layers. An alternative approach to 
achieve dispersion compensation is the use of a 
Gires–Tournois interferometer (GTI) [34]. Such 
an interferometer consists of a partial reflector 
and a high reflector. This combination reflects all 
incoming light and has a spectrally flat reflection 

amplitude response. Its phase response, however, 
exhibits resonances spaced by Δv = c/2L, similar to 
a Fabry–Perot interferometer. The spectral phase 
is a periodic function with regions of negative 
and positive dispersions. The GTI can be imple-
mented from two air-spaced discrete components 
but also using a monolithic mirror structure with 
a relatively thick spacer layer between quarter-wave 
sections for the partial and high reflector. These 
structures have been successfully used in femto-
second oscillators [35,41]. Compared to chirped 
mirrors, they typically exhibit a lower bandwidth, 
but they can provide larger values of negative GDD. 
Their manufacture is not quite so demanding as for 
chirped mirrors and they can also exhibit very high 
values of reflectivity [35]. This concept is, therefore, 
interesting for lasers having much greater intracav-
ity dispersion and working at longer pulse dura-
tions than cavities with chirped mirrors.

16.3.5  The carrier-envelope phase

The carrier-envelope phase has proven to be a deci-
sive parameter for ultrahigh speed (attosecond) 
spectroscopy [149,150] and precision frequency 
metrology [151,152]. For a pulse propagating inside 
a laser oscillator cavity, the round-trip time of the 
envelope is ruled by the group velocity, whereas 
the underlying carrier is influenced by the phase 
velocity. The difference between these two veloci-
ties gives rise to a phase difference ΔφGPO
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per cavity round-trip [153,154]. Here, vg defines 
the group velocity, vp is the phase velocity, ω is the 
angular frequency, and n(x) is the intracavity index 
of refraction along the coordinate x. The phase dif-
ference is usually referred to as the group-phase off-
set and may take large values >>2π. It is often more 
convenient to simply take the fractional part of 
Equation 16.5, which is called the carrier-envelope 
offset phase. The difference between the two veloci-
ties in Equation 16.5 relates to the linear dispersion 
dn/dω inside the intracavity media. The optical 
carrier and the envelope pattern inevitably propa-
gate through the dispersive gain medium, and the 
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position of the peak electric field shifts, relative to 
the position of maximum intensity, is determined 
by the envelope. The relative phase shift between 
carrier and envelope is highly susceptible to envi-
ronmental influences, e.g., temperature of the gain 
medium or even the external air pressure [155]. 
Quantum noise also has another important influ-
ence on this quantity [156]. The carrier-envelope 
frequency of laser oscillators is typically measured 
in an f − 2f interferometer [153], but other variants 
like the 0 − f interferometer [157] provide similar 
performance. These interferometers provide an 
alternating radio-frequency signal at a detector, 
which needs to be stabilized to a reference signal, 
typically derived from the repetition rate of the 
laser. For the stabilization, one can either employ 
a feedback scheme [158], which acts back on the 
pump power of the laser or a feed-forward scheme 
[159]. The latter scheme has a number of advan-
tages and has been proven to deliver the small-
est remaining jitter between carrier and envelope 
[160].

For amplified sources, slightly different vari-
ants of the f − 2f interferometer are typically 
employed, which rely on spectral interferometry 
[161,162] rather than radio frequency heterodyn-
ing. Another variant is the stereo above-threshold 
ionization technique developed by Paulus et al. 
[163], which provides remarkable signal-to-noise 
ratio at kHz repetition rates.

16.4  MEASUREMENT OF 
OPTICAL WAVEFORMS WITH 
FEMTOSECOND RESOLUTION

16.4.1  Autocorrelation

The major problem in monitoring or character-
izing optical waveforms lies in the fact that ultra-
short optical pulses are among the shortest of 
manmade events and there is no shorter control-
lable event that could be used to sample the wave-
form. Because of this fundamental limitation, all 
early characterization methods employed autocor-
relation [18], a method that characterizes a laser 
pulse using the same pulse as both the sample 
pulse to be measured and a reference pulse, after 
splitting it into two. Using a portion of the input 
pulse as the reference sample, another portion 
of the same pulse is delayed relative to the first 

portion and then optically mixed (i.e., multiplied) 
with this reference pulse (Figure 16.6). Technically, 
the multiplication of the two optical signals is done 
using a nonlinear optical effect such as SHG or 
two-photon absorption [77]. As a result, the auto-
correlation trace

 ∫δ −δ
−∞

∞

t I I tAC( )= ( ) ( )dt t t
 

(16.6)

is measured as a function of time, where I(t) = E(t)
E*(t) is the optical intensity [40,47]. This type of 
autocorrelation is deemed to be background free, 
as it will measure zero signal for large delays δt 
→ ±∞. A background-free autocorrelator uses a 
noncollinear beam geometry, in such a way that 
SHG requires one photon from each of the two 
beams while SHG from each individual beam is 
not phase matched. This background-free set-up 
allows for large dynamic ranges, but is typically 
not the preferred set-up for use in the sub-10 fs 
regime. In a noncollinear set-up, an additional 
problem occurs due to “beam smearing” caused 
by the finite crossing angle of the two beams [7]. 
Therefore, a collinear set-up is preferred. This 
then yields the interferometric autocorrelation 
(IAC) trace [19]:

 ∫ [ ]δ = + −δ
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2 2E t t.

 
(16.7)

Unfortunately, no way exists to retrieve the origi-
nal pulse profile from any measured autocorrela-
tion traces without additional knowledge. Being 
inspired by an expected theoretical description 
of the mode-locking process, one can some-
times assume an expected pulse shape and then 
retrieval is simple. This is, unfortunately, not 
a valid assumption in the sub-10 fs regime with 
its complex pulse shapes. In this regime, simple 
analytical functions can no longer be assumed 
for decorrelation of the measured autocorrela-
tion function. Additionally, the sub-10 fs regime 
is very demanding, and pulse shaping by spectral 
filtering or dispersion in the beam splitters and 
nonlinear crystal has to be kept to a minimum. 
Wherever possible, this regime calls for the use of 
metal-coated reflective optics.

Methods have been discussed to solve the prob-
lem of decorrelation [8,68]. Decorrelation meth-
ods require additional experimental information, 
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which, in the simplest form, can be provided by a 
simultaneous measurement of the power spectrum 
of the laser. Decorrelation methods employ a com-
puter optimization strategy to find a simultaneous 
fit to the measured spectrum and autocorrela-
tion. This removes the arbitrariness of assuming 
a particular pulse shape for pulse retrieval, but, 
for reliable operation, requires data with excellent 
signal-to-noise ratio. A practical example based on 
decorrelation of the IAC trace (Equation 16.7) and 
the spectrum is shown in Figure 16.7.

16.4.2  Frequency-resolved optical 
gating and sonogram

We shall now describe advanced methods called 
frequency-resolved optical gating (FROG) and 
sonogram to determine the pulse shape. One 
can conceptually understand the FROG method 
[100,101] and the sonogram technique [14,76] as a 
further extension of the decorrelation methods. 
For FROG, the autocorrelation of Equation 16.6 
is spectrally resolved for each and every delay step 
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FROG allows complete reconstruction of the input pulse profile. Related is the sonogram technique, 
which spectrally resolves one of the input replicas instead. SPIDER also creates two replicas of the input 
pulse at a fixed delay and mixes these two with a chirped copy of the input pulse. The resulting two 
upconverted replicas are spectrally sheared with respect to each other. The resulting spectral interfer-
ence pattern S(λ) allows reconstruction of the spectral phase of the input pulse.
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(see Figure 16.6). The autocorrelation is then sam-
pled on a {δt, ω} grid. The autocorrelation spectro-
gram of the electric field E of the pulse

∫δ ω = −δ − ω
−∞

+∞
I E t t t i( ) ( ) ( )exp( )dFROG

SHG
2

t, E t t (16.8)

is called an FROG trace. The sonogram technique is 
very similar in principle, but cuts out a spectral slice 
of one of the two replica pulses using a narrowband 
filter function F(Ω−ω) centered at a frequency off-
set Ω from the pulse center frequency. This filtered 
replica is then cross-correlated with the other unfil-
tered replica yielding the sonogram trace:

Ìsonogram(δt, ω)
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2
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Both these techniques, FROG and sonogram, 
record data on a two-dimensional array, rather than 
recording two one-dimensional data traces as in 
the decorrelation. Examples of such measurements 
are shown in Figure 16.7. The excess data give rise 
to an increased robustness of the two-dimensional 
methods, which result in an improved immunity 
toward noise. Moreover, FROG and sonogram 
provide built-in consistency checks (marginals), 
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Figure 16.7 Examples of measurements of pulses from a Ti:sapphire laser. Top left: SPIDER 
 measurement and reconstructed pulse [33]. Below: FROG trace and reconstructed pulse measured 
under nearly identical conditions at the same laser [32]. Bottom: iteratively reconstructed pulse 
shape from interferometric autocorrelation and power spectrum of the laser [95]. Note that all three 
 measurements gave compatible pulse durations of about 6 fs or slightly below.
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which allow one to detect experimental flaws, e.g., 
due to limited phase-matching bandwidth or spec-
tral filtering in the set-up. Beyond SHG-FROG, 
which can be simply understood as an extension of 
autocorrelation methods, a wide variety of FROG 
methods have been described. Most notable is self-
diffraction FROG (SD FROG), which is very impor-
tant for measurements on amplifier systems [50]. 
Here, the FROG trace is given by

δ ωI ( )FROG
SD t,
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The main advantage of SD FROG is that, unlike 
the as the SHG variant, it does not suffer from 
limited phase-matching bandwidths and it can 
be used in the deep UV. SD FROG generates 
a sinusoidal intensity pattern in a dielectric 
medium by crossing two beams under a small 
angle. This pattern creates an index grating via 
the Kerr effect and causes self-diffraction of 
both beams. One of the self-diffracted beams is 
then spectrally resolved and detected, similar to 
the SHG variant. This FROG variant, however, 
requires significantly higher pulse energies and 
cannot be used for the oscillator-level pulse ener-
gies. FROG can also be used in a cross-correla-
tion variant to characterize one unknown pulse 
with the aid of another known one. This method 
is called XFROG and is of particular interest for 
the characterization of pulses in the UV and IR 
spectral range [61,62]. This variant of FROG has 
been demonstrated with the extremely complex 
pulse shapes of white-light continua generated in 
microstructure fibers [111].

Similar to the one-dimensional methods, FROG 
and the sonogram technique use an optimization 
strategy for pulse retrieval. Mathematically, it can 
be strictly shown that knowledge of the FROG 
trace of a pulse unambiguously defines the pulse’s 
amplitude and phase except for time reversal, i.e., 
one does not know what is the front and what is the 
back of the pulse. This ambiguity can be removed 
with an additional measurement. In contrast to 
the one-dimensional case, a solution always exists, 
even though it can be a time-consuming computa-
tion to find this solution. Recent improvements of 
the FROG technique have led to very sophisticated 
retrieval procedures, which can rapidly retrieve 

the pulse from the FROG trace and allow update 
rates up to several hertz [49].

16.4.3  Spectral phase interferometry 
for direct electric field 
reconstruction

All techniques described so far involve auto- or 
cross-correlation, together with spectral resolution 
to remove any ambiguity in the pulse reconstruc-
tion. Recently, a completely different technique 
based on spectral interferometry [29] emerged for the 
characterization of femtosecond pulses. This tech-
nique is called spectral phase interferometry for direct 
electric-field reconstruction (SPIDER) [44]. The spec-
trum S(ω) of two identical pulses I(t) with respec-
tive temporal delay ΔT is the spectrum of the single 
pulse Ĩ(ω), multiplied by a spectrally oscillating term. 
Measuring the spectral fringe spacing Δω = 2π/ΔT of 
S(ω) allows determination of the temporal spacing 
ΔT of the two pulses. If these two pulses are identi-
cal, the fringe spacing of S(ω) is also strictly constant 
over the entire spectrum. A spectral interferogram 
between a chirped and an unchirped pulse, however, 
allows not only determination of the delay between 
the pulses, but also the difference in chirp between 
the two pulses (Figure 16.6). This is the fundamen-
tal idea of spectral interferometry. SPIDER generates 
two delayed replicas of the pulse to be measured. It 
also generates a third pulse from the input pulse. 
The third is strongly chirped by sending it through 
a grating sequence, or through a highly dispersive 
glass block. The dispersion creates a GD between the 
red and blue Fourier components of the third pulse 
(Equation 16.1). This chirped pulse is then used to 
frequency shift the two replicas of the input pulse 
using sum-frequency generation. Because of their 
temporal delay and the strong chirp on the upcon-
verter pulse, both replicas are shifted in frequency by 
different amounts. Measuring the spectral interfero-
gram of the upconverted replicas allows sampling 
their relative phase delay as a function of frequency. 
This is now exactly the information needed to recon-
struct the spectral phase. Together with an indepen-
dent measurement of the amplitude spectrum, this 
yields a complete description of the pulse. Again, this 
technique has been demonstrated using pulses from 
a Ti:sapphire laser (see Figure 16.7).

The SPIDER method has been demonstrated 
with sub-6 fs pulses from Ti:sapphire lasers, with 



560 Ultrafast optoelectronics

compressed pulses from an amplifier system [20] 
and with optical parametric amplifiers [115]. One 
of the major advantages of SPIDER is that it offers 
a direct reconstruction of the pulse profile, rather 
than requiring computationally intensive optimi-
zation strategies. Typically, the acquisition speed is 
only limited by the read-out speed of the charge-
coupled device (CCD) array used in the spectro-
graph. Acquisition and reconstruction rates of up 
to 20 Hz have been demonstrated [82], which makes 
SPIDER an ideal online tool for aligning complex 
femtosecond laser systems. SPIDER can also be 
used in combination with pulse shapers [9]. Other 
than evolutionary strategies, which try to compen-
sate phase distortions of a pulse by optimizing, 
e.g., its second-harmonic efficiency, SPIDER pro-
vides enough information to set directly the spec-
tral phase to generate a bandwidth-limited pulse. 
Given the much more concise data of the SPIDER 
method, this should allow for a direct and much 
more rapid phase adaption than lengthy evolution-
ary optimization strategies. The rapid data acqui-
sition capabilities of the SPIDER method can also 
be exploited in another way to measure spatially 
resolved temporal pulse profiles. SPIDER can be 
adapted to spatially resolve measurements using 
an imaging spectrograph together with a two-
dimensional array. This set-up spatially resolves 
temporal pulse profiles along the axis defined by 
the entrance slit of the spectrograph. Rather than 
the methods discussed so far that integrate over 
the spatial beam profile, the spatial resolution 
enables building of an ultrafast camera. Such an 
ultrafast camera can detect differences in pulse 
width between beam center and off-center regions.

Some more recent developments include spatial 
shearing variants, such as the spatially encoded 
arrangement for SPIDER (SEA-SPIDER) [164]. In 
these variants of SPIDER, the pulse fronts of the 
interfering pulses are tilted orthogonal to the spec-
tral plane in the analyzing spectrograph, which 
essentially yields a two-dimensional SPIDER trace. 
The information on the fringe spacing Δω is now 
redundantly contained in every pixel line of a two-
dimensional monitoring camera chip, placed in 
the Fourier plane of an imaging spectrometer. This 
redundancy greatly increases the reliability of the 
SPIDER method. A very similar idea, called two-
dimensional shearing interferometry, has been 
developed in parallel [165]. Both these methods are 
particularly suitable for characterizing extremely 

short pulses. In fact, SEA-SPIDER has been used to 
characterize some of the shortest pulses achieved 
to date, which reached a remarkably short pulse 
duration corresponding to only a single cycle of the 
carrier field [166].

16.4.4  Dispersion scan

FROG qualifies as a tomographic technique, which 
does not immediately measure the pulse shape, yet 
allows its algorithmic reconstruction from mea-
sured data. In FROG, one spectrally resolves the 
signal from a nonlinear process, typically SHG, 
while varying the delay between two replicas of the 
pulse. In principle, the same information on the 
pulse can be scanned by changing another param-
eter, e.g., the GDD of the pulse, cf. Equation 16.2. 
In fact, varying the dispersion by a set of wedge 
prisms and overcompensating for their average GD 
by chirped mirrors, one can obtain the so-called 
d-scan traces [167], which formally contain iden-
tical information as FROG traces. An advantage 
over FROG is that the beam path is completely col-
linear, so no geometrical smearing may appear, a 
problem that was discussed above for noncollinear 
autocorrelators. D-scan therefore combines some 
of the virtues of FROG, in particular the redun-
dancy of the two-dimensional measurements, with 
the advantages of interferometric autocorrelation. 
This makes the d-scan method attractive for char-
acterization of few-cycle pulses.

16.4.5  Multiphoton intrapulse 
interference phase scan 
(MIIPS)

Multiphoton intrapulse interference phase scan 
(MIIPS) [168–170] is a method for simultaneously 
measuring and compensating femtosecond laser 
pulses using an adaptive pulse shaper, which is 
an integral part of the set-up. MIIPS pursues an 
iterative approach to maximize the conversion 
efficiency of the shaped output pulse in a nonlin-
ear optical process, which is SHG in the simplest 
case. Once the optimum has been reached, one can 
safely assume that the phase of the output pulse is 
flat and the pulse is close to the Fourier limit. The 
beauty of MIIPS lies in the fact that one can easily 
generate arbitrarily shaped and rather complicated 
pulses while still maintaining full control of the 
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exact generated pulse shape. Such pulses or pulse 
sequences are often important for coherent control 
experiments or high speed spectroscopy for chem-
ical and/or biological applications. In contrast, 
however, the method seems to be less suitable for 
extremely short pulses.

16.4.6  Interferometric FROG

In autocorrelation measurements, it has always 
been customary to switch to a collinear arrange-
ment when pulse durations are smaller than 100 fs. 
Using the same polarization in both correlator 
arms, one observes interference oscillations when 
scanning the arm length. Although it is no prob-
lem to record these fringes with a photodiode or 
multiplier in an autocorrelator, it requires syn-
chronization of a camera with the exact movement 
of the translation stage to measure clean inter-
ferometric FROG traces. Details on how this can 
be accomplished can be found in Reference [171]. 
Interferometric FROG provides more information 
than noncollinear FROG, as it contains the regu-
lar FROG trace as well as a second one stemming 
from the oscillatory part. Both traces enable inde-
pendent retrieval of the pulse shape, and in com-
bination of the information in both traces, very 
complex pulses can be reconstructed [172]. Other 
than regular FROG, its interferometric variant 
does not suffer from beam smearing, i.e., it can be 
applied to few-cycle pulses. Another advantage of 
the collinear geometry is the fact that tight focus-
ing on the nonlinear crystal can be employed, 
enabling superior signal-to-noise ratios even for 
pulses with relatively low peak powers. Moreover, 
even third-harmonic generation (THG) can be 
used with oscillator pulses for interferometric 
THG-FROG [173].

16.4.7  The coherent artifact

Regardless of the interrogation method used, prob-
lems in the interpretation of the results may arise 
when pulse instabilities occur. In an unstable pulse 
train with megahertz repetition rates, two succes-
sive pulses may already look completely different. 
As all techniques (FROG, SPIDER, or d-scan trace) 
discussed above can at best resolve dynamics at the 
millisecond range, they will inevitably only mea-
sure an average signal. Because all these techniques 
involve a nonlinear optical process, the average 

FROG trace, e.g., will not be identical to the FROG 
trace of the average pulse [174,175]. This problem 
is also well known from autocorrelation, where 
one sometimes observes bimodal autocorrelation 
traces consisting of a broad pedestal and a cusp-like 
temporally narrow spike near zero delay [175]. The 
relevant pulse duration is that relating to the pedes-
tal, but often the much shorter so-called coherence 
spike is erroneously interpreted as a short pulse. 
Unfortunately, similar misinterpretations can 
appear for all the methods discussed in this chapter, 
so great experimental care is needed. Fortunately, 
according to References [174,175], it appears that 
tomographic methods, like FROG or d-scan, do at 
least contain some redundancy which can help to 
indicate warning of a possible misinterpretation as 
a short pulse. SPIDER, in contrast, does not have 
such a built-in warning and would only indicate the 
width of the coherence spike. Fortunately, mode-
locked solid-state lasers rarely ever exhibit a coher-
ent artifact, but the behavior seems to be much 
more widespread with mode-locked semiconductor 
lasers [125]. Similar instabilities may also appear 
in compression experiments. If the suspicion of a 
coherence spike arises, one should therefore always 
measure with two different techniques, ideally 
including at least one tomographic one.

16.4.8  Conclusion: Which pulse 
measurement method should 
I use?

Given the plethora of methods that have been 
developed for characterizing short pulses, it 
appears difficult to decide which method to use. 
For many less critical applications, simple auto-
correlation measurements may often still provide 
sufficient information, e.g., if the routine perfor-
mance of a commercial laser needs to be checked. 
Measuring the pulse duration after initial installa-
tion and comparing with later measurements will 
fairly reliably indicate a degradation of the laser.

Unfortunately, autocorrelation does not provide 
detailed information about the pulse shape. If such 
information is necessary to understand the physi-
cal mechanisms occurring, then methods like 
FROG, SPIDER, d-scan, etc., are required. Then, 
one needs to consider the complexity and expected 
duration of the pulses under test. When pulses are 
complex, then FROG is probably the best suited 
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method, preferably its X-FROG and interferomet-
ric FROG variants. These methods can measure 
very complicated pulse structures, but they are 
comparatively slow, both in the measurement pro-
cess and in the iterative retrieval procedure.

If a quick update of the pulse shape is required 
then SPIDER (or one of its variants) is definitely 
the way to go. SPIDER traces can be measured at 
kHz acquisition rates, and retrieval is analytic and 
only requires millisecond times on a modern com-
puter. SPIDER is also much more suitable for short 
pulses in the few-cycle range, but will fail if the 
pulses are very complex and probably even more 
when there are pulse train instabilities.

If both complications, complexity and few-
cycle character, come together, it seems that there 
is no suitable method anymore. However, for 
this situation, interferometric FROG may offer a 
viable compromise. Although a decision on the 
right characterization techniques may be difficult, 
one can immediately discard certain techniques 
once the measurement problem is clearly defined. 
Moreover, one should only resort to complicated 
set-ups if there is no other way.

As said before, if the only problem is detection 
of a slow degradation of the pulse shape of a com-
mercial laser then autocorrelation may suffice.

16.5  PHASE AND AMPLITUDE 
MODULATION OF SHORT 
OPTICAL PULSES

We shall now describe how short pulses can be 
modulated in phase and amplitude.

Grating or prism sequences, such as those intro-
duced in Section 16.3.2, can also be employed to 
adjust dispersion in an adaptive way. A very com-
mon setup is the so-called 4f zero dispersion delay 
line shown in Figure 16.8 [107,108]. This setup is 
very similar to the previously described stretcher, 
but operates at exactly −1 magnification equiva-
lent to an effective grating distance of zero. A first 
grating disperses the input pulse, then a lens at 
distance f from the grating creates a spectrally dis-
persed picture of the input. A second identical lens-
grating system reimages the spectrally dispersed 
picture back onto one point at a distance f from 
the second grating. Provided proper alignment, 
this setup is totally neutral in terms of dispersion, 
i.e., the shape of a pulse propagating through a 4f 
assembly is not modified. However, as the pulse 
is spectrally dispersed in the Fourier plane in the 
center of the setup, a phase or amplitude modu-
lator array at this location allows manipulation of 
the waveform.

4f-shaper

Phase/amplitude
LCD mask

First
order

Zero
orderAcousto-optic

shaper
f f f f

rf driver

Electrostatically
deformable
membrane
mirror

+

–

Figure 16.8 Ultrafast amplitude and phase modulators. Liquid crystal phase and amplitude shaper. 
The input pulse is spectrally dispersed and imaged onto the array with an adjustable retardation/
absorption profile. This allows the generation of controllable pulse sequences from an input pulse. 
The same function can also be achieved by an acousto-optic device. An ultrasonic wave is written into 
an acousto-optic deflector, where control of the acoustic waveform allows control of the deflection of 
the optical Fourier components into the first order of the device. Phase control can also be achieved 
with micromachined mirror membranes, which can be electrostatically controlled.
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16.5.1  Liquid crystal arrays

Several approaches exist for the technical imple-
mentation of the modulator array. These can be 
categorized into phase, amplitude, and combined 
amplitude/phase modulators. Another important 
aspect is pixelation and the number of pixels or 
degrees of freedom of such a device. Historically, 
liquid crystal arrays were first used in a 4f shaper 
[108]. Liquid crystals can be used for phase modu-
lators and in combination with polarizers they may 
also serve as amplitude modulators. Combined 
devices consist of two liquid crystal arrays and 
polarizers and allow the control of both amplitude 
and phase. Most devices are pixelated with pixel 
numbers between 128 [109] and 640 [92]. The pix-
els typically consist of stripes of a few 10 μm width 
and can be individually electronically addressed. 
Liquid crystal phase masks have been used for 
a variety of applications. Used in a phase shaper, 
they can compensate for arbitrary dispersion. In 
this regard, the shaper can be understood as a pro-
grammable, microstructured dispersive device. It is 
particularly useful when dispersion is not very well 
known or where it may change over time. Recently, 
as an example, an adaptive pulse compressor was 
used to compress pulses to sub-6 fs pulse duration 
[112,113]. Despite the capability to impose an arbi-
trary spectral modulation on the pulse, one has to 
emphasize that a phase modulator can never com-
press pulses beyond the limit imposed by a Fourier 
transform of the spectral amplitude profile.

16.5.2  Acousto-optic pulse shaping

The same functionality can be achieved with an 
acousto-optic approach. The acousto-optic device 
replaces the liquid crystal array and serves both 
as amplitude and phase modulator. The acoustic 
wave transmitted into the acousto-optic modula-
tor is generated by an arbitrary waveform genera-
tor, synchronized with the kilohertz repetition rate 
of the laser source. This acoustic wave generates an 
index pattern in the acousto-optic crystal. This pat-
tern determines the amplitude and phase of spec-
tral components that are diffracted into the first 
order of the acousto-optic deflector [25,43,103]; see 
Figure 16.8. The main application of this technique 
is with amplified kilohertz-repetition-rate pulses 
for amplitude shaping. A very similar device is the 
“dazzler” [105]. Here, the interaction of acoustic 

wave and optical wave is collinear rather than per-
pendicular. The acoustic wave transfers the input 
pulse entering in one axis of an acousto-optic crys-
tal into the perpendicular axis. Again, an arbitrary 
waveform allows one to control the location and 
efficiency for each and every spectral component of 
the pulse. This allows compensation for the disper-
sion and spectral narrowing effects in amplifiers 
[105]. Note that both acousto-optic approaches are 
suited only for kilohertz repetition rates.

16.5.3  Flexible membrane mirrors

A further approach to phase shaping is to place a 
mirror with adjustable shape in the Fourier plane 
of the 4f set-up. Such flexible membrane mirrors 
[104] consist of a thin metal-coated silicon nitride 
membrane. The membrane is suspended over a 
number of planar electrodes, which act as elec-
trostatic actuators (Figure 16.8). The membrane is 
electrically grounded, and a voltage is applied to 
the actuators, which locally deforms the membrane 
shape. Typically, these devices have around 10–20 
electrodes, and deformations of a few microns can 
be achieved. For applications in dispersion com-
pensation this complexity is normally more than 
sufficient. Pulses as short as 7 fs have been gener-
ated with this approach [4,9,116].

16.6  SUMMARY

In this chapter, we have highlighted the methods 
to generate and measure ultrafast optical pulses, 
thereby circumventing the fundamental electronic 
bandwidth limitations in conventional optoelec-
tronics. The methods described allow for the gen-
eration and the characterization of optical pulses 
much shorter than a picosecond. We have exam-
ined propagation effects in optical media and their 
compensation. Finally, we also addressed setups 
that allow for a manipulation of amplitude and 
phase of an optical pulse with femtosecond tem-
poral resolution. It is important to note that all 
these methods are based on rather conventional 
and relatively slow optoelectronic building blocks, 
such as cw laser pump diodes for light generation, 
photodiodes, photomultipliers, or CCD cameras 
for photodetection, and liquid crystal arrays for 
the modulation of optical short pulses. The trick 
lies in exploiting physical optics either by using 
an ultrafast nonlinear optical effect or by WDM. 
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This allows for ultrafast control, without having 
to control or measure electronic currents on a 
femtosecond time scale. Telecommunications is a 
paradigm for the possibilities enabled by optical 
multiplexing. Transferring more and more of the 
functionality of a communication network into 
photonic rather than electronic components has 
the potential for greatly increased capacities in the 
near future. Elementary ultrafast optoelectronic 
building blocks have been introduced in this chap-
ter. These subsystems open up an avenue for many 
more applications of photonics in the ultrafast 
realm.
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17.1  INTRODUCTION

Integrated optics, which has been a research topic 
for about 20 years, deals with compact single func-
tion devices and the integration of multiple opti-
cal functionalities on a single chip or into a single 
package. Ultimately, this is seen as a way to reduce 
footprint and cost with respect to conventional 
bulk and micro-optic components, and also to 
obtain components with increased performance or 
even new functionalities.

The fabrication technologies have benefited 
from the experience in the semiconductor indus-
try. However, there are a few main differences 
between integrated electronics and integrated 
optics: routing of photons on a chip needs struc-
tures with sizes of the order of millimeters, which 
results in a lower circuit density with respect to 
electronics. Also, for a given optical function there 
may be one preferred material, which currently 
puts a limitation on the development and deploy-
ment of monolithic integrated optical circuits. 
Hybrid integration combines the best materials 
on a common platform and represents an inter-
mediate solution to this problem. Both monolithic 
and hybrid integration approaches will probably 
coexist depending on application, performance 
and cost.

At present, integrated optics is the technology 
of choice for a few functions in the optical net-
work. With the increasing maturity of the fabrica-
tion technology and the growth in bandwidth and 
ongoing standardization of optical networks, inte-
grated optic devices will become more cost effec-
tive than discrete components.

This chapter is organized as follows: we will 
start with a description of waveguides and basic 
elements for phase and polarization control, wave-
guide couplers and interferometers.

Fabrication processes and properties of com-
mon opto-electronic materials will be sketched 
in Section 17.3, followed by device packaging 
and the techniques for function and material 
integration.

Section 17.5 gives a brief overview of optical 
networks and the functions therein, followed by 
a selection of recent publications on integrated 
devices to realize these network elements. We will 
conclude with all-optical components, which will 
slowly replace electronics in future generation 
networks.

17.2  THE INTEGRATED OPTICS 
TOOLBOX—WAVEGUIDES 
AND BASIC DEVICES

17.2.1  Waveguides and 
requirements

Planar optical waveguides are the keys for the con-
struction of integrated optical circuits. In Chapters 
A1.5 and A2.4 a detailed formalism for the propa-
gation of an electromagnetic wave in dielectric 
media based on Maxwell’s equations and the 
boundary conditions for the electrical and mag-
netic fields has been developed for

 ● Slab waveguides, in which light is confined in 
only one direction.

 ● Rectangular waveguides, in which light is 
confined in two directions. As an exact ana-
lytical solution for the electric and magnetic 
fields cannot be given in this case, a variety of 
approximation and numerical methods [1,2] 
exist. For example, tightly confined modes are 
needed for low threshold III–V lasers or merely 
guiding light efficiently from one point to 
another point, and they represent the founda-
tion of planar integrated optics. Cross-sections 
for commonly used rectangular waveguides are 
shown in Figure 17.1.

One basic requirement for large-scale integra-
tion is that the overall device losses should be low, 
which in turn translates into an upper limit for the 
propagation losses through straight and curved 

nclad

(a) (b) (c)

nclad

nco
nco nco

nsubstrate nsubstrate nsubstrate = nclad

Figure 17.1 Cross-sections through common 
waveguides. (a) The raised strip guide is formed 
by an etching process removing the higher index 
material nco on both sides of the guide. (b) The 
rib or ridge waveguide is similar to (a), except 
that the higher index material nco is not com-
pletely removed. (c) The channel waveguide can 
be formed by ion implantation, ion exchange/dif-
fusion processes or over-cladding a waveguide as 
depicted in (a).
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waveguides. Exact values depend on the function-
ality and final device size, but typically <0.1 dB 
cm−1 is needed for silica waveguides. There are 
essentially four loss contributions:

 ● Absorption in the material through atomic/
molecular transitions in amorphous materi-
als, and through excitation of electrons from 
the valence to the conduction band (interband 
absorption), or electrons within the conduction 
band (free carrier absorption) in semiconduc-
tor materials.

 ● Scattering occurs at defects or material 
inhomogeneities within the guide, or through 
scattering at the surfaces through roughness 
induced in the waveguide fabrication process.

 ● Radiation losses arise in waveguide bends with 
constant bend radius and in waveguides with dis-
continuities in the bend radius (transition losses). 
Bending losses can be minimized by increasing 
the bend radius R and confining the mode well 
by increasing the relative index contrast Δ

 n n n( – )/core clad core∆ =

 Transition losses can be minimized through a 
lateral offset between waveguide sections or by 
varying the bend radius adiabatically.

 ● Substrate leakage—as will be mentioned in 
Section 17.3.1, silica waveguides are commonly 
fabricated on a silicon substrate, from which 
they are optically separated via a buffer layer. 
If this buffer layer is not thick enough, the high 
index of silicon gives rise to leakage of light 
from the core into the substrate. As a rule of 
thumb, the buffer layer should be at least twice 
as thick as the core layer.

  Other losses that play a role in intercon-
necting optical building blocks arise from 
a  mismatch of the respective mode fields 
as well as angular or lateral misalignments 
(see Section 17.4.1).

In the remainder of this section we will give an 
overview on

 ● Dynamic index control in waveguides
 ● Waveguide couplers and power splitters
 ● Interferometric devices—Mach–Zehnder 

interferometers, the arrayed waveguide grating 
(AWG) and ring resonators

 ● Modelling of integrated functions

17.2.2  Dynamic phase and 
polarization control in optical 
waveguides

Functional devices often need a dynamic control of 
the properties of the guided mode (effective index, 
polarization state), and depending on the applica-
tion different physical phenomena are used.

The thermo-optic effect uses the temperature 
dependence of the waveguide index dn/dT to 
obtain a phase shift

 
n

T
T L

2 d

d
∆φ =

λ
∆ ×

where L is the length over which the waveguide 
temperature is changed by ΔT.

In practice, this effect is used in silica (dn/
dT  =  1 × 10−5 K−1 [3]), polymer (dn/dT = −2 
…−3 × 10−4 K−1 [4]), Si (1.8 × 10−4 K−1 [5]) or lithium 
niobate (LiNbO3, dn/dT = 5 × 10−5 K−1) waveguides 
for switching or modulating devices with tuning 
speeds of the order of milliseconds (polymer, sil-
ica) to microseconds (silicon).

17.2.2.1  ELECTRO-OPTIC EFFECTS
 ● Current injection into a semiconductor 

junction or application of a reverse volt-
age changes the electron/hole density in the 
valence and conduction bands of a semicon-
ductor. As a consequence, the absorption for 
photons with a wavelength close to the band 
gap energy will change, which in turn results 
in an index variation, since both parameters 
are linked through the Kramers–Kronig rela-
tions [6,7].

 ● Application of an electric field to a dielectric 
medium leads to an instantaneous induced 
polarization P [8]

 

�

P P

(1) (2) (3)0

Linear Nonlinear

( )= ε × χ + χ + χ +

≡ +

P E EE EEE

where χ(i) are the tensors of the linear (i = 1), 
quadratic (i = 2) and higher order susceptibili-
ties. χ(1) accounts for linear phenomena like 
absorption and reflection.
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The second order susceptibility χ(2) in materials 
without inversion symmetry leads to the linear 
electro-optic (Pockels) effect, and the associated 
index change is usually expressed as
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r E
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j
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1 3…
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 =

=

with j = 1,…, 3 denoting x-, y- and z-axes and rij 
being the electro-optic tensor.

Lithium niobate (LiNbO3, r33 = 30.9 pm  
V−1 [9]) is widely used for high speed modulation 
and switching. Induced χ(2) is possible through 
poling, which has been reported in silica glasses 
(r = 1 pm V−1 [10]) and polymer (r33 = 13 pm V−1 [11]).

Third order susceptibility χ(3) allows the con-
trol of the refractive index through the electrical 
field of a second optical signal (all-optical process-
ing). The index change can be parametrized as

 
n n I2∆ =

with I being the power density of the optical control 
signal. In silica, n2 is of the order of 10−16 cm2 W−1 
[8,10], and therefore is too small for integrated 
devices. On the other hand, semiconductors 
exhibit a very large nonlinearity (n2 of the order of 

105–106 cm2 W−l) used for switching (Section 17.5.4) 
and all-optical signal processing (Section 17.5.6).

We also refer to Chapters B1.2, B4 and B6 for 
a more detailed treatment of electro-optic control.

The acousto-optic effect: mechanical strain from 
a surface or volume acoustic wave induces index 
changes, which in turn alter the phase of light. 
Depending on the interaction length between the 
acoustic wave and the optical mode, one distin-
guishes between Raman–Nath (short interaction 
length) and Bragg type modulators.

Magneto-optic control uses the Faraday effect, 
i.e., linearly polarized light is rotated in the pres-
ence of a magnetic field. The Faraday effect can be 
used for polarization-splitting and nonreciprocal 
devices such as optical isolators and circulators.

17.2.3  Waveguide couplers and 
power splitters

Waveguide couplers and power splitters are needed 
for the construction of interferometric devices, 
which will be described in Section 17.2.4.

Directional couplers: when waveguides are 
brought into proximity in such a way that their 
mode fields partially overlap, power is transferred 
from one waveguide to another (Figure 17.2). For 

Waveguide

I II

I IIβb
βa

(a)

(b)
fa

ψa

ψa

ψb

ψb

ψe

ψO

fb

y
x

I II

∆ε∆ε

Figure 17.2 Directional coupler [13]. (a) Propagating modes in two uncoupled (left) and coupled 
(right) waveguides. In analogy to a coupled pendulum, the coupled system has both symmetric ψe and 
asymmetric ψo fundamental modes (having different propagation constants) which are excited and 
lead to a periodic energy exchange between modes ψa and ψb. (b) Cross section through a direc-
tional coupler. The coupling coefficient κ is proportional to the overlap integral of the shaded areas. 
(Reproduced by permission of The McGraw-Hill Companies.)
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identical lossless waveguides and co-propagating 
modes, the power coupling ratio is given by (I0 is 
the incoming power, I1 and I2 are the powers at the 
end of the coupler)
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The coupling coefficient κ (Figure 17.2b) increases 
with the decreasing gap between the coupled wave-
guides, and by adjusting the ratio of propagation 
length z to coupling length Lc (defined as the length 
needed for complete power transfer), any splitting 
ratio can be designed. However, the wavelength 
dependent mode field diameter makes the cou-
pling ratio also wavelength dependent; this can be 
avoided in more sophisticated designs with tapered 
asymmetric coupling regions [12]. For a treatment 
of counter-propagating modes, see Reference [13].

On the other hand, the operation of Y-splitters 
(Figure 17.3) depends only on their symmetry and 
thus the splitting ratio is wavelength independent. 
Power splitters (1 × 2n) can be built by concatena-
tion of Y-splitters.

A simpler way to obtain a large number of input 
or output ports is the star coupler [14], in which 
a multimode slab waveguide is placed between a 
fan of input and output waveguides (Figure 17.4). 
A uniform splitting ratio is achieved by adequate 
mutual coupling between input waveguides, and 
couplers with up to 144 × 144 ports have been pub-
lished [15].

Multimode interference couplers [16] are based 
on self-imaging, i.e., the fact that single or multiple 
images are produced when higher order modes are 
excited within a wide multimode waveguide, and 
these modes interfere (constructively or destruc-
tively) along the propagation direction of the 
light. An example of a 1 × 4 splitter is depicted in 
Figure 17.5.

Z

Figure 17.3 Y-splitter—the fundamental mode 
propagating in the left input waveguide will be 
equally split between the two output guides. 
For a symmetric device, the splitting ratio is 
50%/50% (3 dB). 2n splitter trees can be obtained 
through cascading of Y-splitters.

T (α,α)

α

α΄P΄

P

T (θ,θ΄)

θ
θ΄

2α O O΄

R

Figure 17.4 Star coupler [14], consisting of an 
array of input and output waveguides inter-
connected by a multimode slab guide. Light 
entering the multimode slab waveguide will 
diffract and excite fundamental and higher order 
modes, resulting in mixing and excitation of the 
guided modes of the output waveguide array. 
(Reproduced by permission of IEEE.)

bpm2d

X
 (µm

)

Figure 17.5 Multimode interference MMI coupler 
[16]. The diagram shows the amplitude distribu-
tion in a 1 × 4 splitter as obtained from beam 
propagation modelling (BPM) [196]. Light enter-
ing from the left will excite multiple modes in the 
middle section, which interfere and create local 
minima and maxima. Finally, constructive interfer-
ence is obtained in multiple focal points, and the 
fundamental mode in the output waveguides is 
excited.
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17.2.4  Interferometric 
devices—Mach–Zehnder 
interferometers, the arrayed 
waveguide grating, ring 
resonators

The Mach–Zehnder interferometer is a key element 
for filters, switches and modulators, which will 
be discussed later in Section 17.5. A schematic is 
shown in Figure 17.6—light is split in a first direc-
tional coupler, passes through the delay lines and 
then recombines. The transmitted optical power is 
a function of the phase difference, and is given by

 I I/ sin ( / 2) “bar”path1 0
2= φ

 I I/ cos ( / 2) “cross”path2 0
2= φ

in the case of perfect 50%/50% (3 dB) directional 
couplers.

For the “cross” path, there will be a construc-
tive interference for ϕ = m,…, 2π and destructive 
interference for ϕ = (2m + 1)π. Tunable devices can 
be made by dynamic control of ϕ via the effects as 
described in Section 17.2.2.

For broadband devices (i.e., devices having a flat 
spectral response over a wide passband), such as 
switches, the phase difference will be within [0, π] 
(“symmetric MZI”). If spectral features within the 

passband are desired (as in the case of the equal-
izing filters described in Section 17.5.2), the phase 
difference will rather be chosen to be within [m·2π, 
(m + 1)2π]. The fixed part ϕ = m·2π will be generated 
by a fixed delay of geometrical length in one arm 
(“asymmetric MZI”)

 
L

m

n
∆ = λ

and the additional 2π will be kept tunable. The 
device has a periodic response, which will be 
repeated for every free spectral range (FSR)

 

n L

m m
FSR
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≡ ∆λ = ∆

+

The arrayed waveguide grating (AWG) is the ana-
logue to a bulk diffraction grating and can be used 
in optical networks as a multiplexer/demultiplexer 
(Figure 17.7a) in wavelength division multiplexed 
(WDM) transmission systems, or as a wavelength 
selective building block for add–drop devices or 
optical crossconnects (OXCs) (Sections 17.5 and C1).

The AWG [17,18] (Figure 17.7b) consists of 
input/output waveguides, two star couplers and an 
array of waveguides with a constant path length 
difference ΔL between adjacent guides. Light com-
ing into the first “free propagating region” (FPR) 
radiates and excites all waveguides in the grating. 
After propagation through the array, the light will 
constructively interfere in one focal point of the 
second star coupler if the grating condition

 m n Lλ = ∆

is fulfilled. n is the effective index of the mode 
guided in the waveguide array, λ is the wavelength, 
m is the grating order. The location of the focal 
point depends on the wavelength as the phase 
delay between adjacent guides is given by ΔL/λ, 
and the passbands have a Gaussian shape as shown 
in Figure 17.7c.

A ring resonator consists of couplers and a feed-
back loop of geometrical length L and is the ana-
logue to the free-space Fabry–Perot interferometer.

The two-port resonator shown in Figure 17.8a is 
the simplest case: it has a unity power transmission 
and a phase response, making it useful in the syn-
thesis of phase compensating devices [100].

I0

∆L = 0

∆L = 0

I1

I1

I2

I2

I0

φ

φ

(a)

(b)

Figure 17.6 Symmetric (a) and asymmetric (b) 
Mach–Zehnder interferometer consisting of two 
directional couplers, two interferometer arms 
and a dynamic phase shifter. The path from input 
0 to output 1 is called “bar”, the path 0 → 2 
“cross”.
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Figure 17.7 AWG router. (a) Basic function. (b) Schematic configuration of an AWG [17]: light enters 
the input star coupler (free propagating region FPR), will then diffract and then excites guided modes 
in each of the waveguides in the array. In the arrayed waveguide section there is a constant delay ΔL 
between adjacent arms, and finally constructive interference is obtained in the image plane (second 
star coupler). (c) Spectrum of a 1 × 16 demultiplexer with Gaussian passband and <5 dB fiber–fiber 
losses [197]. (Reproduced by permission of IEEE.)
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Open ring resonators (Figure 17.8c) have reso-
nances in both amplitude and phase response and 
may be used in N × N switch matrices [19] or for 
bistable devices having a nonlinear medium in the 
feedback loop [2].

In analogy to the Mach–Zehnder interferom-
eter, the FSR of a ring resonator is given by

 nL
FSR =

2λ

17.2.5  Optical modelling—beam 
propagation methods and the 
transfer matrix formalism

For the modelling of simple components or optical 
integrated circuit building blocks, the beam propa-
gation method (BPM) and mode solvers are used:

 ● In BPM, the field is propagated stepwise 
through slices of the known waveguide 
structure, and in each step a phase correction 
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(b)
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–3
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FSR = 0.53 nm
= 66 GHz n = 1.45

R = 0.5 mm 
L = 3.14 mm
cos(θ) = ρ = 0.89

Figure 17.8 Ring resonator. (a) Two-port ring resonator consisting of a coupler with coupling angle θ 
and a feedback loop of length L. (b) The phase response calculated from the transfer function given 
in Table 17.1 has a resonance peak which is repeated every free spectral range FSR. (c) Open ring 
resonator.
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is applied if the propagation constant of the 
guided mode changes through variations of the 
refractive index or the waveguide geometry. 
BPM is extensively treated in [2,7,20].

 ● Mode solvers calculate the field distributions 
and propagation constants for the electrical 
and magnetical eigenmodes, and are often 
used as starting conditions for a subsequent 
beam propagation modelling. Methods 
solving the full Maxwell vector equations or 
semivectorial approximations are employed. 
The accuracy of different methods is com-
pared in Reference [7].

The applicability of the BPM is limited by the 
computation time needed for the simulation, 
so that alternative tools are needed for circuits 
with a higher degree of complexity. One way to 
achieve this is to use a transfer matrix formalism 
relating the amplitudes at the inputs and outputs 
of a device (Figure 17.9), and the unitarity of the 
matrix assumes that filters are lossless. H11(ω) 
is the complex transfer function giving access 
to the filter’s power transmission |H11(ω)|2 and 
phase) = ϕ(ω) = arctan [Im(H11(ω))/Re(H11(ω))].

Transfer matrices and transfer functions of 
some devices described in this section are listed in 
Table 17.1. The amplitude and phase characteristics 

of a more complex filter are then obtained from 
the multiplication of the elementary matrices, and 
examples are the serial and parallel lattice filters to 
be described in Section 17.5.

Finally, the transfer function can be expressed as

 
H

A

B
( )

( )

( )
11 ω = ω

ω

where the polynomials A(ω) and B(ω) have only 
zeros. Depending on the numbers of zeros or poles 
of H11(ω), filters are classified as [21,22]:

 ● Moving average (MA), also called finite 
impulse response (FIR), filters have only 
zeros and consist only of forward paths. 
Examples are the AWG and the Mach–Zehnder 
interferometer.

 ● Autoregressive filters (AR) have only poles, and 
the two-port ring resonator (Figure 17.8a) is 
one example.

 ● Autoregressive moving average filters (ARMA) 
have both zeros and poles. Infinite impulse 
response filters (IIR) represent a sub-category 
with at least one pole.

For a detailed treatment of the transfer matrix for-
malism, see References [20] (Chapter 6.5) and [22] 
(Chapter 3.3), with application to the synthesis of 
optical filters in [23–25].

17.3  INTEGRATED OPTICS 
MATERIALS AND FABRICATION 
TECHNOLOGY

A major challenge facing integrated optical circuit 
developers is the fact that devices can be fabricated 
in different materials, and the ultimate technology 
choice will be based on the performance, manufac-
turability and cost.

Hybrid integration (Section 17.4) allows com-
bining the best suitable materials on one platform, 
but for monolithic circuits a compromise may be 
needed.

This section will give an overview of the com-
monest materials, their properties and the fabri-
cation processes currently deployed in integrated 
optics; we refer to Chapter 2 for further reading.
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Figure 17.9 Device with two input and output 
ports and unitary transfer matrix S (top); serial 
filter through concatenated two port devices 
(bottom).
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17.3.1  Silica

Most of the commercially available passive opto-
electronic circuits use doped silica waveguides, 
as propagation losses below 0.1 dB cm−1 are easily 
achieved in the 1.3 and 1.5 μm telecom windows. 
Pioneering work in this field has been done in the 
early 1970s–1980s by NTT, and today devices are 
commercialized by many vendors (NEL, SDL/PIRI, 
IONAS/NKT Integration, Agere, Hitachi, etc.).

A typical fabrication process based on depos-
ited thin films is shown in Figure 17.10: a thin layer 

of silica is deposited on a planar silica or silicon 
substrate via chemical vapor deposition (CVD) 
processes such as flame hydrolysis (FHD) [3,26] or 
plasma enhanced deposition (PECVD) [27] of gas-
eous precursors. In the case of the silicon substrate, 
a pure SiO2 buffer layer with 10–20 μm thickness 
optically isolates the waveguide layer. The index 
of the waveguide layer is raised from the initial 
silica index (n = 1.444 at 1550 nm) above the index 
of the cladding by adding dopants such as germa-
nium, phosphorus or titanium during thin film 
deposition, and index contrasts between 0.34% Δ 

Table 17.1 Transfer matrices and transfer functions for waveguide devices described in sections 
17.2.3 and 17.24
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(matched to standard single mode fiber) and 2% A 
are obtained with losses as low as 0.017 dB cm−1 for 
0.75% Δ [26]. Mechanical stresses built up during 
waveguide deposition can be released by annealing 
at high temperature [28], and stress due to the mis-
match of the thermal expansion coefficients of the 
substrate and waveguide materials can be avoided 
by a proper choice of dopant levels and waveguide 
geometries [29,30]. Waveguide patterning is done 
by photolithography and etching [31,32, Chapter 
V-2], and finally a cladding covers the waveguides. 
Additional metallization layers can be deposited 
for the powering of thermo-optic phase shifters 
(dn/dT = 1 × 10−5 K−1 [3]).

An alternative to thin film deposition is to fab-
ricate the waveguides through ion exchange [33]: 
alkali ions, such as Na+ or K+, present in the glass 
are replaced by another cation such as Ag+ or Tl+, 
which locally increase the index proportional to 
their concentration. The process for fabricating 
buried channel waveguides usually consists of two 
steps: first, a glass substrate with an appropriate 
lithographic mask is immersed in a molten salt con-
taining the silver or thallium ions, but no sodium 
or potassium ions. There will be an inter-diffusion 
of the species, resulting in a channel waveguide at 
the surface of the substrate. In the second step, an 

electric field is applied leading to the migration of 
the exchanged ions deeper into the substrate. The 
resulting waveguides have an index profile, which 
is determined by the diffusion characteristics of 
the Ag+ or Tl+ ions. Passive directional couplers 
with <0.15 dB cm−1 propagation loss have been 
reported in Reference [34].

At present, ion exchange is primarily used for 
fabricating waveguides in lithium niobate (Section 
17.3.4) and rare-earth doped glasses (Section 
17.3.6).

The availability of strong laser sources has 
allowed us to study the photo-refractivity in 
glasses: in GeO2 doped films, permanent index 
changes can be induced by irradiating with 240 nm 
[35] or 157 nm laser light [36], and the sensitivity is 
usually enhanced by deuterium loading [37]. Index 
changes Δn between −6 × 10−3 [38,39] and +3 × 10−3 
[37] have been reported, allowing direct laser writ-
ing of waveguides [35], Bragg gratings [40] and 
waveguide couplers [41].

17.3.2  Silicon oxynitride

Higher index contrasts and thus integration densi-
ties are available from silicon oxynitride (SiOxNy or 
SiON) films, which cover the index range between 

Si substrate 
and
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lithography

for electrode
deposition

Chromium/ 
gold
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deposition

Lift-off
Silica

waveguide
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Waveguide
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CVD

Silicon

Under/overclad
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Figure 17.10 Fabrication process for silica waveguides [198]. The buffer layer separates the core layer 
from the substrate. Waveguides are formed via etching, covered by a silica cladding layer, and elec-
trodes for tunable components are usually deposited via physical vapor deposition.
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SiO2 (n = 1.45) and Si3N4 (n = 2.0) and are deposited 
by PECVD or LPCVD (low pressure CVD) [27]. 
Although not yet commercialized in volume, there 
is an industry pull mainly from IBM and Kymata/
Alcatel.

Reduction of the stress-related birefringence 
after waveguide fabrication has been reported 
by having waveguides with a rectangular cross-
section [42], or by an extra Si3N4 birefringence 
compensating layer underneath the channel wave-
guide [43] as shown in Figure 17.11.

Propagation losses of <0.1 dB cm−1 are 
achievable for lower index oxy-nitride materi-
als, and thermo-optic devices (the coefficient 
dn/dT = 1.2 × 10−5 K−1 being close to that of silica) 
have been made out of SiON waveguides with 
3.3% Δ index contrast [44]. In this particular case, 
coupling losses due to the mismatch of the mode 
field diameter have been reduced by attaching a 
fiber with smaller core diameter.

Silicon-rich nitride (SRN) [45] deposited 
by LPCVD allows us to obtain index contrasts 
of Δn = 0.6, and thus a bending radii of 40 μm. 
Although the reported propagation losses are still 
of the order of 0.6 dB cm−1 (measured in a one-
dimensional slab waveguide), SRN will be a prom-
ising candidate for high density integrated optics.

17.3.3  Silicon-on-insulator

Silicon-on-insulator (SOI) integrated photonic cir-
cuits may have a potential for true monolithic inte-
gration with electronics due to their compatibility 
with the micro-electronics CMOS process, which 
can provide gigabits/second electronic circuitry 
with a low noise. As we will see in Section 17.4, 
silicon is also the preferred substrate material for 
hybrid integrated circuits. The main commercial 
source for SOI devices is Bookham (transceivers, 
multi-channel monitors).

SOI layers can be fabricated by the bonding 
of thermal oxide layers (BESOI [46]), oxygen ion 
implantation [47,48] and sputtering, CVD or evap-
oration [49].

Single mode rib waveguides [50] with dimen-
sions comparable to single mode fiber are fabricated 
via etching techniques, and propagation losses of 
<0.2 dB cm−1 [51] at 1550 nm and <0.1 dB cm−1 at 
1300 nm [52] are obtained. The cross-section of a 
SOI rib waveguide is shown in Figure 17.12.

The high index of n = 3.45 allows high confine-
ment of the optical mode. This makes Si a suitable 
material for photonic bandgap structures [53], 
for which an index contrast of >2 is required for 
guiding [54].

Modulators have used the thermo-optic 
 coefficient (dn/dT = 1.8 × 10−4 K−1 [5]). Carrier injec-
tion is the most important electro-optic effect 
in Si [55,56], and index changes of the order of 
Δn = 1.5 × 10−3 have been demonstrated [57,48].
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Figure 17.11 PECVD waveguides with compen-
sated birefringence: rectangular waveguide cross 
section [42] (top, indices are at 1300 nm); guide 
with Si3N4 birefringence compensating layer BCL 
underneath the channel waveguide [43] (bottom). 
(Reproduced by permission of IEEE.)
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Figure 17.12 Silicon-on-insulator (SOI) single 
mode rib waveguide [46] fabricated by wafer 
bonding and etching. Schematic (right), scan-
ning electron micrograph (left top), modeled (left 
middle) and experimental guided mode (left bot-
tom). (Reproduced by permission of IEEE.)
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17.3.4  Lithium niobate

Lithium niobate (LiNbO3, often abbreviated as 
LN) is a uniaxial crystal with large birefringence 
(nextraordinary = 2.2, nordinary = 2.286) and a large lin-
ear electro-optic (Pockels) effect of r33 = 30.9 pm 
V−1 [9]. Wafers with 100 mm diameter are com-
mercially available [58]; common techniques for 
fabricating waveguides are thermal in-diffusion 
of titanium or proton exchange [59] and both pro-
cesses do not seriously disrupt the lattice structure 
of the host material.

Ti-diffused channel waveguides typically have 
index contrasts of Δn = 0.5%–1% [60] and <0.1 dB 
cm−1 propagation losses [61], but index contrasts of 
up to 7% are possible with proton exchange [59].

The large EO effect of LN is used for external 
modulation of laser sources, and bandwidths of up 
to 100 GHz are reported on probed devices [62]. 
For achieving these high modulation bandwidths, 
special designs for the electrodes are required to 
match the velocities of the electrical and opti-
cal mode [58]. Modulators are treated in detail in 
Chapter B4. Main industry players in the modula-
tor segment are JDS Uniphase and Corning OTI.

Polarization converters and tunable wavelength 
filters via acousto-optic effects are reported in 
Reference [63, Chapter 17.8].

17.3.5  Polymer

While not traditionally a high performance optical 
material, polymer has a number of attributes that 
make it an interesting material for optical circuits 
[64] and structural devices [65].

For optical waveguides, photosensitive optical 
polymers based on various monomers (including 
acrylates, polyimides, cyclobutenes) have been 

developed and are commercially available. Upon 
exposure, these monomers form crosslinked net-
works and materials with indices between 1.3 and 
1.6 are available [4]. Mixing of two polymers which 
can be co-polymerized allows tailoring of the 
refractive index with an accuracy of 10−4.

Adding photoinitiators to the material allows 
fabrication of waveguides by conventional mask 
photolithography (Figure 17.13) or direct wave-
guide writing, although etching or moulding pro-
cesses are also possible [4].

Standard materials offer waveguide propaga-
tion losses of 0.2 dB cm−1, and the large tempera-
ture dependence of the refractive index dn/dT = 
−2 ,…, −3 × 10−4 K−1 [4] makes polymers particu-
larly attractive for thermally tunable devices with 
low power consumption such as photoinscribed 
Bragg gratings and Mach–Zehnder switches, but 
also passive AWGs [66]. Main commercial prod-
ucts are thermo-optic switches (Akzo Nobel/JDS 
Uniphase).

The wide index range allows us to use polymers 
in hybrid silica/polymer devices [67], and the nega-
tive dn/dT can compensate the positive dn/dT of 
silica for athermalizing temperature sensitive silica 
waveguide components [68–70].

Electro-optic coefficients of r33 = 10–15 pm V−1 
have been achieved in polymer waveguides con-
taining chromophores aligned in an electric field. 
Although photochemical stability and loss (typi-
cally 1 dB cm−l) still remain to be addressed, mod-
ulating devices with >110 GHz bandwidth have 
been reported [71].

Waveguides with integrated structures to grip 
optical fibers with <1 μm alignment tolerance 
can be fabricated by etching [64], but also LIGA 
moulding processes [65], and optical backplanes 
have been reported in Reference [72].

Actinic radiation

Development OverladdingPhoto-mask
Photo-monomer

Optical buffer
Substrate

Figure 17.13 Schematic of the photolithography process for patterning of polymer waveguides [64]. 
(Reproduced by permission of SPIE.)
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17.3.6  Active waveguides

Active waveguides have been obtained from the 
implantation of rare-earth ions into a host mate-
rial [73], ion exchange in Er/Yb co-doped glasses 
[74] and through PECVD thin film deposition [75].

Er3+ has a transition in the 1.54 μm telecom win-
dow, and optical pumping from the ground to the 
excited states is possible by 980 or 1480 nm pump 
lasers (Figure 17.14) [73]. Net gains of 20 dB can be 
obtained with 120 mW pump power [63, Chapter 6] 
(see this reference for a state-of-the-art on this sub-
ject). TEEM Photonics and NKT Integration com-
mercialize Er3+-doped planar amplifiers.

In a similar way, Nd3+ doping in silica wave-
guides provides a gain at 1.05 nm wavelength [76].

Active Er-doped devices have also been fabri-
cated in LiNbO3 [7,77, Chapter 6], and other oxide 
materials, ceramics and Si [78].

17.3.7  Indium phosphide gallium 
arsenide

Among the III-V semiconductors, InP plays a 
major role, as it is the current material of choice 
for the fabrication of lasers and detectors, which in 

turn can be monolithically integrated with  passive 
InP waveguides. The possibility of matching the 
lattice constant of the quarternary alloy Inx 
Ga1−xAs1−yPy to InP over a large window of compo-
sitions results in a wide range of bandgaps, thus 
operating wavelengths between 1000 and 1700 nm 
are obtained. However, the fabrication process 
is quite expensive and wafer sizes are limited to 
2–3 in. Although we will illustrate a few mono-
lithic InP circuits integrating passive and active 
device functionalities in Section 17.5, most of the 
InP-based components today are combined with 
other passive components through hybrid integra-
tion (Section 17.4.).

GaAs has a major role in the development of 
high speed electronics, thus up to 6 in. wafers 
are available. The bandgap of GaAlAs/GaAs and 
InGaAs/GaAs can be engineered for obtaining 
laser operation in the 780 and 980 nm wavelength 
regions, respectively, the latter being used for opti-
cal pumping of Er3+-doped glasses.

We refer to Chapters B1.1, B1.2 and B2 for fur-
ther reading.

17.3.8  Conclusion

Table 17.2 summarizes the key properties and 
primary phase tuning mechanism of the materi-
als presented in this section. Each of the materi-
als has its advantages and disadvantages, so that 
there is no clear winner. The choice of the material 
depends primarily on the specific needs for a given 
functionality.

17.4  DEVICE PACKAGING AND 
FUNCTION INTEGRATION

The first part of this section is about packaging of 
opto-electronic circuits, which fulfil a single or 
multiple functions in the network. The second part 
will discuss briefly the different technologies for 
the integration of multiple functions on one chip, 
and we will focus more specifically on hybrid inte-
gration, as this is the main integration technique 
today.

17.4.1  Device packaging

There are different levels of opto-electronic integra-
tion in a communication system [79] (Figure 17.15):

545 nm 4S3/2/ 2H11/2

4F9/2

4I9/2

4I11/2

4I13/2

4I15/2

650 nm

800 nm

980 nm

1540 nm

Figure 17.14 Simplified representation of the 
Er3+ energy levels. Optical pumping into the 
excited 4|11/2 and 4|13/2 states requires semicon-
ductor lasers operating at 980 or 1480 nm [73]. 
(Reproduced by permission of the Materials 
Research Society.)
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Table 17.2 Key properties of the materials described in section 17.3

 Propagation 
 loss

 Coupling 
 loss

 refractive 
 index n

 Primary phase tuning 
 mechanism  Primary application

Silica <0.05 dB cm−1 Low-medium 1.444 Thermo-optic Passive components,   
thermo-optic tunable 
devices

Silicon oxynitride <0.1–0.2 dB cm−1 
for n around 
1.45

Low-medium 1.444–2.0 Thermo-optic Passive components,  
thermo-optic tunable 
devices

0.6 dB cm−1 for n 
around 2.0

Silicon-on-insulator SOI <0.2 dB cm at 
1550 nm

High 3.45 Thermo-optic, electro-optic Passive components, photonic 
bandgap devices

Lithium niobate LN <0.1 dB cm−1 Medium 2.0 Primarily electro-optic, but also 
thermo-optic and acousto-optic

High speed gigabit/second 
modulators and switches

Polymer <0.2 dB cm−1 Low-medium 1.3–1.6 Thermo-optic, electro-optic 
(chromophores)

Passive components, Thermo-
optic tunable devices/
switches with low power 
consumption

Er3 + doped glasses <0.1 dB cm−1 Low 1.49–1.50 Pre- and post- amplifiers

InP ca. 3 dB cm−1 High 3.1 Electro-optic, χ(3) nonlinearity Lasers, detectors, 
semiconductor optical 
amplifiers, gigabit/second 
optical gates and switches

GaAs ca. 0.5 dB cm−1 Medium 3.3737 Pump lasers (980 nm)

For the coupling loss to a standard single mode fiber SMF28 [82] we indicate only a range (high >3 dB/interface, medium 1–3 dB/interface, low <1 dB/interface), as exact 
coupling loss values (see Section 17.4.1 and Table 17.3) depend on mode field diameters which in turn can be adapted.
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 ● A system consists of several racks or cabinets 
of equipment

 ● A rack or cabinet contains frames, which in 
turn have units combining a multitude of opti-
cal and electronic functions

 ● A single or a few optical functions together 
with control electronics are packaged on a 
board

The purpose of packaging is (as an example, see 
Figure 17.16).

 1. To connect a fiber to the monolithic or hybrid 
integrated optic chip without adding loss.

 2. The monolithic or hybrid integrated optical 
circuit can in turn contain dynamic elements 
(phase shifters, active opto-electronic devices) 

Cabinet Unit

Plug-in unit

Unit frame

PCB (printed circuit
board)

Edge connector

Back plane (printed circuit board)

System

Figure 17.15 Packaging levels in a generic communication system [79]. (Reproduced by permission of 
John Wiley & Sons, Inc.)

Figure 17.16 Example design for a opto-electronic component consisting of a silica waveguide chip in 
its housing (top) and electronics control board [135]. (Reproduced by permission of IEEE.)
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which need to have an electrical interconnec-
tion to control electronics.

 3. The fiber-optical circuit ensemble needs to be 
fixed into a housing or package without deg-
radation of the mechanical stability or optical 
performance.

 4. The housing or package ensures reliability 
under different operating or environmental 
conditions.

Coupling from a fiber to an optical integrated circuit 
can be accomplished [80].

 ● From the waveguide surface via prisms or 
surface gratings.

 ● Through edge coupling into the waveguide 
cross-section via focusing lenses, or through 
direct attachment of the fiber to the chip. For 

the latter, fibers can be placed into V-grooves 
fabricated into Si substrates [81], or actively 
aligned to the chip which is the standard 
method used today.

Edge coupling losses arise from the mismatch of 
the fiber and waveguide mode fields, as well as 
from angular or lateral misalignments and are 
given by the overlap integral
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with ϕ1·ϕ2 being the mode fields and A the wave-
guide cross-section. Approximations for the vari-
ous contributions are given in Table 17.3.

Table 17.3 Coupling loss mechanisms and formulas
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As an example, the mode-field mismatch of 
a standard single mode fiber (mean field radius 
w0 = 4.6 μm [82]) to a planar waveguide (w0 = 3.3 μm) 
results in losses of the order of 0.5 dB. To keep the 
excess loss from lateral misalignment to below 
0.3 dB, the fiber needs to be positioned with <1.0 μm 
accuracy. The fibers are usually attached by optical 
adhesives or directly fused to the chip using a CO2 
laser [83,84].

Edge coupling of III–V components such as 
lasers, detectors or semiconductor optical ampli-
fiers (SOAs) to fibers is more difficult, because 
their small modefield diameter of 1–2 μm would 
immediately lead to increased mode-field mis-
match losses and also slightly reduced alignment 
tolerances.

In this case, loss reduction is possible by using 
fibers with anamorphic lenses [85] or enlarging 
the mode field of the active component with a 
taper [86,87] (Figure 17.17). These relaxed align-
ment tolerances are the keys to high yield low cost 
passive alignment techniques as used in hybrid 
integration.

For electrical interconnection of active semicon-
ductor and dynamic elements mainly two technol-
ogies are used in opto-electronics [88–90]:

 ● Shorter interconnection (typically 100 μm), 
and thus higher electrical bandwidth, is 
possible with the flip chip process, which is 
moreover a parallel process. The electrical 
interconnection can be made with higher 
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index core
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index core

Dual trapered region
Cladding
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High ∆ core

Cladding
Trapered region

(c)

(a) Dual core waveguide
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Low refractive
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Figure 17.17 Mode-field converting waveguides [86]. The principle is to have the high index wave-
guide (with small mode-field diameter) connected through an intermediate taper to a low index wave-
guide (with larger mode-field diameter), which is then coupled to a single mode fiber. (Reproduced by 
permission of John Wiley & Sons, Inc.)
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density anywhere on the device surface, and 
the flip chip (or solder bump self-alignment 
technique) is also one of the passive assem-
bly techniques used in hybrid integration.
The package or housing of the device needs to 
enclose and protect the optical circuit with-
out performance degradation through

 ● Thermal effects—heat is generated by the 
active components, so that a good dissipation 
is essential for maintaining the circuit at stable 
temperature. This is achieved by

 ● Having laser submounts with high con-
ductivities (diamond, silicon carbide (SiC), 
alumina (Al2O3), aluminium nitrite (AlN), 
silicon (Si)) or Si substrates for thermo-
optic and hybrid components.

 ● Thermo-electric coolers or passive heat 
dissipation.

 ● Stress related effects, as they induce birefrin-
gence and change the response of an optical 
circuit based on phase control. Potential issues 
are addressed by using substrates and packag-
ing materials with adapted thermal expan-
sion coefficients and filled adhesives with low 
Young’s modulus.

At present, commonly used housing materials 
are aluminium, Kovar, Invar and organic/inor-
ganic composites with near zero expansion coef-
ficient [79]. Bending losses or breakage of the fiber 
attached to the optical circuit can be avoided by 
keeping the fiber bend radii above 2–3 cm.

Opto-electronic components are required to have 
failure-free performance over a range of operating 
temperatures (typically −5 to +70°C) over their 
lifetime (miminum 25 years). For assuring a reli-
able operation, testing procedures are defined [91], 
the purpose of which is to

 ● Verify reliability against thermal shocks, ther-
mal cycles (−40 to 70°C), damp heat (85°C/85% 
relative humidity) and moisture.

 ● Screen devices through thermal cycling and 
short term storage at high temperature.

 ● Estimate life expectancy through accelerated 
ageing (70 or 85°C, 2000–5000 h). The principle 
is to test several identical components at dif-
ferent temperatures and to estimate the mean 
time to failure (MTTF) from an Arrhenius 
relation.

Depending on the application, operating environ-
ment and chip materials, the OE components can 
be packaged hermetically or nonhermetically.

17.4.2  Function integration and 
hybrid technology

The integration of optical functions can be accom-
plished mainly in three different ways:

 1. Precision placement of the various elements 
into one package and interconnection via free-
space optical links. This method has limita-
tions for the complexity of the OE circuit, and 
the cost reduction potential through mass 
production is questionable.

 2. In monolithic integration, the optical and 
electrical functions are fabricated—in analogy 
to electronic LSI—on the same semiconduc-
tor substrate such as InP or GaAs. The main 
drawback is that currently best performances 
for different optical functions may be obtained 
with different materials (see Section 17.3), for 
example modulators with LiNbO3, passive 
wavelength multiplexers with silica waveguides 
and so on. Also, the achievable integration 
density is limited by optical constraints (wave-
guide bend radii and the size of the fiber/chip 
interconnection) rather than the size of the 
electronic circuitry.

 3. In hybrid integration, active devices and 
electronics are assembled together with pas-
sive lightwave optical circuits on a common 
platform, which allows combining the best 
available circuits. Furthermore, the yield for 
this technology may be higher than for mono-
lithic integration, since the components can be 
selected for performance prior to the assem-
bly. The remainder of the section reviews the 
critical technologies needed for surface-hybrid 
integration (for the various types of hybrid 
integration, see Reference [86]).

A generic hybrid integrated circuit is shown in 
Figure 17.18, and the main technical ingredients 
for functional integration are

1. A platform onto which the active and passive 
optical circuits are integrated. Among the 
materials used in packaging (diamond, SiC, 
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Al2O3, AlN, Si), Si is considered to be the best 
material for a number of reasons: low cost, 
good thermal conductivity (1.57 W cm−1 K−1) 
for evacuation of thermal load from active 
components, a thermal expansion coeffi-
cient (CTE = 2:33 × 10−6 K−1) almost matched 
to that of InP components (CTE = 4:5 × 10−6 
K−1); availability of processes for fabrica-
tion of electrical circuits and Si alignment 
features. Moreover, passive silica waveguide 
 components are usually fabricated on Si 
substrates.

 There are mainly two different types of 
platform:
a. The Si optical bench has fiber V-grooves 

fabricated by anisotropic etching as well 
as other alignment features for active com-
ponents, but has no passive waveguides.

b. NTT has developed a planar lightwave 
circuit (PLC) platform [92,93], which also 
integrates passive silica waveguide compo-
nents. A cross-section of the structure is 
depicted in Figure 17.19.

 2. In the integration step, the optical building 
blocks need to be interconnected with low 
optical loss due to physical misalignment, 
i.e., within the roughly 1 μm accuracies 
mentioned in Section 17.4.1. Both active and 
passive alignment methods [63, Chapter 10] 
are used today:

In an active alignment process—for example 
coupling of a fiber to a laser diode—the opti-
mum position is found through a measure-
ment of the transmitted laser power, and 
sub-micrometer accuracy can be achieved with 
commercial precision alignment stages.

In a passive alignment process, the accuracy 
is defined through alignment features fabri-
cated on both the OE building blocks and the 
integration platform:

 1. The index method uses microscopes and 
precision manipulators for accurate align-
ment in the horizontal (platform) plane; an 
example is shown in Reference [94].

 2. Mechanical contact alignment uses topo-
graphic features such as stops, standoffs, 
notches, pedestals (Figure 17.20) for align-
ment in both horizontal and vertical direc-
tions. The major difficulty is the precise 
definition of the vertical plane during the 
waveguide fabrication process. Accuracies 
of 0.8 μm are reported for lasers coupled 
to fibers [95], passive alignment of single 
mode fibers to both facets of a semicon-
ductor optical amplifier is shown in [96], 
and integration of both diode laser and 
photodiode with <3 μm precision has been 
demonstrated in Reference [97].

 3. The flip chip or solder bump technique 
uses precisely known volumes of solder 
confined between wettable metal pads 
on either side of the bond. Raising the 
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Figure 17.18 Hybrid integrated circuit [168] show-
ing passive planar circuits (PLC), electronic trans-
mission WSi lines, single mode fiber (SMF) with 
passive fiber guides and active circuits (semi-
conductor optical amplifier gates SOAG) with 
AuSn solder bumps for flip chip self-alignment. 
(Reproduced by permission of IEEE.)
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Figure 17.19 Cross-section of the NTT PLC 
platform: the Si terrace and the deposited silica 
buffer layer are planarized, thus defining the 
vertical plane for subsequent passive assembly of 
the active components [63].
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temperature above the solder melting point 
will simultaneously align the structures 
through surface tension and provide an 
electrical interconnection [90,98] (Figure 
17.21). Solder bumps can be fabricated by 
vapor or liquid phase deposition [99], and a 
variety of active/passive circuits have been 
published with alignment accuracies of up 
to ± 1 μm [98].

 4. A combination of mechanical and solder 
bump alignment has been reported for 
transceiver modules [100,101].

 3. A reliable mechanical and electrical intercon-
nection between the opto-electronic circuits 
and the platform. Materials and processes 
commonly used are [98,102,103]

 1. In the flip chip process, eutectic 63% Sn/37% 
Pb (melting point 183°C) or 80% Au/20% 
Sn (melting point 281°C) solder bumps are 
fabricated on Ti or Cr adhesion layers.

 2. Bonds can also be formed through a 
thermo-compression process at lower 
 temperatures using Au/Sn or Au/In  
alloys.

 3. Metal-filled epoxies with good thermal and 
electrical conductivity are suitable for cur-
ing at 150°C–200°C.

17.5  OPTICAL NETWORKS AND 
INTEGRATED OPTICAL 
FUNCTIONS

With the increasing demand for communica-
tions bandwidth, digital optical transmission has 
become more and more important over the last few 
years. Currently, systems with capacities of hun-
dreds of gigabits/second are commercially avail-
able, and transmission of 10.2 Tbits−1 over 100 km 
of single fiber has been demonstrated in labora-
tory experiments [104]. In practice, this is done 
by simultaneously carrying optical signals with 
slightly different wavelengths over a single fiber 
(wavelength division multiplexing, WDM). In par-
allel, the bit rates for single channels have steadily 
increased to 40 Gbit s−1, and in future systems of 
higher capacities will be achieved through time 
domain multiplexing (TDM) of several signals 
with identical wavelength into one high speed data 
stream.

The ultimate system figure of merit in digital 
transmission is the bit error rate (BER), which 
is defined as the probability of detecting a “1” 
although a “0” was received and vice versa. Typical 
goals are BER < 10−9 for voice traffic and BER < 10−12 
for data transmission. For a fixed bit rate, the BER 
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Figure 17.20 Mechanical contact alignment: notches fabricated into the active InP and passive silica 
waveguide components allow sub-micron alignment on a common silicon optical bench [199].
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Figure 17.21 Flip chip solder bond—solder bumps with precise volumes (typically AuSn or PbSn) are 
fabricated on wettable pads, then brought into contact and heated above the melting point. The 
surface tension acts as a restoring force, resulting in alignment.
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mainly depends on the received power and one 
speaks about power penalty (PP) when imperfect 
components are introduced into a network result-
ing in a BER degradation.

For optical networks, we refer to Section C1, but 
for simplicity and for illustrating the use of inte-
grated optical devices we will consider a generic 
WDM system as shown in Figure 17.22:
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Figure 17.22 Schematic of a wavelength division multiplexed system. (a) Schematic of an optical add–
drop multiplexer. As an example, there are four signals λ1,…, λ4 on the fiber. The signal λ3 is dropped 
and replaced by λ′3. (b) Optical cross connect with two input and two output fibers, each carrying four 
signals. In this example, signals 2 and 3 are exchanged between fibers 1 and 2.
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 ● Light from a semiconductor transmitter laser 
Tx is modulated. In a WDM system, several 
signals are combined into the transmission 
fiber by an optical multiplexer MUX.

 ● The propagating signals are amplified every 
70–100 km; mainly Er3+ doped fiber amplifiers 
are deployed [105], and distributed Raman 
amplification [106, Chapter 8] in the transmis-
sion fiber is used to increase the system reach. 
Er3+ doped amplifiers need semiconductor 
pump lasers operating at 980 and 1480 nm; 
Raman amplified systems are pumped at 
14xx nm wavelength.

 ● The gain of an EDFA is wavelength dependent, 
which leads to significant variations in signal-
to-noise ratio (OSNR) of the received chan-
nels. The OSNR in turn depends on the power 
per channel and the number of amplifiers in 
the system. Nowadays, the channel power is 
periodically flattened with (static) thin film 
filters, but upcoming reconfigurable systems 
will require dynamic gain equalization.

 ● The finite spectral width of the source laser 
together with the positive fiber chromatic 
dispersion (i.e., the variation of the group 
velocity with wavelength) and nonlinear effects 
(self-phase modulation (SPM), cross-phase 
modulation (XPM), four-wave mixing) in the 
transmission fiber lead to a spreading of the 
optical pulse, which can be reshaped in chro-
matic dispersion compensating devices.

In addition to that, the transmission fiber may not 
have perfect circular symmetry, giving rise to dif-
ferent propagation velocities as a function of the 
incoming polarization state (polarization mode 
dispersion (PMD)).

 ● More complex optical networks contain add–
drop multiplexers (ADMs) and/or optical cross-
connect (OXC) switches for interconnecting 
fiber links and for provisioning a path through 
the network:

 ● ADMs (Figure 17.22a) have M = 2 fiber 
ports. Their function is to locally drop and 
add a few wavelengths out of a stream of 
N signals carried on a fiber while directly 
passing on the other data streams. ADMs 
can be static or reconfigurable.

 ● OXCs (Figure 17.22b) have M > 2 aggregate 
ports and allow routing of any of the N 

signals from any input fiber to any output 
fiber.

 ● The hearts of reconfigurable ADMs and 
OXCs are space switches: for the ADM, 
an array of N 1 × 2 or 2 × 2 switches is 
required, and the OXC needs a matrix of 
dimension N × M.

 ● At the end of the optical link, the signals are 
demultiplexed, and the receiver Rx converts 
the signals back into the electrical domain. 
The signal can be either terminated or 
regenerated; in the latter case, a fresh copy 
of the signal is produced through optical–
electrical–optical (O–E–O) conversion and 
fed into the next link.

As a single fiber carries several gigabits/second of 
information, the system operators have to guar-
antee the reliability of the transmission system 
against failures such as a fiber break. Network pro-
tection techniques ensure reliability by providing 
redundant capacity in the network, and by using 
protection switches for re-routing the traffic in 
case of failures (Figure 17.23).

Transmitter laser wavelength drifts and power 
variations are likely to cause an increase in BER, 
and it is therefore important for network operators 
to monitor the performance of the communication 
channels in order to guarantee quality of service 
(QoS) to their users.

Wavelength conversion of an optical signal 
is needed, for example, in OXCs if a signal gets 
switched onto a fiber in which a certain wavelength 
is already occupied.

Imperfect filters, dispersion, nonlinear effects 
and accumulated noise from Er3+ amplifiers limit 
the transparent length, over which a signal can 
be transmitted with a reasonable OSNR of about 
1500–2000 km, and regeneration of the signal is 
required. As mentioned before, nowadays this is 
usually done at the receiver end in the electrical 
domain, but regeneration in the optical domain [107] 
has been demonstrated [108], resulting in extended 
reach [109]. Optical regeneration may eliminate a 
part of the cost of the current O–E–O conversion.

In current systems, a light path is set up for the 
duration of the communication (circuit switch-
ing). Future systems may evolve—in analogy to 
ATM or SONET packet switching in the electrical 
domain—to optical packet switching in which data 
packets are optically routed through the network 
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based on information (such as the destination 
address) carried within the packet.

After the basic toolbox and technology over-
view in Sections 17.2–17.4, this last part will allude 
to examples of integrated devices. We will con-
centrate on some of the optical network functions 
mentioned above, and for avoiding duplication, 
we will not treat lasers, modulators, receivers and 
amplifiers for which we refer to Chapters B1.2, B2, 
B4 and B6.

For most of the examples, several technologies 
are available and integrated waveguide devices 
represent one option, and the user will make his 
final choice based on performance, cost and matu-
rity of the technology. Some of the functions are 
commercially available today, but most are still in 
research and will emerge over the next few years 
with the deployment of future generation systems.

17.5.1  Optical multiplexers

Optical filters for WDM systems should have low 
insertion loss, low polarization and temperature 
dependence of both transmission wavelength and 
transmission loss, and they should not distort the 

incoming signals due to their average chromatic 
dispersion (nonlinear group delay of the filter) or 
dispersion variation within the filter bandwidth 
(dispersion slope) [110]. Technologies available 
today are mainly dielectric thin film filters, fiber 
Bragg gratings and planar devices.

Early wideband filters for separation of signals 
in the 1.3 μm/1.5 μm telecommunication windows 
have used single stage asymmetric Mach–Zehnder 
interferometers as described in Chapter 17.2.4 [3], 
and wider passbands have been obtained by con-
catenation of three Mach-Zehnder filters [111]. 
Similar architectures are used for separating odd 
from even channels (interleaver) [112,113].

Planar narrowband filters use the AWG (Section 
17.2.4) with typical channel spacings of 100 or 
200 GHz (see also as an example, the 16 chan-
nel device in Figure 17.7c). Commercial AWGs 
with Gaussian passband have fiber–fiber losses of 
the order of 4–5 dB, and in research devices with 
<1.2 dB insertion loss [114] and up to 1010 channels 
on a 10 GHz grid [115] (concatenated devices) have 
been demonstrated.

A wide transmission passband rather than a 
Gaussian passband is preferred for accommodating 
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Figure 17.23 Protection in optical point–point networks by switching traffic from a working fiber on 
a protection fiber: 1:1 (top) and 1:N (bottom) protection [142]. The 1:N scheme is more bandwidth 
efficient as N working fibers share only one protection fiber.
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fluctuations in the transmitter laser Tx frequency 
and minimizing distortions due to filter concat-
enation [116]. Usual techniques modify the mode 
profile at the first AWG star coupler by MMI cou-
plers [117] or Y-splitters -[118], or interleave two 
gratings resulting in two separate focal points 
[119,120]. Dynamic shaping of the passband is also 
possible [121].

The silica dn/dT leads to a temperature depen-
dence of the transmission spectrum, and for 
silica waveguide devices compensation methods 
[70,122,123] have been published. Polarization 
dependence has been eliminated by converting 
a TE mode into a TM mode in the middle of the 
device [124] and minimizing stress birefringence 
in the fabrication process [29,30].

Both chromatic dispersion and dispersion 
slopes across filters also lead to signal degrada-
tion; however, the dispersion of the AWG filter 
is negligible and strictly zero if the component 
is symmetric and the loss can be neglected [125] 
(note that the transfer function in Table 17.1 
corresponds to that of an AR/FIR fitter without 
poles).

Other applications use very high resolution 
AWGs for converting a single data pulse from 
the frequency domain into the spatial domain. 
Examples are

 ● Shaping of ps pulses, which was reported first 
using dispersive bulk gratings and phase masks 
in the grating’s focal plane [126] and later on 
using fully integrated AWGs with phase shifter 
arrays [2].

 ● Dispersion compensation [127] (Section 17.5.3) 
and optical code division multiplexing [128].

17.5.2  Dynamic gain equalization

Dynamic gain equalization is starting to be imple-
mented in current systems, and a variety of tech-
nologies are being investigated today:

 ● Diffractive micro-electro-mechanical systems 
(MEMS) [129,130].

 ● Bulk optic diffraction gratings in combination 
with liquid crystal spatial light modulators 
(LC-SLMs) [131,132].

 ● Bulk and fiber acousto-optic gratings [133].
 ● Waveguides with surface electro-optic switch-

able Bragg gratings [134].

 ● We will describe integrated optic solutions in 
more detail, and there are basically two types.

 ● Fourier filters—multiple sinusoidal transmis-
sion functions are generated by a multitude of 
asymmetric Mach–Zehnder interferometers 
(Chapter 17.2.4) having path length differences 
ΔL. The ΔL results in different free spectral 
ranges, and superposition of the terms leads to 
the desired spectrum.

The Mach–Zehnder devices can be arranged in 
parallel (“tapped delay line filter”) or by concat-
enation (“serial lattice filter”) [22, Chapters 4.3 
and 4.5].

As an example, a schematic tapped delay line 
gain flattening filter [135] with eight arms (result-
ing in seven interference terms) is shown in Figure 
17.24 (top), and its transfer function is listed in 
Table 17.1. Tailoring the delay Tk between adjacent 
arms and the amplitudes hk allows synthesis of tar-
gets as in Figure 17.24 (bottom). The typical inser-
tion loss of such a device is 4 dB.
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transmission is normalized to 0 dB. (Reproduced 
by permission of IEEE.)
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Other applications of tapped delay lines are nar-
rowband filters with small free spectral range [136] 
and multi-channel selectors [137]. Serial lattice 
gain flattening filters have been published using 
SiON waveguide technology [138], and silica wave-
guides [139].

 ● Channelized devices, which equalize indi-
vidual wavelengths or groups of channels. An 
example is shown in Figure 17.25 (top) [140]: 
a portion R  of the light propagates through 
the upper unfiltered arm, and R(1 )−  will 
go through the lower arm. This lower arm 
contains a demultiplexer for selecting a single 
wavelength or a band of wavelengths and an 
array of phase shifters. Depending on the 
setting of the phase shifters, constructive or 
destructive interference between upper and 
lower arms results for each spectral band. 
Devices have been fabricated in both InP [140] 
and silica waveguides [141], and for the latter 
device a typical spectrum is shown in Figure 
17.25 (bottom). The insertion loss through the 
device is around 6.5 dB.

17.5.3  Chromatic and polarization 
mode dispersion 
compensation

Spreading of the light pulses propagating through 
a fiber arises from chromatic dispersion of the fiber 
itself, from nonlinear effects leading to a modula-
tion of the phase, and from the chromatic disper-
sion of filters present in the link. As a consequence, 
the pulses in adjacent bit periods will start to over-
lap (inter-symbol interference (ISI)) leading to an 
increased BER.

For a signal with bit rate B and a fiber of length 
L (km) with dispersion D (ps nm−1 km−1), the 
condition

 B LD 11,000psnm (Gbit/s)2 1 2< − −

has to be fulfilled for a PP of <1 dB [142]. In other 
words, a 10 Gbit s−1 signal tolerates an accumulated 
dispersion LD of 1100 ps nm−l, but for a 40 Gbit s−1 
signal, the limit is only 69 ps nm−1.

In practice, the chromatic dispersion of stan-
dard single mode fiber [82] D = +17 ps (nm km)−1 
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is compensated by periodically adding a section 
of dispersion compensating fiber (DCF) having 
negative dispersion, thus bringing the cumulated 
dispersion back to tolerable values. However, the 
tight limits for 40 Gbit s−1 signals and variations in 
the fiber dispersion (through fabrication tolerances 
and daily temperature changes) may necessitate 
tunable dispersion compensation devices operat-
ing on single channels or groups of channels.

In addition to the dispersion D, the dispersion 
slope dD/dλ across a single WDM channel needs 
to be compensated for ultra-high speed systems 
(>100 Gbit s−l) as well.

Technologies for dispersion compensation are 
chirped fiber Bragg gratings [143], micro-optic 
Gires–Tournois interferometers [144] and virtual 
phased arrays [145], and in the following we will 
describe the integrated optic devices, which offer 
an opportunity for integration with the multiplex-
ers at the end of the transmission link.

Planar dispersion compensators have been 
studied based on both Mach–Zehnder filters and 
ring resonators, corresponding to the FIR and IIR 
categories (Section 17.2.5).

An FIR dispersion slope compensator is shown 
in Figure 17.26 (top) [146], and in this case integra-
tion with an AWG multiplexer allows us to com-
pensate 16 WDM channels simultaneously.

For each channel, the dispersion equalizer 
consists of five asymmetric Mach–Zehnder fil-
ters and six tunable couplers. The asymmetric 
MZIs provide a wavelength sensitive splitting 
and a delay between the signals propagating 
through the upper and lower arms, resulting in 
a wavelength dependent delay. The device itself 
is fabricated in 1.5% Δ silica waveguides, and the 
thermo-optic phase shifters allow tuning of the 
dispersion characteristics. The measured versus 
required delay for transmission over 640 km dis-
persion shifted fiber (DSF) is shown in Figure 
17.26 (bottom).

An alternative architecture for compensation 
of both dispersion and dispersion slope is based 
on a pair of AWGs and a filter (Figure 17.27) [127]: 
the AWG separates the incoming signal into its 
frequency components, and the spatial phase fil-
ter will apply the appropriate delay. Designs for 
compensation of up to 260 ps nm−1 are proposed, 
but losses are expected to be of the order of 15 dB 
due to the specific design of the AWG and coupling 
losses from the AWG to the spatial phase filter.

IIR filters are particularly interesting, since 
the poles in their transfer function lead to a non-
linear phase response and thus naturally provide 
dispersion.

In particular, the example shown in Figure 17.28 
(top, see also the transfer function in Table 17.1) 
[147] represents a two stage all-pass filter which 
is theoretically lossless, and the dispersion can be 
tailored by adjusting the power coupling ratios 
к1, к2 and the phase shifts ϕ1, ϕ2. A dispersion of 
±4000 ps nm−1 has been demonstrated over a band-
width of 4.5 GHz (Figure 17.28, bottom), and more 
recently [148] the bandwidth has been increased 
to 13.8 GHz (dispersion ± 2000 ps nm−l) by using a 
silica waveguide fabrication process with a 2% Δ 
index contrast and thus shorter feedback path.

PMD arises from ellipticity of the transmission 
fiber as well as from polarization dependent perfor-
mance of the components within the transmission 
link, and as a result TE and TM modes experience 
a differential delay. PMD is a time dependent sta-
tistical phenomenon and needs to be compensated 
adaptively.

Early PMD compensators [149] were based on 
a series of three squeezed polarization maintain-
ing fibers, and a planar solution is described in 
[150] (Figure 17.29, top). The compensator splits 
the incoming signal into TE and TM compo-
nents at the first polarization beam splitter (using 
stress birefringence) [151], then TM is converted 
into TE allowing interference between TE and 
TM modes in the subsequent serial MZI. In this 
particular case, the group delay difference for the 
two polarization states is compensated in a fixed 
7.5 ps delay line, and then the polarization modes 
are recombined. The systems benefit is demon-
strated in Figure 17.29 (bottom), showing the 
BER for a transmission link with (◽) and without 
compensator (Δ).

17.5.4  Space switches and 
all-optical switching

In the beginning of this section we mentioned 
multiple applications for switches in an optical 
network:

 ● Space switches in OXCs and add–drop mul-
tiplexers enable dynamic provisioning or 
reconfiguration of an optical WDM lightpath 
(circuit switching), thus replacing manual fiber 
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patch panels. For OXCs, the number of input/
output ports needed is difficult to estimate, but 
the many wavelengths carried on one fiber (at 
present usually N = 40–80) and the large num-
ber of fibers M will drive the demand for a high 
port count (256 × 256 and larger) devices. The 
switching speed required for this application is 
of the order of 1–10 ms.

 ● Fiber optic networks can encounter two types of 
failure: problems with the transmission equip-
ment or path interruptions due to fiber break. 
Both issues can be addressed by switching the 
traffic onto a second unused fiber which is dedi-
cated (1:1 protection) or shared with other traffic 
streams (Figure 17.23). Protection switches are 
required to have a commutation time of <10 ms.
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 ● Future systems will use high speed switches for 
switching and routing of data packets rather 
than provisioning a dedicated lightpath. The 
required switching speed is inversely propor-
tional to the bit rate, i.e., it is of the order of a 
few nanoseconds.

Electronic data processing seems to be currently 
limited to around 40 Gbit s−1, and there is an 
interest performing switching (and more gener-
ally signal processing such as multiplexing, rout-
ing, wavelength conversion, optical logic) in the 

all-optical domain [152]. As an example, we will 
briefly mention all-optical switches at the end 
of this section, and we refer to Chapter C1.3 and 
Reference [63, Chapter 9] for all-optical time >1 
Tbits−1 systems.

In addition to the commutation time, other 
important switch characteristics are extinction (or 
ON–OFF) ratio, insertion loss, crosstalk (i.e., leak-
ing of light from one path into another), polariza-
tion dependent loss and power consumption.

The basic elements are 1 × 2 or 2 × 2 switches, and 
larger size devices can be realized by appropriate 
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cascading of these devices. As an example out of 
many possible arrangements, the crossbar and the 
Beneš architectures [142] are shown in Figure 17.30, 
and the choice between architectures will depend 
on criteria such as

 ● The number of 1 × 2s or 2 × 2s: An n × n 
crossbar switch consists of n2 elementary 
switches, and Beneš switches need only 
n/2 × (2 × log2(n)−1).

 ● Loss and loss uniformity—in the Beneš 
switches, each signal crosses the same number 
of 2 × 2s, but in the crossbar switches there is a 
shortest path (going through one switch only) 
and a longest path (through 2n − 1 elements).

 ● The number of waveguide crossovers—this 
will lead to crosstalk between the lightpaths. 

Crossbar switches have no crossovers, in con-
trast to Beneš switches.

 ● Switches can be blocking or nonblocking. In 
the latter, a connection can be made between 
any unused input port and any unused output 
port. If this new connection can be made 
without interrupting the traffic on the other 
channels, the switch is called “wide sense non-
blocking” (the crossbar switch belongs to that 
category); otherwise it is called “rearrangeably 
nonblocking” (e.g., Beneš switches).

Other architectures are described in [142,153, 
Chapter 3.7].

The elementary 1 × 2 or 2 × 2 optical switches 
themselves use a wide range of operating princi-
ples, which can be roughly classified into:
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Mechanical switches route light through a 
physical displacement of the light path: the funda-
mental switching elements are movable mirrors or 
prisms, which are mechanically actuated. Another 
approach is to steer beams from N input fibers on 
N output fibers, the difficulty being that an ana-
logue control of the beam position is required.

Main advantages of mechanical switches are 
low insertion losses and high crosstalk between 
channels. However, their commutation speed is of 
the order of tens of milliseconds to seconds, and 
their size is limited to about 32 × 32.

An emerging technology is MEMS, which 
combine the optical performance of mechani-
cal switches with the benefits of integrated optics 
(compactness, low cost volume production, opti-
cal prealignment) [154–156]. Schematic drawings 
and SEM pictures of the two-dimensional (2D) 
matrix and the movable mirrors are shown in 
Figure 17.31. The mirrors are fabricated via Si sur-
face micro-machining; the translation movement 
of a scratch drive is translated into a rotation, and 
as a result the mirror flips between the two states. 
For 8 × 8 2D devices insertion losses of 3.1–3.5 dB 
with <1 ms switching speed have been reported, 
and large scale cross connects with < 6 dB losses 
and 512 × 512 ports or higher are expected to be 
constructed out of 32 × 32 modules [155].

Higher port count monolithic devices are acces-
sible through MEMS mirrors with two rotational 
degrees of freedom. The continuous rotation is 
used for steering the beam in all three dimensions, 
and the MEMS panel is placed between an array 

of input/output fibers and a fixed reflecting mir-
ror. Switches with 112 × 112 ports have been dem-
onstrated [157].

In general, mechanical switches use expanded 
beam optics to minimize coupling losses.

Nonmechanical noninterferometric switches 
depend on the control of waveguide index or 
polarization state.

In a fixed symmetric Y-branch (Section 17.2.3), 
light is equally divided between the output wave-
guides, but dynamic control of the refractive indi-
ces allows us to “push” or “pull” light into one or 
the other output.

Layout and switching characteristics for a 1 × 2 
digital optical polymer waveguide switch are 
shown in Figure 17.32 [7]: increasing the tempera-
ture of the upper arm will decrease the waveguide 
index, thus coupling more light into the lower arm. 
Typical power consumption is around 50–80 mW 
with about 1 ms commutation time.

Electro-optic switches can use the same prin-
ciple, but provide higher speeds. Hundreds of 
megahertz have been reached using Ti:LiNbO3 
waveguides [158], and crosstalk has been enhanced 
to 30–50 dB by concatening 1 × 2 switches (“dilated 
switch”). Although power consumption is low, the 
main inconvenience is the applied voltage of about 
25 V. Monolithic 4 × 8 and 6 × 6 LN switches are 
reported in [159].

Crossconnects based on EO-InP switches com-
bined with SOAs are particularly promising for 
nanosecond packet switching applications, as they 
provide high extinction ratio and can be lossless. 
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Figure 17.31 Free space MEMS switch: schematic [200] and scanning electron microscope picture 
[155] of a switch matrix (above). Schematic drawing of a single mirror and SEM close-up (next page). 
(Reproduced by permission of IEEE and the Optical Society of America.)
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Figure 17.33a shows an elementary switching ele-
ment [160]: in the Y-junction the switching is 
done by current injection and the associated index 
change (Section 17.2.2). The travelling wave ampli-
fier TWA compensates for loss when the switch is 
in the “ON” state and suppresses crosstalk from 
other channels when the switch is “OFF”. Fiber-to-
fiber performance of a 4 × 4 crossbar switch oper-
ating at 1.31 μm wavelength is depicted in Figure 
17.33b—the device is lossless for an injected cur-
rent of >200 mA, and the extinction ratio is in 
excess of 40 dB. Polarization sensitivity is an issue 
but can be reduced to <1 dB by using square shaped 
waveguide cross-sections [161].

Switches using total internal reflection (TIR) at 
silica waveguide–air interfaces are reported in [162–
164]. The principle is shown in Figure 17.34 (top): a 
drop of index matching fluid can be moved within a 
narrow trench, leading to transmission or TIR.

An example of asymmetric Y-couplers and 
electro-optic induced TIR is shown in Figure 17.34 
(bottom) [165].

Polarization rotation in liquid crystal (LC) 
spatial light modulators in conjunction with bire-
fringent crystals results in space switching. The 

first birefringent polarization beam splitter in 
Figure 17.35 (bottom) [166] will separate the beam 
into ordinary and extraordinary beams having 
orthogonal polarizations, and the arrayed λ/2 plate 
symbolizes a matrix of liquid crystal modulators. 
Depending on the orientation of the LC molecules 
(which in turn can be changed by application of an 
electric field) the polarization of incoming light is 
rotated by 90° or remains unchanged. The subse-
quent birefringent crystals will recombine ordi-
nary and extraordinary rays.

SOAs can be used as a gate (ON/OFF switch) 
by the variation of the applied bias voltage: a low 
voltage results in low population inversion, and 
an incoming signal gets absorbed. Application of 
the bias voltage leads to an increase in population 
inversion, resulting in the transmission and gain of 
the signal. The commutation speed is of the order 
of 1 ns [142]. 1 × 4 [167], 4 × 4 [168] and 8 × 8 space 
switches [169] operating at 10 Gbit s−1 have been 
demonstrated based on a broadcast-and-select (the 
incoming signal is split, then the SOA ON/OFF 
gates pass through or block the signals) architec-
ture. Devices have been fabricated through hybrid 
integration of the SOA gates on SiO2 motherboards.
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TO effect, extinction as a function of the applied power [7]. (Reproduced by permission of Marcel 
Dekker Inc.)
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Another application for SOA gates is to select 
a set of wavelengths from a WDM signal, and 
both hybrid [170] and monolithic integrated InP 
[171] devices have been demonstrated (Figure 
17.36): the incoming WDM signal is wavelength 
demultiplexed in a first arrayed waveguide grat-
ing, passed through or blocked in the SOAs and 
then recombined in a second arrayed waveguide 
grating.

Nonmechanical interferometric switches are 
based on tunable directional couplers or Mach–
Zehnder interferometers (Sections 17.2.3 and 
17.2.4) and used in thermo-optic, linear (Pockels) 
or nonlinear (Kerr) electro-optic effects for achiev-
ing the required phase shift.

Monolithic 16 × 16 crossbar switch matrices 
using silica waveguide MZIs and the thermo-optic 
effect fabricated on a 6 in. substrate are described 
in [172] (Figure 17.37). The high extinction ratio 
of 55 dB is achieved by concatenation of two MZIs 

(“dilated switch”), and the average insertion loss 
is 6.6 dB. The electrical power consumption per 
switch point is 450 mW resulting in a total of 17 W. 
However, in recent 2 × 2 and 8 × 8 switches a reduc-
tion to 45 mW per stage has been demonstrated 
by micro-machining grooves on either side of the 
waveguide and insertion of a thick silica buffer 
layer for enhanced thermal isolation between the 
waveguide and the Si substrate [173,174].

Polymer waveguides and their large dn/dT 
further reduce the power consumption, and for a 
2 × 2 device, 5 mW [175] have been reported in the 
1.3 μm telecom window.

The vertical coupler 1 × 2 switch shown in 
Figure 17.38 [67] combines the low propagation 
loss in silica with the low switching power of poly-
mer devices: the structure consists of a vertically 
stacked lower doped silica waveguide layer, a thin 
silica cladding and the polymer waveguides. When 
the electrodes are not powered (OFF), input light 
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coupled to the lower silica waveguide will propagate 
through this silica waveguide (bar state). When the 
electrodes are sufficiently powered (ON), the input 
light is coupled to the polymer waveguide in the 
first element and coupled back to another paral-
lel silica waveguide in the second element (cross 

state). The reported switching power was <80 mW 
and crosstalk <20 dB.

For electro-optic MZI LiNbO3 waveguide 
switches see Reference [176].

Forward current injection into InGaAsP/
In structures leads to a negative index change 

Input port

Output port

AWG-2

AWG-1

Monitor port
(AWG-2)

Monitor port
(AWG-1)

16-ch optical gate array
(4ch SS-SOA × 4chips)

λ/2 plate

In

Demax Mux

Out

BRS SOA active waveguidePassive deep ridge

1 µm

1 µm
0.6 µm

3 µm

0.1 µm
0.2 µm
0.1 µm

nInP

InP

SOAs

Figure 17.36 Hybrid (left, [173]) and monolithic InP (right, [171]) channel selector. In both cases, a 
DEMUX will separate the wavelengths, which are gated through InP SOAs. The second MUX then re-
combines the channels. (Reproduced by permission of IEEE.)

(b)
Input waveguides

1a
2a
3a.
.
.

1b
2b
3b

16b
#16

ON stateOFF state
Stage#1 #2 #3 . . .

.

.

.

16a

Output waveguides

(a)
100 mm

Input waveguides

Output waveguides

OFF

ON

2nd MZI1st MZI

Thermooptic heater

Optical
signal

Stage #1  #2

#12 #11

#9
#710

7 
m

m

#1
4

#1
3

#8

#1
0

#3

#4

#5#6

#15 #16

Figure 17.37 Silica waveguide thermo-optic switch (16 × 16) [172]: layout on the 6 in. wafer (top) and 
architecture (bottom). Each switch point consists of a two stage Mach–Zehnder for enhanced ON–
OFF extinction ratio. (Reproduced by permission of IEEE.)



610 Integrated optics

of−0.4 rad mA−1 [177], and application of a reverse 
voltage [178] increases the refractive index, leading 
to a positive phase change of 0.25 rad V−l.

All-optical switching is a very attractive con-
cept for ultra-high speed systems (>100 Gbit s−l) 
as bandwidth-limited electronic processing is 

replaced by the manipulation of an optical data 
signal via a second optical control pulse [7, Chapter 
11.3] (see Chapters A2.4 and B6).

Third order nonlinearity χ(3) (Section 17.2.2) 
in GaAs has been used in the monolithic device 
shown in Figure 17.39 (top) [179]: when the first 
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control pulse is absorbed in the upper nonlinear 
waveguide the Mach–Zehnder interferometer 
becomes asymmetric and the incoming signal is 
switched from one output to the other. The second 
control pulse then cancels the index change from 
the first pulse, thus switching the signal back. The 
control pulses with an energy of <7 pJ and a length 
of 1.3 ps came from a Ti:sapphire laser, and switch-
ing speeds were 8 ps (Figure 17.39, bottom).

17.5.5  Integrated add–drop 
multiplexers and optical 
crossconnects

Add–drop multiplexers are wavelength selective 
switches allowing dropping of one or more signals 
from an incoming data stream and adding signals 
to the outgoing data stream. Different monolithic 
arrangements based on AWGs (Chapter 17.2.4) 
and switches are shown in Figure 17.40 (top) [17], 
and configurations (a) and (b) use the same AWG 
for demultiplexing and multiplexing the incom-
ing traffic into individual wavelength channels. 
The loop back configuration (a) has been cho-
sen for the monolithic InP component in Figure 
17.40 (bottom) [180], which is designed for four 
channels on a 200 GHz grid. The component is 
extremely compact (3 × 6 mm2) and uses electro-
optic MZI 2 × 2 switches for passing through 
or adding/dropping traffic on each of the four 
channels.

Another device architecture for ADM is the 
serial lattice filter (Chapter 17.5.3) made of SiON 
waveguides (Figure 17.41, top) [144]: there are 12 
asymmetric Mach–Zehnder stages resulting in a 
chip size of 6 × 65 mm2. The device operates on a 
200 GHz grid and can dynamically add/drop 
one out of the incoming eight channels. The 12 
MZI stages give sufficient finesse for suppressing 
crosstalk from adjacent channels as shown in the 
theoretical filter response (Figure 17.41, bottom). 
Experimental on-chip losses at 1550 nm were 
about 2 dB, isolation of the through channels from 
the dropped wavelengths was around 20 dB and 
tuning was accomplished with thermo-optic phase 
shifters.

Polymer waveguides with their 10× higher 
thermo-optic coefficient dn/dT and the possibility 
of writing Bragg gratings (see Chapter 17.3.5) pro-
vide another possible architecture when combined 
with four-port circulators (Figure 17.42) [64]. The 

function of the Bragg grating is to separate the 
drop wavelength by reflecting it back to the left cir-
culator and to pass all other wavelengths through. 
The main challenge is the fabrication of the Bragg 
grating with uniform and strong reflection within 
a narrow wavelength band, no out-of-band spec-
tral features, low insertion loss and polarization 
dependence.

Other material systems for AD filters are Si 
waveguide ring resonators [181] and acousto-
optic LiNbO3 Mach–Zehnder switches [63,182, 
Chapter 7.8].

The integrated 2 × 2 optical cross connect shown 
in Figure 17.43 [183] consists of AWGs giving 
simultaneous access to all 16 wavelengths and an 
array of thermo-optic 2 × 2 switches: light entering 
AWG1 is demultiplexed and enters the left hand 
side of the switches. When the switches are “OFF”, 
the signals will be recombined in AWG3; otherwise 
they are routed to AWG4. The second data stream 
coming into the OXC/AWG2 will arrive at the right 
hand side of the TO switches and go through to 
AWG4 (“OFF”) or is exchanged to AWG3 (“ON”). 
The switches consist of two stage MZIs for reach-
ing an extinction ratio of <−28 dB. A transmission 
spectrum is shown in Figure 17.43 (bottom). The 
size of the device was 87 × 74 mm2 and insertion 
losses between 7.8 and 10.3 dB.

A simpler arrangement (Figure 17.44, top) 
[184] uses only two AWGs. The AWGs have an 
interleaved chirped grating, thus producing two 
separate images for each wavelength in different 
grating orders (denoted by ω0, ω−1, ω+1). Per chan-
nel, there are three connecting waveguides with 
InP phase shifters between the two AWGs, allow-
ing the dynamic re-routing of wavelength channels 
to either line 1 or line 2 of the second AWG. The 
footprint of the device is 4.2 × 9.8 mm2 [177], and 
experimental on chip spectra for a 2 × 2 crosscon-
nect with six channels are shown in Figure 17.44 
(bottom). Reported on chip losses were about 10 
and 19 dB including fiber/chip coupling.

17.5.6  Integrated monitoring devices

Among the different network management func-
tions [142, Chapter 10.1], performance monitor-
ing deals with providing a guaranteed QoS to 
the network users. As an example, a drift of the 
transmitter laser Tx wavelength due to tempera-
ture variations or ageing can lead to a decrease in 
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received signal power (and thus increased BER), 
when the laser wavelength is not centered any lon-
ger on the passbands of the MUX/DEMUX filters. 
The silica waveguide component in Figure 17.45 
[185] simultaneously monitors 16 WDM channels 
present in a system. The operation principle is to 
feed a WDM signal (the wavelength is marked by 
the circle in Figure 17.45, bottom) into an arrayed 
waveguide grating with large passbands and to 
compare the received power on adjacent outputs. 
Misalignment of the laser frequency will result in a 
positive or negative differential signal. A molecular 

absorption line serves as a wavelength reference, 
and a resolution of 10 MHz with sub-gigahertz 
accuracy was reported.

17.5.7  All-optical signal 
processing—wavelength 
conversion and 
TDM switching

Like the all-optical switches described in Section 
17.5.4, all-optical signal processing [152] devices 
rely on third order nonlinearity χ(3). For practical 

Figure 17.44 Monolithic 2 × 2 crossconnect with two AWGs: design [184] and on-chip spectra of an InP 
device [177]. (Reproduced by permission of IEEE.)

Figure 17.45 Wavelength monitoring circuit [185]: the large passbands of the AWG overlap produce 
an electrical differential signal for zero detection. (Reproduced by permission of IEEE.)
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all-optical devices, the nonlinearity has to be 
large enough to achieve a л phase shift with con-
trol pulses having picosecond length and picojoule 
energy, but at the same time the losses need to be 
sufficiently low. The semiconductor optical ampli-
fier can overcome this trade-off, thus playing an 
important role in wavelength conversion, all-
optical time division multiplexing and regenera-
tion [171,186].

For an SOA in the gain regime (i.e., with 
inverted population densities between valence and 
conduction bands), the following nonlinear phe-
nomena occur.

 ● Cross gain modulation (XGM)—an incoming 
photon will depopulate the conduction band, 
thus changing inversion andgain. One appli-
cation of XGM is wavelength conversion, the 
conceptof which is shown in Figure 17.46: for 
an incoming “1” at the signal wavelength λsignal 
the gain for the probe signal at wavelength 
λprobe will drop, producing a “0”.

 ● Associated with the change in inversion is 
avariation in index and thus phase (cross phase 
modulation XPM), and this phase change is 
used in waveguide interferometers for signal 
processing:

 ● Time division demultiplexing: the mono-
lithic InP MZI with SOAs in both arms 
depicted in Figure 17.47 [187] (the architec-
ture being the same as the GaAs all-optical 
passive switch in Section 17.5.4/Figure 17.39) 
represents a device for demultiplexing a 
40 Gbit s−1 stream into 10 Gbit s−1 streams. 
Initially, the Mach–Zehnder is symmetric, 
but control pulse 1 will introduce a phase 
change in the upper SOA and will switch the 
signals from one output port to the other. 
As a result, the input data stream is demul-
tiplexed. Control pulse 2 is introduced with 
an appropriate timing delay and resets the 
MZI to the initial state. The subsequent 
control pulses are needed for achieving 
switching speeds beyond the limit of the 
SOA carrier lifetimes (30–300 ps) [152].

 ● Wavelength conversion via XPM is 
explained schematically in Figure 17.48a: 
the switching Signal λswitch will intro-
duce a de-phasing in the interferometer, 
thus impressing the data pattern on the 
continuous-wave probe wavelength λsignal 
The result is one inverted and one non-
inverted signal as shown on the right 
hand side. The corresponding monolithic 
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Filter λp 
λprobe

λprobe

Figure 17.46 Wavelength conversion by cross-gain modulation (XGM) in a nonlinear semiconductor 
optical amplifier SOA. An incoming “1” on the signal wavelength will reduce the gain at the wave-
length of the probe laser, producing an inverted signal.
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Figure 17.47 OTDM device [187]. The architecture is similar to the one in Figure 17.39, but this time 
nonlinear InGaAsP SOAs in the 1.5 μm telecom window are used. (Reproduced by permission of IEEE.)
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integrated InP device is shown in Figure 
17.48b together with the performance at 
10 Gbit s−1 modulation [186], comparing 
the BER for the initial (“back-to-back”) 
and wavelength converted signal. Besides 
monolithic solutions, hybrid integrated 
circuits had been published earlier [188].

XPM and XGM wavelength conversion are both 
suitable for single wavelengths, but not in WDM 
systems as—besides the signal λswitch—all the other 
data channels also contribute to XGM and XPM. 
Despite the fact that XPM devices have a more 
complicated layout and are difficult to fabricate, 
they have significant advantages: higher extinction 
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and one noninverted signal at wavelength λsignal. (b) Monolithic InP cross phase modulation wave-
length converter and performance in a 10 Gbit s−1 system; the inset compares the BER for the initial 
(“back-to-back”) and wavelength converted signal [186]. (Reproduced by permission of VDE Verlag.)
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ratio for the wavelength converted signal, availabil-
ity of both inverted and noninverted data outputs 
and regeneration of the signal (see Section 17.5.8). 
Also, the direct amplitude modulation in XGM 
introduces chirp (i.e., the instantaneous phase of 
the signal is a function of the amplitude), but chirp 
can be controlled in XPM devices.

 ● Four wave mixing (FWM), which also arises 
in passive nonlinear transmission media 
such as fiber, causes three waves at frequen-
cies ω1, ω2, and ω3 to generate a fourth wave 
at frequency ω1 + ω2−ω3. Pumping at wave-
length ωpump = ω1 = ω2 and providing an idler 
at ωidler = ω3 results in a wavelength converted 
signal at ωs = 2ωpump − ωidler, as schematically 
shown in Figure 17.49.

In contrast to XPM and XGM, four wave mixing 
can convert several signals at once.

For an exhaustive treatment of all-optical time 
division multiplex system techniques, in particular 
using semiconductor and also fiber-based devices, 
see Reference [63, Chapter 9] and Chapters A2.4, 
B.6 and C3.5.

For nonlinear optics, see Chapters A2.4 and 
Reference [8], and for SOAs in particular, see 
Reference [7, Chapter 11].

17.5.8  All-optical regeneration

Degradation of the OSNR in a system arises from 
the accumulation of amplified spontaneous emis-
sion (ASE) from the line amplifiers, chromatic dis-
persion of the transmission fiber and components, 
PMD and third order nonlinearity of the fiber (self 
phase and cross phase modulation [142, 189]). This 
leads to a transparent reach of about 1500–2000 km, 
and the signal needs to be regenerated before further 

transmission. In [109], a re-circulating loop network 
with a reach of 69,000 km had been demonstrated 
using electronically driven modulators for reshap-
ing the 20 Gbit s−1 signals for every 100 km.

All-optical regeneration could be an interesting 
alternative to electronic regeneration for differ-
ent reasons: it is expected to be more cost effective 
through elimination of expensive O–E–O convert-
ers, moreover all-optical regeneration allows the 
processing of low as well as high bit rate signals 
rather than being specifically designed for 10 or 
40 Gbit s−1 Also, 40 Gbit s−1 is believed to be the 
limitation for electronic regeneration but optical 
regeneration may perform at bit rates above this. 

For regenerating a signal, three levels of manip-
ulation are considered [107]:

 ● Optical re-amplification of the optical signal 
(1R regeneration).

 ● Amplification and re-shaping (2R).
 ● Amplification, re-shaping and retiming fully 

recovers the signal (3R). Retiming is necessary 
when accumulation of jitter, i.e., random signal 
delay through phase modulation in the fiber 
or in nonlinear devices (such as wavelength 
converters) is an issue.

1R regeneration can be done all-optically in a 
linear amplifier (see Chapters A1.6 and B5) or 
through OE-conversion followed by an electrical 
amplification and EO-conversion.

2R signal reshaping and amplification can be 
implemented with an amplifier and a nonlinear 
gate as sketched in Figure 17.50a: the nonlin-
ear gate modulates a “clean” CW signal having 
the same wavelength as the input data. Besides 
fiber based nonlinear devices, the SOA Mach–
Zehnder interferometer previously used for XPM 

SOAωpump

ωpump
2ωidler – ωpump
2ωpump – ωidler 2ωpump – 2ωidler

ωidler

ωidler

Filter

Figure 17.49 Four-wave mixing in an SOA. The nonlinearity of the SOA will cause generation of sum 
and difference frequencies, and the signal is converted from frequency ωi to 2ωpump − ωidler.
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(Section  17.5.7) provides a nonlinear amplitude 
response and can thus be used as a gate, as dem-
onstrated in [190] for regeneration of 40 Gbit s−1 
signals. In the SOA, the presence of the CW laser 
reduces the carrier lifetime through stimulated 
emission [152], thus enabling operation at high 
bit rates.

Figure 17.50b, [190] shows the set-up for a 2R 
experiment at 40 Gbit s−1 as well as the BER results 
for a system with a 2R regenerator compared to 
the back-to-back operation of the Tx/Rx. The pen-
alty is <0.2 dB, indicating that the 2R regenerator 
restores the signal almost to its initial quality.

3R regeneration (Figure 17.51a) requires—
besides 2R amplification and reshaping—the 

extraction of a jitter-free clock signal from the 
incoming data stream. The clock signals are then 
sent to the nonlinear optical gate, which is modu-
lated by the initial data stream, and as a result a 
jitter-free signal is generated at the 3R output.

The main difficulty is the extraction of the clock 
signal, which can be done opto-electronically or 
all-optically via, for example, self-pulsating laser 
diodes (SP-LDs) [191,192]. The SP-LD initially has 
a free-running repetition rate, and the basic prin-
ciple (Figure 17.51b) of clock extraction is that 
the SP-LD will change and lock its repetition rate 
to the data bit rate when optical data signals are 
injected into the laser. The oscilloscope traces in 
Figure 17.51c, [193] show the incoming 5 Gbit s−1 
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Figure 17.51 (a) Schematic 3R regenerator, consisting of a (noisy) input signal, from which the clock 
recovery circuit will extract a regular train of signals. The clock signals in turn will gate the all-optical 
nonlinear circuit, so that the data are not only re-amplified and re-shaped but also re-timed. (b) 
Self-pulsating laser diode [192] for clock recovery: the figure shows how laser diodes with different 
free-running frequencies will lock their repetition rate when synchronization pulses of precisely 2 GHz 
are injected. (c) Self-pulsating laser diode as a 5 Gbit s−1 clock recovery circuit: the clock signal (a train 
of “1” pulses) is extracted from an incoming signal consisting of “1”s and “0”s (top) [193]. (d) 3R regen-
eration (40 Gbit s−1) [195]. In the experimental set-up (top), the nonlinear gate consists of a fiber-based 
Mach–Zehnder interferometer with a nonlinear SOA in one arm. BER (bottom) as a function of the 
received power, comparing the regenerated signals (open symbols) to a back-to-back experiment (full 
symbols). For a BER of 10−9, the power penalty is about 2.2 dB. The insets are oscilloscope traces of 
the initial and regenerated signals. (Reproduced by permission of IEEE.)
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data consisting of 1s and 0s (top) and the extracted 
clock signal consists of a train of “1” pulses.

In system experiments, 3R regeneration has 
been demonstrated for up to 40 Gbit s−1 bit rate 
using polarization rotation in a nonlinear fiber 
[194] and later on using a fiber based interferom-
eter including an SOA as the nonlinear decision 
gate [195]. The latter set-up and experimental 
results are shown in Figure 17.51d: the inserts 

represent oscilloscope traces of the incoming and 
regenerated signals, and the BER diagrams show a 
PP of about 2.2 dB.

17.6  CONCLUSION

Integrated optics deals with compact single func-
tion devices, devices with integrated multiple func-
tions (either on a single chip or in a single package) 

Figure 17.51 (Continued) (a) Schematic 3R regenerator, consisting of a (noisy) input signal, from which 
the clock recovery circuit will extract a regular train of signals. The clock signals in turn will gate the 
all-optical nonlinear circuit, so that the data are not only re-amplified and re-shaped but also re-timed. 
(b) Self-pulsating laser diode [192] for clock recovery: the figure shows how laser diodes with different 
free-running frequencies will lock their repetition rate when synchronization pulses of precisely 2 GHz 
are injected. (c) Self-pulsating laser diode as a 5 Gbit s−1 clock recovery circuit: the clock signal (a train 
of “1” pulses) is extracted from an incoming signal consisting of “1”s and “0”s (top) [193]. (d) 3R regen-
eration (40 Gbit s−1) [195]. In the experimental set-up (top), the nonlinear gate consists of a fiber-based 
Mach–Zehnder interferometer with a nonlinear SOA in one arm. BER (bottom) as a function of the 
received power, comparing the regenerated signals (open symbols) to a back-to-back experiment (full 
symbols). For a BER of 10−9, the power penalty is about 2.2 dB. The insets are oscilloscope traces of 
the initial and regenerated signals. (Reproduced by permission of IEEE.)
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or devices with a functionality which cannot be 
achieved with common bulk or thin film optic 
devices. Besides these advantages in functional-
ity or performance, the main driver for integrated 
optic devices is the desire for device footprint and 
reduced cost. The latter will be achieved through 
ongoing investments and standardization.

Tremendous work has been done over the last 
20 years, but there are still a few words of caution:

 ● The technology is much less mature than 
electronics.

 ● As pointed out in Section 17.3, there are mul-
tiple materials and technologies: that unlike 
in electronics where Si has an outstanding 
role, at present there is no material that is 
capable of addressing all needs in terms of 
device performance and cost simultaneously. 
InP may take the lead as it is suitable for the 
fabrication of both active and passive func-
tions, but fundamental issues such as wafer 
size and materials compatibility will need to 
be addressed.

 ● Another difference with respect to electronics 
relates to the density of the optical circuits: the 
typical size of an optical chip is a few mm2, 
which considerably limits the number of func-
tions on a single substrate. The connection of 
the optical circuit to the outside world is done 
by aligning single mode fiber—the typical fiber 
diameter of 125 μm limits the number of I/O 
connections.

 ● Many current high speed devices (such as the 
switches in Section 17.5.4, or the optical cross-
connect in Section 17.5.5) use the electro-optic 
effect in SOAs, but all-optical devices (in anal-
ogy to the “all-electronic” transistor) are still a 
subject of fundamental research, and thus are 
far from deployment.

However, there are key advantages of optical 
devices: the capability of achieving modulation 
speeds beyond 40 Gbit s−1, the absence of electro-
magnetic interference, and finally optical devices 
may be used for sensing applications in environ-
ments in which electrical charges are prohibited.

Today, integrated optics is the technology of 
choice for a few functions such as filters, switches 
and gain equalizers. In future telecommunication 
applications, we will see an increasing  deployment 
due to the advantages in device functionality, 

footprint, device cost and finally modulation speed 
resulting in higher transmission capacities.

REFERENCES

 1. Ladouceur, F. and Love, J. D. 1996. Silica-
Based Buried Channel Waveguides and 
Devices (London: Chapman and Hall).

 2. Okamoto, K. 2000. Fundamentals of Optical 
Waveguides. 2nd ed., English Translation 
(San Diego, CA: Academic).

 3. Kawachi, M. 1990. Silica waveguides on 
silicon and their application to integrated-
optic components. Opt. Quantum Electron., 
22, 391.

 4. Eldada, L. and Shacklette, L. W. 2000. 
Advances in polymer integrated optics. 
IEEE J. Sel. Top. Quantum Electron., 6, 54.

 5. Cocorullo, G. and Rendina, I. 1992. Thermo-
optical modulation at 1.5 μm in silicon. 
Electron. Lett., 28, 83.

 6. Jackson, J. D. 1998. Classical 
Electrodynamics. 3rd ed. (New York: Wiley).

 7. Murphy, E. J. (ed.). 1999. Integrated Optical 
Circuits and Components Design and 
Applications (New York: Dekker).

 8. Sutherland, R. L. 1996. Handbook of 
Nonlinear Optics (New York: Dekker).

 9. Alferness, R. 1988. Titanium-Diffused 
Lithium Niobate Waveguide Devices Guided 
Wave Optoelectron, ed. T. Tamir (New York: 
Springer).

 10. Ikushima, A. J., Fujiwara, T. and Saito, K. 
2000. Silica glass: A material for photonics. 
J. Appl. Phys., 88, 1201.

 11. Wang, W., Shi, Y., Olson, D. J., Lin, W. and 
Bechtel, J. H. 1997. Polymer integrated 
modulators for photonic data link applica-
tions. Proc. SPIE—The International Soc. for 
Opt. Eng., 2997, 114.

 12. Takagi, A., Jinguji, K. and Kawachi, M. 1992. 
Silica-based waveguide-type wavelength-
insensitive couplers (WINCs) with series-
tapered coupling structure. J. Lightwave 
Technol., 10, 1814.

 13. Nishihara, H., Haruna, M. and Suhara, T. 
1989. Optical Integrated Circuits. 2nd ed. 
(New York: McGraw-Hill).

 14. Dragone, C. 1989. Efficient N × N star cou-
plers using Fourier optics. IEEE J. Lightwave 
Technol., 7, 479.



622 Integrated optics

 15. Okamoto, K., Okazaki, H., Ohmori, Y. and 
Kato, K. 1992. Fabrication of large scale 
integrated-optic N × N star couplers. IEEE 
Photon. Technol. Lett., 4, 1032.

 16. Soldano, L. B. and Pennings, E. C. M. 1995. 
Optical multi-mode interference devices 
based on self-imaging: Principles and appli-
cations. J. Lightwave Technol., 13, 615.

 17. Smit, M. K. and Van Dam, C. 1996. PHASAR-
based WDM-devices: Principles design 
and applications. IEEE J. Sel. Top.Quantum 
Electron., 2, 236.

 18. Takahashi, H., Oda, K., Toba, H. and Inoue, 
Y. 1995. Transmission characteristics of 
arrayed waveguide N × N wavelength multi-
plexer. J. Lightwave Technol., 13, 447.

 19. Soref, R. A. and Little, B. E. 1998. Proposed 
N-wavelength M-fibre WDM crossconnect 
switch using active microring resonators. 
IEEE Photon. Technol. Lett., 10, 1121.

 20. März, R. 1995. Integrated Optics Design 
and Modeling (Boston, MA: Artech).

 21. Lenz, G., Eggleton, B. J. and Madsen, C. 
K. 1999. Optical filter dispersion in WDM 
systems: A review. OSA Trends in Optics 
and Photonics WDM Components, vol. 29, 
p. 246.

 22. Madsen, C. K. and Zhao, J. H. 1999. 
Optical Filter Design and Analysis: A Signal 
Processing Approach (New York: Wiley).

 23. Jinguji, K. 1998. Broadband programmable 
optical frequency filter. Electron. Commun. 
Jpn Part 2 (Electronics), 81, 1.

 24. Madsen, C. K. and Zhao, J. H. 1996. A 
general planar waveguide autoregressive 
optical filter. J. Lightwave Technol., 14, 437.

 25. Madsen, C. K. 2000. General IIR optical 
filter design for WDM applications using all-
pass filters. J. Lightwave Technol., 18, 860.

 26. Himeno, A., Kato, K. and Miya, T. 1998. 
Silica-based planar lightwave circuits. IEEE 
J. Sel. Top. Quantum Electron., 4, 913.

 27. Martinu, L. and Poitras, D. 2000. Plasma 
deposition of optical films and coatings: A 
review. J. Vacuum Sci. Technol. A, 18, 2619.

 28. Bushan, B., Murarka, S. P. and Gerlach, J. 
1990. Stress in silicon dioxide films depos-
ited using chemical vapour deposition tech-
niques and the effect of annealing on these 
stresses. J. Vacuum Sci. Technol. B, 8, 1068.

 29. Kilian, A., Kirchof, J., Przyrembel, G. and 
Wischmann, W. 2000. Birefringence free 
planar optical waveguide made by flame 
hydrolysis deposition (FHD) through tai-
loring of the overcladding. J. Lightwave 
Technol., 18, 193.

 30. Ojha, S. M., Cureton, C., Bricheno, T., Day, 
S., Moule, D., Bell, A. J. and Taylor, J. 1998. 
Simple method of fabricating polarisation-
insensitive and very low crosstalk AWG 
grating devices. Electron. Lett., 34, 78.

 31. Coburn, J. W., and Winters, H. F. 1979. 
Plasma etching—A discussion of mecha-
nisms. J. Vacuum Sci. Technol., 16, 391.

 32. Vossen, J.-L. and Kern, W. 1978. Thin Film 
Processes (Orlando, FL: Academic).

 33.  Ramaswamy, R. U. and Srivastava, R. 1988. 
Ion-exchanged glass waveguides: A review. 
J. Lightwave Technol., 6, 984.

 34. Cheng, H. C. and Ramaswamy, R. U. 1990. A 
dual wavelength directional coupler demul-
tiplexer by ion exchange in glass. IEEE 
Photon. Technol. Lett., 2, 637.

 35. Mizrahi, V., Lemaire, P. J., Erdogan, T., 
Reed, W. A., DiGiovanni, D. J. and Atkins, 
R. M. 1993. Ultraviolet laser fabrication of 
ultrastrong optical fibre gratings and of 
germania-doped channel waveguides. Appl. 
Phys. Lett., 63, 1727.

 36. Herman, P. R., Chen, K., Li, J., Wie, M., 
Ihlemann, J. and Marowsky, G. 2001. F2 
lasers: Precise shaping and trimming of 
photonic components. In 2001 Digest of 
LEOS Summer Topical Meetings: Advanced 
Semiconductor Lasers and Applications/
Ultraviolet and Blue Lasers and Their 
Applications/Ultralong Haul DWDM 
Transmission and Networking/WDM 
Components.

 37. Strasser, T. A., Erdogan, T., White, A. 
E., Mizrahi, V. and Lemaire, P. J. 1994. 
Ultraviolet laser fabrication of strong 
nearly polarization-independent Bragg 
reflectors in germanium-doped silica wave-
guides on silica substrates. Appl. Phys. 
Lett., 65, 3308.

 38. Bazylenko, M. V., Gross, M., Chu, P. L. 
and Moss, D. 1996. Photosensitivity of 
Ge-doped silica deposited by hollow cath-
ode PECVD. Electron. Lett., 32, 1198.



References 623

 39. Bazylenko, M. V., Gross, M. and Moss, D. 
1997. Mechanisms of photosensitivity in 
germanosilica films. J. Appl. Phys., 81, 7497.

 40. Maxwell, G. D., Ainslie, B. J., Williams, D. 
L. and Kashyap, R. 1993. UV written 13 dB 
reflection filters in hydrogenated low loss 
planar silica waveguides. Electron. Lett., 
29, 425.

 41. Maxwell, G. D. and Ainslie, B. J. 1995. 
Demonstration of a directly written direc-
tional coupler using UV-induced photosen-
sitivity in a planar silica waveguide. Electron. 
Lett., 31, 95.

 42. Hoffmann, M., Kopka, P. and Voges, E. 1997. 
Low-loss fibre-matched low-temperature 
PECVD waveguides with small-core dimen-
sions for optical communication systems. 
IEEE Photon. Technol. Lett., 9, 1238.

 43. de Ridder, R. M., Warhoff, K., Driessen, A., 
Lambeck, P. V. and Albers, H. 1998. Silicon 
oxynitride planar waveguiding structures for 
application in optical communication. IEEE 
J. Sel. Top. Quantum Electron., 4, 930.

 44. Offrein, B. J., Horst, F., Bona, G. L., Salemink, 
H. W. M., Germann, R. and Beyeler, R. 1999. 
Wavelength tunable 1-from-16 and flat pass-
band 1-from-8 add–drop filters. IEEE Photon. 
Technol. Lett., 11, 1440.

 45. Mertens, H., Andersen, K. N. and Svendsen, 
W. E. 2002. Optical loss analysis of 
 silicon rich nitride waveguides. ECOC’02: 
28th European Conference on Optical 
Communication poster, vol. 1, p. 38.

 46. Jalali, B., Yegnanarayanan, S., Yoon, T., 
Yoshimoto, T., Rendina, I. and Coppinger, 
F. 1998. Advances in silicon-on-insulator 
optoelectronics. IEEE J. Sel. Top. Quantum 
Electron., 4, 93.

 47. Rickman, A. G. and Reed, G. T. 1994. Silicon-
on-insulator optical rib waveguides: Loss 
mode characteristics bends and y-junctions. 
IEE Proc. Optoelectron., 141, 391.

 48. Tang, C. K., Kewell, A. K., Reed, G. T., 
Rickman, A. G and Namavar, F. 1996. 
Development of a library of low-loss silicon-
on-insulator optoelectronic devices. IEE 
Proc. Optoelectron., 143, 312.

 49. Cocorullo, G., Della Corte, F. G., de 
Rosa, R., Rendina, I., Rubino, A. and 
Terzini, E. 1998. Amorphous silicon-based 

guided-wave passive and active devices for 
silicon integrated optoelectronics. IEEE J. 
Sel. Top. Quantum Electron., 4, 997.

 50. Soref, R. A., Schmidtchen, J. and 
Petermann, K. 1991. Large single-mode rib 
waveguides in GeSi–Si and Si-on-SiO2. IEEE 
J. Quantum Electron., 27, 1971.

 51.  Bestwick, T. 1998. ASOC™-a silicon-based 
integrated optical manufacturing tech-
nology. Proceedings of 48th Electronic 
Components and Technology Conference 
(Cat No 98CH36206), p. 566.

 52. Fischer, U., Zinke, T., Kropp, J.-R., Arndt, F. 
and Petermann, K. 1996. 0.1 dB/cm wave-
guide losses in single-mode SOI rib wave-
guides. IEEE Photon. Technol. Lett., 8, 647.

 53. Joannopoulos, J. D., Villeneuve, P. R. and 
Fan, S. 1997. Photonic crystals: Putting a 
new twist on light. Nature, 386, 143.

 54. Berger, V. 1999. From photonic band gaps 
to refractive index engineering. Opt. 
Mater., 11, 131.

 55. Pirnat, T. and Friedman, L. 1991. Electro-
optic mode-displacement silicon light 
modulator. J. Appl. Phys., 70, 3355.

 56. Soref, R. A. and Bennett, B. R. 1987. 
Electrooptical effects in silicon. IEEE J. 
Quantum Electron., QE-23, 123.

 57. Jackson, S. M., Hewitt, P. D., Reed, G. 
T., Tang, C. K., Evans, A. G. R., Clark, J., 
Aveyard, C. and Namavar, F. 1998. A novel 
optical phase modulator design suitable for 
phased arrays. J. Lightwave Technol., 16, 
2016.

 58. Wooten, E. L. et al. 2000. A review of 
lithium niobate modulators for fibre-optic 
communications systems. IEEE J. Sel. Top. 
Quantum Electron., 6, 69.

 59. Kip, D. 1998. Photorefractive waveguides 
in oxide crystals: Fabrication properties 
and applications. Appl. Phys. B (Lasers and 
Opt.), B67, 131.

 60. Korkishko, Y. N. and Federov, V. A. 1999. Ion 
Exchange in Single Crystals for Integrated 
Optics and Optoelectronics (Cambridge: 
Cambridge International Science 
Publishing).

 61. Hofmann, D., Schreiber, G., Haase, C., 
Herrmann, H., Grundkotter, W., Ricken, R. 
and Sohler, W. 1999. Quasi-phase-matched 



624 Integrated optics

difference-frequency generation in periodi-
cally poled Ti:LiNbO3 channel waveguides. 
Opt. Lett., 24, 896.

 62. Noguchi, K., Mitomi, O., and Miyazawa, 
H. 1996. Low-voltage and broadband 
Ti:LiNbO3 modulators operating in the mil-
limeter wavelength region. OFC’96: Optical 
Fibre Communication 1996 Technical 
Digest Series Conference Edition (IEEE Cat 
No96CH35901), 2, 205.

 63. Grote, N. and Venghaus, H. (ed.). 2001. 
Fibre Optic Communication Devices 
(Heidelberg: Springer).

 64. Eldada, L., Blomquist, R., Shacklette, L. 
W. and McFarland, M. J. 2000. High-
performance polymeric componentry for 
telecom and datacom applications. Opt. 
Eng., 39, 596.

 65. Bauer, H.-D., Ehrfeld, W., Harder, M., 
Paatzsch, T., Popp, M. and Smaglinski, I. 
2000. Polymer waveguide devices with 
passive pigtailing: An application of LIGA 
technology. Synth. Met., 115, 13.

 66. Viens, J.-F., Callender, C. L., Noad, J. P. and 
Eldada, L. 2000. Compact wide-band poly-
mer wavelength-division multiplexers. IEEE 
Photon. Technol. Lett., 12, 1010.

 67. Keil, N. et al. 2000. Thermo-optic vertical 
coupler switches using hybrid polymer/
silica integration technology. Electron. 
Lett., 36, 430; Keil, N. et al., 2000. Thermo-
optic switches using vertically coupled 
polymer/silica waveguides. Proceedings 
of 26th European Conference on Optical 
Communications, p. 101.

 68. Inoue, Y., Kaneko, A., Hanawa, F., Takahashi, 
H., Hattori, K. and Sumida, S. 1997. Athermal 
silica-based arrayed-waveguide grating mul-
tiplexer. Electron. Lett., 33, 1945.

 69. Kokubun, Y., Takizawa, M. and Taga, S. 
1994. Three-dimensional athermal wave-
guides for temperature independent light-
wave devices. Electron. Lett., 30, 1223.

 70. Moroni, M. and Vallon, S. 1999. 
Athermalized polymer overclad integrated 
planar optical waveguide device and its 
manufacturing method. EP 1026526 A1.

 71. Dalton, L., Harper, A., Ren, A., Wang, F., 
Todorova, G., Chen, J., Zhang, C. and 
Lee, M. 1999. Polymeric electro-optic 

modulators: from chromophore design to 
integration with semiconductor very large 
scale integration electronics and silica fibre 
optics. Ind. Eng. Chem. Res., 38, 8.

 72. Wiesmann, R., Kalveram, S., Rudolph, S., 
Johnck, M. and Neyer, A. 1996. Singlemode 
polymer waveguides for optical backplanes. 
Electron. Lett., 32, 2329.

 73. Kik, P. G. and Polman, A. 1998. Erbium-
doped optical-waveguide amplifiers on 
silicon. MRS Bull., 23, 48.

 74. Shooshtari, A., Meshkinfam, P., Touam, 
T., Andrews, M. and Najafi, S. 1998. Ion-
exchanged Er/Yb phosphate glass wave-
guide amplifiers and lasers. Opt. Eng., 37, 
1188.

 75. Poulsen, M. 2002. Private communication.
 76. Bonar, J., Bebbington, J. A., Aitchison, 

J. S., Maxwell, G. D. and Ainslie, B. J. 1995. 
Aerosol doped Nd planar silica waveguide 
laser. Electron. Lett., 31, 99.

 77. Baumann, I., Bosso, S., Brinkmann, R., 
Corsini, R., Dinand, M., Greiner, A., Schafer, 
K., Sochtig, J., Sohler, W., Suche, H. and 
Wessel, R. 1996. Er-doped integrated 
optical devices in LiNbO3. IEEE J. Sel. Top. 
Quantum Electron., 2, 355.

 78. Polman, A. 1997. Erbium implanted 
thin film photonic materials. J. Appl. 
Phys., 82, 1.

 79. Mickelson, A. R., Basavanhally, N. R. and 
Yung-Cheng, L. (ed.). 1997. Optoelectronic 
Packaging (New York: Wiley).

 80. Hunsperger, R. G. 1995. Integrated 
Optics Theory and Technology. 4th ed. 
(Heidelberg: Springer).

 81. Kaufmann, H., Buchmann, P., Hirter, R., 
Melchior, H. and Guekos, G. 1986. Self-
adjusted permanent attachment of fibres 
to GaAs waveguide components. Electron. 
Lett., 22, 642.

 82. GR-20-C0RE. Generic Requirements for 
Optical Fibre and Optical Fibre Cable. 
http://www.telcordia.com.

 83. Paris, B. 2000. Multiple planar complex 
optical devices and the process of manufac-
turing the same. EP 1170606 A1.

 84. Shimizu, N., Imoto, N. and Ikeda, M. 1983. 
Fusion splicing between optical circuits and 
optical fibres. Electron. Lett., 19, 96.

http://www.telcordia.com


References 625

 85. Modavis, R. and Webb, T. 1994. Anamorphic 
microlens for coupling optical fibres to ellip-
tical light beams. US 5455879 A1.

 86. Kobayashi, M. and Kato, K. 1994. Hybrid 
optical integration technology. Electron. 
Commun. Jn Part 2 (Electron.), 77, 67.

 87. Lealman, I. F., Kelly, A. E., Rivers, L. J., Perrin, 
S. D. and Moore, R. 1998. Improved gain 
block for long wavelength (1,55mum) hybrid 
integrated devices. Electron. Lett., 34, 2247.

 88. Büttgenbach, S. 1993. Mikromechanik 
(Stuttgart: Teubner Studienbücher).

 89. Krishnamoorthy, A. V. and Goossen, K. W. 
1998. Optoelectronic-VLSI: Photonics inte-
grated with VLSI circuits. IEEE J. Sel. Top. 
Quantum Electron., 4, 899.

 90. Wale, M. and Goodwin, M. 1992. Flip-chip 
bonding optimizes opto-ICs. IEEE Circuits 
Devices Mag., 8, 25.

 91. GR-468-CORE. Generic Reliability 
Assurance Requirements for Optoelectronic 
and Electro-Opto-Mechanical Devices Used 
in Telecommunications. http://www.telcor-
dia.com.

 92. Mino, S., Yoshino, K., Yamada, Y., Terui, 
T., Yasu. M. and Moriwaki, K. 1995. Planar 
lightwave circuit platform with coplanar 
waveguide for opto-electronic hybrid inte-
gration. J. Lightwave Technol., 13, 2320.

 93. Yoshida, J. 1999. Hybridization of active 
and passive optical devices toward mul-
tifunctional optical modules. ECOC’99 
Proceedings 25th European Conference on 
Optical Communication, p. 170.

 94. Terui, H., Shimokozono, M., Yanagisawa, M., 
Hashimoto, T., Yamada, Y. and Horiguchi, M. 
1996. Hybrid integration of eight channel 
PD-array on silica-based PLC using micro-
mirror fabrication technique. Electron. Lett., 
32, 1662.

 95. Lai, Q., Hunziker, W. and Melchior, H. 1996. 
Silica on Si waveguides for self-aligned fibre 
array coupling using flip-chip Si V-groove 
technique. Electron. Lett., 32, 1916.

 96. Collins, J. V., Lealman, I. F., Kelly, A. and 
Ford, C. W. 1997. Passive alignment of 
second generation optoelectronic devices. 
IEEE J. Sel. Top. Quantum Electron., 3, 1441.

 97. Choi, M. H., Koh, H. J., Yoon, E. S., Shin, K. 
C. and Song, K. C. 1999. Self-aligning silicon 

groove technology platform for the low 
cost optical module. 1999 Proceedings of 
Conference on 49th Electronic Components 
and Technology, p. 1140.

 98. Qing Tan and Lee, Y. C. 1996. Soldering tech-
nology for optoelectronic packaging. 1996 
Proceedings of 46th Electronic Components 
and Technology Conference, p. 26.

 99. Rinne, G. A. 1997. Solder bumping methods 
for flip chip packaging. 1997 Proceedings 
of 47th Electronic Components and 
Technology Conference, p. 240.

 100. Jackson, K. P., Flint, E. B., Cina, M. F., Lacey, 
D., Trewhella, J. M., Caulfield, T. and Sibley, 
S. 1992. A compact multichannel transceiver 
module using planar-processed optical 
waveguides and flip-chip optoelectronic 
components. 1992 Proceedings of 42nd 
Electronic Components and Technology 
Conference, p. 93.

 101. Lee, S.H., Joe, G.C., Park, K.S., Kim, H.M., 
Kim, D.G. and Park, H.M. 1995. Optical 
device module packages for subscriber 
incorporating passive alignment tech-
niques. 1995 Proceedings of 45th Electronic 
Components and Technology Conference, 
p. 841.

 102. Basavanhally, N. 1993. Application of 
soldering technologies for opto-electronic 
component assembly. Advances in 
Electronic Packaging 1993 Proceedings 
of 1993 ASME International Electronics 
Packaging Conference, p. 1149.

 103. Lee, C. C., Wang, C. Y. and Matijasevic, 
G. 1993. Advances in bonding technology 
for electronic packaging. Trans. ASME J. 
Electron. Packaging, 115, 201.

 104. Bigo, S. et al. 2001. 10.2Tbit/s 
(256 × 427 Gbit/s PDM/WDM) transmis-
sion over 100km TeraLight™ fibre with 
128bit/s Hz spectral efficiency. OFC 
2001. Optical Fibre Communication 
Conference and Exhibit Technical Digest 
Postconference Edition Postdeadline 
Papers, p. PD 25.

 105. Desurvire, E. 1994. Erbium-Doped Fibre 
Amplifiers: Principles and Applications. 
1st ed. (New York: Wiley-Interscience).

 106. Agrawal, G. 1995. Nonlinear Fibre Optics. 
2nd ed. (San Diego, CA: Academic).

http://www.telcor-dia.com
http://www.telcor-dia.com


626 Integrated optics

 107. Simon, J. C., Billess, L., Dupas, A. and 
Bramerie, L. 1999. All optical regenera-
tion techniques. ECOC’99 25th European 
Conference on Optical Communication, 
p. 256.

 108. Pender, W. A., Watkinson, P. J., Greer, 
E. J. and Ellis, A. D. 1995. 10 Gbit/s all- 
optical regenerator. Electron. Lett., 31, 1587.

 109. Ellis, A. D. and Widdowson, T. 1995. 690 
node global OTDM network demonstration. 
Electron. Lett., 31, 1171.

 110. Kuznetsov, M., Froberg, N. M., Henion, S. 
R. and Rauschenbach, K. A. 1999. Power 
penalty for optical signals due to dispersion 
slope in WDM filter cascades. IEEE Photon. 
Technol. Lett., 11, 1411.

 111. Hida, Y., Jinguji, K. and Takato, N. 1998. 
Wavelength demulti/multiplexers with non-
sinusoidal filtering characteristics com-
posed of point-symmetrically connected 
Mach-Zehnder interferometers. Electron. 
Commun. Jpn Part 2 (Electronics), 81, 19.

 112. Chiba, T., Arai, H., Ohira, K., Nonen, H., 
Okano, H. and Uetsuka, H. 2001. Novel 
architecture of wavelength interleaving 
filter with Fourier transform-based MZIs. 
OFC 2001: Optical Fibre Communication 
Conference and Exhibit Technical Digest 
Postconference Edition, p. WB5.

 113. Oguma, M., Jinguji, K., Kitoh, T., Shibata, 
T. and Himeno, A. 2000. Flat-passband 
interleave filter with 200 GHz channel spac-
ing based on planar lightwave circuit-type 
lattice structure. Electron. Lett., 36, 1299.

 114. Sugita, A., Kaneko, A., Okamoto, K., Itoh, 
M., Himeno, A. and Ohmori, Y. 1999. 
Fabrication of very low insertion loss 
(∼0.8 dB) arrayed-waveguide grating with 
vertically tapered waveguides. ECOC’99: 
Proceedings of 25th European Conference 
on Optical Communication, p. 4.

 115. Takiguchi, K. 2001. Recent advances in 
PLC functional devices 2001. Digest of 
LEOS Summer Topical Meetings: Advanced 
Semiconductor Lasers and Applications/
Ultraviolet and Blue Lasers and Their 
Applications/Ultralong Haul DWDM 
Transmission and Networking/WDM 
Components.

 116. Khrais, N. N. and Wagner, R. E. 1998. 
General (de)multiplexer cascade model for 
transparent digital transmission. J. Opt. 
Commun., 19, 75.

 117. Amersfoort, M. and Soole, J. 1995. 
Passband flattening of integrated optical 
filters. US 5629992 A1.

 118. Dragone, C. 1994. Frequency routing device 
having a wide and substantially flat pass-
band. US 5412744 A1.

 119. Rigny, A., Bruno, A. and Sik, H. 1997. 
Multigrating method for flattened spectral 
response wavelength multi/demultiplexer. 
Electron. Lett., 33, 1701.

 120. Trouchet, D. 1996. Multiplexer/demulti-
plexer with flattened spectral response. 
EP0816877 A1.

 121. Doerr, C. R., Stulz, L. W., Cappuzzo, M., 
Laskowski, E., Paunescu, A., Gomez, L., 
Gates, J. V., Shunk, S., Chandrasekhar, S. 
and Kim, H. 1999. 40-channel program-
mable integrated add–drop with flat 
through-spectrum. Proceedings of ECOC’99 
25th European Conference on Optical 
Communication, p. 46.

 122. Heise, G., Schneider, H. W. and Clemens, P. 
C. 1998. Optical phased array filter module 
with passively compensated temperature 
dependence. 24th European Conference on 
Optical Communication ECOC’98 (IEEE Cat 
No 98TH8398) Proceedings of ECOC’98—
24th European Conference on Optical 
Communication, p. 319.

 123. Kaneko, A., Kamei, S., Inoue, Y., Takahashi, 
H. and Sugita, A. 2000. Athermal silica-
based arrayed-waveguide grating (AWG) 
multi/demultiplexers with new low loss 
groove design. Electron. Lett., 36, 318.

 124. Inoue, Y., Ohmori, Y., Kawachi, M., Ando, 
S., Sawada, T. and Takahashi, H. 1994. 
Polarization mode converter with poly-
imide half waveplate in silica-based planar 
lightwave circuits. IEEE Photon. Technol. 
Lett., 6, 626.

 125. Vieira Segatto, M. E., Maxwell, G. D., 
Kashyap, R. and Taylor, J. R. 2001. High-
speed transmission and dispersion charac-
teristics of an arrayed-waveguide grating. 
Opt. Commun., 195, 151.



References 627

 126. Weiner, A. M. and Kan’an, A. M. 1998. 
Femtosecond pulse shaping for synthesis 
processing and time-to-space conversion of 
ultrafast optical waveforms. IEEE J. Sel. Top. 
Quantum Electron., 4, 317.

 127. Tsuda, H., Takenouchi, H., Hirano, A., 
Kurokawa, T. and Okamoto, K. 2000. 
Performance analysis of a dispersion com-
pensator using arrayed-waveguide gratings. 
J. Lightwave Technol., 18, 1139.

 128. Tsuda, H., Takenouchi, H., Ishii, T., Okamoto, 
K., Goh, T., Sato, K., Hirano, A., Kurokawa, 
T. and Amano, C. 1999. Photonic spec-
tral encoder/decoder using an arrayed-
waveguide grating for coherent optical 
code division multiplexing. OSA Trends in 
Optics and Photonics WDM Components, 
vol. 29, p. 206.

 129. Godil, A. A. 2002. Diffractive MEMS for 
optical networks. Electron. Eng. Design, 
74, 43.

 130. Gorecki, C. 2001. Recent advances in silicon 
guided-wave MOEMS: From technology to 
application. Opto-Electron. Rev., 9, 248.

 131. Huang, T., Huang, J., Liu, Y., Xu, M., Yang, 
Y., Li, M., Mao. C. and Chiao, J.C. 2001. 
Performance of a liquid-crystal optical 
harmonic equalizer. OFC 2001: Optical Fibre 
Communication Conference and Exhibit 
Technical Digest Postconference Edition 
Postdeadline Papers, p. PD29.

 132. Ranalli, A. R., Scott, B. A. and Kondis, J. P. 
1999. Liquid crystal-based wavelength 
selectable cross-connect. Proceedings of 
ECOC’99 25th European Conference on 
Optical Communication, p. 68.

 133. Dimmick, T. E., Kakarantzas, G., Birks, T. A., 
Diez, A. and Russell, P. S. J. 2000. Compact 
all-fibre acoustooptic tunable filters with 
small bandwidth-length product. IEEE 
Photon. Technol. Lett., 12. 1210.

 134. Yeralan, S., Gunther, J., Ritums, D. L., 
Cid, R., Storey, J., Ashmead, A. C. and 
Popovich, M. M. 2001. Switchable Bragg 
grating devices for telecommunications 
 applications. Proc. SPIE — The Int. Soc. for 
Opt. Eng., 4291, 79.

 135. Vallon, S., Cayrefourcq, I., Chevallier, P., 
Landru, N., Alibert, G., Laborde, P., Little, 

J., Ranalli, A. and Boos, N. 2001. Tapped 
delay line dynamic gain flattening filter. 
2001 Digest of LEOS Summer Topical 
Meetings: Advanced Semiconductor Lasers 
and Applications/Ultraviolet and Blue Lasers 
and Their Applications/Ultralong Haul 
DWDM Transmission and Networking/WDM 
Components).

 136. Sasayama, K., Okuno, M. and Habara, K. 
1991. Coherent optical transversal filter 
using silica-based waveguides for high-
speed signal processing. J. Lightwave 
Technol., 9, 1225.

 137. Sasayama, K., Okuno, M. and Habara, K. 
1994. Photonic FDM multichannel selector 
using coherent optical transversal filter. J. 
Lightwave Technol., 12, 664.

 138. Offrein, B. J., Horst, F., Bona, G. L., 
Germann, R., Salemink, H. W. M. and 
Beyeler, R. 2000. Adaptive gain equalizer in 
high-index-contrast SiON technology. IEEE 
Photon. Technol. Lett., 12, 504.

 139. Li, Y. P. and Henry, C. H. 1996. Silica-
based optical integrated circuits. IEE Proc. 
Optoelectron., 143, 263.

 140. Doerr, C. R., Joyner, C. H. and Stulz, L. W. 
1998. Integrated WDM dynamic power 
equalizer with potentially low insertion loss. 
IEEE Photon. Technol. Lett., 10, 1443.

 141. Doerr, C. R., Stulz, L. W., Pafchek, R., 
Gomez, L., Cappuzzo, M., Paunescu, A., 
Laskowski, E., Buhl, L., Kim, H. K. and 
Chandrasekhar, S. 2000. An automatic 
40-wavelength channelized equalizer. IEEE 
Photon. Technol. Lett., 12, 1195.

 142. Ramaswami, R. and Sivarajan, K. N. 1997. 
Optical Networks (San Mateo, CA: Morgan 
Kaufman).

 143. Ouellette, F., Cliche, J.-F. and Gagnon. 
S. 1994. All-fibre devices for chromatic 
dispersion compensation based on chirped 
distributed resonant coupling. J. Lightwave 
Technol., 12, 1728.

 144. Madsen, C. K. and Lenz, G. 2000. A multi-
channel dispersion slope compensating opti-
cal allpass filter. Optical Fibre Communication 
Conference Technical Digest Postconference 
Edition Trends in Optics and Photonics (IEEE 
Cat No 00CH37079), p. 94.



628 Integrated optics

 145. Shirasaki, M. 1997. Chromatic-dispersion 
compensator using virtually imaged phased 
array. IEEE Photon. Technol. Lett., 9, 1598.

 146. Takiguchi, K., Okamoto, K. and Goh, T. 
2001. Integrated optic dispersion slope 
equaliser for N∗20 Gbit/s WDM transmis-
sion. Electron. Lett., 37, 701.

 147. Madsen, C. K., Lenz, G., Nielsen, T. N., 
Bruce, A. J., Cappuzzo, M. A. and Gomez, 
L. T. 1999. Integrated optical allpass filters 
for dispersion compensation. OSA Trends in 
Optics and Photonics WDM Components, 
vol. 29, p. 142.

 148. Madsen, C. K. 2001. Tunable dispersion 
compensators based on optical allpass 
filters. Digest of LEOS Summer Topical 
Meetings: Advanced Semiconductor Lasers 
and Applications/Ultraviolet and Blue Lasers 
and Their Applications/Ultralong Haul 
DWDM Transmission and Networking/WDM 
Components (IEEE Cat No 01TH8572).

 149. Noe, R., Heidrich, H. and Hoffmann, D. 
1988. Endless polarization control systems 
for coherent optics. J. Lightwave Technol., 
6, 1199.

 150. Saida, T., Takiguchi, K., Kuwahara, S., Kisaka, 
Y., Miyamoto, Y., Hashizume, Y., Shibata, T. 
and Okamoto, K. 2002. Planar lightwave cir-
cuit polarization-mode dispersion compen-
sator. IEEE Photon. Technol. Lett., 14, 507.

 151. Okuno, M., Sugita, A., Jinguji, K. and 
Kawachi, M. 1994. Birefringence control of 
silica waveguides on Si and its application 
to a polarization-beam splitter/switch. J. 
Lightwave Technol., 12, 625.

 152. Cotter, D., Manning, R. J., Blow, K. J., Ellis, 
A. D., Kelly, A. E., Nesset, D., Phillips, I. 
D., Poustie, A. J. and Rogers, D. C. 1999. 
Nonlinear optics for high-speed digital 
information processing. Science, 286, 1523.

 153. Kaminow, I. P. and Koch, T. L. (ed.). 1997. 
Optical Fibre Telecommunications IIIA (San 
Diego, CA: Academic).

 154. Bishop, D. 2000. Silicon micromachines for 
lightwave networks. Photonics in Switching 
Topical Meeting OSA Trends in Optics and 
Photonics Series, vol. 32, p. 11.

 155. Lin, Y., Goldstein, E. L., Lunardi, L. M. and 
Tkach, R. W. 1999. Optical crossconnects 
for high-capacity lightwave networks. J. 
High Speed Networks, 8, 17.

 156. Lin, L. Y. and Goldstein, E. L. 2000. MEMS 
for optical switching. Photonics in Switching 
Topical Meeting OSA Trends in Optics and 
Photonics Series, vol. 32, p. 23.

 157. Neilson, D. T. et al. 2000. Fully provisioned 
112∗112 micro-mechanical optical crosscon-
nect with 358 Tb/s demonstrated capac-
ity. Optical Fibre Commun. Conference 
Technical Digest Postconference Edition 
Trends in Optical and Photonics (IEEE Cat 
No 00CH37079), vol. 37, p. 202.

 158. Krähenbühl, R. and Burns, W. K. 2000. 
Enhanced crosstalk suppression for 
Ti:LiNbO3 digital optical switches. 
Photonics in Switching Topical Meeting 
OSA Trends in Optics and Photonics Series, 
vol. 32, p. 160.

 159. Chen, A., Irvin, R. W., Murphy, E. J., 
Grencavich, R., Murphy, T. O. and Richards, 
G. W. 2000. High performance LiNbO3 
switches for multiwavelength optical 
networks. Photonics in Switching Topical 
Meeting OSA Trends in Optics and 
Photonics Series, vol. 32, p. 163.

 160. Kirihara, T. and Inoue, H. 1996. InP-based 
optical switch arrays using semiconduc-
tor optical amplifiers. Int. J. High Speed 
Electron. Systems, 7, 85.

 161. van Berlo, W., Janson, M., Lundgren, L., 
Morner, A.-C., Terlecki, J., Gustavsson, 
M., Granestrand, P. and Svensson, P. 1995. 
Polarization-insensitive monolithic 4∗4 
InGaAsP–InP laser amplifier gate switch 
matrix. IEEE Photon. Technol. Lett., 7, 1291.

 162. Fouquet, J. E. 2000. Progress in opti-
cal cross-connects for circuit-switched 
applications. Photonics in Switching 
Topical Meeting OSA Trends in Optics and 
Photonics Series, vol. 32, p. 14.

 163. Sakata, T., Togo, H. and Shimokawa, F. 
2000. Reflection-type 2∗2 optical wave-
guide switch using the Goos-Hanchen shift 
effect. Appl. Phys. Lett., 76, 2841.

 164. Venkatesh, S., Haven, R., Chen, D., 
Reynolds, H. L., Harkins, G., Close, S., 
Troll, M., Fouquet, J. E., Schroeder, D. 
and McGuire, P. 2001. Recent advances in 
bubble-actuated cross-connect switches. 
Technical Digest CLEO/Pacific Rim 2001 
4th Pacific Rim Conference on Lasers and 
Electro-Optics (Cat No 01TH8557), p. 1.



References 629

 165. Betty, I., Rousina-Webb, R. and Wu, C. 
2000. A robust, low-crosstalk, InGaAs–InP 
total-internal-reflection switch for opti-
cal cross-connect. Photonics in Switching 
Topical Meeting OSA Trends in Optics and 
Photonics Series, vol. 32, p. 5.

 166. Noguchi, K. 1997. Optical multichannel 
switch composed of liquid-crystal light-
modulator arrays and birefringent crystals. 
Electron. Lett., 33, 1627.

 167. Dorgeuille, F., Ambrosy, A., Grieshaber, 
W., Pommereau, F., Boubal, F., Rabaron, 
S., Gaborit, F., Guillemot, I., Poucheron, 
C., Le Bris, J., Blume, O., Lauckner, J., 
Luz, G., Matthles, K., Ruess, K., Schilling, 
M., Schneider, S., Noire, L., Tregoat, D. 
and Artigue, C. 1999. Loss-free 1∗4 opto-
hybrid space switch based on an array of 4 
gain-clamped SOA gates. Proceedings of 
ECOC’99. 25th European Conference on 
Optical Communication, p. 176.

 168. Sasaki, J., Hatakeyama, H., Tamanuki, T., 
Kitamura, S., Yamaguchi, M., Kitamura, N., 
Shimoda, T., Kitamura, M., Kato, T. and Itoh, 
M. 1998. Hybrid integrated 4∗4 optical matrix 
switch using self-aligned semiconductor 
optical amplifier gate arrays and silica planar 
lightwave circuit. Electron. Lett., 34, 986.

 169. Dorgeuille, F., Noirie, L., Faure, J. P., 
Ambrosy, A., Rabaron, S., Boubal, F., 
Schilling, M. and Artigue, C. 2000. 
1.28Tbit/s throughput 8∗8 optical switch 
based on arrays of gain-clamped semi-
conductor optical amplifier gates. Optical 
Fibre Communication Conference Technical 
Digest Postconference Edition. Trends 
in Optics and Photonics (IEEE Cat. No. 
00CH37079), vol. 37, p. 221.

 170. Kasahara, R., Yanagisawa, M., Sugita, A., 
Ogawa, I., Hashimoto, T., Suzaki, Y. and 
Magari, K. 1999. Fabrication of compact 
optical wavelength selector by integrating 
arrayed-waveguide-gratings and opti-
cal gate array on a single PLC platform. 
Proceedings of ECOC’99: 25th European 
Conference on Optical Communication, 
p. 122.

 171. Renaud, M., Keller, D., Sahri, N., Silvestre, 
S., Prieto, D., Dorgeuille, F., Pommereau, 
F., Emery, J. Y., Grard, E. and Mayer, 
H. P. 2001. SOA-based optical network 

components. Proceedings of 51st Electronic 
Components and Technology Conference 
(Cat. No. 01CH37220) 2001, p. 433.

 172. Goh, T., Yasu, M., Hattori, K., Himeno, A., 
Okuno, M. and Ohmori, Y. 1998. Low-loss 
and high-extinction-ratio silica-based 
strictly nonblocking 16∗16 thermooptic 
matrix switch. IEEE Photon. Technol. Lett., 
10, 810.

 173. Kasahara, R., Yanagisawa, M., Sugita, A., 
Goh, T., Yasu, M., Himeno, A. and Matsui, S. 
1999. Low-power consumption silica-based 
2∗2 thermooptic switch using trenched sili-
con substrate. IEEE Photon. Technol. Lett., 
11, 1132.

 174. Sohma, S., Goh, T., Okazaki, H., Okuno, M. 
and Sugita, A. 2002. Low switching power 
silica-based super high delta thermo-
optic switch with heat insulating grooves. 
Electron. Lett., 38, 127.

 175. Hida, Y., Onose, H. and Imamura, S. 1993. 
Polymer waveguide thermooptic switch with 
low electric power consumption at 1.3 μm. 
IEEE Photon. Technol. Lett., 5, 782.

 176. Murphy, E. J. 1997. Photonics switching. In 
Optical Fibre Telecommunications III, ed. 
B. I. P. Kaminow and T. L. Koch (New York: 
Academic), p. 463.

 177. Doerr, C. R., Joyner, C. H., Stulz, L. W. and 
Monnard, R. 1998. Wavelength-division mul-
tiplexing cross connect in InP. IEEE Photon. 
Technol. Lett., 10, 117.

 178. Vinchant, J.-F., Cavailles, J. A., Erman, 
M., Jarry, P. and Renaud, M. 1992. InP/
GaInAsP guided-wave phase modulators 
based on carrier-induced effects: Theory 
and experiment. J. Lightwave Technol., 
10, 63.

 179. Nakamura, S., Tajima, K. and Sugimoto, Y. 
1995. High-repetition operation of a sym-
metric Mach-Zehnder all-optical switch. 
Appl. Phys. Lett., 66, 2457.

 180. Vreeburg, C. G. M., Uitterdijk, T., Oei, Y. 
S., Smit, M. K., Groen, F. H., Metaal, E. G., 
Demeester, P. and Frankena, H. J. 1997. 
First InP-based reconfigurable integrated 
add-drop multiplexer. IEEE Photon. Technol. 
Lett., 9, 188.

 181. Little, B. E., Foresi, J. S., Steinmeyer, G., 
Thoen, E. R., Chu, S. T., Hans, H. A., Ippen, 
E. P., Kimerling, L. C. and Greene, W. 1998. 



630 Integrated optics

Ultra-compact Si–SiO2 microring resona-
tor optical channel dropping filters. IEEE 
Photon. Technol. Lett., 10, 549.

 182. Wehrmann, F., Harizi, C., Herrmann, H., 
Rust, U., Sohler, W. and Westenhofer, S. 
1996. Integrated optical wavelength selec-
tive acoustically tunable 2∗2 switches (add–
drop multiplexers) in LiNbO3. IEEE J. Sel. 
Top. Quantum Electron., 2, 263.

 183. Okamoto, K., Okuno, M., Himeno, A. and 
Ohmori, Y. 1996. 16-channel optical add/
drop multiplexer consisting of arrayed-
waveguide gratings and double-gate 
switches. Electron. Lett., 32, 1471.

 184. Doerr, C. R. 1998. Proposed WDM cross 
connect using a planar arrangement of 
waveguide grating routers and phase shift-
ers. IEEE Photon. Technol. Lett., 10, 528.

 185. Teshima, M., Koga, M. and Sato, K. 1995. 
Multiwavelength simultaneous monitoring 
circuit employing wavelength crossover 
properties of arrayed-waveguide grating. 
Electron. Lett., 31, 1595.

 186. Janz, C., Dagens, B., Emery, J.-Y., Renaud, 
M. and Lavigne, B. 2000. Integrated SOA-
based interferometers for all-optical signal 
processing. Proceedings of 26th European 
Conference on Optical Communication, 
p. 115.

 187. Fischer, S., Duelk, M., Puleo, M., Girardi, 
R., Gamper, E., Vogt, W., Hunziker, W., 
Gini, E. and Melchior, H. 1999. 40-Gb/s 
OTDM to 4∗10 Gb/s WDM conversion in 
monolithic InP Mach–Zehnder interferom-
eter module. IEEE Photon. Technol. Lett., 
11, 1262.

 188. Ueno, Y., Nakamura, S., Hatakeyama, H., 
Tamanuki, T., Sasaki, T. and Tajima, K. 
2000. 168-Gb/s OTDM wavelength conver-
sion using an SMZ-type all-optical switch. 
Procedings of 26th European Conference 
Optical Communication, p. 13.

 189. Kazovski, L., Benedetto, S. and Willner, A. E. 
1996. Optical Fibre Communication Systems 
(Boston, MA: Artech).

 190. Wolfson, D., Hansen, P. B., Kloch, 
A., Fjelde, T., Janz, C., Coquelin, A., 
Guillemot, I., Garorit, F., Poingt, F. and 
Renaud, M. 1999. All-optical 2R regen-
eration at 40 Gbit/s in an SOA-based 
Mach–Zehnder interferometer. OFC/

IOOC’99: Optical Fibre Communication 
Conference and International Conference 
on Integrated Optical and Optical Fibre 
Communications (Cat. No 99CH36322), p. 
PD 36.

 191. Mirasso, C. R. et al. 1999. Self-pulsating 
semiconductor lasers: Theory and experi-
ment. IEEE J. Quantum Electron., 35, 764.

 192. Rees, P., McEvoy, P., Valle, A., O’Gorman, 
J., Lynch, S., Landais, P., Pesquera, L. and 
Hegarty, J. 1999. A theoretical analysis 
of optical clock extraction using a self-
pulsating laser diode. IEEE J. Quantum 
Electron., 35, 221.

 193. Barnsley, P. E., Wickes, H. J., Wickens, G. 
E. and Spirit, D. M. 1991. All-optical clock 
recovery from 5 Gb/s RZ data using a self-
pulsating 1.56 μm laser diode. IEEE Photon. 
Technol. Lett., 3, 942.

 194. Pender, W. A., Widdowson, T. and Ellis, A. D. 
1996. Error free operation of a 40 Gbit/s all-
optical regenerator. Electron. Lett., 32, 567.

 195. Phillips, I. D., Ellis, D., Thiele, J., Manning, R. 
J. and Kelly, A. E. 1998. 40 Gbit/s all-optical 
data regeneration and demultiplexing with 
long pattern lengths using a semiconductor 
nonlinear interferometer. Electron. Lett., 34, 
2340.

 196. Vallon, S. 2002. Private communiation.
 197. Bourdon, G. 2002. Private communication.
 198. Alibert, G. 2002. Private communication.
 199. Delprat, D. 2002. Private communication.
 200. Lin, L. Y., Goldstein, E. L. and Tkach, R. W. 

1998. Free-space micromachined optical 
switches with submillisecond switching time 
for large-scale optical crossconnects. IEEE 
Photon. Technol. Lett., 10, 525.

FURTHER READING

The textbooks in [2,13,20,22,80] develop the 
theory of waveguides, couplers and splitters 
as well as electro-optic and magneto-optic 
control. For approximation methods in chan-
nel waveguides and numerical techniques see 
in particular References [1,2].

Material properties of nonlinear materials are 
found in Reference [8], with details on nonlin-
ear semiconductor devices in [7, Chapter 11] 
and applications of nonlinear devices for TDM 
systems in [63, Chapter 9].
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Okamoto [2] and Madsen [22] treat authorita-
tively single mode planar waveguide building 
blocks and integrated devices, and [22] is the 
key reference for the design of optical filters. 
[20] and [2] have chapters on BPM, and [7, 
Chapter 12] focuses on numeric design tools 
and their accuracy.

The recent books in [7, 63] have specific chapters 
on hybrid and monolithic integration tech-
nique as well as lithium niobate components, 
rare-earth doped glass waveguides and inte-
grated InP devices.

Packaging of opto-electronic devices is discussed 
in Reference [79] in specific chapters on laser 

packaging, optical interconnection tech-
niques and interconnection loss budgets.

Optical network components, propagation in 
fibre and network architectures are described 
from a practical perspective in Reference 
[142], and detailed theoretical treatment of 
(single and multi-channel) signal propagation 
in fibre and noise in systems can be found in 
Reference [189]. Finally, Agrawal [106] treats 
nonlinear effects in fibre and applications 
such as Raman amplification and nonlinear 
optic fiber devices.
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18
Infrared devices and techniques

ANTONI ROGALSKI AND KRZYSZTOF CHRZANOWSKI
Military University of Technology

18.1  INTRODUCTION

Looking back over the past 1000 years, we notice 
that infrared (IR) radiation itself was unknown 
until 200 years ago when Herschel’s experiment 
with a thermometer was first reported. Herschel 
built a crude monochromator that used a ther-
mometer as a detector so that he could measure the 
distribution of energy in sunlight [1]. Following the 
works of Kirchhoff, Stefan, Boltzmann, Wien, and 
Rayleigh, Max Planck culminated the effort with 
the well-known Planck’s law.

Traditionally, IR technologies are connected 
with controlling functions and night-vision prob-
lems, with earlier applications connected sim-
ply with detection of IR radiation, and later by 
forming IR images from temperature and emis-
sivity differences (systems for recognition and 
 surveillance, tank sight systems, anti-tank mis-
siles, air–air missiles). The years during World War 

II saw the origins of modern IR techniques. Recent 
success in applying IR technology to remote sens-
ing problems has been made possible by the suc-
cessful development of high-performance IR 
detectors over the past five decades. Most of the 
funding has been provided to fulfil military needs, 
but  peaceful applications have increased continu-
ously,  especially in the last decade of the 20th 
century. These include medical, industry, earth 
resources, and energy conservation applications. 
Medical applications include thermography in 
which IR scans of the body detect cancers or other 
traumas that raise the body surface temperature. 
Earth resource determinations are done by using 
IR images from satellites in conjunction with field 
observation for calibration (in this manner, e.g., the 
area and content of fields and forests can be deter-
mined). In some cases, even the state of health of a 
crop can be determined from space. Energy con-
servation in homes and industry has been aided by 
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the use of IR scans that can determine the points 
of maximum heat loss. Demands to use these tech-
nologies are quickly growing due to their effective 
applications, for example, in global monitoring of 
environmental pollution and climate changes, long 
time prognoses of agriculture crop yield, chemical 
process monitoring, Fourier transform IR spec-
trometry, IR astronomy, car driving, IR imaging in 
medical diagnostics, and others.

The IR range covers all electromagnetic radia-
tion longer than the visible, but shorter than mil-
limeter waves. Many proposals for the division of 
the IR range have been published. The division 
shown in Table 18.1 is used by the military com-
munity and is based on the limits of spectral bands 
of commonly used IR detectors. A wavelength of 
1 μm is the sensitivity limit for popular Si detec-
tors. Similarly, a wavelength of 3 μm is the long 
wavelength sensitivity of PbS and InGaAs detec-
tors; a wavelength of 6 μm is the sensitivity limit of 
InSb, PbSe, PtSi detectors and HgCdTe detectors 
are optimized for the 3–5 μm atmospheric win-
dow; and finally, a wavelength of 15 μm is the long 
wavelength sensitivity limit of HgCdTe detectors 
optimized for the 8–14 μm atmospheric window.

18.2  IR SYSTEM FUNDAMENTALS

18.2.1  Thermal emission

All objects are composed of continually vibrating 
atoms, with higher energy atoms vibrating more 
frequently. The vibration of all charged particles, 
including these atoms, generates electromagnetic 
waves. The higher the temperature of an object, 
the faster the vibration, and thus, higher the spec-
tral radiant energy. As a result, all objects are 
continually emitting radiation with a wavelength 

distribution that depends upon the temperature of 
the object and its spectral emissivity, ε(λ).

Radiant emission is usually treated in terms of 
the concept of a black body [2]. A black body is an 
object that absorbs all incident radiation and con-
versely, according to the Kirchhoff law, is a perfect 
radiator. The energy emitted by a black body is the 
maximum theoretically possible for a given tem-
perature. The radiative power (or number of pho-
tons emitted) and its wavelength distribution are 
given by the Planck radiation law:
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where λ is the wavelength, T is the temperature, h 
is Planck’s constant, c is the velocity of light, and k 
is Boltzmann’s constant.

Figure 18.1 shows a plot of these curves for a 
number of black body temperatures. As the tem-
perature increases, the amount of energy emitted 
at any wavelength increases too, and the wave-
length of peak emission decreases. The latter is 
given by the Wien displacement law:

 λ = µT 2898 m K for maximum watts.mw

 λ = µT 3670 m K for maximum photons.mp

The loci of these maxima are shown in Figure 18.1. 
Note that for an object at an ambient temperature of 
290 K, λmw and λmp occur at 10.0 and 12.7 μm, respec-
tively. We need detectors operating near 10 μm if we 
expect to “see” room temperature objects such as 
people, trees, and trucks without the aid of reflected 
light. For hotter objects such as engines, maximum 
emission occurs at shorter wavelengths. Thus, the 
waveband 2–15 μm in the IR or thermal region of the 
electromagnetic spectrum contains the maximum 
radiative emission for thermal imaging purposes.

18.2.2  Atmospheric transmission

Most of the infrared system applications require 
transmission through air, but the radiation is 
attenuated by the processes of scattering and 

Table 18.1 Division of the IR radiation region

region (abbreviation)
Wavelength 
range (μm)

Near-infrared (NIR) 0.78–1
Short wavelength IR (SWIR) 1–3
Medium wavelength IR (MWIR) 3–6
Long wavelength IR (LWIR)
Very long wavelength IR (VLWIR)
Far-infrared (FIR)

6–15
15–30
30–100

Submillimeter (Sub-mm) 100–1000
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absorption. Scattering causes a change in the direc-
tion of a radiation beam; it is caused by absorption 
and subsequent reradiation of energy by suspended 
particles.

For larger particles, scattering is independent 
of wavelength. However, for small particles, with 
size comparable to the wavelength of the radiation, 
the process is known as Rayleigh scattering and it 
exhibits a λ−4 dependence. Therefore, scattering by 
gas molecules is negligibly small for wavelengths 
longer than 2 μm. Smoke and light mist particles 
are usually small with respect to IR wavelengths, 
therefore, IR radiation can penetrate further 
through smoke and mists than visible radiation. 
However, rain, fog particles, and aerosols are larger 
and consequently scatter IR and visible radiation 
to a similar degree.

Figure 18.2 shows a plot of the transmission 
through 6000 ft of air as a function of wavelength. 
Specific absorption bands of water, carbon diox-
ide, and oxygen molecules are indicated that 
restrict atmospheric transmission to two windows 
at 3–5 and 8–14 μm. Ozone, nitrous oxide, carbon 

monoxide, and methane are less important IR 
absorbing constituents of the atmosphere.

18.2.3  Scene radiation and contrast

The total radiation received from any object is the 
sum of the emitted, reflected, and transmitted radia-
tion. Objects that are not black bodies emit only the 
fraction ε(λ) of blackbody radiation; the remaining 
fraction, 1 − ε(λ), is either transmitted or, for opaque 
objects, reflected. When the scene is composed of 
objects and backgrounds of similar temperatures, 
reflected radiation tends to reduce the available 
contrast. However, reflections of hotter or colder 
objects have a significant effect on the appearance 
of a thermal scene. The powers of 290 K black body 
emission and ground-level solar  radiation in MWIR 
and LWIR bands are given in Table 18.2. We can see 
that while reflected sunlight has a negligible effect on 
8–14 μm imaging, it is important in the 3–5 μm band.

A thermal image arises from temperature 
variations or differences in emissivity within a 
scene. Thermal contrast, C, is one of the important 
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parameters for IR imaging devices. It is the ratio 
of the derivative of spectral radiant exitance, W, to 
the  spectral radiant exitance

 
= ∂ ∂

C
W T

W
.

The contrast in a thermal image is small when 
compared with the visible image contrast due to 
differences in reflectivity. Figure 18.3 shows a plot 
of C for several MWIR subbands and the 8–12 µm 
LWIR spectral band. The contrast in a thermal 
image is small when compared with visible image 
contrast due to differences in reflectivity. On the 
other hand, in the MWIR bands at 300 K, the con-
trast is 3.5%–4% compared to 1.6% for the LWIR 
band. Thus, while the LWIR band may have higher 
sensitivity for ambient temperature objects, the 
MWIR band has the greater contrast.

18.2.4  Choice of IR band

The SWIR wavelength band offers unique imag-
ing advantages over visible and thermal bands. 
Like visible cameras, the images are primarily 
created by reflected broadband light sources, so 
SWIR images are easier for viewers to understand. 
Most materials used to make windows, lenses, and 
coatings for visible cameras are readily useable 
for SWIR cameras, keeping costs down. Ordinary 
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Figure 18.2 Transmission of the atmosphere for a 6000 ft horizontal path at sea level containing 17 mm of 
precipitate water. (Reproduced from Hudson, R. D., Infrared System Engineering, Wiley, New York, 1969.)

Table 18.2 Power available in each MWIR and LWIR imaging band

Ir region (μm)
Ground-level solar 
radiation (W m−2)

Emission from 290 K 
black body (W m−2)

3–5 24 4.1
8–13 1.5 127
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Figure 18.3 Spectral photon contrast in the 
MWIR and LWIR bands.
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glass transmits radiation to about 2.5 μm. SWIR 
cameras can image many of the same light sources, 
such as Yag laser wavelengths. Thus, with safety 
concerns shifting laser operations to the “eyesafe” 
wavelengths where beams will not focus on the ret-
ina (beyond 1.4 μm), SWIR cameras are in a unique 
position to replace visible cameras for many tasks. 
Due to the reduced Rayleigh scatter of light at lon-
ger wavelengths by particulates in the air, such as 
dust or fog, SWIR cameras can see through haze 
better than visible cameras.

In general, the 8–14-µm band is preferred for 
high performance thermal imaging because of its 
higher sensitivity to ambient temperature objects 
and its better transmission through mist and 
smoke. However, the 3–5 μm band may be more 
appropriate for hotter objects, or if sensitivity is 
less important than contrast. There may be addi-
tional differences, for example, the advantage of 
the MWIR band is the smaller diameter of the 
optics required to obtain a certain resolution; 
some detectors may operate at higher tempera-
tures (thermoelectric cooling) than is usual in the 
LWIR band where cryogenic cooling is required 
(about 77 K).

Summarizing, MWIR and LWIR μm spectral 
bands differ substantially with respect to back-
ground flux, scene characteristics, temperature 
contrast, and atmospheric transmission under 
diverse weather conditions. Factors that favor 
MWIR applications are higher contrast, superior 
clear weather performance (favorable weather 
conditions, e.g., in most countries of Asia and 
Africa), higher transmittivity in high humidity, 
and higher resolution due to ∼3× smaller optical 
diffraction. Factors that favor LWIR applications 
are better performance in fog and dust condi-
tions, winter haze (typical weather conditions, e.g., 
in West Europe, North United States, Canada), 
higher immunity to atmospheric turbulence, and 
reduced sensitivity to solar glints and fire flares. 
The possibility of achieving higher signal-to-noise 
ratio (SNR) due to greater radiance levels in LWIR 
spectral range is not persuasive because the back-
ground photon fluxes are higher to the same extent, 
and also because of readout limitation possibili-
ties. Theoretically, in staring arrays, charge can be 
integrated for the full frame time, but because of 
restrictions in the charge-handling capacity of the 
readout cells, it is much less compared to the frame 
time, especially for LWIR detectors for which 

background photon flux exceeds the useful signals 
by orders of magnitude.

18.2.5  Detectors

The figure of merit used for detectors is detectiv-
ity. It has been found in many instances that this 
parameter varies inversely with the square root 
of both the detector’s sensitive area, A, and the 
electrical bandwidth, Δf. In order to simplify the 
comparison of different detectors, the following 
definition has been introduced [4]

 
= ∆

Φ
∗D

A f( )
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1/2

e  
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where Φe is the spectral radiant incident power. 
D∗ is defined as the rms (root-mean-square) SNR 
in a 1 Hz bandwidth per unit rms incident radia-
tion power per square root of detector area. D∗ is 
expressed in cm Hz1/2 W−1, which is recently called 
“Jones.” Spectral detectivity curves for a number 
of commercially available IR detectors are shown 
in Figure 18.4. Interest has centered mainly on 
the wavelengths of the two atmospheric windows 
3–5 and 8–14 μm, though in recent years, there 
has been increasing interest in longer wavelengths 
stimulated by space applications.

Progress in IR detector technology is connected 
mainly to semiconductor IR detectors, which are 
included in the class of photon detectors. In the 
class of photon detectors, the radiation is absorbed 
within the material by interaction with electrons. 
The observed electrical output signal results from 
the changed electronic energy distribution. Photon 
detectors show a selective wavelength dependence 
of the response per unit incident radiation power. 
They exhibit both perfect signal-to-noise perfor-
mance and a very fast response. But to achieve 
this, the photon detectors require cryogenic cool-
ing. Cooling requirements are the main obstacle 
to the more widespread use of IR systems based 
on semiconductor photodetectors making them 
bulky, heavy, expensive, and inconvenient to use. 
Depending on the nature of interaction, the class 
of photon detectors is further sub-divided into 
different types. The most important are intrin-
sic detectors (HgCdTe, InGaAs, InSb, PbS, PbSe), 
extrinsic detectors (Si:As, Si:Ga), photoemissive 
(metal silicide Schottky barriers) detectors, quan-
tum well detectors (GaAs/AlGaAs QWIPs), type-II 
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superlattice III–V photodiodes and nBn barrier 
detectors.

The second class of IR detectors is composed 
of thermal detectors. In a thermal detector, the 
incident radiation is absorbed to change the tem-
perature of the material, and the resultant change 
in some physical properties is used to generate 
an electrical output. The detector element is sus-
pended on lags, which are connected to the heat 
sink. Thermal effects are generally wavelength 
independent; the signal depends upon the radiant 
power (or its rate of change) but not upon its spec-
tral content. In pyroelectric detectors, a change in 
the internal spontaneous polarization is measured, 
whereas in the case of bolometers, a change in the 
electrical resistance is measured. In contrast to 
photon detectors, thermal detectors typically oper-
ate at room temperature. They are usually charac-
terized by modest sensitivity and slow response but 

they are cheap and easy to use. Bolometers, pyro-
electric detectors, and thermopiles are the most 
useful devices with IR technology. Typical values of 
detectivities of thermal detectors at 10 Hz change in 
the range between 108 and 109 cm Hz1/2 W−1.

Up until the nineties of the 20th century, ther-
mal detectors have been considerably less exploited 
in commercial and military systems in comparison 
with photon detectors. The reason for this dispar-
ity is that thermal detectors are popularly believed 
to be rather slow and insensitive in comparison 
with photon detectors. As a result, the worldwide 
effort to develop thermal detectors was extremely 
small relative to that of photon detectors. In the 
last two decades, however, it has been shown that 
extremely good imagery can be obtained from 
large thermal detector arrays operating uncooled 
at TV frame rates. The speed of thermal detectors 
is quite adequate for nonscanned imagers with 
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tor (10 Hz). Each detector is assumed to view a hemispherical surround at a temperature of 300 K. 
Theoretical curves for the background-limited D∗ for ideal photovoltaic and photoconductive detec-
tors and thermal detectors are also shown.
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two-dimensional (2D) detectors. The moderate 
sensitivity of thermal detectors can be compen-
sated by a large number of elements in 2D elec-
tronically scanned arrays. With large arrays of 
thermal detectors, the best values of NEDT (noise 
equivalent differential temperature, explained later 
in Section 18.2.9), below 0.1 K, could be reached 
because effective noise bandwidths less than 
100 Hz can be achieved.

Initially developed for the military market by 
U.S. defense companies, IR uncooled cameras are 
now widely used in many commercial applications. 
Currently, microbolometer detectors are produced 
in larger volumes than all other IR array tech-
nologies together. In large volume production for 
automobile drivers, the cost of uncooled imaging 
systems is below $1000. The global IR market value 
was estimated to be nearly $321.4 million in 2013. 
It is expected to reach $704.8 million by 2020, at 
a CAGR (compound annual growth rate) of 11.9% 
from 2014 to 2020 [5].

18.2.6  Cooling

The signal output of a photon detector is so small 
that at ordinary temperatures, it is swamped by 
the thermal noise due to random generation and 
recombination of carriers in the semiconductor. 
In order to reduce the thermal generation of carri-
ers and minimize noise, photon detectors must be 
cooled and therefore be encapsulated. The method 
of cooling varies according to the operating tem-
perature and the system’s logistical requirements.

The two technologies currently available for 
addressing the cooling requirements of IR and 
visible detectors are closed cycle refrigerators and 
thermoelectric coolers. Closed cycle refrigerators 
can achieve the cryogenic temperatures required 
for cooled IR sensors, while thermoelectric cool-
ers are generally the preferred approach to tem-
perature control uncooled visible and IR sensors. 
The major difference between thermoelectric and 
mechanical cryocoolers is the nature of the work-
ing fluid. A thermoelectric cooler is a solid-state 
device that uses charge carriers (electrons or holes) 
as the working fluid, whereas mechanical cryo-
coolers use a gas such as helium as the working 
fluid. The selection of a cooler for a specific appli-
cation depends on the cooling capacity, operating 
temperature, procurement, cost and maintenance, 
and servicing requirements. A survey of currently 
operating cryogenic systems for commercial, mili-
tary, and space applications are summarized in 
Figure 18.5. Table 18.3 presents advantages and 
disadvantages of different cryocoolers for space 
applications.

Most 8–14-µm detectors operate at approxi-
mately 77 K and can be cooled by liquid nitrogen. 
Cryogenic liquid pour-filled Dewars are frequently 
used for cooling detectors in laboratories. They are 
rather bulky and need to be refilled with liquid 
nitrogen every few hours. For many applications, 
especially in the field, LN2 (liquid nitrogen) pour-
filled Dewars are impractical, so many manufac-
turers are turning to alternative coolers that do 
not require cryogenic liquids or solids. It is more 
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convenient to use Stirling and Joule–Thompson 
minicoolers (see Figure 18.6).

Stirling coolers operate by making a working 
gas undergo a Stirling cycle, which consists of two 
constant volume processes and two isothermal pro-
cesses. Devices consist of a compressor pump and 
a displacer unit with a regenerative heat exchanger, 
known as a regenerator. Stirling engines require 
several minutes of cool-down time; the work-
ing fluid is helium. The development of two-stage 
devices has extended the lower temperature range 
from 60–80 to 15–30 K.

Both Joule–Thompson and engine-cooled 
detectors are housed in precision-bore Dewars 
into which the cooling device is inserted (see 
Figure 18.6). The detector, mounted in the vacuum 
space at the end of the inner wall of the Dewar and 
surrounded by a cooled radiation shield compatible 
with the convergence angle of the optical system, 
looks out through an IR window. In some Dewars, 
the electrical leads to detector elements are embed-
ded in the inner wall of the Dewar to protect them 
from damage due to vibration. After 3000–5000 h 
of operation, Stirling coolers require factory ser-
vice to maintain performance. Because the Dewar 

and cooler is one integrated detector assembly unit, 
the entire unit must be serviced together.

Split Stirling coolers are also fabricated. The 
detector is mounted on the Dewar bore, and the 
cold finger of the cooler is thermally connected to 
the Dewar by a bellows. A fan is necessary to dis-
sipate the heat. The cooler can be easily removed 
from the detector/Dewar for replacement.

The moving displacer in the Stirling cryocoolers 
has several disadvantages. It is a source of vibra-
tion, has a limited lifetime, and contributes to axial 
heat conduction as well as to shuttle heat loss. Pulse 
tube coolers are similar to Stirling coolers. However, 
their thermodynamic processes are quite different. 
The proper gas motion in phase with the pressure is 
achieved by the use of an orifice, along with a res-
ervoir volume to store the gas during a half cycle. 
The reservoir volume is large enough that negligible 
pressure oscillation occurs in it during the oscil-
lating flow. The oscillating flow through the orifice 
separates the heating and cooling effects just as the 
displacer does for the Stirling refrigerator.

Since there are no moving parts at the cold-
end, reliability is theoretically higher than that for 
Stirling cycle machines. Efficiencies approaching 

Table 18.3 Cryocoolers for space applications

Cooler
typical 

temperature (K)
typical 
heat lift advantages Disadvantages

Radiator 80 0.5 W Reliable, low vibration, 
long lifetime

Complicates orbit

Stirling-1 
stage

80 0.8 W Efficient, heritage Vibrations

Stirling-2 
stage

20 0.06 W Intermediate temp Under development

Pulse tube 80 0.8 W Lower vibrations, 
efficiency comparable 
to Stirling

Difficulties in scaling down 
to small sizes while 
maintaining high 
efficiency, larger diameter 
cold finger

Joule–
Thompson

4 0.01 W Low vibrations Requires hybrid design

Sorption 10 0.1 W Low vibrations Low efficiency, under 
development

Brayton 65 8 W High capacity Complex
ADR 0.05 0.01 mW Only way to reach these 

temps
Large magnetic field

Peltier 170 1 W Light weight High temp, low efficiency
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Stirling cycle coolers can be achieved and several 
recent missions have demonstrated their useful-
ness in space.

The design of Joule–Thompson (J–T) coolers 
is based on the fact that as a high-pressure gas 
expands upon leaving a throttle valve, it cools and 
liquefies (leading to isenthalpic cooling). The cool-
ers require a high-pressure gas supply from bottles 
and compressors. Although this is an irreversible 
process, with correspondingly low efficiency, J–T 
coolers are simple, reliable, and have low electrical 
and mechanical noise levels.

Using compressed air, temperatures of the order 
of 80 K can be achieved in 1 or 2 min. The gas used 
must be purified to remove water vapor and carbon 
dioxide that could freeze and block the throttle 
valve. Specially designed J–T coolers using argon 
are suitable for ultrafast cool-down (a few seconds 
cooling time). Recent advances in J–T cryocoolers 
have been associated with the use of mixed gases as 
the working fluid rather than pure gases.

Thermoelectric (TE) cooling of detectors is 
simpler and less costly than closed-cycle cooling. 
Thermoelectric coolers work by exploiting the 
Peltier effect that refers to the creation of a heat flux 
at the junction of two dissimilar conductors in the 
presence of current flow.

Commercially available coolers do not go 
beyond six stages. They are based on alloys of 
bismuth telluride and antimony telluride materi-
als. Detectors are usually mounted in a hermetic 
encapsulation with a base designed to make good 
contact with a heat sink. TE coolers can achieve 
temperatures of up to ≈200 K, have about a 20-year 
operating life, are small and rugged, and have low 
input power (<1 W for a two-stage device and <3 
W for a three-stage device). Their main disadvan-
tage is low efficiency (see Table 18.3).

The TE coolers used for IR FPA (focal plane array, 
explained later in Section 18.3.2) operation include 
one-stage (TE1, down to−20°C or 253 K), two-stage 
(TE2, down to−40°C or 233 K), three-stage (TE3, 
down to −65°C or 208 K), and four-stage (TE4, 
down to −80°C or 193 K) processes. Peltier coolers 
are also the preferred approach to temperature con-
trol at the required level, for example, for uncooled 
visible and IR sensors.

18.2.7  IR optics

The optical block in an IR system creates an image 
of the observed objects in the plane of the detector 
(detectors). In the case of a scanning imager, the 
optical scanning system creates an image with the 
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number of pixels much greater than the number of 
elements of the detector. In addition, optical ele-
ments like windows, domes, and filters can be used 
to protect the system from the environment or to 
modify the detector spectral response.

There is no essential difference in design rules 
of optical objectives for visible and IR ranges. The 
designer of IR optics is only more limited because 
there are significantly fewer materials suitable for 
IR optical elements, in comparison with those 
for the visible range, particularly for wavelengths 
over 2.5 μm.

There are two types of IR optical elements: reflec-
tive elements and refractive elements. As the names 
suggest, the role of reflective elements is to reflect 
incident radiation and the role of refractive elements 
is to refract and transmit incident radiation.

Mirrors used extensively inside IR systems (espe-
cially in scanners) are most often reflective elements 
that serve manifold functions in the IR systems. 
Elsewhere they need a protective coating to prevent 
them from tarnishing. Spherical or aspherical mir-
rors are employed as imaging elements. Flat mirrors 
are widely used to fold optical paths, and reflective 
prisms are often used in scanning systems.

Four materials are most often used for mirror 
fabrication: optical crown glass, low-expansion 
borosilicate glass (LEBG), synthetic fused silica, and 
Zerodur. Less popular in use are metallic substrates 
(beryllium, copper) and silicon carbide. Optical 
crown glass is typically applied in nonimaging 
systems. It has a relatively high thermal expansion 
coefficient and is employed when thermal stability 
is not a critical factor. LEBG, known by the Corning 
brand name Pyrex, is well suited for high qual-
ity front surface mirrors designed for low optical 
deformation under thermal shock. Synthetic fused 
silica has a very low thermal expansion coefficient. 
Zerodur is a registered trademark of Schott AG for 
lithium-aluminosilicate glass-ceramic character-
ized by near zero thermal expansion and very good 
other optical properties. However, Zerodur is very 
expensive comparing to common borosilicate glass.

Metallic coatings are typically used as reflec-
tive coatings for IR mirrors. There are three types 
of metallic coatings used most often: protected 
aluminum, protected silver, and protected gold. 
They offer high reflectivity (over about 97%) in 
the 3–15 μm spectral range. Bare aluminum has a 
very high reflectance value but oxidizes over time. 
Protected aluminum is a bare aluminum coating 

with a dielectric overcoat that arrests the oxidation 
process. Silver offers better reflectance in the near-
IR region than aluminum and high reflectance 
across a broad spectrum. Gold is a widely used 
material and offers consistently very high reflec-
tance (about 99%) in the 0.8–50 μm range. However, 
gold is soft (it cannot be touched to remove dust) 
and is most often used in the laboratory.

Most glasses used to manufacture optical ele-
ments for the visible and near-IR range transmit 
light up to about 2.2 μm well and can be used for 
SWIR optics. Thermal imagers use almost exclu-
sively two spectral bands: 3–5 μm or 8–14 μm. 
Therefore, typically, for IR optics, suitable materi-
als are considered that transmit IR radiation in the 
spectral range from 2 to 14 μm.

The list of potential materials that could be used 
to manufacture IR refractive optics is quite long: 
AMTIR-1 (amorphous material transmitting infra-
red radiation), barium fluoride (BaF2), cadmium 
telluride (CdTe ), calcium fluoride (CaF2), cesium 
bromide (CsBr), cesium iodide (CsI), fused silica-IR 
grade, gallium arsenide (GaAs), germanium (Ge), 
lithium fluoride (LiF), magnesium fluoride (MgF2), 
potassium bromide (KBr), potassium chloride 
(KCl), silicon (Si), sodium chloride (NaCl), thal-
lium bromoiodide (KRS-5), zinc selenide (ZnSe), 
and zinc sulfide (ZnS). However, in this chapter, 
only the most popular materials used to manufac-
ture refractive optical objectives for thermal imag-
ers will be discussed. The basic parameters of these 
materials are presented in Table 18.4 and their IR 
transmission is shown in Figure 18.7.

Germanium is a silvery metallic-appearing solid 
of veryhigh refractive index, n, (>4) that enables 
design of high-resolution optical systems using a 
minimal number of germanium lenses. Its useful 
transmission range is from 2 to about 15 μm. It is 
quite brittle and difficult to cut but accepts a very 
good polish. Germanium is nonhygroscopic and 
nontoxic, has good thermal conductivity, excellent 
surface hardness, and good strength. Additionally, 
due to its very high refractive index, antireflection 
coatings are essential for any germanium transmit-
ting optical system. Germanium has a low disper-
sion and is unlikely to need color correcting except 
in the highest resolution systems. A significant dis-
advantage of germanium is the serious dependence 
of its refractive index on temperature, so germa-
nium lenses may need to be athermalized. In spite 
of the high material price and cost of antireflection 
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Table 18.4 Principal characteristics of some IR materials

Material
Waveband 

(μm) n4μm, n10μm dn/dT (10−6 K−1)
Density 
(g/cm3) Other characteristics

Ge 2–12 4.0245, 4.0031 424 (4 μm), 404 (10 μm) 5.32 Brittle, semiconductor, can be diamond-turned, visibly 
opaque, hard

Chalcogenide 
glasses

3–12 2.5100, 2.4944 55 (10 μm) 4.63 Amorphous IR glass, can be slumped to near-net shape

Si 1.2–7.0 3.4289 (4 μm) 159 (5 μm) 2.329 Brittle, semiconductor, diamond-turned with difficulty, visibly 
opaque, hard

GaAs 3–12 3.304, 3.274 150 5.32 Brittle, semiconductor, visibly opaque, hard
ZnS 3–13 2.251, 2.200 43 (4 μm), 41 (10 μm) 4.08 Yellowish, moderate hard and moderate strong, can be 

diamond-turned, scatters short wavelengths
ZnSe 0.55–20 2.4324, 2.4053 63 (4 μm), 60 (10 μm) 5.27 Yellow-orange, relatively soft and weak, can be diamond-

turned, very low internal absorption and scatter
CaF2 3–5 1.410 −8.1 (3.39 μm) 3.18 Visibly clear, can be diamond-turned, mildly hygroscopic
Sapphire 3–5 1.677(no), 1.667(ne) 6 (o), 12 (e) 3.99 Very hard, difficult to polish due to crystal boundaries
BF7 (Glass) 0.35–2.3 3.4 2.51 Typical optical glass

Source: Couture, M. E., Proc. SPIE, 4369, 649–661, 2001.
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coatings, germanium is a favorite choice of opti-
cal designers of high-performance IR objectives for 
thermal imagers.

IR chalcogenide classes offer good transmis-
sion from about 1 μm to about 13 μm (from SWIR 
to LWIR range). Physical properties such as low 
dn/dT and low dispersion enable optical design-
ers to engineer color-correcting optical systems 
without thermal defocusing. A moldable feature 
of these glasses allows the cost-effective manu-
facture of complex lens geometries in medium to 
large volumes. Further on, these glasses can also 
be processed using conventional grinding and pol-
ishing techniques and single point diamond turn-
ing if higher performance is to be achieved. Due 
to these features, IR chalcogenide glasses caused 
a revolution in the manufacturing of optics for 
thermal imagers in the past decades by enabling 
the mass manufacture of low cost, good optical 
performance optical objectives. Now these glasses 
compete with germanium as the most popular IR 
optical material. Most popular brands of IR chal-
cogenide glasses are: AMTIR from Amorphous 
Materials Inc., GASIR from Umicore Inc., and IRG 
glasses from Schott. It should however be noted 
that it is more difficult to fabricate high accuracy 
lenses using chalcogenide glasses than germanium.

Physical and chemical properties of silicon are 
very similar to the properties of germanium. It 
has a high refractive index (≈3.45), is brittle, does 
not cleave, takes an excellent polish and has large 

dn/dT. Similar to germanium, silicon optics must 
have antireflection coatings. Silicon offers two 
transmission ranges: 1–7 and 25–300 μm. Only the 
first range is used in typical IR systems. The mate-
rial is significantly cheaper than germanium, ZnSe, 
and ZnS. It is used mostly for IR systems operating 
in the 3–5 μm band. Due to its low density, silicon is 
ideal for MWIR objectives with weight constraints.

ZnSe is an optical material with optical prop-
erties mostly similar to germanium but of wider 
transmission range (from about 0.55 μm to about 
20 μm) and a refractive index of about 2.4. It is par-
tially translucent in the visible range and reddish 
in color. Due to the relatively high refractive index, 
antireflection coatings are necessary. The chemical 
resistance of the material is excellent. It is a popu-
lar material for lenses for both LWIR and MWIR 
objectives and for broadband IR windows.

ZnS offers relatively good transmission in the 
range from about 3 to 13 μm. It exhibits excep-
tional high fracture strength, high hardness, and 
high chemical resistance. Due to high resistance to 
rain erosion and high-speed dust abrasion, ZnS is 
popular for windows or external lenses in thermal 
imagers used in high-speed airborne applications.

Ordinary glass does not transmit radiation 
beyond 2.5 μm in the IR region. Fused silica is char-
acterized by a very low thermal expansion coeffi-
cient that makes optical systems particularly useful 
in changing environmental conditions. It offers a 
transmission range from about 0.3 to 3 μm. Because 
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of low reflection losses due to the low refractive 
index (≈1.45), antireflection coatings are not needed. 
However, an antireflection coating is recommended 
to avoid ghost images. Fused silica is more expensive 
than BK-7, but still significantly cheaper than Ge, 
ZnS, and ZnSe, and is a popular material for lenses 
of IR systems with bands located below 3 µm.

The alkali halides have excellent IR transmis-
sion; however, they are either soft or brittle and 
many of them are attacked by moisture, making 
them generally unsuitable for industrial applica-
tions. For a more detailed discussion on IR materi-
als, see References. [7,8].

18.2.8  Night-vision system concepts

Night-vision systems can be divided into two cate-
gories: those depending upon the reception and pro-
cessing of radiation reflected by an object and those 
that operate with radiation internally generated by 
an object. The latter systems are described in Section 
18.2.9. These devices gather existing ambient light 
(starlight, moonlight, or IR light) through the front 
lens. This light, which is made up of photons, goes 
into a photocathode tube. The photocathode tube 
changes the photons to electrons.

The human visual perception system is opti-
mized to operate in daytime illumination 

conditions. The visual spectrum extends from 
about 420 to 700 nm and the region of greatest 
sensitivity is near the peak wavelength of sun-
light at around 550 nm. However, at night, fewer 
visible light photons are available and only large, 
high-contrast objects are visible. It appears that 
the photon rate in the region from 800 to 900 nm 
is five to seven times greater than in the visible 
region around 500 nm. Moreover, the reflectivity 
of various materials (e.g., green vegetation, because 
of its chlorophyll content) is higher between 800 
and 900 nm than at 500 nm. It means that at night, 
more light is available in the NIR than in the visual 
region and that against certain backgrounds, more 
contrast is available.

The early concepts of image intensification were 
not basically different from those of today. However, 
the early devices suffered from two major deficien-
cies: poor photocathodes and poor coupling. Later 
development of both cathode and coupling tech-
nologies changed the image intensifier into a much 
more useful device. The concept of image intensifi-
cation by cascading stages was suggested indepen-
dently by a number of workers in the early 1930s.

A considerable improvement in night-vision 
capability can be achieved with night viewing 
equipment that consists of an objective lens, image 
intensifier, and eyepiece (see Figure 18.8). Improved 
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visibility is obtained by gathering more light from 
the scene with an objective lens than the unaided 
eye; by using a photocathode that has higher pho-
tosensitivity and broader spectral response than 
the eye; and by amplification of photo events for 
visual sensation.

18.2.9  Thermal imaging system 
concepts

Thermal imaging is a technique for converting a 
scene’s thermal radiation pattern (invisible to the 
human eye) into a visible image. Its usefulness is 
due to the following aspects:

 ● It is a totally passive technique and allows day 
and night operation.

 ● It is ideal for detection of hot or cold spots, or 
areas of different emissivities, within a scene.

 ● Thermal radiation can penetrate smoke and 
mist more readily than visible radiation.

 ● It is a real-time, remote sensing technique.

The thermal image is a pictorial representation of 
temperature difference. Displayed on a scanned 
raster, the image resembles a television picture of 
the scene and can be computer processed to color-
coded temperature ranges. Originally developed 
(in the 1960s) to extend the scope of night-vision 
systems, thermal imagers at first provided an alter-
native to image intensifiers. As the technology 
matured, its range of application has expanded and 
now extends into fields that have little or nothing to 
do with night vision (e.g., stress analysis, medical 

diagnostics). In most present-day thermal imagers, 
an optically focused image is scanned electroni-
cally across detectors (many elements or 2D array) 
the output of which is converted into a visual 
image. The optics, mode of scanning, and signal 
processing electronics are closely interrelated. The 
number of picture points in the scene is governed 
by the nature of the detector (its performance) or 
the size of the detector array. The effective num-
ber of picture points or resolution elements in the 
scene is steadily increased.

Detectors are only a part of usable sensor sys-
tems. Military sensor systems include optics, 
coolers, pointing and tracking systems, electron-
ics, communication, processing together with 
information-extraction subsystems, and displays 
(see Figure 18.9). Hence, the process of developing 
a sensor system is significantly more challenging 
than fabricating a detector array.

Noise equivalent difference temperature 
(NEDT) is a commonly reported figure of merit 
for thermal imagers. In spite of its widespread use 
in IR literature, it is applied to different systems, in 
different conditions, and with different meanings.

NEDT of a detector represents the temperature 
change, for incident radiation, that gives an output 
signal equal to the rms noise level. While normally 
thought of as a system parameter, detector NEDT 
and system NEDT are the same except for system 
losses. NEDT is defined as
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where Vn is the rms noise, Q is the spectral pho-
ton flux density (photons/cm2s) incident on a focal 
plane, and ΔVs is the signal measured for the tem-
perature difference ΔT.

It can be shown that NEDT is given by [9]
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where f# is the f-number of the detector optics 
(f# = f/D; f is the focal length and D is the diameter 
of the lens), top is the transmission of the optics, 
and M∗ is the figure of merit that includes not only 
the detector performance D∗ but also the spectral 
dependence of the emitted radiation (L), (∂L/∂T)λ, 
and the atmospheric transmission tat. It is given by 
the following equation:
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Usually, the performance of MW and LWIR FPAs 
is limited by the readout circuits [by storage capac-
ity of the readout integrated circuit (ROIC)]. In this 
case [10]
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where Nw is the number of photogenerated carriers 
integrated for one integration time, tint

 N A t Q ,w d int B= η  (18.8)

where Ad is the detector area, ηBLIP is ratio of pho-
ton noise to composite FPA noise, and QB is the 
photon flux density.

It results from the aforementioned formulas 
that the charge handling capacity of the readout, 
the integration time linked to the frame time, and 
dark current of the sensitive material become the 
major issues of IR FPAs. The NEDT is inversely 
proportional to the square root of the integrated 
charge and therefore, the greater the charge, the 
higher the performance. The well charge capac-
ity is the maximum amount of charge that can be 
stored in the storage capacitor of each cell. The size 
of the unit cell is limited to the dimensions of the 
detector element in the array.

To receive best sensitivity (lowest NEDT), the 
spectral integral in Equation 18.6 should be maxi-
mized. This can be obtained when the peak of the 
spectral responsivity and the peak of the exitance 
contrast coincide. However, the thermal imaging 
system may not satisfy these conditions because of 
other constraints, such as atmospheric/obscurant 
transmittance effects or available detector character-
istics. Dependence on the square root of bandwidth 
is intuitive, since the rms noise is proportional to 
(Δf)1/2. In addition, a better NEDT results from lower 
f/#. A lower f/# number results in more flux captured 
by the detector, which increases SNR for a given level.

The dependence of NEDT on the detector area 
is critical. The inverse-square-root dependence of 
NEDT on detector area results as an effect of two 
terms: increasing of rms noise as the square root 
of the detector area and proportional increasing 
of the signal voltage to the area of the detector. 
The net result is that NEDT∝ 1/(Ad)1/2. While the 
thermal sensitivity of the imager is better for larger 
detectors, the spatial resolution is poorer for larger 
detectors (pixels). Another parameter, the mini-
mum resolvable difference temperature (MRDT), 
considers both thermal sensitivity and spatial 
resolution, and is more appropriate for design (for 
more information, see Section 18.3.2).

The previous considerations are valid if we 
assume that the temporal noise of the detector is the 
main source of noise. However, this assertion is not 
true for staring arrays, where the nonuniformity 
of the detector’s response is a significant source of 
noise. This nonuniformity appears as a fixed pat-
tern noise (spatial noise). It is defined in various 
ways in the literature; however, the most common 
definition is that it is the dark signal nonunifor-
mity arising from electronic source (i.e., other than 
thermal generation of the dark current); for exam-
ple, clock breakthrough or from offset variations in 
row, column, or pixel amplifiers/switches. Hence, 
estimation of IR sensor performance must include 
a treatment of spatial noise that occurs when FPA 
nonuniformities cannot be compensated correctly.

Mooney et al. [11] have given a comprehensive 
description of the origin of spatial noise. The total 
noise of a staring array is the composite of the 
temporal noise and the spatial noise. The spatial 
noise is the residual nonuniformity u after appli-
cation of nonuniformity compensation, multiplied 
by the signal electrons N. Photon noise, equal to 
N1/2, is the dominant temporal noise for the high 
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IR background signals for which spatial noise is 
significant. Then, the total NEDT is
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where ∂N/∂T is the signal change for a 1 K 
source temperature change. The vdenominator, 
(∂N/∂T)/N, is the fractional signal change for a 1 
K source  temperature change. This is the relative 
scene contrast.

The dependence of the total NEDT on detec-
tivity for different residual nonuniformity is plot-
ted in Figure 18.10 for 300 K scene temperature 
and set of parameters shown as insert in the fig-
ure. When the detectivity is approaching a value 
above 1010 cmHz1/2 W−1, the FPA performance 
is uniformity limited prior to correction and 
thus, essentially independent of the detectivity. 
An improvement in nonuniformity from 0.1% 
to 0.01% after correction could lower the NEDT 
from 63 to 6.3 mK.

18.3  IR SYSTEMS

This section briefly concentrates on selected IR 
systems and is arranged in order of increasing 
complexity: smart weapon seekers, FLIRs (forward 

looking infrareds), and space-based systems.For 
more information on IR systems, please refer to The 
Infrared and Electro-Optical Systems Handbook 
(executive editors: Joseph S. Accetta and David L. 
Shumaker).

18.3.1  Image intensifier systems

As is marked in Section 18.2.8, the image inten-
sifier tube is a vacuum tube device for increasing 
the intensity of available light in an optical system 
to allow use under low-light conditions, such as at 
night (see Figure 18.8) [12]. Typical spectral sen-
sitivity curves of various photocathodes charge 
with typical transmittance of window materials 
together with a list of important photocathodes are 
shown in Figure 18.11.

As is shown in Figure 18.7, the image intensi-
fier system is built from three main blocks: opti-
cal objective, multichannel plate (MCP), and 
optical ocular. An MCP is a secondary electron 
multiplier consisting of an array of millions of 
very thin glass channels (of internal diameter 
≈10 μm, each capillary works as an independent 
electron multiplier) bundled in parallel and sliced 
in the form of a disk (see Figure 18.12). Secondary 
electrons are accelerated by the voltage applied 
across both ends of the MCP. This process is 
repeated many times along the channel wall and 
as a result, a great number of electrons are output 
from the MCP. Furthermore, the electron flux can 
be reconverted into an optical image by using a 
phosphor coating as the rear electrode to provide 
electroluminescence; this combination provides 
an image intensifier.

Image intensifiers are classed by genera-
tion (Gen) numbers. Gen0 refers to the tech-
nology of World War II, employing fragile, 
vacuum- enveloped  photon detectors with poor 
sensitivity and little gain. Further evolution of 
image intensifier tubes is presented in Table 
18.5. Gen1 represents the technology of the early 
Vietnam era, the 1960s. In this era, the first pas-
sive systems, able to amplify ambient starlight, 
were introduced. Though  sensitive, these devices 
were large and heavy. Gen1 devices used tri-alkali 
photocathodes to achieve a gain of about 1000. By 
the early 1970s, the MCP amplifier was developed 
comprising more than two million microscopic 
conducting channels of hollow glass, each of 
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about 10 µm in diameter, fused into a disk-shaped 
array. Coupling the MCP with multialkali photo-
cathodes, capable of emitting more electrons per 
incident photon, produced GenII. GenII devices 
boasted amplifications of 20,000 and operational 

lives to 4000 h. Interim improvements in bias 
voltage and construction methods produced the 
GenII+ version. Substantial improvements in gain 
and bandwidth in the 1980s heralded the advent 
of GenIII. Gallium arsenide photocathodes and 

Table 18.5 Image intensifier tubes—history and basic parameters

GenI GenII GenIII GenIII filmless

• Vietnam War
• SbCsi SbNa2KCs 

photocathodes 
(S10,S20)

• Electrostatic 
inversion

• Photosensivity up 
to 200 μA/lm

• 1970s
• Multialkali 

photocathodes (S25)
• Microchannel plate 

(MCP)
• Photosensivity up to 

700 μA/lm
• Operational live to 

4000 h

• Early 1980s
• GaAs 

photocathodes
• Ion barrier to 

microchannel plate
• Photosensivity up 

to 1800 μA/lm
• Operational live to 

10,000 h

• Late 1990s
• Multialkali 

photocathodes
• “Filmless” tube
• Photosensivity up 

to 2200 μA/lm
• Operational time to 

10,000 h

Gen. No.
Photocathode 

material

Photocathode 
sensitivity 

(μa/lm) Design type

Luminance 
gain 

(lm/ lm)
resolution 

(lp/mm) SNr

0 S1 <60 Inverter tube <200 20–60 —
I S20 <160 Inverter tube <800 20–60 —
I+ S20 <160 Cascade inverter 

tube
<20,000 20–30 5–8

II S25 <350 Inverter MCP 
tube

<50,000 24–43 12–17

II+ Improved S25 <700 Proximity focus 
MCP tube

<70,000 43–81 16–24

III GaAs/GaAsP <1600 Proximity focus 
MCP tube with 
protecting film

<70,000 36–64 18–25

III+ Thin 
film

GaAs/GaAsP <1800 Proximity focus 
MCP thin film 
tubes

<70,000 57–71 24–28

III Filmless GaAs/GaAsP <2200 Proximity focus 
MCP filmless 
tubes

<80,000 57–71 24–31

Source: Chrzanowski, K., Opto-Electron. Rev., 21, 153–182, 2013.
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internal changes in the MCP design resulted in 
gains ranging from 30,000 to 50,000 and operating 
lives of 10,000 h.

Figure 18.13 shows the response of a typical 
GenIII image intensifier superimposed on the 
night sky radiation spectrum [14]. This figure 
also shows the Commission Internationale de 
l’Eclairage (CIE) photopic curve illustrating the 
spectral response of the human visual perception 
system, and the GenII response.

Many candidate technologies could form the 
basis of a GenIII, ranging from enhanced cur-
rent designs to completely different approaches. 
Among these are devices with a new photocath-
ode that extend spectral response to 1.6 μm and 
the use of an amplifying mechanism other than 
MCPs. Other potential candidates include light-
weight systems that fuse the outputs from image 
intensifiers and thermal imagers, and those that 
couple electron-bombarded CCD (charge coupled 
device) arrays—providing sensitivity in the NIR 
and MWIR regions—with miniature flat-panel 
displays.

Various implementations of image intensifier 
tubes have been realized. Phosphor output image 
intensifiers were reviewed in depth by Csorba [15]. 
The image is focused onto a semitransparent pho-
tocathode and photoelectrons are emitted with 
a spatial intensity distribution that matches the 
focused image. In image intensifiers, the electrons 
are then accelerated towards a phosphor screen 
where they reproduce the original image with 
enhanced intensity. Three common forms of image 
tubes are shown in Figure 18.14.

In a “proximity-focused” tube, a high electric 
field (typically 5 kV), and a short distance between 
the photocathode and the screen, limit spreading 
of electrons to preserve an image. This form of tube 
is compact, the image is free from distortion, and 
only a simple power supply is required. However, 
the resolution of such a tube is limited by the field 
strength at the photocathode and the resolution 
is highest when the distance between the cathode 
and the screen is small.

An electrostatically focused tube is based upon 
a system of concentric spheres (cathode and anode, 
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typical bias voltage of 15 kV). In practice, the elec-
trodes depart radically from the simple spherical 
concept. Additional electrodes can be introduced 
to provide focusing control and reduce the image 
distortion, while fiber optic windows at the input 
and output can be used to improve image quality 
and provide a better matching to objective and 
coupling optics. Power suppliers are very simple 
and lightweight, so this type of tube is widely used 
in portable applications.

A magnetically focused system gives very high-
resolution imagers with little or no distortion. The 
focusing coil, however, is usually heavy and power 
consuming. For the best picture quality, the power 
suppliers for both tube and coil must be stable. This 
type of tube is used in applications where resolution 
and low distortion are vital and weight and power 
consumption do not create unacceptable problems.

Image intensifiers were primarily developed 
for night time viewing and surveillance under 
moonlight or starlight. At present, image intensi-
fier applications have spread from night time view-
ing to various fields including industrial product 
inspection and scientific research, especially when 
used with CCD cameras—the so-called intensified 
CCD or ICCD (see Figure 18.15a). Gate operation 
models are also useful for observation and motion 
analysis of high-speed phenomena (high-speed 
moving objects, fluorescence lifetime, biolumi-
nescence, and chemiluminescence images). Figure 
18.15b shows an example of a GenIII night vision 
goggle.

Image intensifiers are widespread in many 
military applications. The advent of night vision 
devices and helmet-mounted displays places 
additional constraints on the helmet, which is 
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now an important element of the cockpit  display 
system, providing weapon aiming, and other 
 information—such as aircraft attitude and sta-
tus—to the pilot. For example, Figure 18.16 illus-
trates TopOwl imaging system developed for 
airborne applications by Tales [16]. The helmet-
mounted sight and display system incorporates 
a night vision system with a 100% overlapped 
projection of a binocular image on the visor. 
TopOwl projects the night scene and associated 
symbology onto two circular reflective surfaces 
with a fully overlapped, 40°, binocular FOV (field 
of view). Standard symbology is used to display 
flight and weapon management data, helping to 
reduce crew workload.

18.3.2  Thermal imaging systems

The basic concept of a modern thermal imager sys-
tem is to form a real image of the IR scene, detect 
the variation in the imaged radiation, and, by 
suitable electronic processing, create a visible rep-
resentation of this variation analogous to conven-
tional television cameras.

Due to existing terminology confusion in the 
literature, we can find at least 11 different terms 

used as synonyms of the earlier defined thermal 
imaging systems: thermal imager, thermal camera, 
thermal imaging camera, FLIR, IR imaging sys-
tem, thermograph, thermovision, thermal viewer, 
IR viewer, IR imaging radiometer, thermal viewer, 
thermal data viewer, and thermal video system. The 
only real difference between the aforementioned 
terms is that the designations “thermograph,” “IR 
imaging radiometer,” and “thermovision” usu-
ally refer to thermal cameras used for measure-
ment applications, while the other terms refer to 
thermal cameras used in observation applications. 
For example, thermographic imagers supply quan-
titative temperature, while radiometers provide 
quantitative radiometric data on the scene (such 
as radiance or irradiance) or process these data to 
yield information about temperatures.

Thermal imagers have various applications, 
depending on the platform and user [17]. Most of 
them are used in military applications. They often 
have multiple fields of view that are user switch-
able during operation, which gives both a wide, 
general surveillance mode as well as a high mag-
nification and narrow field for targeting, desig-
nating, or detailed intelligence gathering. Many 
military thermal imagers are integrated with a TV 
camera and a laser range finder. A TV color cam-
era is used during day time conditions due to its 
superior image quality. Nonmilitary uses include 
generic search and track, snow rescue, mountain 
rescue, illegal border crossing detection and pilot 
assistance at night or in bad weather, forest fire 
detection, firefighting, inspection and discreet 
surveillance, and evidence gathering. A small 
but increasing group of thermal imagers enables 
noncontact temperature measurement and these 
cameras are used in areas of industry, science, and 
medicine.

The term “focal plane array” (FPA) refers to an 
assemblage of individual detector picture elements 
(“pixels”) located at the focal plane of an imag-
ing system. Although the definition could include 
one-dimensional (“linear”) arrays as well as two-
dimensional (2D) arrays, it is frequently applied to 
the latter. Usually, the optics part of an optoelec-
tronic images device is limited only to focusing of 
the image onto the detectors array. These so-called 
staring arrays are scanned electronically usu-
ally using circuits integrated with the arrays. The 
architecture of detector-readout assemblies has 
assumed a number of forms. The types of readout 

Figure 18.16 Tales TopOwl helmet incorporates 
an optical combiner assembly for each eye, 
allowing the pilot to view the cockpit and the 
outside world directly with the night imagery 
superimposed on it. TopOwl has a 40° FOV and a 
total headborne weight of 2.2 kg in full configura-
tion. (Reproduced from http://optronique.net/
defense/wp-content/uploads/2012/07/TopOwl-
Datasheet.pdf.)

http://optronique.net/defense/wp-content/uploads/2012/07/TopOwl-Datasheet.pdf
http://optronique.net/defense/wp-content/uploads/2012/07/TopOwl-Datasheet.pdf
http://optronique.net/defense/wp-content/uploads/2012/07/TopOwl-Datasheet.pdf
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integrated circuits (ROICs) include the function 
of pixel deselecting, antiblooming on each pixel, 
subframe imaging, output preamplifying, and may 
include yet other functions. IR imaging systems, 
which use 2D arrays, belong to the so-called sec-
ond generation systems.

The simplest scanning linear array used in 
 thermal imaging systems, the so-called focal 
plane  array (FPA), consists of a row of detectors 
(Figure 18.17a). An image is generated by scanning 
the scene across the strip using, as a rule, a mechan-
ical scanner. At standard video frame rates, at each 
pixel (detector), a short integration time has been 
applied and the total charge is accommodated. 
A  staring array is a 2D array of detector pixels 
(Figure 18.17b) scanned electronically.

The scanning system, which does not include 
multiplexing functions in the focal plane, belongs 
to the class of first-generation systems. A typical 
example of this kind of detector is a linear photo-
conductive array (PbS, PbSe, HgCdTe) in which 
an electrical contact for each element of a mul-
tielement array is brought off the cryogenically 
cooled focal plane to the outside, where one elec-
tronic channel is used at ambient temperature for 
each detector element. The U.S. common module 
HgCdTe arrays employ 60, 120, or 180 photocon-
ductive elements depending on the application.

The second-generation systems (full-framing 
systems), being developed at present, have at least 

three orders of magnitude more elements (<106) 
on  the focal plane than first-generation systems 
and the detector elements are configured in a 2D 
array. These staring arrays are scanned electroni-
cally by circuits integrated with the arrays. The 
ROICs perform, for example, pixel deselecting, 
antiblooming on each pixel, subframe imaging, 
output preamplifying and some other functions. 
The optics merely focuses the IR image onto the 
matrix of sensitive elements.

Intermediary systems are also fabricated with 
multiplexed scanned photodetector linear arrays in 
use and with, as a rule, time delay and integration 
(TDI) functions. Typical examples of these systems 
are HgCdTe multilinear 288 × 4 arrays fabricated 
by Sofradir, both for 3–5 and 8–10.5 μm bands with 
signal processing in the focal plane (photocurrent 
integration, skimming, partitioning, TDI function, 
output preamplification, and some others).

A number of architectures are used in the devel-
opment of IR FPAs. In general, they may be classified 
as hybrid and monolithic ones, but these distinc-
tions are often not as important as proponents and 
critics state them to be. The central design questions 
involve performance advantages versus ultimate 
producibility. Each application may favor a different 
approach depending on the technical requirements, 
projected costs, and schedule.

In the monolithic approach (see Figure 18.18a), 
some of the multiplexing is done in the detector 
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material itself rather than in an external read-
out circuit. The basic element of monolithic CCD 
devices is a metal-insulator-semiconductor (MIS) 
structure. An MIS capacitor detects and integrates 
the IR-generated photocurrent. Although efforts 
have been made to develop monolithic FPAs using 
narrow-gap semiconductors, silicon-based FPA 
technology with Schottky-barrier detectors is the 
only technology matured to a level of practical use.

Hybrid FPA detectors and multiplexers are fabri-
cated on different substrates and are typically mated 
with each other by flip-chip bonding (Figure 18.18b). 
In this case, we can optimize the detector material 
and multiplexer independently. Other advantages of 
hybrid FPAs are near 100% fill factor and increased 
signal-processing area on the multiplexer chip. In 
the flip-chip bonding, the detector array is typically 
connected by pressure contacts via indium bumps 
to the silicon multiplet pads. The detector array can 
be illuminated from either the frontside or back-
side (with photons passing through the transpar-
ent detector array substrate). In general, the latter 
approach is most advantageous. When using opaque 
materials, substrates must be thinned to 10 μm in 
order to obtain sufficient quantum efficiencies and 
reduce the crosstalk. In some cases, the substrates 
are completely removed.

Two types of silicon addressing circuit have 
been developed: CCDs and complementary metal-
oxide-semiconductor (CMOS) switches. In CCD 
addressing circuits, the photogenerated carriers 
are first integrated in the well formed by a photo-
gate and subsequently transferred to slow (vertical) 
and fast (horizontal) CCD shift registers [19].

An attractive alternative to the CCD readout is 
coordinative addressing with CMOS switches. The 

configuration of CCD devices requires special-
ized processing, unlike CMOS imagers that can 
be built on fabrication lines designed for commer-
cial microprocessors. CMOS have the advantage 
that existing foundries, intended for application 
specific integrated circuits (ASICs), can be readily 
used by adapting their design rules. Design rules 
of 14 nm are currently in production, with prepro-
duction runs of 10 nm design rules. As a result of 
such fine design rules, more functionality has been 
designed into the unit cells of multiplexers with 
smaller unit cells, leading to large array sizes.

A typical CMOS multiplexer architecture con-
sists of fast (column) and slow (row) shift regis-
ters at the edges of the active area, and pixels are 
addressed one by one through the selection of a 
slow register, while the fast register scans through 
a column, and so on. Each image sensor is con-
nected in parallel to a storage capacitor located 
in the unit cell. A column of diodes and storage 
capacitors is selected one at a time by a digital hori-
zontal scan register and a row bus is selected by the 
vertical scan register. Therefore, each pixel can be 
individually addressed.

The minimum resolvable difference tempera-
ture (MRDT) is often the preferred figure of merit 
for imaging sensors. This figure of merit comprises 
both resolution and sensitivity of the thermal 
imager. MRDT enables us to estimate probabil-
ity of detection, recognition, and identification of 
targets knowing MRDT of the evaluated thermal 
imager. The MRDT is a subjective parameter that 
describes the ability of the imager–human system 
for detection of low contrast details of the tested 
object. It is measured as a minimum temperature 
difference between the bars of the standard 4-bar 
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target and the background required to resolve the 
thermal image of the bars by an observer versus 
spatial frequency of the target (see Figure 18.19). 
Military standards determining testing of thermal 
imaging systems usually specify that MRTD values 
for a set of spatial frequencies of the tested imager 
must be lower than certain values if the imager is 
to pass the test. The measurement results of typical 
military thermal imagers for airborne surveillance 
are shown in Figure 18.20.

Nowadays, classical MRTD is considered as 
the most important parameter of thermal imag-
ers and is typically used for range predictions of 
real targets. However, it was reported many times 
that the MRTD concept, when applied to unders-
ampled imagers, generates incorrect range predic-
tions, particularly the detection range. The biggest 

problem is low accuracy of performance modeling 
over Nyquist frequency.

There are at least three competing solutions to 
eliminate the aforementioned limitation of the 
MRTD concept and to improve accuracy of range 
prediction: triangle orientation discrimination 
(TOD), minimum temperature difference per-
ceived (MTDP), and dynamic MRTD. Therefore, it 
can be expected that in the future, MRTD will be 
replaced by a new parameter as a main criterion for 
evaluation of thermal imagers.

18.3.3  IR cameras versus FLIR 
systems

Historically, a “camera” includes neither the stor-
age medium nor the display, while the “camera 

(a) (b)

Figure 18.19 Image of a standard four-bar target during MRTD measurement: (a) target of low 
spatial frequency for low temperature difference and (b) target of high spatial frequency for high 
 temperature difference between target and background (image magnified four times).
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system’ includes the complete package. At pres-
ent, manufacturers offer an optional recording 
medium (usually CD-ROM), display, and electron-
ics for the display. For example, Figure 18.21 is a 
photograph of the FLIR P660 IR. This camera has 
a high resolution 640 × 480 thermal imagery with 
30 mK sensitivity (NEDT), interchangeable lenses, 
and the flexibility of a tiltable, high-fidelity color 
LCD. The camera can be used by anyone who does 
thermal inspections, or who needs to accurately 
measure small objects from far away.

Figure 18.22 shows a representative camera 
architecture with three distinct hardware pieces: a 
camera head (which contains the optics, including 
collecting, imaging, zoom, focusing, and spectral 
filtering assembles), electronics/control processing 
box, and the display (see Figure 18.9). Electronics 
and motors to control and drive moving parts 
must be included. The control electronics usually 
consist of communication circuits, bias generators, 
and clocks. Usually, the camera’s sensor (FPA) 
needs cooling and therefore, some form of cooler 
is included, along with its closed-loop cooling 
control electronics. Signals from the FPA is of low 
voltage and amperage and requires analog prepro-
cessing (including amplification, control, and cor-
rection), which is located physically near the FPA 
and included in the camera head. Often, the A/D 
is also included here. For user convenience, the 
camera head often contains the minimum hard-
ware needed to keep volume, weight, and power to 
a minimum.

Typical costs of cryogenically cooled imagers 
around $50,000 restrict their installation to criti-
cal military applications allowing conducting of 

operations in complete darkness. Moving from 
cooled to uncooled operation (e.g., using a silicon 
microbolometer) reduces the cost of an imager to 
below $10,000. Less expensive IR cameras present 
a major departure from the camera architecture 
presented in Figure 18.22.

Cameras usually produce high-quality images 
with NEDTs of 20–50 mK. Details and resolution 
vary by optics and focal planes. A good camera 
produces an image akin to that of a black and white 
television.

“FLIR” is an archaic 1960s jargon for forward-
looking IR to distinguish these systems from 
IR line scanners, which look down rather than 
 forward. Conversely, most sensors that do look 
 forward are not considered to be FLIRs (e.g., cam-
eras and astronomical instruments). The term 
“FLIR” should be eliminated from IR technospeak, 
but is still used and is likely to remain in the jargon 
for a while.

It is difficult to explain the difference between 
a camera and an FLIR system. In general, FLIRs 
are designed for specific applications and specific 
platforms, their optics is integrated into the pack-
age, and they are used mostly by people. Cameras 
usually rely on “imaging” of a “target” and they are 
designed for generic purposes, without much con-
sideration for form and fit; they can be used with 
many different fore optics and are often used by 
computers and machines (not just people).

The term “FLIR” usually implies military or 
paramilitary use, air-based units, and scanners. 
The FLIR provides automatic search, acquisition, 
tracking, precision navigation, and weapon deliv-
ery functions. A typical FLIR comprises four line 
replaceable units, such as an FLIR optical assem-
bly mounted on a gyro-stabilized platform, an 
electronics module containing all necessary elec-
tronics circuits and a cryogenically cooled detec-
tor array, a power supply unit, and a control and 
processing assembly.

In the 1960s the earliest FLIRs were linear 
scanners. In the 1970s, first-generation com-
mon modules (including a Dewar containing 60, 
120, or 180 discrete elements of photoconductive 
HgCdTe) were introduced. The next generation 
of FLIRs employed a dense linear array of photo-
voltaic HgCdTe, usually 2(4) × 480 or 2(4) × 960 
 elements in TDI for each element. At present, 
these systems are replaced by full-framing FLIRs 
that employ staring arrays (HgCdTe, InSb, and Figure 18.21 FLIR P660 IR camera.
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QWIP). For  example, Figure 18.23 shows the 
eLRAS3 (Long-Range Scout Surveillance System) 
fabricated by Raytheon. eLRAS3 provides the real-
time ability to detect, recognize, identify, and geo-
locate distant targets outside the threat acquisition. 
In addition, Raytheon’s high-definition resolution 
FLIR (also called 3rd Gen FLIR) combines HgCdTe 
LWIR and MWIR IR arrays.

In several discrete packages, FLRs are usually 
referred to as line replaceable units (LRUs) such 
as scanner head, power supply, image processor, 
recorder, display, and controls. They have the form 
of boxes spread around the host platform. The con-
trols and display must be mounted in the cockpit 
with the humans. A representative FLIR architec-
ture with the video signal output (to support LRU 
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for image and higher-order processing) is shown 
in Figure 18.24. Many systems depart significantly 
from this architecture [18].

FLIRs usually use telescopes in the sense that 
the lens system is focused at a distance very much 
larger than the focal length. Characteristics such 
as FOV, resolution, element size, and spatial fre-
quency are expressed in angular units. By conven-
tion, FOV is expressed in degrees, resolution in 
milliradians, spatial frequency in cycles per mil-
liradian, and noise in units of temperatures.

Worldwide, there are several hundreds of dif-
ferent FLIR systems in operation. The most impor-
tant of them are described in the literature [7,19]. 
Several FLIRs integrate a laser ranger or target 
designator.

Recent outgrowths from military FLIRs are the 
infrared search and track (IRST) systems. They are 
a subset or class of passive systems whose objective 
is to reliably detect, locate, and continuously track 
IR-emitting objects and targets in the presence 
of background radiation and other disturbances. 
They are used in a radar-like manner (usually with 
a radar-like display) to detect and track objects. 
Most of the current research in IRST systems is 
concentrated in signal processing to extract target 
tracks from severe clutter.

Another group of outgrowths from military 
thermal imagers are airborne line scanners. These 
are one-dimensional scanning systems that enable 
the creation of a two-dimensional thermal image 
of the observed scenery only when the system is 
moving. In contrast to typical thermal imagers 
with FOV not higher than about 40°, the airborne 
line scanners can provide an FOV up to about 180°. 

Due to wide FOV, airborne thermal scanners are 
widely used in military aerial reconnaissance.

18.3.4  Space-based systems

The formation of NASA (National Aeronautics 
and Space Administration) in 1958, and develop-
ment of the early planetary exploration program, 
was primarily responsible for the development 
of the modern optical remote sensing systems, 
as we know them today. During the 1960s, opti-
cal mechanical scanner systems became available 
that made possible acquisition of image data out-
side the limited spectral region of the visible and 
NIR available with film. “Eye in The Sky” was 
the first successfully flown long-wavelength sen-
sor launched in 1967. A major milestone was the 
development of the Landsat Multispectral Scanner, 
because it provided the first multispectral synoptic 
in digital form. The period following the launch of 
Landsat-1 in 1972 stimulated the development of 
a new series of airborne and spaceborne sensors. 
Since that time, hundreds of space-based sensors 
have been put into orbit.

The main advantages of space IR sensors are as 
follows [7]:

 ● The ability to tune the orbit to cover a ground 
swath in an optimal spatial or temporal way

 ● A lack of atmospheric effects on observation
 ● Global coverage
 ● The ability to engage in legal clandestine 

operations

Hitherto, anti-satellite weapons do not exist, so 
satellites are relatively safe from attack. The dis-
advantages of satellite systems are protracted and 
excessive costs of fabrication, launch and mainte-
nance of satellites. Moreover, such operations as 
repair and upgrade are difficult, expensive, and 
usually not possible.

The space-based systems installed on space plat-
frms usually perform one of the following func-
tions: military/intelligence gathering, astronomy, 
earth environmental/resources sensing or weather 
monitoring. Hence, these functions can be classified 
as forms of earth remote sensing and astronomy.

Figure 18.25 shows a representative space sen-
sor architecture. It should be stressed, however, 
that many individual space sensors do not have 
this exact architecture.

Figure 18.23 3rd Gen eLRAS3 FLIR system pro-
duced by Raytheon.
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Intelligence and military services from wealthy 
nations have long employed space-based sensors to 
acquire information. A satellite-borne IR warning 
receiver, designed to detect intercontinental bal-
listic missiles, is a strategic system that protects a 
large area, or nation. The US spends about $10 bil-
lion per year on space reconnaissance. Although 
the Cold War is over, the long-term strategic moni-
toring to access military and economic might is 

still important. Intelligence gathering of crop data 
and weather trends from space has also been used 
by hunger relief organizations to more effectively 
forecast droughts and famines. The military also 
has space-based surveillance for missile launches 
and additionally, a space base that provides excel-
lent viewing geometries for global events such as 
nuclear explosions and environmental changes 
that the military is concerned about.
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Imaging with IR FPAs provides increasingly 
detailed and quantitative information about rela-
tively cool objects in the space of our galaxy and 
beyond. Dwarf stars, for example, or giant Jupiter-
like planets in other distant solar systems, do not 
emit much visible and ultraviolet (UV) light, so 
they are extremely faint at these wavelengths. 
Moreover, the longer IR wavelengths can penetrate 
dusty and optically opaque nebulous molecular 
clouds in interstellar space where new stars and 
planetary systems are forming.

There are several unique reasons for conducting 
astronomy in space [17]:

 ● To eliminate the influence of absorption, emis-
sion, and scattering of IR radiation

 ● To answer basic cosmological and astronomical 
questions (e.g., formation of stars, protoplan-
etary disks, extra-solar planets, brown dwarfs, 

dust and interstellar media, protogalaxies, 
the cosmic distance scale and ultra-luminous 
galaxies)

 ● To observe the earth’s environment (detect-
ing subtle changes indicating environmental 
stresses and trends)

NASA has historically been the leading US agency 
for promoting the development of long wavelength 
detector technologies. Figure 18.26 shows the 
sensitivities of active or currently planned far-IR/
sub-mm spectroscopic facilities in the near future. 
Table 18.6 describes briefly several airborne and 
spaceborne platform missions.

As Figure 18.26 shows, the James Webb Space 
Telescope (JWST) operates at wavelengths below 
∼27 μm. The Atacama Large Millimeter/submil-
limeter Array (ALMA) operating through a num-
ber of submillimeter atmospheric windows as well 
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as ∼650 μm, has sensitivities at least 100 times 
higher than Herschel, spanning the intervening 
60–650 μm wavelength range. JWST is currently 
scheduled to start operations within the next year. 
The Space Infrared Telescope for Cosmology and 
Astrophysics (SPICA), with launch envisioned in 
2017, will provide two-to-three orders of magni-
tude increase in sensitivity in comparison with 
Herschel that will bring far-IR/sub-mm sensitiv-
ity into line with those of JWST and ALMA. The 
ambitious requirements of future space missions 
are summarized in Table 18.6.

18.3.5  Smart weapon seekers

The seeker is the primary homing instrument for 
a smart weapons that include missiles, bombs, 
artillery projectiles, and standoff cruise missiles. 
They are developed to increase the accuracy of 
munitions.

Taking into account which part of the electro-
magnetic spectrum is used, smart weapon seekers 
can be divided into:

 ● Electro-optical seekers
 ● Microwave seekers
 ● Radio controlled seekers

In this section, electro-optical seekers that domi-
nate in the group of short-range smart munitions 
will be discussed.

Electro-optical seekers are basically  homing 
instruments that use optical radiation in the 
range from far-IR to UV. The most popular group 
of  electro-optical seekers employs IR radiation. 
However, there are seekers that use visible or UV 
band too. More advanced seekers can use several 
spectral bands of electromagnetic radiation: IR/
UV, IR/microwave, etc.

In general, seekers can be divided into two 
groups:

 ● Passive seekers
 ● Active seekers

Passive seekers do homing using optical radia-
tion emitted by the target or radiation emitted by 
natural sources and reflected by the target. Passive 
seekers can be later divided into two basic groups: 
nonimaging seekers and imaging seekers. Active 
seekers use optical radiation emitted by external 
platforms or by themselves to irradiate the target 
and carry out homing.

Passive nonimaging seekers use a circular opti-
cal plate, with adjacent transparent and nontrans-
parent parts, called a reticle that is fixed at the 
image plane of the imaging optics of the head of 
the missile (Figure 18.27). A single IR detector of 
the size a bit larger than the reticle is placed just 
behind it. Location of the point image of the target 
on the reticle plate changes, even when the target 
does not change its position, due to rotation of the 
reticle or rotation of the imaging optics. Therefore, 
radiation emitted by the target generates electrical 
pulses at the detector output. Pulse duration and 
phase of these pulses give information about the 
angular position of the target (Figure 18.28).

The grandfather of all passive IR seekers—the 
Sidewinder seeker developed in the 1950s—was a 
passive nonimaging seeker; it employed vacuum 
tubes and a lead salt single-element detector. In 
the next decades it was found that, despite their 
simplicity, passive nonimaging seekers are very 
effective for guiding missiles when the target is 
on a uniform background. Therefore, at pres-
ent, the majority of currently used short-range 
smart missiles use this type of seekers. However, 
the effectiveness of passive nonimaging seekers 
decreases significantly for targets on nonuniform 
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Table 18.6 Far-IR spectroscopy platforms

Spitzer
Space 

Telescope 
2003

The Spitzer Space Telescope was launched in 
August 2003. It is the last of NASA’s “great 
observatories” in space. Spitzer is much more 
sensitive than earlier IR missions and studies the 
universe at a wide range of IR wavelengths. 
Spitzer concentrates on the study of brown 
dwarfs, super planets, protoplanetary and 
planetary debris disks, ultraluminous galaxies, 
active galaxies, and deep surveys of the early 
universe

SOFIA 2005 SOFIA (Stratospheric Observatory For Infrared 
Astronomy) was finally completed in 2005. SOFIA, 
a joint project between NASA and the German 
Space Agency, incorporates a 2.5 m optical/
infrared/sub-millimeter telescope mounted in a 
Boeing 747. Designed as a replacement for the 
successful Kuiper Airborne Observatory, SOFIA is 
the largest airborne telescope in the world

Herschel 
Space 
Observatory 
2009

The Herschel Space Observatory, carried into orbit 
in May 2009, is a European Space Agency 
IR-submillimeter mission. Herschel performs 
spectroscopy and photometry over a wide range 
of IR wavelengths and is used to study galaxy 
formation, interstellar matter, star formation and 
the atmospheres of comets and planets. The 
Herschel Observatory is capable of seeing the 
coldest and dustiest objects in space. It is the 
largest space telescope ever launched carrying a 
single mirror 3.5 m in diameter

ALMA 2011 The Atacama Large Millimeter/submillimeter Array 
(ALMA) is the result of an international 
partnership between Europe, North America, 
East Asia, and the Republic of Chile to build the 
largest astronomical project in existence. It is an 
astronomical interferometer, comprising an array 
of 66 12 and 7 m diameter radiotelescopes 
observing at millimeter and submillimeter 
wavelengths. It is being built on the Chajnantor 
plateau at 5000 m altitude in the Atacama desert 
of northern Chile. ALMA is expected to provide 
insight on star birth during the early universe and 
detailed imaging of local star and planet 
formation. Costing more than a billion dollars, it is 
the most ambitious ground-based telescope 
currently under construction. ALMA began 
scientific observations in the second half of 2011 
and became fully operational in March 2013

(Continued)
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background like typical ground military targets or 
in the presence of countermeasures. Therefore, the 
trend of future systems is toward passive imaging 
seekers.

Passive imaging seekers typically have a ther-
mal imager (SWIR camera or VIS/NIR camera) in 
their optoelectronic head. The location of a target 
is determined from analysis of the image gener-
ated by the imaging module. Thermal imagers or 
SWIR imagers, due to their ability to generate high 
contrast images in difficult atmospheric condi-
tions, are preferred solutions. VIS/NIR cameras 
are rarely used due to their vulnerability to atmo-
spheric conditions and problems in recognizing 
low contrast targets. The most advanced imag-
ing seekers in fact use two imaging modules: the 

Table 18.6 (Continued ) Far-IR spectroscopy platforms

James Webb 
Space 
Telescope 
2018

The James Webb Space Telescope (JWST) is a 
large, IR-optimized space telescope, scheduled 
for launch in 2018. It is a visible/IR space mission 
that will have extremely good sensitivity and 
resolution, giving us the best views yet of the sky 
in the near-mid IR. JWST will be used to study the 
early universe and the formation of galaxies, 
stars, and planets. Webb will have a large mirror, 
6.5 m in diameter, and a sunshield the size of a 
tennis court. Both the mirror and sunshade will 
not fit onto the rocket fully open, so both will fold 
up and open once Webb is in outer space. Webb 
will reside in an orbit about 1.5 million km from 
the earth

SPICA/BLISS 
2017

The Background-Limited Infrared-Submillimeter 
Spectrograph (BLISS) is a far-IR spectrograph 
concept for Space Infrared Telescope for 
Cosmology and Astrophysics (SPICA). The SPICA 
mission is a future Japanese infrared astronomical 
satellite, with launch envisioned in 2017, to 
explore the universe with a cooled, large 
telescope

The philosophy of BLISS is to provide a rapid survey 
spectroscopy capability over the full far-IR range. 
The baseline approach is a suite of broadband 
grating spectrometer modules with transition-
edge superconducting (TES) bolometers

SPICA will use a cooled telescope (3.5 m diameter 
primary, ∼5 K) to achieve sensitivities currently 
inaccessible to existing facilities operating over 
this wavelength range (SOFIA, Herschel)
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Figure 18.27 Optical diagram of a typical passive 
nonimaging seeker.
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MWIR imager and the SWIR imager or the MWIR 
imager and the UV imager.

A representative architecture of a staring seeker 
is shown in Figure 18.29. To keep seeker volume, 

weight and power requirements low, only the 
minimum hardware needed to sense the scene is 
included. From the figure, it can be seen that the 
seeker’s output goes into a missile-based processor, 
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Figure 18.28 Exemplary reticle and the signal generated at the detector output by a few targets at 
different location.
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behind the FPA in the seeker, to perform tracking 
and aimpoint selection. The concept of the seeker’s 
operation includes a standby turn-on, followed by 
a commit, which cools the FPA. At the beginning, 
the seeker is locked onto its target by an external 
sensor or a human. Next, the missile is launched 
and flies out locked onto its target, matching any 
target movement. Finally, when the target is close 
and imaged, the missile chooses an aimpoint and 
conducts final maneuvers to get to the target or 
selects a point and time to fuse and explode.

Due to the use of advanced image analysis, imag-
ing seekers can attack targets located in nonuni-
form background and in the presence of advanced 
countermeasures. Thus, some of the modern air-
to-ground missiles use this method to attack and 
destroy ground targets; particularly, large nonmov-
able targets like bridges, bunkers, and buildings. 
However, there are some techno-commercial chal-
lenges. First, it is difficult to design small size, reliable 
MWIR/SWIR imagers capable of generating high 
quality images under harsh environmental condi-
tions that are met in most smart munitions (ultra-
high acceleration, extreme temperatures). Second, 
there is also a commercial challenge in designing 
passive imaging seekers as such seekers cannot be 
too expensive because they are disposable devices. 
Therefore, imaging modules used in passive imag-
ing seekers are often strongly simplified versions 
of typical thermal imagers/SWIR imagers or UV 
imagers used for surveillance applications. Imaging 
modules that generate low resolution image (below 
320 × 240 pixels—see Figure 18.30) are frequently 

met. Due to the aforementioned technological 
problems, passive imaging-based MWIR/SWIR/
UV modules in their optical heads are rarely used 
and are still at a development stage.

Active electro-optical seekers typically use 
lasers that operate in the SWIR range (1064 nm or 
in 1550 nm band). These lasers emit radiation that 
irradiate the target of interest and enable homing 
on this target.

Active laser guided seekers can be divided into 
two subclasses based on their method of homing. The 
first group are seekers homing in on the target irradi-
ated by a target designator using radiation reflected 
by the target (Figure 18.31a). The second group are 
seekers in homing on the target indicated by a target 
designator using the radiation of a laser beam that 
irradiates back of the seeker head (Figure 18.31b).

Seekers homing in on the target irradiated 
by pulsed laser designators are the most popular 
group of active electro-optical seekers. These seek-
ers enable very accurate location of small targets 
in a highly nonuniform background and are par-
ticularly well suited for air-to-ground missiles or 
bombs. However, warning systems or other coun-
termeasures can significantly reduce the effective-
ness of these seekers because it is relatively easy to 
detect being illuminated by pulsed laser radiation.

Seekers irradiated with a laser beam are kept on 
their flight to the target within the beam emitted 
by the laser designator that irradiates the target. 
Laser radiation, which gives information on target 
location, comes directly from the illuminator to 
the sensors at the back of the missile, not after the 
reflection by the target as in the previous method. 
Therefore, low-power designators can be used here 
and the effectiveness of the warning systems is 
reduced. However, a big drawback of this group of 
seekers is a fact that the seeker must be guided by 
aircraft that shoot the missile until it hits the target.

Munitions, and particularly missiles, that use 
smart seekers, are very expensive. The typical price 
is in the range of over one hundred thousand US$, 
sometimes even in the millions of US$. It is a fair 
price to use such disposable weapons to destroy 
enemy aircraft, helicopters, and tanks but there 
are doubts about the economic sense of using such 
expensive weapons in asymmetric wars against 
lightly armored guerillas. Therefore, low-cost 
smart munitions are a noticeable trend in smart 
weapon technology. Another big trend is seekers 
of improved intelligence capable of finding the 

Figure 18.30 Image of an aircraft generated by a 
low resolution MWIR imager (320 × 240 pixels).
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true target against modern countermeasures. Dual 
passive imaging seekers that employ two spectral 
bands (MWIR/LWIR or MWIR/UV) to eliminate 
countermeasures are pioneer examples of new 
more advanced seekers. Active laser seekers that 
combine classical laser homing methods with an 
additional imaging module are another example of 
the new generation of advanced smart seekers.

The new generation of standoff weapons relies 
on real-time target recognition, discrimination, 
tracking, navigation, and night vision. It is pre-
dicted that smart weapons will tend to replace the 
radar emphasis as stealth platforms are increas-
ingly used for low-intensity conflicts. It is more 
difficult to perform IR missile warning than radar-
guided missile warning.

18.4  NONCONTACT 
THERMOMETERS

IR thermometers measure temperature indirectly 
in two stages [21]:

 ● Measurements of radiation power in one or 
more spectral bands

 ● Determination of an object temperature on the 
basis of the measured radiometric signals

Even simple IR thermometers usually consist of 
five or more blocks (see Figure 18.32). An optical 
objective is usually used to increase the amount 
of radiation emitted by the tested object and limit 
thermometer FOV. The signal at the output of the 
detector is typically amplified, converted into a 
more convenient electronic form, and finally digi-
tized. A separate visualization block is typically 
used for presentation of the measurement results.

IR thermometers can be divided into a few 
groups according to different criteria: presence 
of an additional co-operating source, number of 
system spectral bands, number of measurement 
points, width of system spectral bands, and trans-
mission media.

In a passive system, the object temperature is 
measured knowing the radiation power emitted by 
the object in one or more spectral bands. With an 
active system, we can get some information about 
the emissive properties of the tested object by using 
an additional co-operating source that emits radia-
tion directed at the tested object and measuring the 

Laser designator

(a)

(b)

Figure 18.31 Principle of work of active laser guided seekers: (a) seeker homing in on the irradiated 
target and (b) seeker irradiated with a laser beam.
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reflected radiation. Active thermometers are more 
sophisticated and more expensive. So far, only in a 
few applications can they really offer better accu-
racy than passive systems. Therefore, nowadays, 
almost all practical noncontact thermometers are 
passive ones.

In the passive single-band systems, the object 
temperature is determined using a system calibra-
tion chart derived from radiometric calculation 
of the output signal as a function of black body 
temperature. The temperature of nonblack body 
objects can be corrected only if their emissivity 
over the spectral band is known.

The ratio of the power emitted by a graybody at 
two different wavelengths does not depend on the 
object emissivity but only on the object tempera-
ture. In passive dual-band systems, the object tem-
perature is usually determined using a calibration 
chart that represents a ratio of the emitted power in 
two bands as a function of the object temperature.

At present, at least 99.9% of systems available 
commercially on the market are passive single-
band systems; passive dual-band systems are rather 
rarely used; passive multiband systems are still at a 
laboratory stage of development.

According to the number and location of mea-
surement points, IR thermometers can be divided 
into pyrometers, line scanners, and thermal cameras.

Pyrometers enable temperature measurement of 
only a single point or rather of a single sector (usu-
ally a circle or a square) of the surface of the tested 
object (see Figure 18.33a). Line scanners enable 
temperature measurement of many points located 
along a line. Scanners are typically used to measure 
temperature of moving objects (see Figure 18.33b). 
Due to the movement of the target of interest, the 
scanners can create a two- dimensional image of 
the temperature distribution on the surface of the 
tested object. Thermal cameras enable tempera-
ture measurement of thousands of points located 
within typically a rectangle or square and create a 
2D image of the temperature distribution on this 
area.

Most commercially available noncontact ther-
mometers are pyrometers. They are small, light, and 
low-cost systems that have found numerous applica-
tions in industry, science, etc. Majority of them are 
handheld, quasi-universal devices integrated with a 
laser sight as shown in Figure 18.34a [22]. On the 
market, there are also compact, rugged, industrial 
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Figure 18.32 General diagram of a simple noncontact thermometer.
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Figure 18.33 Principle operation of (a) pyrometer and (b) line scanners.
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pyrometers optimized for harsh industrial condi-
tions (see Figure 18.34b).

Pyrometers offer noncontact temperature mea-
surement in the range from about −40°C to over 
2000°C using different spectral bands from the 
LWIR band to ultra narrow bands in the visible or 
near-IR ranges. Most pyrometers are devices opti-
mized for measurement of low temperatures (from 
about −20°C to 250°C) using thermopile detectors.

Line scanners are especially suitable for tem-
perature measurement of moving objects and have 
found applications in the automotive industry, 
welding, robotics, etc. Unlike pyrometers—that 
measure a single point—line scanners measure 
very quickly multiple temperature points across 
a scan line, with high resolution and in ultra-
wide FOV. On the market, there are line scanners 

capable of measuring 150 lines per second, with 
1024 pixels in a single line, and in 90º FOV (see 
Figure 18.35) [23]. High measurement speed, high 
image resolution, and ultra-wide FOV are reasons 
why line scanners are able to withstand competi-
tion from thermal cameras.

Thermal cameras offer the greatest capabili-
ties of all the discussed types of noncontact ther-
mometers. For several decades, high price was a 
factor that limited significantly mass applications 
of thermal cameras. In the past, thermal cam-
eras were divided into two basic groups: MWIR 
thermal cameras based on thermoelectrically/
Stirling/liquid nitrogen cooled FPAs sensitive 
in the 3–5 μm spectral band and LWIR thermal 
cameras based on Stirling/liquid nitrogen cooled 
FPAs sensitive in the 8–12 μm band. MWIR 

(a) (b)

Figure 18.34 Photos of two pyrometers: (a) Fluke 62 handheld pyrometer (http://www.fluke.com) and 
(b) Land IQ industrial pyrometer.
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Figure 18.35 MP150 line scanner from Raytek: (a) photo and (b) block diagram.
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cameras were more numerous due to the lower 
cost of these sensors.

Emergence at the beginning of the 2000s of low-
cost LWIR noncooled arrays (microbolometers) 
has totally changed the situation. Nowadays, the 
market is totally dominated by noncooled LWIR 
thermal cameras (see Figure 18.36) [24,25]. These 
cameras have found numerous applications such as 
control of electrical supply lines, heat supply lines, 
in civil engineering, environmental protection, 
nondestructive testing, and many others. Cooled 
thermal cameras built using MWIR or LWIR FPAs 
are mostly met in high end expensive applications 
like spectral selective measurement of metals, 
polymers, glasses, through flames, etc.

LWIR/MWIR thermal cameras can potentially 
enable measurement of temperature up to 3000°C 
but cameras that operate at the SWIR/NIR spectral 
range can offer much lower internal measurement 
errors at higher temperatures over about 400°C. 
Costs of SWIR cameras is much higher than cost 
of VIS/NIR cameras built using low-cost CMOS/
CCD sensors. Therefore, thermal cameras using 
a narrow spectral band in the NIR range domi-
nate among thermal cameras optimized for test-
ing targets at high temperatures over about 600°C 
(see Figure 18.36b). The latter thermal cameras 
should be treated as special versions of typical 
CCD/CMOS cameras optimized for radiometric 
measurements.

It should be noted that LWIR/MWIR thermal 
cameras dedicated for noncontact temperature 
measurements differ significantly from LWIR/
MWIR thermal cameras for surveillance appli-
cations. Different FPA sensors, different elec-
tronics and optics are typically used to design 
thermal cameras that belong to these two groups. 

Moreover, speed of measurement for thermal cam-
eras is typically kept below about nine frames per 
second to fulfil requirements on thermal cameras 
for nonmilitary applications kept by export control 
agencies.

Noncontact thermometers such as pyrometers, 
line scanners, and thermal cameras represent a 
technology that has found mass application in 
almost every form of human activity. The number 
of these devices sold on the market is increasing 
every year. The price varies from several dozen 
US$ for some simple pyrometers to tens of thou-
sands of US$ for high-end thermal cameras.

However, in spite of the high number of avail-
able thermometers, accurate noncontact measure-
ment of temperature is a real challenge in many 
applications. The reason is that though internal 
errors of typical noncontact temperature meters 
are relatively low (below 1%–2%), external errors 
due to improperly estimated emissivity of the 
tested object, radiation reflected by this object, 
or due to noncorrected atmospheric attenuation 
and emission, can be ten times (or more) higher 
than the internal errors. Therefore, at least a basic 
knowledge about the methods of noncontact tem-
perature measurement is crucial to keep these 
external errors at a minimal level.

18.5  RADIOMETERS

In general, the IR thermometers discussed in 
Section 18.4 can be treated as a class of radiom-
eters because they determine temperature on the 
basis of the signal generated by the radiant flux 
coming to the detector. However, IR thermometers 
are designed to measure only temperature and it is 
usually not possible to use them to measure radiant 

(a) (b)

Figure 18.36 Photos of two thermal cameras: (a) VigoCAM5 thermal camera built using a 640 × 480 
LWIR array of bolometers and (b) MSC640 thermal camera built using an NIR CMOS imaging sensor.
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flux. In our definition, a radiometer is an instru-
ment designed to measure quantities of optical 
radiation or radiant properties of materials in the 
optical range from UV to far IR. It should be noted 
that photometric meters can be considered as spe-
cific radiometers optimized to measure quantities 
of visible radiation (light) when the receiving sen-
sor simulates spectral sensitivity of the human eye. 
However, in this chapter, photometers are excluded 
from further analysis.

Optical radiometers can be divided into several 
groups according to three main criteria:

 ● Number of measured quantities
 ● Number of spectral bands
 ● Number of measurement points

A universal radiometer should enable measure-
ment of a long list of quantities of optical radiation 
(radiant power, radiant energy, radiant intensity, 
radiance, irradiance, radiant exposure) and mea-
surement of radiant properties of materials (like 
emissivity, reflectance, and transmittance) in a 
set of spectral bands of optical radiation (UV,VIS, 
NIR, SWIR, MWIR, LWIR, VLWIR).

It is technically possible to develop a universal 
radiometric system. However, such a test system 
would be bulky, modular, composed from many 
blocks, and extremely expensive. Therefore, there 

are no truly universal radiometers on a market. 
However, semi-universal radiometric systems of 
more limited performance are commonly found on 
the market. These radiometers are based on a con-
cept of a quasi-universal electronic meter with sev-
eral exchangeable optical heads (see Figure 18.37).

Optical meters capable of measuring power, 
pulse energy, and irradiance of VIS/NIR/SWIR 
radiation are the prime examples of radiom-
eters from the latter group (see Figure 18.38). 
Their extreme versatility is achieved by a modu-
lar approach coupled with an extensive selection 
of accessories and powerful application of soft-
ware packages that enables users to tailor a turn-
key system to their exact requirements as well as 
insure expandability in the future. Another even 
more popular type of radiometers are specialized, 
compact optical meters optimized to measure a 
single optical quantity (power meters, pulse energy 
meter, wavelength meters, etc.).

According to the classification by number of 
spectral bands, optical radiometers can be divided 
into four groups: single-band radiometers, dual-
band radiometers, multiband radiometers, and 
spectroradiometers.

Optical meters equipped with an optical head 
based on a single detector can be considered as 
single-band radiometers. If an optical meter is 
equipped with several optical heads of different 
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Figure 8.37 Block diagram of a typical semi-universal optical radiometer.
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Figure 18.38 PM320E optical meter produced by Thorlabs Inc.: (a) photo of a universal electronic 
meter and (b) photo of several optical heads.
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spectral bands, then such a device can be consid-
ered as a dual-band or multiband radiometer. When 
the spectral bands are narrow and their numbers is 
high enough, then the multiband radiometers are 
termed spectroradiometers. In contrast to the situa-
tion in noncontact thermometry, where multiband 
thermometers are very rarely met, spectroradiom-
eters are a popular group of optical radiometers and 
have found wide areas of applications.

The key component of any spectroradiometer 
is a module that can be termed the spectral band 
selector. Its task is to select the desired spectral 
band from the incoming radiation. This task is 
achieved by using several methods: variable wave-
length filters, monochromators, and Fourier trans-
form (FT) interferometers.

The transmission wavelength of circular (lin-
ear) variable filters (VFs) changes continuously 
(discretely) with the position of the fraction of the 
filter. Simplicity of design is a great advantage of 
this type of spectroradiometer—it enables design 
of small size, reliable, high speed, and mobile sys-
tems. However, using the VFs, it is not possible 
to achieve good spectral resolution; resolution of 
spectroradiometers built using VFs is not better 
than about 2% of the wavelength.

A monochromator is an optical instrument that 
uses a dispersing component (a grating or a prism) 
and transmits to the exit slit (optionally directly to 
the detector) only a selected spectral fraction of the 
radiation incoming to the entrance slit. The center 
wavelength of the transmitted spectral band can be 
changed within the instrument’s spectral region by 
rotating the dispersing element. Very good spectral 
resolution can be achieved using grating monochro-
mators (as high as 0.1% of the wavelength). However, 
the monochromator transmits the optical radiation 

only in a very narrow spectral band. Moerover, 
grating monochromators are designed using low 
speed optics. As a result, the optical detectors at 
the output of the monochromators receive only a 
very small fraction of the radiation incoming to 
the monochromator input. Therefore, spectroradi-
ometers built using grating monochromators suffer 
poor sensitivity. Cooled optical detectors of ultra-
high sensitivity are often used in such spectroradi-
ometers to reduce the aforementioned drawback, 
however with a limited effect.

The Michelson interferometer is the spectral band 
selector in FT spectroradiometers. The interferom-
eter is usually built as an optical instrument consist-
ing of a beam splitter and two flat mirrors arranged 
so as to recombine the two separated beams back 
on the same spot at the beam  splitter. One of the 
 mirrors moves linearly in order to produce variable 
optical interference (see Figure 18.39b) [26].

The Michelson interferometer can also be seen 
as a modulator. From a constant spectral radiation 
input, a temporal modulation occurs at the detec-
tor having a unique modulation frequency for 
each wavelength of radiation. The modulation fre-
quency can be scaled via the velocity of the mirror 
movement. This modulated signal registered by the 
detector is called the interferogram. It is digitized 
at the rate of at least twice the maximum modula-
tion frequency and a mathematical operation, the 
Fourier transform, is applied to retrieve the spec-
tral distribution of the input radiation. A calibra-
tion with a known source is required in order to 
obtain quantitative radiometric results.

FT spectroradiometers are characterized by 
very good spectral resolution and very good sen-
sitivity, better than offered by spectroradiometers 
built using grating monochromators or variable 
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Figure 18.39 The ABB MB3000 Series FT-IR Laboratory Analyzer: (a) photo and (b) schematic block 
diagram (http://www.abb.com).
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wavelength filters. These features enable design of 
high-speed, high spectral resolution FT spectrora-
diometers using noncooled or thermoelectrically 
cooled detectors (typically HgCdTe detectors) 
instead of the bulky liquid nitrogen cooled detec-
tors needed in the VF or dispersive spectroradiom-
eters. Therefore, FT spectroradiometers have found 
mass applications in many areas, but are particu-
larly popular as spectral analyzers in industry.

Performance of the FT spectroradiometers can 
be severely reduced even by a very small nonalign-
ment of the optical system, which makes them 
inherently sensitive to shocks and vibrations. 
Therefore, in the last few decades, FT spectroradi-
ometers have been considered rather as laboratory 
type equipment that cannot be used in field appli-
cations. However, at present, this opinion is out-
dated as there are on the market fully mobile FT 
spectroradiometers that can be used in military, 
meteorological, and environmental applications.

From the point of view of measuring points, all 
radiometers can be divided into two basic groups: 
spot radiometers and imaging radiometers.

The great majority of commercially available 
radiometers are systems enabling measurement 
of the spectral distribution of radiation emitted/
reflected or transmitted by a single spot and these 
systems can be termed spot radiometers. The radi-
ometers that have been discussed so far belong to 
this group. The second group are imaging radiom-
eters that generate images at one or more spectral 
bands and can be further divided into: single-
band, dual-band, multiband, multispectral, and 
hyperspectral imaging radiometers.

Basically all electro-optical imagers (thermal 
imagers, SWIR imagers, VIS/NIR cameras, UV 
cameras) designed to measure absolute distribu-
tion of radiance on the surface of the analyzed 
target can be considered as single-band imaging 
radiometers.

Surveillance satellites are often equipped with 
multiband imaging radiometers that offers two-
dimensional images of the earth at several spec-
tral bands, for example, visible, near-IR, and long 
wavelength IR region. These imaging radiometers 
are often built as several single-band imaging radi-
ometers that share common broadband optics.

Multispectral imaging radiometers are a special 
subgroup of multiband imaging devices that offer 
images at a significant number of relatively nar-
row spectral bands, but the spectral bands do not 
form a continuous spectrum. Landsat satellites are 
good examples of multispectral multiband imag-
ing radiometers. The Landsat 8 satellite can deliver 
images in eleven spectral bands from visible to far 
IR (see Table 18.7) [27]. Please note that there are 
some empty spectral regions that are not covered 
by Landsat 8 satellite.

Hyperspectral imaging radiometers are the 
most advanced subgroup of the multiband imaging 
radiometers that deliver two-dimensional images 
at so high a number of narrow spectral bands that 
they form a continuous spectrum. In other words, 
these imaging radiometers deliver a spectrum for 
each pixel of generated images. The output data is 
typically shown in the form of so-called hyperspec-
tral cubes (x, y, λ), where x, y are spatial coordinates 
and λ is wavelength (see Figure 18.40) [28].

Table 18.7 Spectral bands of Landsat 8 satellite

No. Name of spectral band Wavelength (μm)

1 Coastal aerosol 0.43–0.45
2 Blue 0.45–0.51
3 Green 0.53–0.59
4 Red 0.64–0.67
5 Near-IR 0.85–0.88
6 SWIR 1 1.57–1.65
7 SWIR 2 2.11–2.29
8 Panchromatic 0.50–0.68
9 Cirrus 1.36–1.38
10 Thermal infrared (TIRS) 1 10.60–11.19
11 Thermal infrared (TIRS) 2 11.50–12.51
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Hyperspectral imaging radiometers can be 
designed using four distinct methods of acquiring 
hyperspectral cubes (x, y, λ):

 ● Spatio-spectral scanning
 ● Spatial scanning
 ● Spectral scanning
 ● Nonscanning

The spectral scanning system and spatial scan-
ning system are needed in hyperspectral imaging 
radiometers built using spatio-spectral scanning 
method. An imaging radiometer built as a scan-
ning grating monochromator with a linear imag-
ing detector at its exit slit moving in space can be 
treated as an example of this method. The radiom-
eter originally generates only a linear spatial image 
at a single wavelength but a two-dimensional spa-
tial image is achieved by moving the radiometer; 
data about the complete spectrum is achieved due 
to scanning of the grating monochromator. A 
very long time period is needed to acquire a two-
dimensional spatial image at complete spectrum 
(complete hyperspectral cube (x, y, λ) for all combi-
nations of the coordinates x, y, λ is shown in Figure 
18.41) because spectral scanning along the λ-axis 
must be repeated for many discrete spatial values 
of the y-axis assuming that the linear detector is 
oriented along the x-axis. The acquisition time 
can be shortened by many times if both spectral 
scanning and spatial scanning work at the same 
time but then this method generates an incomplete 
hyperspectral cube (x, y, λ) because information 
about all combinations of x, y, λ is not delivered.

Hyperspectral imaging radiometers built using 
the spatial scanning method need only the spatial 
scanning system that creates a two-dimensional 
spatial image from the original one-dimensional 
spatial image. A nonscanning grating monochro-
mator with a 2D imaging detector at its exit plane 
moving in space is an example of this method. This 
imaging detector captures a spectrally dispersed 
image of a linear target. Two-dimensional image 
of the scenery of interest is achieved by moving the 
radiometer. This method is particularly suited for 
space radiometers due to their natural movement 
relative to the earth.

Hyperspectral imaging radiometers built by 
using a spectrally tunable optical filter placed 
before the FPA are example of radiometers using 
spectral scanning. At one discrete moment of time, 
this imaging radiometer generates a complete 2D 
image of the observed scenery. Spectral scanning 
due to filter tuning generates a series of such 2D 
spatial images for different wavelengths.
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Figure 18.40 Hyperspectral data cube acquired with an imaging hyperspectral radiometer HyMap.
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Different types of optical tunable filters are used: 
liquid crystal, acousto-optic, or thin-film filters 
tunable by adjusting the angle of incidence. Light 
weight, small dimensions, and low power require-
ments are a big advantage of imaging radiometers 
built using tunable optical filters. However, these 
imaging radiometers suffer from rather poor sen-
sitivity, poor spectral resolution, and too narrow 
spectral band. These disadvantages are not present 
in imaging FT spectroradiometers that can also be 
considered as a special case of imaging radiometers 
built using spectral scanning method. These imag-
ing spectroradiometers generate a 2D spatial image 
of the scene of interest and an interferogram for 
each pixel of this image. Mathematical transforma-
tions of the acquired image data generate a hyper-
spectral 3D cube as shown in Figure 18.41 [26].

Spectral scanning in FT imaging spectroradi-
ometers is indirectly done by moving a mirror in 
the interferometer. The captured interferogram can 
be converted into a spectrum using a Fourier trans-
form. FPA receives the full spectrum emitted by the 
scene of interest and this feature makes this method 
particularly sensitive. Ultra high spectral resolution 
and wide spectral ranges can be achieved, too.

The spectral scanning method is optimal for 
typical applications at earth conditions where both 
the radiometer and the target are static or are mov-
ing but not along the desired axis. Therefore, these 
imaging radiometers dominate on the market.

All three methods discussed so far need a rela-
tively long time (hundreds times more than the time 
needed to create a single image frame by electronic 
imaging sensors) to generate the hyperspectral 
cube and this long acquisition time is a significant 
disadvantage of these methods. The nonscanning 
method can potentially deliver a complete 3D 
hyperspectral cube at a time period comparable to 
the integration time of electronic imaging sensors 
(below 50 ms). Next, nonscanning hyperspectral 
imaging radiometers can potentially measure a 
spectrum of the scenery that emits low amount of 
optical radiation due to higher light efficiency. This 
method called “snapshot hyperspectral imaging” 
can potentially bring a revolution in hyperspectral 
imaging comparable to the replacement of scan-
ning thermal imagers based on discrete/linear IR 
detectors with staring thermal imagers built using 
two-dimensional IR FPAs [29]. However, there are 
many technological problems that have to be faced 
while practically implementing this method in 

commercial products. So far, there is a significant 
interest in nonscanning imaging radiometers but 
there are no such imaging radiometers offered on 
the international market.

As it was stated earlier, successful design of a 
nonscanning hyperspectral imaging radiometer 
is a big technological challenge. However, design 
of scanning hyperspectral imaging radiometers is 
difficult, too. Hyperspectral imaging radiometers 
differ significantly from nonimaging spectrora-
diometers. The first systems must use a modified 
optical system with a corrected curved output field 
and astigmatism to generate sharp images of the 
input slit corresponding to the wavelength focused 
on different parts of the array detector, which 
enables simultaneous measurement of the spec-
trum. There are also big differences in complexity 
of electronics and software needed for data pro-
cessing. Therefore, hyperspectral imaging can be 
considered as the most technologically challenging 
part of optical radiometry.

18.6  LIGHT DETECTION AND 
RANGING (LIDAR)

LIDAR is an acronym for light detection and rang-
ing, an active optical remote technique in which 
a beam of light is used to make range-resolved 
measurements. The LIDAR emits a light beam that 
interacts with the medium or object under study in 
much the same way that sonar uses sound pulses, 
or radar uses radio waves. In radar, radio waves 
are transmitted into the atmosphere, which scat-
ters some of the power back to the radar’s receiver. 
Similar to radar technology, the range to an 
object is determined by measuring the time delay 
between transmission of a pulse and detection of 
the reflected signal. The LIDAR also transmits and 
receives electromagnetic radiation, but at higher 
frequency. Analysis of the backscattered light 
allows some property of the medium or object to 
be determined. LIDARs operate in the UV, visible, 
and IR region of the electromagnetic spectrum. 
Typically, wavelengths vary to suit the target from 
about 10 μm to approximately 250 nm.

LIDAR is popularly used as a technology to make 
high-resolution maps, with applications in agricul-
ture, geomatics, archeology, geography, geology, 
seismology, forestry, physics, astronomy (remote 
sensing and metrology), etc. Few military applica-
tions are known to be in place and are classified, 
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but a considerable amount of research is underway 
in their use for imaging. Higher resolution systems 
collect enough detail to identify targets, such as 
tanks. Examples of military applications of LIDAR 
include the airborne laser mine detection system 
for counter-mine warfare. At present, LIDAR sys-
tems are also used to do standoff detection for the 
discrimination of biological warfare agents and to 
provide the earliest possible standoff warning of a 
biological attack.

LIDAR was developed in the early 1960s, shortly 
after the invention of the laser, and it was initially 
used for mapping particles in the atmosphere. 
During the 1980s, the development of GPS (Global 
Positioning System) opened up the applications 
to moving sensors (airborne LIDAR). By the early 
1990s, decimeter accuracies were achievable.

In the LIDAR approach, a laser radiation is 
transmitted into the atmosphere and backscattered 
radiation is detected as a function of time by the 
optical receiver. The return time of the reflected or 
scattered pulses provides range information. In a 
LIDAR arrangement, the backscattered light is col-
lected by a telescope, usually placed coaxially with 
the laser emitter. The signal is then focused on a 
photodetector through a spectral filter, adapted to 
the laser wavelength.

A LIDAR instrument can be conveniently 
divided into three subsystems [30]: the transmit-
ter, the receiver, and the detector (see Figure 18.42). 
The transmitter is the subsystem that generates 
light pulses and directs them into the atmosphere. 
The receiver collects and processes the scattered 
laser light and then directs it to a photodetector. 

The signal detection and recording section takes 
the light from the receiver system and produces a 
permanent record of the backscattering intensity, 
and possibly wavelength and/or polarization, as a 
function of altitude. In modern LIDARs, detection 
and recording are achieved electronically.

Different kinds of lasers are used depending on 
the power and wavelength required. The lasers may 
be either continuous wave or pulsed. Inexpensive 
lasers emitting light in the spectral range between 
0.6 and 1.0 μm are the most common for nonscien-
tific LIDAR applications. Their maximum power 
is limited by the need to make them eyesafe (vis-
ible light can be focused and is easily absorbed by 
the eye). Eye safety is often a requirement for most 
applications. Common alternatives are 1.55 μm 
lasers, which are eyesafe at much higher power 
levels since this wavelength is not focused by the 
eye. Airborne topographic mapping LIDARs gen-
erally use 1.064 μm diode pumped YAG lasers, 
while bathymetric systems generally use 0.532 μm 
frequency doubled diode pumped YAG lasers (this 
light penetrates water with much less attenuation 
than does 1.064 μm). Laser settings include the laser 
repetition rate (which controls the data collection 
speed). Better target resolution is achieved with 
shorter pulses, provided the LIDAR receiver detec-
tors and electronics have sufficient bandwidth.

In general, there are two kinds of LIDAR detec-
tion schemes: “incoherent” or direct energy detection 
(which is principally an amplitude measurement) 
and coherent detection (which is best for Doppler, 
or phase sensitive measurements). Coherent systems 
being more sensitive than direct detection, allows 
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Figure 18.42 Schematic of a simple LIDAR.
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them to operate at a much lower power but at the 
expense of more complex transceiver requirements.

Two main photodetector technologies are used 
in LIDARs: solid-state photodetectors, such as sili-
con avalanche photodiodes or photomultipliers (vis-
ible and UV). 3D imaging can be achieved using 
both scanning and nonscanning systems. “3D gated 
viewing laser radar” is a nonscanning laser ranging 
system that applies a pulsed laser and a fast gated 
camera. Imaging LIDAR can also be performed using 
arrays of high-speed detectors and modulation sen-
sitive detector arrays typically built on single chips 
using CMOS and hybrid CMOS/CCD fabrication 
techniques. Using this technique, many thousands 
of pixels/channels may be acquired simultaneously.

Airborne topographic LIDAR systems are the 
most common LIDAR systems used for generating 
digital elevation models for large areas. The com-
bination of an airborne platform and a scanning 
LIDAR sensor is an effective and efficient tech-
nique for collecting elevation data across tens to 
thousands of square miles. A basic LIDAR system 
involves a laser range finder reflected by a rotating 
mirror. The laser is scanned around the scene being 
digitized, in one or two dimensions, gathering dis-
tance measurements at specified angle intervals. 
The schematic idea shown in Figure 18.43 is fairly 
straightforward [31]: measure the time that it takes 
a laser pulse to strike an object and return to the 

sensor (which itself has a known location due to 
direct georeferencing systems), determine the dis-
tance using the travel time, record the laser angle, 
and then, from this information, compute where 
the reflecting object (e.g., ground, tree, car, etc.) is 
located in three dimensions.

LIDAR systems allow scientists and mapping 
professionals to examine both natural and artifi-
cial environments with accuracy, precision, and 
fl exibility. For example, Figure 18.44 shows LIDAR 
collected by the National Oceanic and Atmospheric 
Administration (NOAA) survey  aircraft (top) over 
Bixby Bridge in Big Sur, California [32]. Here, 
LIDAR data reveals a top-down (bottom left) and 
profile view of Bixby Bridge.

Typically, light is reflected via backscattering. 
Different types of physical processes in the atmo-
sphere are related to different types of light scatter-
ing. Choosing different types of scattering processes 
allows atmospheric composition,  temperature, 
and wind to be measured. The scattering is essen-
tially caused by Rayleigh scattering on nitrogen 
and  oxygen molecules, Mie scattering on aerosols 
(dusts, water droplets, etc.), Raman scattering, and 
fluorescence. At low attitudes, Mie scattering is pre-
dominant because of the higher cross section and 
the high aerosol concentration. Based on different 
kinds of backscattering, the LIDAR can be accord-
ingly called Rayleigh LIDAR, Mie LIDAR, Raman 
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Figure 18.43 Schematic diagram of an airborne LIDAR performing line scanning resulting in parallel 
lines of measured points.
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LIDAR, Na/Fe/K fluorescence LIDAR, and so on. 
Suitable combinations of wavelengths can allow for 
remote mapping of atmospheric contents by identi-
fying wavelength-dependent changes in the inten-
sity of the returned signal.

In general, a signal is produced by direct 
absorption, fluorescence, or Raman scattering. 
Absorption techniques are most straightforward 
and widely applied. In the atmosphere, for exam-
ple, long-path absorption spectrometry is used in 
two wavelength bands—the IR, where many mol-
ecules have characteristic fingerprints, and the UV 
to visible range.

In a typical case, the laser is alternatively tuned 
to a wavelength within the absorption band of 
interest (at λon) and then to a wavelength with 
negligible absorption (at λoff), so that difference in 
the signal returned either from a surface or from 
airborne or waterborne particles is recorded. By 
dividing the two LIDAR signals by each other, 
most troublesome and unknown parameters are 
eliminated and the gas concentration as a function 
of the range along the beam can be evaluated. Such 
applications require tunable lasers, either tunable 
diode lasers in the IR or Nd:YAG dye lasers in the 
UV to visible range.

Differential absorption LIDAR (DIAL) mea-
surements utilize two or more closely spaced 
(<1 nm) wavelengths to factor out surface reflectiv-
ity as well as other transmission losses, since these 
factors are relatively insensitive to wavelength. 
When tuned to the appropriate absorption lines of 
a particular gas, DIAL measurements can be used 
to determine the concentration (mixing ratio) of 
that particular gas in the atmosphere.

The principle for different absorption LIDAR 
(DIAL) is schematically represented in Figure 
18.45. Let us now assume that a wavelength couple 
(λon, λoff) is sent simultaneously into the atmo-
sphere. As λon and λoff have been chosen close 
enough to exhibit the same scattering properties, 
the first chimney plume will cause an increase in 
the backscattering signal, because the concentra-
tion of aerosols is larger, but the same increase 
for both pulses. Conversely, the second chimney 
plume, which contains a certain quantity of the 
pollutant, will absorb the backscattered signal at 
the λon-wavelength much more strongly than at the 
λoff -one. From this difference, and using the Beer–
Lambert law, one can deduce the specific concen-
tration of the pollutant under investigation versus 
range. For typical pollutants, such as sulfur diox-
ide, nitrous oxide, ozone, and mercury, detection 
ranges for the part-per-billion detection level are 
between 0.5 and 5 km.

The main alternative to direct-absorption spec-
trometry is Raman scattering. This occurs when 
photons are inelastically scattered from molecules, 
exciting them in the process and releasing some 
photon energy. Thus, Raman return signals are 
at a different, longer wavelength than the excit-
ing wavelength. Raman cross sections are much 
smaller than absorption cross sections, so the 
Raman technique works well using high-power 
lasers only for higher concentrations (hundreds of 
parts per million) and distances of less than 1 km. 
Water vapor profiles can be obtained in vertical 
soundings up to several kilometers in height, and 
pressure profiles up to tens of kilometers are mea-
surable using Raman signals from atmospheric N2.

Figure 18.44 LIDAR data is often collected by NOAA survey aircraft (top) over Bixby Bridge in Big Sur, 
California.
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The other major technique, fluorescence spec-
trometry, has limited use in atmospheric mea-
surement because the return signal is too weak. 
The technique is, however, an excellent way to 
monitor solid targets in the biosphere, such as oil, 
spills, algae bloom patches, and forest area. The 
fluorescent signal from plants originates from the 
excitation of chlorophyll and other leaf pigments. 
Fluorescence LIDAR is also a powerful technique 
for measurements at mesospheric heights where 
the pressure is low and the fluorescence is not 
quenched by collisions. This technique has been 
used extensively to monitor layers of various alkali 
and alkaline earth atoms (Li, Na, K, Ca, and Ca+) 
at a height of about 100 km [33,34].

In addition to monitoring pollutants, LIDAR is 
widely used to measure wind velocities via Doppler 
shifts. The improved laser stability has resulted in 
LIDAR being applied to more ambitious projects, 
including the study of winds in the stratosphere. 
Doppler systems are also now beginning to be suc-
cessfully applied in the renewable energy sector 
to acquire wind speed, turbulence, wind veer, and 
wind shear data.

The main advantage of LIDAR is that it can 
map the location of chemicals over a wide region. 

Due to the rapid nature of laser pulses, the time 
resolution is critical (a few nanoseconds) to get 
good spatial resolution. Overall, DIAL systems 
can provide 2D or 3D information of air pollut-
ants. However, most of the existing LIDAR sys-
tems have not met the pragmatic deployment 
requirements of users in industry or government. 
LIDAR systems are usually complex, large, expen-
sive, and require highly skilled personnel for their 
operation.

18.7  IR GAS SENSORS

The late 19th and early 20th century saw the obser-
vation spectra of various gases, even the resolving 
of the rotational fine structure associated with 
certain simple molecules. Measurements were, 
however, very difficult due to the lack of suitable 
devices. A major advance occurred with the devel-
opment of nondispersive IR (NDIR) technique in 
1943 [35], when useful IR detectors became avail-
able (in the 1950s), and after the development of the 
multilayer thin film interface filter for wavelength 
selection in the IR region (in the 1950s). At pres-
ent, IR gas detection is a well-developed measure-
ment technology. In general, these instruments are 
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among the most user friendly and require the least 
amount of maintenance.

Optical gas detection using absorption spec-
troscopy is based on the application of the Beer–
Lambert law:

 exp ,0 ( )−αI = I l  (18.10)

where I is the light transmitted through the gas 
cell, I0 is the light incident on the gas cell, α is the 
absorption coefficient of the sample (typically with 
units of cm−1), and l is the cell’s optical path length 
(typically with units of cm). The absorption coef-
ficient α is the product of the gas concentration 
(e.g., in atm—the partial pressure in atmospheres) 
and the specific absorptivity of the gas (e.g., in cm−1 
atm−1). Typical absorption spectra for five gases in 
the IR spectral region are shown in Figure 18.46.

The Beer–Lambert law applies for monochro-
matic radiation; when using light sources that are 
broader than absorption lines, the width of the 
source must be accounted for. The law also assumes 
that there are no chemical changes in the sample—
at high concentrations, dimer formation can alter 
spectra, but this is a minor effect for most gases at 
standard temperature and pressure.

The most commonly used techniques in gas 
sensing based on measurement of optical absorp-
tion at specific wavelengths are: NDIR technique, 
spectrophotometry, tunable diode laser spectros-
copy (TDLS), and photoacoustic spectroscopy 
(PAS) [36].

The NDIR sensor, commonly referred simply 
as the IR sensor, can detect gases in inert atmo-
spheres, are not susceptible to poisons, and can be 

made very specific to a particular target gas. The 
limitation of NDIR technology for gas detection 
is dependent on the uniqueness of the absorption 
spectrum of a particular gas. NDIR sensors are 
also extremely stable, quick to respond to gas, and 
can tolerate long calibration intervals. IR sensors 
are commonly used to detect methane, carbon 
dioxide, and nitric oxides in both portable and 
fixed gas detection instrumentation.

There are a number of ways by which various 
IR components can be arranged to produce a gas 
analyzer. IR gas sensors utilize only part of the 
IR spectrum, corresponding to wavelengths that 
are absorbed by the gas to be detected. The opti-
cal bandwidth of a laser source is sufficiently nar-
row for it to be used directly, but with wideband 
sources, as thermal sources or even light emitting 
diodes (LEDs), some additional wavelength selec-
tion in the optical path is required. The optical 
bandwidth of a sensor is typically in the tens or low 
hundreds of nanometers to match the absorption 
band of the gas. Wavelength selection is achieved 
using dispersive elements such as prisms or dif-
fraction gratings, or nondispersive element such as 
a multilayer thin film filter.

The design may be relatively simple, or very 
complicated depending on the type of analyzer 
used for the applications. Figure 18.47 illustrates 
some of the basic features of IR analyzers.

The basic design is shown in Figure 18.47a, 
which consists of an IR source, band-pass filter, 
and the interaction with the gas sample and the 
detector. The detector is selectively sensitized to the 
absorption wavelength of the gas whose presence 
is to be detected by the use of a narrow-band-pass 
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optical filter. Clearly then, increased gas concentra-
tion in the optical path between source and filtered 
detector leads to a depression in signal level. The 
band-pass filter could be placed in front of the light 
source, instead of placing it in front of the detector.

In practice, in order to reduce false alarms and 
introduce a level of quantification, it is necessary to 
provide some calibration. Dependent on the appli-
cation and instrument manufacturer, this may 
take the form of a reference chamber containing a 
known concentration of the gas, or measurement 
of a reference wavelength just slightly outside the 
absorption band and/or dual matched detectors.

Figure 18.47b shows another popular design 
with two detectors. Modulated flashing IR sources 
are reflected back to the detectors. In this arrange-
ment, the active detector has a filter for the target 
gas, while the reference detector has a filter with 
different wavelength. In such a way, the active 

detector is used to detect the target gas and the ref-
erence detector is used to ignore the target gas. In 
actual operation, the reference detector provides 
a base point value (or zero point) while the active 
detector is used to provide the signal. An advan-
tage of this design is compensation of changes that 
occur in the detector’s sensitivity with time (e.g., 
change in the intensity of the light source).

The design illustrated in Figure 18.47c uses two 
tubes or cells. One is a reference cell that is filled 
with a pure target or reference gas, while the other 
is a sampling cell in which the sample gas passes 
through. Additionally, a chopper in the form of 
a disk with a number of slots in it is used. As the 
chopper rotates, it alternately allows the light beam 
to pass through the sample and reference cells. The 
detector gets its base reading from the reference cell.

There are many light sources available, ranging 
from a regular incandescent light bulb to specially 
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Figure 18.47 Configurations of gas analyzers: (a) a basic gas detector layout, (b) a two-detector 
 layout, and (c) double beams with chopper layout. (Reproduced from Chou, J., Hazardous Gas 
Monitors, McGraw-Hill, New York, 2000.)
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designated heating filaments and electronically 
generated sources. The last sources are used to gen-
erate enough radiation at the wavelength of inter-
est for the purpose of detecting the specific target 
gas. A heated wire filament, similar to that in a pen 
flashlight, is used in the 1–5 μm spectral range for 
the detection of most hydrocarbons, carbon diox-
ide, and carbon monoxide. Alternatives include 
glowbars (rods of silicon carbide) or coils, typically 
of nichrome alloy resistance wire with high emis-
sivity in the MWIR region. Much recent research 
has been concentrated on the development of 
sources that are both more spectrally efficient and 
capable of more rapid modulation frequencies. 
The new sources can be categorized as thin incan-
descent membranes based on MEMS technology, 
some of which have engineered high emissivity 
surfaces and LEDs [36].

The selection of the optimum operating condi-
tions for a gas analyzer is always a trade-off between 
the required sensitivity and an operational system. 

In conventional absorption spectroscopy, using 
broadband incoherent radiation sources, the wave-
length resolution is determined by the resolving 
power of the spectral analyzer or spectrometer. 
Laser absorption spectroscopy, on the other hand, 
uses coherent light sources, whose line widths can 
be ultra-narrow and whose spectral densities can 
be made many orders of magnitude larger (~109 W 
cm−2 MHz) than those of incoherent light sources. As 
can be seen from Figure 18.48, the whole spectral 
range from the visible to the IR can be covered 
by semiconductor lasers of various compounds, 
which mainly are gallium arsenide, indium phos-
phide, antimonides, and lead salts.

Up to the end of the twentieth century, a draw-
back for industrial applications of gas analyzers 
based on semiconductor lasers was the lack of high-
quality, high-power laser diodes for many spectral 
regions of interest. These lasers relied on direct 
band-to-band transitions in the bulk material 
or analogous transition in type I quantum wells. 
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Since the mid-1990s, lead salt and antimonide 
lasers have been facing competition from quantum 
cascade lasers (QCLs) [38] and type II quantum 
well lasers (interband cascade lasers—ICLs) [39]. 
QCLs operate on transitions within the conduc-
tion subbands of multiple quantum wells and have 
been pioneered by Bell Laboratories. Operation in 
the IR region above room temperature has been 
reported. These new types of laser are available 
commercially/on research basis and they appear to 
offer the prospect of more robust construction and 
higher  temperature operation than is possible with 
the materials that have been used up to this point. 
Trace-gas optical spectroscopic sensors using 
QCLs and ICLs are ultrasensitive and can detect 
molecular species at concentration levels from the 
percent level down to parts per trillion (ppt).

Today, TDLS is a widely used technique for 
environmental monitoring, remote sensing, and 
process gas analytics. It has rapidly become the 
most commonly used laser-based technique for 
quantitative measurements of species in the gas 
phase. It is a highly selective, sensitive, and versa-
tile fast operation technique (up to MHz) for mea-
suring trace species. The diode laser source is ideal 
for optical spectroscopy because of its narrow line-
width, tunability, stability, compactness, and abil-
ity to operate at room temperature.

The basic TDLS measurement setup is fairly 
simple, as shown in Figure 18.49—it contains a 
laser diode at the right wavelength that is tunable, 

a gas cell and a detector. The exact wavelength of 
the laser can be tuned slightly over the absorption 
line from ν1 to ν2 by changing the laser tempera-
ture and/or current. The laser light passes through 
the gas sample and the laser power transmitted 
through the sample is detected as a function of the 
laser wavelength. When the laser emission wave-
length coincides with a resonant absorption in the 
molecule, we see a sharp absorption signal. Direct 
absorption measurements have to resolve small 
changes ΔI in a large signal offset I0. The highest 
sensitivity is achieved at low gas pressure, when 
absorption lines are not substantially pressure 
broadened.

To increase the SNR, an additional noise sup-
pression can be achieved by the application of 
modulation techniques. In modulation spectros-
copy, the laser injection current is modulated at 
ωm, while the laser wavelength is tuned repeatedly 
over the selected absorption line to accumulate the 
signal from the lock-in amplifier with a digital sig-
nal averager (Figure 18.50). This produces a deriva-
tive line profile with an amplitude proportional to 
the species concentration.

The benefits of modulation spectroscopy are 
twofold: (i) offsets are eliminated (zero base-
line technique) as it produces a derivative signal, 
directly proportional to the species concentra-
tion and (ii) it allows narrow-band detection of 
the signal at a frequency at which the laser noise 
is reduced.
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To provide high sensitivity, long-path absorp-
tion cells, L, are required. This method is often 
used in open path measurement techniques such 
as remote sensing, where L are usually from tens 
of centimeters to several meters (see Figure 18.51a).

However, most conventional trace-gas sensors 
have gas cells inside them. To increase their sen-
sitivity and reduce the size of the apparatus, mul-
tipath cells are used (see Figure 18.51b). The laser 
light enters the gas cell and is reflected many times 
by mirrors that are located at either end of the cell. 
In this way, we can obtain a long effective light 
path of tens to hundreds of meters with a gas cell 
whose actual length is less than 1 m.

Another method that uses an optical cavity is 
shown in Figure 18.51c. This method utilizes opti-
cal resonance with highly reflective mirrors and 
traps laser light in a cell. We can obtain a very long 
effective light path that exceeds several kilometers.

18.8  CONCLUSIONS

This chapter is about general IR engineering, tech-
nology, practices, and principles as they apply to 
modern IR techniques. The information contained 
here is critical in the day-to-day life of engineer-
ing practitioners and those on the periphery of IR 
techniques. It serves rather as a guide for those who 
wishing to “catch up” on the general information in 
the field—managers, students, and technicians. We 
abstain from the traditional development of equa-
tions and conclusions from first principles—they 
are presented in many other texts. Therefore, the 
chapter functions as a compilation of the state of 
the art, and provides background information for 
the reader devoted to IR devices and techniques. 
It is concentrated on the physical fundamentals of 
IR radiation and practical instruments for mili-
tary applications, metrology, astronomy, environ-
mental monitoring, surveillance, commercial, and 
industrial uses.
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Organic light emitting devices

MARTIN GRELL
University of Sheffield

19.1  INTRODUCTION AND 
HISTORIC DEVELOPMENT

In many organic molecules, the absorption of a 
photon of given wavelength creates an excited state 
of the molecule (an “exciton”) which in turn is 
capable of re-emitting light of longer wavelength. 
This is known as fluorescence. The common fea-
ture of fluorescent dyes is the presence of alter-
nating single- and double-bonds between carbon 
atoms (“conjugated” units), resulting in delocal-
ized π-electron clouds. A wide range of fluorescent 
organic dyes, spanning the entire visible and near-
IR spectrum, is now available, e.g., for dye laser 
applications.

Also, the semiconducting properties of a num-
ber of organic materials have long been known, and 
were studied first in crystalline phthalocyanine [1]. 
Since the 1970s, the amorphous polymeric organic 
photoconductor poly(vinyl carbazole) (PVK) has 
been widely studied and is now commonly used 
for electrophotography (generally, in the form of a 
charge transfer complex with the electron acceptor 
2,5,7-trinitrofluorenone (TNF)). PVK is conceptu-
ally a “hybrid” between low-molecular weight and 
polymeric organic semiconductors. The major dif-
ference between a mainchain conjugated polymer 
such as a polyene or a poly(para-phenylene vinyl-
ene) (PPV), and a sidechain conjugated polymer 
such as PVK is that in the mainchain polymer, the 
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π-conjugation extends over more than one repeat 
unit, leading to a conjugated unit called the “effec-
tively conjugated segment” (ECS) longer than one 
repeat unit, and with rather different properties.

The capability of semiconducting organic 
materials to sustain and transport charge carri-
ers (known as electron/hole polarons, or radical 
anions/cations) opens the possibility to generate 
excitons by the combination of an electron and a 
hole polaron rather than the absorption of a photon. 
The subsequent light emission from an electrically 
generated exciton is known as electroluminescence 
(EL). For semiconducting organic crystals, this was 
first reported by Pope, and Helfrich and Schneider, 
in the 1960s [2]. In 1983, Partridge reported for 
the first time on EL from a semiconducting poly-
mer [3]; namely, PVK. Partridge used the common 
thin film device architecture as shown in Figure 
19.1. However, OLEDs based on PVK displayed 
poor brightness and efficiency. This was mainly 
due to the difficulty to inject electrons into PVK. 
Ideally, equal number of holes and electrons need 
to be injected for efficient EL. In 1987, a major 
breakthrough was reported by Tang and van Slyke 
of the Kodak group [4]. They introduced OLEDs 
with a multilayer organic semiconductor architec-
ture. This allowed for better electron/hole balance 
and lead to devices with much improved bright-
ness and efficiency.

Tang and van Slyke worked with highly fluo-
rescent low-molecular weight organic molecules, 
and Partridge with a sidechain conjugated poly-
mer. The mainchain conjugated semiconducting 
polymers that were studied in the 1970s and 1980s 
such as polyacetylene and polydiacetylene are not 
fluorescent, because in these polyenes, strong elec-
tron–electron interactions break parity alternation 
between subsequent excited states.

Thus, in polyenes, the first excited state has 
no dipole-allowed (fluorescent) transition to the 
groundstate. In the late 1980s, Friend, Burroughes, 
Bradley et al. at Cambridge, experimented with 
poly(para-phenylene vinylene) (PPV), a conju-
gated polymer containing a phenyl ring in the 
mainchain. When they tried to establish the 
dielectric breakdown characteristics of PPV with 
a view towards its use as gate insulator in organic 
transistors, they were surprised to find electrolu-
minescence (EL). They published their findings in 
1990 [5]. With hindsight, it is surprising that EL 
from PPV was not discovered earlier, since PPV 

chemistry and its photoconducting and fluorescent 
properties had been established previously, much 
of it due to the work of Hörhold et al. in Jena [6]. 
Similarly, another celebrated breakthrough in 
organic electronics, the discovery of “synthetic 
metals” by Heeger, MacDiarmid, Shirakawa 
et al. [7], was accidental due to the excessive addi-
tion of a catalyst.

The discovery of conjugated mainchain poly-
mer EL has triggered a massive academic and 
industrial research effort, with the aim of develop-
ing and establishing a new flat panel display tech-
nology that in principle can replace both cathode 
ray tube and liquid crystal displays. In recent years, 
both the development of organic logic circuits 
based on organic field effect transistors (OFETs), 
and of organic photovoltaic devices has attracted 
increasing attention.

19.2  COMMON OLED MATERIALS 
AND THEIR PROPERTIES

19.2.1  Common organic 
semiconductors

Before discussing OLEDs in detail, it is instructive 
to have a list of common organic semiconductors 
that have played an important role in the develop-
ment of the field. Figure 19.2 presents a compila-
tion of a few examples that were selected from the 
wide variety reported in the literature. Commonly 

Electric drive circuit

Cathode

Substrate

Light out

Organic
semiconductor

Anode

Figure 19.1 The basic OLED architecture. The 
thickness of the active organic semiconductor 
film is typically in the order of 100 nm. One of 
the electrodes (typically, the anode) needs to be 
transparent to allow for the coupling-out of light.
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used acronyms are given and some basic properties 
of the materials are discussed.

1. Low-molecular weight materials: TPD (N,N′-
bis-(m-tolyl)-N,N′diphenyl-1,1-biphenyl-4,4′-
diamine) is a hole transporting and weakly 
luminescent organic semiconductor. 6T (hexi-
thiophene) is one representative of the thio-
phene family of organic semiconductors which 
are known for their fast hole mobilities. PBD 
(2-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-1,3,4-
oxadiazole) is an electron conductor. Both TPD 
and PBD have been used as carrier injection 
layers in multilayer device architectures. 

Alq3 (tris(8-quinolinolato)aluminum(III)) 
is an organometallic complex with efficient 
green electroluminescence and remarkable 
stability. btp2Ir(acac) (bis(2-(2′-benzothienyl)-
pyridinato-N,C-3′)iridiumacetylacetonate) 
is the representative of a family of phospho-
rescent dyes that have been used successfully 
as triplet-harvesting emitters in efficient 
electrophosphorescent devices. ADS053 
RE is the trade name for the red-emitting 
organolanthanide tris(dinapthoylmethane) 
mono(phenanthroline)-europium(III). 
Organolanthanides transfer both singlet- and 
triplet-excitons to an excited atomic state of 

Figure 19.2 Selected examples of organic semiconductors and dyes that have played an important role 
in the development of organic light emitting devices
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Figure 19.2 (Continued) Selected examples of organic semiconductors and dyes that have played an 
important role in the development of organic light emitting devices
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important role in the development of organic light emitting devices
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the central lanthanide, resulting in very nar-
row emission lines, i.e., spectrally pure colors. 
NDSB Dendron (G2) is a nitrogen-cored 
distyryl benzene second-generation dendrimer. 
The core displays visible absorption and emis-
sion, the meta-linked dendronic sidegroups 
have a bandgap in the UV and for the purposes 
of charge injection, transport, and light emis-
sion can be considered as inert.

2. Polymeric materials: PVK (poly(vinyl carba-
zole)) is a hole transporting and weakly emis-
sive polymeric semiconductor that has been 
extensively used as photoconductor in photo-
copiers (in the form of a charge transfer com-
plex with trinitrofluorenone). Conceptually, 
it is a hybrid between low-molecular weight 
organic semiconductors and conjugated 
polymers: The non-conjugated backbone gives 
it the film forming properties of a polymer, 
but the semiconducting units are isolated 
and retain the properties of low-molecular 
weight carbazole. PPV (poly(para-phenylene 
vinylene)) is a semiconducting, mainchain 
conjugated and highly emissive polymer. In 
the form shown in Figure 19.2, it is insoluble, 
and it is derived in situ via thermal conversion 
of a precursor. MEH-PPV (poly[2-methoxy-5-
(2′-ethyl-hexyloxy)]-1,4-phenylene vinylene) 
is a soluble derivative of PPV with somewhat 

smaller bandgap due to the alkoxy substitution 
of the benzene ring. Both PPV and MEH-PPV 
are hole transporting polymers. CN-PPV 
(poly(2,5-hexyloxy para-phenylene) cyanovin-
ylene) is an electron-transporting, low band-
gap polymer due to the high electron affinity 
cyano substitution at the vinylene bond. PHT 
(poly(hexyl thiophene)) is weakly luminescent, 
but displays fast hole mobility, in particular, 
in its regioregular form. PPP (poly(para-
phenylene)) is a blue emitter, but insoluble in 
the form shown in Figure 19.2. Substituting 
PPP with alkyl sidechains affects solubility, 
but also twists the rings away from coplanar 
arrangement. Methylated ladder-type PPP 
(MeLPPP) enforces coplanar ring arrangement 
by chemical bonds, and is a blue emitter show-
ing homogeneous broadening only. Poly((9,9-
dialkyl)2,7-fluorene)s (PFs) are efficient blue 
emitters with high carrier mobility. The related 
copolymer F8BT (poly(9,9-dioctylfluorene-alt-
benzothiadiazole)) displays a lower bandgap (in 
the green) and electron transporting proper-
ties, as well as partial compatibility with PFs. 
Consequently, PF/F8BT blends have emerged 
as alternative to multilayer architectures. F8T2 
(poly(9,9-dioctylfluorene-alt-dithiophene) is 
a hole-transporting fluorene copolymer with 
lower ionization potential than homo-PF.

Figure 19.2 (Continued) Selected examples of organic semiconductors and dyes that have played an 
important role in the development of organic light emitting devices
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19.2.2  Comparing organic with 
inorganic semiconductors

The molecular nature of organic semiconductors 
leads to a number of significant physical differ-
ences between organic and inorganic semiconduc-
tors. The most important are summarized below.

1. Excitations are localized: Wavefunction coher-
ence in a conjugated polymer extends over 
a few (order 5) repeat units (the effectively 
conjugated segment (ECS) [6]), but not further. 
Consequently, excitations are localized on the 
rather short scale of the ECS. The wave vector k 
is not a good quantum number for a localized 
excitation. Charged excitations are gener-
ally more akin to the concept of the “radical 
ion,” as familiar from solution-based chem-
istry, than the concept of a “polaron” in solid 
state physics (nevertheless, the term “hole” is 
commonly used for radical cations). Neutral 
excitations or “excitons” are best described as 
Frenkel, not Mott-Wannier, excitons.

  Localization leads to a strong coupling 
between excitations and local molecular geom-
etry. In the excited ECS, electron clouds and 
bond lengths are redistributed. In the case of 
charged excitations, these geometric relaxations 
can break the local symmetry, and thus activate 
vibronic bands in the infrared that are symme-
try-forbidden (i.e., Raman-but not IR-active) 
in the ground state (“IRAVs”). In the case of 
neutral excitations (excitons), the fluorescence 
emitted on radiative decay to the ground state 
may display a relatively large Stokes shift and 
pronounced vibronic structure.

  Typical exciton binding energies, Eb, are 
in the order 0.2–0.5 eV, and typical exchange 
energies, i.e., the energetic difference between 
singlet- and triplet-excitons, are 0.5–1 eV.

2. Excitations are one-dimensional: Electronic 
transition moments are strong and highly 
directional, parallel to the chain or molecu-
lar axis. Some conjugated polymers display 
liquid crystalline self-organization at elevated 
temperatures, i.e., the spontaneous paral-
lel alignment of an ensemble of chains [8]. 
Light polarized parallel to chain alignment 
then interacts very strongly with the poly-
mer. Also, in aligned polymers, the mobility 
of charge carriers (radical ions) is enhanced 

when compared to the non-aligned polymer. 
Mobility is fastest parallel to the alignment 
direction, but even perpendicular to the align-
ment direction, the mobility is faster for an 
aligned than a non-aligned material [9,10].

3. There are no “dangling bonds”: Even a very 
thin organic film always consists of complete 
molecules, with the chemical coordination at 
the film surface equal to that in the bulk. This 
is very different in vapor-deposited inorganic 
semiconductor films, where atoms at the sur-
face usually are not chemically coordinated in 
the same way as in the bulk. These “dangling 
bonds” distort the band structure at the film 
surface from its bulk properties. In contrast, 
surface- and bulk-ionization potentials, and 
electron affinities of organic semiconductors 
are generally equal.

19.2.3  Controlling the bandgap

The relation between optical emission spectra 
and their perception as colors by human vision is 
essential for display technology. This shall not be 
discussed in detail here, a good review is in [11]. 
The basic facts are that color perception changes 
in the order blue–green–yellow–orange–red as 
wavelength increases from 400 to >700 nm, and 
that colors are perceived pure when the emission 
band is narrow. It is therefore essential to control 
the bandgap of the emissive semiconductors in a 
display to reproduce the full color gamut. It is one 
of the key assets of organic semiconductors that 
their bandgap can be controlled systematically via 
modification of their chemical structure. Chemical 
bandgap tuning can be classified roughly into 
three types: steric, electronic via sidechain varia-
tion and electronic via copolymerization. These 
are discussed in the following.

19.2.3.1  THE STERIC CONTROL OF 
BANDGAP

The degree of π-electron delocalization along a 
polymer backbone is governed by the conforma-
tion and configuration of the respective mol-
ecule. Conformation can be quantified, e.g., by a 
dihedral angle φ that describes the relative rota-
tion of a stiff moiety with respect to a neighbor-
ing stiff moiety around a flexible chemical bond 
connecting the two. The so-called rotational 
potential Erot(φ) describes the relative energy of 
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the conformation as a function of dihedral angle. 
Generally, the π-overlap is optimized if succes-
sive units are coplanar (φ = 0°), but disappears 
if they are orthogonal (φ = 90°). Hence, in con-
jugated molecules, there is a contribution to the 
rotational potential that favors coplanar con-
formation. However, e.g., in coplanar biphenyl, 
there would be a clash between the H-atoms in 
the neighboring rings for the coplanar arrange-
ment that would be extremely costly in energy. 
The relative minimum for Erot(φ) is therefore not 
at φ = 0°; in the case of biphenyl, φmin = 23°  [12]. 
With the attachment of sidechains, these steric 
interactions increase, and the twist angle increases 
from 23° to 45° for ortho-dihexyl-substituted 
polyphenylene. This leads to a “blueshift” (larger 
bandgap) due to reduced π-conjugation. A promi-
nent example for steric bandgap tuning are the 
poly(alkyl thiophene)s (PATs), where bandgap 
tuning throughout the entire visible spectrum 
by steric effects alone was demonstrated. This is 
reviewed in [13]; however, PATs are rarely used in 
OLEDs as their PL quantum efficiencies are very 
low. Another prominent example for the control 
of bandgap by more or less bulky sidechains is the 
case of (non-emissive) poly(diacetylenes) (PDAs), 
as reviewed in [14].

A method to improve π-overlap, rather than 
disrupt it by sidechains, is to force rings into a 
coplanar arrangement by chemical bonds. Let us 
look at oligomers of para-phenylene (PPP), dioctyl 
fluorene (PFO), and ladder-type para-phenylene 
(MeLPPP), all of which have in common a back-
bone of para-linked benzene rings. In PPP, every 
ring can twist out-of-plane with respect to its 

neighbor. In PFO, rings are fused pairwise into a 
coplanar moiety, there is only one possible rotation 
per pair, i.e., per two rings. In MeLPPP, all rings are 
forced into a coplanar arrangement by chemical 
bonds, there is no degree of conformational free-
dom in the backbone. Table 19.1 shows the location 
of absorption maximum (as a measure of bandgap) 
in dependence of the number of benzene rings 
for different oligomers (unsubstituted oligo-para-
phenylene/fluorene-endcapped dihexylfluorene/
oligo-ladder-para-phenylene).

It is evident that for a given number of rings, 
the more the backbone is planarized, the smaller 
is the bandgap.

19.2.3.2  THE ELECTRONIC CONTROL OF 
THE BANDGAP

By introducing either electron-withdrawing or 
electron-donating chemical groups into a conju-
gated molecule, the electron affinity and ioniza-
tion potential are affected, and hence the bondgap 
changes. Such groups can be introduced in two 
ways, namely as sidechains or in the mainchain. 
We discuss the following examples: Alkoxy-chains 
attached to PPV rings (MEH–PPV, sidechain modi-
fication), CN-groups attached to alkoxy-PPV vinyl-
ene bonds (CN–PPV, a case somewhat intermediate 
between sidechain and mainchain modification), 
and fluorene copolymers (mainchain modification).

MEH–PPV is an example for alkoxy-substi-
tuted PPVs. Its sidechains make MEH–PPV solu-
ble in organic solvents such as THF or chloroform. 
Sidechains also somewhat isolate chain backbones 
from each other in the solid film which increases 
quantum yield over unsubstituted PPV. It was 

Table 19.1 Absorption maxima for para-phenylene based oligomers versus number of benzene rings

Number of benzene 
rings Oligo-PP (eV) Oligofluorene (eV) Oligo-MeLPPP (eV)

3 4.44 3.70
4 4.25
5 4.15 3.18
6 4.03 3.56
7 3.00
8 3.43
9
10 3.35

Source: Grimme, J., Kreyenschmidt, M., Uckert, F., Müllen, K., and Scherf, U. Adv. Mater. 7, 292, 1995; Klärner, G. 
and Miller, R.D., Macromolecules 31, 2007, 1998.
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therefore a welcome step forward in the develop-
ment of conjugated polymers. The alkoxy-linkage 
of its sidechains to the phenyl backbone ring also 
changes the electronic structure of the backbone. 
Alkoxy links have a tendency to donate electrons 
to the backbone which changes the shape and loca-
tion of the HOMO. As a result, emission is red-
shifted compared to PPV, from green to orange.

The case of CN–PPV is somewhat intermediate 
between sidechain and mainchain modification. 
In addition to the alkoxy-sidechains in MEH–
PPV, highly electron-withdrawing cyano groups 
are attached to the vinylene bonds. This leaves the 
conjugated backbone highly electron deficient, 
thus considerably increasing the electron affinity 
(by about 0.6 eV [13]). CN–PPVs emit in the red.

Another approach to bandgap control is copo-
lymerization of different conjugated units into the 
polymer backbone. Copolymers between alkane- 
and alkoxy-substituted PPV-type polymers are 
discussed in [13]. Here, we focus on copolymers of 
fluorene. Polyfluorenes display a “blue” bandgap 
that is almost indifferent to the type of sidechain 
attached. Note that sidechains are attached pair-
wise at the 9-position of the fluorene ring which 
itself is not part of the conjugated backbone. 
Consequently, there is little electronic impact of the 
sidechains on the backbone properties. However, 
strictly alternating copolymers of fluorenes with 
comonomers having different electronic properties 
were prepared, such as F8BT and F8T2. For both 
F8BT and F8T2, the resulting bandgap is reduced, 
and they both emit in the green–yellow region. 
The reduction in the size of bandgap has different 
reasons: In the case of F8BT, the benzothiadiazole 
comonomer has a higher electron affinity Ea than 
fluorene, thus leading to a polymer with higher Ea. 
In the case of F8T2, the two thiophene groups have 
a lower ionization potential Ip than fluorene, thus 
leading to a polymer with lower Ip. Thus, copoly-
merization not only allows control of bandgap, but 
also Ip and Ea in a predictable manner, and a large 
number of fluorene copolymers have been syn-
thesized and studied. For a review, see [17]. Both 
the polymers have found interesting applications: 
some of the most efficient organic EL devices have 
been built from blends of a minority amount of 
F8BT as electron injecting/transporting material 
in PFO as hole injecting/transporting material. 
The miscibility (or at least, slow separation on the 
spincoating timescale) of PFO and F8BT is highly 

exceptional, and allows for the preparation of sin-
gle layer devices with the properties of double layer 
devices. F8T2, on the other hand, is an excellent 
material for p-type OFET channels [9].

19.3  DEVICE PREPARATION AND 
CHARACTERIZATION

Practical OLEDs conventionally use a film of 
indium tin oxide (ITO) on a glass substrate as 
anode. ITO is a highly doped semiconductor that 
exhibits almost metallic conductivity (∼20 Ω/), 
and is transparent to allow for the out-coupling of 
light. Onto the anode, one or several organic lay-
ers are prepared. Nowadays, ITO is usually coated 
with a PEDOT/PSS synthetic metal film, for rea-
sons to be discussed in Section 19.4.2. For a review 
of the remarkable properties of PEDOT/PSS, 
see [18]. Then, one or several organic semiconduct-
ing layers will be deposited; their functions are dis-
cussed in Section 19.4.

Obviously, it is tempting to replace ITO com-
pletely by flexible sheets of PEDOT/PSS prepared 
on a plastic substrate which are now commercially 
available. For some small, low-resolution displays 
this is already possible. However, the most con-
ductive PEDOT/PSS sheets to date still display 
a sheet resistance about one order of magnitude 
larger than ITO. This leads to a drop in the applied 
voltage across a large display and compromises 
the addressing of pixels far away from the voltage 
source.

The preparation of polymeric and low-molec-
ular weight organic semiconductor layers is typi-
cally very different, and gives rise to two separate 
“cultures” of organic semiconductor research. 
Polymers are typically processed from solution. 
Typical processes are spincasting, which is the con-
ventional laboratory technique, or ink jet printing, 
which is of increasing interest for industrial pro-
duction. Low-molecular weight molecules are typi-
cally processed by evaporation.

19.3.1  Solution processing

A key asset of organic semiconducting polymers 
is that they can be molecularly engineered to be 
soluble. This allows for the preparation of good 
quality, uniform thin films over large areas by the 
spincoating (or spincasting) technique. Much of 
the interest and momentum in semiconducting 



696 Organic light emitting devices

polymer research results from this cheap and easy 
technique to make quality films of arbitrary size.

A typical spincasting solution has a concen-
tration of 5–20 mg of polymer per milliliter of an 
organic solvent, such as toluene, xylene, tetrahy-
drofurane (THF), or chloroform. Before use, all 
solutions should be filtered through a microporous 
filter, with pore sizes in the range 0.2–0.45 μm.

The principle of a spincoater is shown in 
Figure 19.3.

A drop of polymer solution is placed onto a sub-
strate that is held down on a turntable by vacuum 
suction. As the turntable starts rotating, the solu-
tion spreads out into a thin film that wets the whole 
substrate with uniform thickness. Typical “spin 
speeds” are in the range 1000–4000 rpm, with spin 
times in the order of 1 min. Under rotation, the sol-
vent evaporates and leaves behind a thin, uniform 
polymer film. In principle, there is no limit to the 
size of the film. In industry, films in the size of TV 
screens are spincoated routinely by automated sys-
tems. The thickness d of the resulting film is con-
trolled by solution concentration c, viscosity η and 
spin speed ω according to Equation 19.1

 ∝ η
ω

d
c c( )  (19.1)

The proportionality constant depends strongly 
on solvent, substrate, and other factors. Since η 
strongly depends on concentration, concentration 
has a much stronger impact on the thickness of 

the resulting film than spin speed. d typically will 
be in the order of 100 nm, with thickness control 
within a few nanometer via spin speed. Note that 
the thickness and quality of the resulting films 
depend on the solvent used. Sometimes, in par-
ticular when solvents of low volatility were used, 
it is advisable to dry films after spinning at mod-
eratly elevated temperature (40°C–60°C) under 
vacuum.

Often, multilayer architectures of several lay-
ers with different organic semiconductors are 
required. To make these by spincasting, subse-
quent layers have to be spun from mutually exclu-
sive solvents (so called “orthogonal” solvents), 
otherwise the first layer dissolves on spinning the 
second. This can be a challenge to material chem-
istry. The conjugated polymer community has 
recently started to use polymer blends deposited 
from a common solvent in one spin cycle, instead 
of multilayer architectures.

Drawbacks of the spincoating technique are 
the need for soluble materials, the sometimes lim-
ited options for deposition of multilayer devices, 
the waste of material that flies off the edge of the 
substrate on spinning, poor quality of films if 
the  solvent evaporates very fast or does not wet 
the substrate well, and its limited use for low-
molecular weight materials.

19.3.2  Vapor deposition

For low-molecular weight materials, the method of 
choice for device fabrication is often vapor deposi-
tion instead of spincoating. The apparatus is shown 
in Figure 19.4.

In a vapor deposition chamber, high vacuum 
(<10−6 bar) is required. This is usually established 
with a two-stage pumping system, comprising a 
rotary pump for a rough pre-vacuum, and an oil 
diffusion or turbopump for high vacuum. Material 
is placed into a metal “boat” and is heated to 
evaporate and to condense on the substrate. This 
technique is applicable only to small molecules; 
polymers do not evaporate. A quartz microbalance 
is used to monitor the thickness and the deposi-
tion rate; this can be fed back via a controller to the 
sample heater to tune to a programmable deposi-
tion rate. Co-evaporation of different materials at 
the same time is an option, but to arrive at defined 
blend compositions, careful calibration of the heat-
ers is required. Multilayer architectures, however, 
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Figure 19.3 A spincoater.
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are easily made. Tang and van Slyke’s first double-
layer organic light emitting device was made by 
vapor deposition [4].

In some cases, exceptional control over the 
morphology of resulting films can be exercised by 
evaporation rate, and most importantly, type and 
temperature of the substrate. Higher temperature 
allows molecules to reorganize into more ordered 
structures immediately after deposition, but before 
a dense film is formed. The resulting films may 
have different crystal structures, and different 
orientation of the crystal axis with respect to the 
substrate; but these may be specific to certain sub-
strates, which are not always useful for device fab-
rication. Control of morphology via evaporation 
conditions has been explored in much detail, e.g., 
for hexithiophenes [19].

Evaporators are also useful for the deposition 
of metal cathodes, which act as electrical contacts 
for devices, and can be applied to vapor deposited 
organic devices without breaking the vacuum. It is 
a drawback of the generally simpler and cheaper 
spincasting procedure that the subsequent evapo-
ration of metal cathodes requires an additional 
high vacuum processing step. Recent polymer 
OLED research has therefore explored alternative 
metal deposition procedures that require no vac-
uum steps [20].

19.3.2.1  DEVICE CHARACTERIZATION

The electrical and optical properties of OLEDs are 
essential for their applications, and are character-
ized by a wide variety of methods. The most basic 
characterization of a conjugated material is by 
recording its absorption and photoluminescence 
(PL) spectra, and determining photolumines-
cence quantum yield (photons out per photons in). 
The relevant instrumentation and interpretation 
of such spectra has been discussed widely in the 
literature [21]. Instead, we discuss here the basic 
techniques specific to the use of such materials in 
OLEDs.

19.3.2.2  ELECTRICAL CHARACTERIZATION

The current–voltage (C/V) characteristic of an 
OLED is determined simply by connecting the 
device electrodes to an electrical source-measure 
unit. Typically, voltage is ramped up continuously 
up to the order of 30 V or more, although for an 
OLED with low onset voltage, up to 10 V or less 
may be sufficient and higher voltages will lead to 
a damaging level of current. The typical range of 
current densities in an OLED under above voltage 
cycle will be 0.1 (or less) mA cm−2 at the light emis-
sion “onset,” up to the order of 100 mA cm−2 under 
the highest reasonable (i.e., non-destructive) drive 
voltages. Current sensitivity for a typical sample 
device, with typically a few square millimeter 
active area, should be at least 1 μA.

Often, while undergoing C/V characteriza-
tion, the luminescent intensity emitted from an 
OLED is detected simultaneously by a photodiode. 
Luminescence/voltage characteristics is typically 
plotted into the same graph as current/voltage, 
resulting in current/voltage/luminescence (C/V/L) 
characteristics. However, the response of the pho-
todiode is usually not calibrated, and luminescence 
results are presented in “arbitrary units” (a.u.). 
Note that there is no physical current or lumines-
cence “onset” voltage for an OLED; practically, 
however, an “onset” voltage is often reported. This 
only makes sense if a definition of “onset” is given.

19.3.2.3  QUANTIFYING “BRIGHTNESS”

One of the most interesting properties of an OLED 
is how “bright” it is, and how efficiently it converts 
electrical energy into light. The most straight-
forward quantity to characterize efficiency is the 
internal quantum efficiency ηint. ηint is the ratio of 
photons generated per two charge carriers injected 
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(two because an exciton is formed from two carri-
ers). To optimize ηint, we have to

 ● Balance carrier injection: An excess of one 
type of carriers means not all injected carriers 
can find a partner of opposite sign to form an 
exciton, and will exit the device at the oppo-
site electrode as a “blind” current. Unpaired 
carriers contribute to the number of carriers 
injected, but not the luminescence. Methods 
to optimize carrier balance are discussed in 
Section 19.4.2.

 ● Emit as many as possible photons from each 
generated exciton: Methods to maximize pho-
ton yield are discussed in Section 19.5.

The “external quantum efficiency” ηext is defined as 
the number of photons coupled out from a device 
per two carriers injected. Remarkably, ηext is often 
considerably smaller than ηint, often in the order 
ηext ≈ (1/8) ηint. Approaches to optimize ηext are dis-
cussed in Section 19.5.5.

Both internal and external quantum efficiencies 
are defined in terms of the fundamental electrical 
and photophysical properties of OLED operation. 
Their measurement, however, can be rather intri-
cate. There is no direct approach to ηint. To measure 
ηext, we have to count photons, e.g., in an “integrat-
ing sphere” or with calibrated photometers.

Instead, device performance is often reported 
in terms of photometric quantities. Photometric 
quantities are “physiological” units, i.e., they 
consider the response of the human eye as well 
as purely physical quantities such as the power 
of radiant flux. The most important photometric 
quantities are the luminous flux F with unit lumen 
(lm), and the luminous intensity I with unit can-
dela (cd). The luminous intensity I is related to the 
luminous flux F by I = dF/dΩ, with the solid angle 
Ω in sterad [11]. To give a characteristic that is 
independent of the arbitrary size of the OLED, the 
luminous intensity per unit area or “Luminance,” 
L = I/A in units cd m−2, is used.

The relation between the physiological quantity 
luminous flux F (in lm) and the physical quantity 
radiant flux per unit wavelength P (in W/nm) is 
given by Equation 19.2 [11]

 dF K V P

1

2

∫ ( ) ( )= λ λ λ
λ

λ

 (19.2)

where V(λ) is the dimensionless “photopic effi-
cacy” that describes the spectral sensitivity of the 
human eye, and P(λ) is the radiant flux per unit 
wavelength (in W nm−1). Note that radiant flux is a 
physical unit and is measured in watts, while lumi-
nous flux in lm is the corresponding physiological 
unit. The interval λ1 to λ2 is the wavelength interval 
wherein P(λ) is different from zero, and K is the 
“absolute luminous efficiency,” K = 678.8 lm W−1. 
V(λ) is non-zero within the range of visible wave-
lengths (≈380–750 nm) only, and is normalized 
to 1 at the wavelength of maximum sensitivity of 
the human eye, λmax = 555 nm; thus V(λ) ≤ 1. The 
above discussion applies to the bright-adapted eye 
(“photopic vision”) which is relevant for display 
technology. In the dark-adapted state (“scotopic 
vision”) a different K and V(λ) apply.

Conveniently, calibrated cameras that give 
luminous intensity in cd are commercially avail-
able. Therefore, device efficiency is often expressed 
in terms of luminous intensity/electric current 
through the device (unit cd A−1), rather than in 
terms of ηext.

Another common quantity to characterize 
device efficiency is the power efficiency expressed 
in lumen/watt (lm W−1). The “watt” in lm W−1 here 
refers to a watt of electric energy driven through 
the device, i.e., current × drive voltage, not a watt of 
radiant flux. To optimize power efficiency, we have 
to optimize not only ηext but also have to minimize 
the drive voltage required. Section 19.4.1 discusses 
the method of achieving it.

19.4  PHYSICS OF OLED OPERATION

In fluorescence, excitons are created by the absorp-
tion of light, while in EL, excitons are created by 
electron and hole polaron “capture.” Polarons 
first have to be injected from the electrodes, and 
migrate towards each other. They then form an 
exciton that sometimes can decay under the emis-
sion of light. The variety of electrical and photo-
physical processes involved are summarized in 
the Figure 19.5. We discuss the most important of 
these processes in detail.

19.4.1  Charge carrier injection

The first step towards exciton formation in an 
OLED is the injection of holes from the anode/
electrons from the cathode under an applied 
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voltage. Good injection is a considerable chal-
lenge, in particular, since we need to inject carri-
ers of both signs into the device. Carrier injection 
is controlled by the workfunction Φ of a metal 
electrode relative to the electron affinity Ea of the 
semiconductor for electron injection, and relative 

to the ionization potential Ip of the semiconductor 
for hole injection.

A level diagram shown in Figure 19.6 is often 
used to illustrate carrier injection. Note that due to 
the molecular nature of organic semiconductors, 
there are no surface “dangling bonds” that can dis-
tort bulk energy levels. In Figure 19.6, left, there is 
an “injection barrier” of 0.5 eV for holes from ITO 
into PPV, and 0.3 or 1.7 eV for electron injection 
from Ca or Al into PPV, respectively. For electron 
injection from ITO, there would be a large barrier 
of 2.2 eV. Thus, the use of electrodes made of unlike 
metals defines a forward and reverse bias for the 
OLED.

The right-hand side part of Figure 19.6 shows 
the same device (assuming a Ca cathode) under a 
forward bias. Carriers can now overcome injection 
barriers by tunneling, with tunneling distances th/e 
for holes/electrons, respectively, given by Equation 
19.3

 = ∆t V
 

h/ed
V

h/e
bias

 (19.3)

with d the semiconductor film thickness, ΔV the 
respective injection barriers, and Vbias the applied 
forward bias. The resulting tunneling current 
density/voltage characteristic j(Vbias) is described 
by the equation of Fowler and Nordheim (“F–N 
tunneling”). For a detailed discussion, see, e.g., 
[23]; however, it is obvious that injection barriers 
should be minimized or entirely absent for good 
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Figure 19.6 Energy levels in a single layer organic EL device with PPV emissive layer. Left: no bias volt-
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carrier injection. A metal–semiconductor junc-
tion is termed “ohmic” if current density across 
the device is limited by the transport of carriers 
across the semiconducting film, rather than by 
the injection barriers at the interface. In that case, 
carrier transport is termed “space charge limited 
conduction” (SCLC). The problem of carrier injec-
tion can be considered solved in the case of SCLC. 
Practically, injection barriers of 0.3 eV mostly lead 
to ohmic behavior [24].

Generally, ohmic injection requires high work-
function anodes and low workfunction cathodes. 
Considerable effort has been devoted to increase 
the workfunction of the transparent ITO anode 
by a variety of physicochemical treatment cycles 
[25]. Recently, it has become common to coat ITO 
with a thin film of the high workfunction syn-
thetic metal PEDOT/PSS [18] (Φ = 5.2eV). As cath-
odes, low workfunction materials such as Ca are 
commonly used. These require protection from 
ambient atmosphere, otherwise they would rapidly 
degrade. This can be provided by encapsulation, or 
by capping with a more stable metal such as Al.

To discriminate experimentally between bar-
rier-type and ohmic injection, it is common to 
compare j(Vbias) characteristics of devices of dif-
ferent thickness d. F–N tunneling depends only 
on the applied field E = Vbias/d, thus in a plot of j 
versus E, all characteristics will coincide regardless 
of d. In the case of SCLC, j will follow Child’s law, 
j V d/bias

2 3∼ . Thus in the plot j versus E, the char-
acteristics will not coincide for different d, but will 
in the plot jd versus E. The situation is more com-
plex when injection of both electrons and holes 
may occur. Therefore, the above experimental pro-
cedure is to be carried out in symmetric devices, 
e.g., Au/semiconductor/Au for holes and Ca/semi-
conductor/Ca for electrons. This will ensure single 
carrier currents.

19.4.2  Charge carrier transport

After injection, carriers drift across a device under 
the pull of the local field, which depends on the 
applied bias voltage, device thickness, and distri-
bution of space charges in the device. The carrier 
drift velocity v depends on field E as v = μE with 
the carrier mobility μ. Experimentally, mobilities 
can be determined by the time-of-flight (TOF) 
technique [10], analysis of the j(V) characteris-
tics of space charge limited currents [26], or the 

analysis of output characteristics of organic field 
effect transistors [9,27].

In single crystals of low-molecular weight 
organic semiconductors, at low temperatures 
sometimes a band-like (coherent) charge carrier 
transport is observed with very high charge car-
rier mobilities in the order of 100 cm2 V−1 s−1 [28]. 
However, this requires elaborate single crystal 
preparation that is inconsistent with conventional 
layer deposition onto device substrates such as ITO. 
In practical situations, one generally finds (inco-
herent) hopping type carrier transport, which can 
be described as a directed random walk through a 
medium characterized by both energetic and posi-
tional disorder. This is quantitatively described 
by a model developed by Bässler in Marburg [23]. 
Bässler arrives at a rather complex equation to 
describe both field- and temperature-dependence 
of carrier mobility μ, which is further complicated 
in the presence of traps. At constant temperature, 
the logarithm of mobility is predicted to be pro-
portional to E . As long as [μ(E) − μ(E → 0)] << μ(E 
→ 0), this can be approximated by Equation 19.4

 E k E0( ) ( )µ =µ → +E  (19.4)

where k can be both positive or negative, depending 
on the relative size of disorder parameters describ-
ing positional and energetic disorder, respectively. 
Hence, experimentalists often plot mobility data 
versus E  [10].

Mobilities in the incoherent transport regime 
are typically much smaller than the coherent trans-
port, ranging roughly from 1 to 10−8 cm2 V−1 s−1 
for common materials. However, due to the short 
distance charge carriers have to travel in a typi-
cal OLED (film thickness ∼100 nm), OLEDs can 
operate well with rather low charge carrier mobil-
ity. For example, the hole mobility in both PPV 
and dialkoxy-PPV is in the order 10−6 cm2 V−1 s−1 
[26,29]. Nevertheless, PPV and its derivatives are 
highly successful OLED polymers. The situation 
is quite different for organic field effect transis-
tors (OFETs), because carriers have to travel from 
source to drain across a channel of at least several 
micrometers.

Practical materials are often characterized by 
the presence of charge carrier traps. Traps are local-
ized sites with either electron affinity higher than 
the electron affinity of the bulk material (electron 
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traps), or the ionization potential lower than that 
of the bulk semiconductor (hole traps). Common 
trap sites are impurities (e.g., catalyst residues), 
chemical defects (e.g., sites that have oxidized dur-
ing OLED operation), and grain boundaries in 
partially crystalline materials. In the presence of 
traps, it is not appropriate to describe carrier trans-
port in terms of a single mobility. Instead, we find 
dispersive charge carrier transport. In a time-of-
flight mobility experiment, no clear transient can 
be assigned in the case of dispersive transport. 
Instead, transit times vary widely (over several 
orders of magnitude) due to “late arrival” of car-
riers that had been trapped for various lengths of 
time. Typically, in the case of dispersive transport, 
the apparent mobility deduced from the time-of-
flight experiment is longer when a thick sample is 
used. This ambiguity signals the breakdown of the 
assumption of a defined carrier mobility.

Traps are roughly classified as either shallow 
or deep. Shallow traps are those with trap depths 
of only a few kT, so that trapped carriers can be 
thermally reactivated into the conduction band, 
while deep traps are considerably deeper than kT 
and will release carriers only when the external 
bias becomes sufficiently high (in effect, the car-
rier has to be re-injected back into the transport 
band against an injection barrier defined by the 
trap depth). Deep traps are a serious problem, as 
trapped carriers effectively have zero mobility and 
thus contribute to space charge but not to the cur-
rent. The general observation that organic semi-
conductors do intrinsically carry only one type of 
carriers (i.e., an organic semiconductor is either 
hole or electron transporting, but only very few are 
“ambipolar”) is thought to be the result of carrier-
specific deep traps. To avoid deep traps, materi-
als have to be as pure as possible, the formation 
of defects during operation has to be minimized 
by the exclusion of oxygen and water (i.e., device 
encapsulation), and some materials have to be pre-
pared as amorphous (“glassy”) films rather than 
semicrystalline, because crystallite grain bound-
aries represent deep trap sites. These requirements 
define some of the extraordinary challenges on 
organic semiconductor chemistry.

Colloquially, the terms hole (electron) trans-
porting layer (HTL/ETL) are used to denote a 
material that at the same time facilitates low-
barrier or barrier free hole (electron) injection 
and hole (electron) transport without deep traps. 

Strictly, injection and trap-free transport are dif-
ferent phenomena; however, they are both closely 
related to the location of Ip or Ea, respectively. For 
example, in the case of an ETL, electron injection 
will be facilitated by high Ea. At the same time, an 
impurity will act as electron trap only if the Ea of 
impurities is higher than that of the host material. 
Thus, high host Ea makes it less likely that an impu-
rity can act as electron trap.

19.4.3  Electrical device optimization

Assuming that carrier traps can be avoided, it is 
fair to say that the minimization of injection bar-
riers is much more important for the optimization 
of OLED efficiency than charge carrier mobility. 
However, it is generally difficult to achieve ohmic 
(i.e., barrier free) injection at both electrodes for a 
given organic semiconductor. The breakthrough 
towards efficient organic EL devices comes from 
a simple but ingenious idea. Tang and van Slyke 
from the Kodak group have manufactured a 
bilayer device consisting of a low-ionization poten-
tial, hole transporting diamine layer and a high 
electron affinity, electron transporting Alq3 layer, 
which is also an efficient green emitter [4]. They 
also used extremely thin layers of organic semi-
conductors (order of 100 nm) which lead to higher 
field at a given drive voltage, and thus lower onset 
voltage and higher efficiency.

Figure 19.7 shows the level diagram for a (fic-
titious) double-layer device consisting of an HTL 
and an ETL. Both layers are assumed to have a 
bandgap (IP − Ea) = 2.5 eV, however, the HTL has 
lower Ip than the ETL, and the ETL has higher Ea 
than the HTL.

It is immediately obvious that a single-layer 
device using either HTL or ETL alone would nec-
essarily have one large (1 eV) injection barrier. In 
the double-layer architecture both barriers are 
moderate (0.5 eV). Since tunneling depends expo-
nentially on barrier height, the double layer archi-
tecture leads to much improved and more balanced 
injection.

In addition to the injection barrier, both holes 
and electrons encounter another internal bar-
rier at the HTL/ETL interface. This additional 
barrier is not detrimental to device performance 
though. Instead, it can help to improve the balance 
between electron and hole currents. Assuming a 
slightly smaller injection barrier for holes than for 
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electrons, or higher hole mobility than electron 
mobility, even in a bilayer device we would expect 
a carrier imbalance with a larger hole current than 
the electron current. However, since holes encoun-
ter an internal barrier, they do not simply cross the 
device and leave at the cathode as a “blind” leakage 
current. Instead, they accumulate at the interface, 
where they represent a positive space charge.

The effect of the field resulting from that space 
charge is to improve charge carrier balance. Firstly, 
it impedes the further injection of majority carriers 
(holes) from the anode, and secondly, it enhances 
the injection of minority carriers (electrons) from 
the cathode. Also, excitons will form at the internal 
interface, far away from the electrodes. Cathodes 
in particular have been associated with exciton 
“quenching” (i.e., radiationless exciton decay); this 
is avoided by placing exciton formation at the cen-
ter of the device rather than close to the cathode.

As Tang and van Slyke used small molecules, 
bilayers could readily be manufactured by sub-
sequent evaporation. This approach has been 
extended to sophisticated multilayer architectures, 
e.g., by the group of Kido in Yamagata. They have 
demonstrated some of the brightest and most 
efficient OLEDs to date (140,000 cd m−2 and 7.1% 
external quantum efficiency) [30].

With polymeric organic semiconductors, vapor 
deposition is not an option, devices have to be 

prepared by spincasting instead. Multilayer archi-
tectures are harder to realize with spincasting 
than with vapor deposition, because of the need 
for “orthogonal” solubilities. To sidestep solubility 
problems, in principle, a precursor route may be 
employed, where the first layer is prepared from a 
soluble precursor polymer which then is converted 
in situ into a conjugated and completely insoluble 
polymer. This has been successfully employed for 
hole-transporting PPV/electron transporting CN–
PPV double-layer polymer OLEDs [31]. However, 
the precursor route requires lengthy in situ ther-
mal conversion under high vacuum and has gener-
ally fallen out of favor with the advent of soluble 
conjugated polymers.

Recently, a very favorable approach has 
emerged that combines the ease of injection into 
a multi-component device with the simplicity of 
solution processing. In that approach, a single 
layer of a blend of a hole-transporting and an elec-
tron-transporting conjugated polymer, namely 
poly(dioctyl fluorene) (PFO) and F8BT, is spin-
cast in one single preparation step. As spincast-
ing implies the very rapid formation of a solid 
film from solution, the two polymers have little 
time to phase separate and a solid film may result 
wherein both polymers remain intimately mixed. 
Such a mixture has been termed “bulk hetero-
junction.” Holes are injected and transported into 
the (majority component) PFO, but can be trans-
ferred easily to F8BT, as it has similar ionization 
potential. However, F8BT has poor hole mobility 
due to hole-specific traps. Instead, it has rather 
high electron affinity and displays comparatively 
good (albeit dispersive) electron transport [33]. 
Thus electrons are mobile on the F8BT chain until 
they encounter a trapped hole. With some fur-
ther device improvements, highly efficient (4.1 
cd A−1) and low onset voltage (≈3 V) OLEDs have 
been prepared from such blends [34]. The prepa-
ration and morphology control of hole/electron 
transporting blends is the focus of much current 
research, mainly with a view to photovoltaic appli-
cations of organic semiconductors [32].

19.4.4  Exciton formation

When both hole and electron polarons have been 
injected into a device, and these drift towards each 
other under the applied voltage, one expects the 
formation of hole polaron/electron polaron pairs 
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that are bound to each other. Such bound pairs are 
termed excitons, and can in some cases be identi-
cal to excitons that are formed in an organic semi-
conductor after the absorption of a photon of light, 
and subsequent relaxation into the lowest vibra-
tional state of the first excited electronic state. Just 
as some organic materials display fluorescence (i.e., 
radiative decay of the excited state), we may find 
electroluminescence (EL) in such materials.

At first sight, it appears that exciton formation 
in multilayer architectures is hindered by the inter-
nal barrier that carriers of either type encounter at 
the HTL/ETL interface. However, this is generally 
not the case. Excitons in organic semiconductors 
generally display exciton binding energies Eb of 
a few tenths of an eV [35]. When a carrier has to 
overcome an internal barrier to form an exciton, 
it requires a certain amount of energy; however, 
on exciton formation, Eb is instantly “refunded”—
effectively, the internal barrier is reduced by Eb. 
Thus, majority carriers remain stuck at an inter-
nal barrier and redistribute the internal field in the 
favorable way discussed earlier, until a minority 
carrier arrives at the interface. As soon as a minor-
ity carrier is available, exciton formation is then 
helped by the effective barrier reduction Eb. High 
Eb also stabilizes excitons against dissociation and 
non-radiative decay.

In “bulk heterojunction” blends, one carrier has 
to transfer from one chain to another to form an 
exciton. This will be the type of carrier for which 
the energy level offset of either the ionization 
potentials (|ΔIp|) or the electron affinities (|ΔEa|) is 
smaller. The smaller of the two offsets (min(|ΔEp|, 
|ΔEa|)) defines the energetic cost of carrier trans-
fer. Two very different scenarios emerge for the 
case min (|ΔEp|, |ΔEa|) < Eb as opposed to min 
(|ΔIp|, |ΔEa|) > Eb, In the former case, formation 
of excitons from polarons is favored, while in 
the latter case, the dissociation of existing exci-
tons into polarons is preferred. In the case of F8/
F8BT blends that had been introduced previ-
ously, exciton formation is clearly favored, and 
such blends are useful for OLED applications. In 
other hole/electron transport material blends, such 
as poly(alkyl thiophene)/perylene tetracarboxyl 
diimide blends, exciton dissociation is favored, 
which makes such blends attractive for use in pho-
tovoltaic devices [32]. While measurements of |ΔIp|, 
|ΔEa|, and Eb with sufficient precision to predict 
exciton formation or dissociation are usually not 

available, there is a simple experimental approach 
to decide which is the case: if in a blend fluores-
cence intensity is much reduced compared to the 
pure components, excitons are separated efficiently 
due to the presence of the blend partner.

19.5  OPTIMIZING EFFICIENCY

The discussion in Section 19.4 outlines the strat-
egy towards OLED devices with balanced carrier 
injection and quantitative exciton formation that 
can be driven at low voltage. The (formidable) chal-
lenge that then remains is to maximize the amount 
of light generated from the excitons. It is obvi-
ous that we require a material with a high lumi-
nescence quantum yield. The otherwise excellent 
thiophene-based organic semiconductors fail this 
criterion and are not suitable for efficient OLED 
devices. But even given a high luminescence yield, 
an extraordinary challenge remains that is rooted 
in the basic properties of excitons.

There is a fundamental difference between 
the formation of excitons by absorption of a pho-
ton, and exciton formation by the combination 
of electron and hole polarons. The presence of a 
non-vanishing optical dipole transition moment 
between a ground state and an excited state that 
allows for the absorption of a photon implies 
a difference in the orbital angular momenta of 
ground and excited states, thus a difference in 
the orbital quantum number l (“selection rule” 
Δl = 1). The overall spin of the resulting exciton, 
however, will be S = 0, just as for the ground state. 
Such excitons are termed “singlet” excitons, and 
correspond to the electron/hole spin combina-
tion (1/ 2)(| – | )↑↓〉 ↓↑〉 . Fluorescence is the 
re-emission of a photon under return of the singlet 
excited to the molecular ground state. Unit angu-
lar momentum is supplied to the photon from the 
difference in orbital angular momenta between the 
singlet excited and the ground state.

When electrically injected electrons and holes 
combine into excitons, their spins can combine in 
one of four possible ways. One of those is the sin-
glet combination as discussed as earlier, but there 
is three more possible polaron spin combinations, 
namely ↑↑〉 ↓↓〉 ↑↓〉 ↓↑〉(| , | ,(1/ 2)(| +| ). These 
three correspond to so-called “triplet” excitons 
with S = 1. Triplet excitons have no dipole-allowed 
(fluorescent) relaxation to the ground state, 
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because there is no orbital angular momentum dif-
ference between a triplet excited and the molecular 
ground state.

Consequently, electroluminescence- and photo-
luminescence-quantum yields ηEL/PL are related via 
Equation 19.5

 η σ σ
σ +3

η=
σΤ 

Τs /
S /

PLEL  (19.5)

with σS/T the polaron capture cross-section for 
singlet and triplet exciton formation, respectively. 
The assumption that the exciton formation cross-
section is independent of the relative orientation of 
polaron spins (σS = σT) leads to the prediction that 
only one-fourth of all formed excitons will be sin-
glet excitons, thus ηEL = (1/4)ηPL. This limit would 
apply even in the case of an electrically “ideal” 
device with ohmic and perfectly balanced injec-
tion of electrons and holes, trap free transport, and 
“quantitative” exciton formation without leakage 
currents. Clearly, this limit is undesireable, and the 
OLED community has devised several approaches 
to overcome it. Some of these are discussed in the 
following.

19.5.1  Enhanced singlet exciton 
formation

While some experimental studies based on com-
parisons of EL and PL quantum efficiencies 
appeared to confirm ηEL = (1/4)ηPL [36], other stud-
ies found high EL quantum efficiencies consistent 
with a singlet/triplet formation ratio ≈1:1 [37], 
implying σS ≈ 3σT. To determine singlet/triplet for-
mation ratio directly rather than inferring them 
from EL/PL efficiencies, Vardeny et al. [38] carried 
out a systematic magnetic resonance study on a 
number of organic semiconductors with bandgaps 
in the visible. They found that σS/σT was indeed 
generally greater than 1, namely between 2 and 5 
for different materials. σS/σT ≈ (2–5) corresponds to 
ηEL ≈ (0.4–0.6) ηPL, instead of 0.25ηPL.

Following a later study on an oligomer series 
[39], Vardeny et al. now interpret their results in 
terms of the effective conjugation length of the 
organic semiconductor, with σS/σT increasing with 
conjugation length. This implies larger σS/σT for 
polymeric than for low-molecular weight organic 
semiconductors—a finding that potentially can 
influence the future direction of an entire industry.

Indeed, Friend et al. found a marked violation 
of the naïve 1-singlet/3-triplet rule for a poly-
meric organic semiconductor, but not for a low-
molecular weight analogue [40]. They interpret 
this as the result of the relatively long quantum 
coherence in a polymeric organic semiconductor. 
Oppositely charged polarons “feel” their Coulomb 
attraction with or without quantum coherence. 
However, in polymers we have quantum coher-
ence over one conjugation length; consequently, 
polarons can “sense” each others’ spin from a rela-
tively long distance. Thus, if singlet formation is 
preferred over triplet formation, polymers have a 
chance of avoiding triplet formation while electron 
and hole are still widely separated, i.e., only weakly 
bound electrostatically. In small molecules, quan-
tum coherence ends at the end of a molecule. Once 
a hole and an electron are on the same molecule, it 
is not possible to avoid exciton formation, regard-
less of spin statistics.

19.5.2  Electrophosphorescence

As an alternative to the enhanced singlet formation 
cross-section in polymers, in particular, the low-
molecular weight OLED community has developed 
the concept of “harvesting” triplets for light emis-
sion by using phosphorescence. Phosphorescence 
bypasses the Δl = 1 selection rule that normally 
restricts emissive transitions to singlet excitons. In 
phosphorescence, the angular momentum neces-
sary for the emission of a photon is supplied from 
the triplet spin (S = 1) rather than from the orbital 
angular momentum difference of excited/ground 
state wave functions. To transfer angular momen-
tum from the triplet spin angular momentum to a 
photon, a spin–orbit coupling term L·S is required 
in the molecular Hamiltonian. Spin–orbit cou-
pling can be of substantial magnitude only if orbit-
als with higher angular momentum L are present 
in the molecule. Phosphorescence is therefore typi-
cally linked to the presence of atoms with “high” 
(i.e., higher than carbon) order number in a mol-
ecule (“heavy atom effect”). The phosphorescence 
transition moment is considerably weaker than 
for fluorescence, leading to excited state lifetimes 
typically in the range of microseconds or more 
(“weakly allowed transition”), as compared to life-
times in the nanosecond range for fluorescence.

In a typical electrophosphorescent device, a 
wide bandgap host semiconductor is “doped” with 
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a small percentage of a phosphorescent emitter. 
The excitation is transferred from the “host” to 
the “guest” via excitonic energy transfer. Forrest 
et al. at Princeton have developed a range of green, 
yellow, orange and red organoiridium complexes 
[42], which are exemplified by the particularly effi-
cient red phosphor btp2Ir(acac). When doped into 
a wide bandgap host, electrophosphorescence with 
>80% internal quantum efficiency and 60 lm W−1 is 
observed [43]. Using pure btp2Ir(acac) without host 
matrix has resulted in less efficient devices [44].

Given the fact that polymeric EL devices are 
considerably more efficient in the formation of 
singlets than the naïve 1:3 expectation, one may 
question the need for electrophosphorescence 
towards enhanced efficiency. However, in particu-
lar, in the red, electrophosphorescence is an attrac-
tive approach. Due to the response characteristics 
of the human eye, red dyes must show very nar-
row emission peaks, otherwise color purity will 
be compromised. Iridium-based phosphors dis-
play considerably narrower emission bands than 
typical fluorescent dyes, and are thus particularly 
useful as red emitters. These phosphors also dis-
play relatively short triplet lifetimes (4 μs), thus 
avoiding problems associated with triplet–triplet 
annihilation at high brightness, which had been 
encountered with longer lifetime phosphors [45]. 
However, electrophosphorescence is ambitious for 
blue emission due to the need for a high bandgap 
host semiconductor.

19.5.3  Organolanthanides

Another approach to “triplet harvesting” is 
represented by the organolanthanide dyes. 
Organolanthanides are somewhat similar to 
organometallic phosphors, however, the cen-
tral metal atom is a lanthanide such as europium 
(Eu) or terbium (Tb). The red dye “ADS053RE” is 
a typical example. Organolanthanides owe their 
properties to the unique electronic structure of 
the lanthanides (or “rare earth” metals), which 
is reflected in their positioning in the periodic 
table. Up to lanthanium (atomic number 57), the 
4f electronic shell remains empty, instead the 5s, 
5p, and even the 6s shell are filled first. Only for 
the elements between cerium (Ce, atomic num-
ber 58) and luthetium (Lu, atomic number 71), it 
becomes energetically more favorable to fill the 
4f shell rather than adding more electrons in the 

sixth shell. The outer (fifth and sixth) shells remain 
unchanged throughout the rare earths. Hence, all 
rare earths are chemically very similar. Electronic 
transitions in the isolated, but incomplete 4f shells 
are therefore not affected by the chemical bonding.

In a dye such as ADS053RE, the organic ligand 
can absorb light (typically in the blue or near UV), 
or can be excited electrically. The exciton is then 
passed to the central lanthanide and excites an 
electron of the lanthanide 4f shell; notably this 
works for both singlet and triplet excitons. The 
intramolecular excitation transfer is schematically 
shown in Figure 19.8.

Note that the observed emission comes from the 
radiative decay of the excited 4f state: it is an atomic 
and not a molecular transition. This is the marked 
difference between organolanthanides and con-
ventional organometallic phosphors. The excited 
state has a long lifetime of about 1 ms, which makes 
organolanthanides particularly well suited for pas-
sive matrix displays (see Chapter 7 in Volume 2). 
Nevertheless, due to the localized and isolated 
nature of the excited state, organo-lanthanides do 
not suffer from triplet–triplet annihilation. ηint well 
in excess of 25% can be achieved, and since emis-
sion comes from an atomic transition, bands are 
extremely narrow (FWHM ≈ 10 nm). This results 
in very pure colors (green from terbium (Tb), red 
from europium (Eu)). Organolanthanide-based 
OLEDs were developed mainly by Christou et al. at 
OPSYS in Oxford [46].
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Figure 19.8 An excitation migrates through the 
molecular (ligand) and atomic (lanthanide) levels 
in an organolanthanide.
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Two major drawbacks for organolanthanide 
applications are the following. Firstly, for electrical 
excitation, carriers have to be injected into a rather 
large bandgap material (deep blue or near UV) 
even if the emitted light is red. Larger bandgaps 
generally make good, well-balanced carrier injec-
tion harder and lead to reduced power efficiencies 
and higher onset voltages. Also, as in all transfer-
based concepts, the generation of blue light is 
somewhat problematic. Secondly, the bonding 
between lanthanide and organic shell has consid-
erable ionic (as opposed to covalent) character. The 
organic shell acquires a partial negative charge, 
the lanthanide a partial positive charge. When an 
electron is injected to the ligand in addition to its 
partial negative charge, it becomes rather instable 
against degradation. Consequently, until now, 
even for encapsulated organolanthanide devices, 
device lifetimes are poor.

19.5.4  Conjugated dendrimers

Another recent approach to improved efficiency 
light emitting devices is the use of dendrons with 
a conjugated core surrounded by non-conjugated 
dendrimers. A schematic representation of the 
dendron concept is given in Figure 19.9.

Therein, the conjugated core can be either fluo-
rescent or phosphorescent. The dendron concept 
seeks to combine the advantages of conjugated 
polymers and low-molecular weight materi-
als. Dendrimers can be processed from solution 
and form films in a manner similar to polymers. 
However, due to the dendronic sidegroups, indi-
vidual chromophores are shielded from each other. 
This avoids some of the problems encountered 
when conjugated polymers are being used. Firstly, 
conjugated polymers often (but not always) display 
inhomogeneous broadening of emission spectra. 

This is the result of a statistical distribution of 
effectively conjugated segment lengths, and is det-
rimental to color purity. Secondly, due to inter-
chain interactions like aggregation and excimer 
formation, quantum efficiency may be reduced, 
and excimer emission may again compromise 
color purity. The major drawback of the dendrimer 
approach is the much reduced charge carrier 
mobility due to the increasing separation between 
conjugated units. Mobility μ scales with the sepa-
ration between conjugated groups D according to 
μ ∼ D2exp(−D/R0).

Samuel et al. studied dendrimers with a core 
consisting of three distyrylbenzene groups 
grouped around a central nitrogen, and dendri-
meric sidegroups consisting of meta-linked vinyl-
ene phenylene groups, up to third generation [47]. 
OLEDs made from higher generation dendrimers 
displayed narrow EL spectra that approached 
solution PL spectra of the conjugated core, and 
external quantum efficiencies rose steeply with 
dendrimer generation. This is the result of a suc-
cessful isolation of the emissive core groups from 
each other. Carrier injection was not affected by 
dendrimer generation, however, charge carrier 
mobility decreased dramatically. For second- and 
third-generation dendrimers, that did display 
narrow spectra and improved efficiency, mobil-
ity was in the order of only 10−8 cm2 V−1 s−1 [48]. 
Consequently, in transient EL studies under 
pulsed drive schemes, increasing EL rise times 
were found for higher generation. Thus, den-
drimer-based OLEDs will not be suitable for fast 
devices suitable for data communication pur-
poses, or for applications that require high current 
densities (e.g., organic injection lasers). However, 
the development of dendrimers with phosphores-
cent cores [49] may lead to OLEDs with very high 
efficiencies.

G0 G1 G2 G3

Figure 19.9 Schematic representation of zeroeth-to third-generation conjugated dendrimers. Shaded: 
conjugated core. Thin lines: dendronic sidegroups (non-conjugated).
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19.5.5  Light outcoupling

After the efficient electrical generation of a pho-
ton, this photon must still leave the device to be 
observed by the viewer of the display. Practically, 
this outcoupling is often very inefficient, as men-
tioned in Section 19.3.3.

The main loss mechanism here is in-plane wave-
guiding within the device. To resolve this prob-
lem, devices have been designed that suppress 
waveguiding. With a photoresist-based technique, 
Samuel et al. [50] have manufactured a corrugated 
anode that Bragg-scatters light out of in-plane 
modes and thus, out of the device and towards the 
observer. In this way, ηext was improved twofold. A 
more sophisticated approach for improved outcou-
pling is to establish a resonant vertical cavity mode 
in a device. Such cavities have spectrally narrow 
modes and a strong directional (non-Lambertian) 
emission characteristic. Thus, spectrally pure col-
ors can be generated even from broadband emit-
ters. The principle of EL from resonant cavities has 
been established [51], however, device manufacture 
is difficult. This is due to the need to incorporate 
a dielectric mirror into the device architecture. 
Resonant cavities have proven a powerful tool for 
the investigation of fundamental phenomena in 
quantum optics of organic semiconductors (“strong 
coupling” [52]), but for practical devices probably 
will not be cost efficient. They may, however, play an 
important role in future developments of organic 
injection lasers.

19.5.6  Examples of high 
performance OLEDs

After discussing several strategies to optimize 
device performance, here follows a summary 
description of some of the most efficient OLEDs 
demonstrated so far and their performance param-
eters. This list does not claim to be complete and 
will probably be outdated quickly.

Approach a: Conjugated polymer, solution 
processed.
Device architecture: Synthetic metal coated 

anode, electron blocking layer, emissive 
blend layer.

Emissive layer: Polyfluorene–poly(fluorine-alt-
benzothiadiazol) blend.

Luminescence data: Low onset (3 V and 
0.04 mA cm−2 for 0.1 cd m−2), efficiency 4.1 
cd A−1 at 16.1 mA cm−2 and approximately 
1000 cd. Brightness 3500 cd m−2 at 12.5 V. 
Reference [34].

Approach b: Small molecule electrophosphores-
cence, vapor deposited.
Device architecture: Multilayer (hole injection 

layer, emissive layer, electron injection 
layer).

Emissive layer: Iridium-containing organo-
metallic phosphor doped into electron 
transporting host layer.

Luminescence data: 19% external quantum 
efficiency, 60 ± 5 lm W−1 at 1.3 cd m−2 and 
0.0015 mA cm−2. 13.7% external quantum 
efficiency and ≈20 lm W−1 at ≈1000 cd m−2 
and 2.1 mA cm−2. Reference [43].

Approach c: Phosphorescent dendrimer, solution 
processed.
Device architecture: Single-layer blend.
Emissive layer: First generation Iridium-

containing dendrimer doped into hole 
conducting host.

Luminance data: Maximum external quantum 
efficiency 8.1% at 13.4 V, 13.1 mA cm−2, giv-
ing 28 cd A−1 and 3450 cd m−2. Maximum 
power efficiency 6.9 lm W−1 at 12 V, 5 mA 
cm−2, and 1475 cd m−2. Reference [53].

Approach d: Fluorescent low-molecular weight 
dye, vapor deposited.
Device architecture: Multilayer (hole injection 

layer, hole transport layer, dye-doped emit-
ting layer, electron transport layer).

Emissive layer: Aluminium(III)quinolino-
lato organometallic complex doped with 
Coumarin 6 laser dye. Luminance data: 24 
cd A−1, 7.1% external quantum efficiency, 
140,000 cd m−2 at 12 V. Reference [30].

Approach e: Organolanthanide complex, hybrid 
solution processed/vapor deposited.
Device architecture: Double layer, solution-

processed blend plus evaporated hole-
blocking layer.

Emissive layer: Blend of PVK polymeric hole 
transporter, low-molecular weight PBD 
electron transporter, and emissive orga-
noeuropium complex.
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Luminance data: Efficiency 0.73 cd A−1 
at 23 cd m−2 at 16 V drive; brightness 
417 cd m−2 at 175 mA cm−2 and 0.24 cd A−1 
efficiency at 25 V drive. Reference [46].
Organolanthanide EL with higher effi-
ciency (2.2 lm W−1, 7 cd A−1 at 70 cd m−2 
under 10 V drive) used to be claimed on 
the webpage of an industrial developer of 
organolanthanide EL (OPSYS of Oxford, 
UK), but has now been withdrawn from 
the webpage.

19.6  CONCLUSION

From the performance data listed in Section 19.4.6, 
it is obvious that OLEDs are now a competitive 
option for display applications, and even room 
lighting.

However, these performance data need to be put 
into perspective. A single organic LED is not a dis-
play that communicates information. Instead, we 
require pixellated arrays of OLEDs, which for high 
end applications should be able to display large, 
full-color pictures at video rates (we are talking 
about a television screen). Also, one point that has 
not been discussed here is the all-important issue 
of device lifetime.

The engineering of efficient, high resolution, 
full-color pixellated displays at a competitive price, 
and approaches to improved lifetimes and their 
rapid testing via accelerated ageing protocols, are 
no less formidable challenges than the demon-
stration of new, highly efficient device concepts. 
Resolving these challenges requires resources that 
are generally not available in the academic research 
environment, and thus were addressed mainly 
by the industrial players in the field. Chapter 7 in 
Volume 2 covers device engineering issues from 
an industrial perspective. From that contribu-
tion, it will become apparent that these practical 
challenges have by and large been addressed and 
resolved now.

In conclusion, OLEDs will outcompete estab-
lished display technologies—such as cathode ray 
tube technology and liquid crystal displays—in the 
near future.
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20.1  INTRODUCTION

In the mid-1990s, a new class of optical fibers 
emerged: the microstructured optical fiber (MOF) 
[1,2]. In these fibers, light is guided by a complex 
microstructure that often, but not always, includes 
air holes running along the fiber length. Due to 
their enormous scientific and technological poten-
tial, these fibers have been a major field of study in 
academic and industrial photonic research during 
the past two decades. This chapter provides a brief 
overview of the major types and applications of 
MOFs, along with a short discussion on their mod-
eling and fabrication.

MOFs, which are often alternatively called pho-
tonic crystal fibers (PCFs), are classified according to 
the guiding principle, which can be index-guiding, 

photonic bandgap guiding (PBG), or inhibited cou-
pling (IC) guiding. Index-guiding MOFs guide light 
using the principle of modified total internal reflec-
tion. A microstructure typically consisting of air 
holes acts to lower the effective refractive index in 
the cladding region, and thus, light is confined to 
the solid core, which has a relatively higher index. 
Some examples are shown in Figure 20.1a and b. 
In such fibers, the hole-to-hole spacing is typically 
labeled Λ and d is the hole diameter. The fibers 
can be made entirely from a single material, typi-
cally pure undoped silica, although index-guiding 
MOFs have also been fabricated in chalcogenide 
glass [3] and in polymers [4]. The basic operation 
of index-guiding fibers does not depend on having 
a periodic array of holes; in fact, the holes can even 
be arranged randomly [5].
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The effective refractive index of the cladding 
can vary strongly as a function of the wavelength 
of light guided by the fiber. For this reason, it is 
possible to design fibers with spectrally unique 
properties that are not possible in conventional 
solid optical fibers. For instance, index-guiding 
MOFs with mode areas ranging over 3 orders of 
magnitude can be designed simply by scaling the 
dimensions of the structure [6]. Small-mode-area 
fibers can be used for devices based on nonlinear 
effects [7], whereas large-mode fibers allow high 
power delivery [8]. In addition, these fibers can 
exhibit optical properties not readily attainable 
in conventional fibers, including endlessly single-
mode guidance [9] and an anomalous dispersion 
well below 1.3 μm [10]. Dispersion and birefrin-
gence are two properties that can depend strongly 
on the cladding configuration, particularly when 
the hole-to-hole separation is small. By exploiting 
the innate flexibility provided by the choice of hole 
arrangement, it is thus possible to design fibers 
with a wide range of characteristics. Note that the 
modes of all single-material index-guiding MOFs 
are leaky modes because the core index is the same 
as that beyond the finite microstructured cladding, 
and for some designs, this can lead to significant 
confinement loss [11].

The second guidance mechanism in micro-
structured fibers, PBG, can occur if the air holes 
that define the cladding region are arranged on a 
strictly periodic lattice. For such structures, pho-
tonic bandgaps may appear [1,12]. These are effec-
tive index regions, below the effective cladding 
index, in which no periodic cladding modes are 

allowed. By breaking the periodicity of the clad-
ding (e.g., by adding an extra air hole to form a 
low-index core region), it is possible to introduce 
a mode that is only allowed in the low-index core 
region, while being forbidden in the cladding 
region because of the photonic bandgap. This core 
mode will, therefore, be guided along the fiber, 
because of the photonic bandgap of the cladding 
region. If the core mode has an effective index that 
is either below or above the effective index range 
covered by the photonic bandgap at the particu-
lar wavelength, the core mode will not be guided. 
Examples of PBG fibers include all-solid fibers 
with a triangular array of up-doped regions [13], 
hollow-core silica–air microstructures [12], and 
fibers with honeycomb air hole claddings, and a 
smaller air hole in the core center [14]. The latter 
fiber type, depicted in Figure 20.1c, was histori-
cally the first kind of PBG fiber to be fabricated. 
Here, the necessary photonic bandgaps are formed 
for comparatively small air hole diameters [15]. 
However, the aforementioned PBG fiber types have 
found wider practical applications.

The waveguiding mechanism is illustrated in 
Figure 20.2, for a structure consisting of circular 
high-index inclusions in a silica background. Such 
structures can be manufactured by doping the sil-
ica or by infiltrating an index-guiding MOF with a 
high-index liquid [16–18]. In Figure 20.2, the dark 
lines illustrate the boundaries of an effective index 
region, the photonic bandgap, where no modes are 
found in the periodic cladding structure. The clad-
ding modes at higher effective indices are seen to be 
localized inside the high-index regions, whereas the 

10 Microns

(a) (b) (c)

Figure 20.1 Some typical microstructured silica optical fibers. (a) A small-core index-guiding MOF 
(picture supplied by the ORC, Southampton). (b) A polarization-maintaining index-guiding MOF (picture 
provided by Crystal Fiber A/S). (c) A bandgap-guiding fiber (picture provided by Crystal Fiber A/S).
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low-index cladding modes extend over the whole 
cladding structure. Due to the presence of a core 
defect, in this case, a missing high-index inclusion, 
a localized core mode can be trapped in the band-
gap region as indicated by the thick line traversing 
the rightmost bandgap. Note that in contrast to 
planar or fully three-dimensional PBG structures, 
there are no forbidden frequency regions in a fiber 
geometry; instead, the bandgaps appear in the dis-
tribution of cladding-mode effective indices for a 
given frequency. A defining feature of PBG fibers is 
the restriction of mode guidance to finite frequency 
intervals, as is also seen in Figure 20.2. Depending 
on the PBG fiber design, one or several of these 
transmission windows may be present.

The final guidance mechanism to be discussed in 
this chapter is the so-called inhibited coupling (IC) 
guiding. IC fibers are similar to PBG fibers in that 
they guide in a (hollow) core having, on average, a 
lower refractive index than the cladding. However, 
in the IC fibers, no true photonic bandgap exists 
in the cladding, that is, there are bands of cladding 
states overlapping the effective indices of the guided 
core modes. The fibers guide light by a reduced pho-
tonic density of states at these effective index values, 
and especially due to a strongly reduced mode over-
lap between core and cladding modes having similar 
effective indices [19]. The IC guidance principle has 

in recent years been utilized to strongly improve the 
bandwidth and short-wavelength loss properties of 
hollow-core MOFs [20].

20.2  MODELING 
MICROSTRUCTURED FIBERS

The presence of wavelength-scale holes in micro-
structured optical fibers leads to challenges in 
the accurate modeling of their optical proper-
ties. A wide variety of techniques can be used, 
ranging from effective step-index fiber models to 
approaches that incorporate the full complexity of 
the fiber cross section. Here these approaches will 
be reviewed and assessed in terms of their suit-
ability for modeling optical properties of micro-
structured optical fibers such as their mode area, 
chromatic dispersion, form birefringence, and 
confinement loss. Some of the issues associated 
with designing and modeling practical micro-
structured fibers are discussed.

20.2.1  Effective index methods

The complex nature of the cladding structure of 
the microstructured optical fiber does not gen-
erally allow for the direct use of analysis meth-
ods from traditional fiber theory. However, for 
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Figure 20.2 Illustration of the two lowest-frequency PBGs of a honeycomb microstructured fiber with 
a cladding air filling fraction of 30% and a defect hole with same size as the cladding holes. Within 
the primary PBG, a single degenerate mode is found. This defect mode may not propagate in the 
cladding structure (due to the PBG effect). The mode is strongly localized to the region containing 
the extra air hole that forms the core. The inset shows schematically a honeycomb fiber with the core 
region formed through the use of an extra air hole.
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index-guiding MOFs, a simpler scalar model, based 
on an effective index of the cladding, has proven to 
give a good qualitative description of their opera-
tion. Birks et al. first proposed this effective index 
approach in 1997 [9]. The fundamental idea is to 
set the effective index of the cladding equal to the 
highest effective index found among the modes 
of a periodic cladding structure, without the core 
defect. This index may be straightforwardly calcu-
lated by a variety of full-vectorial numerical meth-
ods. Figure 20.3 shows the effective cladding index 
calculated by a plane-wave method for a d/Λ value 
of 0.5, assuming a constant silica refractive index 
of 1.45. At long wavelengths, the field penetrates 
the air holes, and the effective index resembles a 
geometric average of the microstructure refractive 
indices. The resulting index contrast to the core 
(with an index of 1.45) is much larger than what 
could be obtained with conventional doping tech-
niques, even for this rather moderate air hole size. 
In the short-wavelength limit, however, the effec-
tive cladding index asymptotically approaches 
the silica index, because the field at shorter wave-
lengths may partly, and eventually fully, avoid the 
air holes, as is illustrated in the inset of Figure 20.3.

This procedure allows the effective cladding 
index of the fundamental cladding mode to be 
determined as a function of the wavelength. The 
next step of the method is then to model the fiber 
as a standard step-index fiber, employing the 

strongly wavelength-dependent effective cladding 
index. The core of the equivalent step-index fiber is 
assumed to have the refractive index of pure silica, 
while the core radius is typically taken to be 0.62 
times the typical center-to-center cladding hole 
distance Λ (This assumes that the core is created 
by the omission of one cladding air hole.).

Despite ignoring the spatial distribution of the 
refractive index profiles within MOFs, the effective 
index method can provide some insight into MOF 
operation. For example, it correctly predicts the 
endlessly single-mode guidance regime in small-
hole MOFs. This method has also been used as a 
basis for the approximate dispersion and bending 
analysis presented in [21]. However, this reduced 
model cannot accurately predict modal properties 
such as dispersion, birefringence, or other polar-
ization properties that depend critically on the hole 
configuration within the cladding. Note that when 
dispersion predictions are required, the effective 
index approach allows for the inclusion of material 
dispersion properties through the usual Sellmeier 
formula. It is also noteworthy that for structures 
with relatively large air holes, it may be relevant to 
approximate the fiber to an isolated strand of silica 
surrounded by air [10].

However, one difficulty that arises when using 
this approach is the question of how to define the 
properties of the equivalent step-index fiber. One 
method for making this choice was described 
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earlier. In this work, the core radius was taken 
to be 0.62 Λ; the results obtained using the effec-
tive index method were made to agree well with 
full simulations via appropriate choice of this 
constant of proportionality. Koshiba and Saitoh 
found that the well-known single-mode criterion 
for step-index fibers gave accurate results within 
the effective index model if a core radius of Λ√3 
was used [22]. However, for different structures or 
wavelengths, different choices can become neces-
sary. This restricts the usefulness of this approach, 
because it is typically necessary to determine the 
best choice of equivalent structure by referring to 
results from a more complete numerical model. 
Reference [23] explores the possibility of choosing 
the step-index fiber parameters in a more general 
fashion by allowing a wavelength-dependent core 
or cladding index. However, to date, no entirely 
satisfactory method for ascribing parameters to 
the equivalent fiber has been found.

20.2.2  Numerical methods

Due to the complex spatial structure of MOFs, full 
numerical simulations are generally required to 
obtain quantitatively accurate predictions of their 
optical properties. Whereas the scalar approxima-
tion is highly useful for the modeling of standard 
optical fibers, the high index contrast between silica 
and air means that it is not a priori justified when 
dealing with MOFs. However, if the guided-mode 
optical fields are small at the silica–air boundar-
ies, the scalar approximation may give good results 
[24]. This is for instance found to be the case in 
MOFs with large core areas. Due to the existence 
of efficient full-vectorial mode solvers, there is not 
much incentive in terms of computational speed to 
adopt the scalar approximation, although it does 
allow for a somewhat easier implementation of, 
for example, finite-difference-based mode solvers 
[24]. However, the scaling properties inherent in 
the scalar wave equation can sometimes be useful 
for obtaining design guidelines, even for fibers that 
are clearly outside its range of validity [25]. Finally, 
it is possible to design all-silica PBG fibers using a 
microstructure of doped silica regions with weak 
index contrasts. In such cases, the scalar approxi-
mation is well justified, in spite of the structural 
complexity [13].

A large variety of numerical methods have been 
applied to MOF design over the years. Early work 

utilized plane-wave techniques borrowed from the 
concurrent studies of two- and three-dimensional 
PBG structures, to account for the periodic clad-
ding structures [26–28]. However, MOF geom-
etries are not truly periodic, as the cladding 
microstructure is typically surrounded by an outer 
cladding of solid silica, and the plane-wave meth-
ods are not easily adapted to model properties such 
as the leakage loss that result from the finite clad-
ding size. Real-space methods such as the finite-
difference [29] and finite-element methods [30], in 
combination with absorbing boundaries using the 
technique of perfectly matched layers have been 
shown to give good results for leakage losses as well 
as other modal properties. Finite-element meth-
ods in particular have proven highly accurate and 
computationally efficient, even for very complex 
microstructures, and have become the preferred 
modeling tool due to their great flexibility and gen-
erality. The various types of hollow-core MOFs are 
especially quite challenging for other methods due 
to the combination of very thin glass bridges and 
nodes with very large open spaces in the transverse 
structure.

An alternative technique that is also able to 
combine high accuracy with good computational 
efficiency is the multipole approach [11]. This 
method is suitable for studying effects caused by 
the finite cladding region, because it does not make 
use of periodic boundary conditions. It expresses 
the modal fields in terms of Bessel function decom-
positions that are based in each of the cladding air 
holes, which gives an accurate representation of the 
fiber symmetries, and therefore the properties such 
as birefringence, which are strongly symmetry 
dependent. A variant of this method was also used 
for the challenging task of proving that the fun-
damental mode in a step-index MOF with infinite 
cladding is, in principle, guided at all wavelengths, 
just as it is the case for a standard step-index fiber 
[31]. The main drawback of the method is that it 
is difficult to adapt to microstructures that do not 
consist of an array of circular holes.

20.3  HIGHLY NONLINEAR 
INDEX-GUIDING MOFs

20.3.1  Nonlinear silica MOFs

One of the most interesting properties of index-
guiding MOFs is that very large effective index 
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contrasts between core and cladding can be 
obtained by reducing the pitch and increasing 
the air-filling fraction of the microstructure. As 
a consequence, the core size may be scaled down, 
which has two important implications: First, the 
nonlinear coefficients of the fibers can be strongly 
increased compared to what is possible with stan-
dard fibers. Second, the waveguide dispersion may 
become very large, opening up unique possibili-
ties for dispersion engineering. Two examples of 
manufactured structures are shown in Figure 20.4, 
which illustrates the very high air-filling fractions 
obtainable in the cladding without compromising 
the regularity of the periodic structure.

20.3.1.1  DESIGN CONSIDERATIONS

Even though silica is not intrinsically a highly 
nonlinear material, its nonlinear properties can be 
utilized in silica optical fibers, if high light intensi-
ties are guided within the core. This is because the 
extremely low loss of silica allows very long propa-
gation lengths. One commonly used measure of 
fiber nonlinearity is the effective nonlinearity γ 
[32], which is given by

 
γ =

λ
n
A
2π 2

eff

where n2 is the nonlinear coefficient of the mate-
rial (n2 ≈ 2.2 × 10−20 m2 W−1 for pure silica), Aeff the 
effective mode area, and λ the optical wavelength. 
For example, a standard Corning SMF28 fiber has 
γ ≈ 1 W−1 km−1. By modifying conventional fiber 
designs, values of γ as large as 20 W−1 km−1 have been 
achieved [33]. By contrast, in index-guiding MOFs, 

effective nonlinearities as high as γ ∼ 60 W−1 km−1 
was demonstrated at a wavelength of 1550 nm [34]. 
This result is near to the limit in mode area that 
can be achieved in pure silica MOFs (Aeff can be as 
small as 1.7 μm2 at 1550 nm; see Figure 20.5) [35]. 
Hence, nonlinearities more than 50 times higher 
than in standard telecommunications fibers and 
two times higher than the large numerical aper-
ture conventional designs are possible.

To ascertain the range of effective mode areas 
that can be achieved using silica glass at 1550 nm, 
consider the extreme case of a rod of diameter Λ 
suspended in air. As the diameter of the rod is 
reduced, the mode becomes more confined, and 
the effective mode area decreases as shown by 
the dashed line in Figure 20.5. Once the core size 
becomes significantly smaller than the optical 
wavelength, the rod becomes too small to confine 

(a) (b)

Figure 20.4 Two typical highly nonlinear silica MOFs made at the ORC, Southampton. In each case, 
a small core diameter combines with a large air-filling fraction to result in a fiber that confines light 
tightly within the solid central core region. (a) d/Λ ≈ 0.85. (b) d/Λ ≈ 0.95.
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the light well and the mode broadens again. Hence, 
there is a minimum effective mode area that, for a 
given wavelength, depends only on the refractive 
index of the rod. For silica, this minimum effective 
mode area is ∼1.5 μm2. Figure 20.5 also shows the 
effective mode area as a function of the  hole-to-hole 
spacing (Λ) for a range of MOFs. These MOF struc-
tures also exhibit a minimum effective mode area 
due to the same mechanism described here. The 
fiber with the largest air-filling fraction (d/Λ = 0.9) 
has a minimum effective mode area of 1.7 μm2, 
only slightly larger than the air-suspended rod.

As shown in Figure 20.5, the hole-to-hole spac-
ing (Λ) can be chosen to minimize the value of the 
effective mode area, and this is true regardless of 
the air-filling fraction. However, it is not always 
desirable to use structures with the smallest effec-
tive mode area, because they typically exhibit 
higher confinement losses [35]. A relatively mod-
est increase in the structure scale in this small-core 
regime can lead to dramatic improvements in the 
confinement of the mode without compromising 
the achievable effective nonlinearity significantly.

As mentioned earlier, the low loss is a criti-
cally important feature in enabling the use of silica 
fibers for nonlinear optics applications. Fiber losses 
as low as 0.28 dB km−1 has been demonstrated in 
pure silica MOFs with a mode area comparable 
to that of standard fibers [36]. However, when the 
core diameter is reduced to scales comparable to 
(or less than) the wavelength of light guided within 
the fiber, confinement loss arising from the leaky 
nature of the modes can contribute significantly 
to the overall fiber loss [35]. Indeed, the small-core 
MOFs fabricated to date have been typically more 
lossy than their larger-core counterparts. In this 
small-core regime, unless many (more than six) 
rings of holes are used, the mode can see over the 
finite cladding region. Thus, it is important to be 
able to reliably calculate the confinement loss char-
acteristics of MOFs. Here, we briefly outline some 
general design rules for designing low-loss high-
nonlinearity MOFs described in [35].

Lower confinement loss and tighter mode con-
finement can always be achieved by using fiber 
designs with larger air-filling fractions. Finally, 
for all fiber designs, it is always possible to reduce 
the confinement loss by adding more rings of holes 
to the fiber cladding. In the limit of core dimen-
sions that are much smaller than the wavelength 
guided by the fiber, many rings (>6) of air holes 

are required to ensure low-loss operation, which 
increases the complexity of the fabrication process. 
Note that although fiber loss limits the effective 
length of any nonlinear device, for highly non-
linear fibers, short lengths (<10 m) are typically 
required, and thus, loss values on the order of 
1–10 dB km−1 can be readily tolerated. In addition, 
note that reducing the core diameter to dimensions 
comparable to the wavelength of light generally 
increases the fiber loss for another reason: in rela-
tively small-core fibers, light interacts much more 
with the air/glass boundaries near the core, and 
thus, the effect of surface roughness can become 
significant [37].

20.3.1.2  APPLICATIONS OF SMALL-CORE 
MOFs

The interest in high nonlinearities stems mainly 
from applications in telecommunication where 
fast signal processing at low optical power levels 
is becoming increasingly important. Although 
device applications such as 2R regeneration [38] 
and all-optical time-domain demultiplexing [39] 
were demonstrated quite early on, MOFs have 
not made a big impact on telecommunication 
and are today being challenged by integrated 
optics materials platforms such as silicon and 
chalcogenide soft glasses, which promise even 
higher nonlinear coefficients, along with reduced 
device footprints.

A commercially much more interesting appli-
cation for small-core MOFs is within nonlinear 
frequency conversion. This application stems from 
the need to convert the powerful near-infrared 
fiber lasers based on rare-earth laser ions such 
as Yb and Er into other wavelength bands, espe-
cially those below 1 μm, which are of great inter-
est for one- and two-photon biomedical imaging. 
For frequency conversion, the interesting aspect of 
small-core MOFs is their unusual dispersion prop-
erties. The large nonlinear coefficients can actually 
be seen as a drawback, because plenty of power is 
available from today’s picosecond and femtosec-
ond fiber lasers, so small MOF cores become a lim-
iting factor for power scaling.

The breakthrough for nonlinear applications 
of microstructured fibers came with the experi-
mental demonstration of supercontinuum genera-
tion in microstructured silica fibers reported by 
Ranka et al. [40] in 2000. The possibility of shifting 
a zero-dispersion wavelength (ZDW) to ∼800 nm 
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opened up the possibility of launching femtosec-
ond pulses from Ti:sapphire lasers into a fiber 
with anomalous dispersion, with pulse breakup 
and continuum formation into the visible range 
as a result. Ranka’s results spurred a huge research 
activity in subsequent years [41], which eventu-
ally has resulted in the appearance of commercial 
supercontinuum sources pumped by Yb-doped 
picosecond fiber lasers. These sources provide 
extremely broad and flat spectra spanning from 
the blue end of the visible region, between 400 
and 500 nm, and toward the mid-infrared region, 
between 2200 and 2400 nm, where the infrared 
loss edge of  silica eventually limits the spectrum. 
Such spectra are obtained in MOFs with ZDWs 
slightly below 1000 nm, to obtain low anoma-
lous dispersion at the pump wavelength, which is 
typically 1064 nm. Pulse breakup occurs through 
modulational instability, and is followed by the 
formation of a large number of very short solitons, 
along with dispersive waves below the pump wave-
length [41]. It has been shown that these disper-
sive waves can be trapped behind the solitons, and 

continuously blue-shifted by cross-phase modula-
tion effects in such a way that their group velocities 
are always matched to the solitons, which redshift 
due to the Raman effect [42]. Therefore, it is really 
the group-velocity curve that determines the shape 
of the final supercontinuum spectrum, and proper 
design of this curve is of paramount importance. 
Typically, one aims to match the group velocity of 
the solitons at the loss edge (2200–2400 nm) to that 
of waves at the shortest wavelength desired, usually 
below 500 nm. In Figure 20.6, spectra from three 
different commercial supercontinuum sources are 
shown. The difference in the extent into the visible 
region is mainly determined by this group-velocity 
phase matching, which shifts with the ZDW, so 
that fibers with a shorter ZDW also have group-
velocity matching to shorter visible wavelengths.

Supercontinuum sources have seen a wide 
range of applications, including optical coherence 
tomography [43] and frequency metrology [44]. 
However, the most important application is per-
haps within the rapidly growing field of biomedical 
imaging, especially confocal microscopy, where 
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fluorescent markers are introduced in biological 
samples, and excited by focused laser light [45,46]. 
Thus, a wavelength-flexible light source with good 
spatial coherence can give a very large degree of 
flexibility in the number and range of fluorophores, 
which can be used for imaging the movement of, 
for example, different proteins in a biological spec-
imen. Commercial use of supercontinuum sources 
in this area took off in 2008 with their incorpora-
tion in the Leica TCS SP5 X confocal microscope. 
Coupled with a tunable acousto-optic filter, the 
supercontinuum replaces a large battery of lasers 
at different excitation wavelengths, which was pre-
viously a necessity in such instruments.

The main drawback of present-day supercon-
tinuum sources is their inherently noisy spectrum, 
which stems partly from the initial modulational 
instability breakup of the pump pulse, which is 
seeded by noise, and partly from the complex and 
“turbulent” nature of the subsequent nonlinear 
propagation [41,47]. It is expected that the utiliza-
tion of fiber-based femtosecond pumps will allow 
reduction of this noise in the coming years. Some 
authors have also discussed lifetime effects, caused 
by chemical modifications of the silica glass due 
to the intense pump power [48]. In this regard, it 
is noteworthy that the supercontinuum sources 
are typically operated at repetition rates in the 
tens of megahertz, while delivering more than 1 
W of visible power, and 5–10 W in total over the 
whole spectrum. Even if lifetime effects are not a 
serious problem for most laboratory uses of super-
continuum sources, they may be problematic for 
industrial applications. Therefore, research into 
improving the resilience of the base material (pure 
silica) toward prolonged exposure to intense near-
infrared and visible radiation is ongoing.

A promising alternative to supercontinuum 
sources for generating low-noise visible radia-
tion with clean temporal profiles is the so-called 
Cherenkov sources [49,50]. In these sources, fem-
tosecond near-infrared pump pulses are injected 
into a MOF featuring anomalous dispersion at 
the pump wavelength. The femtosecond pulse 
undergoes soliton compression to few-cycle dura-
tion, and this is accompanied by the emission of 
a short-wavelength pulse, subject to the criterion 
that the phase velocity of the emitted dispersive 
wave should be matched to that of the soliton in a 
co-moving reference frame. This radiation is con-
ventionally termed “Cherenkov” radiation, due 

to certain formal similarities to the more widely 
known Cherenkov radiation produced by superlu-
minal charged particles [51]. Thus, the wavelength 
of the Cherenkov radiation is determined by the 
fiber dispersion properties, and once again the 
highly flexible design space for the dispersion curve 
is the crucial advantage of MOFs in this context. It 
has been experimentally shown that high-power 
Cherenkov wave generation at wavelengths below 
400 nm is possible with Er-based pump lasers [52]. 
Fully fiber-integrated low-noise systems have also 
been demonstrated [53,54]. The main challenge 
for this technology is currently the limited wave-
length flexibility imposed by the phase-matching 
criterion which is fixed once and for all by the cho-
sen fiber design. Figure 20.7 illustrates the range 
of visible and near-infrared wavelengths accessible 
when pumping with an Er-based laser in differ-
ent fiber types, including both standard fibers and 
large- and small-core MOFs. It is seen that the use 
of a small-core MOF is instrumental in reaching 
the short-wavelength edge of the visible spectrum.

Yet another option for frequency conversion is 
the technique of four-wave mixing, which allows 
for the generation of “signal” and “idler” sidebands 
to a strong pump signal, such as Yb or Er fiber 
laser pulses. MOF technology allows phase match-
ing of Yb-based pumps to a wide range of signal/
idler wavelengths, especially when pumping is just 
below the ZDW. An example is shown in Figure 
20.8 for a standard design with a triangular array 
of air holes and a core area around 10 μm2. It is 
notable that a tuning of the pump wavelength over 
only a few tens of nanometers allows one to span 
an idler wavelength range from below 750 nm to 
above 1000 nm, with the signal wavelength reach-
ing into the common telecom bands. This wide 
range of phase-matched wavelengths make small-
core MOFs useful building blocks for partly or fully 
fiberized parametric oscillators and amplifiers. Of 
particular interest is the generation of short-pulsed 
radiation in the biological transparency window 
between 700 and 1000 nm, which may be applied 
in a number of biomedical imaging modalities 
such as two-photon fluorescence spectroscopy and 
coherent anti-Stokes Raman spectroscopy (CARS). 
As early as 2005, Deng et al. showed a fiber-optic 
parametric oscillator (FOPO) featuring idler wave-
lengths tunable between 930 and 990 nm, with a 
corresponding signal wavelength between 1060 
and 1200 nm [55]. In this work, the tunability was 
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based on tuning the pump laser between 1020 and 
1038 nm. For CARS imaging, Zhai et  al. demon-
strated a FOPO tunable between 840 and 930 nm 
by employing two different MOFs in combination 
with varying lengths of the dispersive cavity [56]. 
A similar tuning technique was recently used to 
demonstrate a fully fiber-integrated FOPO tunable 

between 988 and 1046 nm in the idler, and 1085–
1151 nm in the signal [57]. Although parametric 
sources are presently less commercially developed 
than the supercontinuum sources discussed ear-
lier, they show greater promise with respect to the 
generation of high spectral power densities over a 
wide range of input/output pulse durations. One 
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limiting factor for power scaling is the relatively 
low core area of the necessary MOFs; however 
as described in Section 20.5, PBG fiber technol-
ogy may have the potential to lift some of these 
limitations.

20.3.2  Nonsilica MOFs

As described earlier, using single-material silica 
MOFs, effective nonlinearities as high as γ ≈ 60 W−1 
km−1 are possible. Moving to glasses with a higher 
refractive index than silica, it is possible to access 
material nonlinearities that are orders of magni-
tude larger than that of silica. For example, the 
chalcogenide glass As2S3 has a refractive index of 
∼2.4 at 1550 nm and is 100 times more nonlinear 
than silica glass (n2(As2S3) ∼2 × 10−19 W−1 km−1 [58]). 
The Schott lead-glass SF57 has a refractive index of 
1.8 at 1550 nm and is 20 times more nonlinear than 
silica (n2(SF57) ≈ 4 × 10−19 W−1km−1 [59]). Recall that 
for silica, the theoretical lower bound for the effec-
tive mode area is ∼1.5 μm2. For the higher index 
SF57 glass, the minimum effective mode area is 
reduced to ∼0.75 μm2. Hence, in addition to pro-
viding high intrinsic material nonlinearity, such 
glasses also offer improvements in terms of mode 
confinement relative to silica.

Conventional fibers made using As2S3 have been 
used to reduce the power levels and fiber lengths 
required for all-optical switching [58]. Further 
improvements are to be expected, when such a 
highly nonlinear glass is combined with the tight 
mode confinement offered by an MOF structure. 
Although compound glasses are clearly attractive 
for nonlinear devices, the application of compound 
glass fibers has been limited because it is difficult 
to fabricate low-loss single-mode fibers using con-
ventional techniques. Single-material fiber designs 
avoid core/cladding interface problems, and thus 
should potentially allow low-loss fibers to be drawn 
from a wide range of novel glasses. As we demon-
strate here, MOF technology provides a powerful 
new technique for producing single-mode com-
pound glass fibers. We briefly review some recent 
results using SF57 glass from [60].

Like many compound glasses, SF57 has a low 
softening temperature (∼520°C) and so it is pos-
sible to extrude the MOF preform directly from 
bulk glass, and the cross section of a fiber fab-
ricated from an extruded preform is shown in 
Figure 20.9.

The core diameter is ≈2 μm and the core is sus-
pended by three ≈2 μm long supports that are less 
than 400 nm thick. These supporting struts allow 
the solid core to guide light by helping to isolate 
the core from the outer solid regions of the fiber 
cross section. Although single-material fibers sup-
port only leaky modes, it is possible to design low-
loss fibers of this type (see Reference [61]). This can 
be done by ensuring that the supporting struts are 
long and fine enough that they act purely as struc-
tural members that isolate the core from the exter-
nal environment.

Extrusion offers a controlled and reproduc-
ible method for fabricating complex structured 
preforms with good surface quality. In addi-
tion, extrusion can be used to produce structures 
that could not be created with capillary stacking 
approaches, and so a significantly broader range of 
properties should be accessible in extruded MOFs.

The measured effective nonlinearity for this 
fiber is γ ≈ 550 W−1 km−1, and assuming the value of 
n2 for this material given earlier, this implies that 
Aeff ≈ 3.0 ± 0.3 μm2. This mode area is ≈30 times 
smaller than the conventional SMF28 fiber, and 
the intrinsic material nonlinearity of the SF57 glass 
provides an n2 that is ≈ 20 times larger than silica, 
and so the effective fiber nonlinearity is more than 
500 times larger than that of standard single-mode 
optical fibers. These results represent the first dem-
onstration of single-mode guidance and nonlin-
earity enhancement in a nonsilica MOF.

10 µm

Figure 20.9 Scanning electron microscope image 
(SEM) of the extruded SF57 microstructured 
fiber from [60]. Picture supplied by the ORC, 
Southampton.
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Possibilities exist to increase the nonlinearity 
still further through the use of glasses with still 
higher nonlinearity than SF57 (such as As2S3), 
and to design fibers with smaller cores. Such 
fibers promise a route toward record effective fiber 
nonlinearities, paving the way to nonlinear fiber 
devices with unprecedentedly low operating pow-
ers (1–10 mW) and remarkably short device lengths 
(0.1–1 m).

20.4  LARGE-MODE-AREA 
INDEX-GUIDING MOFs

20.4.1  Elementary considerations

Index-guiding MOFs offer an alternative route 
toward large mode areas [8]. The development of 
large-mode area microstructured fibers (LMA-
MOFs) is important for a wide range of practical 
applications most notably those requiring the gen-
eration, amplification, and delivery of high-power 
optical beams. For many of these applications, spa-
tial mode quality is a critical issue and such fibers 
should preferably support just a single transverse 
mode. Relatively large-moded single-mode fibers 
can be made using conventional fiber doping tech-
niques such as modified chemical vapor deposition 
simply by reducing the NA of the fiber and increas-
ing the fiber core size. However, the minimum NA 
that can be reliably achieved is restricted by the 
accuracy of the control of the refractive index dif-
ference between the core and the cladding. By con-
trast, in an endlessly-single-mode MOF, the fiber 
pitch can in principle be scaled to any value, with-
out leaving the single-mode regime. This can be 
understood within the framework of the effective 
index model, as a consequence of the effective clad-
ding index tending toward the index of the base 
material in the limit of large pitch. The approach 
to the base material index happens in such a way as 
to make the effective V-parameter converge toward 
a constant value, which may be below the single-
mode cutoff value of 2.4 if the fiber has the proper 
design—specifically, the d/Λ ratio should be below 
0.42 [62]. In practice, the manufacture of large-
pitch MOFs with such values of d/Λ is not a prob-
lem, and the core size of MOFs can therefore be 
scaled up until one encounters the limits imposed 
by bend loss, as described in the next section.

For amplifier fibers with active cores, an addi-
tional problem is that the core has to be doped 

with at least the active material (typically, Yb or 
Er), and therefore, the index difference between 
the doped core and undoped cladding material 
must be controlled. It would therefore seem that 
one is back to the limitations imposed by conven-
tional preform-manufacture technology. However, 
the stack-and-draw approach commonly used for 
MOF fabrication offers a solution. Rods of silica 
with different refractive indices (e.g., rare-earth 
doped and fluorine-doped silica) may be stacked 
together and drawn down to a single cane, which 
then becomes the core rod in the final MOF pre-
form. When finally drawn into a fiber, the differ-
ent core materials will form a nanoscale structure, 
with an effective refractive index, which can be 
controlled through the stacking pattern, and dop-
ing radii of the original stacked rods. In this way, 
the control of the core refractive index relative to 
the surrounding pure silica can be improved by 
about an order of magnitude that is sufficient to 
leverage the advantages of the special MOF prop-
erties. A further advantage is that the air hole size 
can be easily adjusted during the final drawing 
process to compensate for small deviations of the 
target core index [63]. This is typically achieved by 
slightly pressurizing the air holes during the draw, 
which allows the inflation of their diameter in a 
well-controlled manner.

20.4.1.1  BEND LOSS LIMITATIONS

Because LMA-MOFs rely on a very small effec-
tive index contrast between core and cladding, 
the fibers can be sensitive to macro-bending (this 
is discussed further later in this section). The fiber 
properties can therefore be also highly sensitive 
to the precise details of the fiber structure, and 
so accurate fabrication techniques are required. 
Figure 20.10 shows cross-sectional pictures of two 
typical LMA-MOFs with regularly arranged air 
holes. The models described in Section 20.2 can 
be applied to model the optical properties of these 
fibers. Polarization effects are typically less impor-
tant in this class of fibers, and it is often sufficient 
to use a scalar model.

Macroscopic bend loss ultimately limits the 
practicality of such large-mode fibers, and so 
understanding bend loss is important in the 
design of this class of fiber. Two distinct bend loss 
mechanisms have been identified in conventional 
fibers: transition loss and pure bend loss [64]. As 
light travels into a curved fiber, the mode distorts, 
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causing a transition loss (analogous to a splice 
loss). Pure bend loss occurs continually along any 
curved section of fiber: at some radial distance 
(rc in Figure 20.12d), the tails of the mode need to 
travel faster than the speed of light to negotiate the 
bend, and are thus lost.

Using the simplified effective index method 
described in Section 20.2, it is possible to derive 
useful formulas for the pure bend loss in these 
fibers by applying standard results for the power 
loss coefficient of standard step-index fibers (see 
References [63,65]). Utilizing this approach, the 
pure macro-bending loss can be derived from the 
coefficients of the Bessel function of the equiva-
lent step-index fiber, as done in Reference [66]. 

Figure 20.11 illustrates the bending radius depen-
dence of the operational windows for a specific 
LMA-MOF with air hole diameter d = 2.4 μm and 
hole-to-hole spacing Λ = 7.8 μm. As can be seen in 
Figure 20.11, a short-wavelength loss edge is evi-
dent for LMA-MOFs. This is in contrast to the stan-
dard fiber case, where only a long-wavelength loss 
edge is found. Therefore, noting that the effective 
cladding index only depends on the ratio between 
pitch and wavelength, when scaling up the pitch, 
macro-bending loss will ultimately limit the mode 
area of a practically useful fiber.

Figure 20.11 further includes the predictions 
of the effective index model, and as can be seen, 
the model is capable of predicting accurately the 

(a) (b)

Figure 20.10 Full cross section of two typical large-mode-area MOFs with different air-filling fractions 
(both have core diameters of 15 μm). (a) Photograph provided by Crystal Fiber A/S. (b) Photograph 
provided by the ORC, Southampton.
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spectral location of the short-wavelength bend 
loss edge [8]. The long-wavelength bend loss edge 
of this specific fiber is positioned at mid-infrared 
wavelengths for all bending radii. Although this 
figure presents results for one particular LMA-
MOF, a number of generalizations can be made. 
Unsurprisingly, the critical bending radius and the 
spectral width and location of the operational win-
dow depend strongly on hole size (d) and hole-to-
hole spacing (Λ). Generally, larger holes result in 
broader operational windows, whereas the hole-to-
hole distance roughly determines the center posi-
tion of the window (as a first approximation, the 
minimum bend loss occurs at a wavelength around 
Λ/2) [66].

The results described earlier focused on pure 
bend losses, which will be the dominant form of 
bend loss in long fiber lengths. For shorter lengths 
of fiber, it can be important to investigate the 
impact of transition loss too. Transition and pure 
bend losses can be distinguished experimentally 
by progressively wrapping a fiber around a drum of 
radius R0 [64]. The fiber experiences a sharp change 
of curvature as it enters and leaves the drum sur-
face, which results in transition losses at these 
points. As the angle is increased, the length of the 
curved section (and the pure bend loss) increases 

linearly. Figure 20.12 shows the measured loss as 
a function of angle for R0 = 14.5 mm (taken from 
Reference [67]). Each data set shows two regions: 
the curved section of each plot is the transition 
region, while the pure bend loss dominates as the 
length of the bent fiber increases. Results for two 
different angular orientations of the same fiber 
illustrate that the geometry of the cladding struc-
ture has a noticeable effect on the bend loss charac-
teristics. Hence, in order to understand and predict 
such effects, it is necessary to use a numerical 
method that accounts for the complex structure, 
because effective index methods cannot account 
for orientationally dependent behavior.

One way of modeling the propagation of light in 
a fiber with a radius of curvature R0 is to scale the 
refractive index using the transformation: (1 + (2r 
cos α)/R0)1/2, where the coordinates are defined 
in Reference [68]. Using this transformation, 
the modes of the bent microstructured fiber can 
then be calculated [67]. Note that the slant intro-
duced by this transformation cannot be described 
in all the models. To calculate the modes shown 
in Figure 20.12, the hybrid orthogonal function 
model [6] was used: modal intensities are shown 
for (a) a straight fiber, and (b) and (c) for fiber bent 
in horizontal and vertical directions, respectively. 
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Using these modes, the transition loss can be calcu-
lated as the overlap between the straight and bent 
modes, and for pure bend loss, it is assumed that 
the fraction of energy in the guided mode at r>rc 
is lost over some distance scale. This model gives 
good quantitative agreement with experimental 
data, and allows trends relating to the angular ori-
entation of the fiber to be identified.

20.4.2  Active large-mode-area 
fibers

The capillary-stacking techniques that are gener-
ally used to make LM-MOFs can be readily adapted 
to allow the incorporation of high-NA air-clad 
inner claddings within jacketed all-glass structures 
[69]. This technique was described by DiGiovanni 
et  al. [70], who outlined how an outer cladding 
having a very high air-filling fraction may result in 
an effective refractive index below 1.35. The opti-
cal characteristics of the light guided within the 
core of the optical fiber are essentially independent 
of the second outer cladding, and the fiber can 
become insensitive to the external environment. 
The advantage in this connection is the large index 
step between air and silica, which makes micro-
structured fibers with extremely high NA values 
(compared to standard fibers) possible. Fibers with 
NAs as high as 0.9 have been demonstrated, and 

NA values of 0.5–0.6 are routinely achieved in pro-
duction of fibers. High-NA fibers (typically mul-
timode) collect light very efficiently from a very 
broad space angle and distribute light in a broad 
angle at the output end. An example of a high-NA 
multimode fiber is shown in Figure 20.13. Such 
fibers can in themselves find applications where 
weak signals are to be collected efficiently, or high 
optical powers need to be delivered without partic-
ular requirements on beam quality. However, the 
main potential of the high NA values obtainable 
with MOF technology lies within the field of high-
power, rare-earth-doped (e.g., Yb3+, Nd3+), LMA 
devices. In the so-called double-clad (DC) ampli-
fier fibers, an outer “pump core” with a large NA is 
used to efficiently collect pump light from a large 
array of laser diodes. The pump light is absorbed in 
a smaller rare-earth doped low-NA “signal core,” 
where a single- or few-moded signal may be ampli-
fied. These amplifiers are therefore able to mas-
sively improve the limited brightness of the highly 
energy-efficient laser diodes that are in the mar-
ket today. MOF technology here brings the com-
bined advantages of allowing a very large NA for 
the pump core, and simultaneously, a very small 
NA for the signal core [71]. A further advantage is 
that the air holes defining the large-NA pump core 
are much more power tolerant than the low-index 
polymer claddings, which are used in conventional 

Figure 20.13 Cross-section of a high-NA pure-silica fiber with a large multimoded core. The NA is 
higher than 0.55. Photograph provided by Crystal Fiber A/S.
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DC fibers. For this reason, high-power fiber ampli-
fiers have become a major application for MOF 
technology.

The capabilities of DC-MOFs are particularly 
suited to minimize nonlinear optical effects within 
the amplifier. For amplification of short pulses 
(nanoseconds or shorter), both spectral broaden-
ing from self-phase modulation, and Raman scat-
tering effects may limit the output power. In the 
case of narrow-band continuous-wave sources, 
Brillouin scattering is a major limitation. All of 
these effects can be mitigated by increasing the 
core area, and/or shortening the length of the 
amplifier fiber. MOF technology facilitates both 
strategies—single-mode signal cores with very 
large areas can be obtained as described earlier; 
at the same time, the opportunity of obtaining a 
high NA for the outer cladding helps to reduce the 
area of the pump core, for a given brightness of 
the pump diodes, and thus shorten the amplifier 
by increasing the pump absorption in the signal 
core. DC-MOFs are often fabricated with pump/
signal core area ratios of only 10–30, whereas stan-
dard DC fibers often have ratios well above 100. 
The area of the signal core is limited to around 
1–2000 μm2 by bending effects. For areas of this 
size, bend-induced modal deformation as depicted 
in Figure 20.12 significantly reduces the effective 
mode area for coil diameters as large as 40 cm [72], 
negating the advantages of further core area scal-
ing. Larger coil diameters are usually avoided out 
of concern for the footprint of the packaged laser/
amplifier system. If further scaling of the effec-
tive mode area is desired, a better alternative is to 
abandon flexible fibers in favor of stiff microstruc-
tured silica rods, with outer diameters of about 

1.5 mm, and typical lengths of 1–1.5 m. In this 
way, one obviously avoids any bending effects, and 
the very large outer diameter also serves to isolate 
the guided mode from roughness scattering at the 
outer surface. An example of such a structure is 
shown in Figure 20.14 [73]. Microstructured rod 
amplifiers have been scaled to core sizes of up to 
135 μm [74–76], which implies effective mode areas 
approaching 10,000 μm2. Commercially available 
off-the-shelf products currently feature core sizes 
of 55–85 μm, and corresponding mode field diam-
eters of 45–65 μm. For these extreme microstruc-
tures, it has proven advantageous to utilize the 
photonic bandgap effect to discriminate against 
higher-order modes [63]. An example of such a 
rod structure is shown in Figure 20.15. The light 
rings surrounding some of the cladding air holes 
are regions of doped glass with increased refrac-
tive index. They form a band of high-index clad-
ding states, which can be designed to cut out the 
higher-order modes of the core, while leaving the 
fundamental mode well-guided. Because the high-
index areas surround the air holes, their size and 
therefore the position of the high-index cladding 
states can be adjusted very accurately in the pro-
duction process by controlling the air hole size 
[63]. An alternative approach is represented by the 
so-called large-pitch fibers (LPF), an example of 
which is shown in Figure 20.16. They feature a very 
open inner cladding structure with few air holes, 
which serve to delocalize higher-order modes, 
while leaving the fundamental mode well confined 
to the active core area [77,78]. This is sufficient to 
discriminate against higher-order modes, since 
amplification is proportional to the overlap with 
the rare-earth doped core region. The advantage 

(a) (b)

Figure 20.14 Microscope image of a Yb-doped photonic crystal rod amplifier. (a) Shows the full extent 
of the rod, while (b) shows a close-up of the microstructured region, with inner and outer cladding. 
(Reproduced from Limpert, J. Opt. Express, 14, 2715–2720, 2006.)
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of the LPF design is its structural simplicity; how-
ever it does rely on a very precise control of the 
core refractive index. Recent research has shown 
that control to an order of a few times 10−5 is fea-
sible, which has enabled the fabrication and single-
mode operation of rod structures with mode field 
diameters up to 130 μm [77]. Both bandgap and 
LPF amplifiers have proven useful for scaling up 
peak and average powers of ultrafast laser systems. 
An example is the recent report of a chirped-pulse 

amplification 200 fs laser system featuring 7.8 GW 
peak power after compression from a single LPF 
rod amplifier with a mode field diameter of 80 μm, 
and 22 GW peak power with 230 W average power 
from a beam combination of four such amplifiers 
[79]. Laser systems of this kind feature many bulk-
optics components such as grating stretchers and 
compressors, and phase shaping tools. Therefore, 
the advantage of MOF technology in this case does 
not lie in the prospect of monolithic fiber integra-
tion, but rather in the superior mode stability of 
the rod amplifiers compared to bulk solid-state 
amplifiers [79].

Regarding the mitigation of Brillouin scattering 
effects in narrow-band amplifiers, a third strategy 
is to structure the acoustic properties of the core 
so as to suppress guidance of acoustic modes, or 
broaden the acoustic gain spectrum, with a result-
ing lowering of the gain peaks. This strategy in 
combination with the inner/outer core area scal-
ings described earlier has been used to obtain 1.5 
MW peak powers for 1.55 ns pulses [80], and kW 
power levels of continuous-wave lasers with line 
widths in the order of 1 GHz [81], all in flexible 
fibers. Alternatively, using 100 μm-core rod ampli-
fiers was also shown to allow 1.35 MW peak power 
of subnanoseconds pulses with perfect single-
mode beam quality at the output [74].

A fundamental issue with large-core amplifiers 
is that operation at high average power leads to a 
heating of the core, which will induce a refractive-
index gradient through the thermo-optic effect. 
Therefore, even a fiber/rod, which is single-mode 
by design will eventually become multimoded at 
elevated power levels, at least in that part of the 
amplifier where the pump-signal power transfer is 
strongest. Furthermore, thermo-optic effects can 
induce instabilities in the spatial mode structure 
in such multimoded fibers, which typically lim-
its the average power to a few hundred W [82,83]. 
Thermo-optic effects may also adversely affect the 
fundamental guided mode through mode shrink-
ing and resonant couplings to delocalized clad-
ding modes at certain power levels. These effects 
have most clearly been demonstrated in LPF fibers 
[76], however the fibers may be designed to have 
a smooth modal shape at maximum operating 
power. In the case of photonic bandgap fibers, sim-
ilar effects are seen, with the narrow wavelength 
region of good single-mode guidance shifting with 
operating power. Also in this case, fibers may easily 

Figure 20.15 Microscope image of a photonic 
crystal rod amplifier with a photonic-bandgap 
cladding structure. The light rings surrounding 
the air holes are Ge-doped sections with raised 
refractive index, which serve as resonant filters 
for unwanted higher-order modes in the core. 
Picture provided by NKT Photonics A/S.
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Figure 20.16 SEM micrograph of a large-pitch 
double clad photonic crystal rod amplifier with a 
pitch of 30 μm. The green hexagon indicates the 
extent of the Yb-doped active core. (Reproduced 
from Jansen, F. et al., Opt. Express, 20, 3997–
4008, 2012.)
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be designed so as to provide single-mode operation 
with a well-guided fundamental mode in the “hot” 
fiber, that is, during high-power operation. In one 
experiment, it was shown that a correct position-
ing of the bandgap increased the modal instability 
power threshold by about 40% [84].

20.5  PBG FIBERS

While the index-guiding MOFs discussed in the 
previous sections can to a first approximation be 
regarded as a variant of the traditional step-index 
fiber with a larger and wavelength-dependent 
index contrast between core and cladding, the 
PBG fibers constitute a fundamentally different 
class of waveguides. In PBG fibers, light is not 
confined to a region of higher refractive index, 
but is rather localized at a defect placed in a PBG 
material, which suppresses transverse propaga-
tion at the frequency of the guided mode. Due to 
this fundamental difference, PBG fibers attracted 
considerable academic interest in the early stage 
and several kinds of PBG fibers were realized 
experimentally within 2–3 years after the first 
successful fabrication of an index-guiding micro-
structured optical fiber [12,14]. In this section, 
we discuss the two main categories of PBG fibers: 
solid-core PBG fibers, which feature spectral filter-
ing and peculiar dispersion properties compared 
with index-guiding fibers, and hollow-core PBG 
fibers, which allow low-loss single-mode guid-
ance in an air core, and thus, represent one of the 
greatest breakthroughs of MOF technology.

For the PBG-guiding mechanism to operate, 
the bandgap must extend over the whole plane 
perpendicular to the direction of propagation. 
In silica–air structures, such a gap can only be 
achieved for a finite longitudinal propagation con-
stant, the minimum value required being depen-
dent on the fiber structure. The simple triangular 
arrangement of cladding holes (commonly used 
for making index-guiding microstructured fibers) 
only provides a complete bandgap for air-filling 
fractions of 30% or higher. In contrast, arranging 
the holes on a honeycomb lattice makes it pos-
sible to open up complete gaps at much lower fill 
fractions (<1%) [15]. For this reason, the first PBG 
fiber experimentally fabricated was based on the 
honeycomb lattice [14]. However, practical applica-
tions for these fibers did not materialize, although 
improved fabrication methods made it possible to 

realize hollow-core PBG fibers based on triangular 
cladding structures with extremely large air holes 
shortly afterward [12]. An alternative approach to 
bandgap formation allows for relatively easy fabri-
cation of solid-core PBG fibers. In this approach, 
bandgaps are formed in a cladding containing an 
array (typically triangular) of high-index inclu-
sions. The bandgaps appear between cladding 
modes localized in the high-index inclusions, and 
states extending over the whole cladding structure, 
but with some structure around the high-index 
inclusions to orthogonalize to the localized states. 
Such fibers may be fabricated either by infiltrat-
ing the air holes of a standard index-guiding MOF 
with a high-index fluid [16,85], by manufactur-
ing an all-silica fiber with doped (typically by Ge) 
high-index inclusion [13,86], or even by making 
a microstructure of different glass types [87]. The 
all-silica approach has the advantage that a silica 
structure free of air holes makes splicing to other 
(standard) fibers considerably easier.

Solid-core PBG fibers provide large anoma-
lous waveguide dispersion even for medium-sized 
cores, which is in contrast to index-guiding MOFs, 
where small cores are a requirement to achieve 
this property. As a result, dispersion compensa-
tion of standard fibers at short wavelengths is an 
obvious application for these fibers. This has most 
clearly been demonstrated by their use as intra-
cavity dispersion compensation elements in fem-
tosecond fiber laser cavities operating in the Yb 
band around 1030 nm [88,89]. The all-silica nature 
and relatively large core size of the fibers facili-
tates power scaling and interfacing to standard 
fibers. An example of such a fiber structure, and its 
transmission and dispersion properties, is shown 
in Figure 20.17 The spectral filtering properties of 
this fiber were found to be instrumental in stabi-
lizing a passively mode-locked cavity [89]. The fil-
tering effect is also highly useful for suppressing 
unwanted wavelengths [90]. This has been used to 
great effect in connection with Yb-doped ampli-
fiers for narrow-band continuous-wave signals 
at a wavelength of 1178 nm [91,92]. Such sources 
are of interest for creating artificial guide stars at 
astronomical observatories. After frequency dou-
bling to 579 nm, the light excites sodium atoms in 
the uppermost atmosphere, thus creating a local-
ized light source in the sky. The challenge is that 
the Yb gain is very small at 1178 nm, and lasing 
or even amplified spontaneous emission at other 
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wavelengths with stronger gain must be sup-
pressed, which is conveniently done by proper 
design of the photonic bandgaps.

PBG effects may also be utilized to suppress 
mode guidance at the wavelengths where a strong 
core signal would generate Raman components. 
This is of interest for power scaling of short-pulsed 
fiber amplifiers, and in the longer term, also for 
realizing cladding-pumped Raman amplifiers [93]. 
Raman-suppressing large-core fibers have been 
realized by a hybrid approach in which rows of 
Ge-doped high-index inclusions inserted into a 
conventional cladding structure with air holes pro-
vide a PBG filtering effect, so that the fiber guides 
through both index-guiding and the PBG mecha-
nism [94,95]. The fibers are therefore termed hybrid 
MOFs. The bandgap effects have been shown to lead 
to novel phase-matching mechanisms for para-
metric processes; such processes have also been 
observed experimentally [96]. A further applica-
tion especially for hybrid fibers could therefore 
be wavelength conversion of high-power pulses, 
for example, from the Yb band into the biological 
transparency window below 1000 nm.

Perhaps the most important aspect of PBG fiber 
technology is the possibility of creating structures 

that predominantly guide the light in air. This is 
possible if a cladding structure can be fabricated 
in which modes with an effective index of 1 fall 
within the bandgap, or, in other words, where the 
effective index of the cladding mode at the lower 
boundary of the gap falls below the light line. 
The triangular lattice structure has this prop-
erty for sufficiently large air-filling fractions. In 
Figure 20.18, the bandgap diagram for a structure 
with a filling fraction of 70% is shown [97]. It can 
be seen that several bandgaps cross the air line. In 
order to confine an air-guided mode within these 
bandgaps, a core defect consisting of a rather large 
air hole must be introduced. In the inset of Figure 
20.18, a structure is shown in which the core defect 
has been obtained by replacing the central clad-
ding hole and its six nearest neighbors by a single 
air hole. This structure was found to support both 
a fundamental and a second-order guided mode, 
though not at the same frequency. The traces of the 
two modes are shown in the upper inset of Figure 
20.18: inside the bandgap, the modes are bound, 
while outside, they appear as leaky resonances 
within the bands of cladding modes. For both 
modes, guidance only takes place in a rather nar-
row frequency interval. Furthermore, the guidance 
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Figure 20.17 Boundaries of the photonic bandgap in a solid-core PBG fiber (black lines), and effective 
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tive index of 1.6 in the cladding. Upper inset shows the field distribution of a cladding mode above 
the bandgap, whereas the lower inset illustrates the field distribution of a cladding mode below the 
bandgap.
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properties of the structure were found to depend 
strongly on the radius of the core defect. For these 
reasons, the fabrication of air-guiding fibers for 
practical applications at specific wavelengths 
requires a high degree of control over the manu-
facturing process.

Modern hollow-core PBG fibers feature air-
filling fractions above 95%, that is, much larger 
than the example in Figure 20.18. As a result, wider 
bandgaps may be obtained. However, typically 
only one useful bandgap exists, which is in con-
trast to solid-core PBG fibers, where several band-
gaps may be utilized. The design in Figure 20.18 is 
commonly known as a “7-cell” core, since the core 
air hole replaces seven cladding unit cells. This ter-
minology carries over to other core designs, such 
as the 19-cell design [98], where an extra ring of 
cladding air holes is removed to form a larger core. 
Examples of high-quality hollow-core PBG struc-
tures with 7-cell and 19-cell cores are shown in 
Figure 20.19.

Experimentally, air-guiding fibers were first 
realized by Cregan et al. [12]. In fibers with pitches 
around 5 μm and air-filling fraction of 30–50%, 
several air-guiding transmission bands were 
observed over a fiber length of a few centimeters. 
An important development was the demonstration 
by Venkataraman et al., of a hollow-core fiber with 
a loss as low as 13 dB km−1 in 2002 [99]. Subsequent 
research has brought the loss in 7-cell cores below 
10 dB km−1 in few-moded fibers [100,101] and less 

than 20 dB km−1 in single-mode polarization-
maintaining fibers [102]. In 19-cell fibers, losses as 
low as 1.2 dB km−1 have been demonstrated [103], 
however these fibers feature a large number of well-
guided core modes. The loss appears to be limited 
by scattering from surface roughness at the core 
wall, and scales with λ−3, where λ is the wavelength.

The initial motivation for developing hollow-
core PBG fibers was to facilitate the transmission 
of telecommunication signals by reduction of 
the fiber nonlinear coefficient, and perhaps also 
improve loss and dispersion properties. Indeed, 
the hollow-core fibers allow a reduction of the non-
linear coefficient by about three orders of magni-
tude compared to solid-core fibers with a similar 
core area, and one order of magnitude compared 
to large-core fibers [104]. However, the impossi-
bility of obtaining very low loss in a single-mode 
fiber has so far precluded transmission applica-
tions of these fibers. Recent research has shown 
that higher-order modes in 19-cell cores may be 
suppressed by the presence of resonant satellite 
cores in the cladding, in combination with bend-
ing [105,106]. However, development of a fiber 
useful for telecom still seems to be some way off 
in the future. Interestingly, however, spatial mul-
tiplexing in multimode fibers has recently seen 
substantial research interest in the telecommuni-
cations community. If this research proves fruitful, 
it could ultimately facilitate the use of hollow-core 
transmission fibers, as the loss in 19-cell or even 

(a) (b)

Figure 20.19 Illustration of a 7-cell (a) and a 19-cell 
(b) hollow-core PBG fiber structure, and exam-
ples of calculated mode profiles. (Reproduced 
from Humbert, G. et al., Opt. Express, 12, 
1477–1484, 2004.)

87
5.0

7.5

10.0

12.5

15.0

9 10
Normalized propagation constant, βΛ

N
or

m
al

iz
ed

 fr
eq

ue
nc

y, 
kΛ

Air line
PBG boundaries

Lowest order cladding mode

Fundamental mode

Second-order mode

11 12 13 14 15

Figure 20.18 PBG boundaries and defect mode 
traces (upper inset) for the air-guiding PBG fiber 
with a filling fraction of 70%. The defect modes 
are confined when they fall inside the PBG, 
and leaky elsewhere. The fiber microstructure 
is shown in the lower inset. (Reproduced from 
Broeng, J. et al., Opt. Lett., 25, 96–98, 2000.)



20.6 IC fibers 731

larger hollow cores could be scaled to values com-
petitive with standard fibers [103], and the strongly 
reduced nonlinear coefficient would provide a 
decisive advantage.

There exist several other applications for 
hollow-core PBG fibers. Perhaps the most impor-
tant is their use in fiber-optical gyroscopes, where 
the suppression of light–matter interactions in a 
polarization-maintaining single-mode fiber is very 
important[107,108]. Another application is com-
pression of high-power laser pulses [109,110], where 
the large anomalous dispersion of the guided mode, 
the very low nonlinear coefficient, and the possibil-
ity of monolithic integration into fiber-based laser/
amplifier systems [111] provide the motivation. 
Further applications include low-loss/high-power 
transmission at wavelengths where the absorp-
tion loss of silica is high [112], gas-sensing applica-
tions and spectroscopy, especially for metrology 
[113], and spectral filtering exploiting the narrow-
ness of the guided-mode transmission bands [12]. 
Applications for laser-assisted atom transport or 
even as particle accelerators have also been pro-
posed [114].

20.6  IC FIBERS

The hollow-core PBG fibers have provided a major 
technological breakthrough by allowing low-loss 
guidance at visible or near-infrared wavelengths in 
a single- or few-moded waveguide, which is out-
side the reach of conventional fiber technology. 
Their main limitation is the fact that they only sup-
port a single transmission band of limited spectral 
width. In addition, transmission at visible and UV 
wavelength is adversely affected by the wavelength 
dependence of PBG fiber loss discussed in the pre-
vious section. The development of hollow-core 
fibers guiding by IC has helped to overcome these 
limitations.

The earliest example of a fiber guiding by the 
IC mechanism was published as early as 2002 
[115]. However, at that time, the nature of the 
guidance mechanism was not fully understood. 
In 2007, the guidance mechanism was resolved as 
being due to a strongly reduced overlap between 
cladding modes and core-confined modes, which 
allowed low-loss guidance of the latter even in the 
absence of a photonic bandgap, hence the term 
inhibited coupling [19]. The characteristic features 
of IC fibers that allow this coupling mechanism is 

a large core, typically a few tens of microns wide, 
and a cladding structure that resembles a network 
of intersecting silica planes with sub-micrometer 
widths. Such structures may be obtained by draw-
ing at lower temperatures and higher tensions 
than for other MOF types, to yield structures with 
little deformation at the intersections of the silica 
bridges. Two examples of contemporary IC fiber 
structures are shown in Figure 20.20 [116].

The earliest examples of IC fibers had propa-
gation losses of the order of 0.5–1 dB/m at near-
infrared or visible wavelengths. The spectral 
dependence of the loss somewhat resembles PBG 
fibers in that spectral regions of low-loss guidance 
are separated by “forbidden” bands with high loss. 
In contrast to hollow-core PBG fibers, several use-
ful transmission bands may be found, which in 
total can span several octaves. The positions of the 
transmission bands may be predicted by a simple 
criterion of antiresonance with modes in the sur-
rounding silica bridges, and IC fibers can, to a first 
approximation, be modeled by a single silica cap-
illary ring, for which analytical solutions may be 
established [117,118].

In recent years, it has been realized that the 
loss of IC fibers can be significantly reduced by the 
introduction of hypocycloid core structures, which 
feature a core wall having an inward curvature, as 
shown in Figure 20.20a. This structure minimizes 
the overlap between the guided core modes and the 
silica bridges, and in particular, the nodes in  the 
silica network, on which one often finds localized 
modes that can couple strongly to the core modes. 
Using hypocycloid cores, losses as low as 17 dB km−1 
have been obtained at a wavelength of 1 μm [117], 
and very recently 70 dB km−1 has been reached at 
532 nm [119]. These results actually make IC fibers 
superior to hollow-core PBG fibers at short wave-
lengths in terms of loss. In addition, hypocycloid 
cores have been found to improve suppression of 
higher-order modes by increasing their propaga-
tion loss [117,120].

The core areas of these fibers are significantly 
larger than in hollow-core PBG fibers, often reach-
ing several thousand μm2, which implies extremely 
low values of dispersion and nonlinear coefficients. 
Remarkably, the mode guidance is highly robust 
against bending, with critical (3 dB) bending radii 
at the sub-cm level being reported [121].

Due to the combination of extremely low non-
linear coefficients, and conversely extremely high 
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power tolerance with practically useful single-
mode guidance, bend resistance, and low losses, IC 
fibers represent a real technological breakthrough, 
whose eventual significance cannot yet be fully 
assessed. Some of the most promising applications 
are within high-power pulse delivery [122], and gas-
based nonlinear optics [123], in particular nonlin-
ear frequency conversion, which can be taken into 
power regimes previously unheard of within fiber 
optics. As an example, Raman cascades extending 
from 2300 nm to 325 nm have been obtained in a 
H2-filled IC fiber, by pumping at 1064 nm, which 
implies that both Stokes and anti-Stokes lines are 
excited efficiently [19]. In another line of research, 
Cherenkov radiation has been generated from 176 
to 550 nm using a Ti:Sapphire laser at 800 nm as a 
pump source, reaching μJ energies in the UV spec-
tral region [124]. In both of these approaches, it is 
an important advantage of the IC fibers that the 

very low mode overlap with silica yields extraordi-
nary resistance to photochemically induced dam-
age from short-wavelength radiation.

20.7  CONCLUSIONS

After 20 years of microstructured fiber research 
and development, it is tempting to try to sum up 
their scientific and commercial impact. Such an 
assessment cannot be complete, because several 
MOF types are still making major strides in terms 
of design and performance developments, IC fibers 
and large-core amplifiers being the most promi-
nent examples. Nevertheless, many of the original 
expectations for MOF applications can now be 
judged in the light of an extended body of con-
cluded research.

The first striking point to notice is that MOFs 
have so far not made any significant impact on 
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telecommunications. This is in sharp contrast 
to early expectations, which envisioned hollow-
core photonic bandgap fibers, or at least large-
core endlessly-single-mode MOFs being used for 
transmission, and small-core MOFs being used 
for nonlinear optical signal processing and dis-
persion compensation. The fact that none of these 
visions have been fulfilled may be put down to a 
variety of factors, both relating to the fiber prop-
erties and to the general nature and development 
of the telecommunications industry. Hollow-core 
PBG fibers did not reach the low losses for single-
mode fibers needed for the long-haul transmission 
lines that might have greatly benefited from their 
low nonlinearity. Regarding solid-core designs, 
the possible improvements over standard fiber 
technology appear too marginal to justify a more 
advanced technology platform, splicing complica-
tions, and so on. The same seems to be true for the 
dispersion-compensating fibers that were investi-
gated at an early stage. Regarding all-optical signal 
processing, none of the technologies investigated 
have as yet been able to compete commercially 
with ultrafast electronics components.

The current push in telecommunications 
research for improved capacity through various 
kinds of space-division multiplexing may imply 
important future roles for MOF technology. First, 
design and manufacture of multicore fibers with 
sufficiently low intercore coupling will benefit from 
MOF design and fabrication methods. Second, 
techniques for mode division multiplexing, if suc-
cessful, could make hollow-core PBG fibers attrac-
tive for long-haul communication, because the loss 
in a multimode hollow-core fiber could be reduced 
to very low levels, while at the same time leverag-
ing the benefits of a strongly reduced nonlinear 
coefficient.

In other areas, however, the promises of MOF 
technology have come to fruition. This is espe-
cially the case for nonlinear frequency conversion, 
where supercontinuum generation extending 
into the visible region was demonstrated in 2000 
and is now commercialized by a number of com-
panies. Devices based on other frequency conver-
sion principles, such as Cherenkov radiation or 
four-wave mixing are also on the horizon, fuelled 
by the impressive developments of fiber-based 
ps and fs lasers. In this way, MOFs are, and will 
increasingly be, a crucial ingredient in expand-
ing the scope of fiber-based laser systems. At the 

same time, large-core MOFs are helping to push 
the limits of fiber lasers by enabling very large 
active cores with single-mode behavior, in com-
bination with efficient collection of pump light. It 
is by now conceivable that short-pulse amplifica-
tion may ultimately be performed in single-mode 
cores having a diameter exceeding the cladding 
diameter of a standard telecommunications 
transmission fiber, and with amplifier lengths at 
the level of one meter or shorter. Further power 
scaling may be enabled by the possibility of fab-
ricating multiple amplifier cores within one 
microstructured rod element, which will greatly 
facilitate beam combination approaches. These 
developments are poised to greatly impact the 
manufacturing industry, where precision cutting, 
welding, and scribing are examples of industrial 
processes where fiber-based laser systems are 
currently replacing traditional gas or solid-state 
lasers or other methods. On the low-power side, 
the use of hollow-core PBG fibers for dispersive 
pulse compression may pave the way for fully 
fiber-integrated fs laser devices, which in com-
bination with nonlinear frequency conversion 
techniques will be of crucial importance for tak-
ing various biomedical imaging applications out 
of the laboratory and into a clinical setting.

The impressive progress within hollow-core 
fibers by the development of IC fibers in recent 
years, will undoubtedly also impact the aforemen-
tioned fields, due to the perspectives of single-
mode delivery of tremendous powers, as well as 
fiber-integrated nonlinear frequency conversion 
at unprecedented power levels, without the usual 
limitations in frequency range imposed by the 
transmission loss and damage thresholds of silica 
glass. As the designs and performance of these 
fibers are rapidly evolving at present, the full sci-
entific and commercial perspectives are yet to be 
determined.

In summary, one may state that the general 
MOF fabrication technology has already been 
shown to enable a range of different designs and 
applications, which could not have been foreseen 
from the outset. Although many concepts have 
already been brought to maturity, there is no rea-
son to expect that we have seen the last radical 
invention arising from the current or future design 
and manufacturing capabilities. The field of MOF 
research should thus be exciting to follow for many 
years to come.
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Engineered optical materials
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University of Southampton

21.1  INTRODUCTION

The purpose of this chapter is to review recent 
developments in engineered optical materials, and 
in particular nonlinear crystals. This definition 
can be taken to mean conventional materials that 
are structurally altered to give new and enhanced 
optical properties. To distinguish such materials 
from other structured materials such as doped 
semiconductors, or countless other examples, we 
will also limit the definition to mean only those 
that are noncentrosymmetric. Thus, it includes 
periodically poled ferroelectrics and polar crys-
tals. The artificially engineered nonlinear opti-
cals materials covered in this chapter were mostly 
developed for their nonlinear optical properties, 
but are now seeing applications in other areas of 
optics such as electro-optics. This review is written 

for the general laser scientist who wishes to learn 
more about what can be achieved with these mate-
rials and not for those specialists already working 
in quasi-phase-matched materials.

21.1.1  Overview

To date, the most widely used engineered nonlin-
ear optical material is periodically poled lithium 
niobate, commonly known by the acronym PPLN. 
Figure 21.1 shows the number of journal publica-
tions per annum over the past 12 years on PPLN 
and closely related materials such as periodically 
poled lithium tantalate (PPLT) and doped variants 
of PPLN. It is clear that there has been a dramatic 
development of this technology in the last decade. 
The original concept of quasi-phase-matching 
(QPM) dates back to the paper by Armstrong [1], 

21.1  Introduction 741
21.1.1  Overview 741
21.1.2  Overview of applications of 

QPM materials 743
21.2  Second-order nonlinear processes 743
21.3  Materials 745
21.4  Ferroelectric materials 745
21.5  Quasi-phase-matched materials 746
21.6  Nonlinear processes 750
21.7  Periodically poled lithium niobate 751

21.7.1  Bandwidth and short-pulse 
operation 753

21.8  Applications of PPLN and 
related materials 754
21.8.1  Aerospace 754

21.8.1.1  Remote sensing 754
21.8.1.2  Telecomms 754
21.8.1.3  Displays 754
21.8.1.4  Storage and 
 blue lasers 754
21.8.1.5  Spectroscopy and 

scientific applications 755
21.8.2  Quantum science 755
21.8.3  Future of QPM materials 756

References 756



742 Engineered optical materials

after which various techniques such as periodic 
poling during crystal growth and ion diffusion to 
induce domain inversion were used. However, the 
great upsurge in interest came following the suc-
cessful demonstration of pulsed electrical field 
poling by Yamada [2]. The majority of these pub-
lications have made use of the QPM property of 
domain reversal gratings to allow efficient non-
linear optical interactions. This QPM technique 
overcomes the inherent dispersion of materials 
by periodic reversals of the nonlinear coefficient 
of the material. A detailed derivation of QPM will 
presented in Section 21.5.

Periodically poled lithium niobate and its 
close relatives do not hold a monopoly on QPM, 
and indeed QPM can be carried out in materi-
als by periodically modulating the strength of 
the nonlinearity rather than by inverting the 
sign of the nonlinearity. This technique is par-
ticularly attractive in the area of poled glasses 
where it is often simpler to periodically degrade 
the nonlinearity by ultraviolet (UV) or electron 
beam exposure [3,4]. The poled glass materials 
are very promising from a technological perspec-
tive because of their compatibility with optical 
transmission fiber. However, to date, the nonlin-
earity is significantly lower than that achievable 
in ferroelectrics, significantly less than 1 pm/V 
compared with >10 pm/V, and thus, applications 
are limited. Another research area for QPM is in 
GaAs where various techniques have been used 

to make structurally reversed materials for use in 
long wavelength generation. Techniques include 
direct bonding of stacked materials [5] and tem-
plated growth [6].

Many other ferroelectrics can be used to pro-
duce QPM materials, in particular the potassium 
titanyl phosphate (KTP) family materials have a 
number of advantages, particularly for high-energy 
applications where their higher nanosecond-pulse 
optical-damage thresholds and smaller tempera-
ture coefficients provide advantages over PPLN 
despite lower nonlinearity. More exotic ferroelec-
tric materials have also seen applications where 
larger transmission ranges are desirable, and in 
particular BaMgF2 for UV and Strontium Barium 
Niobate (SBN) for longer wavelengths. Interested 
readers are directed to recent reviews [7,8].

Quasi-phase-matched materials find applica-
tion as bulk crystals for many applications, but 
equally there are many applications where wave-
guide devices are more desirable, as they are able 
to prevent the deleterious effects of diffraction. 
By tightly confining the optical power within the 
waveguide core it is possible to achieve both higher 
absolute conversion efficiencies and lower input 
powers.

Table 21.1 shows the most common QPM mate-
rials and their principle advantages. Note that 
it has become a commonplace to use additional 
dopants, for example, MgO in LiNbO3 to improve 
optical properties.
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Figure 21.1 The number of publications per annum on periodically poled materials.
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21.1.2  Overview of applications of 
QPM materials

Having introduced the most common QPM mate-
rials, it is now appropriate to discuss the applica-
tions of these materials in optics and elsewhere. 
The vast majority of applications involve the use 
of the materials for optical frequency conversion, 
however, more recently, the properties of domain 
engineering have started to receive attention for 
other optical applications. In particular, research-
ers have begun to exploit other properties of 
domain engineered materials such as their differ-
ential etching, electro-optic or pyroelectric prop-
erties. These novel applications will be reviewed 
later in Section 21.8.

The desirable nonlinear optical properties of 
QPM materials have provided most of the impe-
tus behind their development in recent years. They 
have the enormous advantage of freeing nonlinear 
device performance from the limitations result-
ing from the naturally available birefringence 
of conventional crystals. Subject only to the pro-
viso that the structure must permit fabrication, 
QPM materials allow efficient nonlinear optical 
interactions throughout the whole transmission 
range of the material. Furthermore, by choosing 
appropriate grating design, it is possible to tailor 
the nonlinear response to match the particular 
geometry, spectrum, temporal and chirp proper-
ties, temperature bandwidth, and configuration of 
the nonlinear interaction. This flexibility provides 
a tremendous opportunity for new and exciting 

device performance, particularly for short-pulse 
applications.

The commercial development of QPM materials 
has led to a number of companies offering devices 
and crystals, and a Google search (2016) reveals 
a list including HC Photonics, Raicol, Covesion, 
Gooch & Housego, C2C Link, SRICO, and NTT 
Electronics.

21.2  SECOND-ORDER NONLINEAR 
PROCESSES

The majority of nonlinear interactions in QPM 
materials make use of the second-order nonlinear-
ity χ(2), which in general mediate the interactions 
of three interacting waves in a material. The sec-
ond-order nonlinearity may be used in a number of 
processes depending on the frequencies of the three 
waves and on the boundary conditions in the inter-
action (such as feedback mirrors) and input waves. 
The most common interaction is second harmonic 
generation (SHG) in which a new wave is created 
with half of the input wavelength or equivalently 
twice the frequency, the most familiar example 
of which is probably in frequency doubling of the 
1064 nm Nd:YAG laser to give visible green at 532 
nm. SHG can be seen as a special case of a three-
wave interaction in which the two input fields are 
degenerate. In general, these χ(2) processes are 
called optical parametric interactions, and they 
provide a rich set of possibilities for applications 
in optics. Closely related to SHG are the processes 
of sum and difference frequency generation (SFG 

Table 21.1 The most common QPM materials and their principle advantages

Material transmission range (μm) advantages

LiNbO3 0.38–5.2 Cheap, high nonlinearity, 
available in large sizes (up to 
5 cm)

LiTaO3 0.28–5.5 Better UV transmission, slight 
smaller nonlinearity than 
LiNbO3

KTP 0.35–3.3 Better power handling in the 
Visible region and for 
nanosecond pulses. Smaller 
temperature coefficients than 
LiNbO3

 or LiTaO3, relatively 
more expensive



744 Engineered optical materials

and DFG, respectively) in which the output occurs 
at the sum or difference frequency of two input 
waves. In addition to SHG, SFG, and DFG, there 
also exist optical parametric processes in which an 
input photon is split to create two output photons 
at longer wavelength, subject to the constraint of 

conversion of energy. This distinction is important; 
in the SHG, SFG, and DFG processes, the output 
frequencies created are set by the input frequencies 
in contrast to parametric processes in which any 
energy- conserving process is possible (i.e., any pair 
of photons for which the sum of their energies adds 
up to the input energy). In a parametric process, 
the phase-matching requirements decide which 
wave sees coherent growth. Figure 21.2 shows sche-
matically the various nonlinear mixing processes 
of SHG, sum frequency generation, and general-
ized optical parametric generation.

The optical parametric approach can be used 
to make devices, which in many ways mirror the 
operation of lasers with the parametric process pro-
viding a gain medium through parametric amplifi-
cation rather than the stimulated emission process 
that occurs in a conventional laser. These devices 
are called optical parametric oscillators (OPOs) and 
can provide a widely tunable light output through-
out the visible and near infrared (IR), and present a 
valuable enabling tool in spectroscopy and remote 
sensing. OPOs may be characterized by the feedback 
schemes used into singly resonant, in which a single 
output wave is fed back into the cavity, and doubly 
resonant, in which feedback occurs at both output 
wavelengths. Useful nomenclature is the use of self-
explanatory term “pump” for the input laser pump. 
In addition, the terms “signal” and “idler” are widely 
used for the two output waves, with signal usually 
referring to the more energetic of the two output 
waves, although it is occasionally used to refer to the 
resonated wave, even if it is of longer wavelength. 
Continuing the similarity with conventional lasers, 
it is possible also to use parametric devices as ampli-
fiers known as optical parametric amplifiers or at 
very high gains in which amplification of parametric 
fluorescence is used as an optical parametric genera-
tor. Figure 21.3 shows a schematic of an OPO.

OPOs provide versatile sources with a key fea-
ture being that they are able to produce light at 

Second harmonic generation

ω

ω

ω = ω1 + ω2

ω2

ω1

ωp

ωi

ωs

2ω

Sum frequency generation

Optical parametric generation

Figure 21.2 Illustration of energy conservation in 
χ(2) nonlinear materials.
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PPLN crystal 

OPO input mirror
HT at pump
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T = 99% at idler Signal +

idler  
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Figure 21.3 Schematic of an optical parametric oscillator.
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almost any wavelength within the transmission 
of the material. To produce light efficiently, the 
process must also be phase matched, and thus, it 
is possible to change the wavelength of an OPO 
by changing angle, QPM period, temperature, or 
pump wavelength. Thus, OPOs are valuable for 
converting light from available laser transitions to 
longer wavelengths at which no suitable laser tran-
sitions occur.

21.3  MATERIALS

Nonlinear optics is concerned with materials in 
which the response of the material is nonlinear 
function of the incident electric fields. It is useful 
to think of the response of material in terms of the 
polarization set up due to the applied electric fields. 
In general, the induced polarization will depend 
on the state of the material (temperature, thermal 
history, pressure, strain, etc.) and also on the fre-
quencies of the applied field(s). The polarization 
response will normally show a strong dependence 
on frequency: at low frequencies, it will have con-
tributions from orientational, ionic, and electronic 
motion, whereas at higher frequencies (e.g., in the 
visible optical), only the electrons in the material 
are capable responding quickly enough to applied 
optical fields.

It is conventional to describe the polarization 
in terms of a power series in applied electric field 
as in Equation 21.1. The polarization can be seen 
to comprise a number of terms, the first of which 
is the linear polarization and is responsible for the 
linear refractive index. The variation of refractive 
index with wavelength, or equivalently frequency, 
is known as dispersion, and plays an important 
role in wavelength conversion.
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The values of the various nonlinear terms in the 
susceptibility will depend on the material and 
will vary with electronic configuration, density, 
and particularly crystal structure. In general, 
the coefficients χ will be tensor quantities as they 
can relate any the generated polarization to any 
of the fields present. However, it is possible to 
make an important general observation regard-
ing the symmetry of the crystal. If the material is 

centrosymmetric, then it will not have any even 
order nonlinearities, so that χ(2), χ(4), etc. will be 
zero. The reason for this is that the nonlinear sus-
ceptibility must display the symmetry properties 
of the crystal medium itself, and in a centrosym-
metric crystal, the inversion operation (x → −x, 
y → −y, z → −z) leaves the crystal unaltered. The 
same operation on vector quantities such as the 
polarization P or E reverses their sign, and thus, 
it follows from applying inversion to either side of 
Equation 21.1 that all even order nonlinear coef-
ficients must be zero.

This requirement that the material be non-
centrosymmetric provides the unifying fea-
ture of these materials, and it is the possibility 
of structurally modifying them, for example, 
through periodic reversal that enables their 
unique potential. All polar materials are non-
centrosymmetric, common examples are quartz 
and gallium arsenide, and are thus able to exhibit 
second-order nonlinearity. However, in these 
polar materials it is relatively difficult to create 
spatially structured or reversed patterns, and so 
the majority of activities has concentrated on 
the use of ferroelectric materials such as lithium 
niobate. Patterned domain inversion in materi-
als such as lithium niobate is essential for the 
fabrication of engineered optical materials and 
can be accomplished in a large number of differ-
ent ways. The most comprehensive reference on 
ferroelectrics is probably the book by Lines and 
Glass [9], which provides a complete discussion 
of these materials.

21.4  FERROELECTRIC MATERIALS

It is useful to review some of the most important 
properties of ferroelectric materials to gain an 
understanding of their uses as engineered optical 
materials. The ferroelectric materials are a subset 
of polar materials, in simple terms being those 
that possess a spontaneous electric dipole moment 
within the unit cell that is capable of being inverted 
by the application of a sufficiently large external 
electric field. In reality, the definition is more com-
plex, and for a full discussion, one should consult 
standard texts such as Lines and Glass [9]. As each 
unit cell in a ferroelectric has a permanent electric 
dipole moment, the whole crystal will have what is 
known as a spontaneous polarization. In the unit 
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cell of a ferroelectric, the mean position of nega-
tive charge is displaced from the mean position of 
positive charge leading to the permanent dipole 
moment.

Within a ferroelectric crystal a region within 
which all the unit cells have the same polarity is 
called a domain. Commercially purchased fer-
roelectric crystals are normally purchased in 
a single domain state. In general, ferroelectric 
crystals will exhibit one or more structural phase 
transitions between the ferroelectric state and 
other ferroelectric or paraelectric states. These 
phase transitions can have a dramatic effect on 
a crystal, and great care must be exercised when 
taking a crystal through a phase transition. The 
temperature at which the material becomes a 
ferroelectric is known as the Curie temperature. 
For lithium niobate, for example, the Curie tem-
perature is 1145°C compared to a melting point 
of 1240°C. A comprehensive treatment of lithium 
niobate can be found in the book by Prokhorov 
and Kuz’minov [10].

Another important property of ferroelectrics is 
pyroelectricity, which is the appearance of charge 
on certain surfaces of the material as it is heated 
or cooled. This pyroelectric charge is caused by 
variation of the spontaneous polarization with 
temperature. The relative position of different 
ions will change with temperature, causing a 
change in dipole moment. In a free crystal, the 
spontaneous polarization is neutralized on the 
crystal’s surface by free charge, and as the spon-
taneous polarization varies, so charges appear on 
the surfaces.

The application of a sufficiently large electric 
field to a ferroelectric can cause the domain struc-
ture to reverse, and thus the mean positions of the 
positive and negative charges are swapped. This 
movement of electrical charge constitutes a dis-
placement current, and thus, an electrical current 
must be supplied by the external poling circuit. 
The amount of charge supplied controls the poled 
area (A) so that Q = 2P sA. For lithium niobate, 
Ps = 72 μC/cm2. The subject of domain inver-
sion in ferroelectrics is well researched and can 
be found in a number of books [9,11]. However, 
despite all this research, practical methods of 
controlling domain inversion remain something 
of a black art.

In ferroelectric materials, the domain forma-
tion is strongly influenced by the underlying 

crystal symmetry. A widely adopted model for 
the electric field poling process involves growth of 
domains from one polar face of the crystal to the 
other followed by sideways growth of the domain 
wall. It is widely noticed that the domain forma-
tion habit is strongly influenced by the symmetry 
of the crystal. A striking example comes in LiNbO3 
with its 3 m symmetry. It can be seen from Figure 
21.4, which shows an enlargement of a section of 
PPLN crystal, that the domain walls are predomi-
nantly found to lie along the x-direction (vertical 
in the image) and at ±120° to that axis. Therefore, 
in designing a PPLN grating, the sample is usually 
oriented so that light travels along the y-direction, 
with the domain walls running along the x-direc-
tion. The underlying symmetry properties of the 
crystal dominate the poling process, and from the 
image, it is clear that at the ends of gratings bars, 
the domains terminate in facets at ±120° despite 
the fact that the electrodes that produced the 
PPLN had squared-off ends! Consequently, it is 
important that the desired pattern be compatible 
with the preferred domain habit of the material.

21.5  QUASI-PHASE-MATCHED 
MATERIALS

The QPM technique has a long history. It was first 
proposed in 1962 by Armstrong [1] but was largely 
eclipsed by the development of birefringent phase 
matching 1962 [12,13]. QPM continued to attract 
interest throughout the 1970s, concentrating 
largely on materials with domain formed during 
crystal growth. An excellent article covering the 
history and development of QPM materials by one 

Figure 21.4 Photomicrograph of +z face of PPLN 
crystal showing domains terminating at ±120o to 
the x-direction (vertical in image).
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of the major figures can be found in the work of 
Byer [14].

The realization that in-diffusion of dopants 
could be used to reverse the domain direction 
close to the crystal surface and thus make periodic 
structures led to a rapid growth in research into 
QPM waveguides in materials such as LiNbO3 and 
KTP. However, the critical step came in the work 
by Yamada [2], in which bulk domain inversion 
by using a periodic electrode was used for the first 
time to form PPLN. It is interesting that although 
this process was revolutionary in optics, the idea of 
forming a domain pattern in a ferroelectric by the 
use of patterned electrodes and a high-field pulse 
was well established for ferroelectric memories in 
the 1970s [11].

The basic idea of QPM is to periodically reverse 
the direction of the nonlinearity in the material so 
that the phase of the nonlinearly generated light 
adds in phase with the light generated earlier in the 
crystal. The phase mismatch occurs because the 
different wavelengths in the nonlinear interaction 
have different refractive indices due to dispersion 
and thus different phase velocities. As we shall see 
later, the phase of the nonlinearly generated light 
depends upon the phase of driving fields and the 
direction of the nonlinearity, and thus, periodic 
reversal of the nonlinearity allows constructive 
growth of the generated light.

In many ways, it is easier to understand these 
effects via a mathematical derivation of the equa-
tions governing the second-order interactions. 
From a personal perspective, the clearest exposi-
tion of this topic can be found in the chapter writ-
ten by Byer in the book Nonlinear Optics edited by 
Harper and Wherrett [15]. The derivation is stan-
dard and the starting point is the wave equation, 
which can be manipulated to become
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The right-hand side of this equation contains the 
polarization term, P, and it is this term that causes 
the generation of new frequencies through the sus-
ceptibility expansion given by Equation  21.1. By 
substituting traveling wave fields in the z-direction, 

and using slowly varying envelopes for the electric 
field and polarization, and further by making the 
slowly varying envelope approximation, it is possi-
ble to find three coupled equations, which describe 
the second-order optical nonlinearity.
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These equations relate the three waves in the mate-
rial (generally pump, signal, and idler Ep, Es, Ei, 
respectively). In the equations, nα is the refractive 
index of wavelength λα, c is the speed of light, ωα 
is the angular frequency, and d, or more accurately 
deff, is the nonlinear coefficient. The wavevector 
mismatch ∆k is given by ∆k = kp − ks − ki. As usual, 
kα = 2πnα/λα.

These three equations are the governing equa-
tions for nonlinear optics; they allow for a tremen-
dous richness of solution, especially if mirrors are 
used around the nonlinear crystal as in the case of 
an OPO. These equations can be solved in a variety 
of situations, and the interested reader is referred to 
the extensive literature, for example, in the works 
of Shen [16], Yariv [17], Byer [15], Risk [38], etc.

There are some general observations that can be 
made about these equations and their derivation. 
The first concerns conservation of energy; in their 
derivation, it is necessary to constrain the frequen-
cies included to satisfy the time dependence of the 
equations. This constraint ωp = ωs + ωi is equivalent 
to the conservation of energy in the process.

The second observation is that each equation 
has a spatial dependence of exp(i∆kz), where ∆k 
is the phase mismatch. Consideration of any of 
Equations 21.3 through 21.5 shows that the rate of 
change of that field component depends upon the 
product of the nonlinearity, the strengths of fields 
other two fields, and, because of the exp(i∆kz) 
term, a periodic phase factor.

To illustrate how QPM works consider a simple 
second harmonic process. In this case, we have two 
fundamental fields interacting to produce a new 
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field at 2ω. If we relabel the general fields as E(ω) for 
the fundamental and E(2ω) as the second harmonic, 
and simplify to bring out the essential concepts, we 
end up with the following pair of equations:
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If the field Eω remains constant (as would be the 
case for low conversion efficiency and thus low 
depletion of the fundamental), then it is possible 
to simply integrate Equation 21.7 to get the field 
strength E(2ω)(L) at the end of the crystal (L).

 

E E

ikE

(2 ) d (2 )

( ) exp dz

L

E

i kz

L
0

2

0

∫
∫

ω = ω

= ω − ∆  (21.8)

Considering the real and imaginary parts of the inte-
gral separately means that the output is given by the 
integral of sine and cosine over many periods, which 
has no cumulative contribution. If significant con-
version efficiency is desired, it is necessary to find a 
way to deal with the phase mismatch. In birefringent 
phase matching, different polarizations are used to 
access appropriate refractive indices in a birefringent 
material to give zero phase mismatch ∆k = 0.

In the QPM approach, the material is periodi-
cally altered to modify Equation 21.7 so that the 
nonlinearity is now a function of z. This seemingly 
simple modification provides the power of the 
QPM technique.
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The nonlinearity is made into a periodic function 
of z with a period that matches exp(i∆k). The most 
common technique is to make d(z) take positive 
and negative values by inverting the nonlinear-
ity through periodic poling. This means that the 

integral over z becomes the integral of a rectified 
sinusoidal function, which has a cumulative con-
tribution with z.
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Figure 21.5 Electric field envelope distributions 
in quasi-phase matching.
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Figure 21.5 illustrates this effect. Curve a shows 
the real part of the left-hand side of the integrand of 
Equation 21.8, and curve b shows the integral with 
respect to z. It is seen that there is no constructive 
growth with distance. Curve c again shows the 
integrand of Equation 21.8, and curve d shows an 
appropriate κ(z), which matches the polarity of 
the generated wave. Curve e shows the product of 
curves c and d which becomes a rectified sine wave, 
and finally, curve f shows the integral of curve e. 
Curve f shows a constructive growth in the second 
harmonic field strength along the crystal. Thus, we 
can clearly see that by reversing the sign of κ with 
an appropriate period, we can get a useful quasi-
phase-matched output.

The characteristic length over which construc-
tive addition of the fields occurs is known as the 
coherence length lc = π/∆k. As is clear from Figure 
21.5, the QPM period is Λ = 2lc = 2π/∆k. It is worth 
mentioning that some authors call Λ the coher-
ence length. To calculate the coherence length for 
a given material, it is necessary to know the varia-
tion of refractive index with wavelength. This is 
most commonly described by a Sellmeier equation, 
which provides a power series type expression 
for n(λ, T) as a function of wavelength (and often 
temperature). An example is the one for LiNbO3 
developed from QPM experimental data by Jundt 
[18], which was used to generate Figure 21.6, which 
shows coherence length versus wavelength for 
SHG at a temperature of 150°C.

The QPM technique does result in a reduced 
nonlinear coefficient because there is a degree 
of cancellation within each coherence length, 

resulting in a deff = (2/π)d. For LiNbO3, this means 
that deff ≈ 16 pm/V compared to d33 ≈ 30 pm/V.

Any periodic modulation of the nonlinear-
ity can be used for QPM, the optimal is periodic 
inversion matching the phase mismatch factor. 
However, it is also possible to use higher order 
phase matching (in which the inversion has a 
period that is an integral multiple of the phase 
mismatch period) and even a modulation scheme 
in which the nonlinearity is periodically erased. 
This latter scheme is commonly employed in poled 
glasses where inversion is harder to achieve.

The order of phase matching for a given period 
can be expressed as Λ = nlc, where n is the order. To 
be efficient, n must clearly be integer. For a simple 
50:50 mark-space ratio grating, only odd order 
QPM will be obtained, and in fact, this provides a 
sensitive probe of the quality of a QPM structure. If 
higher order QPM is used, the deff becomes (2/n)π.

For each nonlinear process, there will be a band-
width associated over which an efficient interaction 
will occur. In general, there will be bandwidths 
associated with wavelength and temperature (and 
indeed any other parameter that affects the refrac-
tive index). An example of a phase-matching curve 
is shown in Figure 21.7, together with a theoretical 
fit. The PPLN in this example had a period of 6.4 μm 
and a length of 3.2 mm. The laser was a Nd:YLF 
operating at 1047 nm. The theoretical shape is a 
sinc2 function, which can simply be derived from 
Equation 21.7. The first zero in the efficiency occurs 
when the light generated in the second half of the 
crystal exactly cancels that generated in the first 
half. A useful approximate condition for phase 
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matching is that ∆k·L < π/4. Thus, it is clear that the 
bandwidth is inversely related to the crystal length. 
General expressions for QPM bandwidths can be 
found in the paper by Fejer [19].

21.6  NONLINEAR PROCESSES

The three coupled equations provide a way of char-
acterizing and understanding the various nonlin-
ear processes possible in a nonlinear material, but 
generally there is little difference between a cor-
rectly designed QPM material and a birefringently 
phase-matched material. Consequently, as there 
are many good discussions of nonlinear optics, 
there is little point in discussing them further here. 
On a purely personal basis, the author would sug-
gest the books on nonlinear optics already men-
tioned as well as the one by Koechner [20].

All of the standard nonlinear conversion pro-
cesses have been demonstrated in QPM materials, 
where their higher nonlinearity and availability in 
longer lengths make them a material of choice. In 
addition, they also provide attractive materials for 
the observation of other nonlinear processes, such as 
cascaded nonlinearity and spatial soliton behavior.

In real-world situations, it is almost always the 
case that the maximum conversion efficiency is 
desired, and this leads to the use of focused beams 
or the use of waveguides to maximize the effi-
ciency. In this regime, the plane wave treatments 
do not strictly hold; however, they can still often be 

applied provided that care is used. Three cases are 
worth looking at the following:

 1. The simplest case is a plane wave interac-
tion. In this case, the conversion efficiency 
scales with length squared. If loosely focused 
Gaussian laser beams are used, then the con-
version efficiency becomes
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This can be applied to an unfocused Gaussian 
beam such that I = P/A where P is the power 
and the area A = πω2/2. In this equation, 
δk = ∆k − 2π/Λgrating.

2. If optimal conversion is desired, then it is 
necessary to move to tighter focusing. This 
case received extensive attention by Boyd and 
Kleinman [21]. In this case, there is an issue 
that focusing to a tighter spot size will result in 
a higher power at the beam waist, but that this 
tight focusing will cause the beam to diverge 
more strongly, and thus become larger at the 
front and rear of the crystal. The analysis by 
Boyd and Kleinman shows that there is an 
optimal focused spot size for a given length of 
crystal. In this case, it is found that the conver-
sion efficiency scales as L rather than L2. Thus, 
in this case, the conversion efficiency takes on 
units of %/W cm, and a useful (very approxi-
mate) number to remember is that for PPLN 
this number becomes of order 1%/W cm (obvi-
ously depending on wavelength). Thus, with a 
1 cm crystal, and say 200 mW of input power, 
the efficiency will be of order 0.2% = 0.4 mW. If 
the crystal is 4 cm long and the input power is 
400 mW, then this increases to 1.6% = 6.4 mW. 
A full calculation for PPLN will lead to a 
slightly higher number and depends quite 
critically on the details of the laser source. It is 
important to stress that these example num-
bers are “ball-park” and act only as a guide.

Figure 21.8 shows a conversion efficiency 
curve for frequency doubling of a 946 nm 
Nd:YAG laser. The experiment used optimum 
focusing and generated up to 450 mW of blue 
light at 473 nm. To achieve this result, the 
fundamental laser was used in a relaxation 
oscillation mode to increase the peak power 
and hence conversion efficiency.
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3. The third case is waveguide in which the opti-
cal confinement provided by the waveguiding 
from the core compensates the diffraction of the 
beam. Consequently, a higher intensity results, 
but at the expense of greater complication in 
fabrication. The expression for conversion 
efficiency now becomes more complex, and a 
calculation must take into account the spatial 
overlap integral between the nonlinearity and 
the guided modes. In this case, the efficiency 
becomes once more proportional to L2 and will 
be seen quoted as %/W cm2. In PPLN wave-
guides, this efficiency can be of order 100%/W 
cm2, although in this case launched powers are 
likely to be far smaller. However, the higher effi-
ciency more than compensates, and in a proton-
exchange PPLN waveguide 99% pump depletion 
has been demonstrated by Parameswaran [22].

In conclusion, unfocused beams result in a simple 
expression for the conversion efficiency, and this 
regime is often used to characterize material. The 
optimal focusing regime is ideal for maximizing 
conversion efficiency of high-power lasers, but is 
subject to not exceeding the damage threshold of 
the material! Waveguides are ideal for low-power 
conversion but are considerably more complicated 
to fabricate and their analysis is more complex.

21.7  PERIODICALLY POLED 
LITHIUM NIOBATE

The choice of periodically poled material for a given 
application depends on a number of factors: the 

most common are availability of starting material, 
cost of starting material, ease of periodic poling, 
optical transmission, obtainable nonlinearity, dam-
age threshold, short pulse walk-off, etc. The order 
here is deliberate: the first two factors tend to domi-
nate which materials are routinely used, and indeed 
one of the great advantages of periodic poling is 
their potential for engineering to fit an applica-
tion. The great success of lithium niobate as a QPM 
material comes about to a large extent because of 
its low cost. As an approximate example, a 76-mm- 
diameter lithium niobate wafer costs around 
$100–200, whereas KTP will cost around $100 for 
a 10–15 mm square piece. Thus, the cost per area for 
KTP is around 50 times higher than for lithium nio-
bate. Although the exact multiplier can be debated, 
there is no doubt that the fact that lithium niobate 
is produced in quantities of several tons per annum 
for the surface acoustic wave industry has been one 
of the major factors in its dominance.

Periodically poled lithium niobate has proved 
extremely versatile. It has been successfully oper-
ated from the blue [2,23,24] through to the mid-IR 
[25]. It can be fabricated with into gratings with 
periods from a few microns upward and in lengths 
of up to 5 cm. PPLN samples are usually fabricated 
by the electrical poling technique, where the coer-
cive field is around 22 kV/mm. Most workers place 
a large ballast resistor in series with the crystal to 
limit the current flowing in the sample, and then 
apply a high voltage in excess of the coercive field. 
By limiting the time for which the field is applied, it 
is possible to control the total charge, and thus poled 
area. An alternative approach is to control the cur-
rent in the sample by varying the voltage; this can 
lead to higher yield and allows excellent control of 
the poled area.

PPLN has been fabricated in thicknesses of up 
5 mm but is more commonly available in 1 mm and 
in 500 μm thickness. This limitation on aperture is 
not normally too restrictive for optical access but for 
nanosecond pulses in which the damage threshold 
becomes energy dependent (around 2 J/cm2) it can be 
a problem and workers have adopted the approach 
of bonding samples together to increase the working 
aperture. In longer pulse regimes and for continu-
ous wave (cw) lasers, the damage threshold depends 
more on the intensity, a reasonable figure for which 
is 150 MW/cm2. In very short-pulse applications, 
the damage threshold is often found to depend most 
strongly on the average power through the crystal, 
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and intensities as high as 2 GW/cm2 have been used 
without damage.

The development of processes for periodically 
poling of magnesium oxide lithium niobate (com-
monly termed MgO:PPLN) has led to a significant 
improvement in performance compared to regular 
PPLN, allowing larger apertures and high-power 
handling, for example, an OPO operating with 
52 mJ pulse energy in a 5 mm by 5 mm crystal [26]. 
The addition of MgO doping reduces the photore-
fractive effect in the material, allowing operation at 
higher optical powers, and importantly, with better 
performance at visible and near-IR wavelengths.

Lithium niobate has a high refractive index 
(no = 2.2, ne = 2.1 at 1064 nm), leading to strong 
Fresnel reflections (approx 14% per surface), and 
thus, it is often antireflection coated. In OPO 
applications, this process can actually be more 
expensive than the crystal itself as complex coat-
ings with multiple transparency bands are needed. 
In an actual experiment, the PPLN sample is usu-
ally mounted in an oven with feedback tempera-
ture control. PPLN has relatively large temperature 
coefficients, which can be either viewed as con-
veniently useful for tuning of OPO systems or 
inconveniently expensive for frequency doubling 
applications.

It is normal to run a PPLN sample at a tempera-
ture in excess of 100°C and often around 150°C 
to prevent the buildup of photorefractive damage. 
This effect is caused by charge migration within 
the crystal, which causes index modulation via the 
electro-optic effect. The effect is reduced in PPLN 
relative to unpoled lithium niobate [27], but still 
remains a major barrier to its application in visible 
light generation. Another limitation to high-power 
visible operation is the so-called green induced 
infrared absorption (GRIIRA) effect [28] that is 
seen in high-power harmonic generation experi-
ments into the visible. In this effect, the green light 
generated in doubling causes an increase in the IR 
absorption at 1 micron, resulting in heating and 
eventually in catastrophic damage to the crystal. 
This limits the visible power to <1 W in the green 
in PPLN.

With the development of MgO:PPLN, it is pos-
sible to use the crystals at much lower tempera-
tures (down to room temperature), but in general, 
the crystal still needs to be temperature controlled 
to achieve phase matching, and thus, it is conve-
nient to design crystals to operate at around 50°C, 

so temperature can be controlled simply by using a 
heater and feedback.

The procedure for periodic poling is generally 
as follows:

 1. Selection of appropriate wafers
 2. Cleaning
 3. Definition of electrodes
 4. Electrical poling
 5. Visual characterization
 6. Cutting and polishing
 7. Coating

The definition of the electrodes is usually done 
using photolithographic patterning, a mask is used 
to fabricate a pattern in photoresist, which is then 
used to form the electrode structure. A number 
of different electrode types can be used, ranging 
from simple metal electrodes deposited over pho-
toresist, through bar electrodes underneath resist, 
to contact pressed metal electrodes. It appears pos-
sible to get good quality poling with any of these 
processes, and it is often simpler to use a liquid or 
gel electrode, although intriguingly the patterned 
electrode must be placed on the −z face with liq-
uid electrodes, whereas the +z face is normally 

Conductive gel

Before poling After poling

Constant current
H.V. source

Photo-resist(a)

(b)

Photoresist

–Z face

+Z face

LiNbO3

Figure 21.9 Schematic of poling method using 
conductive gel electrodes patterned on −z face 
of sample.
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patterned for metal electrodes. The poling process 
itself remains something of an art, with different 
groups adopting varying approaches to PPLN fab-
rication. Figure 21.9 shows schematics of the vari-
ous steps in the poling process.

PPLN samples are often designed to have mul-
tiple gratings with different periods running in 
parallel tracks along the crystal. This allows tun-
ing of the phase matching by lateral translation 
of the crystal within the optical beam. An exten-
sion of this idea is the use of fanned gratings, in 
which continuous variation of the period can be 
achieved. PPLN crystals are almost always housed 
in small ovens to control the temperature to within 
a fraction of a degree. The temperature is then 
optimized to give maximum conversion efficiency 
for harmonic generation or is deliberately altered 
to tune the output wavelengths in an OPO.

21.7.1  Bandwidth and short-pulse 
operation

The bandwidth of a given grating depends upon 
the wavelengths used in the interaction and the 
length of the device [19]. It is possible to artifi-
cially increase the bandwidth of a grating by 
deliberately chirping the grating. Such chirped 
gratings can be advantageously used in recom-
pressing chirped pulses [29]. When dealing with 
short pulses, it is important to consider the varia-
tion in group velocity within the crystal at the 
different wavelengths and also the spectral accep-
tance bandwidth of the crystal for the bandwidth 
of the pulses. These effects can prove advanta-
geous and can, for example, provide a method for 
compressing pulses within an OPO [30]. In short-
pulse applications, the temporal walk-off and 
bandwidth effects can provide the limit on crys-
tal length, and thus, when considering different 
materials, it is important to use an appropriate 
figure of merit to compare the different materials. 
The figure of merit must be related carefully to the 
problem in question, as it may often be the case 
that a material with a lower nonlinear coefficient 
but a lower temporal walk-off of pulses will give 
better performance.

For many applications, variants of lithium nio-
bate are attractive, and there has been considerable 
recent activity in producing periodically poled 
materials with superior properties. One of the 
major drawbacks to PPLN is the photorefractive 

damage that occurs in visible operation and to 
counter this, a number of groups have worked on 
producing magnesium-doped materials. Another 
important recent development has been the use of 
stoichiometric lithium niobate for periodic poling. 
Unlike conventional congruent lithium niobate, 
which has a deficiency of lithium ions from its 
growth, this material has close to ideal stoichiom-
etry, which results in enhanced nonlinear optical 
properties and a much lower coercive field. With 
stoichiometric material, it has been possible to pole 
samples with much larger apertures allowing high-
power operation.

Another QPM material, which has similar 
properties to lithium niobate, is lithium tantalate. 
It is also produced on a large scale for the sur-
face acoustic wave industry, and thus provides an 
attractive alternative to PPLN. PPLT, as it is known, 
benefits from better transparency in the near UV 
(down to 280 nm compared to 380 nm for PPLN). 
It does, however, have a smaller d33 coefficient and 
is somewhat more expensive than lithium niobate, 
so it tends to receive less use.

The other major family of QPM materials is 
that of KTP. In this material family, it is possible 
to substitute rubidium for potassium and an arse-
nate group for the phosphate, to produce RTA, 
and also RTP and KTA. KTP has many advan-
tages, such as higher damage thresholds and lower 
temperature coefficients, but against this must be 
offset the higher price and smaller set of growers 
for the material. The other major problem seen in 
the KTP family is the higher ionic conductivity, 
which can make electrical poling problematic. 
This can be addressed by several routes, includ-
ing the use of rubidium ion exchange into the top 
surface of the crystal [31] and low-temperature 
poling [32] to counter the higher conductivity, 
or by the use of the hydrothermal growth pro-
cess, which naturally results in lower conduc-
tivity crystals. Recent efforts to overcome these 
problems in flux-grown KTP have made use of 
dopants such as rubidium to control the conduc-
tivity [33]. Recently, PPKTP has been fabricated 
with ultrafine periods (800 nm) allowing for the 
first demonstration of a backward wave OPO, a 
unique mirrorless device [34].

It is hard to compare PPKTP and PPLN as QPM 
materials; each has advantages and disadvantages, 
and the correct choice depends on the application, 
and is often quite subtle.
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21.8  APPLICATIONS OF PPLN AND 
RELATED MATERIALS

The number of papers published on PPLN in recent 
years provides a clear demonstration of the excite-
ment and potential of PPLN and related materials. 
These applications span a number of industries, 
wavelength ranges, and temporal configurations. 
These materials can be seen to provide a way of 
spanning the gaps in the visible and near-IR spec-
trum at which regular lasers cannot operate, and 
to provide for applications that need wide tunabil-
ity. In an even more general sense, these nonlinear 
materials provide an optical equivalent for the fre-
quency mixing functions so widely used in Radio 
Frequency (RF) and microwave electronics.

This review is organized into broad industrial 
areas and will not pretend to be exhaustive, but is 
intended to whet the appetite of potential end users 
of QPM materials.

21.8.1  Aerospace

This area is probably the most heavily researched 
to date, with military applications leading the way. 
Current military systems tend to operate using 
1.064 μm Nd:YAG lasers, and there is a general desire 
to provide laser systems for longer wavelengths—
first, to make filtering or observation more difficult, 
then to exploit the better transmission characteris-
tics of the atmosphere in longer wavelength bands, 
and also simply to benefit from the better eye safety 
obtained at wavelengths such as 1.5 μm.

21.8.1.1  REMOTE SENSING

This area provides one of the great opportunities 
for QPM materials, by providing sources tunable 
to specific wavelength for the detection of trace 
gases, or atmospheric scattering. OPOs provide 
flexible and versatile sources for these applications. 
It is possible to use even simpler systems, such as 
difference frequency generation, for making low-
cost and low-power consumption sources.

21.8.1.2  TELECOMMS

This has become a very hot topic for QPM materials 
in the past few years. The nonlinear conversion of 
light allows users to provide a wide range of opti-
cal processing functions. Applications that are 
currently receiving attention include wavelength 
conversion for wavelength division multiplexed 

(WDM) systems, mid-span spectral inversion, non-
linear dispersion compensation, and temporal pulse 
manipulation for all-optical switching and TDM 
applications. As these applications need to work 
with low optical powers, they tend to use a wave-
guide format, which utilizes either proton exchange 
or titanium diffusion to make the waveguides 
[35–37]. Waveguide QPM devices are now sold 
commercially (e.g., by HC Photonics, SRICO, and 
NTT Electronics) and are typically based on proton 
exchange; however, excellent performance has been 
demonstrated using other approaches, including 
zinc diffusion and physical machining.

21.8.1.3  DISPLAYS

Although to date the success in this area has been 
limited, it remains one with a great potential. 
Laser-based light shows and displays are already 
one of the major “public” applications of the laser. 
QPM materials can play an important role in help-
ing to provide red, green, and blue sources for laser 
projector systems. A number of schemes are pos-
sible, ranging from high-power OPOs with suit-
able powers through to fiber laser-based systems. 
The requirements on the materials are stringent, 
needing several watts of each of color at optimal 
wavelengths. To date, problems such as GRIIRA in 
PPLN and gray tracking in KTP provide barriers to 
the commercial use of existing QPM materials, but 
this can be expected to change in the future. An 
example of harmonic generation to create green 
light is shown in Figure 21.10.

21.8.1.4  STORAGE AND BLUE LASERS

Historically, the need for blue sources for opti-
cal disc technology provided a strong impetus for 
QPM material development; but, with the recent 
development of blue semiconductor lasers, it now 
seem less likely that QPM materials will find use 
for readout lasers. However, it may well be the case 
that for higher power applications, such as DVD 
writing and for laser marking, where 10–100 mW 
is attractive that QPM blue and near-UV sources 
may become commercial. Further interest in this 
area comes from the recent increases in fiber laser 
power such that doubling, tripling, and even fre-
quency quadrupling in QPM materials could pro-
vide a viable alternative to gas laser in the blue and 
near UV. The book by Risk [38] provides an excel-
lent coverage of the applications of blue lasers and a 
comparison of QPM sources to other types of laser.
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21.8.1.5  SPECTROSCOPY AND SCIENTIFIC 
APPLICATIONS

This provides a tremendous opportunity for QPM 
materials as a a platform both for investigating 
nonlinear optics and for creating light sources of 
unparalleled versatility. A good example of such 
applications of nonlinear crystals is in sources 
based on frequency doubling of fiber lasers, 
where mode-locked femtosecond sources based 
on Erbium-doped fiber can be frequency doubled 
to around 760 nm where they provide the same 
wavelengths as mode-locked Ti:sapphire lasers 
but at a fraction of the cost. Similarly, although 
many conventional nonlinear materials can be 
used for making OPOs, it is likely that higher 
nonlinearities of periodically poled materials 
will see them becoming increasingly important 
in commercial systems. In addition to their use 
as IR sources for spectroscopy, there are a host 
of applications in quantum optics experiments 
where the ability to tailor the nonlinearity is 
likely to lead to new devices and experiments. 
This trend particularly applies in periodically 

poled waveguides and poled glass fibers where the 
high-degree confinement leads to high conver-
sion processes and efficient capture of  generated 
light [39].

21.8.2  Quantum science

A full description of nonlinear optics is necessar-
ily quantum mechanical, and indeed, the unique 
properties of light generated via nonlinear optics 
is attracting great interest. A good example is 
spontaneous parametric downconversion, where 
a more energetic photon is split into two less 
energetic (longer wavelength) photons. In such a 
process, the two generated photons are inherently 
correlated, as they are derived from the same 
starting photon. Such pair photons are inherently 
entangled, and thus can be used for a variety of 
applications, including heralded single photon 
production, and in experiments in quantum key 
distribution.

Optical wavelength conversion does not provide 
the only application area for domain engineered 
materials. Particularly interesting are applica-
tions in modulators and beam deflectors where 
domain engineering can allow new functionality 
and confer advantages. One example is the wave-
guide lithium niobate modulators, in which it has 
been shown that domain reversal can be used to 
provide phase matching between the RF drive and 
the optical wave without having to use segmented 
electrodes [40]. Domain engineering also provides 
ways of making new devices for bulk beam modu-
lation through the creation of electro-optic Bragg 
gratings [41]. Closely related, although not yet 
demonstrated, would be the development of very 
fine period domain gratings within waveguides 
to make switchable retroreflective Bragg gratings, 
as these would require a period of a fraction of a 
micron, so they are perhaps not likely to be real-
ized at any time soon.

Another class of domain engineered devices 
that do not require gratings are the beam-deflector 
devices based on refraction [42]. These devices are 
based on prisms formed from poled electro-optic 
material and rely on the fact that the change in 
refractive index in the up and down regions is of 
opposite sign. Thus, by passing a beam through 
one or more interfaces, the beam will be deflected 
by Snell’s law allowing the creation of very fast all 
solid-state deflectors and scanners.

Figure 21.10 An example of frequency doubling 
of a 1064 nm laser to 532 nm. (Image courtesy of 
Covesion Limited.)
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21.8.3  Future of QPM materials

It should be clear from this discussion that QPM 
materials provide one of the most exciting and 
vibrant areas of optical research, and it is likely 
that they will gradually come to replace many of 
the uses of birefringently phase-matched mate-
rials. The field is maturing, as the advantages of 
QPM are compelling, but clearly many challenges 
remain. In particular, it is clear that all of the 
existing QPM materials have drawbacks when 
used in certain ways, and it is likely that new 
materials will be developed, either as variants of 
existing materials (such as the recent works on 
stoichiometric lithium niobate) or in new ways 
of making composite materials (QPM GaAs), or 
even in wholly new nonlinear materials. Another 
important area of QPM research will be the devel-
opment of more sophisticated grating designs 
optimized for high efficiency and specific spectral 
and temporal response.
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22.1  INTRODUCTION

Silicon (Si) photonics is the science and technol-
ogy of using the group-IV element of the periodic 
table as the principle material for optoelectronic 
integrated circuits (OEICs). Silicon has long had 
photonic applications. Notably, it has been the 
dominant material of choice for photovoltaic cells, 
visible and short near-infrared (IR) (<∼1 μm wave-
length) photodetectors, as well as for X-ray detec-
tors in conjunction with scintillators. However, 
the younger field of silicon photonics is less related 
to these traditional applications. Rather, it refers 
to performing a wide range of passive and active 
optical functionalities on an integrated circuit at 
wavelengths within the material’s transparency 
range, i.e., above the bandgap cutoff of ∼1.1 μm. 
Particularly, the telecommunication wavelengths 
of 1.3–1.6 μm and more recently the longer wave-
lengths of the mid-IR—up to ∼6.7 μm beyond 
which the material becomes lossy—are the realm 
of silicon photonics. Based on some interesting 

waveguide platforms, silicon is recognized as an 
ideal material for low loss and ultracompact passive 
integrated optics at these wavelength ranges. There 
are also means to achieve optical modulators on 
the material. Heterogeneous integration of Si with 
devices on germanium (Ge), silicon–germanium 
(Si–Ge) alloys, and III–V compound semiconduc-
tor materials has allowed achieving detection and 
generation and amplification of optical waves in 
the near IR range.

From a larger perspective, Si is arguably one 
of the most thoroughly studied materials in the 
human history. Originally fueled by the mate-
rial’s very amazingly unique properties for mak-
ing transistors and electronic integrated circuits, 
the mature processing techniques developed for 
microelectronic were readily available for photonic 
device and circuit processing. An attractive feature 
of silicon photonics has always been the possibil-
ity of such seamless integration with electronic 
circuitry on the same inexpensive substrate. This 
opportunity has rendered silicon photonics as an 
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established technology for electronic–photonic inte-
grated circuits at telecommunication  wavelength 
for optical interconnect applications. Such opti-
cal transceivers are perhaps the most important 
silicon-photonic products  commercially available 
for some years for short-haul data communication 
applications.

In addition, silicon has a strong third-order 
optical nonlinearity and these properties are 
 further enhanced at above ∼2.2 μm wavelength 
(the material’s two-photon bandgap). Nonlinear 
integrated optics at both near- and mid-IR has, 
therefore, been one of the potential applications of 
silicon photonics. Beyond these, silicon photonics 
may find applications in biomedical sensing and 
environmental monitoring. This chapter aims at 
reviewing this field with emphasis on some educa-
tional and historic background of the field, state-
of-the-art waveguide platforms, heterogeneous 
integration and optical transceivers, nonlinear 
optics, and mid-IR platforms.

There are a handful of books published on sili-
con photonics, and the reader is encouraged to 
consult them for a more detailed study of the field 
(e.g., Pavesi and Lockwood 2004; Reed and Knights 
2004; Reed 2008; Khriachtchev 2009; Fathpour 
and Jalali 2012). Several review articles have also 
been published throughout the years (e.g., Soref 
1993; Jalali et al. 1996, 1998; Lipson 2005; Jalali and 
Fathpour 2006; Soref 2006a; Jalali 2008).

22.2  HISTORICAL PERSPECTIVE

Historically, silicon used to be dismissed for pho-
tonic functionalities, simply because the material 
is a very poor light emitter. For example, some of 
the most important classes of photonic devices, 
i.e., light emitting diodes and diode lasers, are not 
easily attainable in the material. Instead, all group 
III–V OEICs were being aggressively pursued in the 
1980s and the early 1990s, with an eye on their clear 
advantages in terms of light generation, detection, 
and modulation. With the much higher inherent 
speed of III–V transistors, compared to Si-based 
transistors, the hope was to monolithically integrate 
III–V electronics and photonics on the same chips. 
However, this vision of III–V “homogenization” of 
electronics and photonics did not materialize for a 
variety of reasons. Most notably, the silicon-based 
complementary metal oxide semiconductor (CMOS) 
technology demonstrated unbeatable performance 

for digital—and later analog— electronics, espe-
cially when large-scale integration is concerned. Si 
CMOS advantages include negligible static power, 
high input impedance, self-isolation, ease of device 
layout, very high yield and scalability of processing, 
and abundance and low cost of the material. It is 
noteworthy that silicon is the second-most abun-
dant element in the Earth crust after oxygen, and Si 
wafers, typically made by the Czochralski process, 
are fairly inexpensive. Group III–V CMOS, on the 
other hand, did not succeed even at the research 
stage, primarily because of the lack of native oxides 
for the compound semiconductors. Also, III–V 
optoelectronics was not capable of providing tightly 
confined and low-loss passive optical waveguides 
with the high yield and low cost demanded for 
medium- and larger-scale integration, i.e., when the 
number of photonic devices exceeded a few.

In parallel, integrated optics on dielectrics, most 
notably silica, has been pursued for decades. The 
so-called planar lightwave circuits (PLC) are fairly 
inexpensive, easy to process, and low loss. However, 
the low-contrast passive devices on dielectrics are 
very bulky (not compatible with the size of semi-
conductor lasers and CMOS electronics), cannot be 
bent at short radii without significant loss, and can-
not be manipulated electrically for active devices 
like modulators and detectors.

The prevalence of silicon electronics imposed a 
paradigm shift onto photonics too and led to the 
seed ideas of silicon photonics. It was argued first in 
the mid-1980s that even though light emission was 
not yet possible in silicon, several other photonic 
functionalities are feasible (Soref and Lorenzo 1985, 
1986; Lorenzo and Soref 1987; Soref and Bennett 
1987; Soref 1993). Early works used the carrier 
plasma effect for waveguiding, but in the 1990s the 
silicon-on-insulator (SOI) wafers became available 
and emerged as the versatile platform for passive 
integrated optics (Jalali et al. 1998). For instance, 
directional couplers, arrayed-waveguide  gratings 
(AWGs), multimode interferometers, optical delay 
lines, gratings, and optical mode converters were 
demonstrated on SOI. Si optical modulators, 
microring resonators, and the first works on Ge 
waveguide photodetectors appeared in the early 
2000s (Jalali and Fathpour 2006). In the same time 
period, the first experiments on nonlinear silicon 
photonics were conducted. Since the mid-2000s, 
the first commercial optical transceivers appeared 
and since then the silicon photonic industry has 
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been maturing. Also, foundry services have been 
initiated to promote fabless research and develop-
ment (R&D). The first experiments on futuristic 
biomedical and mid-IR applications of silicon pho-
tonics emerged at the same time (Jalali et al. 2006). 
All of these efforts have made silicon photonics one 
of the most booming fields of optics and photonics 
in the last decade both in academic research and 
industrial R&D and commercialization.

22.3  WAVEGUIDE PLATFORMS

In one of the very first Si waveguides, the carrier 
plasma effect was exploited to create a bottom clad-
ding layer for optical waveguides. Essentially, the 
index contrast between n-doped Si layers, epitaxi-
ally grown on n+-doped Si substrates, forms slab 
waveguides, on which ridge (or rib) waveguides 
can be formed by lithography and etching tech-
niques (Figure 22.1a) (Lorenzo and Soref 1987). 
Expectedly, however, the low doping-induced 
 contrast of ∼1.5 × 10−2 does not allow compact 
waveguides, and the dimensions are larger than 
those of III–V heterostructure waveguides. Also, 
the highly doped substrate, with a donor concen-
tration of 2 × 1019 cm−3, causes high carrier-induced 
optical loss for the guided wave.

Much higher index contrast and hence more 
compact waveguides can be realized if a thin film 
of Si can be somehow placed on top of a buried 
insulting layer with lower refractive index. Silicon 
dioxide (SiO2)—with an index, n, of ∼1.44 versus 
∼3.48 of Si at ∼1.55 μm wavelength—is an excellent 
choice (other choices are sapphire, silicon nitride 
(SiN), lithium niobate (LiNbO3), and even air, as 
discussed later). Si-on-SiO2, called SOI, has been 

the most developed and most common waveguide 
platform, particularly for telecommunication 
wavelengths to the extent that silicon  photonics 
has almost become synonymous with SOI 
 photonics. The interest for developing SOI wafers 
was originally for electronic applications but coin-
cidentally they happened to be useful for photonics 
too. Separation by IMplantation of OXygen, Bond 
and Etch-back SOI, ion implantation followed by 
thermal splitting (the SmartCut process) are some 
of the methods developed for realizing SOI wafers 
(Celler and Cristoloveanu 2003). However, the 
SmartCut process of Soitec Incorporation has been 
more popular because of the uniform thin films it 
can provide.

Earlier SOI-based photonic works were on 
above-micron-size ridge waveguides, with typical 
dimensions shown in Figure 22.1b, and with linear 
propagation loss of ∼0.5 dB/cm or lower (Fathpour 
et al. 2006). Some workers still prefer such larger 
cross sections because the waveguides possess 
lower propagation losses and size compatibil-
ity with III–V lasers and yet are single mode (see 
Section 22.4.1). However, most of other researchers 
have shifted to submicron waveguides with typical 
heights of 200–250 nm and widths of 400–500 nm. 
As shown in Figure 22.1c, both ridge and  channel 
waveguides are feasible on nowadays standard 
220-nm-thick Si films on about 2-μm-thick SiO2 
insulator, also known as the buried oxide (BOX) 
layer. There is typically a tradeoff between the 
waveguides’ width and etch depth, on the one 
hand, and the propagation loss, on the other hand, 
depending on the optical intensity at the scattering 
nonsmooth sidewalls. Accordingly, shallow ridge 
waveguides may have lower propagation loss than 
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channel counterparts, but the waveguide mode 
penetrates laterally into the slab region and the 
bending loss is higher than channel  waveguides. 
However, for active devices, such as optical mod-
ulators, attaining p–i–n diodes in parallel to the 
waveguides becomes necessary (see Section 22.4.3). 
Then, having a thin slab region for doping Si for 
making metallic contacts to them is required and 
using ridge SOI waveguides is inevitable.

In the last decade, a handful of companies and 
organizations have been attempting to standardize 
SOI waveguide processing steps and design librar-
ies. In Europe, for instance, the ePIXfab foundry 
has established a standard process for both chan-
nel and ridge waveguides for passive and active 
silicon photonics, respectively. The dimensions of 
single-mode waveguides shown in Figure 22.1c are 
actually borrowed from their standard  dimensions 
(ePIXfab 2014). The propagation loss of  ePIXfab’s 
channel and ridge waveguides is 2.5–3.0 and 
 1.8–2.5 dB/cm, respectively. Multiproject wafer 
(MPW) or “shuttle” runs in ePIXfab foundry ser-
vices have been accessible to fabless researchers 
around the globe in the last few years. In the United 
States, Luxtera Corporation has been working on 
standard computer-aided design libraries, and the 
OpSIS organization has made an attempt in shuttle 
runs (OpSIS 2014).

The described SOI waveguide technology has 
undoubtedly established itself as a versatile bench-
mark platform for silicon photonics in the telecom-
munication wavelengths. More recently, there has 
been an interest for mid-IR wavelengths, defined 
loosely as the atmospheric window of 3–5 μm, 
and sometimes the wider 2.2–6.5 μm range. 
Unfortunately, the BOX layer of SOI is optically 
lossy  in the 2.5–2.9 μm and above 3.5 μm wave-
lengths. Alternative bottom cladding materials 
include  sapphire (n ≈ 1.76), SiN (n ≈ 2), air (n = 1) 

(Soref et al. 2006b), as well as lithium niobate, 
LiNbO3 (n ≈ 2.2) (Chiles and Fathpour 2014). These 
platforms are discussed in detail in Section 22.10.

22.4  PHOTONIC DEVICES BASED 
ON THE SOI PLATFORM

Several passive and active photonic devices have 
been studied in the last 20 years, mostly on the 
SOI platform. It is impossible to review all of these 
work here. Rather, modeling of SOI optical wave-
guides is succinctly provided in Section 22.4.1 and 
is followed by a short review of other passive and 
active photonic devices based on SOI in Sections 
22.4.2 and 22.4.3, respectively.

22.4.1  SOI optical waveguides

Optical waveguides are the most fundamental 
devices for any integrated photonic technology. 
The SOI waveguide platform was reviewed in 
Section 22.3 from a structural viewpoint. Here, 
the optical properties of the waveguides are intro-
duced. Special attention is paid to the single-mode 
behavior and polarization dependency.

Arbitrary planar, three-dimensional (3D) wave-
guides are generically introduced in Figure  22.3 
with refractive indices n0, n1, and n2, for top clad-
ding, and core and bottom cladding regions, 
respectively, and for ridge width W = 2aλ, ridge 
height H = 2bλ and slab height h = rH = 2brλ, where 
λ is the vacuum wavelength of the guided wave. 
In principle, these general index profiles and 
wavelength-normalized dimensions should suf-
fice to cover all types of silicon-based waveguide 
platforms shown in Figures 22.1 and 22.2. For 
instance, r = 0 corresponds to channel waveguides. 
Developing a comprehensive theory (preferably 
analytical or semianalytical) that can formulate 
the guided mode properties of such structures is 
definitely very appealing and has been extensively 
investigated for at least 45 years (Marcatili 1969). 
Unfortunately, solutions to the wave equation 
in the Cartesian coordinates with the appropri-
ate boundary conditions of Maxwell’s equations 
become so complicated for 3D structures that 
universal exact solutions are formidable and even 
approximate solutions, such as Kumar’s and the 
effective index methods (Okamoto 2006), are cum-
bersome and one has to pay a lot of attention to the 
simplifying assumptions. This is a more pressing 

W = 2aλ

H
 =

 2
bλ

h 
=r

H

n2

n1

n0

Figure 22.2 Generic 3D waveguide structure and 
notations for modeling purposes.
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issue in high-contrast waveguides such as those 
used in silicon photonics.

Nonetheless, a plethora of classic works on 
the fundamentals of optical waveguides can be 
employed, to a certain extent, as guidelines for 
evaluating the single-mode condition. For exam-
ple, assuming that r ≥ 0.5 (i.e., shallow-etched ridge 
waveguides) and b is large (i.e., dimensions larger 
than the wavelength), an approximate condition 
for single-mode operation exists. That is, the only 
modes will be the fundamental transverse- electric 
(TE) and transverse-magnetic (TM) modes if 
(Soref et al. 1991)
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for the TM modes. These conditions are easily 
satisfied in our example, where with n1 = 3.48 and 

n0 = n2 = 1.44, leading to qTE ≈ 0.63, qTM ≈ 0.11, and 
b ≈ 0.65 at λ = 1.550 μm. It is notable that the rather 
large waveguide of Figure 22.1b is actually single 
mode. This nonintuitive feature emphasizes the 
much more forgiving nature of 3D waveguides 
for single-mode behavior in terms of waveguide 
height, as opposed to 2D (slab) waveguides. To 
elaborate this statement, it is instructive to exam-
ine the corresponding single-mode condition 
for symmetric 2D waveguides with slab height, 
d, is = π ⋅ − λ < πV d n n2 ( ) /1

2
2
2 1/2  (Okamoto 2006). 

Accordingly, for the SiO2/Si/SiO2 slab structure 
and at λ = 1.55 μm, d < ∼250 nm is required for 
the cutoff of higher-order modes in the direction 
 perpendicular to the slab. This d range is much 
thinner than H = 2 μm in our example and is 
indeed one reason 220-nm SOI has become popu-
lar, so not only 3D but also 2D (slab) waveguides 
will be single mode on them.

For the submicron waveguides of Figure 22.1c, 
the above formulation becomes inapplicable. In 
practice, fully numerical methods ought to be 
employed. The versatile finite element method 
(FEM) can be adopted to solve the wave equation 
in the frequency domain (i.e., the Helmholtz equa-
tion). Under slowly varying envelope approxima-
tion (SVEA), the Helmholtz equation can be solved 
more conveniently. For axially varying waveguides 
and devices, such as bent and tapered waveguides, 
the FEM stationary analysis under SVEA can 
be further simplified by the beam-propagation 
method (BPM) (Okamoto 2006), at the cost of los-
ing some accuracy. Certain approximations can 
further make BPM converge faster. They include 
scalar field (i.e., neglecting polarization effects), 
paraxiality (i.e., propagation restricted to a narrow 
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Figure 22.3 Field profiles of fundamental TE and TM modes in typical 220-nm-thick SOI channel and 
rib submicron waveguides. (a) Channel TE, (b) channel TM, (c) rib TE and (d) rib TM. (Courtesy of M. 
Malinowski of CREOL.)
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range of angles), semivectorial (i.e., each polariza-
tion simulated separately), and full vectorial (i.e., 
both polarizations and the coupling between them 
simulated) approximations. The finite-difference 
time domain method can also be used to directly 
solve Maxwell’s equations in the time domain, a 
computational intensive method but useful for 
studying ultrafast pulse propagations. Several 
commercial software packages are available for all 
the described methods.

Figures 22.3 and 22.4 present some basic proper-
ties of 220-nm SOI (H = 220 nm) channel and ridge 
waveguides passivated with SiO2 (n0 = n2 = 1.44). The 
radio frequency (RF) module of COMSOL software 
package was used to obtain these plots. The FEM 
simulator directly solves Helmholtz equation under 
the SVEA with the appropriate boundary condi-
tions. Figure 22.3 shows the E-and H-field contours 
for TE and TM modes of channel (W = 450 nm) 
and rib (W = 800 and h = 70 nm) single-mode wave-
guides, respectively. A larger W was chosen for the 
rib waveguides, as the modes tend to become leaky 
into slab modes for smaller values. For instance, the 
TM modes start to leak for W <∼600 nm. The chan-
nel waveguide starts supporting the second TE and 
TM modes at W of ∼500 and ∼800 nm, respectively.

One important property of any optical wave-
guide is its effective index, neff, and the bire-
fringence (difference) of the indices between 
the TE and TM  modes, neff(TE) − neff(TM) 
(Okamoto  2006). This polarization sensitivity 
in integrated waveguides in general stems from 
mechanical stress in the waveguiding layer and/
or cross- sectional geometry of the waveguide. 

Mechanical stress is generally negligible in stan-
dard SOI waveguides. The COMSOL-simulated 
geometry dependence of birefringence for channel 
and rib waveguides discussed here is plotted versus 
W in Figures 22.4a and b, respectively. Expectedly, 
the more rectangular the channel waveguides, the 
higher the birefringence. However, by symmetry 
zero birefringence would occur in channel wave-
guides when W = H = 220 nm, a geometrical con-
dition that does not support a mode. Because the 
rib waveguides are far from square (W/H >∼600 
nm/220 nm), the evident birefringence in the ∼0.77 
to ∼0.83 range is a weak function of W and h. Zero 
birefringence can be achieved in waveguides with 
higher H (Chan et al. 2005; Lim et al. 2007).

22.4.2  Other passive photonic 
sevices on SOI

Based on the SOI platform, several types of pas-
sive devices, other than optical waveguides, have 
been demonstrated. They include, but not lim-
ited to, optical mode converters and grating cou-
plers for coupling light in and out of the photonic 
chips, directional couplers, Y-junction splitters 
and combiners, multimode interference (MMI) 
splitters, star couplers, AWG, grating waveguides, 
Fabry–Perot (FP) waveguide resonators, microring 
resonators, etc. Scanning-electron micrographs 
(SEMs) of some of these devices are presented in 
Figure 22.5. It is beyond the scope of this mono-
graph to review all of these devices. The reader is 
referred to several review papers and book chap-
ters on the concept, design, and performance of 
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these devices (Jalali et al., 1996, 1998; Reed and 
Knights 2004; Lipson 2005; Jalali and Fathpour 
2006; Reed 2008). The key advantage of SOI for all 
these passive devices, compared to PLC and opti-
cal fiber-based counterparts, is the compactness 
that becomes feasible by the high index contrast of 
the SOI platform, allowing submicron waveguide 
cross-sections and sharp bends with negligible loss. 
Bending loss of waveguides is another challenging 
analysis and design problem studied since the very 
early days of integrated photonics (Marcatili and 
Miller 1969; Heiblum and Harris 1975). Modeling 
of bending loss in modern submicron waveguides 
typically requires detailed full-vectorial FEM 
simulations (Jedidi and Pierre 2007). In practice, 
losses per 90° bend of 0.086 ± 0.005 dB for a bend-
ing radius of 1 μm and 0.013 ± 0.005 dB for a bend 
radius of 2 μm have been reported in 445 nm × 220 
nm channel waveguides (Vlasov et al. 2004).

22.4.3  Active photonic devices 
on SOI

A key difference between silicon photonics, on 
the one hand, and PLCs and optical fibers, on 
the other hand, is the existence of charge carriers 
in silicon. This feature has its own pros and cons. 

The advantage is that using p–n junction diodes or 
metal-oxide-semiconductor capacitor to manipu-
late optical properties of Si for a range of devices by 
injection, depletion, or accumulation of carriers (it 
will be discussed later, however, that the existence 
of free carriers created by two-photon absorption 
can become problematic for nonlinear-optic appli-
cations). Typically, a p–n junction straddles the 
waveguide region. Two major configurations are 
shown in Figure 22.6. In the state of the art, more 
elaborate design of the doping profiles across the 
waveguide structure may be devised for the opti-
mal performance of the targeted device applica-
tions. One example device is variable-optical 
attenuators (VOAs) used for automatic channel 
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Figure 22.5 SEM images of various passive photonic devices on SOI: (a) 3D mode converters. 
(Courtesy of Mellanox Corp., former Kotura), (b) directional couplers (Trinh et al. 1995), (c) grating 
waveguides (Courtesy of S. Khan of CREOL), (d) input section of an AWG (Courtesy of B. Jalali of 
UCLA), (e) FP waveguide resonators (Pruessnera et al. 2006), and (f) microring resonators and bus 
waveguide (Xu et al. 2005).
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Figure 22.6 Two configurations of SOI 
 waveguides with p–n junction diode for carrier 
injection and/or depletion.
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equalization in add/drop multiplexers for metro-
politan area networks. Indeed, VOAs are consid-
ered the first commercial silicon photonic products 
(Whiteman et al. 2003).

Perhaps the most important active SOI device 
operating on similar device architectures is opti-
cal modulators. Silicon is a centrosymmetric crys-
tal and lacks the Pockels effect commonly used 
in electrooptic (EO) modulators. Modulation of 
the free-carrier concentration for modulating the 
phase and/or intensity of light, the so-called free-
carrier plasma effect, was proposed in some of 
the earliest works as a viable alternative to the EO 
effect (Lorenzo and Soref 1987; Soref and Bennett 
1987; Soref 1993). In typical devices, p–n  junction 
diodes are incorporated into Mach–Zehnder inter-
ferometers (MZI) and sometimes  microrings and 
used to modulate the refractive index. Numerous 
works on such all-Si modulators have been 
reported, a review of which can be found elsewhere 
(Reed et al. 2010). More recently, modulators with 
adequately high bit rates (∼50 Gb/s) and low half-
voltage length-product Vπ·L (∼2.8 V cm) have been 

reported in MZIs (Thomson et al. 2012; Tu et al. 
2013). However, the devices only offer modest 
(3–5.5 dB) modulation depth or extinction ratio. 
Heterogeneous platforms based on EO-active 
materials to address this shortcoming of SOI opti-
cal modulators are discussed in Section 22.9.

22.5  SILICON PHOTONICS 
BEYOND SOI

A fully SOI-based solution for photonics would 
certainly be very rewarding and revolutionary. 
Numerous researchers around the globe have been 
intensely working on advancing the field on vari-
ous fronts with the ultimate hope of achieving a 
reliable technology that can be utilized as a uni-
versal platform for various optical functionalities 
and ultimately be integrated with microelectronic 
circuits monolithically on a single silicon chip. 
The endeavor has certainly been successful to 
the extent that a handful of companies have been 
marketing a variety of OEIC products for some 
years, most notably optical transceivers for data 
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Figure 22.7 One of the original proposals for OEICs on silicon, acknowledging the inevitable hetero-
geneous destiny of the technology (Soref 1993).
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communications (datacom), Ethernet, and other 
short-haul applications.

However, it was clear from the beginning that 
there is no “pure silicon” photonics, i.e., other mate-
rials are inevitably required. First, silicon does not 
absorb light at wavelengths above the material’s 
bandgap (∼1.1 μm). Instead, other materials, e.g., 
Ge and SiGe, photodetectors have been employed, 
as reviewed in Section 22.6. Accordingly, it has 
been argued that group-IV photonics is a more 
accurate name than silicon photonics.

Second, the bandgap of bulk crystalline Si is indi-
rect, i.e., the light emission process is phonon medi-
ated and the associated spontaneous recombination 
lifetime is very long, leading to a very low internal 
quantum efficiency (Jalali and Fathpour 2006; 
Jalali et al. 2008). Consequently, achieving lasing in 
bulk Si has not been possible. Several approaches 
have been alternatively pursued. Unfortunately, for 
a variety of reasons, room temperature electrically 
injected silicon-based lasers remain elusive to date 
(Jalali and Fathpour 2006). A pragmatic solution is 
hybridization of silicon photonic chips with III–V 
lasers, as reviewed in Section 22.7.

In reality and with the lack of any other practi-
cal solution, the silicon-photonic companies typi-
cally heterogeneously integrate III–V lasers and 
germanium photodetectors, one way or the other, 
and silicon is mostly used for passive devices and 
modulators. Figure 22.7 shows one of the origi-
nal concepts of a silicon-based “superchip” (Soref 
1993). Clearly, incorporating laser diodes, HBTs, 
HEMTs, and BiCMOS devices on other materials 
are implicitly envisioned, i.e., the need for heteroge-
neous integration was acknowledged from the early 

days of silicon photonics. This historic vision is to a 
large extent in agreement with the state of the art. 
For instance, Figure 22.8 shows a schematic of one 
of Luxtera Corporation’s early optical transceiver 
chips and how it incorporates nonsilicon devices 
(Gunn 2006). As depicted in Figure 22.9, it can be 
argued that “groups III-to-V” or “groups III–IV–V” 
photonics are semantically more accurate than sili-
con or group IV photonics for the established com-
mercial technology. It is noted that the schematics 
of Figure 22.9 are very crude and generic and many 
variations exist, as discussed later in Section 22.7.

Third, despite a lot of effort for using crystal-
line silicon as an active region for nonlinear optical 
processes due to its high third-order optical sus-
ceptibility, the omnipresent optical loss induced 
by two-photon absorption (TPA) and free- carrier 
absorption (FCA) has been very problematic 
(Claps 2004; Liang and Tsang 2004). Using thin 
films of other nonlinear materials “hybridized” on 
silicon substrates has been chipping away another 
core prospect of the SOI platform. These heteroge-
neous platforms for third-order nonlinear applica-
tions are reviewed in Section 22.8.

(a) (b)

Figure 22.8 Images of optoelectronic chips 
 produced by Luxtera Corporation and how 
(a) III–V lasers and (b) Ge photodetectros are 
integrated with Si waveguides (Gunn 2006).
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Figure 22.9 Simple schematic of the SOI waveguide platform, and how germanium and III–V 
 compound semiconductor layers ought to typically be integrated in order to achieve hybrid 
 photodetectors and lasers, respectively, suggesting that in reality there exists no pure silicon or even 
group IV photonics, rather “groups III-to-V photonics” or “groups III–IV–V photonics” are semantically 
more accurate.
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Fourth, although all-Si optical modulators 
operating based on the free-carrier plasma effect 
have come a long way and their performance has 
been steadily improving (see Section 22.4.3), the 
inherent tradeoff between modulation bandwidth 
and depth remains a challenge and the devices 
cannot compete with telecom EO modulators in 
this regard. Hybridization of thin films of other 
materials known for their strong EO effect, e.g., 
LiNbO3, on silicon substrates could be a possible 
route forward. Such materials also possess strong 
second-order optical nonlinearity and could 
enable compact chips for entangled photon gen-
eration and other quantum-optic-related applica-
tions. Efforts on such material heterogenization 
are reviewed in Section 22.9.

Fifth, silicon is an ideal material for nonlinear 
integrated optics at wavelengths above ∼2.2 μm. 
That is, the wavelength range at which TPA 
vanishes and the material becomes transparent 
even at high optical intensities, until multipho-
non absorption kicks in and the loss increases 
above ∼6.5 μm. The 2.2–6.5 μm window covers 
the longer portion of the traditionally defined 
short-wavelength IR (SWIR of 1.4–3.0 μm) range 
as well as the shorter portion of the mid-wave-
length IR (MWIR of 3.0–8.0 μm). Using silicon 
for integrable devices in the atmospheric window 
of 3–5 μm, and sometimes the wider 2.2–6.5 μm 
range, has been loosely defined as mid-IR silicon 
photonics. However, the BOX layer of the stan-
dard SOI technology is lossy across most of this 
range and hence other heterogeneous platforms 
such as silicon-on-sapphire, silicon-on-nitride, 
and air-clad waveguides have been developed, as 
reviewed in Section 22.10.

All in all, with the lack of any integrated opti-
cal material system for a whole range of applica-
tions, researchers have been reluctantly accepting 
that, despite their challenges and disadvantages, 
heterogeneous platforms appear to be the practi-
cal way forward. Still, silicon remains one of the 
most attractive substrate materials due to its low 
cost, availability of large wafers, ease of handling 
and thermal cycling, and well-established pro-
cessing techniques, as well as possibility of inte-
grating with CMOS electronics. The philosophy 
is to use silicon as much as possible but hybridize 
it with other materials when better performance 
can justify the challenges of hybridization.

22.6  GERMANIUM 
PHOTODETECTORS 
ON SILICON

The least disputed shortcoming of the bench-
mark SOI platform is its incapability of absorbing 
photons with λ > ∼1.1 μm. For the O- to U-bands 
of telecom wavelengths (1.26–1.67 μm), germa-
nium’s cutoff wavelength of ∼1.8 μm appeals as 
a perfect choice. Ge-on-Si photodetectors have 
been in the making for three decades (Luryi et al. 
1984; Temkin et al. 1986; Jalali et al. 1992, 1994). 
A review of the works prior to 2010 can be found 
elsewhere (Michel et al. 2010). More recent prog-
ress has been made in the performance of the 
devices (Chen et al. 2011; DeRose et al. 2011; Liao 
et al. 2011; Tsuchizawa et al. 2011).

The historic challenge for Ge photodetecros 
has been the material’s large lattice mismatch 
with silicon (∼4%). Thick Ge layers would lead 
to surface roughness, threading dislocations and 
increased dark photocurrent. Also, Ge does not 
have a stable oxide and passivating it to avoid 
surface carrier recombination—which further 
increases the dark current—is another challenge. 
Dislocations can be controlled by graded SiGe 
buffered layers or in thin strained layers, both of 
which can reduce the dark current. Waveguide 
photodiodes with thin strained Ge layers on Si are 
more appealing for integrated chips. The small 
waveguide dimensions also result in shorter car-
rier transit time and increased detection band-
width. The tradeoff is the length of the devices 
that can be tens of micrometers long in order 
to increase the responsivity. One of the lowest 
reported dark current densities is ∼40 mA/cm2, 
achieved in a 1.3-μm-wide and 4-μm-long wave-
guide at −1 V of bias (DeRose et al. 2011). The cor-
responding responsivity and 3-dB bandwidth are 
0.8 A/W and 45 GHz, respectively. Evidently and 
despite all the efforts, relatively high dark current 
remains a disadvantage for Ge-on-Si waveguide 
photodetectors as compared with normal-inci-
dence counterparts as well as III–V detectors.

To highlight the fabrication challenges of 
heterogeneous integration of Ge on Si sub-
strates, the processing steps of one of the earlier 
high-speed photodetectors (40 Gb/s) by Intel 
Corporation is presented here (Yin et al. 2007). 
Figure 22.10 shows schematics of the device, 
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how it is integrated with a SOI waveguide and 
its lateral cross-section. The following process-
ing steps were conducted in the selected region 
where the photodetector was intended to be fab-
ricated: (a) implanting the substrate with boron 
to reduce parasitic capacitance, (b) oxide deposi-
tion and patterning for defining the Ge region, 

(c) selective epitaxial growth of 1.3-μm-thick Ge, 
(d) chemical– mechanical polishing (CMP) of 
∼0.5 μm of the grown Ge, (e) thermal annealing 
to reduce the threading dislocation density, (f) 
n-doping of the Ge layer, (g) selective excess p++-
doping of silicon for improved ohmic contacts, 
(h) dopant activation by rapid thermal annealing, 
(i) metallization and patterning to form the diode 
contacts.

The extra steps for Ge hybridization are the 
selective epitaxial growth, CMP, and thermal 
annealing. Such extra, sometimes complicated, 
fabrication steps are typically the price tag for 
any heterogeneous technology, more examples 
of which are discussed subsequently. Meanwhile, 
one advantage of Ge over other materials is that, 
despite its large lattice mismatch, thin films of it 
can be epitaxially grown on Si with little com-
plications. Not all other materials can be as eas-
ily grown on Si, and hence other heterogeneous 
integration techniques, such as wafer-and flip-
chip-bonding, ought to be devised as seen in the 
following sections.

22.7  III–V LASERS ON SILICON

Attaining lasing is perhaps the holy grail of sili-
con photonics. Unlike compound semiconductors, 
bulk crystalline Si is an indirect bandgap material 
and light emission is mediated by phonon emission 
or absorption. This second-order emission process 
is very weak (with an internal quantum efficiency 
of ∼10−6) and the spontaneous recombination 
lifetime is in the millisecond range (Jalali and 
Fathpour 2006). In principle, silicon can provide 
high material gain at high carrier injection levels 
for lasing. However, at high injection levels, FCA 
and Auger recombination prevent achieving any 
net optical gain (Jalali and Fathpour 2006; Jalali 
et al. 2008).

Since the early 1990s, several approaches have 
been pursued to increase the quantum efficiency of 
luminescence in bulk Si. They include, but not lim-
ited to, Erbium (Er)-doped Si, Si-rich oxide or Si 
nanocrystals (NCs), Er-doped Si NCs, deposition 
of boron dopant with SiO2 nanoparticles mix on 
Si, surface texturing, dislocation loops, and stim-
ulated Raman scattering. However, for a range of 
specific reasons beyond the scope of this paper and 
reviewed elsewhere (Jalali and Fathpour 2006), 
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unfortunately none of these approaches have been 
able to offer room temperature electrically injected 
lasers. Since then, an interesting development has 
been room temperature lasing in strained and 
n-type-doped Ge on Si (Camacho-Aguilera et  al. 
2012; Kasper et al. 2013). Strain makes Ge an 
“almost” direct bandgap material and n-doping 
populates the engineered direct conduction band. 
Evidence of room temperature electrically injected 
lasers at a high doping level of 4 × 1019 cm−3 and 
tensile strain of about 0.2% in the 1520–1700 nm 
range was reported in 2012 (Camacho-Aguilera 
et al. 2012). However, a high optical loss of 90 cm−1, 
induced by high doping levels right in the middle 
of the active region of the waveguides, results in 
high threshold currents and the approach does not 

appear to be ready for prime-time applications yet. 
Another recent photonic material development 
has been germanium tin (GeSn), a group IV binary 
compound semiconductor alloy with direct band-
gap below 0.8 eV at certain compositions. No GeSn 
laser has been demonstrated yet but electrolumi-
nescence devices spanning ∼1530–1900 nm wave-
lengths have been reported (Kasper et al. 2013).

The disappointing reality of the lack of a viable 
approach for achieving Si-based lasers has not 
affected the attractiveness of silicon photonics. 
Instead, hybrid and heterogeneous approaches 
have been aggressively pursued. Figure 22.11 sum-
marizes results from some of the key such hybrid 
laser approaches by the various groups discussed 
below.
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Figure 22.11 Schematics of four heterogeneous approaches to integrate III–V laser on Si  substrates: 
(a) monolithic epitaxial growth of InGaAs/GaAs quantum-dot regions buffered by 10 layers of 
 inactive dots to filter propagation of threading dislocations into the active region (Yang and 
Bhattacharya 2008), (b) evanescently coupled InP lasers bonded on SOI waveguides (Heck et al. 
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and (d) bonding III–V gain regions into trenches made in silicon for planar coupling between the two 
(Creazzo et al. 2013).
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The most straightforward hybrid approach 
that comes to mind is to flip-chip bond or solder-
based assemble a completely grown and processed 
functional III–V laser onto the silicon photonic 
circuit and couple the laser output into silicon 
waveguides via some coupling mechanism. These 
approaches are indeed as old as silicon photonics 
itself (Terui et al. 1985; Joppe et al. 1991; Friedrich 
et al. 1992; Sasaki et al. 2001). Variations of this 

approach are fairly established and adopted by the 
 silicon  photonic industry, e.g., Luxtera Corporation 
(Gunn 2006), NEC Corporation (Chu et al. 2009), 
Toshiba Corporation (Ohira et al. 2010), and Fujitsu 
Laboratories (Tanaka et al. 2012). Perhaps such 
more straightforward per-device flip-chip bonding 
approaches suffice the present  low-volume, low-
throughput needs of the industry but for future 
high-volume demanding markets, heterogeneous 
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Figure 22.11 (Continued) Schematics of four heterogeneous approaches to integrate III–V laser on 
Si substrates: (a) monolithic epitaxial growth of InGaAs/GaAs quantum-dot regions buffered by 10 
layers of inactive dots to filter propagation of threading dislocations into the active region (Yang and 
Bhattacharya 2008), (b) evanescently coupled InP lasers bonded on SOI waveguides (Heck et al. 2013), 
(c) tape-waveguide vertical coupling form III–V gain regions into SOI (Keyvaninia et al. 2013a), and (d) 
bonding III–V gain regions into trenches made in silicon for planar coupling between the two (Creazzo 
et al. 2013).
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monolithic integration of III–V wafers and Si wafers, 
or already processed circuits, is more desirable.

Epitaxial growth of III–V heterostructures on 
Si substrates has been pursued for over twenty five 
years (Chen et al. 1988). Similar to Ge-on-Si epi-
taxial growth, however, the challenge is the large 
lattice mismatch (4.1%) between GaAs and Si, as 
well as the very large (250%) difference of their 
thermal expansion coefficients. Direct growth 
of GaAs-based heterostructures on Si creates 
very high densities of surface misfit dislocations 
(∼109 cm−2), which transform into threading dislo-
cations propagating into the active region of lasers 
during the growth. Consequently, the lasers have 
very short lifetime caused by catastrophic failure. 
It turns out that the lattice mismatch of Ge and 
GaAs is very small (0.077%) and their thermal 
expansion coefficients match over large tempera-
ture ranges. Hence, the same graded SiGe epitaxial 
growth technology discussed for SiGe photode-
tectors can be utilized as buffer layers in order to 
achieve low-dislocation GaAs-based epilayers 
on Si. A challenge has been the growth of a polar 
(GaAs) over a nonpolar (Si) surface, a phenom-
enon long known as antiphase disorder (Anderson 
1962). Certain substrate  preparation and initial 
growth precautions can significantly alleviate the 
issue (Aspnes and Stunda 1981; Fischer et al. 1985; 
Petroff 1986; Reddy et al. 1987). AlGaAs/GaAs 
quantum well lasers on relaxed SiGe buffers lay-
ers on Si have been reported (Groenert et al. 2003). 
Surface threading dislocation densities were as low 
as 2 × 106 cm−2 allowing continuous-wave, room-
temperature lasing at a wavelength of 858 nm. Yet, 
relatively low differential quantum efficiency of 
0.24 and high threshold current density of 577 A/
cm2 impaired the devices.

Similarly, other approaches for growing GaAs-
based laser on Si, including strained-layer superlat-
tices (SLS) (Fischer et al. 1986; Sakai et al. 1986) 
and more recently quantum dot dislocation filters 
(see Figure 22.11a) (Yang et al. 2007; Yang and 
Bhattacharya 2008), typically suffer from high 
threshold current and short lifetimes. At any rate, 
GaAs-based lasers, even their longer-wavelength 
quantum-dot types, become increasingly less effi-
cient light emitters at wavelengths above silicon’s 
bandgap, and InP-based lasers are more suitable for 
integrating with Si and for telecom wavelengths. 
In addition to the thermal expansion coefficient 
difference and polar/nonpolar antiphase disorder 

issues, the problem with direct InP growth on Si is 
the even larger (8.1%) lattice mismatch between the 
materials, prohibiting using graded SiGe buffers. 
Even employing InGaAs SLS buffer layers is not as 
effective as in GaAs. Initial works resulted in high 
dislocations densities in the order of 108–109 cm−2 
(Crumbaker et al. 1989). Progress was later made 
for this method (Sugo et al. 1990; Wuu et al. 1990; 
Itakura et al. 1991), yet the dislocation densities 
remain in the 107 cm−2 range, which is an order of 
magnitude higher than lattice-matched growth. 
A somewhat radical solution for direct growth 
of III–V lasers emitting in the 1550 nm telecom 
wavelength is using another material system, e.g., 
gallium antimonide (GaSb)-based lasers. Strained 
GaInSb/AlGaAsSb quantum-well lasers have been 
grown on Si, but at room temperature the devices 
could operate only under pulsed bias and with 
a high threshold current density of 5 kA  cm−2 
(Cerutti et al. 2010).

The tough circumstances may leave no option 
other than relying on some bonding techniques. As 
discussed, a very practical, yet low yield and high 
cost, approach is flip-chip bonding of completely 
processed individual lasers on silicon photonic 
chips. A more monolithic approach for large-scale 
integration is to first conduct wafer (full or partial) 
or die bonding of III–V epilayers onto silicon pho-
tonic chips, followed by processing the III–V devices. 
An advantage is that aligning III–V devices with Si 
waveguides during lithography is typically easier 
this way than during chip bonding or assembly.

Indirect bonding methods, including adhe-
sive (e.g., based on polymers) and eutectic bond-
ing (based on metals such as In-Au and Pb) may 
be convenient ways to effectively “glue” the two 
wafers. However, bonding by polymer materi-
als, such as the benzocyclobutene (BCB) family 
(Roelkens et al. 2006), may be fine for lab demon-
stration but is not reliable for practical applications 
due to weak formed bonds. Also, metallic layers of 
eutectic bonding cause optical loss.

A more reliable approach is direct wafer (or 
fusion) bonding of InP and Si layers. The idea can 
be traced back to Lord Rayleigh (Rayleigh 1936), 
who bonded optically polished glass plates at room 
temperature. In modern semiconductor process-
ing, two atomically smooth (<1 nm roughness) 
and clean surfaces are brought to physical con-
tact at low temperatures (to form atomic bonds 
with no worry of the lattice-mismatch hurdle) 
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and subsequently the bonds are strengthened by 
thermal annealing. The research in this area was 
motivated by bonding two Si wafers in the 1980s 
for electronic applications, pioneered by research-
ers at IBM (Lasky et al. 1985) and Toshiba (Shimbo 
et al. 1986). Interestingly, the former group (Lasky 
et al. 1985) reports one of the very first SOI wafers 
achieved by the aforementioned bonding and etch-
back technique.

Taking advantage of hydrophilic surfaces (e.g., 
SiO2) or assisting the process by oxygen plasma 
can enhance the initial bonding, as follows. One 
of the earliest III–V lasers bonded to Si wafers was 
achieved at Ecole Centrale de Lyon and LETI-CEA 
in France (Seassal et al. 2001), where optically 
pumped InP microdisk lasers were bonded to Si 
wafers. Two SiO2 layer, formed by plasma-enhanced 
chemical vapor deposition (PECVD) on both InP 
and Si wafers, subsequently polished, cleaned, 
bonded, and annealed at 200°C for 60 minutes to 
increase the bonding strength. The InP substrate 
was subsequently removed by selective wet etching 
using an In0.53Ga0.47. As sacrificial (etch-stop) layer, 
exposing the heterolayers for microdisk laser pro-
cessing, i.e., 6-μm-diameter disks were patterned 
by standard dry etching techniques. An electrically 
injected InAsP/InGaAsP microdisk laser was later 
demonstrated (Rojo et al. 2006). One issue with 
this approach is the quality of the PECVD oxide 
and the strength of the created bonds and their sta-
bility at elevated temperatures (Pasquariello and 
Hjort 2002). Low-heat dissipation of the underly-
ing dielectric SiO2 layer (see case (a) in Figure 22.9), 
leading to degraded laser performance, is another 
disadvantage of using hydrophilic SiO2 bonding 
layers.

One challenge for wafer-bonding approaches is 
how to couple light into Si waveguides. Based on 
the concept of vertical coupling via evanescent 
coupling [originally proposed and demonstrated 
in the context of III–V microdisk lasers stacked on 
another III–V bus waveguide (Seung et al. 2003)], 
the mentioned French research groups managed 
to couple light from optically pumped microdisk 
lasers into silicon strip waveguides by decreas-
ing the total SiO2–SiO2 hydrophilic surfaces from 
800 nm down to 300 nm (Hattori et al. 2006).

Pioneered by a group at Uppsala University, 
Sweden, plasma-assisted direct bonding of semi-
conductors has been shown to be an interesting 
technique to avoid SiO2 hydrophilic layers and 

their complications (Pasquariello and Hjort 2002). 
Based on this bonding technique, researchers at the 
University of California, Santa Barbara (UCSB), 
demonstrated optically pumped (Park et al. 2005) 
and later the first electrically injected (Fang et al. 
2006) evanescently coupled edge-emitting FP 
AlGaInAs/InP lasers coupled into Si waveguides 
(see Figure 22.11b). A hybrid optical mode, mostly 
residing in the SOI waveguide, has partial over-
lap with the laser separate confinement structure, 
allowing coupling between the two regions. Since 
then and in collaboration with Intel Corporation, 
the UCSB group has impressively matured this 
platform and managed to demonstrate more com-
plicated photonic circuitry, i.e., demonstrate and 
integrate lasers (including FP, microdisk, micror-
ing, and distributed Bragg reflector types), semi-
conductor optical amplifiers, electroabsorption 
and phase modulators, as well as photodetectors. 
Detailed reviews of these works can be found else-
where (Liang and Bowers 2010; Heck et al. 2013). 
Also, other researchers have shown very similar 
lasers with InGaAsP, rather than AlGaInAs, mul-
tiquantum well active regions (Sun et al. 2009).

Meanwhile, arguing that the evanescently cou-
pled lasers should better have more confinement in 
the InP-based gain region than the Si waveguides, 
research groups at Ghent University and IMEC, 
Belgium, in collaboration with the mentioned 
French groups, demonstrated somewhat different 
electrically pumped evanescently coupled lasers 
(Van Campenhout et al. 2007). Another approach 
pursued by the same groups is using III–V gain 
regions and distributed reflectors on SOI wave-
guides linked by tapered adiabatic mode convert-
ers for realizing tunable lasers (see Figure 22.11c) 
(Keyvaninia et al. 2013a,b). Finally, Skorpios 
Technologies has envisioned and developed a  planar 
platform in which unprocessed III–V  epilayers are 
metal bonded into grooves made in silicon sub-
strate, such that the processed laser is eventually 
butt coupled into SOI  waveguides (Creazzo et al. 
2013) (see case (b) in Figures 22.9 and 22.11d). This 
approach avoids the inherent shortcoming of verti-
cally coupled lasers in terms of guided optical mode 
distribution between Si and InP waveguides and 
offers efficient direct optical coupling between the 
two planar (horizontally aligned) regions. Other 
advantages include better heat dissipation due to the 
omission of the BOX underneath the laser, allowing 
laser operation up to 80°C, as well as hermetically 
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sealing the lasers in SiO2 encapsulation, eliminating 
the need for their packaging.

To summarize this section, it is apparent that 
any existing and perhaps upcoming laser technol-
ogy on Si has its own pros and cons. Thus, it is hard 
to judge which of so many competing approaches 
will prevail. But it is likely that some heterogeneous 
integration methods, based on III–V lasers pre- or 
postprocess bonded to Si, will be the most relevant 
solutions in the foreseeable future.

22.8  THIRD-ORDER NONLINEAR 
PHOTONICS ON SILICON

Silicon has a centrosymmetric lattice structure, 
thus it inherently lacks second-order optical 
nonlinearity. It has high third-order optical non-
linearity (both Kerr and Raman types), though. 
Specifically, silicon waveguides have a much high 
nonlinear parameter γ = (ω × n2)/(c × Aeff) compared 
to traditional integrated-optics platforms, e.g., sil-
ica fibers or planar waveguides. Here, n2 is the non-
linear refractive index, λ and ω are the wavelength 
and angular frequency of light, respectively, and 
c is the speed of light in vacuum. From the early 
2000s, pioneered by B. Jalali’s group at UCLA, both 
Raman- and Kerr effect-based nonlinear effects 
have been explored in silicon photonics (Jalali and 
Fathpour 2006). Numerous studies have been pub-
lished in the area of nonlinear silicon photonics 
by several groups, a review of which can be found 
elsewhere (Leuthold et al. 2010).

An omnipresent problem in the telecom-
munication wavelengths, however, is the TPA 
at required high optical intensities and the even 
higher FCA induced by it (Claps 2004; Liang and 
Tsang 2004). Certain approaches can reduce the 
carrier lifetime, alleviate the problem, and mod-
estly improve the nonlinear device performances. 
Active carrier sweep-out in reverse-biased wave-
guide diodes has been proposed (Claps 2004) and 
demonstrated (Rong et al. 2005). Energy harvest-
ing based on two-photon photovoltaic effect in 
order to achieve energy-efficient nonlinear devices 
has also been demonstrated (Fathpour et al. 2006, 
2007). Nonetheless, in all of these sweep-out-based 
solutions, the carrier lifetime remains relatively 
high and FCA cannot be significantly subdued 
due to free-carrier screening of the junction elec-
tric field (Dimitropoulos et al. 2005). Difficulties of 
coupling light into higher order modes of specially 

designed waveguides notwithstanding, cladding 
pumping of nonlinear silicon photonic devices 
is another potential solution (Krause et al. 2007). 
Also, introducing midgap states through high-
energy irradiation of ions, e.g., helium, is another 
means of modestly reducing the carrier lifetime, 
although it comes at the expense of higher linear 
propagation loss. Therefore, only small values of 
net gain in Raman amplifiers have been observed 
(Liu and Tsang 2006).

Several researchers have totally moved to other 
nonlinear materials such as hydrogenated amor-
phous silicon (a-Si:H) (Narayanan and Preble 
2010; Kuyken et al. 2011; Grillet et al. 2012), silicon 
nitride (SiN) and Hydex (Moss et al. 2013), chal-
cogenide glass (Eggleton et al. 2011), and tantalum 
pentoxide (Ta2O5) (Rabiei et al. 2013a, 2014) wave-
guides on silicon substrates to totally circumvent 
the nonlinear loss problem of SOI waveguides. The 
argument is that the improved nonlinear  figure 
of merit, FOM = n2/(βTPA × λ) in these materials—
with negligible TPA coefficient, βTPA—is more 
important than the previously argued high γ of Si. 
The  common idea for all of these heterogeneous 
 platforms is to use deposition, spinning or other 
methods of thin film formation to create wave-
guides on a dielectric bottom cladding layer (usu-
ally SiO2) on Si substrates and exploit the materials’ 
nonlinear optical properties for functions such as 
supercontinuum generation, four-wave mixing, 
self-phase modulation, cross-phase modulation, 
third- harmonic generation, and stimulated Raman 
 scattering, etc.

Table 22.1 summarizes n2 and βTPA in all the 
materials discussed in the previous paragraph in 
comparison to SiO2, as a benchmark (Fathpour 
2015). The literature of a-Si:H is inconsistent and 
seemingly is very dependent on the deposition 
condition, but very high values of n2 have been 
claimed (Narayanan and Preble 2010, Grillet et al. 
2012). However, a tradeoff between n2 and βTPA is 
observable and overall the considerable value of 
βTPA [which can be much higher than crystalline 
Si (Narayanan and Preble 2010) limits the FOM 
(e.g., ∼5 in Grillet et al. 2012)]. The other materi-
als of interest in Table 22.1 have negligible βTPA 
and hence measuredly or potentially possess very 
high FOM. Among them, Ta2O5 has an n2 three 
times higher than SiN and comparable to chalco-
genide glasses. Meanwhile, its refractive index of 
∼2.1 is higher than Hydex’s (∼1.7) and its damage 
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threshold is much higher than that of chalcogenide 
glasses. Reduction of the waveguide dimensions in 
low-loss Ta2O5 submicron waveguides, fabricated 
by selective oxidation of Ta (Rabiei et al. 2013a, 
2014), reduces Aeff. Consequently, the γ of Ta2O5 
waveguides can be much higher than the compet-
ing materials of Table 22.1.

22.9  SECOND-ORDER NONLINEAR 
PHOTONICS ON SILICON

There have been some reports on breaking the 
 lattice symmetry of bulk Si by applying stress on 
Si waveguides to take advantage of the induced 
second-order optical nonlinearity as well as 
 linear EO (or Pockels) effect (Jacobsen et al. 2006; 
Chmielak et al. 2011; Cazzanelli et al. 2012). In this 
respect, inducing electronically tunable birefrin-
gence in SOI waveguides has been demonstrated 
by blanketing them with a piezoelectric transducer 
made of lead zirconium titanate (PZT) (Tsia et al. 
2008a,b). However, the amount of induced bire-
fringence is in the range of 3 × 10−5, which is large 
enough for electrically tuning the phase-mismatch 
of TE and TM modes in parametric nonlinear 
optical effects, but not enough to take advantage of 
the effect for second-order nonlinear effect itself. It 
is true that the induced strain can be higher using 
stressed cladding layers, such as SiN, particularly 
in smaller waveguide cross-sections (Jacobsen et al. 
2006; Chmielak et al. 2011; Cazzanelli et al. 2012). 
However, overall the extent to which second-order 
optical nonlinearity and/or Pockels effect can be 
induced by such methods is questionable consider-
ing that single-element Si is a nonpolar crystal.

SOI-based modulators were discussed in 
Section 22.4.3. As mentioned therein, although 
high-speed and low-voltage all-Si MZI modula-
tors have been demonstrated, the devices only 
offer modest modulation depths of a few dB. Such 
low modulation depth may be enough for near-
term short-haul links but this certainly remains 
a shortcoming for the long-term requirements 
of the industry, where at least 7 dB of modula-
tion depth at high speeds is demanded (Reed et 
al. 2010). Indeed, the modulation depth times the 
bit rate may be a better  figure of merit, which is 
∼150 to ∼280 dB Gb/s in the aforementioned state 
of the art (Thomson et al. 2012; Tu et al. 2013). In 
clear contrast, the benchmark LiNbO3 modulators 
boast 20 dB or better modulation depth (the indus-
try standard for digital communications) (Wooten 
et  al. 2000) and 40 Gb/s or higher bit rates are 
commonplace in commercial long-haul telecom 
systems, giving a figure of merit of at least 800 dB 
Gb/s. Up to 100 GHz modulation bandwidth has 
been long measured in LiNbO3 with careful RF 
design of traveling-wave electrodes (Noguchi et al. 
1998), hence even higher modulation depth times 
bit rates are feasible in principle, the complications 
of detection and electronic circuitry for modula-
tion and detection notwithstanding.

It again appears that heterogeneous integra-
tion of Si with another material with strong 
 second-order optical nonlinearity, as well as 
 linear EO or electro-absorption (EA) effect, may 
be the way forward. Nitride semiconductors have 
high  second-order nonlinearities. GaN has been 
bonded  to Si by PECVD SiO2 with measured 
second-order nonlinear susceptibility, χ(2), of ∼16 

Table 22.1 Nonlinear refractive indices and two-photon 
absorption coefficients of various materials

Material n2 (×10−20 m2/W)
βtPa (cm/

GW)

SiO2 3.2 Negligible
Hydex 11 Negligible
SiN 26 Negligible
Ta2O5 72.3 Negligible
Chalcogenide ∼100 6.2 × 10–4

Crystalline Si 250 0.7
a-Si:H 2, 100–4, 200 0.25–4.1

Source: Fathpour, S., Nanophotonics 4, 143–164, 2015.
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pm/V (Xiong et al. 2011). However, as mentioned 
in Section 22.7, the quality of PECVD oxide is low 
for bonding. Also, the uniformity of the thin GaN 
films obtained by CMP, after removing the (111) Si 
substrate, on which they were originally grown, is 
an issue. Sputtering of AlN on Si wafers coated with 
SiO2 has also been reported (Pernice et al. 2012). 
However, the crystalline quality of sputtered AlN 
is expectedly low, leading to a weak χ(2) of ∼4 pm/V. 
Nonlinear polymer materials have shown strong 
EO effect and, their long-term  reliability notwith-
standing, have potential for high- performance 
modulators in Si waveguides coated with them 
(Leuthold et al. 2013).

Telecom wavelengths are far from silicon’s 
bandgap. Hence, EA modulators based on the 
Franz–Keldysh effect (FKE) are not possible on 
Si. But both the quantum-confined Stark effect 
(QCSE) and FKE in SiGe can be exploited at lon-
ger wavelengths. Si0.6Ge0.4–Si quantum well wave-
guide EA modulators based on QCSE operating 
at 1.15 μm wavelength were demonstrated at the 
University of Michigan (Qasaimeh et al. 1998). 
Later, another team employed Ge–Si0.1Ge0.9 quan-
tum wells in surface-illuminated modulators to 
red shift the operating wavelength to ∼1.45 μm 
(Kuo et al. 2005). More recently, GeSi (Ge epitaxial 
layer comprising <1% of silicon) has been used to 
exhibit strong FKE around 1.55 μm and demon-
strate EA modulators with 10 dB extinction ratio 
(Liu et al. 2008). Mellanox Technologies has been 
recently maturing this technology to integrate 
it into their OEICs (Feng et al. 2013). Another 
approach, pursued at UCSB, is to take advantage of 
the quantum-well intermixing technique in order 
to shift the bandgap of InP-based heterostructures 
and achieve EA modulators on the same epilayers 
used for lasers in a hybrid OEIC on Si substrates 
(Heck et al. 2013).

An alternative approach, pursued at the author’s 
research group at CREOL, is heterogeneous integra-
tion of LiNbO3 on Si (Rabiei et al. 2013b). With high 
nonlinear optical coefficients (e.g., d33 ≈ −25.2 pm/V), 
LiNbO3 is an ideal material for nonlinear integrated 
photonics. Also, single-crystalline LiNbO3 has large 
EO coefficients (r33 = 31 pm/V and r13 = 8 pm/V) and 
a wide transparency range (0.4–5 μm wavelength) 
(Wong 2002). Indeed, standard LiNbO3 wave-
guides are widely regarded as the best vehicle for 
EO modulation in the photonic industry (Wooten 
et al. 2000) with impressively high-modulation 

bandwidths (over 100 GHz; Noguchi et al. 1998). As 
mentioned before, LiNbO3 modulators undoubtedly 
offer higher performance (in terms of modulation 
bandwidth and modulation depth) compared to all-
Si-based optical modulators. Reliable LiNbO3-on-Si 
thin films as well as low-loss submicron waveguides, 
microring resonators, and record-low Vπ·L modula-
tors have been demonstrated (Rabiei et al. 2013b). 
Vπ·L as low as 4 V-cm is obtained in push–pull con-
figured MZI modulators, which is three times lower 
than the best commercial devices. Calculations show 
that Vπ·L as low as 1.2 V-cm is possible. Modulation 
depth is expectedly very high (∼20 dB), which is a 
clear advantage over free-carrier-modulated all-Si 
modulators.

22.10  MID-IR INTEGRATED 
PHOTONIC PLATFORMS

Optics in the MWIR or mid-IR wavelengths, par-
ticularly the atmospheric transmission window of 
3–5 μm, has been researched on for over 60 years 
(Gebbie et al. 1951). Mid-IR silicon photonics has 
several potential biochemical, biomedical, and 
communication potential applications (Jalali et al. 
2006; Soref 2010; Fathpour and Jalali 2012). The 
first demonstration of mid-IR Raman amplifiers 
(Raghunathan et al. 2007; Borlaug et al. 2009) sug-
gested that nonlinear silicon photonic devices can 
be achieved. Indeed, TPA vanishes in the mid-IR 
regime (above ∼2.2 μm to be more precise) and 
three-photon absorption is negligible at very high 
intensities (Raghunathan et al. 2006). Thus, the dis-
cussed omnipresent problem of nonlinear silicon 
devices in the near-IR, i.e., TPA-induced FCA, is 
inherently nonexistent in the mid-IR. Analytic and 
numerical works suggest that high- performance 
3–5 μm nonlinear silicon photonic devices can be 
attained provided that low-loss waveguides and 
sources with high beam-quality are available (Ma 
and Fathpour 2012, 2013).

However, the standard SOI platform is generally 
not ideal for mid-IR photonics because the bottom 
cladding material, SiO2, is very lossy over 2.5–2.9 μm 
and above 3.5 μm wavelengths (Soref et al. 2006b). As 
shown in Figure 22.12a and b, using SiN (transpar-
ent up to 6.6 μm) or air (suspended silicon mem-
brane, transparent up to 6.9 μm) as the bottom 
waveguide cladding layer are alternatives. Silicon-
on-sapphire (transparent up to 4.3 μm) and Si-on-
LiNbO3 (transparent up to 5.2 μm) are other 
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possibilities (Figure 22.12c and d). Also as shown 
in Figure 22.12e, Ge waveguides directly formed 
on Si (transparent up to 6.9 μm), have been pro-
posed (Soref et al. 2006b). All of these waveguide 
platforms have been demonstrated and briefly 
reviewed below.

Silicon-on-sapphire (SOS) wafers were dem-
onstrated long before SOI wafers (Manasevit and 
Simpson 1964). Both SOS and SOI wafers were 
interested for CMOS electronics because the 
insulating substrates contribute to lower parasitic 
capacitance, higher transistor speed, lower power, 
better linearity, and more isolation for electronic 
circuitry (Culurciello 2010). Si can be grown on 
sapphire substrates by chemical vapor deposi-
tion and solid-phase epitaxy methods, although 
the quality of the attained films, their defect and 
optical loss is very much influenced by the growth 
method and conditions. Available SOS wafers, 
originally developed for microelectronic applica-
tions, led to the demonstration of first Si-based 
mid-IR waveguides (Baehr-Jones et al. 2010; 
Mashanovich et al. 2011; Wong et al. 2012). Low-
loss waveguides and grating couplers on SOS were 
later demonstrated (Shankar et al. 2013). A typi-
cal waveguide structure is shown in Figure 22.12c. 

The author’s group has also fabricated SOS wave-
guides. However, we have not been able to achieve 
low propagation loss (∼12 dB/cm at 1.55 μm). The 
reason for this is not clear, but private communica-
tion with other researchers, who have been using 
available SOS wafers in the market, suggests that 
quality variation of the Si thin layer grown epitaxi-
ally on sapphire substrates can cause this. Indeed, 
there has been some report on inherent twining 
defects in SOS (Imthurn 2014). At any rate and as 
mentioned, sapphire is transparent only up to 4.3 
μm and the platforms of Figure 22.12 offer wider 
transparency ranges.

Reduced-pressure chemical vapor deposition 
was employed to grow a 2-μm-thick monocrystal-
line Ge relaxed layer on a Si and ∼3-μm-wide stripes 
were fabricated by photolithography (Figure 22.12e) 
(Chang et al. 2012). These waveguides are inherently 
large due to the not very high index contrast between 
Ge and Si (∼4 vs. 3.4) but for the same reason have 
relatively low propagation loss of ∼3.6 dB/cm at 
5.8 μm wavelength. More recently, Ge-on-Si thermo-
optic phase shifters have been reported (Malik et al. 
2014).

Silicon-on-nitride (SON) waveguides have been 
recently demonstrated at the author’s lab (Khan et al. 
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2013). The waveguide structures shown in Figure 
22.12b resemble those of SOI waveguides except that 
the BOX layer is replaced by a SiN layer formed by 
deposition and bonding techniques. In principle, the 
discussed ion implantation and wafer slicing steps 
used for SOI wafers can be employed to achieve SON 
wafers. But with the availability of SOI wafers, per-
haps there is no need to repeat those steps in order 
to attain Si thin films. Rather, back-side etching of 
the Si substrate and the BOX layer can expose the 
thin Si layer. Standard techniques were then used to 
fabricate ridge waveguides. At 3.39 μm wavelength, 
the propagation loss of the characterized waveguides 
is 5.1 dB/cm for the TM mode.

Silicon’s inherent transparency range of up to 
6.9 μm can be fully exploited with air-clad wave-
guides. Suspended membrane waveguides for 
mid-IR were first demonstrated by local removal 
of BOX in SOI waveguides via forming an array of 
periodical holes in the top silicon layer adjacent to 
the rib waveguides (Chang et al. 2012). However, 
due to the via forming and isotropic wet etching 
steps, the attained membranes become too wide to 
be mechanically and thermally stable, i.e., they are 
prone to vibrations, bowing, and low thermal dis-
sipation. A more reliable and robust process, devel-
oped at CREOL, is based on fusion bonding an 
inverted SOI wafer to a bulk silicon substrate pre-
patterned with trenches (Chiles et al. 2013). The SOI 
substrate and BOX are subsequently removed and a 
thin Si film on the buried trench is exposed. The 
air-filled trench acts as the bottom waveguide clad-
ding when waveguide ridges are formed by stan-
dard lithographic techniques. The waveguides have 
a TM-mode low propagation loss of 2.8 dB/ cm at 
3.39 μm. This is the first demonstration of a homo-
geneous all-silicon optical platform. The depth of 
the trench can be freely controlled and the formed 
fusion-sealed internal channel can be potentially 
used for microfluidic or gas-sensing applications.

The last mid-IR platform discussed here is 
based on bonding a Si thin film on a LiNbO3 sub-
strate (Chiles and Fathpour 2014). The motivation 
for developing this silicon-on-lithium-niobate or 
SiLN platform at CREOL is primarily to achieve 
EO modulator in the mid-IR range. According to 
mode simulations and at 3.4 μm wavelength, ∼24% 
of the optical mode resides in LiNbO3. Hence, 
relatively strong EO modulators can be envisaged. 
These first demonstrated mid-IR EO modulators 

attaining a modulation depth of 8 dB, a Vπ·L of 
26 V.cm at low frequencies, a propagation loss of 
2.5 dB/cm and an insertion loss of ∼3 dB, all char-
acterized at a wavelength of 3.4 μm.

22.11  CONCLUDING REMARKS

Herbert Spencer, the famous 19th century English 
polymath once wrote: “From the remotest past 
which Science can fathom, up to the novelties of 
yesterday, that in which Progress essentially con-
sists, is the transformation of the homogeneous to 
the heterogeneous” (Spencer 1891). Such a trans-
formation appears to be the destiny of progress in 
the science and technology of electronic–photonic 
integrated circuits. It may be unwise to make pre-
dictions for any field of science and engineering, 
but the following remarks are cautiously made. It 
appears that in the foreseeable future, heteroge-
neous technologies, that combine group IV and 
III–V semiconductors, and perhaps LiNbO3 and 
other materials such as nitride semiconductors 
and high-index dielectrics, will most likely domi-
nate integrated optoelectronics. Electronics will 
most likely be based on Si CMOS and lasers will 
most likely be on III–Vs. Prevailing materials and 
device platforms for other functionalities are much 
more debatable and predicting them is more dif-
ficult, hence less assertive adjectives are chosen in 
the following. Photodetectors will likely be on Ge, 
but perhaps on III–Vs. Modulators could be based 
either on free-carrier-plasma effect in Si, EO or EA 
effect in III–Vs or EA in GeSi, or EO in LiNbO3. 
Passive devices (waveguides, filters, etc.) will likely 
be on Si due to its inexpensiveness and low loss.
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23
Nanoplasmonic optoelectronics

ROBERT G. W. BROWN
University of California, Irvine

23.1  INTRODUCTION AND 
MOTIVATION

Nanoplasmonic optoelectronics, a subject too 
immature for the first edition of the book, but 
now well developed in the research laboratory 
and poised to play an important role in the future 
development of novel optoelectronic devices and 
systems, is the focus of this forward-looking chap-
ter. We do not cover here nano-optoelectronics, 
with its focus on quantum dots, wires, and well, 
especially when used in laser diodes, light emit-
ting diodes (LEDs), and photodetectors of various 

kinds, as these aspects at the nanolevel have been 
intensively researched and reviewed (Saleh and 
Teich, 2007) these past 20+ years and described in 
Chapters 10–19 in this handbook.

Much of the motivation driving the develop-
ment of nanoscale optoelectronics and plasmonic 
optoelectronics is that of SWAP-C, meaning 
Size, Weight, Power, and Cost to the Military and 
Aerospace communities, and, Cooling (rather than 
Cost) for others. Many applications and potential 
applications of optoelectronics, particularly in 
mobile devices that are hand held or flown continu-
ously, demand very small size devices and systems, 
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the lowest possible weight of such devices, together 
with the smallest possible power consumption, and, 
if possible, no cooling systems being required. For 
most applications, cost is also a key driver, although 
the fabrication and testing costs of nanoscale 
devices are relatively very large indeed. This high 
cost will have to change for many of the devices 
described here to become accepted as components 
in novel ultrasmall-scale optosystems in the future.

The structure of this chapter is outlined earlier, 
starting with the multifaceted tool kit of physics 
and mathematics that under pins all nanoplas-
monics, followed by a brief look at appropriate 
plasmonic materials and some of the challenges 
involved with them. We look briefly at key fabrica-
tion and test methods, before focusing on the con-
tent of this chapter, nanoplasmonic light sources, 
modulators, detectors, optics (metamaterials), and 
potentially advantageous applications that we can 
expect in the future. Extreme opposites are found 
in the potential applications, e.g., from use at the 
single biological-unit scale (DNA, viruses, cells, 
etc.), to uses in unmanned aerial vehicles (UAVs) 
and space-borne sensing probes.

23.2  THE TOOL KIT

The essential physics of plasmonics is beautifully 
reviewed by Maier (2007), starting from Maxwell’s 
equations and the criteria for the existence of a 
plasmon (a cloud of electrons) propagating at the 
interface between a dielectric and a conductor, 
evanescently confined in the perpendicular direc-
tion. The dielectric has a positive real dielectric 
constant, whereas the metal must have the real 
part of its dielectric constant being negative at the 
wavelength or frequency of interest. For gold, this 
implies infrared wavelengths. For aluminum and 
silver, visible and ultraviolet (UV) wavelengths are 
appropriate; materials and their properties, includ-
ing graphene are discussed in the next section.

Immediately, here at the outset, we distinguish 
carefully between decades of research on surface 
plasmons operating on a scale of microns to mil-
limeters, and the focus of this review, which is 
localized surface plasmons, operating on a scale 
of nanometers to a micron or so, because of the 
involvement of nanoparticles and arrays of nanopar-
ticles (Zayats et al., 2005). “Plasmons” in this review 
means localized plasmons. We will also encounter 
“plasmon-polaritons” the propagating entanglement 

of plasmons and photons, also assumed here at the 
nanoscale.

Maier continues by describing in detail the 
polarization properties of plasmons, excitation, 
and lifetime of plasmons, propagation dispersion 
relations, waveguides, etc., and all the essential 
physics before outlining basic device architectures 
and early applications interests such as surface-
enhanced Raman scattering (SERS) and metama-
terials. An up-to-date and comprehensive basic 
treatment of this subject is given by Novotny and 
Hecht (2012), in their excellent book.

Two other plasmonics-focused books are well 
worth looking at closely: Nanophotonics by Prasad 
(2004) and Surface Plasmon Nanophotonics, edited 
by Brongersma and Kik (2010). Additionally, 
throughout the development of nanoplasmonic 
optoelectronics, some fine review papers have also 
been published (e.g., Maier and Atwater, 2005; 
Berini, 2009; Flory et  al., 2011; Halas et  al., 2011; 
Stockman, 2011; Zhang and Zhang, 2012).

Beyond the basic underpinning physics set out by 
Maier (2007) and Novotny and Hecht (2012), there 
are more advanced physics concepts that appear 
repeatedly as we attempt to use nanoplasmonics/
polaritonics in new optoelectronic devices. This is 
our new tool kit as we develop novel optoelectronic 
devices, system, and applications in the future:

 1. At the quantum level, we become aware of 
Fano factors and their role in shaping plasmon 
resonances (Luk’yanchuk et al., 2010) and the 
ability to use classical physics to describe plas-
mons all the way down to the nanometer scale, 
but not in the subnanometer region (Duan 
et al., 2012). Even wave particle duality of plas-
mons has been explored (Kolesov et al., 2009). 
Quantum plexitonics and quantum plasmon-
ics have emerged in recent years (Manjavacas 
et al., 2011; Marinica et al., 2012), involving 
strongly interacting plasmons and excitons, 
and strong nonlinear effects in a nanoparticle 
dimer. Control of spontaneous emission is pos-
sible plasmonically (Belacel et al., 2013).

 2. Quantum optics—single photons upon 
demand can be realized through nanoplas-
monic architectures (Chang et al., 2006).

 3. Nonlinear optics—both χ(3) (Suh et al., 2011) 
and χ(2) (Zhang et al., 2011a), extreme nonlin-
ear-optical effects have been reported using 
nanoplasmonics, offering considerable potential 
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for novel low-power optoelectronic devices to 
be described later. The subject was excellently 
reviewed by Kauranen and Zayats (2012).

 4. The roles of hot electrons and Schottky barriers 
become crucial when we enter the realm of 
detector design and performance. The physics 
is well described by Knight et al. (2013) and 
Manjavacas et al. (2014); enhanced photodetec-
tor device potential is demonstrated by Brown 
and Stanley (2011) and Knight et al. (2011). 
Responsivities in excess of 25× over planar 
diodes have been demonstrated, and we expect 
to exceed this further as nanofabrication tech-
niques are improved in the future. Chalabi and 
Brongersma (2013) consider artificial photo-
synthesis based on this new capability. Atwater 
and Polman (2010) suggested improved photo-
voltaic devices using plasmonic light trapping, 
enhanced solar cell performance.

 5. Precision arrays of nanoparticles (and 
nanopinholes, Ebbesen et al., 1998; Garcia-
Vidal et al., 2005) and their cooperative 
resonances (Niklasson and Craighead, 1985) 
become central to the design of metamateri-
als and transformation optics (Kildishev and 
Shalaev, 2011), which is beyond the scope of 
this optofocused review chapter, but also meta-
material optics (Brown, 2012a), and plasmon-
enhanced photodetectors (see Brown, 2011; 
Knight et al., 2011), which utilize plasmonic 
perfect absorbers (e.g., Liu et al., 2010a; Aydin 
et al., 2011). Here, we encounter the potential 
for total light absorption, creation of massive 
refractive indexes, extraordinary photode-
tection capabilities, etc., all of which will be 
described further later.

 6. Interference of plasmons. Plasmons can be 
directed to interfere with each other (Choi 
et al., 2014), indeed, plasmonic interferometers 
are possible for ultrasensitive applications at 
the nanoscale (Gao et al., 2011).

 7. Electronic modulation of plasmon and plas-
mon-resonance properties. It is all well and 
good to be able to create specific plasmon prop-
erties, but often in optoelectronic devices and 
systems we wish to vary or modulate proper-
ties. Techniques have emerged allowing active 
spatial control of plasmonic fields (Gjonaj et al., 
2011), also plasmon resonance, through vary-
ing electric potential (Lioubimov et al., 2004; 
Noginova, 2011).

 8. Spasers. One of the most interesting areas of 
recent plasmonics, surface plasmon lasers. A 
spaser is the nanoplasmonic counterpart of a 
laser. Stockman and his collaborators have led 
the charge in this area, from the first paper 
(Bergman and Stockman, 2003), to a layman’s 
explanation (Stockman, 2008) and practical 
demonstrations of a spaser-based nanolaser 
(Noginov et al., 2009; Lu et al., 2014). We 
explain considerably more about this work 
later in this chapter.

From this new optoelectronic tool kit you can 
immediately see that at the nanoscale, we have 
all the essential ingredients to create the light 
sources, modulators, detectors, and other sensors 
upon which the whole of optoelectronics is tradi-
tionally based. In the future, the scale of optoelec-
tronic devices and systems might be truly micro/
nanoscopic because of these recent discoveries and 
developments.

We now explore these new tool kit items 
through the remainder of this chapter, some novel 
applications and possibilities also, as we look to 
future decades of optoelectronics R&D.

23.3  LOCALIZED SURFACE 
PLASMONS—ESSENTIAL 
MATH

Localized surface plasmons, the core essence of 
this chapter, are nonpropagating excitations of 
metal nanostructures’ conduction electrons when 
coupled to an incident electromagnetic field. Full 
details have been discussed at length and with 
rigor by Maier (2007) and Novotny and Hecht 
(2012). Here, we summarize the basic, essential, 
and frequently used calculations.

Being small metallic structures of varying 
shape, less in size than the wavelength of light, 
nanostructures respond to incident electromag-
netic radiation (EMR) in the manner known in 
great detail to the light scattering field for over 
100 years through Mie scattering and absorption, 
etc., described in detail by Bohren and Huffman 
(1983).

The essential optical properties start from a 
knowledge of the real and imaginary parts of the 
complex refractive index, RI = n + ik, and the 
real and imaginary parts of the complex dielec-
tric function, or relative permittivity, ε = ε′ + iε″. 
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For nonmagnetic materials (μ = μ0), RI and ε are 
related through the equations:
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Much of the RI data we need is listed by Palik (1985), 
but as discussed later, thin film data can vary signif-
icantly from bulk materials data, and for precision 
designs and analysis we need to measure thin film 
data in the spectral region of interest. From RI we 
can determine ε parameters that we need.

Next of interest is the polarizability, α, of the 
nanoparticles:
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where “a” represents the particle’s radius. εm is the 
relative permittivity of the medium surrounding 
the particle.

Knowing the nanoparticle’s polarizability per-
mits us to calculate the scattering and absorption 
cross-sections, Csca and Cabs, respectively:
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where k = 2π/λ, and λ is the wavelength of the inci-
dent electromagnetic radiation.

When dealing with nanoparticles of nonspheri-
cal shape, such as rods, ellipsoids, and the like, the 
shape of the particle is important in the calcula-
tions of the polarizability, α, and therefore of the 
absorption and scattering cross sections Csca and 
Cabs. The polarizability is modified as shown in the 
following equation:
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The geometrical factors Li sum to unity; for a 
sphere each factor equals 1/3.

More advanced calculations and effects such as 
the lifetime of plasmons, propagation of plasmons 
along chains of nanoparticles, and localized plas-
mons in gain media have been surveyed by Maier 
(2007). Use of nanoparticles in plasmonic anten-
nas has been surveyed at length by Novotny and 
Hecht (2012). Often in this application we need to 
know the plasma frequency, ωp, of the plasmonic 
material, which can be estimated by the following 
equation:
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where ne is the number density of electrons, e is 
the electronic charge, m is the effective mass of 
the electrons, and ε0 is the permittivity of free 
space.

Finally, we note that for arrays of coupled plas-
mon-resonant nanoparticles, the transmission and 
reflection coefficients can be estimated by the fol-
lowing equations (Niklasson and Craighead, 1985; 
Brown, 2012a); thus, absorption coefficient can 
also be estimated as T + R + A = 1:
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∝eff  = effective polarizability, NS = refractive 
index of substract, and

NM = refractive index of medium surrounding 
the nanoparticles (nanorods).

For simple plasmonic calculations, the above 
equations suffice, but more often than not we 
encounter complicated 3D arrangements of 
nanoparticles and then full-3D electromagnetic 
modeling software is used to estimate plasmonic/
optoelectronic properties, e.g., FDTD (finite dif-
ference time domain) techniques (as sold by 
Lumerical, Inc., and other companies).

23.4  MATERIALS SELECTION

The traditional materials for plasmonics are met-
als, with dielectrics. The importance of the real 
part of the metal’s dielectric constant being nega-
tive at the wavelength or frequency of interest for 
plasmonic functionality was emphasized earlier. 
Gold is frequently used in the infrared region, alu-
minum and silver are often used in the visible and 
UV regions. Aluminum is especially of interest 
at visible wavelengths (Knight et al., 2012, 2014). 
Metal nanostructures are fairly straightforward to 
fabricate (see Section 23.5), so there has been good 
experimental progress from many laboratories 
around the world in recent years. An introductory 
book covers most of the key concepts of physics 
and engineering (Pelton and Bryant, 2013).

The key drawback with metals for nanoplas-
monics is their Ohmic loss, which can be substan-
tial. Nevertheless, metals have been used for the 
majority of nanoplasmonics studies published to 
date. Khurgin (2015) discussed this in detail.

There are, however, alternative materials for 
nanoplasmonics. Doped oxides and doped nitrides 
have been explored (West et al., 2010; summarized 
by Boltasseva and Atwater, 2011). Transparent 
conducting oxides such as Al:ZnO, Ga:ZnO, and 
indium tin oxide (ITO) enable plasmonic metama-
terials operating in the near-IR; transition metal 
nitrides such as TiN or ZrN operate well in the vis-
ible region.

Graphene is increasingly popular in such stud-
ies (Grigorenko et al., 2012) and will be discussed 
in much greater detail later in this section. Even 
DNA has been used as the basis for plasmonic 
nanostructures (Tan et  al., 2011). Eutectic liquid 
alloys are also found to have plasmonic properties 
(Blaber et al., 2012).

When using metals for nanoplasmonic studies, 
we usually start with the dielectric properties at 
the intended wavelength or frequency of operation. 
The standard sources of this information are Palik 
(1985), and at least two papers in Applied Optics 
(Ordal et al., 1983; Rakić et al., 1998). Online, it is 
useful to search for information at refractiveindex.
info, a refractive index database.

However, most importantly for precision struc-
tural designs and performance expectations, 
nanoscopic materials properties can differ substan-
tially from the bulk properties reported in these 
standard sources for data. Figure 23.1 shows differ-
ences supplied to the author by Dr. David Peters of 
Sandia National Labs.
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Figure 23.1 Palik’s bulk values of conductiv-
ity and dielectric constant for aluminum across 
the visible region (blue traces) together with 
few nanometer-scale thin-film measurements 
by Sandia National Labs (dashed red traces). 
(Courtesy of Dr. David Peters, Sandia National 
Laboratory, with permission.)

http://refractiveindex.info
http://refractiveindex.info
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Nanoplasmonics is the basis for the construc-
tion of entirely new materials that do not appear 
to exist naturally in nature: metamaterials and 
negative refractive index materials (Kildishev 
and Shalaev, 2011). Although this optics topic 
is beyond the scope of this optoelectronics-
focused chapter, nevertheless we note the inter-
face of these two subjects, such as described by 
Hess et  al. (2012). We also note that plasmonic 
metamaterials may become active and tun-
able, as reviewed by Boardman et  al. (2010), 
and form low-loss negative index materials in 
the visible spectrum (Aslam and Güney, 2011). 
Metamaterials have been made with zero refrac-
tive index (Vesseur et  al., 2013) and can have 
tailored nonlinear optical response (Husu et al., 
2012). Very high refractive indexes may also be 
created in metamaterials: Choi et al. (2011) in the 
THz region and Brown (2012a) in the visible and 
IR regions.

Graphene plasmonics (thoroughly reviewed by 
Bonaccorso et al., 2010; Koppens et al., 2011; Vakil 
and Engheta, 2011; Bao and Loh, 2012; Grigorenko 
et al., 2012; Tassin et al., 2012) can now be contrasted 
to the metal/oxide/nitride plasmonic approaches 
just reviewed here. Graphene offers a substantially 
different platform for the creation of optoelectronic 
devices and systems (see Figure 23.2). Perhaps the 
most important difference to the above approaches 
is that the bandgap structure of graphene can be 
varied through doping, and this opens up a vari-
ety of different plasmonic schemes. Plasmons in 
graphene can be tunable by electrostatic doping, 
and have long lifetimes compared to noble metal 
 plasmons. Low loss at IR frequencies has been 
investigated (Jablan et al., 2009).

At the most fundamental level in graphene, plas-
mon localization has been explored by Zhou et  al. 
(2012), quantum finite size effects by Thongrattanasiri 
et al. (2012b), and hot carrier transport by Song et al. 
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Figure 23.2 Launching and imaging graphene plasmons. (a) Top left: schematic of an infrared nano-
imaging experiment. The blue and green arrows label the incoming and back-scattered light, respec-
tively. Top right: images of various interference patterns close to graphene edges (blue dashed lines), 
defects (green dashed lines), or boundaries between monolayer (G) and bilayer (BG) graphene (white 
dashed line). Scale bar represents normalized near-field amplitude of excited plasmons. Arrows show 
features connected to plasmon interference. Bottom: controlling the plasmon wavelength in scat-
tering experiments. The control is based on strong dependence of graphene plasmons on dielectric 
properties of substrate. From left to right the excitation wavelength changed from 9200 to 10,152 
nm, the permittivity of substrate from 2.9 to 0.7, and the plasmon wavelength from 200 to 700 nm. 
(b) Plasmaron satellite bands in the Angle-resolved photoemission spectroscopy spectrum of gra-
phene on SiC. Left: The Dirac energy spectrum of graphene in a noninteracting picture as a function 
of the two components of momentum, kx and ky. ED indicates the energy of the “Dirac point," where 
the upper and lower Dirac cones touch. E0, E1, and E2 are the characteristic energies of the recon-
structed Dirac crossing. Middle-top panel: Experimental spectrum of doped graphene perpendicular 
and parallel to the Γ–K direction. The dashed lines are guides to the dispersion of the observed hole 
and plasmaron bands. The red lines are at k = 0. Middle-bottom panels: Constant energy cuts of the 
spectral function at different binding energies. Right panel: Schematic Dirac spectrum in the pres-
ence of electron–electron interactions. (From Grigorenko, A. N. et al., Nat. Phot., 6, 749, 2012, with 
permission.)
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(2011), all being foundation stones for future opto-
electronic device developments. Waveguiding has 
been explored by Christensen et al. (2011). Plasmons 
in graphene can be controlled electrically (Emani 
et al., 2012; Kim et al., 2012) and by spatial pattern-
ing (Yan et al., 2012).

Graphene photodetectors have been widely 
explored, from the total absorption of light 
(Thongrattanasiri et  al., 2011) and observations 
of strong plasmonic enhancement of photovoltage 
(Echtermeyer et al., 2011), to exploitation of these 
effects in experimental graphene-antenna sand-
wich photodetectors (Fang et al., 2012a), and multi-
color photodetection (Liu et al., 2011). Applications 
of graphene plasmonics as diverse as biosensors 
(Salihoglu et al., 2012) and THz metamaterials (Ju 
et al., 2011) have been reported.

As a material, graphene offers considerable 
promise for plasmonic optoelectronics, the details 
of which we explore in some detail in future sec-
tions of this chapter.

23.5  FABRICATION TECHNIQUES

Such is the fundamental importance of fabrication 
processes and excellence to nanoplasmonic device 
performance that we present here a brief mention 
of the main fabrication and test techniques for 
nanoplasmonic devices.

Despite considerable understanding and impres-
sive demonstrations of nanoplasmonics over a wide 
variety of wavelengths, there remain some chal-
lenging aspects of this business; notably control of 
the surfaces and interfaces, bonds, discontinuities, 
and defects at the 1-nm scale that can turn fine 
theory into poor performance unless handled and 
controlled with extreme care in the sequence of 
fabrication processes in the clean room. Outside 
of a nanoparticle, it is often the first nanometer 
(∼5  atoms!) that counts, for that controls nearly 
everything about the performance of the plasmonic 
optodevice architecture.

Most nanofabrication work is done in clean 
room fabrication/test facilities such as commonly 
found in optoelectronic device development labo-
ratories: e-beam lithography for patterning the 
nanostructures, photoresist processes, and etch-
ing for the creation of the basic structures, met-
allization for applying electrical contacts to such 
structures, other coating techniques for dielectric, 
semiconductor, and/or filter layers, etc. These are 

standard techniques, beyond the scope of this 
chapter to repeat here, and may be comprehen-
sively understood from Madou’s excellent mul-
tivolume nanofabrication descriptions (Madou, 
2011).

In addition to these standard techniques, vari-
ous other approaches have been developed recently, 
notably self-templating and self- organization of 
nanoparticles, to avoid the need for precision 
lithography, which is challenging over large areas, 
e.g., beyond making a single device. Scale-up to 
large-area nanodevice fabrication for volume 
 manufacturing remains a serious challenge today, 
but approaches employing nanoimprinting are 
starting to bear fruit.

Excellent precision and larger-scale device-
fab are central to future nanoplasmonic opto-
electronics, so we now briefly outline a variety of 
approaches currently in the research lab that need 
to be developed to their full potential as soon as 
possible. There are perhaps four main themes: (1) 
nanolithography, (2) self-assembly, (3) polymers 
and biology, and (4) nanoimprinting.

23.5.1  Nanolithography

Photoresist technology limits the ultimate resolu-
tion in nano-lithography, so much effort is given 
to making improvements where possible, such as 
described by Fourkas (2011). In the future, we will 
need not only nanoscale features, but also tightly 
packed arrays of such features, hence interest in 
the most fundamental of photoresist materials and 
processes.

Electron beam lithography and focused ion 
beam (FIB) milling regularly achieve 10 nm struc-
tures, but they suffer from inherent limitations 
when a precision of ∼1 nm is required. Under these 
circumstances, the combined approach of FIB and 
He-ion lithography shows promise (Kollman et al., 
2014).

The smallest possible metallic nanorods are 
extremely important, so establishing the limit 
near 10 nm for physical vapor deposition was 
most important, as described by Niu et al. (2013). 
Creating the smallest possible inorganic crystals 
with predetermined shapes is also important, as 
explored by Gonzalez et al. (2011).

In graphene plasmonics, a different control 
limit is vitally important, namely that of precision 
local doping, thus we note the achievements of 
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Goncher et al. (2013), showing a possible route to 
nanoscopic control of electron and hole doping in 
graphene via specific substrate architecture.

There is still very much a need for developments 
in individual nanostructure creation over rela-
tively large areas, so the low cost, scalable tip-based 
nanopatterning developed by Shim et al. (2011) for 
sub-50-nm resolution over centimeter-scale areas 
is noteworthy. Additionally, we may wish elec-
tronically to move and reposition nanostructures, 
such as suggested by Nickel et al. (2012). At larger 
scales of say 10 cm2, high-throughput soft-inter-
ference nanolithography may offer a way forward 
(Henzie et  al., 2007), who demonstrated 100-nm 
hole-arrays over such areas.

23.5.2  Self-assembly

Instead of lithographically patterning and etch-
ing overgrowth and other similar approaches 
to nanofab, the self-assembly of preordained 
nanoparticles offers fascinating alternatives. 
Spontaneous organization of the building blocks 
ordered by thermodynamic and other constrains 
is a start (Grzelczak et al., 2010). Ten-nanometer 
dense hole arrays have been achieved in self-
assembled monolayers of nanoparticles as etch-
masks (Wen et al., 2012). Plasmonic modes have 
been engineered by the templated self-assembly 
of nanoclusters (Fan et al., 2012a). Control of the 
configuration of nanoparticle clusters is becoming 
possible through self-organization (Galván-Moya 
et  al., 2014), as is larger-scale tunable plasmon-
resonance properties (Zhang et  al., 2011b). Free-
standing plasmonic nanorod superlattices have 
been constructed (Ng et  al., 2011), and even 3D 
self-assembled nanorod arrays with smectic-B 
ordering has been achieved (Hamon et al., 2012).

23.5.3  Polymers and biology

Polymer and biological techniques represent 
an entirely different class of approaches to the 
nanoparticle precision-array challenge. Bottom-up 
metamaterial fabrication involving self-assembly 
of structures with nanoscale features seems attrac-
tive using block copolymer self-assembly (Hur 
et al., 2011). After a structure has been made, one of 
the polymers is dissolved away, leaving a 3D struc-
ture that can be filled by metal. Another copolymer 

approach has been used to create 3D plasmonic 
nanoclusters (Urban et al., 2013).

Biologically, there are some fascinating pos-
sibilities ahead. Peptide sequencing effects can be 
used to control the size, structure, and function 
of nanoparticles on a sub-10-nm scale as dem-
onstrated at the 2–3 nm scale by Coppage et  al. 
(2012). Artificial DNA structures have been cre-
ated for novel nanoelectronic and nano-optical 
devices (Kershner et al., 2009), whose work enables 
complex arrangements of nanotubes, nanowires, 
and/or quantum dots, but can equally well be 
extended to the nanoplasmonic challenges we have 
encountered so far, such as demonstrated by Tan 
et al. (2011). Plasmonic nanoarrays have even been 
genetically engineered, as shown by Forestiere 
et al. (2012).

23.5.4  Nanoimprinting

A key step to volume production of practical 
nanoplasmonic optoelectronic structures will be 
to develop the above and other fabrication tech-
niques to cover large areas, perhaps on many dif-
ferent kinds of substrate materials, e.g., Si, GaAs, 
GaP, etc. One promising approach, currently with 
some fundamental reproduction precision chal-
lenges, is that of nanoimprinting. Soft nanoim-
print lithography has demonstrated defect-free 
arrays of nanowires over 2-in. wafer substrates 
(Pierret et  al., 2010). Single-layer and multilayer 
plasmonic metamaterials have been fabricated 
by production-capable nanoimprint lithography 
(Bergmair et  al., 2011). Sub-10-nm patterns have 
been demonstrated with step-and-repeat nanoim-
printing (Peroz et al., 2012), and sub-100-nm metal 
nanodot arrays have been created using nano-
stamping (Lee et al., 2011a). Optical force stamp-
ing has also been employed (Nedev et al., 2011), for 
creating arbitrary patterns of colloidal nanopar-
ticles. Large-area “nanocoining” has been used to 
create millions of nanostructures per second over 
hundreds of square millimeters (Zdanowicz et al., 
2012). 3D large-area negative-index metamaterials 
have also been created by nanotransfer printing 
(Chanda et al., 2011).

The nanoimprinting business is now becom-
ing truly commercial in scale and capability, evi-
denced by the involvement of leading companies 
such as Suss, Papenheim et al. (2016).
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23.6  NANO-OPTO SOURCES

The trend in recent years has been towards the 
subwavelength miniaturization of light sources 
such as semiconductor LEDs and laser diodes. 
Nanocavities, noninversion lasing, Purcell fac-
tors (control of spontaneous emission in resonant 
cavities), and many other new concepts to consider 
have all emerged in this change toward the smallest 
possible lasers. Among hundreds of research papers 
moving ever smaller, the following address impor-
tant issues and provide some impressive demon-
strations: Park et al. (2008a), Noh et al. (2011), Ding 
and Ning (2012), and Andersen et al. (2011).

The underlying technology for future nano-
optoelectronic devices and system architectures 
has also been advanced through creation of nano-
membranes (Park et al., 2014) upon which to build 
novel structures.

En-route to nanoplasmonic lasers we have 
seen confined surface plasmon-polariton ampli-
fiers (Kéna-Cohen et al., 2013), with high gain of 
93 dB/mm, which will be important for compen-
sating plasmonic-materials losses in plasmonic 
devices and systems, as we noted previously. We 
have also seen electrically pumped polariton lasers 
(Schneider et  al., 2013) and electrically injected 
exciton–polariton lasers (Bhattacharya et al., 2013); 
ultralow laser thresholds are a primary aim of this 
field of research.

23.6.1  Plasmonic lasers

We focus on spasers in the next section, but it is 
worth noting other plasmonic-based light emis-
sion and lasing structures ahead of that discussion.

Ultra-short extreme-ultraviolet light pulses is 
a key need for time-resolved spectroscopy used 
in many applications involving atoms, molecules, 
and solids; plasmonic generation of XUV in metal-
lic waveguides via field-enhancement using sur-
face-plasmon-polaritons may, therefore, become 
important (Park et al., 2011).

Plasmonic green nanolasers based on metal 
oxide semiconductor structures have been demon-
strated (Wu et al., 2011), using a bundle of green-
emitting InGaN/GaN nanorods strongly coupled 
to a gold plate through a SiO2 dielectric nanogap 
layer. Confinement of the plasmonic field was 
<8.0 × 10−4 μm3. Lasing in metal–insulator–metal 

subwavelength plasmonic waveguides has been 
used to create plasmon mode lasers at wavelengths 
near 1.5 μm (Hill et al., 2009).

Plasmon lasers using cadmium sulfide nanow-
ires separated from a silver surface by a 5-nm-
thick insulating layer have been shown to exhibit 
high gain (Oulton et al., 2009). Room temperature 
operation of plasmon-based CdS/silver structures 
employing total-internal reflection was later dem-
onstrated by much the same team (Ma et al., 2011).

Plasmonic bowtie lasers, employing an EM 
hotspot supported by discrete metallic (gold) 
nanoparticles, permit the creation of ultrasmall 
mode volumes (Suh et al., 2012). But the authors’ 
suggestion that such structures might readily 
be integrated with Si-based photonic structures 
is open to debate, as gold so readily diffuses into 
silicon at temperature above 100°C, and is not per-
mitted at all in many Si-fabs. Aluminum might be 
a better material choice for near infrared operation 
and Si compatibility.

In addition to these plasmonic lasers, hybrid 
plasmonic-photonic crystal-coupled nanolasers 
have also been demonstrated (Zhang et al., 2014).

23.6.2  Spasers

Surface plasmon amplification by stimulated 
emission of radiation—the spaser—has excited 
considerable global interest in recent years since 
the inaugural research paper (Bergman and 
Stockman, 2003). Numerous papers then discussed 
issues such as the stimulated emission of surface 
plasmon polaritons (Noginov et  al., 2008)—and 
the spaser as a nanoscale quantum generator and 
ultrafast amplifier (Stockman, 2010). By combin-
ing metamaterial and spaser ideas, Zheludev et al. 
(2008) were able to propose the lasing spaser as a 
coherent source of electromagnetic radiation that 
is fueled by plasmonic oscillations. The field was 
nicely reviewed at an introductory level at that 
time (Stockman, 2008).

Spasers are in some respects distinctly different 
from previous lasers such as vertical cavity surface 
emitting laser diodes (VCSELs) and such differ-
ences, advantages, and disadvantages have been 
carefully analyzed and presented by Khurgin and 
Sun (2014).

Of the greatest importance was the practical 
demonstration of an operating spaser.
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Noginov et  al. (2009) reported spasing action 
at 531 nm wavelength using 44-nm-diameter 
nanoparticles comprising a gold core and dye-
doped silica shell to completely overcome the loss 
of localized surface plasmons by gain. The oscillat-
ing surface plasmon mode provides the feedback 
needed for stimulated emission of localized sur-
face plasmons.

A room temperature semiconductor spaser 
operating near 1.5 μm wavelength was later dem-
onstrated by Flynn et al. (2011) by sandwiching a 
gold-film plasmonic waveguide between optically 
pumped InGaAs quantum well gain media. Such 
a device, already capable of generating pulsed 
>25 mW peak power when fully developed may find 
applications in the telecommunications industry.

Room temperature plasmonic lasing in a con-
tinuous wave operating mode from an InGaN/
GaN single nanorod was demonstrated with low 
threshold (Hou et  al. 2014). The device was opti-
cally pumped by a laser diode and employed the 
nanorod on a thin SiO2 spacer-layer on a silver 
film. Such a geometry allowed accurate control of 
the surface plasmon coupling and opportunity for 
its optimization.

Recently, all-color plasmonic nanolasers with 
ultralow thresholds have been demonstrated (Lu 
et al., 2014). Broadband tunable performance emit-
ting in the full visible spectrum was achieved. 
These nanolasers were based on a single metal 
oxide semiconductor nanostructure platform 
comprising InGaN/GaN nanorods supported on 
an Al2O3-capped epitaxial Ag film. The possibil-
ity of “thresholdless” lasing for the blue plasmonic 
nanolaser was evident.

In the future we expect to see many new devel-
opments in the spaser field, and this important 
class of device is becoming a foundation stone of 
nano-optoelectronic devices and systems, along-
side and in competition with VCSELs for different 
applications.

23.6.3  Graphene electromagnetic 
radiation nanosources

The role of graphene in various optoelectronic 
devices has been frequently reviewed in recent 
years by Grigorenko et al. (2012), Bonaccorso et al. 
(2010), Vakil and Engheta (2011), Koppens et  al. 
(2011), Tassin et al. (2012), Bao and Loh (2012) and 

Long et al. (2011) and for that reason we do not 
embark here on yet another review.

Instead, in this section we focus on graphene 
as an emitter of EM radiation, noting immediately 
graphene’s lack of a natural bandgap, the need for 
doping, which can be plasmon induced (Fang et al., 
2012b), and the achievement of flashes of Terahertz 
emission (Gierz and Cavalleri, 2013), flashes of 
infrared (Lagatsky et  al., 2013; Mary et  al., 2013; 
Perakis, 2012), and perhaps flashes of visible radia-
tion in the future.

The success story to date for graphene in lasers 
is that of use of the material (carbon nanotubes 
also) as saturable-absorber material in mode-
locked lasers (Hasan et  al., 2009; Lagatsky et  al., 
2013; Mary et al., 2013).

From this overview you will understand that 
graphene lasers, intrinsically emitting continu-
ous wave or controlled pulses of coherent infrared 
or visible light, have not yet been created; perhaps 
something for the future, depending on bandgap 
creation and many other challenges being over-
come, although we might surmise from Li et  al. 
(2012b), who reported population inversion and 
stimulated emission at femto-second time scales 
that the advent of such lasers is not a long time away.

23.7  NANO-OPTO MODULATORS

Compared to nanoplasmonic optosources and 
nanoplasmonic optodetectors, nanoplasmonic 
optomodulators are perhaps underresearched to 
date. But this state will change as nanoplasmonic 
optoelectronics heads more firmly towards appli-
cations, especially in telecommunications, which 
depends heavily on modulator performances.

In a sense, the graphene layers used in mode-
locked laser, just described, are “modulators” but 
in this brief section, we look at how plasmonic 
modulators are used to frequency-modulate light.

Plasmon–plasmon interactions can be used to 
control light at the nanoscale (Akimov and Chu, 
2012), perhaps at THz frequencies, and compatible 
with CMOS, by using highly doped silicon as the 
active material (instead of a metal).

Graphene has a clear potential role in nanoplas-
monic optomodulator devices. Electrical modula-
tion of Fano resonance in plasmonic nanostructures 
using graphene has been explored with this and 
other applications in mind (Emani et al., 2014).
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Graphene modulators have been achieved using 
graphene laid over a silicon waveguide (Liu et al., 
2011). Modulation frequencies up to 1.2 GHz were 
reported, using an on-chip area of only 25 μm2; 
some orders of magnitude smaller than conven-
tional modulators. Furthermore, the modulator-
fabrication was compatible with CMOS chip 
manufacture.

Broadband modulators involving excitation of 
plasmonic waves by guided-mode resonances have 
been described by Gao et al. (2012). The resonant 
wavelength can be tuned over a wide wavelength 
range by a small change in the Fermi energy level 
of the graphene.

Despite the “youth” of plasmonic modulators 
and their development, nevertheless, the funda-
mental limits and near-optimal design of graphene 
modulators and nonreciprocal devices have already 
been explored (Tamagnone et al., 2014). Figures of 
merit have been proposed, together with absolute 

upper performance bounds. We confidently expect 
to see an array of new modulators, rotators, and 
isolators using graphene emerging in future years 
based on this work.

23.8  NANO-OPTO DETECTORS

The essence of nanoplasmonic enhanced photode-
tection lies in the properties of the nanoantenna 
(see Figure 23.3), the nano-Schottky barrier, and 
properties of hot electrons in the nanostructure, 
also plasmon resonances due to coupled nanopar-
ticles in regular geometric arrays. The techniques 
we review here have been applied across much 
of the electromagnetic spectrum using different 
plasmonic materials, from the UV and visible, 
through all infrared regions, and out to terahertz 
and millimeter waves. Solar cells have been of 
major interest, nanoscale avalanche photodiodes 
(APDs) also (Hayden et al., 2006).
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Figure 23.3 (a, b) Scanning electron microscope (SEM) image of particle antennas at two different 
magnifications. (c) Electric field intensity at resonance at a plane located 10 nm below the antenna cal-
culated using finite difference time domain (FDTD) simulations for longitudinal mode. (d) Electric field 
intensity at resonance at a plane located 10 nm below the antenna calculated using FDTD simulations 
for transversal mode. The image is presented in logarithmic scale relative to the excitation field. (From 
Nevet, A. et al., Nano Lett., 10, 1848, 2010, with permission.)
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23.8.1  Metal nanoparticle/hole 
plasmonic photodetectors

We discussed nanoantennas above (Novotny and 
Hecht, 2012). Perfect absorption of light into a 
material via plasmon resonances becomes possible 
using a variety of nanoplasmonic array structures, 
for this is the first step toward high efficiency pho-
todetection (Liu et  al., 2010a; Aydin et  al., 2011; 
Hedayati et al., 2011; Zhang et al., 2011c; Chen et al., 
2012; Buscema et al., 2014), the business of nano-
structured materials for photon detection having 
been reviewed by Konstantatos and Sargent (2010). 
Plasmons have been used to enhance absorption 
directly into nanopillar detectors via nanoholes 
(Senanayake et al., 2011).

The efficient harvesting of hot electrons is the 
next step in the process, and to that end a sub-
stantial amount of investigation has occurred. The 
excitation of plasmons in nanostructures gener-
ates short-lived highly energetic carriers that can 
be injected into the conduction band of a semi-
conductor and used to drive photodetection. The 
extraction of these carriers in the most efficient 
way is of major concern, as discussed by Chalabi 
and Brongersma (2013), Wang and Melosh (2011), 
Manjavacas et  al. (2014), Knight et  al. (2013), de 
Arquer et  al. (2013), Mubeen et  al. (2011), Li and 
Valentine (2014), and Lee et al. (2011c).

Another aspect, not always appreciated even 
by those designing and demonstrating nanoplas-
monic photodetectors, is that of using the reso-
nant-array excitation properties of collections of 
nanoparticles to enhance the detector’s responsiv-
ity. The theory for such collective excitation was set 
out by Niklasson and Craighead (1985) and refer-
ences therein, then apparently rediscovered later 
by Giannini et al. (2010), Brown and Stanley (2011), 
and Diedenhofen et  al. (2011). Plasmon resonant 
absorption offers very considerable responsivity 
enhancements in such photodetectors compared to 
standard planar designs (Brown and Stanley, 2011).

We have already seen such developments moved 
toward extreme speed photodetection (Berrier et al., 
2010), and resonance effects being used in early on-
chip devices (Cao et al., 2010c; Pernice et al., 2012; 
Sun et al., 2013).

In the early days of nanoplasmonics, inte-
grated color pixels integrated in 0.18 μm CMOS 
were investigated, albeit with almost no reference 

to plasmon operation being employed (although 
plasmon operation was clearly suspected; Catrysse 
and Wandell, 2003). Ten years later, in a different 
department at Stanford, a similar approach was 
taken, now explicitly with plasmons, and this time 
now for photodetection (Chalabi et al., 2014).

Photodetection with active optical antennas 
was described by Knight et al. (2011) using regular 
geometric gold nanoparticle arrays, and by Brown 
and Stanley (2011), who additionally employed 
array resonant plasmonic absorption to create high 
responsivity in infrared detection (notably in APD 
structures and infra-red detectors). Here we saw 
antennas, hot electrons, Schottky barriers, and reso-
nant photodetection all coming together for new 
advantages in signal strength and polarization selec-
tion, etc., see Figure 23.4. Although initially focused 
in the infrared regions, later work focused across the 
visible region using aluminum as the nanoplasmonic 
material (Knight et al., 2012). Narrowband photode-
tection in the near-infrared using plasmon-based 
devices was also explored (Sobhani et al., 2013).

Ultrahigh responsivities—up to some two to 
three orders-of-magnitude increase over the usual 
performance—have been demonstrated by close 
attention to fabrication details (Tsai et  al., 2011). 
Interest in exploitation of this style of photodetec-
tor in the telecoms regime, around 1.5 and 1.33 μm, 

Figure 23.4 A square array of gold nanobars, ∼21 
nm by 47 nm in dimensions, for nanophotode-
tection in the infrared region. SEM picture by 
Dr. Yuwei Fan at California Nanosystems Institute, 
University of California, Los Angeles, developed 
from collaborative research with the chapter 
author, who designed and specified this array.
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has been developed (Goykhman et al., 2011; Li et al., 
2011), as has the application to camera technology 
(Lee et  al., 2011c). We expect to see considerable 
further effort in this style of photodetector in years 
to come. Even “invisible” photodetectors can be 
fabricated in this manner! (Fan et al., 2012b).

Further application of this plasmonic detector 
capability has extended the frequency range consid-
erably lower, down to the terahertz region (Shaner 
et al., 2007; Kim et al., 2008; Park et al., 2012), and 
even further down to the millimeter-wave and sub-
millimeter-wave regions (Dyer et al., 2011).

23.8.2  Graphene plasmonic 
photodetection

As you might expect, graphene is an interesting 
material for photodetection applications; see, for 
example, Tielrooij et al. (2013).

As with the metal plasmonic structures just 
discussed, there are key roles for hot carriers and 
their efficient extraction is of paramount impor-
tance (Liu et  al., 2012). Once again, periodically 
patterned plasmonic material, now doped-gra-
phene, is capable of complete optical absorption; 
arrays of such nanodisks can exhibit 100% absorp-
tion (Thongrattanasiri et al., 2012a). Furthermore, 
strong plasmonic enhancement of photovoltage is 
observed in graphene (Echtermeyer et  al., 2011), 
as is sought-after increased responsivity (Freitag 
et al., 2013).

The plasmon resonance in graphene, as above, 
can be electrically controlled (Kim et  al., 2012), 
both in graphene–gold nanostructures, and in 
graphene–silicon heterojunctions (An et al., 2013). 
Graphene-enabled silver nanoantenna sensors have 
achieved 26× responsivity over bare silver (Reed 
et  al., 2012), whereas hybrid graphene–quantum-
dot phototransistors have exhibited gains of 108 
electrons per photon and responsivity of 107 A/W 
(Konstantatos et al., 2012). These are extraordinary 
achievements, exceeding even the best expecta-
tions of metal-nanoplasmonic detectors (Brown 
and Stanley, 2011).

A wide-bandgap metal–semiconductor–metal 
nanostructure has been made entirely from gra-
phene on SiC (Hicks et  al., 2012), while all-gra-
phene photodetectors have also been produced 
(Withers et  al., 2013). Graphene does not behave 
like conventional semiconductors when exposed to 
light, but the mechanisms for response are only just 

being clarified (Sun and Chang, 2014): photoelec-
tric, photo-thermoelectric, and photo-bolometric. 
Nevertheless, graphene photodetectors with ultra-
broadband and high responsivity properties at 
room temperature have been demonstrated (Liu 
et al., 2014).

Plasmon-resonant-enhanced multicolor pho-
todetection (Liu et al., 2011) and broadband high 
response from pure monolayer graphene photode-
tection have been observed (Zhang et  al., 2013b). 
Mid-infrared graphene detectors using antenna-
enhancement have also been demonstrated (Yao, 
2014). Infrared detection using graphene is an 
important area (Jablan et al., 2009; Mousavi et al., 
2013) but perhaps even more important to the THz 
community is its use there because traditional 
detectors are relatively poor and physically large. 
To this end, THz graphene detectors employ-
ing plasmonics have been intensively pursued (Ju 
et  al., 2011; Crassee et  al., 2012; Gan et  al., 2012) 
and nicely reviewed by Low and Avouris (2014).

It seems that graphene and its alternatives 
(Jamieson,2014) probably have a lot to offer the 
optoelectronics community in the years to come.

23.8.3  Solar cells using plasmonic 
photodetection

One of the biggest potential application areas for 
ultrahigh efficiency plasmonic photodetection 
might be in the solar cell industry if the scale-up to 
production quantities and at acceptable costs can 
be achieved. For this reason, there has been inten-
sive effort in plasmonic solar cell design, fab, and 
test. Here we subdivide that progress into four brief 
sections for clarity: (1) general plasmonic photo-
voltaic issues, (2) plasmon-sensitized solar cells, 
(3) plasmon-enhanced silicon solar cells, and (4) 
plasmon-graphene solar cells.
23.8.3.1  GENERAL PLASMONIC 

PHOTOVOLTAIC ISSUES

We are fortunate that plasmonic solar cells have 
been the subject of at least three fine reviews over 
the years (Catchpole and Polman, 2008; Atwater 
and Polman, 2010; Pillai and Green, 2010). Key 
issues include light scattering and absorption 
techniques and structures, questions about how 
much guided modes can enhance absorption in 
thin solar cells (Saeta et al., 2009), light-trapping 
in ultrathin plasmonic solar cells (Ferry et  al., 
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2010), light trapping beyond the ray optic limit 
(Callahan et al., 2011), whether random can beat 
regular structure for trapping light (Battaglia 
et  al., 2012), and the best design principles for 
ultrahigh efficiency (Polman and Atwater, 2012), 
see Figure 23.5. There are important issues about 
all charge carriers being derived from plasmons 
(Mubeen et al., 2013) and about efficient extraction 
of photogenerated carriers (Mubeen et al., 2014).

23.8.3.2  PLASMON-SENSITIZED 
SOLAR CELLS

Specific issues and approaches regarding plasmon-
sensitized solar cells include plasmonic nano-
structure design for efficient light coupling into 
solar cells (Ferry et al., 2008), how front side plas-
monic nanostructures enhance solar cell efficiency 
(Diukman and Orenstein, 2011), and semicon-
ductor nanowire optical antenna solar absorb-
ers (Cao et  al., 2010b). Dye sensitization of solar 
cells started at least as early as 1991 (O’Regan and 
Grätzel, 1991) and more recently has morphed into 
study of enhanced charge carrier generation in 
dye-sensitized solar cells by nanoparticle plasmons 
(Hägglund et al., 2008a).

Plasmons can also assist in charge separation-
plasmon-induced photoelectro-chemistry, which 
may find application in photovoltaic cells to opti-
mize incident photon to current conversion effi-
ciency (Tian et  al., 2005). Plasmon sensitization 
may also find application in “environmentally 
friendly” solar cells (Su et al., 2012).

23.8.3.3  PLASMON-ENHANCED SILICON 
SOLAR CELLS

Plasmonic crystal back reflectors within a-Si:H 
solar cells can create enhanced absorption of near 
infrared photons and so can plasmonic nanopar-
ticles on ITO (Biswas et  al., 2009). Indeed, the 
principle use of plasmons in silicon solar cells is to 
increase the absorption of solar radiation. To this 
end many schemes have been developed and pub-
lished (Hägglund et al., 2008b; Wang et al., 2011a; 
Wang et al., 2012; Lee et al., 2014). The principles 
and practice of light super-absorption in plas-
monic structures were described and discussed in 
some detail above.

23.8.3.4  PLASMON-GRAPHENE 
SOLAR CELLS

Last and by no means the least, given the intense 
interest in graphene in the present era, you might 
expect it to feature in the solar cell development 
story. It does. A fine example is given by Miao et al. 
(2012), but as plasmonic optoelectronics is not part 
of that development, we discuss it no further here, 
despite close parallels in Schottky barrier involve-
ment to the above descriptions.

23.9  NANO-OPTICS AND NLO

Although our focus in this chapter is in nano-
optoelectronics, the intimate relationship of 
optics with opto requires at least a brief consider-
ation of nanoplasmonic optics. We will not cover 

(a) (b) (c)

Figure 23.5 Plasmonic light-trapping geometries for thin-film solar cells. (a) Light trapping by scat-
tering from metal nanoparticles at the surface of the solar cell. Light is preferentially scattered and 
trapped into the semiconductor thin film by multiple and high-angle scattering, causing an increase 
in the effective optical path length in the cell. (b) Light trapping by the excitation of localized surface 
plasmons in metal nanoparticles embedded in the semiconductor. The excited particles’ near-field 
causes the creation of electron–hole pairs in the semiconductor. (c) Light trapping by the excitation 
of surface plasmon polaritons at the metal/semiconductor interface. A corrugated metal back surface 
couples light to surface plasmon polariton or photonic modes that propagate in the plane of the 
semiconductor layer. (From Atwater, H. A.; Polman, A., Nat. Mater., 9, 205, 2010, with permission.)
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optical metamaterials and negative index materi-
als, etc., but we look briefly at more conventional 
optics and nonlinear optics (NLO) with respect to 
nanoplasmonics.

At the most fundamental physics level, nano-
plasmonic optics is well-reviewed in the standard 
textbooks (Maier, 2007; Novotny and Hecht, 2012). 
Virtually everything we do in nano-optics relies 
on the plasmonic-optical properties of nanopar-
ticles (Kelly et al., 2003), the particles’ shape, size, 
and dielectric surround material. Beyond that, we 
note that it is possible to bend the trajectories of 
propagating plasmons in plasmon lenses (Zentgraf 
et  al., 2011) and in chain-arrays of nanoparticles 
(Brongersma et  al., 2000). Stockman (2004) con-
ceived tapered plasmonic waveguides to control 
direction and for the nanofocussing of optical 
energy into giant local fields at the waveguide-tip.

In optics, we are interested in the controlled 
absorption, reflection, and transmission of light. 
Enhanced absorption using plasmonics was dis-
cussed at length above with respect to nanopho-
todetectors and has further been developed for 
ultra-broad band use (Cui et  al., 2012) and as 
angularly insensitive protective ultrathin films 
against the UV region (Hedayati et  al., 2014). 
Brown (2012a) made use of controllable plasmonic 
absorption and transmission to design high refrac-
tive index metamaterial structures in the visible 
and infrared regions; also bandpass and polariza-
tion filters. Concerning reflection, metamaterial 
mirrors for optoelectronic devices were explored 
by Esfandyarpour et al. (2014) for solar cell perfor-
mance enhancement.

Holography has benefited from nanoplasmon 
structures. Surface-plasmon holographic beam-
shaping permits control of amplitude and phase of 
free space beams. Surface plasmon polaritons may 
be coupled into free space beams, airy beams, and 
vortex beams (Dolev et al., 2012). Wide angle holog-
raphy becomes possible using dipole nanoantenna 
arrays (Yifat et  al., 2014). Ultrathin meta-surface 
holograms operating in the visible, yet being only 
∼30 nm thick offer many new opto-device develop-
ment opportunities (Ni et al., 2013).

Color filtering and tuning is a natural domain 
for nanoplasmonics; experiments with Si and Ag 
nanoparticles have demonstrated both effects 
and potential applications (Cao et  al., 2010a; Xu 
et  al., 2010; Tanabe and Tasuma, 2012). The bar-
array used by Xu et al. (2010) is reminiscent of the 

approach by Catrysse and Wandell (2003) whose 
interest was CMOS-compatible ultrathin color fil-
ters to cover pixels in an imager. Further related 
development of this aim at CMOS image sensor 
applications is to be found in Yokogawa et al. (2012), 
but now using nano-pinhole arrays to perform 
the color discriminations. Transmissive ultrathin 
nanostructured metals for plasmonic subtractive 
color filters were described by Zeng et  al. (2013). 
Subtractive color processing is generally required 
for these approaches and because of nonlineari-
ties, it is not the easiest precision color-processing 
approach. An alternative plasmonic color-filter 
approach enabling standard red, green, blue color 
processing using LED sources in high-efficiency 
liquid crystal display and liquid crystal on silicon 
displays was proposed by Brown et al. (2014).

23.9.1  NLO and nonlinear 
plasmonics

Kauranen and Zayats (2012) recently reviewed the 
basic physics of nonlinear plasmonics in a compre-
hensive and valuable paper. At the most fundamen-
tal level we are concerned with quantum plasmonics 
(Marinica et al., 2012) and nonlinear effects in the 
field enhancement of plasmonic particle dimers as 
this underpins the nonlinear plasmonics subject. 
Subnanometer-spaced nanoparticles are particu-
larly useful for nonlinear plasmonics, using power 
levels in excess of ∼109 W/cm2.

The basic nonlinear optical properties of nano-
metal particles have been studied for many years 
(Heilweil and Hochstrasser, 1985; Hache et  al., 
1986; Antoine et  al., 1997; Ganeev et  al., 2004; 
Hamanaka et al., 2004) and in the reported results 
we see increasing understanding and quantifica-
tion-particularly of third-order nonlinear suscepti-
bilities, χ(3), mostly concerning gold nanoparticles, 
but sometimes for Ag nanoparticles also. Gehr 
and Boyd (1996) reviewed the optical and NLO 
properties of such nanoparticle materials, whereas 
Shalaev et al. (1996) focused more on their nonlin-
ear optical properties in greater theoretical depth.

Local electric field enhancements and large 
third-order optical nonlinearity in nanocompos-
ite materials are now well understood (Prot et al., 
2002). Third-harmonic generation from single 
gold nanoparticles has been explored thoroughly 
(Lippitz et  al., 2005) and third-harmonic-upcon-
version enhancement from a single semiconductor 
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nanoparticle coupled to a plasmonic antenna has 
been achieved (Aouani et al., 2014).

Not only can third-order effects be used to cre-
ate light, but they can be used to absorb light in 
extremely high nonlinear absorption {Im(χ(3))} 
rectangular grid geometries using 3D bowtie 
nanoantennas (Suh et al., 2011), with reported two-
orders-of-magnitude-enhanced absorption over 
other metal nanoparticle–dielectric composites.

Broadband near-infrared plasmonic nano-
antennas for higher-harmonic generation have 
been developed, using trapezoidal nanoantenna 
shapes derived directly from standard microwave 
antenna designs (Navarro-Cia and Maier, 2012). 
Nanoclusters Fano-resonance manipulation has 
been used in designing high-performance third-
order nonlinear media and the enhancement of 
four-wave mixing (Zhang et  al., 2013a). Even the 
long-standing challenge of effective optical limit-
ing, to protect against high-power pulsed laser 
attack (Hagan, 2001), has been attacked with a non-
linear nanoplasmonic optoelectronics approach 
(Brown and Foote, 2014).

Although the bulk of nanoplasmonic nonlinear 
optics activity has been concerned with χ(3), Zhang 
et  al. (2011a) showed that 3D nanostructures can 
be highly efficient generators of second harmonic 
light, i.e., based on χ(2), through using nanocups 
dielectric nanoparticles on which a hemispherical 
layer of metal is deposited.

23.10  NANO-OPTOELECTRONICS 
APPLICATIONS—THE FUTURE

Throughout the course of this chapter, potential 
applications for nanoplasmonic optoelectron-
ics have been mentioned frequently. The range of 
applications is as diverse as for today’s standard 
optoelectronics devices and systems, from data 
storage to medical diagnostics, from displays to 
telecommunications, from computing to imag-
ing systems—i.e., in nearly every aspect of human 
activity, as optoelectronics surrounds and inter-
acts with you all the time, every day—in TVs and 
computer displays, in DVD and blue-ray players, in 
fiber telecommunications and cell-phone displays, 
in biomedical diagnostics and research, in room 
and street lighting using LEDs, in solar power sta-
tions, etc. How did we ever manage life without 
optoelectronics?

And so it may be also with nanoplasmonic 
optoelectronics in the future, as all the optoelec-
tronic functionalities, components, and systems 
we use today are open to miniaturization employ-
ing nano-optoelectronic components.

Here, we can look only very briefly at some of 
these potential applications: data storage, biologi-
cal and chemical sensing, protective absorbing 
coatings, efficient color filters and displays, imag-
ing systems, and ultracomputing. There will be 
many other applications, yet to be invented and 
conceived in detail.

Data storage utilizing plasmonic optoelectron-
ics has been discussed in terms of nanoantennas 
for boosting optical data storage from 28.6 GB per 
disk to maybe 75 GB per disk at DVD/Blu-ray disc 
sizes (Roxworthy, 2014), but even more ambitious 
plans to create five-dimensional optical recording 
mediated by surface plasmons in gold nanorods 
are also underway (Zijlstra et al., 2009), hoping one 
day to extend optical data recording beyond 1012 
bits (Tbit) per cm3.

Surface plasmons have long been used for bio-
logical and chemical reaction sensing in Otto 
and Kretschmann configurations (e.g., Cullen 
et  al., 1987/88), but now surface plasmon polari-
tons offer the potential to interface electrical and 
optical/optoelectronic devices. Already on-chip 
single plasmon detection has been demonstrated, 
offering exquisite sensitivity for future detection 
of diabetes, cholesterol, antigen-antibody binding 
reactions, and the like (Heeres et al., 2010).

Protective absorbing coatings for UV protec-
tion and plasmon-based absorptive coatings for 
photodetector enhancements have been a major 
focus of this chapter and are extensively mentioned 
in Section 23.8. Solar cells, infrared and THz 
detectors, and APDs all benefit significantly from 
nanoplasmonics. In a thicker form, such protective 
coatings can be the basis for optical metamaterials 
exhibiting broadband, very high refractive index 
properties for lenses, and other optical compo-
nents in the visible and infrared regions (Brown, 
2012a).

Efficient color filters and displays have also 
been much discussed throughout this chapter, 
especially in the section titled Nano-optics and 
NLO. Ultrathin high-performance visible region 
 bandpass filters for detector arrays and displays are 
expected; plasmonic-based edge filters have been 
demonstrated already. R, G, B liquid-crystal/LED 
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displays using such bandpass filters seem to offer 
significantly increased efficiency (Brown et al., 2014).

Imaging systems have frequently been men-
tioned in this chapter—from plasmon-enhanced 
detectors that might be used in focal plane arrays 
(Section 23.8) especially in the infrared and THz 
regions where they offer significant performance 
improvements over today’s standard technologies 
to employment of plasmonic filters as laser-line 
optical limiters (Brown and Foote, 2014). It can 
only be a matter of a short time before plasmonic 
optofilters are used often in detector and imaging 
applications.

Telecommunications and information encryp-
tion are of great concern at present and forms the 
basis of modern communications and informa-
tion protection. The potential subpicosecond 
switching/modulation speeds associated with 
plasmons will benefit optical telecommunications 
in the future. As an aside, it is interesting to note 
interest at present in temporal cloaking at tele-
communications data rates (>12 GB/s) (Lukens 
et  al., 2013), which can hide time events from 
unwanted eavesdroppers. Plasmonic optoelec-
tronic keys for ultrasecure information encryp-
tion have already been demonstrated (Gu et  al., 
2012), as has three-dimensional orientation-
unlimited polarization encryption by a single 
optically configured vectorial beam employing 
gold nanorod arrays (Li et al., 2012a).

Ultracomputing: The most radical vision of 
the nanoplasmonic future is that of ultrafast and 
ultrasmall computers because we already have 
most of the key functional components in plas-
monic form; it is purely a matter of time and con-
siderable investment to realize this vision of whole 
computers based on plasmonics (if competitive 
with as yet unknown alternative approaches), well 
beyond today’s challenges of Moore’s law with sili-
con-based computing. See Figure 23.6 for the posi-
tioning of ultrasmall and ultrafast nanoplasmonics 
with respect to previous optoelectronic and elec-
tronic platforms.

Nanoplasmonic computing draws together 
much, perhaps even all of the optoplasmonic dis-
cussion in this chapter; an entirely novel kind of 
computing system and set of principles and archi-
tectures based on optoplasmonics. Novel laser/
spaser sources will find a role, especially with their 
femtosecond switching potential (MacDonald 
et al., 2009). Efficient coupling of these sources to 

chain nanoparticle waveguides (Brongersma et al., 
2000; Chang et al., 2007) will be used extensively 
to route bits (Maier et  al., 2003) and results of 
logic operations. The substantial Ohmic losses (in 
metals) will need to be compensated by local gain 
media (Citrin, 2006). Plasmon interference gates 
will form the basis of plasmonic circuits (Heeres 
et  al., 2013) and asynchronous propagation and 
gate operations will likely replace the clocked-logic 
operations we use in today’s silicon-based logic 
circuitry. Much of this is set out in more detail by 
Brown (2012b).

We have already seen demonstration of plas-
mon-based logic gates (Hyde et al., 2007; Fu et al., 
2012) and the early stages in development of plas-
monic optical nanocircuits (Fedyanin et al., 2012; 
Saari et al., 2013; Dai et al., 2014). Even controlled-
NOT gates operating with single photons have 
been demonstrated (Pooley et al., 2012) as the fun-
damental unit for building quantum computers.

Electrically driven optical nanocircuits have 
been attempted (Huang, 2014) and cascaded logic 
gates in nanophotonic plasmon networks have 
been achieved (Wei et al., 2011). Silicon-based plas-
monics for on-chip photonics has been explored 
(Dionne et al., 2010).

Metal and doped
semiconductor

plasmonics

Semiconductor
electronics Historical

10 nm 100 nm 1 µm

kHz

MHz

GHz

THz

PHz

10 µm 100 µm 1 mm

Dielectric opto-
electronics

Figure 23.6 The different regions of 
device switching-speed and device-size 
depend on the materials properties of 
 semiconductors  (electronics), dielectric 
 insulators  (optoelectronics), and metals or 
doped  semiconductors (plasmonics). The 
crossed vertical and horizontal solid lines 
 indicate the operational extent of different-
technologies. Plasmonics provides a link between 
 optoelectronics and nanoelectronics. The verti-
cal axis of the figure denotes device switching 
speed; the horizontal axis denotes characteristic 
device spatial scale. (Adapted from Brongersma, 
M. L.; Shalaev, V. M., Science, 328, 440, 2010.)



802 Nanoplasmonic optoelectronics

The next 10–20 years of development in this 
optoelectronic plasmonic computing field seems to 
be exceptionally challenging in terms of increas-
ingly complex circuitry fabrication and scale-up, 
but the potential benefits and competitiveness with 
CMOS (Miller, 2010; Brown, 2012b) as we look past 
the limitations of Moore’s law look to be tantaliz-
ing if the investment levels are good enough.
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“1f ” operation mode, 89
2-(biphenyl-4-yl)-5-(4-tert-

butylphenyl)-1,3,4-
oxadiazole (PBD), 68h9

2,5,7-Trinitrofluorenone (TNF), 687
2-D arrays, 102
2R regenerator, 618f
3 dB coupler, 439
3D plasmonic nanoclusters, 792
3rd Gen FLIR, 658, 659f
3R regenerator, 619f
4f zero dispersion delay line, 562, 

562f
7-cell core, 730, 730f
19-cell cores, 730, 730f

a

ABB MB3000 Series FT-IR 
Laboratory Analyzer, 672f

Abnormal glow region, 59
Absorption, 10–12, 22, 33f

attenuation, 139–140
in direct/indirect bandgap 

semiconductor, 35f
and emission, 32–33, 36
of germanium/gallium arsenide, 

35f
integrated optics, 575
laser action theory, 204–208
nonlinear effects, 286–292
optical materials, 34–36
optical modulators, 466–468
and photoconductivity, 34–36
radiation fundamentals, 43
saturable

design of mirrors, 287–290
devices closely related to 

mirrors, 291

inverse, 291–292
physics of, 287
TPA in mirrors, 291
types of, 286–287

semiconductors, 34–36
short-pulse effects, 286–292
single core optical fibers, 

168–169
AC, see Alternating current
Acceptance angles, 236–237
Acousto-optics, 282

approach, 563
modulators, 466
pulse shaping, 563

Active devices
on SOI, 765–766

Active large-mode-area fibers, 
725–728

Active laser guided seekers, 
666–667

Active medium, 352–354
Active quenched circuit, 79f
Active waveguide materials, 

586, 587
Add–drop multiplexers, (ADM), 

593–596, 611, 612f; see 
also Optical add–drop 
multiplexing

Additive-pulse mode-locking, 549
ADM, see Add–drop multiplexers
Advanced optics, 199–262

coherence
dual-beam interference, 

225–227
measure of, 222–225

nonlinear optics
electro-optic effect, 255
formalism of nonlinear 

optics, 248–249

inelastic scattering effects, 
258–261

intensity-dependent 
refractive index, 254–255

nonlinear optics and optical 
fibers, 248

optical Kerr effect, 255–256
optical mixing, 253–254
second harmonic generation 

and phase matching, 
249–253

self-phase modulation, 
256–258

polarization
analysis, 218–221
circular birefringence, 

217–218
crystal optics, 214–217
ellipse, 213–214

radiation physics
black-body radiation, 

200–203, 204
quantum result, 203–204
theory of laser action, 

204–212
waveguiding

cylindrical, 234–235
integrated optics, 233
optical fibers, 235–237
planar, 228–233

Aerospace, 754
Aether, 4
Air-clad waveguides, 768
Air-filling fractions, 716–717
Air holes, 711
All-fiber components, 431–456

passive
spectral filters and dispersion 

compensators, 443–455



814  Index

All-fiber components (cont.)
splitters and combiners, 

436–443
All-optical Kerr effect, 284

applications of nonlinear optical 
switches, 296–297

connection of nonlinear 
refraction and TPA, 
293–294

Kerr-based switches and Kerr 
gates, 292

Kerr lens as nonlinear optical 
switch, 294–295

nonlinear interferometers as 
switches, 295–296

physics of nonlinear refraction, 
292–293

All-optical regeneration, 617–620
All-optical signal processing, 

614–617
All-optical switching, 283, 599–611
Alloy bandgap diagram, 246f
Alternating current (AC), 60
Aluminosilicate, 538
Aluminum, 789
Aluminum gallium arsenide, 

307–308, 321
Aluminum gallium indium 

phosphide, 321–323, 327
AM, see Amplitude modulation/

modulators
Ammonia maser, 176f
Amorphous materials, 23–24, 36–37
Amorphous semiconductors, 36–37
Amplification/amplifiers

classes, 521–533
integrated optics, 617–620
optical radiation, 70–85
ultrafast laser pulses, 549; see 

also Optical amplifiers
Amplified spontaneous emission 

(ASE), 617
Amplitude modulation/modulators 

(AM), 460–464, 547, 
562–563

Analog synchronous integration 
system, 90f

Analogue modulation, 378
Analogue sampling, 415
Analogue synchronous integration 

systems, 89–90

Anisotropy, 38–39
Antiguiding parameter, 376
Antiphase disorder, 772
Anti-reflection (AR) coatings, 164
Anti-resonance, 290
Antiresonant Fabry–Perot saturable 

absorber (A-FPSA), 290
Anti-Stokes, 258, 286

scattering, 33–34, 34f
APDs, see Avalanche photodiodes
Aperture, see Numerical aperture 

(NA)
Apodization, 450–451, 452, 555
AR coatings, see Anti-reflection 

coatings
Arc lamps, 41–63
Area image sensors, 420, 422–424, 

423t
Argon lasers, 180, 181
ARGUS-IS imagery, 117f
Arrays, 102–115, 657

hybrid, 110–112
liquid crystal, 563
monolithic, 106–109

Array-waveguide gratings (AWGs), 
553–554, 578–580, 579f, 
599–601, 760

ASE, see Amplified spontaneous 
emission

Astigmatism factor, 369
Atacama Large Millimeter/

submillimeter Array 
(ALMA, 2011), 663t

Atmospheric transmission, 
634–635

Atomic bonding, 24, 689
covalent bonds, 24
ionic bonds, 24
metallic bonds, 24
Van der Waal bonds, 24

Atomic system, two-level, 176–177
Aton LED, 313, 315
Attenuation, 22, 38, 139–140, 162

spectrum of typical silica-based 
optical fiber, 37f

Auger recombination, 309, 309f, 
311, 362, 366, 388, 769

Autocorrelation, 223–224, 224f, 
415, 556–557

Automotive applications, 340
Avalanche effect, 409

Avalanche multiplication factor, 85
Avalanche photodiodes (APDs), 

77–80, 409
AWGs, see Array-waveguide 

gratings

B

Background limited infrared 
photodetector (BLIP), 69

Back-illumination CCD, 424f
Backlighting, 340
Back-thinned CCD, 423
Backward propagating modes, 

170–171
Balance carrier injection, 698
Ballast, discharge lamps, 58
Ballast impedance, 59
Band–band absorption, 466–468
Band filling, 240–246, 472
Bandgaps, 245–246, 693–695, 790

structure, 289–290, 289f; see also 
Energy, levels

Band-impurity level transitions, 
309f

Band selection, 636–637
Band structure, 15–16, 315–317
Band theory, solid materials, 

239–242
Bandwidth

engineered optical materials, 
753

erbium-doped fiber amplifiers, 
186

long-period gratings, 446
optical amplifiers, 516, 522
optical modulators, 459–460

BCB family, see Benzocyclobutene 
family

Beam propagation method (BPM), 
580–581, 763

Beam smearing, 556
Beating lengths, 435–436, 447
Beer–Lambert law, 355
Bend losses, 163f, 722–725

limitations, 722–725
in multimode fibers 

and waveguides, 
162–163

pure bend loss
mode attenuation, 162
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radiation caustic, 161
step-profile fiber, 162

transition loss, 160–161
of waveguides, 765

Benzocyclobutene (BCB) family, 
772

Bernard, M.G.A., 356
Bessel functions, 146, 234, 723
Bias stability and drift, 460
BIB, see Blocked impurity band 

detectors
Bimolecular recombination, 309
Binary semiconductors, 245–246
Binning operations, 423
Biological/chemical sensing, 800
Bipolar junction transistor (BJT), 

71
Birefringence, 216, 712, 715

all-fiber passive components, 
439

electromagnetic propagation, 
138–139

optical material properties, 
21–22

optical polarization, 217–218
phase matching, 252
of SOI, 764f

Bispectral infrared image, 120f
BJT, see Bipolar junction transistor
Black-body radiation, physics of, 

200–203, 203f
BLIP, see Background limited 

infrared photodetector
Blocked impurity band (BIB) 

detectors, 100
Blue lasers, engineered optical 

materials, 754–755
Bolometer, temperature 

dependance of resistance 
in, 102f

Boltzmann factor/relations, 
10, 54, 200–201, 
206–207

Bonding, 24, 692
Boron doping, 244–245
Borosilicate glass, 642
Bose–Einstein statistics, 239
Bosons, 239
Boundary conditions, 133, 143, 146
Bound electrons, 283
Bound ray paths, 152, 153f

on step-index slab waveguide, 
159f

BOX, see Buried oxide
Boxcar detection systems, 89–91
BPM, see Beam propagation 

method
Bragg gratings

all-fiber components, 432–433, 
447–451

Bragg mirrors/reflectors, 286, 290, 
314

Bragg wavelength, 555
Breakdown, 57–58
Brightness quantification, 697–698
Brillouin amplifiers, 526
Brillouin scattering, 34, 258, 286, 

727
in optical fiber, 260f

Brillouin zones, 27
Buffer layers, 772
Bulk heterojunction, 702
Bulk materials, absorption, 

468–469
Buried heterostructure, 360
Buried oxide (BOX), 761, 778

C

Cameras
forward looking infrared, 

656–659, 658f
imaging, 418–424

Candela (cd), 266–267, 343
Capacitive transimpedance 

amplifier, 113f
Capacitor transimpedance 

amplification (CTIA), 
113, 115t

Capillary-stacking, 725
Carbon dioxide lasers, 181
Carrier(s)

envelope phase, 555–556
generation density, 316–317
injection, 697–700
loss, photon loss, and laser 

threshold, 362–364
mobility, 701
nonlinear effects, 283
organic light emitting devices, 

698–701
semiconductors, 28–30

short-pulse effects, 283
CARS, see Coherent anti-Stokes 

Raman spectroscopy
Cartesian O-xyz axes, 130f
Catastrophic optical damage 

(COD), 383
Cathode fall (CF) regions, 51
Cavities, 178–179, 208–210, 350–351
C-band, 531
CCD, see Charge-coupled device
CCT, see Correlated color 

temperature
cd, see Candela
CD, see Chromatic dispersion
CDS, see Correlated double 

sampling
Ceramic metal halide (CMH), 46
CF regions, see Cathode fall regions
Channelized gain equalizers, 598
Chaotic behavior, 296
Charge carrier injection, 697–700
Charge carrier transport, 700–701
Charge-coupled device (CCD), 65, 

106f, 109f, 424f
cameras

image sensors, 419–424
imaging sensors, 419–424
infrared imaging, 670
optical radiation detection, 

106–109
photodetectors, 419–424
principle of binning operation 

in, 425f
Charge-sensitive preamplifiers 

(CSA), 75–76, 76f, 84
Chemical detection

in LIDAR, 679
Chemical vapor deposition (CVD), 

582
plasma enhanced, 537, 582, 584f, 

773
Cherenkov radiation, 719, 720f
Chirped mirrors, 553–555
Chirped pulse amplification (CPA), 

190–191, 191f, 549
Chirping, 459
Chromatic dispersion (CD), 436, 

598–599
Chromaticity, 45–46, 275–276, 275f, 

337–338, 337f
Chromophores, 496–498



816  Index

CIE, see Commission 
Internationale de 
l’Eclairage

Circular birefringence, 217–218
Circular geometries, 142–143
Circular polarization, 8, 8f
Cladding, 150
Cladding index, 712, 714, 714f
Cladding-pumping, 534–536
Cladding solutions, 146
Cladding thickness, 148–149
Classes, amplifiers, 521–533
Cleavage planes, 214
Clock signaling, 617–620
CMH, see Ceramic metal halide
CMOS, see Complementary metal 

oxide semiconductor
Coatings

anti-reflection, 164
metallic, 642
spin coating, 695

Cobalt-doped silica glass, 537–539
COD, see Catastrophic optical 

damage
Coherence

advanced optics, 221–227
artifact, 561
detection, 91–95
emission, 384
functions, 225f
spike, 561

Coherent anti-Stokes Raman 
spectroscopy (CARS), 719

Colladon’s water jet, 129
Color

centers, 22
correcting index, 336
filtering, 799, 800–801
matching functions, 274–275, 

274f
properties, 45–46
purity, 342
quantities, LEDs, 277
rendering, 45–46, 276–277, 335
temperature, 45–46, 270–271, 

276, 335, 342
Colorimetry, 266

chromaticity diagrams, 275–276
color matching functions 

and tristimulus values, 
274–275

color quantities for LEDs, 277
color rendering index, 276–277
and correlated color 

temperature, 276
observer, 275
spectroradiometry for LED 

color measurement, 
277–278

Color Rendering Index (CRI), 46, 
336t

Color Standard Table, 341–342
Combiners, 436–443, 444
Commission Internationale de 

l’Eclairage (CIE), 266, 
266f, 306, 335, 341–342, 
342t

chromaticity diagram, 337f
CIE, 1931 XYZ color matching 

functions, 274f
diagram of colors, 341f

Communications
high-speed photodetectors, 

415–419
optical fibers, 417–419
telecommunications, 754

Complementary metal oxide 
semiconductor (CMOS), 
106f, 109f

infrared imaging, 670
optical radiation detection, 102, 

109–110
silicon based, 760

Comsol software, 764
Concentration quenching, 536, 537
Conduction, 16–17, 28–30, 28f, 35, 

182, 243, 398–400
Confinement losses, 717
Conjugated dendrimers, 706, 706f
Conjugated polymers, 687–688
Conjugated units, 687
Contact alignment, 592
Continuous wave lasers, 179–180
Contrast, infrared radiation, 

635–636
Conversion efficiency curve, 751f, 

752
Convolution integral, 224
Cooling, 639–641
Coplanar transmission waveguide 

(CPW), 479, 491
Core-plus cladding fibers, 129

Core solutions, 146
Correlated color temperature 

(CCT), 46, 276
Correlated double sampling (CDS), 

108, 108f
Correlation

auto/self, 223–224, 415, 556–557
coefficient, 224
stream correlation, 225f

Corrugation, 380
Cosine law, 271–272, 315, 316
Counter tubes, 402
Coupled mode theory, 169, 171, 

434–436
beating and coupling lengths, 

435–436
ideal mode coupling, 434, 434f
individual guide coupling, 435
local mode coupling, 435, 

435f
Coupling

integrated optics, 576–577, 
589–590

lengths, 435–436
losses, 524, 589t
supermodes, 436–439
waveguides, 576–577

Covalent bonds, 24
CPA, see Chirped pulse 

amplification
CPW, see Coplanar transmission 

waveguide
CREOL, 778
CRI, see Color Rendering Index
Critical angles, 151, 312
Crossconnects, 595, 611
Cross-correlation, 297
Cross-gain modulation (XGM), 

614–617
“Cross-over” point, 317
Cross-phase modulation (XPM), 

595, 614–617
Crown glass, 642
Cryocoolers, for space applications, 

640t
Crystal fibers, 137
Crystalline materials, 23–24
Crystals

anisotropy and nonlinear 
optical properties of, 
38–39
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optics, 38–39, 214–217
polarization, 214–217

CSA, see Charge-sensitive 
preamplifiers

CTIA, see Capacitor 
transimpedance 
amplification

Curie temperature, 746
Current, 66–69
Current-sensitive preamplifier, 75f
Current–voltage (I–V) 

characteristics, 317
Cut-off, 135, 150
CVD, see Chemical vapor 

deposition
Cylindrical waveguides, 234–235, 

234f
dispersion curves for, 235f
some low-order modes of, 236f
and weakly guiding 

approximation, 235f
Czochralski process, 760

D

Dangling bonds, 693
Data storage, 800
Dazzler, 563
DBD, see Dielectric barrier 

discharges
DBR, see Distributed Bragg 

reflectors
DC amplifier fibers, see Double-

clad amplifier fibers
De-Broglie wavelength, 14, 25, 364
Defects, 36
Degeneracy, 239–240
Degree of coherence, 225
Degree of polarization (DOP), 

219, 441
Delay-average functions, 223
Demultiplexing, 297
Dendrimers, 706
Dense wavelength multiplexing, 

442
Density of states, 25, 240–241, 240f
Depletion region, 18, 398
Depolarization/depolarizers, 441
Deposition, 696–698, 697f
Depressed cladding, 150, 150f
Detection/detectors, 65–122

arrays, 102–115, 657
boxcar detection systems, 

89–91
coherent detection, 91–95
incoherent, 92
infrared, 409–411, 637–639, 

646–647, 679–680
noise, 66–72, 81–85
photomultiplier tubes, 

74–75, 77; see also 
Chemical detection; 
Monitoring/detection; 
Optical detection/
detectors; Optical 
radiation, detection; 
Photodetection/
photodetectors

Detectivity D*, 69, 637
Detuning, 474
Device applications, utilization of 

graphene in, 507–508
Device characterization, 697
Device optimization, 701–702
Device packaging, 586–591
Device preparation, 695–698
DFG, see Difference frequency 

generation
DGD, see Differential group delay
DH, see Double heterojunction
DI circuit, see Direct injection 

circuit
DIAL, see Differential absorption 

LIDAR
Dielectric(s), 6, 789

constant, 789f
optical waveguides, 128

Dielectric barrier discharges 
(DBD), 61

Dielectric medium, 131–140
electron response to electric 

field in, 215f
Die shaping, 326
Difference frequency generation 

(DFG), 283–285, 743–744
Differential absorption LIDAR 

(DIAL), 678, 679f
Differential gain, 362, 364
Differential group delay (DGD), 

436
Digital APD, 80, 80f
Digital count mode, 411

Digital modulation, 378
Diodes

laser bars, 384; see also Light-
emitting diodes; Visible 
light-emitting diodes

Dipole moments, 250–251, 
745–746

Direct bandgap materials, 353
Direct detection, 70

first stages of photoreceivers, 
72–76

noise models of, 81–85
high-speed photoreceivers, 

80–81
optical radiation, 70f, 92
photon counting techniques, 

76–80
selection of active amplifying 

elements, 71–72
Direct electric-field reconstruction, 

558–560
Direct injection (DI) circuit, 113, 

115t
Directional coupler, 92, 576f

amplitude modulators, 460–462
Direct wafer bonding, 772
Discharge lamps

electrical characteristics of, 
57–60

electrode regions, 50–51
HP discharges, 52–57
other methods of excitation of, 

61–62
stable discharge operation 

of discharges with 
electrodes, 49–50, 50f

types of, 51–52
Dislocations, 36
Dispersion, 712, 745

compensation, 454–455, 601f
all-fiber passive 

components, 443–444, 
454–455

erbium-doped fiber 
amplifiers, 187

integrated optics, 598–599
pulse dispersion, 158–159
ultrafast optoelectronics, 

546, 550–556
curves, 231
pulse, 132, 546, 550–556
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Dispersion (cont.)
dispersion in multimode 

waveguides and fibers, 
159–160

modal phase and group 
velocities, 156–157

propagation, 155
sources of dispersion, 

157–158
transit time and pulse 

spread, 157
zero-dispersion, dispersion-

shifted, flattened and 
compensating fibers, 
158–159

scan, 560
sources, 157–158
waveguides, 234–235

Dispersive pulse broadening, 546, 
550–556

Display applications, engineered 
optical materials, 754

Distributed Bragg reflectors (DBR), 
380, 380f

Domain, 746
Dominant wavelength, 342
Donor–acceptor transition, 309f
Donor atom, 29
DOP, see Degree of polarization
Doping, 789, 790

cobalt-doped silica glass, 
537–539

electron behavior, 17, 243–245
erbium-doped glasses, 539, 586, 

587
rare-earth amplifiers, 527–532
rare-earth silica glass, 

537–539
semiconductors, 28–30, 

36, 243–245; see also 
Erbium-doped fiber 
amplifiers

Double-clad (DC) amplifier fibers, 
534, 534f, 725

Double heterojunction (DH), 307, 
357, 357f, 358f

lasers, 350
LED, 316f

Double refraction, 216
DRAM, see Dynamic random 

access memory

Drive, voltage, 459
Dry etching techniques, 773
D-scan traces, 560
D star, 69, 637, 638f
Dual-band radiometers, 672
Dual-beam interference, 

225–227
Duraffourg, G., 356
Dynamic characteristics, of 

semiconductor lasers, 
374–377

Dynamic gain equalization, 
597–598, 597–598f

Dynamic phase control, 575–576
Dynamic random access memory 

(DRAM), 105
Dynamics, erbium-doped fiber 

amplifiers, 186
Dynodes, 397, 406–407, 407f

E

EA, see Electro-absorption effect
ECS, see Effectively conjugated 

segments
EDFAs, see Erbium-doped fiber 

amplifiers
Edge coupling, 589–590
Edge dislocation, 36f
Edge emitting semiconductor 

lasers, 379
Edgerton’s photography, 184f
Effective index methods, 135, 

437–438, 438f, 713
for index-guiding MOFs, 

713–715
Effectively conjugated segments 

(ECS), 688
Effective mass, 27
Effective mode area, 716f
Efficacy, 45, 46, 270
Efficiency

conversion, 752
light-emitting diodes, 305–307, 

317–319, 325–327, 343, 
703–708

luminous, 45, 266, 343
organic light emitting devices, 

703–708
quantum, 108, 318, 319, 400–401
spectral, 266

visible light-emitting diodes, 
305–307, 325–327, 343

wall-plug, 318
Eigenmodes, 216, 220–221
Eigenstates, 216, 217–218
Eigenvalue equations, 134, 143–144, 

146–147
Eikonal equation, 152
Einstein, Albert, 175
Einstein coefficients, 205–206
E–k diagrams, 26–27, 27f
EL, see Electroluminescence
Elastic scattering, 33
Electrical characteristics, 697

of discharges
AC operation, 60
breakdown and starting in 

discharge lamps, 57–58
steady state, 58–60

Electrical device optimization, 
701–702

Electrical properties, 316–319
Electric displacement, 6
Electric fields, 212–221, 466, 

746–747
Electro-absorption (EA) 

effect, 775
Electro-absorption modulators, 

464, 474–477
frequency response of, 476f

Electrodes
defining, 752
discharge lamps, 49–51

Electroluminescence (EL), 308, 
315–317, 354, 688, 699f, 
703; see also Organic 
light emitting devices 
(OLEDs)

Electromagnetic radiation (EMR), 
9–10, 10f, 787

normal modes, 133–134
optical fibers, 129
propagation

analytical and numerical 
solutions, 140

attenuation due to 
absorption and scattering 
loss, 139–140

boundary conditions, 133
electromagnetic normal 

modes, 133–134
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Maxwell’s equations and 
monochromatic sources, 
131–132

modal phase and group 
velocities, 135

mode orthogonality, 
normalization, and 
orthonormal modes, 
134–135

polarization, mode 
nomenclature, and 
birefringence, 138–139

power density and flow, 133
propagation constant, 

effective index, and cut-
off, 135

radiation modes, leaky 
modes, and super-modes, 
136–137

translational invariance, 
longitudinal and 
transverse fields, 132–133

waveguide, fiber, and modal 
parameters, 135–136

weak-guidance approximation, 
141–142

Electromagnetic spectrum, 96f
Electromagnetic wave, sinusoidal, 

5f
Electron(s)

beam lithography, 791
behavior, 13–19
density, 240–242, 241f
emission ratio, 406
hole polarons, 688
optical polarization, 214–217
periodic lattices, 26–27
in solid materials

binary and ternary 
semiconductors, 245–246

elements of band theory, 
239–242

extrinsic semiconductors, 
243–245

metals, insulators, and 
semiconductors, 242–243

tube image sensors, 419–420
Electron bombarded CCD 

(EB-CCD), 426
Electronic bandgap control, 

694–695

Electronic–photonic integrated 
circuits, 760

Electronic shutters, 419–420, 420f
Electro-optical modulators, 282
Electro-optic coefficients, 473
Electro-optic effect, 255, 255f
Electrooptic (EO) modulators, 766
Electro-optics

crystals, 38–39
graphene modulators, 505–508
group III–V compound 

semiconductor 
modulators, 483–485

LiNbO3 modulators, 477–483
nonlinear optics, 255
and nonlinear processes, 38–39
optical modulators, 470, 472–

474, 477–485, 496–499
optical waveguides, 575–576
polymer modulators, 496–499
silicon modulators, 499–504
tensor, 473

Electrophosphorescence, 704–705
Electro-refractive effect, 471
Electrostatic actuators, 563
Electrostatic doping, 790
Ellipsoid

for biaxial crystal, 217f
for positive uniaxial crystal, 

217f
ELO, see Epitaxial lift-off
EM-CCD, 426f

linearity characteristics on input 
light intensity of, 428f

sensor, 425–427
spectral QE of, 428f
temperature dependency of 

amplification of, 427f
Emission

and absorption, 32–33, 36
incandescent lamps, 47
laser action theory, 205–209
limits, 42–43
optical materials, 32–33, 34–36
processes, 10–12
properties, 319–320
ratio, 406
two-level atomic systems, 

176–177
wavelengths, 311–312

Emittance, 43

EMR, see Electromagnetic 
radiation

End-face reflection, 163–164, 167
Energy

conservation, 744
density, 203
diagrams

for doped silicon, 244f
for laser action, 207f

electron behavior, 13–19
levels

for direct and indirect 
bandgap semiconductors, 
245f

electrons in solid materials, 
243–246

erbium, 186, 527
lasers, 176–177, 180–181, 

204–208, 349–350
optical materials, light 

interaction, 32
schematic for three main 

classes of solid, 16f
semiconductor lasers, 

349–350
solid materials, 239–242
two-level atomic systems, 

15f, 176–177
wave nature of light, 7

Engineered optical materials, 
741–756

applications of PPLN and 
related materials

aerospace, 754–755
future of QPM materials, 

756
quantum science, 755

ferroelectric materials, 742, 
745–746

lithium niobate, 741–742, 
745–746, 751–753

materials, 741–742, 745
nonlinear processes, 743–744, 

750–751
periodically poled lithium 

niobate (PPLN), 
741–742, 745–747, 
749, 751–753

quasi-phase matching (QPM), 
741–742, 746–750, 
751–753
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Engineered optical materials (cont.)
second order nonlinear 

processes, 743–745
Engineering bandgaps, 245
Enhanced singlet exciton 

formation, 704
EO modulators, see Electrooptic 

modulators
Epitaxial lift-off (ELO), 330
ePIXfab foundry, 762
Equalization filters, 187
Erbium-doped fiber amplifiers 

(EDFAs), 186–188, 529f
overview, 515–516, 521–524, 

527–531
two-stage amplifier with gain-

flattening filter (GEQ), 
530f

in various optical transmission 
fibers, 520f

Erbium-doped glasses, 539, 586, 
587

Escape cones, 312, 314
Étendue, 43–44
European Union

Extreme Light Infrastructure 
Beamlines facility, 549

Eutectic liquid alloys, 789
Evanescent wave decay, 232f, 233
Even modes, 143
Excitation, 163, 164–165, 693

dielectric barrier discharges, 61
by induction and by 

microwaves, 61–62
pulsed light sources, 61

Exciton, 468
absorption, 468–469
effects, 289
formation, 699f, 702–703, 704

Experimental transmissions, 440f, 
453f

Extended-source interference, 227f
External efficiencies, 317–319, 

319t
External photoelectric effects, 

396–398, 405–408, 
419–420

External power efficiency, 318
External quantum efficiency, 318, 

698
Extinction, 459

Extraction efficiency, 312, 313–315, 
319, 325–327

Extreme Light Infrastructure 
Beamlines facility (EU), 
549

Extrinsic detectors, 100
Extrinsic photoconduction, 399
Extrinsic semiconductors, 16f, 17, 

29, 243–245
Extrinsic silicon detectors, 117

F

Fabrication
integrated optics, 581–586, 587
organic light emitting devices, 

695–698
planar erbium-doped fiber 

amplifiers, 536–537
thin-film light-emitting diodes, 

327–330
Fabrication techniques, in 

nanoplasmonic 
optoelectronics

nanoimprinting, 792
nanolithography, 791–792
polymers and biological 

techniques, 792
self-assembly, 792

Fabry–Perot cavities, 178–179, 
208–210, 350, 351f

mirrors, 357, 357f
Fabry–Perot edge-emitting lasers, 

379
Fabry–Perot modulators (FPM), 

290, 291
Fabry–Perot resonators, 486
Fabry–Perot (FP) waveguide, 764
Fano factors, 786
Fano resonance, 794
Faraday dark space (FDS), 51
Faraday’s law of induction, 5
Far fields, 167, 168f
Far-IR spectroscopy, 662f, 

663–664t
FCA, see Free-carrier absorption
FDS, see Faraday dark space
FDTD techniques, see Finite 

difference time domain 
techniques

FEM, see Finite element method

Femtosecond pulses, 183
amplitude modulation, 547, 

562–563
generation, 547–550
optical waveforms

autocorrelation, 556–557
coherent artifact, 561
dispersion scan, 560
frequency-resolved optical 

gating and sonogram, 
557–558

interferometric FROG, 561
multiphoton intrapulse 

interference phase scan 
(MIIPS), 560–561

spectral phase interferometry 
for direct electric field 
reconstruction, 558–560

phase modulation, 547
acousto-optic pulse shaping, 

563
flexible membrane mirrors, 

563
liquid crystal arrays, 563

propagation effects, 550–556
ultrafast optoelectronics, 546

Fermi–Dirac distribution, 25–26, 
25f, 239

for electrons in solids, 16, 16f
“occupancy” distributions, 

241–242, 241f
Fermi–Dirac function, 241
Fermi levels, 240–245

and classification of solids, 242f
of graphene, 795
in n-type intrinsic 

semiconductor, 245f
Ferroelectric materials, 741–742, 

745–746
FET, see Field-effect transistor
Few-mode fibers, 172
FF, see Fill factor
FFT CCD, 422f
FHD, see Flame hydrolysis 

deposition
FIB milling, see Focused ion beam 

milling
Fiber amplifiers, 521–532, 533
Fiber-Brillouin amplifiers, 521, 526
Fiber cladding thickness, 148–149
Fiber coupling, 589
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Fiber-optic parametric oscillator 
(FOPO), 719

Fiber-Raman amplifiers, overview, 
521–526

Field-effect transistor (FET), 71
Field of view (FOV), 69
Figures of merit, 66–70, 81, 637–639
Fill factor (FF), 78, 494
Filling processes, 240–246, 472
Films, 583–584, 587; see also 

Thin-films light-emitting 
diodes

Finite difference time domain 
(FDTD) techniques, 789

Finite element method (FEM), 763
Finite impulse response (FIR), 581
FIR, see Finite impulse response
FKE, see Franz–Keldysh effect
Flame hydrolysis deposition (FHD), 

582
Flexible membrane mirrors, 563
Flip chip process, 592–593
FLIR, see Forward looking infrared
Floating gate amplifiers, 108
Fluence, saturation, 290
Fluke, 62 handheld pyrometer, 669f
Fluorescence, 33, 687

optical materials, 33
spectrometry, 679

Fluorescent lamps
phosphors commonly used in, 

51t
voltage and current waveforms 

for, 60f
Focal plane arrays (FPAs), 66, 

102–115, 654, 654–655f, 
657

frontiers in development, 
115–121

hybrid arrays, 110–112
monolithic arrays

CCD devices, 106–109
CMOS devices, 109–110

readout ICs, 112–115
Focused ion beam (FIB) milling, 

791
Focus/focusing, engineered optical 

materials, 751
Foot–lambert, 271
FOPO, see Fiber-optic parametric 

oscillator

Forward looking infrared (FLIR), 
656–659

P660 IR camera, 657f
space sensor architecture, 661f
system architecture, 660f

Forward propagating modes, 
170–171

Fourier filters, 597
Fourier theory, 222
Four-wave mixing (FWM), 

284–285, 617
FOV, see Field of view
FP waveguide, see Fabry–Perot 

waveguide
FPAs, see Focal plane arrays
FPM, see Fabry–Perot modulators
FPR, see Free propagating region
Frame transfer, 422
Franz–Keldysh effect (FKE), 

466–468, 467, 776
Fraunhofer Institute for Solid 

State Physics (IAF), 336
Free-carrier absorption (FCA), 362, 

469–470, 767
Free-carrier plasma effect, 766
Free electron model

for metals, 24–26, 26f
Free propagating region (FPR), 578
Free-space propagation, 235
Free-space wave equations, 5
Free spectral range (FSR), 352
Frequency-doubled components, 

285
Frequency doubling, 550, 752, 755f
Frequency-resolved optical gating 

(FROG), 184, 557–558
trace, 557f, 558, 559f

Frequency response, 74
Frequency, waves, 5
Fresnel reflection, 312, 314
Fringe visibility, 226
FROG, see Frequency-resolved 

optical gating
FSR, see Free spectral range
Full frame transfer, 422–423
Full radiator radiation, 42–43
Function integration, 591–593
Fundamental mode

cut-off, 150
reflection, 448–449, 450, 451, 

452–453

transmission, 444f, 446f, 447, 
447f, 448–449, 450, 451, 
452–453

weak-guidance approximation, 
148–149

Fusion, 432, 436, 437, 772, 778
FWM, see Four-wave mixing

G

GaAs-based heterostructures, 772
GaAsBi-based semiconductor 

lasers, 388
Gain

clamped linear SOA, 527
equalization, 597–598
of erbium-doped fiber, 187f
guiding semiconductors, 

359–360, 359f, 368–369
integrated optics, 595
laser action theory, 204–208
optical amplifiers, 185, 187, 189, 

516, 521, 522–523, 529
photodetectors, 406–407
saturation, 362

Galileo, 3
Gallium antimonide (GaSb)-based 

lasers, 772
Gallium arsenide (GaAs)

light-emitting diodes, 307–308, 
321–323, 325

phosphide (GaAsP), 307, 
319–321, 320t

semiconductors, 245
Gallium nitride (GaN), 307–308, 

323–325
nanorods, 793

Gallium phosphide (GaP), 307–308, 
319–321, 320t

Gas cells, different approaches of, 
684f

Gas ionization, 402
Gas lasers, 181–182
Gas sensors, 679–684
Gaussian approximation, 149–150
Gaussian pulses, 257
GD, see Group delay
GDD, see Group delay dispersion
Ge photodetectors, see Germanium 

photodetectors
Geiger–Mueller (GM) tubes, 402
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General lighting, 340–341
Generation of free carriers, 286, 293
Geometrical dispersion, 552–553
Germanium (Ge) photodetectors, 

767
on silicon, 768–769, 769f

Germanium tin (GeSn), 770
GeSn, see Germanium tin
GI fiber, see Graded-index fiber
Gires–Tournois interferometers 

(GTIs), 555
Glasses, 37–38

infrared optics, 641–645
integrated optics, 586, 587
optical amplifiers, 537–539
optical properties, 37–38

Glow regions, 51, 58f
GM tubes, see Geiger–Mueller 

tubes
Gold, 789
Graded-index (GI) fiber, 237
Graded index ray paths, 236
Graded-profile optical fibers, 

154–155
Gradient-index ducts, 295
Graphene, 794

infrared (IR) detection using, 
797

modulators, 505–508
plasmonic photodetection, 797
plasmons, 789, 790f

Gratings
all-fiber components, 432–434, 

445–448
array-waveguide, 553–555, 

578–580, 599–601
geometrical dispersion, 

552–553
grating inscription, 432–433; see 

also Bragg gratings
Green induced infrared absorption 

(GRIIRA) effect, 752
GRIIRA effect, see Green induced 

infrared absorption effect
GRIN fiber, 155
GRINSCH design, 370
Ground–signal–ground (GSG) 

CPW, 491
Group delay (GD), 551
Group delay dispersion (GDD), 

551–552, 553f

Group III–V compound 
semiconductor 
modulators, 245, 467f, 
483–496, 485f

lasers, 767, 769–774, 770f, 771f
lumped, 485–489

Group-IV photonics, see Silicon (Si) 
photonics

Group velocity, 22, 135, 156–157, 
231, 718

GTI, see Gires–Tournois 
interferometer

GTwave fiber, 535, 535f
Guide coupling, 435–436

H

Hankel function, 234
Harmonic oscillators, 31

second harmonic generation 
(SHG), 249–253, 282–285, 
556–557, 743–745, 751f

Helium–Neon lasers, 181
Helmholtz equation, 763
Hermit–Gaussian modes, 179
Herschel Space Observatory (2009), 

663t
Heterodyne, detection techniques, 

92–95, 93f
Heteroepitaxy-on-silicon, 106f
Heterojunction diodes, 307
Heterostructure lasers, 183, 183f
Hewlett Packard, 307
HF, see Holey fibers
HgCdTe FPAs, 118f
High-brightness light-emitting 

diodes, 305
High efficiency light-emitting 

diodes, 325–335
High-flux light-emitting diodes, 

339, 340
High-NA fibers, 725
High-performance organic light 

emitting devices, 707–708
High-power generation designs, 

383–386
High-pressure (HP) discharge 

lamps, 49, 52, 57f
applications of, 56–57
general features of, 53–54
metal halide lamps, 54–55

operating principles of, 
55–56, 55f

High sensitivity image sensors, 
424–428

High-silica glasses, 539
High-speed image sensors, 424–428
High-speed photodetectors

high-speed light measurement 
techniques, 415–416

in optical fiber communication, 
417–418

types and time response 
characteristics, 416t

High-speed photoreceivers, 80–81
High-temperature poling, 496
Historical overviews, 3–5

lasers and optical amplifiers, 
175–179

light pipes, 128
light propagation, 127–128
optical fiber propagation, 

128–129
scope, 129–130
visible light-emitting diodes, 

307–308
waveguide propagation, 128–129

Hole plasmonic photodetectors, 
796–797

Holes, 28
Holey fibers (HF), 137, 137f
Hollow-core PBG fibers, 728
Holography, 799
Homodyne detection techniques, 

93–94, 94f
Homogeneous broadening, of 

spontaneous emission 
spectrum, 360–362

Homogenization, 760
Homojunction laser, 356f
Honeycomb structures, 728
Hot electrons, 795, 796
HP discharge lamps, see High-

pressure discharge lamps
Hybrid arrays, 110–112
Hybrid image sensors, 418
Hybrid integrated optics, 591–593
Hybridization, 768
Hybrid MOFs, 729
HyMap, 674f
Hyperbolic secant waveguides, 153
Hyperspectral cubes, 673
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Hyperspectral radiometer, 674f
Hypocycloid core structures, 731, 

732f

I

IC, see Inhibited coupling
Ideality factor, 317
Ideal mode coupling, 434, 434f
Idlers, 532
II products, 420f
IL, see Insertion losses
Illuminance, 269, 269f, 272
Image intensifiers, 645f, 648–653, 

652f
history and basic parameters 

of, 650t
spectral response curves, 651f

Image sensors
categories of, 419t
electron tube, 419–420
EM-CCD camera, 425–427
future prospects, 429
operating principle of 

semiconductor, 420f
SCMOS camera, 427–428
semiconductor

area image sensors, 422–424
linear image sensors, 

421–422
Imaging, 801

cameras, 418–424
charge-coupled devices (CCD), 

419–424, 670
complementary metal–oxide–

semiconductors (CMOS), 
670

infrared, 635–636, 648–656
photodetectors, 418–428
schematic representation of 

system, 646f
sensors, 418–428; see also 

Thermal imaging
Impact ionization, 426
Impurity photoconduction, 399f
Incandescent lamps

emission, 47
IR sources, 49
lamps with integral reflectors, 

48–49
lamps with IR reflectors, 49

tungsten–halogen lamps, 47–48
varieties of, 48

Inch–pound system units, 271, 271t
Incident light intensity, 411–412
Incoherent detection, 92
Index ellipsoids, 216, 216f, 473
Index-guiding MOFs, 711

large-mode-area, 722
Index-guiding semiconductors, 

359–360, 359f, 369
Indicatrix, 216
Indium bump technique, 111f
Indium gallium nitride (InGaN), 

323–325
nanorods, 793

Indium phosphide gallium 
arsenide, 321–323, 327, 
586, 587

Individual guide coupling, 435
Induced absorption, 353f
Induced emission, 353f
Induction excitation, 61–62
Inductively coupled discharge 

lamp, 62f
Inelastic scattering effects, 

258–261
Infrared (IR)

cameras, 656–659
cameras versus FLIR systems, 

656–659
characteristics of some 

materials, 643t
detectors, 409–411, 410t, 

637–639, 641f, 646–647, 
675–679

devices, 633–684
fundamentals

atmospheric transmission, 
634–635

choice of IR band, 636–637
cooling, 639–641
detectors, 637–639
IR optics, 641–645
night-vision system concepts, 

645–646
scene radiation and contrast, 

635–636
thermal emission, 634
thermal imaging system 

concepts, 646–648
gas sensors, 679–684

image intensifier systems, 
648–653

imaging, 635–636, 648–656
incandescent lamps, 47
LIDAR, 675–679
noncontact thermometers, 

667–670, 668f
optics, 641–645
radiation, 634t
radiometers, 670–675
reflectors, 48
smart weapon seekers, 

662–667
space-based systems, 659–662
techniques, 633–684
thermal imaging systems, 

646–648, 653–656
thermometers, 667–670
transmission range of, 644f

Inhibited coupling (IC), 711, 713, 
731

fibers, 731–732, 732f
Injection barrier, 701
Injection carriers, 697–700
Injection efficiency, 318, 319
Inorganic semiconductors, 693
Insertion losses (IL), 436, 459
Insulators

electrons in solid materials, 
242–243

energy levels, 15–16, 16f
metal-insulator-semiconductors, 

106
optical materials, 28
silicon-on-insulator, 584, 587

Integrated optics, 573–621
electro-optic phase modulator, 

233f
fabrication, 587, 587t

active waveguides, 586
indium phosphide gallium 

arsenide, 586
lithium niobate, 585
polymer, 585
silica, 582–583
silicon-on-insulator, 584
silicon oxynitride, 583–584

function integration, 591–593
networks

all-optical regeneration, 
617–620
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Integrated optics (cont.)
all-optical signal 

processing—wavelength 
conversion and TDM 
switching, 614–617

chromatic and polarization 
mode dispersion 
compensation, 598–599

dynamic gain equalization, 
597–598

integrated add–drop 
multiplexers and optical 
crossconnects, 611

integrated monitoring 
devices, 611–614

optical multiplexers, 596–597
space switches and all-

optical switching, 
599–611

packaging, 586–591
waveguides/waveguiding, 233

couplers and power splitters, 
576–577

dynamic phase and 
polarization control in 
optical, 575–576

interferometric devices, 
578–580

optical modeling—beam 
propagation methods 
and transfer matrix 
formalism, 580–581

and requirements, 574–575
Integrating spheres, 273, 273f
Intensified CCD (ICCD), 652
Intensity

dependent refractive index, 
254–255

distance product, 248
distribution, 148
light, 11
modulation, 85–91

Interacting pendulums, 15f
Interband relaxation, 287, 355, 355f
Interference

coherence, 225–227
optical waveguiding, 228

Interferogram, 672
Interferometry

dispersion compensation, 555
effects, 555

FROG, 561
infrared radiometers, 672f
integrated optics, 578–580, 597, 

604–611
Mach–Zehnder, 578–580, 597
Michelson interferometers, 672
nonlinear interferometers, 

295–296
spectral phase, 558–560
switches, 295–296, 604–611
ultrafast optoelectronics, 

558–560
Interline transfer type (IT), 423, 

423f
Intermodal pulse dispersion, 158, 

160
Internal efficiencies, 316–319, 319t
Internal photoelectric effects, 396, 

397, 418–424
Internal photovoltaic effect, 

408–409
Internal quantum efficiency, 318
Internal reflectors, 48–49
International Telecommunications 

Union (ITU), 531
Internet of Things, 350
Intervalence band absorption 

(IVBA), 362
Intraband absorption, 469
Intraband transitions, 386
Intrinsic detectors, 100
Intrinsic photoconduction, 

398–399, 399f
Intrinsic semiconductors, 16f, 17
Inverse Kerr effect, 293
Inverse saturable absorbers/

absorption, 291–292
Inverse square law, 271
Inverse taper ratio (ITR) parameter, 

436
Ionic bonds, 24
IR, see Infrared
Irradiance, 7, 269, 269f
Isotropic materials, 9
ITR parameter, see Inverse taper 

ratio parameter
ITU, see International 

Telecommunications 
Union

I–V, see Current–voltage 
characteristics

IVBA, see Intervalence band 
absorption

J

James Webb Space Telescope (2018), 
664t

JFET, see Junction field-effect 
transistor

Johnson noise, 67
Jones matrices, 219, 220
“Jones” units, 69, 637
Joule heating, 373
Judd–Ofelt theory, 538
Junction devices, 18, 72, 80–81
Junction field-effect transistor 

(JFET), 72

K

K-conservation rule, 354
Kerr effect, 38–39, 255–256, 256f, 

284, 292–297, 774
Kerr gates, 292, 294–296, 294f

on Kerr lensing, 295f
on nonlinear interferometers, 

296f
Kerr lens, 294–296, 548f
Kerr-lens mode-locking (KLM), 

295, 549
Kerr switches, 292
K-factor, 369
Kilohertz-repetition-rate, 563
Kinetic energy, 239
KLM, see Kerr-lens mode-locking
Kramers–Kronig relations, 293, 

376, 470
Kroemer, H., 359
Kronig–Penney model, 26–27, 27f
K-space diagrams, 201–202, 202f

L

Lambert’s cosine law, 271–272, 272f, 
315, 316

Lamp sources
arc lamps, 41–63
discharge lamps, 49–62
incandescent lamps, 47–49

Land IQ industrial pyrometer, 669f
Landsat, 8 satellite, 673t
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Large-format readout ICs, 116t
Large-mode area microstructured 

fibers (LMA-MOFs), 723f
active, 725–728
elementary considerations, 

722–725
Large-pitch fibers (LPF), 726
Large-width spectral filters, 

451–453
Laser cavity

loss mechanisms in, 208f
spectrum, 210f

Lasers, 19, 175–185, 191
action theory, 204–212
active guidance seekers, 

666–667
cavities, 178–179, 208–210, 

350–351
diode, module driver circuit, 

379f
energy levels, 176–177, 180, 

204–208, 349–350
line-width, 376
peak power milestones, 191, 191f
smart weapon seekers, 666–667
spectroscopy, 683f
types, 179–185; see also 

Semiconductor lasers
Latching current, 78
Lattices

crystalline and amorphous 
materials, 23–24

nonlinear and short-pulse 
effects, 286

periodic, 26–27, 712
point, 23

L-band operation, 187
LCD, see Liquid crystal displays
Lead zirconium titanate (PZT), 775
Leakage, 575
Leaky modes, 136–137
LEBG, see Low-expansion 

borosilicate glass
LEDs, see Light-emitting diodes
LEEI, see Low-energy electron 

irradiation
Length scales, 435–436
Lenses, Kerr, 294–296, 548f
LIDAR, see Light detection and 

ranging
Light

emitting devices, see Light-
emitting diodes; Organic 
light emitting devices; 
Visible light-emitting 
diodes

extraction, 312–315
intensity, 219, 411–412
optical materials interaction

absorption and emission, 
32–33

fluorescence, 33
refraction, 30–32
scattering, 33–34

outcoupling, 707
pipes, 128
production, 42
propagation, 130–131
wave nature, 5–7, 7f

Light detection and ranging 
(LIDAR), 77, 676f, 
677–678f

infrared radiation, 675–679; 
see also Remote optical 
sensing

Light-emitting diodes (LEDs), 42, 
62–63, 277, 305–343

applications, 338–341
CIE color system, 341–342, 342t
historical review, 307–308
material systems for visible

AlGaAs/GaAs, 321
AlGaInP/GaAs, 321–323
GaP and GaAsP, 319–321
InGaN, 323–325

with metallic reflector, 328f
novel technologies and high 

efficiency, 325–335
photonic bandgap 

approaches, 334–335
resonant-cavity LEDs, 

331–334
surface-textured thin-film 

LED, 330–331
with tapered waveguide, 331
transparent substrate 

AlGaInP LEDs, 327
wafer-bonded thin-film LED, 

327–330
photometric and radiometric 

units, 342–343, 343t
physics of, 308

efficiencies, 317–319
electrical properties 

electroluminescence, 
315–317

optical properties of LEDs, 
309–315

schematic cross-section of 
thinfilm with buried 
micro reflectors, 328f

white
multi-chip, 337–338
phosphor-converted, 

336–337
white light, 335–336; see also 

Organic light emitting 
devices; Visible light-
emitting diodes

Lighting applications, 340–341
Lighting system, schematic 

diagram of, 45f
Light production, 42
Light-trapping, 798f
LiNbO3 modulators, 477–483, 477f, 

775
process for preparation of 

silicon, 483f
on silicon, 776
traveling wave, 479f, 481f

Linear arrays, 102
Linear electro-optic (EO) effects, 

472–474, 775
Linear gain, of amplifier, 517
Linear image sensors, 420, 421–422, 

422t
Linear optical effects, 282
Linear polarization, 8, 8f, 218f
Line scanners, 668f

MP150, 669f
Liquid crystal arrays, 563
Liquid crystal displays (LCD)

backlighting, 340
Liquid phase epitaxy (LPE), 307
Lithium niobate

engineered materials, 
741–742, 745–746, 749, 
751–753

integrated optics, 585, 587
optical modulators, 466, 

477–483
Localized surface plasmons, 786, 

787–789
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Local mode coupling, 435, 435f, 436
Local mode perturbation, 

169–170
Local supermodes, 436
Local thermodynamic equilibrium 

(LTE), 53
Lock-in amplifiers, 87–89, 88f

demodulation technique with, 
89f

in fluorescence detection, 87f
Longitudinal cavity modes, 351
Longitudinal fields, 132–133
Longitudinal modes, 209–210
Longitudinal spatial hole-burning, 

368
Long-period gratings (LPG), 432, 

433–434, 445–448
Loophole technique, 111f
Lorentz equation, 13
Losses

bend, 160–163, 722–725
confinement, 717
coupling, 524
insertion, 436, 459
organic light emitting devices, 

707
scattering, 139–140
splice, 165
transition, 160–161, 724–725

Low-energy electron irradiation 
(LEEI), 324

Low-expansion borosilicate glass 
(LEBG), 642

Low-loss optical fibers, 129
Low-molecular weight materials, 

688–692
Low-pressure (LP) discharge lamps, 

49
applications of, 52
mercury rare-gas discharges, 

51–52
LP discharge lamps, see Low-

pressure discharge lamps
LPE, see Liquid phase epitaxy
LPF, see Large-pitch fibers
LPG, see Long-period gratings
LTE, see Local thermodynamic 

equilibrium
Luminance, 269, 272, 343
Luminescence, 315–317, 688, 704

conversion principle, 336

Luminous efficiency, 45, 266, 270, 
343

Luminous energy, 270
Luminous exitance, 269–270, 269f
Luminous exposure, 270
Luminous flux, 44–45, 266, 268, 

270, 343
Luminous intensity, 268–269, 343
Luminous performance, of 

commercial high-
brightness, 306f

Luminous sensitivity, 407f
Lumped electroabsorption 

modulators, 474–476
Lumped group III–V compound 

semiconductor 
modulators, 485–489

Luxtera Corporation, 762
optoelectronic chips, 767f

M

MacAdam ellipses, 276
Mach–Zehnder amplitude 

modulators, 462–463
Mach–Zehnder (MZ) arrangement, 

440
Mach–Zehnder interferometer 

(MZI), 295, 462f, 766
integrated optics, 578–580, 597
transfer function of, 462

Mach–Zehnder modulator, 463f, 
488

traveling wave, 464f
Mach–Zehnder switch, 610f
Madou, M.J., 791
Magnesium oxide lithium niobate 

(MgO:PPLN), 752
Magnetism

magnetic fields, 212–221
magnetic induction, 5; see also 

Electromagnetic radiation 
(EMR)

Magneto-optic control, 576
Magneto-optic modulators, 466
Maier, S.A., 786
Mainchain conjugated 

semiconducting 
polymers, 688

Manufactures, lamps, 62
Maser, ammonia, 176f

Master oscillator power amplifier 
(MOPA), 385

Matched-cladding, 150–151
Materials

dispersion, 367, 550–551, 551f
engineered optical materials, 

741–742, 745
gain, 360
infrared optics, 641–645
in nanoplasmonic 

optoelectronics, 
789–791

organic light-emitting devices, 
688–695

pulse dispersion, 158
visible light-emitting diodes, 

319–325
Matrices

Jones, 219, 220
transfer, 439–440, 445, 448, 

580–581
Maxwell–Boltzmann gas velocity 

distribution, 242
Maxwell, Clerk, 5, 131–132, 131f, 

242, 434
Maxwell equations, 131–132, 434, 

763
Mechanical switches, 604
Mellanox Technologies, 776
Mercury-rare-gas discharge lamps, 

49, 51–52
applications of, 52

Meridional rays, 154
Mesastripe, 360
Mesopic vision, 267
Metal halide lamps, 54–56, 55f
Metal–insulator–semiconductor 

(MIS) structure, 106
Metallic bonds, 24
Metallic coatings, 642
Metal-organic vapor phase epitaxy 

(MOVPE), 307
Metal-oxide semiconductors 

(MOS), 418–422
Metals

electrons in solid materials, 
242–243

energy levels, 16
free electron model, 24–26
nanoparticle photodetectors, 

796–797
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optical materials, 24–26, 28
Michelson interferometers, 295, 672
Micro-bolometer, 106f
Microchannel plate, schematic 

presentation of, 649f
Microstructured dispersion, 

553–555, 554f
Microstructured optical fibers 

(MOFs), 711–733
highly nonlinear index-guiding

nonlinear silica MOFs, 
715–721

nonsilica MOFs, 721–722
IC fibers, 731–732
large-mode-area index-guiding

active large-mode-area 
fibers, 725–728

elementary considerations, 
722–725

modeling
effective index methods, 

713–715
numerical methods, 715

PBG fibers, 728–731
Microstructured rod amplifiers, 

726, 726f
Microwaves, excitation, 61–62
Mid-IR integrated photonic 

platforms
on silicon (Si) photonics, 

776–778
waveguide technologies on 

silicon, 777f
Mie LIDAR, 677
MIIPS, see Multiphoton intrapulse 

interference phase scan
Military applications

infrared systems, 652–653
lasers, 666–667

Mini bands, see Energy, levels
Minimum resolvable temperature 

difference (MRTD), 656, 
656f

Mirrors
Bragg, 314
chirped, 553–555
flexible membrane, 563
infrared optics, 642
laser cavities, 178
loss, 362
nonlinear switches, 295

saturable absorbers/absorption, 
286, 287–290

MIS structure, see Metal–
insulator–semiconductor 
structure

Misalignment factors, 575
Mismatch, 165, 165f, 166
MMI, see Multimode interference
Modal amplitudes, 164–165
Modal attenuation, 139–140, 162
Modal fields, 144
Modal gain, 362
Modal parameters, 136
Modal phase, 135, 156
Modal power, 148, 148f, 165
Modal structure, in semiconductor 

lasers, 367–371
Mode converters, 453
Mode coupling theory, 168, 

170–172, 434–436
Mode excitation, 164–165
Mode-field converting waveguides, 

590f
Modeling

integrated optics, 580–581
microstructured optical fibers, 

713–715
Mode-locking, 547, 547f

Fourier transform, 211f
Kerr lens, 295
laser action theory, 210–211
technique, 183
ultrafast laser pulses, 548–549

Mode mismatch, 575
Mode nomenclature, 138–139, 

147
Mode normalization, 171
Mode orthogonality, 134–135
Mode solvers, 580–581
Mode splitters/combiners, 443
Modified Bessel equation, 146
Modified Hankel function, 234
Modulation/modulators

amplitude, 460–464, 547, 
562–563

characteristics, of 
semiconductor lasers, 
377–379

efficiency, 377
electroabsorption modulators, 

464, 474–476

Fabry–Perot modulators, 290, 
291

femtosecond pulses, 547, 
562–563

Mach–Zehnder amplitude 
modulators, 462–463

optical modulators, 457–508
phase, 460, 547, 562–563
self-phase modulation, 256–258, 

595, 726
specifications, 458–460

MOFs, see Microstructured optical 
fibers

Momentum, 7, 14
Monitoring/detection

integrated optics, 611–614
Monochromators, 131–132, 672
Monolithic arrays, 106–110
Monolithic FPAs, 106f
Moore’s law, 801
MOPA, see Master oscillator power 

amplifier
MOS, see Metal-oxide 

semiconductors
MOVPE, see Metal-organic vapor 

phase epitaxy
MP150 line scanner, 669f
MPW, see Multiproject wafer
MQB, see Multiple quantum barrier
MQW structure, see Multiple 

quantum well structure
MRTD, see Minimum resolvable 

temperature difference
MSC640 thermal camera, 670f
Multi-band radiometers, 672, 673
Multi-chip white light-emitting 

diodes, 337–338
Multicore fibers, 172
Multi-level atomic systems, 

205–207
Multilevel laser systems, 177–178
Multi-mode fibers, 154–155, 

159–160
minimizing intermodal 

dispersion in, 160
Multimode interference (MMI), 

764
coupler, 577f

Multi-mode waveguides, 154–155, 
159–160

Multi-phonon relaxation, 528
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Multiphoton intrapulse interference 
phase scan (MIIPS), 
560–561

Multiple core optical fibers, 171
Multiple quantum barrier (MQB), 

323
Multiple quantum well (MQW) 

structure, 322, 366
EA modulator, 475f

Multiplexing/multiplexers
dense wavelength, 442
time-division, 614–617; see also 

Add–drop multiplexers 
(ADM); Networks; 
Optical add–drop 
multiplexing; Wavelength 
division multiplexing 
(WDM)

Multiproject wafer (MPW), 762
Multi-stage design, 186
Mutual coherence, 225, 227f
MW/LW FPAs, 120f
MZ arrangement, see Mach–

Zehnder arrangement
MZI, see Mach–Zehnder 

interferometers

N

NA, see Numerical aperture
NALM, see Nonlinear amplifying 

loop mirror
Nanoantenna, 795, 795f, 797
Nanobars, 796f
Nanoclusters Fano-resonance 

manipulation, 800
Nanocoining, 792
Nanodevice fabrication, 

791–792
Nanoimprinting, 792
Nanolithography, 791–792
Nano-membranes, 793
Nano-opto modulators, 794–795
Nano-opto sources, 793
Nanoparticles, precision arrays 

of, 787
Nanopatterning, 792
Nanopinholes, 787
Nanoplasmonic optoelectronics

applications, 800–802
detectors

graphene plasmonic 
photodetection, 797

metal nanoparticle/
hole plasmonic 
photodetectors, 796–797

solar cells using plasmonic 
photodetection, 797–798

fabrication techniques
nanoimprinting, 792
nanolithography, 791–792
polymers and biology, 792
self-assembly, 792

introduction and motivation of, 
785–786

localized surface plasmons, 
787–789

materials selection, 789–791
modulators, 794–795
nano-optics and NLO, 798–800
NLO and nonlinear plasmonics, 

799–800
sources

graphene electromagnetic 
radiation 
nanosources 794

plasmonic lasers, 793
SPASER, 793–794

tool kit, 786–787
Nano-stamping, 792
Nanotransfer printing, 792
Narrowband photodetection, 796
Narrow-width spectral filters, 451
Nd3+:YAG laser, 179–180, 180f
Near fields, 167

intensity, 371
Nearly free electron model, 26
NEDT, see Noise equivalent 

difference temperature
Negative glow (NG) regions, 51
Networks

integrated optics, 593–620
Newton, Isaac, 4
NF, see Noise figure
NG regions, see Negative glow 

regions
Nichia Chemicals, 308
Night-vision, 645–646, 652f
Nitrides, 323–325

semiconductors, 775
NLO, see Nonlinear optics
n-MOS linear image sensor, 421f

N,N′-bis-(m-tolyl)-N,N′diphenyl-
1,1-biphenyl-4,4′-diamine 
(TPD), 689

Noise
equivalent load resistance, 68
equivalent power (NEP), 68–69, 

71, 71f, 82–84, 401
optical radiation detection, 

66–68, 81–85
performance, 518–519, 522
photon statistics, 12; see also 

Signal-to-noise (S/N) 
ratio

Noise equivalent difference 
temperature 
(NEDT), 646

as function of detectivity, 648f
Noise figure (NF), 414, 518
NOLM, see Nonlinear optical loop 

mirrors
Noncontact thermometers, 

667–670, 668f
Nondegeneracy, 282
Noninterferometric switches, 

604–611
Nonlinear amplifying loop mirror 

(NALM), 549
Nonlinear effects, 282
Nonlinear engineered materials, 

743–744, 750–751
Nonlinear interferometer switches, 

295–296
Nonlinearity

intensity–distance product for, 
248f

response to a sinusoidal drive, 
247f

Nonlinear optical loop mirrors 
(NOLM), 295

Nonlinear optical response, 790
Nonlinear optics (NLO), 786

advanced, 246–261
crystal properties, 38–39
formalism, 248–249
nano-optics and, 798–800
and nonlinear plasmonics, 

799–800
switches, Kerr lens, 294–296

Nonlinear polarization rotation 
(NPR), 549

Nonlinear refraction, 284, 292–296
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Nonlinear refractive index, 774, 
775f

Nonlinear short-pulse effects, 
281–297

Nonlinear silica MOFs, 715–716
applications of small-core, 

717–721
design considerations, 716–717

Non-mechanical switches, 
604–611

Nonohmic behavior, 58
Non-radiative recombination, 

310–311
Nonresonant nonlinearities, 283
Nonsilica MOFs, 721
Nonthermal carrier distribution, 

287
Non-uniform dielectric media, 

131–140
Non-uniform fibers, 167–171
Non-uniform waveguides, 

167–171
Normal glow regions, 59
Normalization, 134–135, 171, 232
Normalized frequency, 232
Normal modes, 133–134
Normal optical effect, 255–256
Novel technologies, light-emitting 

diodes, 325–335
NPR, see Nonlinear polarization 

rotation
N-type semiconductor, 17, 244
Numerical aperture (NA), 236

propagation, 136, 155
Numerical methods

for index-guiding MOFs, 715

O

OADM, see Optical add–drop 
multiplexing

OC, see Output coupling
Occupation levels, see Energy, levels
Odd modes, 143
OEICs, see Optoelectronic 

integrated circuits
O–E–O signal regeneration, 186
Offset, 165, 166–167
Ohmic losses, 373, 789
OLEDs, see Organic light emitting 

devices

One-dimensional arrays, 420
Onset voltage, 697
OPA, see Optical parametric 

amplifiers
OPCPA, see Optical parametric 

chirped pulse 
amplification

OPG, see Optical parametric 
generators

OPOs, see Optical parametric 
oscillators

OPSELs, see Optically pumped 
surface emitting lasers

Opsis organization, 762
Optical add–drop multiplexing 

(OADM)
all-fiber passive components, 

444, 453–454
Optical amplifiers, 516–539, 516f

background of, 515–516
basics of, 185–186
challenges in, 533
characteristics of, 522–524t
cladding-pumping, 534–536
classes

Brillouin amplifiers, 526
fiber-Raman amplifiers, 

521–526
optical parametric 

amplifiers, 532–533
rare-earth-doped fiber 

amplifiers, 527–532
rare-earth-doped waveguide 

amplifiers, 532
semiconductor optical 

amplifiers, 526–527
concepts, 516–521
erbium-doped fiber 

amplifiers (EDFAs), 
186–188

limiting factors, 516–521
planar erbium-doped fiber 

amplifiers, 536–537
pumping, 534–536
Raman, 188–190
rare-earth-doped silica glass, 

537–539
semiconductor, 190
short-pulse amplification, 

190–192
types, 521–533

Optical coherence, 221–227
Optical communication, 417–418
Optical crossconnects (OXC), 

595, 611
Optical crown glass, 642
Optical detection/detectors, 

395–429
classification, 396, 396t, 397t
coherent versus incoherent, 92f
types, 396, 397

Optical directional coupler, 461f
Optical dispersion, 7
Optical excitation, 96f
Optical fibers

attenuation spectrum of silica-
based, 37f

bend losses, 160–163
communication, 417–418
devices, 431–456

all-fiber components, 
431–456

combiners, 436–443, 444
coupled mode theory, 

434–436
splitters, 436–443
technologies, 432–434

electromagnetic analysis, 129
excitation, 163, 164–165
high-speed photodetectors, 

417–418
historical overviews, 128–129
information transmission using, 

417f
nonlinear optics, 248
parameters, 135–136
perturbations, 167–171, 

434–436
propagation, 125–173

non-uniform dielectric 
media, 131–140

ray tracing, 151–155
weak-guidance 

approximation, 140–151
pulse dispersion, 155–160
ray propagation in, 236f
ray tracing, 129
reflection, 163–164, 167
waveguides, 235–237; see also 

Microstructured optical 
fibers (MOFs)

Optical gain, 360–362
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Optical indicatrix, 473
Optical Kerr effect, 255–256
Optical limiting, 291–292
Optically pumped surface emitting 

lasers (OPSELs), 385
Optical materials, 21–39

absorption and 
photoconductivity, 34–36

anisotropy, 38
atomic bonding, 24

covalent bonds, 24
ionic bonds, 24
metallic bonds, 24
Van der Waal bonds, 24, 24f

carriers, conduction, 
and doping in 
semiconductors, 28–30

crystalline and amorphous, 
23–24

electrons in periodic lattice, 
26–27, 26f

electro–optic and nonlinear 
processes, 38–39

emission, 36
free electron model for metals, 

24–26, 26f
glasses, 37–38
insulators, 28
light interaction

absorption and emission, 
32–33

fluorescence, 33
refraction, 30–32
scattering, 33–34

metals, 28
polycrystalline and amorphous 

semiconductors, 36–37
properties of some common, 

21–23
semiconductors, 28–30

Optical mixing, 253–254
Optical modulators, 457–508, 459f

amplitude
directional coupler, 

460–462
EA, 463–464
Mach–Zehnder, 462–463

examples
EA modulators, 474–477
graphene modulators, 

505–508

group III–V compound 
semiconductor 
modulators, 483–496

LiNbO3 modulators, 477–483
polymer modulators, 

496–499
silicon modulators, 499–504

phase, 460
physical effects

band–band absorption and 
Franz–Keldysh effect, 
466–468

electro-optic effects, 470–474
excitonic absorption and 

quantum-confined Stark 
effect, 468–469

FC absorption, 469–470
specifications

bandwidth, 459–460
bias stability and drift, 460
chirp, 459
drive voltage, 459
extinction ratio, 459
insertion loss, 459
polarization dependance, 

459
traveling waves, 464–466

Optical network architectures, see 
Networks

Optical parametric amplifiers 
(OPA), 521, 532–533, 550, 
743, 744

Optical parametric chirped pulse 
amplification (OPCPA), 
547, 550

Optical parametric generators 
(OPG), 744, 744f

Optical parametric interactions, 
743

Optical parametric oscillators 
(OPOs), 744–745, 744f

Optical phonons, 521
Optical polarization, 212–221, 252
Optical power meters, 671
Optical radiation

amplification, 71–72
arrays, 102–115
detection, 65–122

detector arrays, 102–115
direct, 70–85, 92
signal, 85–102

focal plane arrays, 102–115, 657
receiver, 70f

Optical radiometer, 671f
Optical resonance, 261f
Optical slab waveguide, 228f
Optical switch, 283
Optical transistor/light valve, 283
Optical waveform measurements, 

556–562
Optical waveguiding, 228–237, 

575–576
Optical wave packet, 222f
Optics, light-emitting diodes, 

309–315
Opto-electronic component, 588f

Luxtera Corporation, 767f
Optoelectronic integrated circuits 

(OEICs), 759
original proposals on silicon, 

766f
Optoelectronics, 3–19

behavior of electrons, 13–19
electromagnetic spectrum, 9–10, 

10f
emission and absorption 

processes, 10–12
historical overviews, 3–5
lasers, 19
photon statistics, 12–13
polarization, 7–9
wave nature of light, 5–7, 7f

Organic electroluminescent 
displays, see Organic light 
emitting devices (OLEDs)

Organic light emitting devices 
(OLEDs), 687–708

architecture, 688f
characterization, 695–698, 697
deposition, 696, 697f

device characterization, 697
electrical characterization, 

697
quantifying “brightness” 

697–698
device preparation, 695–698
efficiency optimization

conjugated dendrimers, 706
electrophosphorescence, 

704–705
enhanced singlet exciton 

formation, 704
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examples of high 
performance, 707–708

light outcoupling, 707
organolanthanides, 705–706, 

705f
materials

common organic 
semiconductors, 688–692, 
689–692f

comparing organic 
with inorganic 
semiconductors, 693

controlling bandgap, 
693–695

physics of
charge carrier injection, 

698–700
charge carrier transport, 

700–701
electrical device 

optimization, 701–702
exciton formation, 702–703

Organic polymer modulators, 
496–499

Organic semiconductors, 688–692, 
689–692f

Organolanthanides, 705–706, 
705f

Orthogonality, 134–135
Orthogonal solvents, 696
Orthonormal modes, 134–135
Oscillation/oscillators

condition, 208–209
energy, 200–201, 203–204
harmonic, 39, 249–253, 

282–285, 556–557, 
743–744

optical parametric, 743–744
transmissions, 444–445

Osram-OS, 308
OTDM device, 615f
Outcoupling, light, 707
Output coupling (OC), 352
Overlapping bands, 28f
OXC, see Optical crossconnects

P

P660 IR camera, 657f
Packaging

integrated optics, 586–591

levels in generic communication 
system, 588f

visible light-emitting diodes, 
338–339

Packet switching, 595
Parametric oscillation, 254
Parasitic-capacitance preamplifiers, 

74–75, 75f
Paraxiality, 763
Partial coherence, 222, 222f, 225
Particle antennas, 795f
Passive components, 436
Passive detectors, 662–666, 664f
Passive devices, on SOI, 764–765
Passive mode-locking, 549
Passive quenching, 77–79
Pauli exclusion principle, 239
PBG, see Photonic bandgap guiding
PC, see Positive columns
PCFs, see Photonic crystal fibers
PD, see Photodiodes
PDL, see Polarization dependent 

loss
Peak power, in lasers, 191, 191f
PECVD, see Plasma enhanced 

chemical vapor 
deposition

Peptide sequencing effects, 792
Period doubling, 296
Periodically poled lithium niobate 

(PPLN), 741–742, 745–747, 
749, 751–753

Periodic lattices, 26–27
Perturbations, 167–171, 434–436

of ideal guide, 434f
of local guide, 435f
local mode phase and power 

dependance, 169–170
mode coupling

analysis, 169
equations, 171–172
forward- and backward 

propagating modes, 
170–171

mode normalization, 171
tapered fibers and waveguides, 

169
uniform perturbations

coupled-mode analysis, 169
slight absorption, 168–169
super-mode analysis, 169

Peterman’s K-factor, 369
Peters, David, 789
Phase masks, 433, 433f
Phase matching, 249–253

quasi-phase matching, 555, 741–
742, 746–750, 751–753

Phase modulation, 460, 547, 
562–563

Phase sensitive detection systems, 
89–91, 90f

Phase velocities, 22
PHD, see Pulse height distribution
Phonons, 22, 286, 353, 556–557
Phosphors

commonly used in fluorescent 
lamps, 51t

converted white light-emitting 
diodes, 336–337

Phosphosilicate, 538
Photobleaching, 497
Photocathodes, 396–398, 404–408

band model, 397f
Photoconductivity, 34–36, 398, 399f

optical detectors, 396–397, 
398–400

photoconduction, 18, 398–400
semiconductors, 34–36
sensor operation, 400f
spectral response, 403–404

Photodetection/photodetectors, 66f, 
68f, 395–429, 795–798

analog output waveform 
obtained from, 414f

connected to external circuit, 
414f

detection regimes, 65–70
detectivity versus wavelength 

values, 69f
figures of merit, 65–70
high-speed, 415–418
image sensors, 418–428
noise equivalent diagram of, 71f
photoelectric effects

external, 396–398
photoconductive effect, 

398–400
photovoltaic effect, 398

products, 410f
signal processing

incident light intensity and, 
411–412
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Photodetection/photodetectors 
(cont.)

photon counting method, 
412–413

signal-to-noise ratio, 411, 
413–415

spectral response
definition of photodetector 

sensitivity, 400–401
IR detectors, 409–411
UV detectors, 404–405
UV to visible region 

photodetectors, 405–409
X-ray to vacuum UV 

photodetectors, 401–404
types of, 409f
used in X-ray to VUV regions, 

402t
utilizing gas ionization, 402

Photodiodes (PD), 18–19, 408–409
Photoelectric effects

external, 396–398
photoconductive effect, 

398–400
photovoltaic effect, 398

Photoelectron current, 406
Photolithography process, 585f
Photoluminescence, 704
Photometry

concepts, 265–278
organic light emitting devices, 

698
practice in, 274
principles

integrating sphere, 273, 273f
inverse square law, 271
Lambert’s cosine law, 

271–272, 272f
Planck’s law, 273
relationship between 

illuminance and 
luminance, 272

units, 268t, 342–343, 343t
irradiance and illuminance, 

269
radiance and luminance, 269
radiance temperature and 

color temperature, 
270–271

radiant energy and luminous 
energy, 270

radiant exitance and 
luminous exitance, 
269–270

radiant exposure and 
luminous exposure, 270

radiant flux and luminous 
flux, 268

radiant intensity and 
luminous intensity, 
268–269

relationship between SI units 
and inch–pound system 
units, 271

total radiant flux and total 
luminous flux, 270

visible light-emitting diodes, 
342–343, 343t

Photomultiplier tubes (PMT)
construction of, 398f
external photoelectric effects, 

396–398
operation circuit, 406f
optical radiation detection, 77
products, 408f
pulse signal at output of, 76f
spectral response, 404–408

Photon, 11
Photon counting, 76–80, 413–415

circuit configuration for, 413f
region, 411

Photon detectors, 66, 95, 96, 97–99t, 
100, 100f

Photonic bandgap guiding (PBG), 
711, 712, 712f

boundaries/defect mode, 729f
fibers, 727, 728–731, 729f
holey fibers, 137
visible light-emitting diodes, 

334–335
Photonic crystal fibers (PCFs), 711
Photonic crystals, 334

rod amplifier, 727f
Photon statistics, 12–13
Photoreceivers, 72–76, 80–85
Photorefractive effect, 483
Photoresist technology, 791
Photosensitivity, 400
Phototubes, 404–408, 405f
Photovoltaics, 395, 396, 398; see also 

Solar cells
Physical effects, 466–474

Physical photometry
base unit, the candela, 267
visual response, 266–267

P-i-n diodes, 19, 80–81, 409, 416f, 
488, 762

Pixels, 423
Planar erbium-doped fiber 

amplifiers, 536–537
Planar lightwave circuits (PLC), 

760
Planar waveguides, 140, 228–233
Planckian locus, 276, 276f
Planck, Max, 4, 203, 204
Planck radiation formula, 204
Planck’s law, 273

for spectral emittance, 635f
Plane waves, 130, 750
Plasma effects, 471–472
Plasma enhanced chemical vapor 

deposition (PECVD), 537, 
582, 773

waveguides, 584f
Plasma temperature, 53t
Plasmon(s), 786

electronic modulation of, 787
enhanced photodetectors, 787
enhanced silicon solar cells, 798
graphene solar cells, 798
interference of, 787
localized surface, 786, 787–789
and polaritons, 786, 793
resonance, 787, 792, 795
sensitized solar cells, 798

Plasmonic interferometers, 787
Plasmonic modes, 792
Plasmonic nanoarrays, 792
Plasmonic oscillations, 793
Plasmonic particle dimers, 799
Plasmonic waveguides, 799
Plasmonic waves, 795
PLC, see Planar lightwave circuits
PM320E optical meter, 671f
PMD, see Polarization mode 

dispersion
PMT, see Photomultiplier tubes
P-n junctions, 18f, 19, 80–81, 100
Pockels effect, 39, 775
Poincaré spheres, 219–221

rotation about eigenmode 
diameter, 220f

Point defects, 36
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Polarization, 4, 7–9
advanced optics, 212–221, 252
control, 575–576
dependent losses, 436
dispersion compensation, 

598–599
electromagnetic propagation, 

138–139
ellipses, 213–214, 213f, 214f
engineered optical materials, 

744–748
light propagation, 130–131
mode dispersion, 595, 598–599
optical amplifiers, 190, 519, 522, 

525
optical modulators, 459
optical radiation detection, 

93–95
pulse dispersion, 158
refraction, 30–31
rotation, 294
second harmonic generation, 

252
sensitivity, 519
splitters/combiners, 440–442

Polarization dependent loss (PDL), 
436

Polarization division 
multiplexing, 9

Polarization mode dispersion 
(PMD), 237, 436

Polarized wave, components for 
elliptically, 213f

Poling, 742, 742f, 746, 751–753, 752f
Poly[2-methoxy-5-(2’-ethyl-

hexyloxy)]-1,4-phenylene 
vinylene, 692

Poly(para-phenylene vinylene) 
(PPV), 687–688, 692

Poly(vinyl carbazole) (PVK), 
687–688, 692

Polycrystalline semiconductors, 
36–37

Polyenes, 687–688
Polymers

integrated optics, 585, 587
modulators, 496–499
of nanoplasmonic 

optoelectronics, 792
organic light emitting devices, 

687–688, 692

Population inversion, 32–33, 
354–356

Positive columns (PC), 50
Power

amplifiers, 520
attenuation coefficient, 139–140
density, 133
dependance, local modes, 

169–170
efficiency, 305–307, 318, 319, 523, 

697–698
flow, 133, 141
splitters, 440–441, 576–577
transfer, 446–447, 451
wave nature of light, 7

Poynting vectors, 7, 11, 133
PPLN, see Periodically poled 

lithium niobate
PPV, see Poly(para-phenylene 

vinylene)
Preamplifiers, 71–76, 520
Pressure, discharge lamps, 49–57
Primitive cell, 23
Prisms, 552–553
Propagation

constant, 132, 135
femtosecond pulses, 550

carrier-envelope phase, 
555–556

geometrical dispersion, 
552–553

Gires–Tournois 
interferometers, 555

group delay dispersion 
as leading-order 
propagation effect, 
551–552

interferometric effects, 555
microstructured dispersion, 

553–555
non-uniform dielectric media, 

131–140
optical fibers, 125–172
waveguides, 125–172

Protective absorbing coatings, 800
Proximity-focused II, 419f
P-type semiconductor, 244
Pulse characterization, 297, 557f
Pulse dispersion, 132, 155–160, 546, 

550–556
Pulsed light discharge lamps, 61

Pulsed mode lasers, 180, 183–185
Pulse height distribution 

(PHD), 77
Pulse propagation, 155–156
Pulse spread, 157
Pumping, optical amplifiers, 521, 

534–536
Pump-probe spectroscopy, 287
Pump wave, 260, 719, 720f
Pure bend losses, 160
Push–pull drive, 461
PVK, see Poly(vinyl carbazole)
Pyrex, 642
Pyroelectricity, 395, 397, 746
Pyrometer, 668f, 669f
PZT, see Lead zirconium titanate

Q

QCL, see Quantum cascade laser
QCSE, see Quantum-confined 

Stark effect
Q-factor, 352
QPM, see Quasi-phase matching
Q-switching, 179, 180, 211–212, 

212f
Quantum cascade laser (QCL), 

386–387
Quantum-confined Stark effect 

(QCSE), 468–469, 776
Quantum confinement, 364–367

effects, 288
Quantum detectors, 95
Quantum efficiency, 19, 108, 318, 

319, 400–401
Quantum noise limit, 66–67, 84, 

518
of detection, 68

Quantum optics, 786
Quantum result, 203–204
Quantum science, 755
Quantum theory of radiation, 353
Quantum well infrared 

photodetectors (QWIPs), 
100

Quantum wells, 288
optical modulators, 468–469

Quasi-Fermi levels, 355, 364
Quasi-instantaneous nonlinear 

optical processes, 
283–285
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Quasi-phase matching (QPM), 
555, 741–742, 746–750, 
751–753

electric field envelope 
distributions in, 748f

future of, 756
materials and principle 

advantages of, 743t
QWIPs, see Quantum well infrared 

photodetectors

r

Radial light-emitting diode lamps, 
338, 338f

Radiance, 269, 272, 343
temperature, 270–271

Radiant efficiency, 343
Radiant energy, 270
Radiant exitance, 269–270, 269f
Radiant exposure, 270
Radiant flux, 268, 270, 343
Radiant intensity, 268–269, 315
Radiant sensitivity, 400
Radiating dipole, 13f
Radiation

caustic, 161
fundamentals

absorption and emittance, 43
color properties and color 

temperature of sources, 
45–46

étendue, 43–44
full radiator radiation and 

limits on emission, 42–43
radiation from atoms and 

molecules in extended 
sources, 47

use of light in systems, 44–45
integrated optics, 575
modes, 136–137
patterns, 315
physics of, 199–212; see also 

Electromagnetic radiation 
(EMR)

Radiative band–band transitions, 
308f, 309f

Radiative recombination, 
309–310, 353

Radiative transition, 308
Radiometry, 670–675

colorimetry, 277–278
concepts, 266
practice in, 274
principles

integrating sphere, 273, 273f
inverse square law, 271
Lambert’s cosine law, 

271–272, 272f
Planck’s law, 273
relationship between 

illuminance and 
luminance, 272

units, 268–271, 342–343, 343t
visible light-emitting diodes, 

342–343, 343t
Raman amplification, 188, 774, 776
Raman effect, 293, 774
Raman energy level transitions, 

258f
Raman gain, 525f
Raman LIDAR, 677–678
Raman on–off gain, 189, 189f
Raman optical amplifiers (ROA), 

188–190, 188f
Raman scattering, 34f, 258, 259

infrared radiation, 678
nonlinear effects, 286
optical amplifiers, 189, 525
optical materials, 33–34
short-pulse effects, 286

Raman spectra, 259
Rare-earth (RE)-doped amplifiers, 

521–524, 527–532
Rare-earth (RE)-doped silica glass, 

537–539
Rate equations, 204–208
Ray caustic, 153
Rayleigh effects, 189
Rayleigh–Jeans equation, 203
Rayleigh LIDAR, 677
Rayleigh, Lord, 772
Rayleigh scattering, 33, 635

optical amplifiers, 525
Ray period, 153
Ray propagation, 131, 236–237
Ray tracing, 129, 131, 151–155, 

236–237
Eikonal equation, 152
graded-profile multimode slab 

waveguide, 153
hyperbolic secant profile, 153

multimode fibers, 154–155
graded-profile fiber, 154–155
step-profile fiber, 154
tunneling rays, 154

numerical aperture, 155
Snell’s laws, 151, 152f
step-profile multimode slab 

waveguide, 152–153
bound ray paths, 152
refracting ray paths, 152–153

RCLED, see Resonant-cavity light-
emitting diodes

Reactive nonlinearities, 548
Readout integrated circuits 

(ROICs), 102, 112–115
Rearrangeably nonblocking, 603
Receiver modules, 417–418

of optical communications, 418t
Recombination, 309–310

energy, 182
process, acceleration of, 287

Rectangular waveguides, 574
Reduced zone scheme, 27
Reflectance, 272
Reflection

all-fiber passive components, 
448–449, 450, 451, 452

optical fibers, 163–164, 167
spectrum, 455
waveguides, 163–164, 167

Refraction, 30–32
optical materials, 21–22, 30–32, 

34–36
optical modulators, 471
ray tracing, 152–153, 153f
semiconductors, 35

Refractiveindex.info, 789
Refractive indices, 31f, 32f, 367, 

471f, 472f
nonlinear effects, 292
nonlinear optics, 252, 254–255
optical fibers, 235–237
optical material properties, 

21–22, 21f, 30–32
optical modulators, 466, 471
optical polarization, 215–216
saturable absorbers/absorption, 

289–290
short-pulse effects, 292
structure, 289–290, 289f
wave nature of light, 6–7

http://Refractiveindex.info
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Refrigerators, temperature ranges 
for commercial, 639f

Regeneration, integrated optics, 
617–620

Regenerator, 637
Regimes of detection, 65–70
Relative index difference, 135–136
Relative intensity noise (RIN) 

spectrum, 378
Relaxation oscillation (RO), 375
Remote optical sensing

engineered optical materials, 
754; see also LIDAR

Resonance
absorption, 290
conditions, 230, 236
differential absorption LIDAR, 

678
optical fiber devices, 433–434

Resonant-cavity light-emitting 
diodes (RCLED), 326, 
331–334, 383

Resonant modes, 352
Response speed, 80–81
Responsivity, 68–69, 80–81
Reticle, 662, 665f
Rib waveguides, 140, 484
Ridge waveguides, 778
RIN spectrum, see Relative 

intensity noise spectrum
Ring resonators, 578–580, 580f
RO, see Relaxation oscillation
ROA, see Raman optical amplifiers
ROICs, see Readout integrated 

circuits
Rotational potential, 693
Round, H.J., 307
Ruby laser, 176f

S

Sagnac configuration, 295
SAM, see Self-amplitude 

modulation
Saturable absorbers/absorption, 

286–292, 297, 548–549
Saturable Bragg reflector 

(SBR), 286
Saturated output power, 518
Saturation current, 317
S-band, 531

SBR, see Saturable Bragg reflector
Scalar electromagnetic fields, 141
Scalar field, 763
Scanning-electron micrographs 

(SEMs), 764
Scattering, 22, 33–34

anti-Stokes, 33–34
Brillouin, 34, 286
elastic, 33
integrated optics, 575
light interaction, 33–34
losses, 139–140
nonlinear effects, 286
short-pulse effects, 286
Stokes scattering, 34; see also 

Raman scattering; 
Rayleigh scattering

Scene radiation, 635–636
SCH, see Separate confinement 

heterostructure
Schottky barriers, 80

and hot electrons, 787
photodiode, 100

Schrödinger equation, 26–27
Scintillation photodetectors, 

402–403, 403f
Scintillators

characteristics and applications 
of, 403t

SCLC, see Space charge limited 
conduction

sCMOS sensor, 427–428
Scotopic vision, 267
Secant profile waveguides, 153
Second generation systems, 

102, 654
Second harmonic generation 

(SHG), 249–253, 282–285, 
556–557, 743–745, 751f

conditions for quartz, 253f
along path of fundamental, 250f

Second-order nonlinear process, 
743–745

on silicon (Si) photonics, 
775–776

Self-absorption, 54
Self-amplitude modulation (SAM), 

283, 291–292
Self-assembly, of nanoplasmonic 

optoelectronics, 792
Self-correlation delay, 223f

Self-correlation functions, 223–224, 
414–415, 556–557

Self-defocusing, 291
Self-diffraction FROG (SD 

FROG) 558
Self-focusing, 294
Self-phase modulation (SPM), 

256–258, 257f, 283, 293, 
595, 726

Self-reversal behavior, 54, 54f
Self-termination, 531
Sellmeier formula, 714
Semiconductor absorber mirror, see 

Semiconductor saturable 
absorber mirror (SESAM)

Semiconductor lasers, 182–183, 
349–388

active and cladding layer 
compositions in, 388t

active medium, 352–354
advantages of quantum 

confinement, 364–367
carrier loss, photon loss, and 

laser threshold, 362–364
high-power generation, designs, 

383–385
injection luminescence, carrier, 

optical, and current 
confinement, 356–360

light–current–voltage 
characteristics of, 
371–373

materials, 387–388
modal structure in, 367–371
modulation characteristics of, 

377–379
optical cavity, 350–352
optical gain, 360–362
population inversion, 354–356
quantum cascade lasers, 

386–387
semiconductor materials for 

modern, 387–388
single-frequency and 

wavelength-tunable 
lasers, 379–381

static and dynamic 
characteristics of, 
374–377

vertical cavity surface emitting 
lasers, 381–383
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Semiconductor optical amplifiers 
(SOA), 190, 521, 
526–527

four-wave mixing in, 617f
integrated optics, 606–611

Semiconductors
absorption, 34–36
carriers, conduction, and doping 

in, 28–30
electrons in solid materials, 

242–243
emission, 34–36
energy levels, 16–17, 18
image sensors, 418–424
location of donor and acceptor 

levels, 29f
metals, insulators, and, 28
optical materials, 28–30, 38–39
organic light emitting 

devices, 688–692, 
689–692f

photoconductivity, 34–36
polycrystalline and amorphous, 

36–37
saturable absorber mirrors, 

286, 287–290; see also 
Semiconductor lasers; 
Semiconductor optical 
amplifiers (SOA)

Semiconductor saturable absorber 
mirror (SESAM), 286, 
287–290, 548

SEMs, see Scanning-electron 
micrographs

Sensing/sensors
gas, 679–684
imaging, 418–428; see also 

Remote optical sensing
Sensitivity, 400

photodetectors, 400–401, 
406–407

Separate confinement 
heterostructure (SCH), 
359, 370

Separation of variables, 145
SESAM, see Semiconductor 

saturable absorber 
mirror

SFD units, see Source follower/
detector units

SFL, see Signal fluctuation limit

Shaping, integrated optics, 
617–620

SHG, see Second harmonic 
generation

Shockley–Read–Hall (SRH) 
recombination, 362

Short light pulses, measuring, 415t
Short period gratings, see Bragg 

gratings
Short-period strained superlattice 

(SPSS), 323
Short-pulses

all-optical Kerr effect and 
nonlinear refraction, 
292–297

amplification, 190–192
engineered optical materials, 

753
lasers, 183–185, 190–191
nonlinear effects, 281–297
quasi-instantaneous processes, 

283–285
saturable absorbers, 286–292
scattering processes, 286; see 

also Femtosecond pulses
Shot noise, 66, 82–84, 85–87
Shuttle runs, 762
Si photonics, see Silicon photonics
SiGe epitaxial growth technology, 

772
Signal detection

advanced method of
boxcar detection systems, 

89–91
coherent detection, 91–95
lock-in amplifier, 87–89
signal averaging, 85–87

Signal fluctuation limit (SFL), 69
Signals

averaging, 85–87
current, 82, 84–85
detection, 85–102
processing, 411–413, 614–617

Signal-to-noise (S/N) ratio, 401
integrated optics, 595, 618
optical amplifiers, 189, 518–519
optical radiation detection, 

66–68, 82–85, 91
photodetectors, 411–415
photon statistics, 12–13

Silica

fiber, 725f
glass, 537–539
integrated optics, 582–583, 

587
waveguides, 583f, 609f

Silicon
lattice structures, 17, 17f
modulators, 499–504
oxynitride films, 583–584, 587
semiconductors, 243–245
waveguide, 795

Silicon nitride (SiN) layer, 778
Silicon-on-insulator (SOI), 584, 

584f, 587, 760, 767f
configurations, 765f
photonic devices based on

active photonic devices on, 
765–766

optical waveguides, 762–764
other passive photonic 

services on, 764–765
silicon photonics beyond, 

766–768
wafers, 761

Silicon-on-nitride (SON), 768
waveguides, 777, 778

Silicon-on-sapphire (SOS), 768
wafers, 777

Silicon (Si) photonics, 759–778, 761f
germanium photodetectors on 

silicon, 768–769
historical perspective of, 

760–761
III–V LASERS on silicon, 

769–774
mid-IR integrated photonic 

platforms, 776–778
photonic devices based on SOI 

platform
active photonic devices on 

SOI, 765–766
other passive photonic 

services on SOI, 764–765
SOI optical waveguides, 

762–764
second-order nonlinear, 

775–776
beyond SOI, 766–768
third-order nonlinear, 774–775
waveguide platforms, 761–762

Single core optical fibers, 168–169
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Single-mode fibers, 129f, 144, 
147–148

Single-photon event, 76
Single quantum well (SQW), 358f
Singlet excitons, 703, 704
Single wavelength, 546
Sinusoidal drives, 247
SI units, 271, 271t
Skew rays, 154
Skin depth, 30
Skorpios Technologies, 773
Slab geometries, 142–143
Slab waveguides, 142, 153, 228–233, 

231f, 574
dispersion and group velocity 

for, 231f
Slowly varying envelope 

approximation (SVEA), 
763

SLS, see Strained-layer 
superlattices

Small angle grain boundary, 36f
Smartcut process, 761
Smart weapon seekers, 662–667
SMD, see Surface mount devices
SMT, see Surface mount technology
Snapshot hyper-spectral imaging, 

675
Snell’s law, 151, 152f, 312, 755
SNR, see Signal-to-noise ratio
SOA, see Semiconductor optical 

amplifiers
Soft nanoimprint lithography, 792
SOI, see Silicon-on-insulator
Solar blind, 405
Solar cells, using plasmonic 

photodetection
general plasmonic photovoltaic 

issues, 797–798
plasmon-enhanced silicon, 798
plasmon-graphene, 798
plasmon-sensitized, 798

Solar spectrum, 335f
Solder bumps, 592–593
Solid angles, 268f, 269
Solids

core PBG fibers, 728
electron interactions, 237–246
state lasers, 179–181

Solitons, 431, 552
Solution processing, 695–696

SON waveguides, see Silicon-on-
nitride waveguides

Sonograms, 184f, 557–558
SOS wafers, see Silicon-on-sapphire 

wafers
Source follower/detector (SFD) 

units, 114, 114f, 115t
Space-based systems, 659–662
Space charge limited conduction 

(SCLC), 700
Space switches, 595, 599–611
SPASER, see Surface plasmon 

amplification by 
stimulated emission of 
radiation

Spatial cavity modes, 351
Spatial hole-burning, 368
Spectral efficiency, 266
Spectral emittance, 43, 44f
Spectral filters, 443–444

large-width spectral filters, 
451–453

mode converters, 453
narrow-width spectral filters, 

451
OADM, 453–454

Spectral hole burning, 368
Spectral phase interferometry 

for direct electric-field 
reconstruction (SPIDER), 
558–560, 559f

Spectral response, 449–450
characteristics of back-

illumination CCD, 425f
characteristics of photoemissive 

materials, 404f
coarse WDM, 444f
curve of semiconductor UV 

sensor, 404f
DWDM interleaver, 443f
IR detectors, 409–411, 411f
photocathode characteristics, 

408f
photodetector, 400–401, 409f
pump–signal WDM, 442f
UV detectors, 404–405, 404f
UV to visible region 

photodetectors, 405–409
X-ray to vacuum UV 

photodetectors, 401–404
Spectral width, 132, 595

Spectrometers, fluorescence, 679
Spectroradiometry, 277–278, 

672–673, 674f
Spectroscopy, engineered optical 

materials, 755
Spectrum locus, 275
Speed response, 80–81
Spencer, Herbert, 778
SPICA/BLISS (2017), 664t
SPIDER, see Spectral phase 

interferometry for 
direct electric-field 
reconstruction

Spin coating, 695, 696f
Spitzer Space Telescope (2003), 

663t
Splice losses, 165
Splitters, 436–443, 576–577
SPM, see Self-phase modulation
Spontaneous emission, 33f, 176f, 

181f, 205–209, 353f, 362, 
368, 374–375, 518–519

Spontaneous polarization, 745
Spot radiometers, 673
Spot size, 149–150
SPSS, see Short-period strained 

superlattice
SQW, see Single quantum well
SRH recombination, see Shockley–

Read–Hall recombination
SSG design, see Superstructure 

grating design
Stable discharge operation, 49–50
Standing waves, 351, 351f
Star coupler, 577f
Staring arrays, 102, 653
Stark effect, 293, 468–469, 528f
Starting, discharge lamps, 57–58
Static characteristics, of 

semiconductor lasers, 
374–377

Steady-state electrical 
characteristics, 58–60

Stefan–Boltzmann law, 204
Step-profile fibers, 145–148, 

154, 162
Step-profile slab waveguides, 142f, 

143–145, 144f, 145f, 
152–153, 159–160

bound ray paths on, 159f
Steric bandgap control, 693–694
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Stimulated absorption, 177f, 
205–209

Stimulated emission, 19, 33f, 
176–177, 177f, 205–206, 
353, 353f

Stimulated scattering, 189, 286
“Stitching” photolithographic 

technique, 113
Stokes parameters, 219
Stokes scattering, 34, 34f
Stokes shift, 33, 286
Storage, engineered optical 

materials, 754
Strained-layer superlattices (SLS), 

772
Stratospheric Observatory For 

Infrared Astronomy 
(SOFIA, 2005), 663t

Streak method, 415
Stream correlation, 225f
Strobe-light photography, 183
Structure

area image sensors, 423–424
laser action theory, 208–210

Sub bands, see Energy, levels
Submicron waveguides, 761f, 763, 

776
Subnanometer-spaced 

nanoparticles, 799
Substrates, 233

leakage, 575
Sum-frequency generation, 

282–285, 744
Supercontinuum, 718–719, 718f, 733
Super-high-brightness devices, 307
Supermodes, 137, 169, 436–439
Superstructure grating (SSG) 

design, 381f
Suppliers, lamps, 63
Surface mount devices (SMD), 

338–339
Surface mount LED package, 339f, 

340
Surface mount technology (SMT), 

338–339
Surface plasmon amplification by 

stimulated emission of 
radiation (SPASER), 787, 
793–794

Surface plasmons, 800
Surface recombination velocity, 311

Surface structuring, 314–315, 315f
Surface-textured thin-film light-

emitting diodes, 326, 
330–331

Susceptibility, 745–746, 747
SVEA, see Slowly varying envelope 

approximation
SWAP-C, 785
Switches/switching

all-optical, 599–611
integrated optics, 599–611
interferometry, 295–296, 

604–611
noninterferometric, 604, 607
nonlinear interferometers, 

295–296
nonlinear optics, 294–296
non-mechanical, 604–611
packet, 595
Q-switching, 179, 180, 211–212
space, 595, 599–611
time division multiplexing, 

614–617; see also Optical 
switch

Synthetic fused silica, 642

t

Table-top accelerators, 189
Tales TopOwl helmet, 653f
Tapered fibers, 169, 170f, 432, 432f

long-period gratings (LPG), 
445–448

oscillatory transmissions, 
444–445

short-period gratings, 448–451
Tapered waveguides, 169, 326, 331, 

431, 432
TCPC, see Time-correlated photon 

counting
TDM, see Time-division 

multiplexing
TECs, see Thermo-electric coolers
Telecommunications, 801

engineered optical materials, 
754

and optical switches, 297
Teledyne

Dalsa, 117f
hybrid silicon p–i–n CMOS 

sensor, 118f

TE mode, 228
Temperature tuning, 752
Temporal coherence, 222
Tensors, 215
Terahertz radiation, 550
Ternary semiconductors, 245–246
Tetravalent semiconductors, 

243–245
Thallium iodide discharge 

lamps, 55
Thermal detectors, 66, 95, 100–102, 

100f, 102f, 103–104t, 
638–639, 667–670

Thermal effect, 395, 397
Thermal emission, 634
Thermal imaging

infrared radiation, 635–636, 
646–648, 653–656

Thermal noise, 66–67, 83, 84
Thermal regime of detection, 68
Thermal runaway, 383
Thermo-electric coolers (TECs), 

373
Thermometry, 667–670
Thermo-optic effects, 727
Thin-films light-emitting diodes, 

326, 327–330
Third-generation systems, 119
Third-order dispersion, 551
Third-order nonlinear process, on 

silicon (Si) photonics, 
774–775

Three-color detector pixel, 119f
Three-level atomic systems, 

205–207
Three-level laser, 178f
Three-phase clocking, 107
Threshold of quantum regime, 67
Tilt, 165, 166–167
Time-correlated photon counting 

(TCPC), 416
Time-division multiplexing (TDM), 

297, 614–617
Time reversal, 558
Time-signaling, 617–620
TIR, see Total internal reflection
TNF, see 2,5,7-Trinitrofluorenone
Total internal reflection (TIR), 230, 

312, 608f
TPA, see Two-photon absorption
Traffic lights, 340
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T-rails, 491
Transfer Insertion, 463f
Transfer matrices, 439–440, 

445–446, 448, 580–581
Transfer methods, 422–424
Transimpedance amplification, 

73–74, 73f, 113
Transimpedance receiver, 73
Transition losses, 160–161, 724–725
Transit time, 157
Translational invariance, 132–133
Transmission, 401f, 402f

all-fiber passive components, 
447–449, 450, 451

optical material properties, 
21–23, 23f

window, 21
Transparency

carrier density, 362, 366
of silicon, 778

Transparent-substrate light-
emitting diodes, 307, 327

Transparent substrates (TSs), 306
Transverse cavity modes, 210f
Transverse fields, 132–133
Transverse modes, 210, 228–230
Traveling waves, 476–477, 479–483, 

489–496
Treacy compressor, 552
Triplet excitons, 703
Tristimulus colorimeter, 275
Tristimulus values, 274–275
TSs, see Transparent substrates
Tunable lasers, 379–381
Tungsten–halogen incandescent 

lamps, 47–48, 48f, 49f
Tuning, color filtering and, 799
Tunnelling rays, 154
Turn-key oscillator-amplifier laser 

system, 192f
Two-dimensional array sensors, 420
Two-dimensional shearing 

interferometry, 560
Two-energy level atomic systems, 

204–207
Two-level photon transitions, 205f
Two-photon absorption (TPA), 284, 

556–557, 767, 775f
connection of nonlinear 

refraction and, 293–294, 
294f

in saturable absorber mirrors, 
291

Two-source interference, 225f

U

Ulis, 17-μm, 121f
Ultracomputing, 801, 801f
Ultrafast optoelectronics, 545–564

amplitude modulation, 547, 
562–563

dispersion compensation, 546, 
550–556

laser pulse generation
amplification, 549–550
optical parametric 

chirped-pulse 
amplification, 550

passive mode-locking based 
on reactive nonlinearities, 
549

saturable absorber mode-
locking, 548–549

wavelength conversion—
from terahertz to x-rays, 
550

optical waveforms, 556–562
phase modulation, 547, 562–563
propagation effects, 550–556
pulse generation, 547–550

Ultraviolet (UV) photodetectors, 
401–409

Uncertainty, electron behavior, 14
Uniform perturbations, 169
Units, 268–271
UV photodetectors, see Ultraviolet 

photodetectors

V

Vacuum ultraviolet (VUV) 
photodetectors, 401–404

Valence band, 16, 28
Van der Waal bonds, 24
Vapor deposition, 696–698, 697f
Variable-optical attenuators 

(VOAs), 765
Variable separation, 145
VCS, see Vertical coupler switch
VCSELs, see Vertical cavity surface 

emitting lasers

VECSEL, see Vertical external 
cavity semiconductor 
lasers

Velocity
defined, 5
group velocity, 22, 135, 156–157, 

231, 718
Maxwell–Boltzmann gas 

distribution, 242
waves, 6

Vertical cavity surface emitting 
lasers (VCSELs), 381–383, 
382f, 384–386, 793

Vertical coupler switch (VCS), 610f
Vertical external cavity 

semiconductor lasers 
(VECSEL), 354

Vertically emitting lasers, 379
Vertically integrated photodiode 

(VIP™) 112
VigoCAM5 thermal camera, 670f
Visible light-emitting diodes, 

305–343
applications, 338–341
historical overviews, 307–308
material systems, 319–321
white light-emitting diodes, 

335–338
Visual responses, 266–267
V number, 232
VOAs, see Variable-optical 

attenuators
Voltage mode preamplifiers, 72–73, 

73f
Vox microbolometers, 121f
VUV photodetectors, see Vacuum 

ultraviolet photodetectors

W

Wafer-bonded, 307
thin-film light-emitting diodes, 

326, 327–330
Wafer soldering, 326, 327–328
Wall-plug efficiency, 318–319, 334f
Waveform measurements, 556–562
Waveguides/waveguiding, 574f, 

712, 713f
advanced optics, 228–237
amplifiers, 521, 532
bend losses, 160–163
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Waveguides/waveguiding (cont.)
converters, 590
couplers, 576–577
electromagnetic propagation, 

136, 141
engineered optical materials, 

754
excitation, 163, 164–165
group velocity, 718
integrated optics, 574–581, 590
microstructured optical fibers, 

712–713
non-uniform dielectric media, 

131–140
perturbations, 167–171
planar, 140, 228–233
platforms, 761–762
propagation, 125–172
pulse dispersion, 155–160
ray tracing, 151–155
reflection, 163–164, 167
transfer matrices and transfer 

functions for, 582t
weak-guidance approximation, 

140–151
Wavelength(s)

conversion, 550, 595, 614–617, 
616f

equation, 5
modulation spectroscopy, 684f
pulse propagation, 155–156
response, tailoring of, 289
spectrum, of light and unit 

conversion scale, 400f
splitters/combiners, 442–443, 

444–445; see also 
Wavelength division 
multiplexing (WDM)

Wavelength division multiplexing 
(WDM), 516, 594f

all-fiber components, 431, 442–
443, 444–445, 451–452

amplifiers, 524
integrated optics, 596–597, 

599–601
Wavemixing, 532–533
Wavenumbers, 25, 201–202, 

229–230

Wave packets, random stream of, 
224f

Waves
frequency, 201–202
light propagation, 130
nature, 5–7
packets, 222, 224
theory, 4
vectors, 25, 432–433
wave-particle dualities, 4

WDM, see Wavelength division 
multiplexing

Weak-guidance approximation, 
140–151, 235, 235f

depressed-cladding and 
W-fibers, fundamental 
mode cut-off, 150–151

fundamental mode
fiber cladding thickness, 

148–149
intensity distribution, 148

scalar electromagnetic fields and 
power flow, 141

slab and circular geometries
boundary conditions, 143
circular fiber, 142–143
symmetric slab waveguide, 

142
spot size and Gaussian 

approximation, 
149–150

step-profile fiber
boundary conditions, 146
core solution, 146
fractional of modal power in 

core, 148
mode nomenclature, 147
separation of variables, 145
single-mode fiber, 147–148
solutions of eigenvalue 

equations, 146–147
step-profile slab waveguide, 

142f, 144f, 145f
eigenvalue equations, 

143–144
even and odd modes, 143
modal fields, 144
single-mode waveguide, 144

solution of eigenvalue 
equations, 144

transverse nature of 
electromagnetic 
field, 141–142

Weapon seekers, 662–667
W-fibers, 150
White light-emitting diodes, 

335–338
Wide sense non-blocking, 603
Wien’s law, 335

X

XFROG, 558
XGM, see Cross-gain modulation
XPM, see Cross-phase modulation
X-ray to vacuum ultraviolet 

photodetectors
photoconductive detectors, 

403–404
scintillation photodetectors, 

402–403
utilizing gas ionization, 402

Y

YAG laser, see Yttrium aluminum 
garnet (YAG) laser

Y-splitters, 577f
Yttrium aluminum garnet (YAG) 

laser, 336, 384

Z

ZDW, see Zero-dispersion 
wavelength

Zero dispersion, 130
Zero-dispersion wavelength 

(ZDW), 551, 717
Zerodur, 642
Zero inter-modal dispersion 

waveguides, 160
Zero-shifted fibers, 158
Zinc, 307–308
Zur Quantentheorie der Strahlung 

(Quantum Theory of 
Radiation), 353
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of the breadth and depth showcased by published 
works, with levels ranging from advanced under-
graduate and graduate student texts to professional 
references. Topics addressed are both cutting edge 
and fundamental, basic science and applications-
oriented, on subject matter that includes lasers, 

photonic devices, nonlinear optics, interferom-
etry, waves, crystals, optical materials, biomedical 
optics, optical tweezers, optical metrology, solid-
state lighting, nanophotonics, and silicon photon-
ics. Readers of the series are students, scientists, 
and engineers working in optics, optoelectronics, 
and related fields in the industry.

Proposals for new volumes in the series may be 
directed to Lu Han, executive editor at CRC Press, 
Taylor & Francis Group (lu.han@ taylorandfrancis.
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Introduction to the Second Edition

There have been many detailed technological changes 
since the first edition of the Handbook in 2006, with 
the most dramatic changes can be seen from the far 
more widespread applications of the technology. To 
reflect this, our new revision has a completely new 
Volume III focused on applications and covering 
many case studies from an ever-increasing range of 
possible topics. Even as recently as 2006, the high 
cost or poorer performance of many optoelectronics 
components was still holding back many develop-
ments, but now the cost of many high-spec com-
ponents, particularly ones such as light-emitting 
diodes (LEDs), lasers, solar cells, and other optical 
detectors, optoelectronic displays, optical fibers, 
and components, including optical amplifiers, has 
reduced to such an extent that they are now finding 
a place in all aspects of our lives. Solid-state opto-
electronics now dominates lighting technology and 
is starting to dominate many other key areas such as 
power generation. It is revolutionizing our transport 
by helping to guide fully autonomous vehicles, and 
CCTV cameras and optoelectronic displays are seen 
everywhere we go.

In addition to the widespread applications 
now routinely using optoelectronic components, 

since 2006 we have witnessed growth of various 
fundamentally new directions of optoelectronics 
research and likely new component technologies 
for the near future. One of the most significant new 
areas of activity has been in nano-optoelectronics; 
the use of nanotechnology science, procedures, and 
processes to create ultraminiature devices across 
all of the optoelectronics domain: laser and LED 
sources, optical modulators, photon detectors, and 
solar cell technology. Two new chapters on silicon 
photonics and nanophotonics and graphene opto-
electronics attempt to cover the wide range of nan-
otechnology developments in optoelectronics this 
past decade. It will, however, be a few years before 
the scale-up to volume-manufacturing of nano-
based devices becomes an economically feasible 
reality, but there is much promise for new genera-
tions of optoelectronic technologies to come soon.

Original chapters of the first edition have been 
revised and brought up-to-date for the second edi-
tion, mostly by the original authors, but in some cases 
by new authors, to whom we are especially grateful.
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Introduction to the First Edition

Optoelectronics is a remarkably broad scientific 
and technological field that supports a multibillion 
US dollar per annum global industry, employing 
tens of thousands of scientists and engineers. The 
optoelectronics industry is one of the great global 
businesses of our time.

In this Handbook, we have aimed to produce 
a book that is not just a text containing theo-
retically sound physics and electronics coverage, 
nor just a practical engineering handbook, but 
a text designed to be strong in both these areas. 
We believe that, with the combined assistance of 
many world experts, we have succeeded in achiev-
ing this very difficult aim. The structure and con-
tents of this Handbook have proved fascinating to 
assemble, using this input from so many leading 
practitioners of the science, technology, and art of 
optoelectronics.

Today’s optical telecommunications, display, 
and illumination technologies rely heavily on 
optoelectronic components: laser diodes, LEDs, 
liquid crystal, and plasma screen displays, etc. In 
today’s world, it is virtually impossible to find a 
piece of electrical equipment that does not employ 
optoelectronic devices as a basic necessity—from 
CD and DVD players to televisions, from automo-
biles and aircraft to medical diagnostic facilities 
in hospitals and telephones, from satellites and 
space-borne missions to underwater exploration 
 systems—the list is almost endless. Optoelectronics 
is in virtually every home and business office in 
the developed modern world, in telephones, fax 
machines, photocopiers, computers, and lighting.

“Optoelectronics” is not precisely defined in 
the literature. In this Handbook , we have covered 
not only optoelectronics as a subject concerning 
devices and systems that are essentially electronic 
in nature, yet involve light (such as the laser diode), 

but we have also covered closely related areas of 
electro-optics, involving devices that are essen-
tially optical in nature but involve electronics (such 
as crystal light-modulators).

To provide firm foundations, this Handbook 
opens with a section covering “Basic Concepts.” 
The “Introduction” is followed immediately by a 
chapter concerning “Materials,” for it is through 
the development and application of new materials 
and their special properties that the whole busi-
ness of optoelectronic science and technology now 
advances. Many optoelectronic systems still rely on 
conventional light sources rather than semiconduc-
tor sources, so we cover these in the third chapter, 
leaving semiconductor matters to a later section. 
The detection of light is fundamental to many 
optoelectronic systems, as are optical waveguides, 
amplifiers, and lasers, so we cover these in the 
remaining chapters of the Basic Concepts section.

The “Advanced Concepts” section focuses 
on three areas that will be useful to some of our 
intended audience, both now, in advanced optics 
and photometry, and now and increasingly in 
the future concerning nonlinear and short-pulse 
effects.

“Optoelectronics Devices and Techniques” is 
a core foundation section for this Handbook, as 
today’s optoelectronics business relies heavily on 
such knowledge. We have attempted to cover all 
the main areas of semiconductor optoelectronics 
devices and materials in the eleven chapters in this 
section, from LEDs and lasers of great variety to 
fibers, modulators, and amplifiers. Ultrafast and 
integrated devices are increasingly important, 
as are organic electroluminescent devices and 
photonic bandgap and crystal fibers. Artificially 
engineered materials provide a rich source of pos-
sibility for next-generation optoelectronic devices.



xii Introduction to the First Edition

At this point, the Handbook “changes gear”—
and we move from the wealth of devices now 
available to us—to how they are used in some 
of the most important optoelectronic systems 
available today. We start with a section covering 
“Communication,” for this is how the developed 
world talks and communicates by Internet and 
email today—we are all now heavily dependent 
on optoelectronics. Central to such optoelec-
tronic systems are transmission, network architec-
ture, switching, and multiplex architectures—the 
focus of our chapters here. In communication, we 
already have a multi-tens-of-billions-of-dollars-
per-annum industry today.

“Imaging and displays” is the other indus-
try measured in the tens of billions of dollars per 
annum range at the present time. We deal here 
with most if not all of the range of optoelectronic 
techniques used today from cameras, vacuum and 
plasma displays to liquid crystal displays and light 
modulators, from electroluminescent displays 
and exciting new three-dimensional display tech-
nologies just entering the market place in mobile 
telephone and laptop computer displays to the 
very different application areas of scanning and 
printing.

“Sensing and Data Processing” is a growing 
area of optoelectronics that is becoming increas-
ingly important—from non-invasive patient 
measurements in hospitals to remote sensing in 
nuclear power stations and aircraft. At the heart of 
many of today’s sensing capabilities is the business 
of optical fiber sensing, so we begin this section of 
the Handbook there, before delving into remote 
optical sensing and military systems (at an un-
classified level—for here-in lies a problem for this 
Handbook—that much of the current development 
and capability in military optoelectronics is classi-
fied and unpublishable because of its strategic and 
operational importance). Optical information stor-
age and recovery is already a huge global industry 
supporting the computer and media industries in 
particular; optical information processing shows 
promise but has yet to break into major global uti-
lization. We cover all of these aspects in our chap-
ters here.

“Industrial Medical and Commercial 
Applications” of optoelectronics abound, and 
we cannot possibly do justice to all the myriad 

inventive schemes and capabilities that have been 
developed to date. However, we have tried hard to 
give a broad overview within major classification 
areas, to give you a flavor of the sheer potential of 
optoelectronics for application to almost every-
thing that can be measured. We start with the 
foundation areas of spectroscopy—and increas-
ingly important surveillance, safety, and security 
possibilities. Actuation and control—the link from 
optoelectronics to mechanical systems is now per-
vading nearly all modern machines: cars, aircraft, 
ships, industrial production, etc.—a very long list 
is possible here. Solar power is and will continue 
to be of increasing importance—with potential 
for urgently needed breakthroughs in photon to 
electron conversion efficiency and cost of pan-
els. Medical applications of optoelectronics are 
increasing all the time, with new learned journals 
and magazines regularly being started in this field.

Finally, we come to the art of practical optoelec-
tronic systems—how do you put optoelectronic 
devices together into reliable and useful systems, 
and what are the “black art” experiences learned 
through painful experience and failure? This is 
what other optoelectronic books never tell you, and 
we are fortunate to have a chapter that addresses 
many of the questions we should be thinking about 
as we design and build systems—but often forget or 
neglect at our peril.

In years to come, optoelectronics will develop 
in many new directions. Some of the more likely 
directions to emerge by 2010 will include optical 
packet switching, quantum cryptographic com-
munications, three-dimensional and large-area 
thin-film displays, high-efficiency solar-power 
generation, widespread biomedical and biopho-
tonic disease analyses and treatments, and opto-
electronic purification processes. Many new 
devices will be based on quantum dots, photonic 
crystals, and nano-optoelectronic components. A 
future edition of this Handbook is likely to report 
on these rapidly changing fields currently pursued 
in basic research laboratories.

We are confident you will enjoy using this 
Handbook of Optoelectronics, derive fascination 
and pleasure in this richly rewarding scientific and 
technological field, and apply your knowledge in 
either your research or your business.
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4 Optical transmission

PROLOGUE

Optics has become the unique transmission tech-
nology in backbone networks, providing capacities 
absolutely unknown before, a very high transmis-
sion quality and a reduction of operational costs 
per transmitted bit. This is due to the development 
of wavelength division multiplexing (WDM) intro-
duced in 1995 and allowing to transmit around 800 
Gbit/s (80 and 10 Gbit/s channels) over one single 
mode fiber in 2005. This chapter describes this his-
tory, puts in evidence the basics of optical transmis-
sion and the development of WDM technology, and 
shows how the capacity of WDM systems can be 
increased by extending the used bandwidth, increas-
ing the channel number or the bit rate per channel.

In 2005, coherent reception which had been 
explored by a many academic and industrial labo-
ratories in the 1980s came back in foreground, but 
receivers were implemented quite differently from 
what had been proposed 30 years before. In fact, 
this very important technological step is closely 
related to the progress of electronics, allowing the 
implementation of complex and powerful digital 
signal processing (DSP) algorithms. The receiver 
consists now in a very “simple” optical front end 
(local oscillator and photodiodes), analogue to 
digital converters and a DSP unit compensating 
for all the transmission impairments due to the 
propagation over the fiber. Due to the fact that 
the optical demodulator just translates the chan-
nel transfer function into baseband, the baseband 
transfer function to be compensated for by the 
DSP unit is just the transfer function of the optical 
channel, which is not true with a quadratic detec-
tion. Coherent reception opens the way to complex 
and more than binary modulation schemes, which 
results into an increase of the transmitted bit rate 
within a given bandwidth.

Chromatic dispersion is no more in line 
compensated, which eliminates the dispersion-
compensation fiber in each amplification site, 
polarization mode dispersion (PMD), which was 
a very serious problem can be compensated for 
very efficiently. Moreover, both polarizations 
can be used, which doubles the potential capac-
ity of each channel by using polarization division 

multiplexing in conjunction with WDM. And DSP 
can cancel the interference between polarizations 
and then separate them without any problem.

Commercial coherent systems transmitting 80 
100 Gbit/s channels in C band (8 Tbit/s over one 
single mode fiber) have been available since 2011 
and are installed in backbone networks to face the 
always increasing traffic demand, while 200 and 
beyond 400 Gbit/s per channel are actively inves-
tigated in industrial laboratories.

1.1  INTRODUCTION

The enormous potential of optical waves for high-
rate transmission of information was recognized 
as early as the 1960s. Because of their very high 
frequency, it was predicted that light waves could 
be ultimately modulated at extremely large bit 
rates, well in excess of 100 Gbit·s−1 and orders of 
magnitudes faster than possible with standard 
microwave-based communication systems. The 
promise of optical waves for high-speed commu-
nication became a reality starting in the late 1980s 
and culminated with the telecommunication 
boom of the late 1990s, during which time a world-
wide communication network involving many 
tens of millions of miles of fiber was deployed in 
many countries and across many oceans. In fact, 
much of the material covered in this handbook 
was generated to a large extent as a result of the 
extensive optoelectronics research that was carried 
out in support of this burgeoning industry. The 
purpose of this chapter is to provide a brief over-
view of the basic architectures and properties of 
the most widely used type of optical transmission 
line, which exploit the enormous bandwidth of 
optical fiber by a general technique called WDM. 
After a brief history of optical network develop-
ment, this chapter examines the various physical 
mechanisms that limit the performance of WDM 
systems, in particular, their output power [which 
affects the output signal-to-noise ratio (SNR)], 
capacity (bit rate times number of channels), opti-
cal reach (maximum distance between electronic 
regeneration), and cost. The emphasis is placed on 
the main performance-limiting effects, namely 
fiber optical nonlinearities, fiber chromatic and 
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group velocity dispersions (GVDs), optical ampli-
fier noise and noise accumulation, and receiver 
noise. Means of reducing these effects, including 
fiber design, dispersion management, modula-
tion schemes, and error-correcting codes, are also 
reviewed briefly. The text is abundantly illustrated 
with examples of both laboratory and commercial 
optical communication systems to give the reader 
a flavor of the kinds of system performance that are 
available. This chapter is not meant to be exhaus-
tive, but to serve as a broad introduction and to 
supply background material for the following two 
chapters (optical network architecture and optical 
switching and multiplexed architectures), which 
dwell more deeply into details of system archi-
tectures. We also refer the reader to the abundant 
literature for a more in-depth description of these 
and many other aspects of optical communication 
systems (see, for example, [1,17,32,34]).

1.2  HISTORY OF THE 
INTRODUCTION OF OPTICS IN 
BACKBONE NETWORKS

Enabling the implementation of the optical com-
munication concept required the development of a 
large number of key technologies. From the 1960s 
through the 1980s, many academic and industrial 
laboratories around the world carried out exten-
sive research towards this goal. The three most dif-
ficult R&D tasks were the development of reliable 
laser sources and photodetectors to generate and 
detect the optical signals, of suitable optical fibers 
to carry the signals, and of the components needed 
to perform such basic functions as splitting, filter-
ing, combining, polarizing, and amplifying light 
signals along the fiber network. Early silica-based 
fibers had a large core and consequently carried a 
large number of transverse modes, all of which 
travel at a different velocity, leading to unavoid-
able spreading of the short optical bits that carry 
the information and thus to unacceptably low bit 
rates over long distances. Perhaps, the most crucial 
technological breakthrough was the development 
of single-mode fibers, which first appeared in the 
mid-1970s and completely eliminated this problem. 
Over the following decade, progress in both mate-
rial quality and manufacturing processes led to a 
dramatic reduction in the propagation loss of these 
fibers, from tens of decibels per kilometer in early 

prototypes to the amazingly low typical current loss 
of 0.18  dB·km−1 around 1.5 μm used in submarine 
systems (or an attenuation of only 50% through a 
slab of glass about 17 km thick!). The typical attenu-
ation of fibers used in long-distance terrestrial net-
works today is around 0.22 dB·km−1 at 1550 nm.

Fiber components were developed in the 1980s, 
including such fundamental devices as fiber cou-
plers, fiber polarizers and polarization control-
lers, fiber wavelength division multiplexers [5,48], 
and rare-earth-doped fiber sources and amplifi-
ers [17,18,41]. The descendants of these and several 
other components now form the building blocks of 
modern optical networks. Interestingly, the original 
basic research on almost all of these components was 
actually done not with communication systems in 
mind, but for fiber sensor applications, often under 
military sponsorship, in particular for development 
of the fiber optic gyroscope [5]. Parallel work on 
optoelectronic devices produced other cornerstone 
active devices, including high quantum efficiency, 
low-noise photodetectors, efficient and low-noise 
semiconductor laser diodes in the near infrared, in 
particular distributed-feedback (DFB) lasers, as well 
as semiconductor amplifiers, although these were 
eclipsed in the late 1980s by rare-earth-doped fiber 
amplifiers. The development of high-power laser 
diodes, began in the 1980s to pump high-power solid-
state lasers, in particular for military applications, 
sped up substantially in the late 1980s in response 
for the growing demand for compact pump sources 
around 980 and 1480 nm for then-emerging erbium-
doped fiber amplifiers. Another key element in the 
development of optical communication networks 
was the advent of a new information management 
concept called Synchronous Optical NETworks [31], 
especially matched to optical signals but also usable 
for other transmission technologies.

Up until the mid-1980s, long-distance com-
munication network systems were based mostly 
on coaxial cable and radio frequency technologies. 
Although the maximum capacity of a single coaxial 
cable could be as high as 560 Mbit·s−1, most installed 
systems operated at a bit rate of 140 Mbit·s−1, while 
radio links could support typically eight 140 
Mbit·s−1 radio channels. Intercontinental traffic was 
shared between satellite links and analogue coaxial 
undersea systems; digital undersea coaxial systems 
never existed. The switch to optical networks was 
motivated in part by the need for a much greater 
capacity, in part by the need for improved security 
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and reliability of radio-based and cable-based sys-
tems. These systems were commonly affected by 
two different types of failures, namely signal fad-
ing and cable breaks due to civil engineering work, 
respectively. The first optical transmission systems 
were introduced in communication networks in the 
mid-1980s. Early prototypes were classical digital 
systems with a capacity that started at 34 Mbit·s−1 
and rapidly grew to 140 Mbit·s−1, i.e., comparable to 
established technologies. Optical communication 
immediately outperformed the coaxial technology 
in terms of regeneration span, which was tens of kilo-
meters compared to less than 2 km for high-capacity 
coaxial-cable systems. However, there was no signif-
icant advantage compared with radio links, in terms 
of either capacity or regeneration span length, the 
latter being typically around 50 km. One could thus 
envision future long-distance networks based on a 
combination of secure radio links and optical fibers. 
Soon after optical devices became reliable enough 
for operation in a submerged environment, optical 
fiber links rapidly replaced coaxial-cable systems. 
The very first optical systems used multimode fibers 
and operated around 800 nm. This spectral window 
was changed to 1300 nm for the second generation 
of systems, when lasers around this wavelength first 
became available. In Japan, where optical commu-
nication links were installed early on, prior to the 
development of the 1550-nm systems, many systems 
operate in this window. Most of the current systems 
for backbone networks, especially in Europe and the 
United States, operate in the spectral region known 
as the C-band (1530–1565 nm). This has become the 
preferred window of operation because the attenu-
ation of silica-based single-mode fiber is minimum 
around 1550 nm. The first transatlantic optical 
cable, TAT-8, was deployed in 1988. Containing two 
fiber pairs and a large number of repeaters, it spans a 
distance of about 6600 km under the Atlantic Ocean 
between Europe and the United States and car-
ries 280 Mbits of information per second. In 1993, 
optical transmission systems carrying 2.5 Gbit·s−1 
(16 × 155 Mbit·s−1) over a single fiber with a typical 
regeneration span of 100 km began to be added to 
the growing worldwide optic–optic network. In 
terms of both capacity and transmission quality, 
radio-based systems could no longer compete, and 
optics became the unique and  dominating technol-
ogy in backbone networks.

The single most important component that 
made high-speed communication possible over 

great distances (≫100 km) without electronic 
regeneration is the optical amplifier. Although 
the loss of a communication optic around 1.5 μm 
is extremely small, after a few tens of kilometers, 
typically 50–100 km, the signal power has been 
so strongly attenuated that further propagation 
would cause the SNR of the signal at the receiver 
to degrade significantly, and thus the transmission 
quality, represented by the bit error rate (BER), 
to be seriously compromised. The SNR can be 
improved by increasing the input signal power, 
but the latter can only be increased so much before 
the onset of devastating nonlinear effects in the 
optic, in particular stimulated Raman scattering 
(SRS), stimulated Brillouin scattering (SBS), and 
four-wave mixing (FWM). Moreover, the gain in 
distance would be limited: a transmission over 
200 km instead of 100 km of current optic would 
require the input power to be increased by roughly 
20 dB!

This distance limitation was initially solved by 
placing optoelectronics repeaters along the opti-
cal line. Each repeater detects the incoming data 
stream, amplifies it electronically, and modulates 
the current of a new laser diode with the detected 
modulation. The modulated diode’s output signal 
is then launched into the next segment in the optic 
link. This approach works well, but its cost is high 
and its bit rate is limited, on both counts by the 
repeaters’ high-speed electronics. A much cheaper 
alternative, which requires high-speed electron-
ics only at the two ends of the transmission line, 
is optical amplification. Each electronic repeater is 
now replaced by an in-line optical amplifier, which 
amplifies the low-power signals that have traveled 
through a long optic span before their SNR gets 
too low and then reinjects them into the next seg-
ment in the optic link. The advantage of this all-
optical solution is clearly that the optical signal is 
never detected and turned into an electronic sig-
nal, until it reaches the end of the long-haul optical 
line, which can be thousands of kilometers long. 
Because the noise figure (NF) of optical amplifiers 
is low, typically 3–5 dB, the SNR can still be quite 
good even after the signals have traveled through 
dozens of amplifiers.

Starting as early as the 1960s, much research was 
devoted to several types of in-line optical amplifi-
ers, first with semiconductor waveguide amplifiers 
[51], then with rare-earth-doped optic  amplifiers [18], 
and more recently Raman optic amplifiers [28]. 
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Semiconductor amplifiers turned out to have 
the highest wall-plug efficiency. However, at bit 
rates under about 1 Gbit·s−1, in WDM systems 
they induce cross-talk between signal channels. 
Although solutions have been recently proposed, 
semiconductor amplifiers have not yet entered the 
market in any significant way, partly because of 
the resounding success of the erbium-doped optic 
amplifier (EDFA). First reported in 1987 [42], this 
device provides a high small-signal gain around 
1.5 μm (up to ∼50 dB) with a high saturation 
power and with an extremely high efficiency—the 
record is 11 dB of small-signal single-pass gain 
per  milliwatt of pump power [52]. EDFAs used 
in telecommunication systems operate in satura-
tion and have a lower gain, but it is still typically 
as high as 20–30 dB. The EDFAs can be pumped 
with a laser diode, at either 980 or 1480 nm, and 
they are thus very compact. Another key prop-
erty is their wide gain spectrum, which stretches 
from ~1475 to ~1610 nm, or a total bandwidth 
of 135 nm  (~16.4 THz!). For technical reasons, a 
single EDFA does not generally supply gain over 
this entire range, but rather over one of three 
smaller bands, called the S-band (for “short,” 
~1480–1520 nm), the C-band (for “conventional,” 
~1530–1565 nm), and the L-band (for “long,” 
~1565–1610 nm). Amplification in the S-band can 
also be accomplished with a thulium-doped fiber 
amplifier (TDFA) [49]. Gain has been obtained 
over the S- and C-band by combining an EDFA 
and a TDFA [50].

Perhaps more importantly, EDFAs induce negli-
gible channel cross-talk at modulation frequencies 
above about 1 MHz. These unique features make 
it nearly ideally suited for optical communication 
systems around 1.5 μm. Since the mid-1990s, it has 
been the amplifier of choice in the overwhelming 
majority of deployed systems, thus eliminating the 
electrical regeneration bottleneck.

The very large gain bandwidth of EDFAs and 
other optical amplifiers also provided the oppor-
tunity of amplifying a large number of modulated 
optical carriers at different wavelengths distrib-
uted over the amplifier bandwidth. This concept of 
WDM had of course already been applied in radio 
links. One significant advantage of WDM optical 
systems is that the same amplifier amplifies many 
optical channels, in contrast with classical regener-
ated systems, which require one repeater per chan-
nel. Optical amplifiers thus reduce the installation 

cost of networks in two major ways. First, the 
WDM technique results in an increase in capac-
ity without laying new fibers, which reduces optic 
cost. Second, the cost of amplification is shared 
by a large number of channels, and because the 
use of a single optical amplifier is cheaper than 
implementing one regenerator per channel, the 
transmission cost is reduced proportionally. This 
critical economic advantage provided the final 
impetus needed to displace regenerated systems 
and launch the deployment of the worldwide opti-
cal WDM backbone networks that took place at the 
end of the 1990s.

1.3  GENERAL STRUCTURE OF 
OPTICAL TRANSMISSION 
SYSTEMS

1.3.1  Modulation and detection:  
RZ and NRZ codes

While radio systems use a wide variety of modu-
lation formats in order to improve spectrum uti-
lization, in optical systems data have been so far 
transmitted using binary intensity modulation. A 
logic 1 (resp. 0) is associated to the presence (resp. 
absence) of an optical pulse. Two types of line codes 
are mainly encountered: nonreturn to zero (NRZ), 
where the impulse duration is equal to the symbol 
duration (defined as the inverse of the data rate) 
and return to zero (RZ), where the impulse dura-
tion is significantly smaller than the symbol dura-
tion. This property explains why the name “return 
to zero” is used; if the impulse duration equals 
roughly one half of the symbol time, the modula-
tion format is designed as RZ 50%. So at a bit rate 
of 10 Gbit·s−1, NRZ uses impulses with a width of 
approximately 100 ps, while RZ 50% or RZ 25% 
will use 50 and 25 ps wide pulses, respectively. RZ 
has, for a given mean signal power, a higher signal 
peak power. This property can be used to exploit 
nonlinear propagation effects, which under cer-
tain conditions can improve system performance. 
Details will be provided further on.

Research is actively being conducted to investi-
gate new modulation schemes for future high-bit-
rate systems. For instance, duobinary encoding, a 
well-known modulation scheme in radio systems, 
has been proposed because of its higher resis-
tance to chromatic dispersion. Carrier-suppressed 
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RZ, an RZ modulation format with an additional 
binary phase modulation, is also extensively stud-
ied, as well as recently differential phase shift key-
ing (DPSK); both provide a higher resistance to 
nonlinear effects. However, only NRZ and RZ are 
used in installed systems today.

Detection of the optical signals at the end of a 
transmission line is performed with a photode-
tector, which is typically a PIN or an avalanche 
diode. Photons are converted in the semiconduc-
tor in electron–holes pairs and collected in an 
electrical circuit. The generated current is then 
amplified and sent to a decision circuit, where the 
data stream is detected by comparing the signal 
to a decision threshold, as in any digital system. 
Detection errors can occur in particular because 
of the presence of noise on the signal and in the 
detector. The error probability is a measurement 
of the transmission quality. In practice, the error 
probability is estimated by the BER, defined as the 
ratio of error bits over the total number of trans-
mitted bits.

Several sources of noise are typically present in 
the detection process of an optical wave. Shot noise, 
the most fundamental one, arises from the discon-
tinuous nature of light. Thermal noise is generated 
in the electrical amplifiers that follow the photode-
tector. In PIN receivers, thermal noise is typically 
15–20 dB larger than the quantum limit, and if the 
optical signal is low, thermal noise dominates shot 
noise. In the case of amplified systems under nor-
mal operating conditions, the amplified spontane-
ous emission (ASE) noise of the in-line amplifiers 

is largely dominant compared to the receiver noise, 
which can thus be neglected.

1.3.2  Basic architecture of amplified 
WDM communication links

A typical amplified WDM optical link is illus-
trated in Figure 1.1. The emitter consists of N lasers 
of different wavelengths, each one representing a 
communication channel. The lasers are typically 
DFB semiconductor lasers with a frequency sta-
bilized by a number of means, including tempera-
ture control and often Bragg gratings. Each laser is 
amplitude modulated by the data to be transmit-
ted. This modulation is performed with an exter-
nal modulator, such as an amplitude modulator 
based on lithium niobate waveguide technology. 
Direct modulation of the laser current would be 
simpler and less costly, but it introduces chirping 
of the laser frequency, which is unacceptable at 
high modulation frequencies over long distances 
[1,29]. The fiber-pigtailed laser outputs are com-
bined onto the optical fiber bus using a wavelength 
division multiplexer, then generally amplified by a 
booster fiber amplifier.

The multiplexer can be based on concatenated 
WDM couplers (for low number of channels) or 
arrayed waveguide grating multiplexers. This is the 
technology of choice for high channel counts, in 
particular in the so-called dense wavelength divi-
sion multiplexed systems: although this term has 
no precise definition, it applies usually to systems 
with a channel spacing less than 200 GHz. In-line 

Emitter Multiplexer Booster

Fiber

Photodetector Filter Decision

Preamplifier

Demultiplexer Receivers

In-line
amplifier

N dataN data

Figure 1.1 Structure of an amplified WDM optical system.
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optical amplifiers are distributed along the fiber 
bus to periodically amplify the power in the sig-
nals, depleted by lossy propagation along the fiber. 
Ideally, each amplifier provides just enough gain 
in each channel to compensate for the loss in that 
channel, i.e., such that each channel experiences 
a net gain of unity. Because the gain of an optical 
amplifier and to a smaller extent the loss along the 
fiber are wavelength dependent, the net gain is dif-
ferent for different channels. If the difference in net 
gain between extreme channels is too large, after 
a few amplifier/bus spans the power in the stron-
gest channel will grow excessively, thus robbing 
the gain for other channels and making their SNR 
at the receiver input unacceptably low. This major 
problem is typically resolved by flattening or other-
wise shaping the amplifier spectral gain profile, or 
equivalently equalizing the power in the channels, 
using one of several possible techniques, either pas-
sive (for example, long-period fiber gratings) [58] 
or dynamic (e.g., with variable optical attenuators). 
While the first WDM systems that appeared in the 
mid-1980s used basic amplifiers without control 
system, the new very long reach systems include 
complex gain flattening devices that compensate 
for the accumulation of gain tilt. The gain of an 
in-line amplifier ranges approximately from 15 to 
30 dB per channel. The distance between amplifi-
ers is typically 30–100 km, depending on fiber loss, 
number of channels, and other system parameters. 
In deployed undersea systems, the amplifiers are 
equally spaced, whereas in terrestrial networks 
the amplifier location depends on geographical 
constraints, for instance, building location and 
amplifiers tend to be unevenly spaced. At the out-
put of the transmission line, a wavelength division 
demultiplexer separates the N optical channels, 
which are then sent individually to a receiver, then 
electronically processed.

1.3.3  Basic architectures of 
repeaterless systems

A repeaterless communication system aims to 
accomplish a very long optical reach without in-
line amplifiers. A common application is con-
necting two terrestrial points on each side of a 
straight or narrow arm of sea, in which case it is 
generally not worth incurring the cost of undersea 
amplifiers. Some deployed repeaterless systems are 
extremely long, as much as hundreds of kilometers, 

and consequently they exhibit a high span attenua-
tion, up to 50 or even 60 dB. The problem is then to 
ensure that the output power at the receiver is high 
enough, in spite of the high span loss, to achieve 
the required SNR at the end of the line.

This goal has been achieved with a number of 
architectures. A common solution involves using 
a preamplifier, i.e., an amplifier placed before the 
receiver to increase the detected power and reduce 
the receiver NF, as is also often done in classi-
cal WDM systems. Another one is to use a high-
power amplifier, i.e., an amplifier placed between 
the emitter and the transmission fiber to boost the 
signal power launched into the fiber. Although 
such a booster amplifier is also present in some 
of the amplified WDM systems described before, 
the typical feature in repeaterless systems is the 
high power level, which can reach up to 30 dBm. 
In both cases, the amplifier can be either an EDFA 
or a Raman amplifier, or a combination of both. 
This solution, as we will see further on, is limited 
by nonlinear effects in the fiber, although they can 
be somewhat mitigated with proper dispersion 
management.

A third solution specific to repeaterless systems 
is to place an amplifier fiber in the transmission 
fiber itself and to pump it remotely with pump 
power launched into the transmission fiber from 
either end. The amplifier fiber can then be a length 
of Er-doped fiber; the entire transmission fiber can 
be lightly doped with erbium (the so-called dis-
tributed fiber amplifier); or the transmission fiber 
can be used as a Raman amplifier. The drawback 
of this general approach is that it requires a sub-
stantially higher pump power than a traditional 
EDFA, and it is therefore more costly. The reason 
is that the pump must propagate through a long 
length of transmission fiber before reaching the 
amplifier fiber, and because the transmission fiber 
is much more lossy at typical pump wavelengths 
than in the signal band, some of the pump power is 
lost. A fourth general solution, which is not specific 
to repeaterless systems, is to use powerful error-
correcting schemes [12].

1.3.4  Optical reach and  
amplification span

Two important features of a WDM communica-
tion system are its total capacity, usually expressed 
as N × D, where N is the number of optical channels 
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and D the bit rate per channel, and the optical 
reach, which is the maximum distance over which 
the signal can be transmitted without regeneration. 
Even in amplified systems with a nominally unity 
net gain transmission, due to the accumulation of 
noise from the optical amplifiers and signal distor-
tions, after a long enough transmission distance 
the bit error becomes unacceptably high, and the 
optical signals need to be regenerated. In practical 
deployed WDM systems in 2001, this limitation 
typically occurs after about seven amplifier spans 
with a loss of roughly 25 dB per span.

Another important parameter is the amplifica-
tion span, i.e., the distance between adjacent ampli-
fiers. The performance of an optical WDM system 
cannot be expressed only in terms of optical reach; 
the number of spans must also be introduced. As 
an example, the optical reach of commercially 
available terrestrial systems in 2002 was around 
800 km, compared to 6500 km in transatlantic 
systems. A key difference between them is the 
amplification span, as will be explained in the next 
section. In the following, WDM systems with a bit 
rate per channel of 2.5, 10, and 40 Gbit·s−1 will be 
designated as WDM 2.5G, WDM 10G, and WDM 
40G, respectively.

1.4  LIMITATIONS OF OPTICAL 
TRANSMISSION SYSTEMS

1.4.1  Noise sources and bit error rate

1.4.1.1  AMPLIFIER NOISE

Amplification cannot be performed without add-
ing noise to the amplified signals. In optical ampli-
fiers, this noise originates from ASE [17], which 
is made of spontaneous emission photons emit-
ted by the active ions (Er3+ in the case of EDFAs) 
via radiative relaxation subsequently amplified as 
they travel through the gain medium. The spectral 
power density of the ASE signal per polarization 
mode is given by

 ( )γ = n hv G – 1ASE sp  (1.1)

where G is the amplifier gain, h Planck’s constant, 
and v the signal optical frequency. nsp is a dimen-
sionless parameter larger or equal to unity called 
the spontaneous noise factor. It depends on the 
amplifier’s degree of inversion, and it approaches 
unity (lowest possible noise) for full inversion of 

the active ion population. The ASE is a broadband 
noise generated at all frequencies where the ampli-
fier supplies gain, and its bandwidth is nominally 
the same as that of the amplifier gain. The ASE 
power coming out of the amplifier, concomitantly 
with the amplified signals, is obtained by the inte-
gration of γASE over the frequency bandwidth of the 
gain. As an example, in a particular C-band EDFA 
amplifying ten signals equally spaced between 
1531 and 1558 nm and with a power of 1 μW each, 
and with a peak gain of 33 dB at 1531 nm, the total 
power in the amplified signals is 5.5 mW, whereas 
the total ASE output power is 0.75 mW, i.e., more 
than 10% of the signals’ power.

The photodetectors used in receivers are the so-
called quadratic detectors, i.e., they respond to the 
square of the optical field. Detection of an optical 
signal S corrupted by additive noise N (ASE noise 
in the case of amplified systems) in a photode-
tector thus gives a signal proportional to |S + N|2. 
Expansion of this signal gives rise to the signal |S|2 
(the useful signal) plus two noise terms. The first 
term (2SN) is the beat noise between the signal and 
the ASE frequency component at the signal fre-
quency; it is called the signal–ASE beat noise. The 
second term (N2) is the beat noise between each 
frequency component of the ASE with itself (the 
ASE–ASE beat noise). The signal–ASE beat noise 
varies from channel to channel, but the ASE–ASE 
beat noise is the same for all channels. A third and 
fourth noise terms are of course the shot noise of 
the amplified signal and the shot noise of the ASE, 
and to this must be added a fifth term, namely 
the receiver noise discussed earlier. In high-gain 
amplifiers with low input signals, which are appli-
cable to most in-line amplifiers in communication 
links, the dominant amplifier noise term is the 
signal–ASE beat noise. In the amplifier example 
given at the end of the previous paragraph, the 
SNR degradation (also known as the NF) is ~3.4 dB 
for all 10 signals, and it is due almost entirely to 
signal–ASE beat noise. This noise term is typically 
large compared to the receiver noise, which can 
usually be neglected. Note that the NF is defined 
as the SNR degradation of a shot-noise-limited 
input signal. The SNR degradation at the output 
of an amplifier is therefore equal to the NF only 
when the input signal is shot-noise limited. In a 
chain of amplifier, this is true for the first amplifier 
that the signal traverses. However, after traveling 
through several amplifiers, the signal is no longer 



1.4 Limitations of optical transmission systems 11

shot-noise limited but dominated by signal–ASE 
beat noise, and the SNR degradation is smaller 
than the NF. Refer to “Accumulation of Noise” sec-
tion for further detail on noise accumulation in 
amplifier chains.

1.4.1.2  PHOTORECEIVER THERMAL NOISE

As mentioned earlier, the photoreceiver thermal 
noise is generally fairly large compared to shot 
noise. However, it can become negligible when the 
signals are amplified with a preamplifier placed 
before the detector. To justify this statement, con-
sider a receiver consisting of an optical preamplifier 
of gain G followed by a photodetector. The optical 
signal and ASE noise powers at the receiver input 
are proportional to G and G − 1, respectively (in 
practice, G is very large and G − 1 ≈ G). Because the 
thermal noise does not depend on G, and because 
it is typically 15–20 dB worse than the quantum 
limit, it is clear that if the preamplifier gain is large 
enough, say 20 dB, the thermal noise is negligible 
compared to the signal–ASE beat noise. This is 
exactly the same phenomenon as in electronics, 
where the high-gain first stage of a receiver masks 
the noise of the following stages. This property 
illustrates another advantage brought by optical 
amplifiers: optical preamplifiers allow to get away 
from the relatively poor NF of electronic circuits 
and thus to achieve much better performance.

1.4.1.3  RELATIONSHIP BETWEEN BIT ERROR 
RATE AND NOISE

How does the error rate at the receiver depend 
on the noise level, or more exactly on the opti-
cal signal-to-noise ratio (OSNR), of the detected 
signal? To answer this question, we must make 
some assumptions regarding both the signal and 
the noise. First, because the signal–ASE beat noise 
depends on the signal power, it also depends on the 
state of the signal, i.e., on the transmitted data. If 
we assume an ideal on–off keying (OOK) modula-
tion, signal–ASE beat noise is present only when 
the signal is on, whereas the ASE–ASE beat noise 
is present even in the absence of signal. Because 
the data can be assumed to be equally often on 
and off, the mean signal power is equal to half the 
peak power.

Second, to obtain an analytical expression for 
the bit error probability requires another assump-
tion, common in communication theory, which is 
that the noise has a Gaussian statistics. This is true 

for signal–ASE beat noise, as a result of the linear 
processing of Gaussian processes, but it is not true 
for ASE–ASE beat noise. However, under normal 
operating conditions of amplified systems (i.e., 
with a sufficiently high OSNR), the influence of 
ASE–ASE beat noise remains relatively small. After 
a large number of optical amplifiers, however, the 
ASE–ASE beat noise component, which depends 
on the total ASE noise, can become significant. 
An effective way to reduce this noise component 
is then to place before the receiver an optical filter 
that cuts down the ASE power between the opti-
cal signals. This can be accomplished with a comb 
filter or with the demultiplexer that separates the 
channels. Such a filter reduces the ASE–ASE beat 
noise, but of course it does not attenuate either the 
signals or the ASE at the signals’ frequencies, so it 
does not affect the signal–ASE beat noise. In the 
following, we assume that such a filter, with a rect-
angular transmission spectrum of optical band-
width Ba, is placed before the receiver.

Third, because the noise variance is not the 
same conditionally to the transmitted data, the 
best decision threshold is not just at equal distance 
between the two signal levels associated with the 
two possible data values at the sampling time, but 
rather some other optimum threshold value that 
depends on signal power. Assuming that this opti-
mum threshold value is used, the bit error prob-
ability (or BER) can be expressed as [30]:
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where erfc is the complementary error func-
tion and the SNR, R is the ratio of the mean sig-
nal power to the ASE power within the electrical 
bandwidth B, i.e., γASEB. The electrical bandwidth 
B is the bandwidth of the electronic post-detection 
circuits. The parameter m is the normalized opti-
cal filter bandwidth, m = Ba/B. Equation 1.2 can be 
easily derived by computing the variances of the 
signal–ASE beat noise and ASE–ASE beat noise 
contributions. For the computation of the first 
term, the average power of the signal is used. An 
ideal rectangular optical filter is assumed, as well 
as a rectangular electrical filter

The SNR is usually measured not within the sig-
nal bandwidth, but over a much larger bandwidth 
B0, corresponding generally to 0.1 nm in wave-
length (or 12.5 GHz near 1550 nm). Calling this 
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parameter the optical SNR R0, the bit error prob-
ability can be rewritten as
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where Q is the quality factor:
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β is the ratio B/B0 of the electrical to measure-
ment bandwidths, R0 = βR and μ = mβ2. An error 
probability of 10−9 (resp. 10−15) requires, for exam-
ple, Q = 6 (resp. 8). Neglecting the ASE–ASE beat 
noise contribution (μ → 0), the BER can be simply 
expressed as
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From Equation 1.4, the value of R0 needed to 
achieve a given quality factor Q0 is given by
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As an example, consider a 10 Gbit·s−1 system with 
an optical bandwidth Ba of 50 GHz, an electrical 
bandwidth B of ~7 GHz (as a rule of thumb, the 
electrical bandwidth is taken to be 70% of the bit 
rate), and a filter bandwidth B0 of ~12.4 GHz (0.1 
nm). Then β = 0.56 and m = 7, and a BER of 10−15 
(Q0 = 8) requires an OSNR R0 of ~17 dB.

Based on the various degradation mechanisms 
that induce power penalty along the transmis-
sion system, equipment vendors specify a mini-
mum SNR required by a given system. Typically, 
for WDM 10G systems, the minimum OSNR is in 
the range of 21–22 dB. It must be noted that the 
required OSNR increases with increasing electri-
cal bandwidth, which is proportional to the bit 
rate. For instance, by going from 2.5 to 10 Gbit·s−1 
the OSNR needs to be increased by about 6 dB (see 
Equation 1.6). This is a very important constraint, 
for system designers as well as operators.

1.4.1.4  ACCUMULATION OF NOISE

The accumulation of noise generated by succes-
sive amplifiers along an optical line degrades the 
OSNR. This accumulated noise limits the number 

of successive amplifiers that can be used, and thus 
the optical reach. Assuming a link with N equally 
spaced amplifiers of mean output power per chan-
nel P0, an inversion parameter nsp, and a gain G 
compensating exactly for the attenuation of the 
fiber span between them, the total noise power Pn 
(including both polarization modes) within a band-
width B0 at the last amplifier output is given by [29]:
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where L is the total length of the link, Za the length 
of the amplification span, and α the attenuation 
factor of the fiber. The SNR R is
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or in dB:

 ( ) ( ) ( )= P POSNR dB dBm – dBm0 n  (1.9)

These relationships show that for a given launched 
power and a given amplification span, the maxi-
mum transmission distance, represented by the 
maximum number of spans, is limited by the 
minimum required OSNR at the receiver input. 
For a given distance L, the OSNR increases when 
G decreases, i.e., when the amplification span 
becomes shorter. As an example, Equation 1.7 
shows that for a link with a fixed length L and a fiber 
attenuation of 0.2 dB·km−1, an OSNR improvement 
of 7 dB is achieved when the span length is reduced 
from Za = 100 km (a span loss of 20 dB) to Za = 50 km 
(a span loss of 10 dB). The link with the 50-km 
span length does require twice as many amplifiers, 
but the gain they each need to supply is reduced 
by 10 dB. So is their output noise power, and as a 
result the OSNR is improved. This illustrates how 
important a parameter the fiber attenuation is. For 
a given amplification span and a given number of 
spans, any reduction in this attenuation will result 
in a better OSNR simply because the amplifier gain 
G will be smaller. Equivalently, a lower fiber loss 
allows increasing the optical reach. For example, a 
fiber loss reduction as small as 0.02 dB·km−1 from 
0.23 to 0.21 dB·km−1, in 100-km spans, will allow 
to reduce the gain by 2 dB and thus to improve the 
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OSNR by as much as 2 dB. If with the 0.23 dB·km−1 
fiber, the required OSNR was reached after eight 
spans; with the 0.21 dB·km−1 fiber, it will be possi-
ble to have 12 spans (10 log (12/8) = 1.7 dB), the same 
noise power being then produced by a larger num-
ber of less noisy amplifiers. This dependence of the 
OSNR on the span loss explains why the amplifica-
tion span is significantly shorter in undersea light 
wave systems compared to terrestrial ones, because 
transmission distances are much longer.

Figure 1.2 shows the output signal power per chan-
nel (calculated from Equation 1.8) needed to reach an 
OSNR of 20 dB as a function of the number of spans 
for different span losses. The inversion parameter of 
the optical amplifiers is taken to be nsp = 1.6, and the 
output ASE is assumed to be filtered with a 0.1-nm 
narrowband filter (B0 = 12.5 GHz). These curves also 
allow comparing the power required for achieving 
a given optical reach. For instance, for a link length 
L = 1000 km and a fiber attenuation α = 0.25 dB km−1, 
if there are N = 20 spans, each one of them will have 
a loss αL/N = 12.5 dB, and Figure 1.2 shows that the 
required power per channel will be −7.5 dBm. When 
the number of spans is divided by two (N = 10), the 
span loss increases to 25 dB and the required signal 
power jumps nearly 10-fold, to 2 dBm.

1.4.2  Signal distortions induced by 
propagation

In addition to SNR degradation due to optical 
amplifiers, transmitted optical signals also suffer 
distortions induced by propagation along the fiber. 

These effects become more and more important as 
the bit rate increases

1.4.2.1  CHROMATIC DISPERSION

Within a narrow bandwidth around the car-
rier angular frequency ω0, a fiber of length L 
can be viewed as an all-pass linear filter, with an 
 attenuation nearly independent of wavelength 
over the small signal bandwidth prevailing at 
the bit rates under consideration. Expanding the 
phase up to the second order in frequency ω about 
ω0 allows to write the transfer function H(ω) of 
this filter as

ω = Φ ω +β ω−ω + β ω−ω
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Higher order terms in the expansion must be con-
sidered when, for instance, β2 equals zero. The first 
and second terms of the exponent represent a con-
stant phase shift and the delay of the impulse (also 
called group delay), respectively. The third term, 
proportional to the second derivative of the signal 
mode index with respect to the wavelength, origi-
nates physically from the dependence of the mode 
group velocity on wavelength. It is often referred 
to as GVD or chromatic dispersion. In an optical 
waveguide such as a fiber, GVD is approximately 
the sum of the material dispersion and the fiber 
dispersion. It is mathematically represented by β2 
usually expressed in ps2·km−1 or by the so-called 
chromatic dispersion D, which is a more familiar 
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Figure 1.2 Output signal power per channel required to achieve an OSNR of 20 dB as a function of 
the number of spans for different span losses.
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parameter to system designers, expressed in ps 
nm−1·km−1. It is the group delay variation over a 
1-nm bandwidth after propagation along a 1-km 
length of fiber. In a standard communication 
fiber, D is around 15 ps·nm−1·km−1. D (expressed in 
ps·nm−1·km−1) is related to β2 (in ps2·km−1) and λ (in 
nm) by

 
λ = − π β λ
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Chromatic dispersion results in broadening of the 
signal as it propagates through the fiber. When the 
signal pulse amplitude is Gaussian, the pulse width 
evolution along the fiber can be computed analyti-
cally and pulse broadening can be expressed with 
simple expressions [1]. If a Gaussian pulse with 
a complex impulse envelope u(t, 0) of temporal 
width θ0,
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is launched into the fiber at z = 0, the impulse at 
distance L is given by [1]:
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where U is the amplitude taking into account the 
fiber attenuation, T = it − β1L the time in local coor-
dinates associated to the signal and Ψ(x, T) a phase 
term. The parameter θ(x) is the temporal pulse 
width at distance L, given by

 θ = θ +x x( ) 10
2

 (1.14)

where x = L/LD is the propagation distance nor-
malized to the characteristic dispersion length 

= θ βL / .D 0
2

2

As expected from physical arguments, in the 
presence of chromatic dispersion the pulse width 
expands along the fiber in much the same way as 
a spatial beam expands in space due to diffraction 
(see Equation 1.14). Here the dispersion length 
LD plays the same role as the Rayleigh range does 
in the diffraction of Gaussian beams. For a fiber 
of length L and dispersion coefficient β2, there is 
an optimum value of the incident pulse width θ0 
that minimizes the pulse width at the fiber output. 
This optimum pulse width, obtained by setting the 

derivative of Equation 1.14 with respect to θ0 equal 
to zero, is given by

 
θ = β L0,opt 2  

(1.15)

and the output pulse width is 

 
θ = θ = βL L( ) 2 20,opt 2  

(1.16)

Stated differently, Equation 1.15 shows that for 
a given input pulse width θ0 the optimum fiber 
length that minimizes the output temporal pulse 
width is = θ β =L L/0

2
2 D , i.e., one dispersion 

length.
This analysis shows that the larger the chro-

matic dispersion is, the narrower the initial pulse 
needs to be, and the larger the pulse width will 
be at the output of the fiber. It implies that if the 
input pulse width is not properly selected, i.e., if it 
is either too narrow or too wide, chromatic disper-
sion will cause successive pulses to overlap, which 
creates what is known as intersymbol interference 
(ISI). This deleterious effect alters the decision pro-
cess and thus increases the BER. It must be noted 
that a Gaussian pulse extends indefinitely in time 
and there is theoretically always a finite amount of 
ISI; the maximum distance is thus set by a “toler-
able” level of ISI. This distance is exactly LD if we 
define this acceptable ISI is reached when the ini-
tial width of the pulse has been multiplied by 2  
(which is somewhat arbitrary). As an example, 
assuming Gaussian pulses with θ0 equal to half 
the symbol duration, for a standard communica-
tion fiber (D = 17ps·nm−1 km−1, i.e., β2 = 20 ps2·km−1) 
this distance is equal to 2000 km at 2.5 Gbit·s−1, but 
only 125 km at 10 Gbit·s−1.

This result demonstrates that propagation 
at bit rates of 10 Gbit·s−1 or greater in a standard 
fiber is not possible over distances longer than a 
few tens of kilometer without significant ISI. This 
problem is circumvented in practice by introduc-
ing along the transmission line components with 
a negative dispersion coefficient to compensate for 
chromatic dispersion, in much the same way as an 
optical lens is used to refocus a free-space beam 
after it has expanded as a result of diffraction. This 
method has been demonstrated in the laboratory 
with a number of optical filters, especially fiber 
Bragg gratings for dynamic compensation [19], 
or more simply and commonly with a length of 
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dispersion-compensating fiber (DCF) designed to 
exhibit a strong negative dispersion coefficient D 
[17], in the range of −90 ps·nm−1·km−1 for standard 
fiber. This last solution is the only one used in com-
mercial systems today, and fiber suppliers try to 
develop the best compensation fiber matched to the 
fiber they sell. DCFs are typically more lossy than 
standard communication fibers, with attenuation 
coefficients around 0.5 dB·km−1. To make up for 
this additional loss, the DCF is typically inserted 
near an amplifier. In order to reduce the impact of 
the DCF loss on the amplifier NF, in WDM sys-
tems the DCF is usually placed in the middle of a 
two-stage amplifier.

Chromatic dispersion depends on wavelength. 
This dependence is characterized by the disper-
sion slope (expressed in ps·nm−2·km−1). In order to 
completely compensate for the dispersion at any 
wavelength, the fiber and the associated DCF must 
exhibit the same D/S ratio, where S is the slope of 
the dispersion D. The existence of a perfectly slope-
compensating DCF depends strongly on the type 
of fiber. For example, a DCF very well matched to 
standard single-mode fiber (SSMF) is available, 
but this is not true for all fibers. If the slope is not 
matched, some channels will exhibit a finite resid-
ual chromatic dispersion outside the “acceptance 
window,” i.e., the interval within which the disper-
sion must lie to ensure a correct transmission qual-
ity. This window is typically 1000 ps·nm−1 wide for 
a WDM 10G system. In general, unless carefully 
designed a dispersion-compensation filter does not 
cancel dispersion perfectly for all channels. So even 
after correcting dispersion to first order, in long-
haul WDM systems the residual dispersion can 
still limit the transmission length and/or the num-
ber of channels. To illustrate the magnitude of this 
effect, consider a link of length L carrying N chan-
nels spaced by Δλ (i.e., NΔλ is the total multiplexed 
width), with a dispersion slope after compensation 
S. The cumulated dispersion at the output of the 
link is then SLNΔλ. The receiver can be designed 
to tolerate a certain amount of residual cumu-
lated dispersion within some spectral window, for 
instance, typically 1000 ps·nm−1 for a 10 Gbit·s−1 
system, as stated earlier. For a typical dispersion 
slope S = 0.08 ps·nm−2·km−1, N = 64, and Δλ = 0.8 nm 
(or a multiplexed width of 51.2 nm), the maximum 
possible fiber length for which the cumulated dis-
persion reaches 1000 ps·nm−1 is 244 km. This effect 
can of course be avoided by reducing the length 

or the number of channels, which impacts system 
performance. Better solutions include designing 
broadband dispersion-compensation filters with a 
dispersion curve matched to that of the fiber link. 
This is a key issue for WDM systems, which has 
received a lot of attention from system designers.

1.4.2.2  NONLINEAR EFFECTS

The maximum power that can be transmitted 
through an optical fiber, and thus the SNR of the 
signal at the fiber output are ultimately limited by 
a number of optical nonlinearities present in the 
optical fiber. These nonlinear effects are the Kerr 
effect (dependence of the fiber refractive index 
on the signal intensity), SBS (conversion of signal 
power into a frequency-shifted backward wave), 
SRS (conversion of signal power into a forward 
frequency-shifted wave), and FWM (optical mix-
ing of a signal with itself or other signals and con-
comitant generation of spurious frequencies). The 
magnitude of these effects generally increases with 
increasing signal intensity, which can be relatively 
high in a single-mode fiber, even at low power, 
because of the fiber’s large optical confinement. For 
example, in a typical single-mode fiber at 1.55 μm 
with an effective mode area of 80 μm2, a 20-dBm 
signal has an intensity of ∼1.2 kW·mm−2! Because 
this intensity is sustained over very long lengths, 
and because the conversion efficiency of nonlin-
ear effects generally increases with length, even 
the comparatively weak nonlinear effects present 
in silica-based fibers can have a substantial impact 
on system performance, even at low power. This 
section provides background on the magnitude of 
these nonlinear effects, describes their impact on 
system performance, and mentions typical means 
of reducing them.

1.4.2.3  SELF-PHASE MODULATION

When a signal propagates through an optical fiber, 
through the Kerr effect it causes a change Δn in the 
refractive index of the fiber material. In turn, this 
modification of the medium property reacts on the 
signal by changing its velocity and thus its phase. 
This nonlinear effect is known as self-phase mod-
ulation (SPM). For a signal of power P, the index 
perturbation Δn is expressed as
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where n2 is the Kerr nonlinear constant of the fiber 
(n2 ≈ 3.2 × 10−20 m2·W−1 for silica) [35] and Aeff the 
signal mode effective area. The resulting change in 
the mode propagation constant β is
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where I = P/Aeff is the signal intensity. In the case 
of a modulated signal, because the Kerr effect has 
an extremely fast response time ( 1ps� ) each por-
tion of the signal pulse modulates its own phase 
independently of other portions of the pulse. If I0(t) 
is the instantaneous intensity, or equivalently the 
intensity profile, of the signal launched into the 
fiber, and if α is the fiber loss at the signal wave-
length, then the signal intensity at a point z along 
the fiber is I(t, z) = I0(t) exp(−αz). The amount of 
SPM experienced by the signal pulse after a propa-
gation length L is simply [1]:
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where Leff =(1 − e−α)/α is the effective fiber length. 
In principle, because photodetectors are qua-
dratic and thus phase insensitive, SPM should not 
cause any detrimental effect. This is true in AM 
systems provided the fiber is free of dispersion. 
However, in practice, the presence of chromatic 
dispersion converts SPM into amplitude fluctua-
tions [1]. When β2 is positive, SPM combines to 
chromatic dispersion to produce pulse broaden-
ing, just like chromatic dispersion alone does. 
When β2 is negative, SPM combines to chromatic 
dispersion to produce pulse narrowing, i.e., they 
have opposite effects. In this case, SPM can be 
used to compensate for chromatic dispersion and 
thus improve the system performance. There is in 
fact a particular regime in which linear and non-
linear effects compensate mutually exactly at any 
moment in time. This particular solution of the 
nonlinear Schrödinger equation, valid only in a 
lossless fiber, is called an optical soliton. Provided 
that it has the proper shape and intensity, a soliton 
propagates without any temporal deformation. 
This phenomenon was extensively studied in the 
1990s, and it continues to be an active research 

topic, because fiber-optic solitons are very prom-
ising for ultralong distance transmission at high 
bit rates [26,43,44]. A soliton-based transmis-
sion encrypts the information in extremely short 
pulses that neither spread nor compress as they 
propagate along the fiber because the soliton has 
just the right peak power for the Kerr nonlinear 
phase shift to exactly compensate for chromatic 
dispersion. Soliton-based communication links 
are, however, not compatible with WDM-based 
links because in order to have a relatively low 
peak power, a soliton needs a low-dispersion fiber, 
which is not well suited for WDM (see “Four-
Wave Mixing (FWM)” section). The WDM solu-
tion has obviously won so far, even for long-haul 
transmission. But the concept of soliton-based 
communication systems remains an interesting 
and promising approach that continues to stimu-
late a lot of research and development.

In parallel to these various schemes used to 
combat SPM, the most effective first-order solution 
to reduce SPM is to use a transmission fiber with 
a large mode effective area Aeff. This is of course 
also applicable to other undesirable fiber nonlin-
ear effects, in particular cross-phase modulation 
(XPM), FWM, and stimulated scattering pro-
cesses. The reason is that the magnitude of all of 
these processes increases as the reciprocal of Aeff, 
so a fiber with a higher Aeff can tolerate a higher 
signal power. Large mode effective areas are typi-
cally accomplished by designing fibers with a 
larger core and a concomitantly lower numerical 
aperture to ensure that the fiber carries a single 
mode. Communication-grade fibers have mode 
effective areas in the range of 50–100 μm2, for 
example, 80 μm2 for the so-called standard fiber. 
Substantially higher values are typically precluded 
for transmission fibers because they require such 
low numerical apertures that the fiber becomes 
overly susceptible to bending loss.

1.4.2.4  CROSS-PHASE MODULATION

XPM has the same physical origin as SPM, namely 
the Kerr effect, except that the phase modulation is 
not induced by a signal on itself, but by one or more 
different signals propagation through the fiber. A 
different signal means any signal with a different 
wavelength, a different polarization, and/or a dif-
ferent propagation direction. In a WDM system, 
the phase of a signal of wavelength λi is therefore 
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modulated by itself (wavelength λi SPM) and by all 
the other channels (wavelengths λj≠i, XPM).

The XPM affecting a particular channel i of a 
WDM system depends on the power (and therefore 
on the data) and wavelength of all other channels 
j ≠ i. As in the case of SPM, XPM is converted into 
amplitude fluctuations through chromatic dis-
persion. However, the main detrimental effect of 
XPM is time jitter, due to the fact that the other 
signals also change the group delay of channel 
i. The position of the impulses is thus changed 
randomly around an average position, and sam-
pling before decision does not occur always at the 
same instant within the pulse, which cause a BER 
penalty. If we consider the case of one interfer-
ing channel, interaction occurs when two pulses 
overlap. Because they propagate at different speeds 
(the group velocities at the wavelengths of the two 
channels), the interaction begins when the fastest 
impulse starts to overlap with the slowest pulse 
and ends when it has completely passed it. This 
phenomenon is called a collision. After one col-
lision between symmetrical pulses, there is theo-
retically no memory on the perturbed pulse. The 
problem occurs in the case of an incomplete col-
lision, for instance, when it begins just before an 
amplifier and then the powers change during the 
collision. In this case, the affected pulse keeps the 
memory through a shifted temporal position. A 
key parameter is to characterize this effect is the 
difference of group velocity between the two chan-
nels, which is equal to DΔλ, where D is the disper-
sion and Δλ the channel spacing. If this parameter 
is high, the effect will be smaller, because collisions 
will be very rapid. Increasing the channel spacing 
will then reduce the interaction because the differ-
ence between group velocities is larger. The influ-
ence of chromatic dispersion is more complex. A 
higher dispersion reduces channel interaction and 
thus phase modulation, but as discussed earlier it 
also increases conversion into amplitude fluctua-
tions. Further details can be found in Section 1.5.

1.4.2.5  FOUR-WAVE MIXING

FWM is another nonlinear process that results 
directly from the Kerr effect. Channels of a WDM 
system beat together in the receiver, giving rise to 
intermodulated sidebands at frequencies that are 
sums and differences of the channel’s frequen-
cies. Each of these sidebands is modulated with the 

information encrypted on the channels that gave 
rise to it. When a sideband frequency happens to 
fall on or close to one of the channel’s frequencies, 
this channel becomes modulated with unwanted 
information from other channels. This intermodu-
lation has the same undesirable side effects as simi-
lar effects well known in radio systems.

As an illustration, consider a communication 
system utilizing channels that are equally spaced in 
frequency, which is usual in deployed systems, i.e., 
the channel frequencies are f0 + mΔf, where m is an 
integer. The third-order beating between channels 
0, 1, and 2 at respective frequencies f0, f1 = f0 + Δf, 
and f2 = f0 + 2Δf produces sideband signals at fre-
quencies pf0 + qf1 + rf2, where |p| + |q| + |r| = 3. In 
particular, an intermodulated sideband is gener-
ated at frequency f0 + Δf by interaction of three 
channels together (p = 1, q = −1, r = −1) but also by 
interaction of channels 0 and 1 only (p = 1, q = 2). 
This sideband has the same frequency as channel 1 
and thus adds to channel 1 data modulation from 
channels 0 and 2. The same argument applied to 
other channels clearly shows that if the interaction 
is strong enough, every channel becomes contami-
nated with information from all other channels.

The magnitude of FWM effects can be char-
acterized by the power in the intermodulation 
sideband Pintermod. This power can be calculated 
analytically for pure unmodulated waves, in which 
case it is given by [15,56]:

 ( )= η γ αP d P Lexp –2intermod FWM
2 2 3

 (1.20)

where γ = 2πn2/λAeff represents the strength of the 
Kerr nonlinearity in the fiber, P is the power per 
channel, assumed the same for all channels, d is a 
constant equal to 6 if all channels are distinct and 
9 if there are not. The factor ηFWM is the FWM effi-
ciency, defined as
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where ΔβFWM is the phase mismatch between inter-
acting waves, which depends on chromatic disper-
sion coefficient D, on its slope, and on the channel 
spacing Δf according to
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In the usual case where the total attenuation of the 
span is high enough �−αL(exp( ) 1),  the efficiency 
(Equation 1.21) is well approximated by
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FWM is a phase-matched process: for energy to 
flow effectively from one channel to another, the 
channels must remain in phase, i.e., the phase 
mismatch ΔβFWM must be small. It means that the 
closer the channel frequencies are (small Δf), the 
more efficient FWM is, as indicated mathemati-
cally by Equations 1.21 and 1.22. This explains why 
the intermodulation power increases with decreas-
ing channel spacing. Chromatic dispersion plays a 
beneficial role by increasing the phase mismatch 
between channels and thus reducing the FWM 
efficiency, as shown by Equation 1.22. The inter-
modulation power also increases with increasing 
channel power, and it does so rapidly (as the third 
power in P) because FWM is a nonlinear process.

Figure 1.3 shows the effect of both dispersion 
and channel spacing on the interference-to-car-
rier ratio, i.e., the difference between the channel 
power and the intermodulation product power. 
This quantity is plotted versus channel spacing 
for four values of the dispersion typical for chan-
nels located near the zero-dispersion wavelength. 
This figure simulates a fiber link with a length 
L = 100 km, a fiber attenuation of 0.2 dB·km−1, a 
dispersion slope of 0.08 ps·nm−2·km−1, a nonlinear 
coefficient γ = 3W−1·km−1, and a launched power per 

channel of 4 dBm. It is clear that a higher disper-
sion reduces FWM and thus allows a better utiliza-
tion of the available bandwidth. For example, if a 
ratio of −60 dB is required, Figure 1.3 shows that 
this can be accomplished with a 100-GHz channel 
spacing in a standard fiber (D = 17 ps·nm−1·km−1), 
but only 210 GHz or higher in a typical nonzero-
dispersion-shifted fiber (NZDSF, family G.655) 
with a chromatic dispersion of 3 ps/(nm·km).

In single-channel transmission, a low disper-
sion is beneficial because it reduces the amount of 
pulse spreading induced by (1) dispersion and (2) 
SPM combined with dispersion, and thus it reduces 
the amount of dispersion compensation needed to 
correct for these effects. In multichannel transmis-
sion, the situation is not as simple because disper-
sion now brings protection against interchannel 
effects, XPM and FWM. But the situation depends 
strongly on the channel spacing: for WDM 10G sys-
tems with a typical channel spacing of 100 GHz or 
less, interchannel effects are dominant compared 
to intrachannel effects (SPM). This is the reason 
why a dispersion-shifted fiber (DSF) with zero dis-
persion around 1550 nm is much worse for WDM 
transmission than a standard G.652 fiber, and also 
why this fiber provides the smallest channel spac-
ing at this bit rate (25 GHz). When higher bit rates 
are considered, the channel spacing cannot be 
reduced so much due to the spectral width of the 
modulated signals, and then intrachannel cannot 
be neglected compared to interchannel effects.

1.4.2.6  STIMULATED BRILLOUIN 
SCATTERING

SBS belongs to the family of parametric amplifi-
cation processes. Through interaction between the 
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optical signal and acoustic phonons, it causes power 
conversion from the signal into a counterpropa-
gating signal shifted in frequency by the acoustic 
phonon frequency [1]. The power in the SBS signal 
grows as exp(gBPp − α)z, where gB is the SBS gain, 
in W−1·km−1, which depends on the wavelength 
separation between the two signals, and α is the 
attenuation of the medium. SBS is a narrowband 
process. In a silica fiber, the Brillouin frequency 
shift at 1.55 μm is vB ≈ 11 GHz and the gain band-
width is only ΔvB ≈ 100 MHz. It is customary to 
characterize SBS by its pov er threshold, i.e., the 
power required to compensate for the medium 
attenuation and thus just begin to provide a posi-
tive gain. For an unmodulated signal with a line 
width smaller or equal to the SBS gain bandwidth, 
the SBS threshold in a typical 1.5-μm fiber (mode 
effective area of 50 μm2) is around 21 mW·km, i.e., 
21 mW in a 1-km fiber and 2.1 mW in a 10-km fiber 
[1]. For powers larger than the threshold, a frac-
tion or all of the signal is converted in the back-
ward SBS signal. It is therefore essential to keep the 
power in each signal below the SBS threshold, and 
because this threshold is fairly low, SBS limits the 
power of a narrowband signal that can be trans-
ported over a given distance. This is particularly 
critical in repeaterless systems [25].

Several solutions have been demonstrated and are 
routinely applied to increase the Brillouin threshold 
and thus increase the power and/or  distance over 
which signal can be transported. When the sig-
nal amplitude is modulated at bit rates higher than 
~100 MHz, as is the case in WDM systems, the signal 
bandwidth power exceeds the Brillouin line width 
and SBS is reduced. For this reason, SBS is gener-
ally not a concern in WDM systems. One caveat is 
that the carrier component of the modulated signal 
retains the original line width of the unmodulated 
signal, and it is still backscattered by SBS. Because 
the carrier component carries only half the signal 
average power, the SBS threshold is increased (by 
3 dB) compared to an unmodulated narrowband 
 signal, but in OOK schemes using high powers SBS 
acting on the carrier has been observed to induce 
signal distortion [33].

Because the SBS gain decreases with increasing 
carrier line width Δv as ΔvB/(ΔvB + Δv), another 
solution to further increase the SBS threshold is to 
use a larger carrier line width. This can be done 
with a directly modulated laser (direct modulation 
tends to chirp the laser frequency), by applying to 

the laser either a phase modulation [25,36] or a 
small amount of frequency modulation (at a fre-
quency much lower than the bit rate) [45]. Other 
techniques include using a duobinary modulation 
scheme to suppress the carrier component [37], 
concatenating fibers with different Brillouin shifts 
to reduce the interaction length [40], and placing 
isolators along the fiber to periodically suppress 
the backward SBS signal [54].

1.4.2.7  STIMULATED RAMAN SCATTERING

Although caused by a different physical mecha-
nism (interaction with vibrational modes of the 
medium structure instead of acoustic phonons), 
SRS can be modeled in a very similar manner, but 
its characteristics are quite different and so are its 
effects on transmission systems [1]. SRS is an opti-
cal process that causes power transfer between an 
optical pump and a co- or counterpropagating 
signal. Most solid media exhibit SRS, including 
silica-based fibers. Spontaneous Raman scatter-
ing occurs when a pump photon of frequency ωp is 
scattered by a host phonon of frequency Ω, which 
results in the annihilation of the pump photon and 
the spontaneous emission of a signal photon at a 
frequency ωs = ωp − Ω. This scattering process can 
also be stimulated when an incident signal photon 
of frequency ωs interacts with a pump photon and 
a phonon, thus yielding the emission of a stimu-
lated photon at frequency ωs. This stimulated pro-
cess thus provides what is known as Raman gain. 
The SRS gain spectrum is centered around a fre-
quency downshifted from the pump frequency 
ωp by the mean phonon frequency Ω of the mate-
rial. The Raman gain spectrum and bandwidth 
are set by the finite-bandwidth phonon spectrum 
of the material. The Raman shift of silica is typi-
cally 13 THz (or ~100 nm at 1550 nm), which is 
much higher than for SBS. Similarly, the gain full 
width at half maximum is larger, around 8 THz 
(70 nm for a pump around 1.55 μm). However, the 
Raman gain coefficient for a silica fiber is much 
weaker than the SBS gain, by a factor of about 500, 
so the Raman threshold is typically much higher, 
for example, around 1.2 W in a 10-km length of 
1.55-μm communication fiber with a 50-μm2 effec-
tive mode area [1]. Although much weaker, SRS 
can still be deleterious in WDM systems because 
optical channels located at the highest gain fre-
quencies act as pumps and can be depleted, while 
other channels can be amplified. In conventional 
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systems using only the C-band (30 nm wide), SRS 
does not occur because the maximum separa-
tion between channels is much smaller than the 
Raman shift. But in systems using both the C- and 
L-bands, power transfer between channels of C- 
and L-bands can be induced by SRS and must be 
taken into account in system design.

It must be noted that SRS is also a useful mecha-
nism: a pump signal injected in the fiber can trans-
fer its power via SRS to one or more signals and 
thus provide amplification. This is the basic prin-
ciple of fiber Raman amplifiers, which will be con-
sidered in Section 1.6.4.

1.4.2.8  POLARIZATION MODE DISPERSION

A standard single-mode optical fiber does not 
actually carry a single mode but two modes with 
orthogonal, nearly linear polarizations. Because 
the index difference between the fiber core and the 
cladding is small, these two polarization modes 
have nearly degenerated propagation constants. 
However, these propagation constants are not 
exactly the same. In a communication link, the 
signal launched into the fiber is typically linearly 
polarized. The fiber exhibits random linear and 
circular birefringence, and as the signal propa-
gates through it the signal polarization evolves 
through many states. Because the two orthogo-
nal polarization modes travel at slightly different 
velocity, one lags behind the other, and because the 
signal is temporally modulated into short pulses, 
after long-enough propagation each pulse is split 
into two pulses. This produces two electrical pulses 
with amplitudes that depend on the polarization 
of the optical signal at the receiver, and separated 
by a random delay called differential group delay 
(DGD). For fibers with strong coupling between 
polarization modes, DGD follows a Maxwell dis-
tribution. The mean value of DGD is called the 
PMD [3,16,20,22,23].

This multipath effect causes ISI and thus 
degrades the BER. Furthermore, random  variations 
in the birefringence of the long fiber cause the DGD 
to be a random variable and thus the properties 
of the transmitted signals to be time  dependent. 
Communication systems must then be character-
ized by their outage probability, or outage time, i.e., 
the probability that the BER exceeds the maximum 
tolerable value, above which transmission is no 
longer possible with the required quality. PMD is a 
linear effect, which, just like chromatic dispersion, 

acts on each channel individually but does not 
cause coupling between them.

WDM systems are usually designed to tolerate a 
PMD approximately equal to one-tenth of the sym-
bol duration or around 10–12 ps for a 10  Gbit·s−1 
bit rate. When this value is exceeded by a small 
amount, transmission can still be sustained with 
fewer channels, which allows increasing the SNR 
of the remaining channels and provides a better 
resistance against PMD. When PMD is too high 
(for instance 20 ps or more for a WDM 10G sys-
tem), distortion can cause closure of the eye dia-
gram and increasing the power does not bring 
any improvement. Currently manufactured fibers 
allow 10 Gbit·s−1 transmission over several thou-
sands of kilometers, and PMD is not a problem at 
this bit rate. Recent advances in manufacturing 
processes have led to fibers with low enough PMD 
values for 40 Gbit·s−1 transmission over more than 
2000 km.

PMD compensation has been investigated in 
several laboratories, for example, using feedback 
equalizers in either the optical or the electrical 
domain [46,59]. The main application was the 
implementation of WDM 10G systems in existing 
fiber links that could originally not support this 
high bit rate because the fiber exhibited a high 
PMD. Although this method was successful, its 
economic viability has been questioned because 
it requires one equalizer per channel and its high 
cost cannot be shared. PMD compensation will 
certainly need to be implemented in the future 
in communication systems with higher bit rates 
over long distances, which have a reduced toler-
ance to PMD. For example, a WDM 40G system 
typically requires no more than 2 or 2.5 ps of 
PMD.

1.5  DESIGN OF AN OPTICAL WDM 
SYSTEM

1.5.1  Global performance of a 
system: BER and OSNR

As mentioned earlier, the performance of a WDM 
system is expressed in terms of its BER, which is 
obtained by measuring the number of error bits 
occurring over a given time interval. A minimum 
OSNR value is required in order to achieve the 
required transmission quality, i.e., the BER needs 
to be lower than a given threshold. Commercial 
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equipment is typically specified in terms of OSNR: 
the maximum number of spans is specified for dif-
ferent losses per amplification span. For example, 
an OSNR of 22 dB will be guaranteed for seven 
spans of 25-dB loss (7 × 25 dB) or for ten spans of 
23-dB loss (10 × 23 dB).

Another important feature is the system sen-
sitivity to chromatic dispersion and dispersion-
compensation strategy. The residual dispersion 
at the receiver input must remain within some 
interval. As an example, a 10 Gbit·s−1 receiver 
will only accept a cumulated dispersion between 
−600 and + 800 ps·nm−1. For a particular chan-
nel, it is always possible to bring the cumulated 
dispersion within this range with proper in-line 
compensation. However, due to the finite disper-
sion slope, the other channels will experience a 
different cumulated dispersion, and if the link is 
too long and/or the dispersion slope is too high, 
it will not be possible to meet this specification 
for all channels. This limitation could be lifted 
by adjusting the cumulative dispersion channel 
by channel, but this is not practical for economic 
reasons. As a result, chromatic dispersion gener-
ally imposes an upper limit on the bit rate and 
the optical reach.

1.5.2  Critical parameters and trade-
offs for terrestrial, undersea, 
and repeaterless systems

As discussed earlier, the optical reach and ampli-
fication span are critical parameters in com-
munication systems. For a given optical reach 
and a fixed launched power, a shorter amplifica-
tion span improves the OSNR. Conversely, for 
a given required OSNR it increases the optical 
reach. However, a shorter amplification span also 
results in a more expensive system, more com-
plex monitoring, and a higher operating cost. 
Moreover, in a terrestrial network the location of 
the amplification sites and the network topology 
in general are parameters that the operator does 
not want to change. The network infrastructure 
and fibers are long-term investments, and they 
are required to be compatible with several gen-
erations of systems. In particular, the attenuation 
per span is a constrained parameter. Its value is 
imposed by the characteristics of networks where 
systems have to be installed, and it is typically 

in the range of 20–25 dB. Technical improve-
ment goals in terrestrial WDM systems therefore 
consist in increasing the capacity and the optical 
reach within the framework of this attenuation 
per span.

Undersea systems benefit from an additional 
degree of freedom. Unlike in terrestrial networks, 
the fiber and the system are laid together and can-
not be separated, and therefore the cable does not 
need to be designed for successive generations 
of systems. The amplification span can then be 
selected without any location constraint. The pre-
ferred solution is to space the amplifiers equally 
because it simplifies manufacturing, dispersion 
compensation, and cable maintenance. Because 
of the very long optical reach of undersea systems 
(for example, 6500 km between Europe and North 
America and 9000 km across the Pacific Ocean), 
the amplification span must be substantially 
reduced down to around 40 km.

In principle, the OSNR can always be improved 
by increasing the power launched into the fiber. 
However, the maximum available power is lim-
ited by the high cost of high-power amplifiers and 
also by safety rules. Quite independently, as dis-
cussed earlier, the maximum usable power is lim-
ited by nonlinear effects in the fiber (SPM, XPM, 
and FWM) to a level that insures that these effects 
are maintained at or below some acceptable level. 
Two strategies are possible to take into account 
this power limitation. The first strategy is to reduce 
the power level when the number of spans is 
increased, because impairments caused by nonlin-
ear effects are cumulative along the transmission 
line. Systems using this type of approach are called 
linear, or also NRZ (because linear systems use 
NRZ pulses, i.e., pulses with a duration of roughly 
one symbol time). Another strategy is to exploit 
the beneficial effect of “soliton-like” propagation 
regimes, where linear and nonlinear effects cancel 
each other, which requires a precise compensation 
map. These systems are usually called nonlinear, or 
RZ (because they used pulses of the RZ type, i.e., 
significantly shorter than the symbol time and a 
higher peak power than NRZ pulses).

In summary, the amplifier gain is determined 
by the span loss that needs to be compensated, the 
output power is limited by the cost and technology 
of amplifiers and by fiber nonlinear effects, and the 
optical reach is then given by the minimum SNR 
that can be achieved.
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1.6  STATE OF THE ART AND 
FUTURE OF THE WDM 
TECHNOLOGY

1.6.1  State-of-the-art WDM system 
capacity and distance

The first WDM systems appeared in 1995 and could 
transmit four 2.5 Gbit·s−1 channels. The number of 
channels was rapidly increased to 16, then 32, by 
reducing the frequency spacing between channels 
down to 100 GHz (0.8 nm). WDM systems were 
predicted to evolve toward even higher channel 
counts by reducing this spacing to 0.4 nm, but this 
change has taken place slowly because of the diffi-
culty and higher cost of developing components, in 
particular multiplexers and demultiplexers, capa-
ble of handling signals so closely spaced in wave-
length. Instead, in the next generation of systems 
the capacity was increased by increasing the bit rate 
to 10 Gbit·s−1. WDM 10G systems provide a higher 
capacity, but they are also subject to more severe 
propagation impairments. Chromatic dispersion, 
which can be neglected at 2.5 Gbit·s−1 up to around 
800 km, becomes a critical issue at higher bit rates, 
and dispersion-compensation units must be incor-
porated in all amplification sites. In 2001, the state 
of the art for typical engineering data provided to 
system operators by suppliers was 80 × 10 Gbit·s−1 
channels with a 50-GHz spacing, or a total capac-
ity of 800 Gbit·s−1 over a single fiber with an opti-
cal reach of around 700 km. Subsequent progress 

in filtering and laser technology has allowed the 
achievement of 25-GHz channel spacing, offer-
ing a capacity of 1.6 Tbit·s−1 over the 30-nm-wide 
C-band of EDFAs. The capacity of commercially 
available fiber links has therefore been multi-
plied by a factor 160 in 7 years, and the symbolic 
barrier of 1  Tbit·s−1 has already been exceeded. 
Furthermore, much higher capacities have been 
demonstrated in laboratories, for example, up to 5 
Tbit·s−1 over 12 × 100 km [7] and even 10.2 Tbit·s−1 
over 100 km using polarization multiplexing [9].

Figure 1.4 depicts the state of the art of WDM 
technology at the time of this writing. Circles rep-
resent laboratory prototypes, and squares repre-
sent either commercially available or announced 
systems. The diagonal line represents the 1 Tbit·s−1 
capacity boundary; systems that fall in the 
hatched quadrant above it have a capacity greater 
than 1  Tbit·s−1. The highest commercial capac-
ity is 3.2 Tbit·s−1 (80 × 40 Gbit·s−1). Systems with a 
1.6 Tbit·s−1 capacity have been proposed in two con-
figurations, namely 160 channels at 10 Gbit·s−1 with 
a 25-GHz spacing and 40 channels at 40 Gbit·s−1 
with a 100-GHz spacing [38]. Demonstrations have 
also been performed at 20 Gbit·s−1 per channel, but 
no commercial system has yet been developed at 
this bit rate.

In spite of these great advances in experi-
mental communication links, most of the links 
deployed in the world operate at much lower bit 
rates. For example, in France most links operate 
at 2.5 Gbit·s−1. The network is being upgraded to 
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10 Gbit·s−1, but it will take several years before the 
conversion is complete [47]. Operational systems 
in the United States are further along; most of the 
deployed links run at 10 Gbit·s−1. Very few com-
mercial systems operate at 40 Gbit·s−1. Again the 
main difficulty is that these systems require more 
precise correction for chromatic dispersion and 
dispersion slope. It means using accurately tailored 
and stable fiber Bragg gratings so that dispersion 
does not take over. The system is then less lenient 
on imperfections in dispersion-compensation cir-
cuits, and more difficult to develop and manage.

It is significant that all nodes in deployed ter-
restrial networks are opaque, i.e., the optical signals 
are detected, turned into electrical signals, ampli-
fied, switched (routed) electronically into the right 
direction, and turned back into a light signal with 
a local laser oscillator. Such optoelectronic nodes 
constitute a large fraction of the cost of the network. 
The reason why this function is not performed in a 
fully optical manner is the high cost, and to some 
extent loss, of optical components, in particular 
optical switches. Only a few companies have devel-
oped and are planning on deploying commercial 
transparent networks using all-optical nodes. The 
only market at the moment is secure military lines 
in the United States. Future WDM systems with 
extended optical reach (ultralong haul [ULH] and 
very long haul [VLH], see Section 1.6.3) are an effi-
cient way to reduce the number of optoelectronic 
regeneration sites and thus reduce the network cost.

1.6.2  Forward error-correcting codes

As explained earlier, the compatibility of net-
work topology with future system generations is a 
very strong requirement for terrestrial networks. 
For example, upgrading an existing link from 
2.5 to 10  Gbit·s−1 requires an OSNR increase of 
6 dB, which in turn should require a correspond-
ing increase in power at the receiver. Instead of 
increasing the power, which again is not always 
possible for reasons covered earlier, a solution is 
the use of a forward error-correcting code [13], an 
approach widely used in satellite and radio systems. 
Redundancy is introduced in the input data (prior 
to transmission) and used by an electronic decoder 
to detect and eventually correct some of the errors 
affecting the data sequence through the detection 
process. A coding–decoding scheme is charac-
terized by the proportion of errors it can detect 

and correct, which is related to the redundancy. 
An error- correcting code therefore allows the 
receiver to accept a smaller OSNR, which results 
in a degraded BER that is corrected by the decoder. 
The price to pay is an increase in transmitted data 
resulting from the required redundancy.

A very simple example is the repeat code: binary 
bits of information are repeated an odd number of 
times, and the decoder corrects for errors by com-
paring the like bits of replica and retaining the bits 
that occur most often (a process known as majority 
decoding). This is not a very efficient code, because 
it requires a large amount of redundancy, but 
other, far more powerful codes exist, such as the 
well-known Reed–Solomon and BCH codes, that 
can reduce the BER substantially at the cost of sur-
prisingly low redundancy [13]. Most of the WDM 
10G systems today utilize a Reed–Solomon code, 
while other more powerful schemes have been 
extensively studied for the next generations of sys-
tems [2,27]. To illustrate the improvement brought 
by forward-error correction, a BER of 10−5 at the 
input of a Reed–Solomon decoder results into a 
BER of roughly 10−15 at its output. Assuming this 
last value is required by the user, it means that the 
transmission systems is only required to achieve a 
BER of 10−5 and can then operate at a lower OSNR. 
This approach allows in particular to gain the 6-dB 
difference in OSNR between WDM 2.5G and 10G 
systems and thus to operate a 10 Gbit·s−1 system 
with the same OSNR as a 2.5 Gbit·s−1 system, at the 
cost of a modest redundancy (or data rate increase) 
of ∼7%. Forward error-correcting codes can also 
clearly be used in 2.5 Gbit·s−1 systems to increase 
the optical reach or to operate with higher span 
losses. Forward error-correcting codes are likely to 
play a major role in the higher speed communica-
tion systems of the future.

1.6.3  Ultralong-haul technology: 
New problems arising

One key advantage of the WDM technology is that 
the high cost of amplifiers can be shared between 
all transmitted channels. Any reduction in the 
number of optoelectronic regeneration sites, or in 
other words any increase in the optical reach, is 
then very attractive. This is one major reason for 
the interest in ULH and VLH systems, which can 
operate today at 10 Gbit·s−1 per channel over respec-
tive distances of ~1500 and ~3000 km. Raman 



24 Optical transmission

amplifiers are a key element in this technology: 
they allow to improve the OSNR for a given dis-
tance or equivalently to increase the optical reach 
for a given OSNR. The compatibility of ULH and 
VLH systems with existing infrastructures is also 
a difficult challenge because the OSNR decreases 
as the number of spans increases, and thus the 
accumulation of propagation impairments is much 
more critical. This limitation is of course mitigated 
in practice with error-correcting codes, as well as 
Raman amplifiers.

1.6.4  Raman amplification

Raman amplification relies on SRS, a nonlinear 
optical process that causes power transfer between 
an optical pump and a signal (see “Stimulated 
Raman Scattering” section). One of the greatest 
strengths of Raman amplification is that it can 
supply gain at any wavelength provided a suitable 
pump source is available. Since the Raman shift 
of silica is typically 13 THz, to obtain a gain peak 
at 1530 nm the pump wavelength must be ~1430 
nm. With such a pump, gain will be available from 
about 1490–1546 nm. The Raman gain cross sec-
tion of silica is unfortunately relatively small, so 
the power requirement is much higher than for an 
EDFA, but Raman fiber amplifiers present several 
important benefits that somewhat mitigate this 
disadvantages, including the flexibility of pump 
wavelength selection, the availability of gain any-
where where pump is available, and the fact that 
the gain medium is the transmission fiber itself.

Raman fiber amplifiers can be configured in a 
number of ways, each with its own benefits and 
applications. Forward-pumped Raman amplifiers, 
in which the pump and the signals to be ampli-
fied travel in the same direction, induce cross-talk 
between channels, which is undesirable in WDM 
systems. This is the reason why the backward-
pumped Raman fiber amplifier is often preferred. 

This configuration is illustrated in Figure 1.5. 
An obvious advantage of the Raman amplifier 
is that it can be easily implemented in any exist-
ing fiber link by simply adding a pump source at 
the proper wavelength. In particular, it does not 
require the insertion of a doped fiber, which keeps 
the cost down. Also, in the event of pump failure 
the fiber amplifier is still transparent, as opposed 
to an EDFA where an unpumped Er-doped fiber 
is essentially opaque at the signal wavelengths. We 
refer the reader to Chapter A1.6 for a more detailed 
description of Raman amplifiers.

To illustrate the system benefits of in-line Raman 
amplifiers, Figure 1.6 shows the calculated evolu-
tion of signal power with distance from the emit-
ter with and without Raman amplification. This 
figure simulates a link with a fiber attenuation of 
0.22 dB·km−1 a total length of 100 km, and a Raman 
gain of 10 dB around 1.53 μm. In the absence of 
amplification, the signal power in dBm decreases 
linearly with distance. When pump is injected at 
the far end of the fiber, SRS adds gain at that end of 
the fiber. The gain decreases away from the pump, 
as a result of pump photons being either scattered 
by the fiber or converted into signal photons. There 
is practically no more incremental Raman gain 
after the pump has traveled about 60 km, because 
by then most of it has been consumed. The system 
advantage of Raman amplification is to increase the 
signal power at the receiver and thus to improve the 
SNR of the detected signal. As with any amplifier, 
the greatest benefit to the SNR occurs when the sig-
nal is amplified before its power becomes too low. 
To understand this basic principle, consider two 
configurations. Configuration (a) is a link of length 
L with an amplifier of gain G placed at the end, and 
configuration (b) is the same link with the same 
amplifier of gain G placed a distance d before the 
receiver. In both configurations, the signal power at 
the receiver is the same, but in (b) the noise power 
is reduced by a factor equal to the loss A of the fiber 
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Figure 1.5 Schematic of a backward-pumped Raman fiber amplifier.
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length d. The in-line amplifier of configuration (b) 
is therefore equivalent to an amplifier located at the 
receiver with a NF reduced by A.

A backward-pumped Raman amplifier can be 
viewed as an in-line amplifier located before the 
receiver. The gain that it supplies allows (1) reduc-
ing the launched signal power and thus reducing 
nonlinear effects for a given topology (span loss 
and number of spans); (2) increasing the span loss 
for a given number of spans while maintaining 
the same OSNR; and (3) increasing the number of 
spans for a given span loss while maintaining again 
the same OSNR. Raman amplification is therefore 
a key technology to increase the optical reach and 
upgrade existing networks to higher bit rates.

1.6.5  Diversification of fibers 
and international 
telecommunications union 
fiber standards

We have seen how propagation phenomena become 
more and more critical as the bit rate increases. 
These phenomena depend on several system 
parameters, such as the channel power and chan-
nel spacing, as well as fiber parameters, especially 
scattering loss, chromatic dispersion, and effective 
mode area. It was therefore important, early on, 
to develop standard fibers with set ranges for all 
of their critical parameters. This task was accom-
plished by the International Telecommunications 
Union (ITU), which defined a number of other 
important standards and terminologies as well, 
such as the so-called ITU grid, i.e., the precise 
values of the discrete wavelengths used in opti-
cal communication systems around the world. 

One of the most important single-mode standard 
fibers is the G.652 fiber (also known as SSMF), 
designed for early single-channel transmission in 
the 1550-nm band before the emergence of WDM 
and EDFAs.

Because the high dispersion of the G.652 fiber 
(17 ps·nm−1·km−1) could be viewed as a drawback 
for single-channel transmission, the standard DSF, 
known as G.653, was designed to achieve zero dis-
persion at 1550 nm and thus drastically reduce 
signal distortion. As we saw earlier, a DSF is not 
well suited for WDM operation, because channels 
located near the zero-dispersion wavelength suffer 
severe nonlinear effects, especially FWM. G.653 
fiber can be used in WDM systems but at the price 
of significant constraints, such as increased and 
eventually irregular channel spacing. This results 
in a poorer spectral efficiency and thus a higher 
cost, which is the reason why it is generally not 
used in this application.

A third family of fibers, the NZDSF, also known 
as G.655, became available somewhat later. Their 
main feature is a chromatic dispersion lower than 
that of the G.652 fiber. The initial idea was to choose 
a dispersion value high enough to keep deleteri-
ous nonlinear effects at a low level while requir-
ing less dispersion compensation. Identifying the 
right trade-off between dispersion and dispersion 
compensation was not an easy task. The chromatic 
dispersion of commercially available G.655 fibers 
has increased progressively from 3 ps·nm−1·km−1 in 
early fibers to 8 ps·nm−1·km−1 for recent fibers. The 
dispersion of the NZDSF family of fibers therefore 
covers a wide range. Although G.652 is certainly 
the most widely used fiber in backbone networks, 
a considerable amount of G.655 fibers has been 
deployed, especially by new operators, in the 
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Figure 1.6 Typical variation of signal power versus distance with and without a fiber Raman amplifier.
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second half of the 1990s. At a bit rate of 10 Gbit·s−1 
per channel, the advantage over G.652 fibers is not 
obvious; excellent performance has been reached 
with G.652 fibers because their higher dispersion 
allows very efficient protection against interchan-
nel effects, and thus a closer channel spacing. 
The question of fiber choice is more critical and 
certainly still an open issue at higher bit rates 
(40 Gbit·s−1 and above), although WDM 40G trans-
mission has been successfully demonstrated over 
G.652 fibers in many laboratories.

1.6.6  Toward the future: WDM 40G 
systems and beyond

There is a definite economic advantage in operat-
ing transmission systems at higher bit rates, in part 
because integration reduces cost, at least when a 
certain level of production is reached and technol-
ogy is stabilized. For instance, a 10 Gbit·s−1 emitter 
is less expensive than four 2.5 Gbit·s−1 emitters, yet 
both provide the same capacity. The same is true 
for receivers. A drawback of moving toward higher 
bit rates is that the narrower impulses required 
are more sensitive to propagation phenomena, 
and also that the implementation of electronic 
circuits is more difficult. Another consideration is 
the channel spacing. After its amplitude has been 
modulated, the optical signal has a much wider 
spectrum than the original signal produced by the 
emitter. The line width of the signal from a typi-
cal emitter is of the order of a few MHz, whereas 
after modulation this line width becomes com-
parable to the modulation frequency, i.e., many 
GHz or tens of GHz. Maintaining a tolerable level 
of cross-talk then requires a higher channel spac-
ing: for instance, a bit rate of 40 Gbit·s−1 is certainly 
not compatible with a 25-GHz channel spac-
ing. However, with a 100-GHz channel spacing a 
40 Gbit·s−1 bit rate becomes possible. A sample of 
recent research in 40 Gbit·s−1 systems is given in 
“Selected Recent Results” section.

In response to the growing demand for higher 
speed communications, extensive research efforts 
have been expanded in industrial laboratories 
toward the development of WDM 40G systems, 
which are considered to be the next generation for 
optical data transmission. The main difficulties, as 
stressed earlier, are that this type of system has a 
much tighter tolerance to most design parameters, 

including chromatic dispersion, FWM, and PMD, 
and more accurate forms of compensation will be 
required. In addition, advanced research is already 
being conducted on even higher bit rates per chan-
nel, 80 and even 160 Gbit·s−1 [53,61]. The objective 
of this research is primarily knowledge acquisition. 
At this point it is difficult to predict whether these 
systems will ever be viable and in what time frame, 
and whether they will be cost-effective compared 
to existing generations.

1.6.6.1  INCREASING THE NUMBER OF 
CHANNELS BY INCREASING THE 
AMPLIFICATION BANDWIDTH

For a given channel spacing, or when the mini-
mum channel spacing imposed by the bit rate is 
reached, it is still possible to increase the capacity 
by increasing the number of channels. The channels 
used in practice fall in one of three bands, which 
are defined by the amplification bands of EDFAs, 
as opposed to other requirements. The C-band 
(1530–1565 nm) is the region where the  EDFA is 
most efficient, i.e., where it provides the most gain 
per unit pump power. This is the band that is used 
first, and in many installed networks it is the only 
band that is used. The L-band (1565–1610  nm) 
is used when the C-band is full and additional 
channels need to be added, even though L-band 
EDFAs are less efficient and provide a lower gain 
than C-band EDFAs. Generally, an EDFA cannot 
be optimized to provide gain efficiently in both 
bands, so an in-line amplification site for both 
C- and L-bands typically consists of two separate 
EDFAs, one operating in the C-band and the other 
one in the L-band. The two amplifiers are often 
placed in a parallel configuration, as illustrated in 
Figure 1.7. A demultiplexer separates the incom-
ing WDM signals into C-band signals, which are 
sent to the C-band EDFA, and L-band signals, 
which are sent to the L-band EDFA. A multiplexer 
placed at the output of the two EDFAs recombines 
the amplified signals onto the same fiber. Serial 
configurations are also possible. These configura-
tions are not specific to the L- and C-bands: they 
can be used to multiplex any bands, in principle 
in any number. It should be pointed out that the 
economical advantage of using both the C- and 
L-bands in the same system is not obvious: ampli-
fication must be performed in two separate ampli-
fiers, so that this technique allows only sharing 
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the communication fiber. The benefits of using the 
L-band are also mitigated by other considerations. 
First, the fiber loss is higher in the L-band, and 
the C-band/L-band multiplexers introduce losses 
as well, in both bands, which degrade the power 
budget and the OSNR. The trade-off between these 
extraneous losses and OSNR degradation on one 
end, and the cost of deploying additional fiber on 
the other, needs to be carefully examined. Second, 
L-band amplification is more costly than C-band 
amplification. The reason is that it requires a dif-
ferent set of components than C-band amplifiers, 
and these components are more expensive because 
they do not benefit from the same economy of 
scale. As a result, very few systems in the world 
use the L-band, except in Japan where new tech-
nologies tend to be deployed earlier than elsewhere 
and where existing fibers happen to have the right 
amount of GVD for WDM communication in the 
L-band. Use of the L-band is often a good solution 
for G.653 fibers: chromatic dispersion is higher in 
the L-band than in the C-band, and it provides 
some protection against deleterious nonlinear 
effects such as FWM.

Very recently, EDFAs have also been designed 
to provide gain in the S-band (~1480–1530 nm) [4]. 
Although the gain and the gain efficiency in the 
S-band are even lower than in the L-band, they 
are both respectable, and the S-band is a pos-
sible future spectral window to extend the usable 
bandwidth of silica fibers. The S-band is in fact 
already used in metropolitan communication sys-
tems without amplification. However, amplifica-
tion in the S-band is costly, even more than in the 
L-band. No deployed system uses amplification in 
the S-band, except perhaps isolated experimen-
tal systems. Because of the higher costs of L- and 
S-bands, communication companies generally 

find it economically preferable to use up the capac-
ity of the C-band in a given link before starting to 
utilize other bands.

1.6.6.2  INCREASING THE NUMBER OF 
CHANNELS WITH A CLOSER 
CHANNEL SPACING

The above considerations show that filling the 
C-band is one of the most efficient solutions for 
increasing the bandwidth. The channel spacing 
has been normalized by ITU to 100 GHz, but sub-
grids with a spacing of 50 GHz and even 25 GHz 
can be used. N × 10 Gbit·s−1 systems available today 
have commonly 100- and 50-GHz channeling, and 
25 GHz has been proposed [38]. As is well known 
in the radio domain, a convenient parameter to 
describe the fraction of the available bandwidth 
that is actually utilized is the spectral efficiency. It 
is defined as the total transmitted bit rate (number 
of channels times channel bit rate) divided by the 
occupied bandwidth. For example, a 16 × 10 Gbit·s−1 
link with a channel spacing of 100 GHz has a total 
capacity of 160 Gbit·s−1 and occupies a bandwidth 
of 16 × 100 GHz, so the spectral efficiency is 0.1 bit 
s−1·Hz−1. The highest value obtained so far in com-
mercially available optical systems based on OOK 
modulation is around 0.4 bit s−1·Hz−1 for 10 Gbit·s−1 
with a 25-GHz channel spacing in the C-band, and 
0.8 bit s−1·Hz−1 has been demonstrated in the labo-
ratory. These values remain modest compared to 
the spectral efficiencies of 4 or 5 bit s−1·Hz−1 cur-
rently achieved in radio systems. Such high val-
ues are made possible by multilevel modulation 
schemes. Similar schemes also exist in optics [6], 
but they have not yet been implemented in com-
mercial systems.

Figure 1.8 depicts the evolution of the spectral 
efficiency of commercially available WDM systems 
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Figure 1.7 Diagram of a parallel arrangement of L-band and C-band EDFA.
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since 1994. Higher values have been achieved in the 
laboratory up to 1.28 bit·s−1·Hz−1 [9]. Reducing the 
channel spacing has required several technological 
improvements over the years, including increas-
ing the stability of demultiplexing filters and of the 
channel wavelengths (to this end, lasers are now 
equipped with wavelength lockers). The ultimate 
achievable channel spacing depends strongly on 
the fiber. As mentioned earlier, G.652 fiber is a very 
good candidate because its high chromatic disper-
sion reduces the threshold of FWM.

1.6.6.3  MODULATION SCHEMES

Optical systems use currently an OOK intensity 
modulation format. The advantage of this modula-
tion scheme is that it is rather simple, and that it 
does not require excessive signal power. However, 
its main drawback is that it does not allow to 
fully exploit the large available bandwidth of the 
fiber. As mentioned in the previous section, more 
sophisticated schemes can be used to improve the 
spectral efficiency, in particular multilevel modu-
lation schemes. However, it is also well known that 
the modulation format has a strong influence on 
the penalties imposed by propagation phenom-
ena. For example, to achieve the same BER, mul-
tilevel modulation schemes require a higher power 
than a binary modulation scheme, which means a 
higher sensitivity to propagation effects. Alternate 
schemes have been extensively investigated for 
long-haul systems, especially for undersea light 
wave transmission. The duobinary code has been 

proposed by different laboratories as a good can-
didate, providing a better resistance to chromatic 
dispersion [60]; phase-shaped binary transmission 
is another technique, which is a modified version 
of duobinary code [14]. Vestigial sideband (VSB), 
a very well-known technique in radio communi-
cation systems, could also allow to reduce chan-
nel spacing and thus improve spectral efficiency 
[8,9]. More recently, DPSK has also been proposed 
[24]. Although OOK remains today practically the 
only one used, at least for terrestrial systems, it 
is clear that improving the modulation format to 
better utilize the capacity of existing systems is a 
key issue in research. This effort is likely to lead to 
major improvements in the future optical trans-
mission systems.

1.6.6.4  SELECTED RECENT RESULTS

Recently, publications show that the field of commu-
nication systems is very prolific, and novel systems 
with very impressive performance continue to be 
demonstrated. Table 1.1 summarizes the characteris-
tics of some of the most remarkable systems reported 
in recent years. The objective is not to be exhaus-
tive—dozens of examples could be compiled—but to 
illustrate some of the concepts mentioned earlier and 
to give the reader a fair notion of the state of the art in 
research and development at the time of this writing. 
It has to be kept in mind that comparison of capacity 
is not necessarily meaningful because transmission 
distance, amplification span, and spectral efficiency 
are not identical.
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Table 1.1 Selected examples of recent experimental high-capacity transmission lines

Bit rate 
(Gbit·s−1)

Number of 
channels

total 
capacity 
(tbit s−1)

Channel 
spacing 
(GHz)

Modulation 
scheme

Spectral 
efficiency 

(bit s−1·Hz−1)

Optical 
reach 
(km)

amplification 
span (km) Bands references

terrestrial Systems

42.7 125 5 VSB 1200 100 C + L  [7]

40  80 3.2 Duobinary 300, 
G.655

100 C + Raman [10]

40 273 10.9 116  58 S + C + L [21]

10.9 VSB + Pol. 
div. mult

1.28 100 NA Raman  [8]

transoceanic Systems
365  10 3.65 NRZ + error 

correcting 
code

6850 ~50 [57]

repeaterless Systems
160  10 1.6  25 380 NA Raman + remote C-band 

EDFAS + C + L + Raman
[39]

104  40 4.16 125 0.32 135 NA [11]

25  40 1 306 NA [55]
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2
Optical network architectures

TON KOONEN
Technische Universiteit Eindhoven

2.1  INTRODUCTION

Telecommunication networks in all their vari-
ous shapes are indispensable to bring information 
quickly anywhere and anytime, which is a vital 
need of our modern global society. Since the inven-
tion of the electrical telegraph by Samuel Morse in 
1837, the variety of telecommunication services 
has grown at an increasing pace, as illustrated in 
Figure 2.1. In addition, the services are becom-
ing ever more individualized, and along with the 
penetration of video-based services (“a picture 
says more than a thousand words”) the request 
for information transport capacity has exploded 
and is continuing to do so. Since the early 1990s, 
the introduction of the worldwide Internet has 
drastically promoted this information transport 
explosion. The number of Internet hosts is still 
increasing exponentially; from January 1992 to 

January 1997 to January 2002, it grew from 727 
thousand to 19.5 million to 147 million worldwide. 
This is causing data traffic to take an ever-larger 
share of the telecommunication network capacity; 
since a few years, it has surpassed the volume of the 
traditional voice traffic (but not yet its revenues). 
Wireless mobile telecommunication is attracting 
ever more users, and enables a fast roll-out of ser-
vices to the end users without the need to install 
extensive first-mile customer access networks. The 
telecommunication market liberalization has pro-
vided ample opportunities to the entry of more 
operators and service providers, and the resulting 
national and international competition is pressing 
for very efficient high-capacity telecommunication 
networks.

As a result, the volume of telecommunication 
traffic is ramping up at a compound annual growth 
rate of roughly 60%, which means an increase with 
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a factor of 10 in. no more than 5 years. This traf-
fic is in vast majority carried along fixed-wired 
networks, due to their high reliability, security, 
and immunity for external disturbances. Wireless 
networks are coming up in customer access envi-
ronments; but due to increasing microwave car-
rier frequencies and user densities, the wireless 
cells are shrinking and thus extensive fixed access 
network lines are still indispensable as the vessels 
to feed the wireless antenna stations. Traditional 
coaxial and twisted-pair copper cables have been 
the transport media of choice since the introduc-
tion of telecommunication networks. However, 
the advent of optical fiber with its extremely low 
losses and extremely large bandwidth as pioneered 
by Kao and Hockam in 1966, and the commercial 
introduction of optical fiber communication sys-
tems in the early 1980s has caused that single-mode 
optical fiber has become the transport medium 
uniquely used in long-distance fixed-wired core 

transport networks, and that it is also conquering 
at increasing pace the area of metropolitan and 
access networks.

2.2  TELECOMMUNICATION 
NETWORKS HIERARCHY

Telecommunication networks are carrying traf-
fic at various aggregation levels, as illustrated in 
Figure 2.2.

At the highest level, long-haul core networks are 
transporting huge data capacities in the tens of 
terabits/second over large distances, such as over 
transnational and transoceanic links up to 9000 km 
(transpacific). These global and wide area networks 
are transporting circuit-switched data following 
the SDH (or SONET) standards, where each fiber 
usually carries a number of wavelengths at bitrates 
of up to 10–40 Gbit s–1 each. They have to meet 
extremely high levels of reliability and availability, 
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considering the huge volume of customers depen-
dent on them. Taking into account the increasing 
dynamics in the traffic matrix describing the data 
flows between the various network nodes, packet 
switching techniques are being introduced, which 
can offer a more efficient utilization of the net-
work’s resources than circuit switching.

Metropolitan area networks (MANs) are cover-
ing large urban areas with a reach of up to 100 km 
and capacities of tens of gigabit/second, serving in 
particular business parks and residential customer 
access regions. High availability for large-volume 
fast file transfer is a major need for the business 
customers. Also these networks should be easily 
scalable for adding more network nodes, and flex-
ible to accommodate new business needs. Storage 
area networks (SANs) are specifically employed for 
regularly moving large volumes of data between 
geographically separated sites, in order to safe-
guard vital business information.

Access networks are providing a wide variety of 
services to the end customers, and consist of fiber 
feeder networks followed by various first-mile net-
works. These networks are mostly optimized for a 

particular set of services, and exploited by different 
operators. Coaxial cable network operators offer 
television and radio broadcast services, and since 
recently also data modem services and telephony, 
multiplexed in different frequency bands. The 
public switched telephone network (PSTN) uses 
twisted pair copper cables and is carrying voice 
telephony and data services, time-multiplexed 
according to the SDH/SONET or ATM standard; 
it is exploited by the incumbent telecom operators 
as well as new entrants. Mobile network opera-
tors are mainly providing wireless voice telephony, 
according to among others the GSM standard; also 
wireless data services using GPRS and UMTS are 
coming up. The statistics of traffic in access net-
works shows much higher dynamics than in metro-
politan and core networks, due to the significantly 
lower traffic aggregation levels. Therefore, applying 
packet switching instead of circuit switching can 
improve remarkably the network utilization effi-
ciency. Access networks have to be laid out very 
cost-effectively, as the factor with which network 
equipment is shared among customers is much 
lower than in metropolitan and in core networks.
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2.2.1  Network topologies

A number of general network topologies as shown 
in Figure 2.3 can be discerned for implementa-
tion of the various hierarchical network layers. 
Each of them has a specific set of characteristics, 
which makes it suited to match the requirements 
of a certain layer. Mesh networks, as exemplified in 
Figure 2.3a, provide a number of options to route 
traffic between two network nodes. This routing 
redundancy yields a large availability of the net-
work services, which is a highly valued merit in 
long-distance core and metro-core networks. The 
entailed extra costs are of less concern due to the 
large resource-sharing factor among the huge 
customer base served. Ring networks, in particu-
lar when composed of both an inner and an outer 
ringlet as shown in Figure 2.3b, provide clockwise 
and counterclockwise traffic routing options; thus 
also network protection is established in order to 
yield a good network availability (albeit at a lower 
level than in mesh networks, but also at lower costs 
as less network resources are needed). The com-
bination of good availability and moderate costs 
of resources makes ring topologies well suited to 
implement metropolitan networks. Bus networks, 
as shown in Figure 2.3c, use a common single lin-
ear medium along which signal power is tapped 
off to the various nodes (with power losses accu-
mulating at each subsequent tap). This topology 
is quite cost-efficient, as a minimum of network 
resources is needed. The nodes may exchange 
information as peers in the network, which makes 
this topology suited for linking data processing 
equipment. However, no routing redundancy is 
provided, and therefore there is no guarantee for 
good network availability. In tree-and-branch net-
works, exemplified in Figure 2.3d, a relatively long 
single feeder line is running from a headend node 

to a power splitting point, from where the signal 
power is distributed via short lines to a number of 
end nodes. This topology is most suited for broad-
casting information from a single headend node 
to many customer end nodes. No routing redun-
dancy is provided, so again network availability is 
limited. Also the topology is very cost-efficient, as 
the costs of the feeder line and the headend equip-
ment is shared by all the end nodes. In addition, 
the signal power distribution is more efficient than 
in the bus network, as the power splitting loss (in 
decibels) to an end node increases only with the 
logarithm of the number of end nodes whereas 
it increases linearly with this number in the bus 
network. Every end node receives the same power 
level, which relaxes the dynamic range over which 
the end node equipment has to operate. The tree-
and-branch topology is therefore well suited and 
popular for access networks. With a fully passive 
optical power splitter in the branching point, the 
topology is also widely known as the passive opti-
cal network (PON).

In the next sections of this chapter, architec-
tural aspects and key functionalities needed at 
the subsequent hierarchical network layers (core 
networks, metropolitan networks, and access net-
works) will be discussed in more detail.

2.3  CORE NETWORKS

The main task of core networks is to transport huge 
amounts of telecommunication traffic over large 
distances in a highly reliable way. The network 
should not break down by failures in one or in a few 
links. Therefore, provisions have to be included for 
alternative routing of traffic, which are adequately 
offered by the mesh network topology with cross-
connect functions in the nodes. The links between 
the nodes are usually very long (>100 km), and 
intermediate signal amplification and compensa-
tion of fiber dispersion effects is needed.

2.3.1  Optical signal multiplexing 
techniques

Using electrical time division multiplexing (ETDM), 
commercial systems support bitrates up to 10–40 
Gbit s–1 and by direct laser diode modulation (or a 
laser diode followed by an external modulator) these 
bitrates can be carried through a fiber link via single 
wavelength channel. The transport capacity of the 

(a)

(b)

(c)

(d)

Figure 2.3 Network topologies. (a) Mesh, 
(b) Ring, (c) Bus, and (d) Tree -and- branch.
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fiber link can basically be increased further in two 
ways: by increasing the number of wavelength chan-
nels, and by increasing the bitrate per channel.

Multiple wavelength channels can be carried by 
a single fiber by combining them at the transmit-
ting end by means of a wavelength multiplexing 
device, and separating them again at the receiv-
ing end by a wavelength demultiplexer. This wave-
length  division multiplexing (WDM) approach is 
shown in Figure  2.4. Standard single-mode fiber 
offers low dispersion in the wavelength window of 
1285–1330 nm, which amounts to about 8 THz of 
bandwidth, and low attenuation in the 1500–1580 
nm window,  corresponding to about 10 THz. The 
popular  1530–1560 nm window (the C-band, the 
operation range of erbium-doped fiber optical 
amplifiers) represents about 3.8 THz of bandwidth. 
Wavelength channel spacings of 100 GHz according 
to ITU-T G.692 (or even down to 25 GHz) are being 
deployed, which enables hundreds of wavelength 
channels to be accommodated in a single fiber. 
Commercial systems are available which carry 160 

wavelength  channels at 10 Gbit s–1 each, amounting 
to a total 1.6 Tbit s–1 capacity. The record obtained 
in research stands at 273  wavelengths at 40 Gbit s–1 
each, amounting to 10.92 Tbit s–1 [1].

Increasing the bitrate per wavelength channel 
beyond the limits of ETDM can be achieved with 
the so-called optical time division multiplexing 
(OTDM) technique. As illustrated in Figure 2.5, at 
the transmitter side a single laser diode generates 
a sequence of equidistant narrow optical pulses. 
After splitting and distribution to four fast optical 
gates, the pulse train is on/off switched in each gate 
by an electrical time-multiplexed data stream. The 
modulated pulse trains are delayed with respect 
to each other, and subsequently interleaved (like a 
“zipper”). The individual pulse trains may all have 
the same polarization (SP, single polarization), or 
alternating polarization (AP). The optical pulses 
need to be sufficiently narrow in order to avoid 
crosstalk. With the OTDM-AP scheme, somewhat 
broader optical pulses are allowed than with the 
OTDM-SP scheme. The resulting output signal is 
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a modulated optical pulse data stream at a speed 
that is the sum of the speeds of the electrical input 
data streams. At the receiver side, first the clock 
signal needs to be recovered from the high-speed 
data stream. Using this clock signal and appropri-
ate time delays, fast optical gates followed by opti-
cal receivers with PIN photodiodes can demultiplex 
the original constituting pulse trains, as shown in 
Figure 2.6. Using these OTDM techniques, the next 
bitrate hierarchy of 160 Gbit s–1 can be  realized with 
40 GHz electronics. In research, the record has been 
set at 1.28 Tbit s–1 by polarization-multiplexing two 
OTDM-SP 640 Gbit s–1 streams [2].

The chart shown in Figure 2.7 indicates how 
by increasing the data rate per wavelength chan-
nel by means of advances in electrical and optical 
TDM at one hand, and by increasing the number of 

wavelength channels at the other hand, the trans-
port capacity of a single fiber has been enormously 
increased since the introduction of optical fiber 
communication systems in the early 1980s. The 
main leap forward was made with the introduction 
of wavelength multiplexing in the early 1990s. And 
opportunities for further capacity growth are still 
being created by opening new wavelength bands 
such as the S-band from 1450 to 1530 nm, and the 
L-band from 1560 to 1620 nm, supported by alterna-
tive optical amplifying processes due to fiber nonlin-
earities such as Raman gain. Optical gain in the 1300 
nm window can be provided by fiber amplifiers using 
rare earth materials such as praseodymium and neo-
dymium, and by semiconductor optical amplifiers. 
The present system capacity record stands at 10.92 
Tbit s–1 deploying 273  wavelength channels at 40 
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Gbit s–1 each, as mentioned earlier. Applications for 
multi-terabits/second systems are found not only in 
transcontinental and transoceanic systems, but also 
for massive data processing systems such as huge 
synthesized antenna array systems for astronomical 
observations (e.g., the RETINA system [3]).

In addition to wavelength multiplexing, opti-
cal amplification and dispersion compensation 
are key techniques to enable high volume data 
transport over long fiber links. A single optical 
amplifier can handle many wavelength channels 
simultaneously; otherwise, an equivalent number 
of opto-electronic regenerators plus a wavelength 
multiplexer and demultiplexer would be needed, 
which is clearly more costly, requires more mainte-
nance and powering, and requires a sizeable adap-
tation effort when the system needs to be upgraded 
with more wavelength channels.

2.3.2  Traffic routing

The deployment of multiple wavelength channels 
is not only beneficial for increasing the transport 
capacity of a single fiber link, but also provides more 
flexibility to route traffic streams in the network. 
Wavelength channels can constitute independent 
optical paths through the network, and each path 
may be laid out individually to establish an optimum 
connection between certain end nodes. As shown 
in Figure 2.8a, within each node the wavelength 
channels are routed by means of optical crosscon-
nects which guide the incoming signals depend-
ing on their wavelength and the entrance port to 
a specific output port. The routing table is usually 

set by the network management system, and can be 
altered when needed by changing traffic conditions. 
When two optical paths do not touch each other, 
they may be established with the same wavelength. 
This wavelength re-use reduces the overall number 
of wavelengths needed in the network. In Figure 
2.8a, for instance, wavelength Ai is used twice, but 
in different paths. As illustrated in Figure 2.8b, fur-
ther reduction of the number of wavelengths needed 
can be obtained by using wavelength converters in 
the nodes; thus an optical path may be constituted 
by a sequence of different wavelengths in a series of 
links. By controlling the crossconnects in the nodes, 
the network management system can optimize the 
traffic flow routings to obtain a good balancing 
of the network load among the links, and thus to 
reduce the probability of congestion and to increase 
the network’s efficiency. Also link failures can be 
circumvented by routing traffic through alternative 
links, which improves the reliability of the network.

The basic layout of an optical crossconnecting 
node is shown in Figure 2.9. The N wavelength 
channels carried by each of the M input fibers are 
firstly separated by a wavelength demultiplexer, 
and  subsequently a large optical matrix switch with 
(M × N) input ports and (M × N) output ports is 
needed which can route any wavelength channel 
from any input fiber to any of the M output fibers. 
For larger numbers M and N, the internal architec-
ture of the matrix switch becomes quite comprehen-
sive. Composed of individual 2 × 2 optical switches, 
a Benes switch architecture as shown in Figure 2.10 
would require (MN/2)(22log MN − 1) switches; and 
22log MN − 1 switches have to be passed from any 
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conversion.
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input to any output causing losses which increase 
with the switch size. Three-dimensional free-space 
optical switches using micro-mechanical mirrors 
for beam steering between the array of input fibers 
and the array of output fibers exhibit losses which 
do not increase with the number of switch ports, 
and thus can outperform the Benes planar architec-
ture [20, 21].

The amount of packet-based data traffic is grow-
ing fast in all telecommunication network layers, 
a.o. due to the steeply rising use of Internet ser-
vices. IP packets are usually carried over SDH/
SONET and/or ATM, which in their turn are car-
ried in WDM channels; efficiency can be gained, 
however, by transporting the IP packets directly in 
the WDM channels, with some simple framing for 
basic synchronization functions. By using packet 
switching in the optical crossconnect nodes instead 
of circuit switching, the network capacity can be 
exploited much more dynamically in response to 
instantaneous traffic demands, and thus the net-
work operation efficiency is improved. Following 

the GMPLS protocol, wavelength-switched paths 
can be set up in the network in a similar way as 
label-switched paths in the MPLS protocol. The 
packets can be marked by assigning a wavelength 
to them, which acts as a label. Based on these labels, 
a path is established for each packet through the 
network; see Figure 2.11. The per packet label swap-
ping needed for efficient forwarding and routing is 
achieved by wavelength converters in the nodes, 
which may be realized with fast tunable lasers 
and an all-optical wavelength converter (such as a 
Mach–Zehnder interferometer with semiconductor 
optical amplifiers in its branches). Another way to 
attach label information to a packet is to incorpo-
rate it in the packet data frame, or to modulate it on 
a subcarrier frequency outside the spectrum of the 
packet data. Even more comprehensive label infor-
mation may be attached by frequency shift keying 
(FSK) modulation of the optical carrier (or dif-
ferential phase shift keying, DPSK), orthogonally 
to the payload data that is intensity modulated on 
the carrier [4, 5]. Using wavelength converters and 
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a wavelength-selective passive router (such as an 
arrayed waveguide grating router, AWGR), a fast 
optical crossconnect can be realized; e.g., in an 
architecture as shown in Figure 2.12. Variable delay 
lines are included to avoid collisions of packets that 
are heading for the same output fiber at the same 
wavelength. Congestion can also be avoided by 
temporary buffering in the recirculating loops; the 
loops plus power splitter enable optical multicast-
ing as well.

2.4  METROPOLITAN AREA 
NETWORKS

MANs have to bring a variety of services to large 
urban areas, typically at bitrates up to 10 Gbit s–1 
per wavelength over distances between nodes of 
less than 100 km. Major customers to be served 
are business parks, where customers mainly ask 
for fast large-volume file transfer, e.g., to intercon-
nect their offices and for storage at safe locations 
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of vital business data (storage area network). As 
high reliability is required while network costs per 
customer should be kept limited, the ring network 
topology is well suited for providing good network 
protection at moderate costs.

An example layout of a MAN ring network is 
shown in Figure 2.13. Typically, the ring is com-
posed of two fibers, on which the traffic flows 
clockwise and counterclockwise, respectively. The 
fiber links between neighbouring nodes are less 
than 20 km, and the ring circumference is usu-
ally less than 100 km; therefore no in-line optical 
amplifiers are needed. Each node uses a specific set 
of wavelength channels, typically carrying bitrates 
up to 2.5 Gbit s–1 per channel. Each node is com-
municating with the hub node; in the hub, opto-
electric-optical translation to another wavelength 
set is done in order to establish communication 
between ring nodes. So virtually in the network 
there are point-to-point node-to-hub connections. 
The MAN typically contains up to 16 nodes, and 
up to 40 wavelength channels. Per node, one or 
more out of the set of wavelength channels can be 
dropped and/or added by means of optical add/
drop multiplexers (OADMs). Through the hub, 
also communication to other networks can be 
established.

2.4.1  Network protection

The two-fiber topology enables self-healing of the 
ring network in case of a cable break. As shown in 
Figure 2.14, a link failure may be circumvented by 
looping back the traffic at the nodes neighbouring 
the broken fiber cable. This procedure also allows 
a ring segment to be taken temporarily out of ser-
vice without disrupting the traffic on the remain-
der of the ring network, e.g., for maintenance or for 
inserting a new node. In the SONET standard, the 
2-fiber uni-directional path-switched ring (UPSR) 
is composed of an outer primary path ring, car-
rying clockwise the normal working traffic; see 
Figure 2.15. The inner ring provides the counter-
clockwise protection path. In the SDH standard, 
this concept is called sub-network connection 
protection (SNCP). Both rings are fed from trans-
mitters at the nodes, and at the node receiver, the 
signal from the ring with the best quality is cho-
sen. Bi-directional traffic between two nodes will 
span around the entire ring, and thus consumes 
resources on every link of the ring. The 4-fiber 
bi-directional line-switched ring (BLSR) in the 
SONET standard (called multiplex section shared 
protection ring, MS-SPRing, in the SDH standard) 
consists of an outer bi-directional 2-fiber primary 
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loop carrying the normal working traffic, and an 
inner bi-directional 2-fiber secondary loop for pro-
tection. Bi-directional traffic between two nodes is 
only sent along part of the ring, and does not involve 
resources on other parts of the ring. As shown in 
Figure 2.16, the system is well protected against 
cable breaks or node failures. In IEEE 802.17, the 
resilient packet ring (RPR) is being discussed for 
standardization [6]. It consists of a dual counter-
propagating ring, with up to 256 node stations and 
spans up to 6000 km. The RPR is able to operate 
with any packet protocol (such as Ethernet), and 
uses frame-based transmission based on the stan-
dard gigabit Ethernet frame of variable length, 
but also supporting jumbo frames up to 9 kbytes. 
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It is optimized for providing multiple IP service 
classes: reserved traffic class A0 (guaranteed data 
rate, small bounded delay and jitter), high prior-
ity class A1 (committed rate, bounded delay and 
jitter), medium priority class B (committed rate, 
and excessive rate subject to fair access), and low 
priority class C (best effort, subject to fair access). 
The RPR management system is able to provide 
ring survivability within 50 ms. It selects the inner 
or outer ring to establish the shortest path. When 
a ring failure occurs, the traffic is first wrapped at 
the failure point, subsequently the damaged ring 
topology is discovered, and the source traffic is 
steered to establish the shortest path again taking 
the failure into account (see Figure 2.17).

The nodes in the MAN may also route the 
wavelength channels dynamically between them-
selves without relaying via a hub, as exemplified 
in Figure  2.18. By means of an appropriate algo-
rithm, and by deploying tunable laser diodes and 

tunable OADMs at the nodes, the most appropri-
ate wavelengths can be assigned to the communi-
cation paths needed between nodes. When paths 
do not overlap, the same wavelength may be used 
(wavelength re-use), which reduces the number of 
wavelengths needed.

2.4.2  Optical add/drop multiplexing

Essential network elements in the ring-shaped 
MANs are OADMs, which are able to extract data 
stream on a particular wavelength channel (or sev-
eral channels) from the ring, and to insert new data 
streams on one or more wavelength channels into 
the ring. Signalling information controls whether a 
data stream will be dropped at a node or will pass 
through it. There are various ways to transfer this 
signalling information to the nodes, without inter-
fering with the data streams. It may be modulated 
on a subcarrier frequency that is positioned above 
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the data spectrum, and each wavelength channel 
may carry a unique subcarrier frequency. Thus, 
it is not needed to wavelength-demultiplex the 
channels first in order to detect and demodulate 
the signalling information on the various subcar-
riers. Another method to transfer the signalling 
information is to modulate it on a dedicated sepa-
rate common wavelength channel, which is opto-
electric-optically (O/E/O) converted at each node 
for inspection. And a third method is to put the 
signalling information in-band in a digital frame 
together with the data (e.g., the digital wrapper 
concept); then at each node all wavelength chan-
nels need to be demultiplexed and O/E/O con-
verted for inspection.

The OADMs need to be wavelength-selective. 
When the pass-through wavelength channels 
experience some filtering, the passband of many 
OADMs put in cascade along the ring may nar-
row significantly. Thus the possibility to extend 
the number of nodes in the network scalability 
may be reduced. This scalability issue is avoided by 
applying notch-type OADMs, which do not exhibit 
pass-through filtering.

Another issue in the design of OADMs is cross-
talk. Two types of crosstalk may be discerned: inco-
herent crosstalk and coherent crosstalk, as shown in 
Figure 2.19. Incoherent crosstalk may occur because 
part of the wavelength channel(s) λi ≠ λx to be passed 
through are dropped, and interfere with the inten-
tionally dropped wavelength channel λx. Coherent 
crosstalk occurs because part of the dropped wave-
length channel λx leaks through, and beats with the 
added wavelength channel x′λ  which has nominally 
the same wavelength. Thus the coherent crosstalk 
cannot be removed by subsequent optical bandpass 
filtering, and it may accumulate when cascading 
OADM nodes. The coherent crosstalk imposes the 
most stringent requirements on the device crosstalk 
characteristics. Mathematical analysis taking the 
specific statistical properties of the beat signal into 
account show that per node the crosstalk attenuation 
needs to be better than 32 dB to yield a bit error rate 
(BER) better than 10–12 [7]. For incoherent crosstalk 
in a four-channel OADM, the crosstalk attenuation 
needed to yield a BER < 10–12 needs to be better than 
13 dB only.

An example of an OADM that can drop and add 
a fixed wavelength channel is shown in Figure 2.20. 
A fiber Bragg grating (FBG) reflects only wave-
length λx; the other wavelength channels are passed 

unaffected. This notch-type OADM does not put a 
limit to extending the number of nodes in the ring. 
The FBG is made by writing a grating with UV light 
into the fiber core. By putting thermal or mechani-
cal stress on the FBG, by means of a local heater or a 
piezo-electric stretcher, respectively, the device may 
be slightly tuned at low speed to other wavelength 
channels. Thus  circuit-switched connections may 
be set up. Another more widely tunable OADM is 
shown in Figure 2.21, which deploys a fiber Fabry–
Perot (FFP) filter. The passband of the FFP can be 
tuned to any of the input wavelength channels, and 
thus the selected channel is dropped whereas the 
other channels are reflected without filtering and via 
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the  optical circulator passed to the output port. The 
locally added channel will pass the FFP and join the 
other channels via the circulator. The residual reflec-
tion (a few percent) at the FFP of the added chan-
nel causes near-end crosstalk at the local receiver; 
this may be counteracted by echo cancelling, as the 
locally added signal is known. An FFP is usually 
tuned with piezo-electric means; tuning speed is 
therefore limited, and this OADM is suited for set-
ting up circuit-switched connections. Its notch-type 
characteristic implies that this OADM architecture 
does not limit the extension of the number of nodes 
in the ring.

When the wavelength channels are arranged 
in groups of closely spaced channels, adding and 
dropping of a specific group per node may be 
accomplished by a cascaded architecture of a fine-
grain demultiplexer/multiplexer and a coarse grain 
OADM. Figure 2.22 shows an example, where a 
silica-based AWGR demultiplexer with narrow 

channel spacing and with a free spectral range of 
500 GHz separates the 40 input wavelength chan-
nels spaced at 100 GHz into groups of eight wave-
lengths spaced at 500 GHz. Next, a compact OADM 
integrated in InP with a coarse channel spacing of 
500 GHz separates the eight wavelength channels 
within a specific group.

For packet-switching applications, the OADM 
characteristics need to be fast tunable. Next to a 
wavelength demultiplexer stage and a wavelength 
multiplexer stage, the OADM architecture shown 
in Figure 2.23 is equipped with fast (lithium-nio-
bate, or semiconductor-based) optical switches, 
and can drop and/or add multiple wavelength 
channels. The wavelength passband channels of 
the demultiplexing and the multiplexing stages 
need to be and to stay carefully aligned. By put-
ting a 2 × 2 optical switch in the cross state (as 
indicated for channel λ2), the corresponding wave-
length channel can be dropped and added. The 
pass-through wavelength channels are filtered, 
and thus this design limits the cascadability of 
nodes. An OADM architecture with similar func-
tionality but requiring only a single wavelength-
selective element is shown in Figure 2.24 [8,9]. 
The wavelength-selective AWGR performs both 
the demultiplexing and the multiplexing of the 
wavelength channels, and thus avoids wavelength 
misalignment issues. Some crosstalk may occur 
due to direct leak-through from the input port to 
the output port of the AWGR. By looping back 
the wavelength-demultiplexed paths via the add/
drop switch matrix not to the front side but to the 
back side of the AWGR, and positioning the output 
port also at the front side, this crosstalk is strongly 
reduced; this fold-back architecture requires, 
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however, a larger AWGR, with twice the number of 
ports at the back side.

2.5  ACCESS NETWORKS

Access networks carry a wide range of services 
to and from the residential end customers, rang-
ing from voice-based services, audio-based ones, 
video-based ones, to Internet/data services. Also 
the capacities needed per service vary widely: 
from 64 kbit s–1 for traditional voice telephony to 
beyond 100 Mbit s–1 for high-speed Internet and 
data. The last link to connect to the end customer, 
the so-called first mile (or last mile, depending 
on the point of view), may be bridged with vari-
ous types of transport media exploited by various 
network operators. Coaxial copper cable trans-
ports broadcast television and radio services, and 
increasingly also data services via cable modems. 
Twisted copper pair cables carry voice telephony, 
and data services via voice modems or high-speed 
ADSL and VDSL modems. Wireless systems bring 
mobile voice telephony via the GSM standard, and 
also data services via GPRS and UMTS. Optical 
fiber to the home/building is entering the market, 
but still has to surpass some cost barriers. It can 
offer the full set of integrated broadband services, 
from broadcast high bandwidth video services to 
gigabit Ethernet data services. A list of first-mile 
media with the bearer services, bitrates and reach 
is given in Table 2.1. The need for more band-
width in the access network is growing continu-
ously, due to the increasing amount of bandwidth 
required by each customer, mainly fuelled by 

video-based services and high-speed Internet, the 
tailoring of services to individual customer needs, 
and the emergence of more competing operators 
due to liberalization. This spurs the introduction 
of optical fiber (mainly single mode fiber, being 
a future-proof solution with its virtually infi-
nite bandwidth) into the access network. As the 
installation and equipment costs of fiber-to-the-
home (FTTH) are still quite high in compari-
son to the traditional copper wired access lines, 
hybrid fiber access networks are the first step to 
introduce fiber. Fiber is used in the upper feeder 
part of the access network, where it runs from 
a local exchange (headend station) to a cabinet 
along the street (fiber-to-the-cabinet, FTTCab) or 
to the basement of a building (such as an apart-
ment building with many living units; fiber-to-
the-building, FTTB), where the optical signals are 
converted back into electrical ones which are then 
brought via copper-based first mile links or wire-
lessly to the end customers. In the following of this 
section, the attention will be focussed on the opti-
cal fiber part of the access network.

Basically, three architectures may be deployed 
for the fiber access network:

1. Point-to-point topology, where individual 
fibers run from the local exchange to each cabi-
net, home or building. Many fibers are needed, 
which entails high first installation costs, but 
also provides the ultimate capacity.

2. Active star topology, where a single fiber car-
ries all traffic to an active node close to the end 
users, from where individual fibers run to each 
cabinet/home/building. Only a single feeder 
fiber is needed, and a number of short branch-
ing fibers to the end users, which reduces 
costs; but the active node needs powering and 
maintenance.

3. Passive star topology, in which the active node 
of the active star topology is replaced by a pas-
sive optical power splitter that feeds the indi-
vidual short branching fibers to the end users. 
In addition to the reduced installation costs of 
a single fiber feeder link, the completely pas-
sive outside plant avoids the costs of powering 
and maintaining active equipment in the field. 
This topology has therefore become the most 
popular one for introduction of optical fiber 
into access networks, and is widely known as 
the passive optical network, PON.
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2.5.1  Multiple access PONs

The common fiber feeder part of the PON is shared 
by all the optical network units (ONUs) terminat-
ing the branching fibers. The traffic sent down-
stream from the optical line terminal (OLT) at the 
local exchange is simply broadcasted by means of 
the optical power splitter to every ONU. Sending 
traffic from the ONUs upstream to the local 
exchange, however, requires accurate multiple 
access techniques in order to multiplex collision-
free the traffic streams generated by the ONUs 
onto the common feeder fiber. Four major catego-
ries of multiple access techniques for fiber access 
networks have been developed:

 ● Time division multiple access (TDMA)
 ● SubCarrier multiple access (SCMA)
 ● Wavelength division multiple access (WDMA)
 ● Optical code division multiple access 

(OCDMA)

In a TDMA system, as shown in Figure 2.25, 
the upstream packets from the ONUs are 

time-interleaved at the power splitting point, 
which requires careful synchronization of the 
packet transmission instants at the ONUs. This 
synchronization is achieved by means of grants 
sent from the local exchange, which instruct the 
ONU when to send a packet. At the local exchange 
in the OLT, a burst mode receiver is needed which 
can synchronize quickly to packets coming from 
different ONUs, and which also can handle the dif-
ferent amplitude levels of the packets due to differ-
ences in the path loss experienced.

In an SCMA system, illustrated in Figure 2.26, 
the various ONUs modulate their packet streams 
on different electrical carrier frequencies, which 
subsequently modulate the light intensity of the 
laser diode. The packet streams are thus put into 
different frequency bands, which are demulti-
plexed again at the local exchange. Each frequency 
band constitutes an independent communica-
tion channel from an ONU to the OLT in the 
local exchange and thus may carry a signal in a 
format different from that in an other channel 
(e.g., one channel may carry a high-speed digital 
data signal, and an other one an analogue video 

Table 2.1 First-mile network technologies

Medium Bearer service Bitrate (down/up) reach (km)

Twisted pair Analogue line Rates up to 56 k/56 kbit s–1

Twisted pair ISDN 144 k/144 k data incl. 64 k/64 k bit s–1 voice 
or data circuits

<6

Twisted pair SDSL 768 k/768 k bit s–1 <4
Twisted pair ADSL 1.5 M to 6 M/64 k to 640 k bit s–1 <4–6
Twisted pair VDSL 26 M to 52 M/13 M to 26 M bit s–1 <0.3–1
Coaxial cable CDMA/

OFDM + QAM/QPSK
<14 M/14 M (net 8.2 M) bit s–1 in 6 MHz slot

Fiber (single 
mode)

ATM 150 M to 622 M/150 M bit s–1 shared up to 
1:32 (FSAN ATM-PON); up 1.24 
G/620 M bit s–1 (FSAN/ITU B-PON)

< 20

Fiber (single 
mode)

Gigabit Ethernet 1 Gbit s–1 (1.25 Gbit s–1 8B/10B coded) <5

Fiber (multi mode) Gigabit Ethernet 1 Gbit s–1 (1.25 Gbit s–1 8B/10B coded) <0.55
Wireless (mobile) GSM 13 kbit s–1 (at carrier frequency 900 and 

1800 MHz, frequency duplex)
<16

Wireless (mobile) GPRS 115 kbit s–1

Wireless (mobile) UMTS 144 k to 2 Mbit s–1 (at carrier frequency 
2110–2200/1885–2025 MHz, frequency 
duplex)

Wireless (fixed) MMDS 6 Mbit s–1 (at carrier frequency > 17 GHz)
Wireless (fixed) LMDS 45 Mbit s–1 (at carrier frequency > 17 GHz)
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signal). No time synchronization of the channels 
is needed. The laser diodes at the ONUs may have 
nominally the same wavelength. When the wave-
lengths of the lasers are very close to each other, 
the frequency difference between them may result 
in beat noise products due to optical beating at the 
photodetector in the receiver. These noise products 
may interfere with the packet data spectrum. The 
wavelengths of the laser diodes have to be adjusted 
slightly different (e.g., by thermal tuning) in order 
to avoid this optical beat noise interference.

In a WDMA system (see Figure 2.27), each 
ONU uses a different wavelength channel to send 
its packets to the OLT in the local exchange. These 
wavelength channels constitute independent com-
munication channels and thus may carry differ-
ent signal formats; also no time synchronization 
is needed. The same wavelength channel may be 
used for upstream communication as for down-
stream. The isolation requirements of the wave-
length demultiplexer may be high to sufficiently 
suppress crosstalk, e.g., when high-speed digital 

data and analogue video are carried on two differ-
ent wavelength channels. The channel routing by 
the wavelength multiplexer at the network split-
ting point prohibits broadcasting some channels to 
all ONUs, as needed for instance for CATV signal 
distribution. Every ONU needs a wavelength-spe-
cific laser diode, which increases costs, and com-
plicates maintenance and stock inventory issues. 
An alternative is to use a light source with a broad 
spectrum at the ONU (e.g., a superluminescent 
LED), of which the in-field multiplexer cuts out the 
appropriate part of the spectrum. This “spectral 
slicing” approach reduces the inventory problems, 
but also yields a reduced effective optical power 
available from the ONU and thus limits the reach 
of the system. Another alternative is to use a reflec-
tive modulator at the ONU, which modulates the 
upstream data on a continuous light channel emit-
ted at the appropriate wavelength by the OLT and 
returns it to the OLT [10]. Thus no light source is 
needed at the ONU, which eases maintenance; but 
again the power budget is limited.
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In an OCDMA system, each ONU uses a differ-
ent signature sequence of optical pulses, and this 
sequence is on-off modulated with the data to be 
transmitted. The duration of the sequence needs to 
be at least equal to that of a data bit, and thus a very 
high-speed signature sequence is needed to trans-
mit moderate-speed data which limits the reach 
of the system due to the increased impact of dis-
persion and the decreasing power budget at high 
line rates. In the OLT at the local exchange, the 
received signals are correlated with the known sig-
nature sequences, in order to demultiplex the data 
coming from the different ONUs. As the signature 
codes may not be perfectly orthogonal, some cross-
talk may occur.

TDMA systems have received the most atten-
tion for broadband access networks, as they are 
most suited for high-speed data transmission 
at relatively moderate complexity. Two types 
of TDMA passive optical networks have been 
addressed extensively in standardization bod-
ies: the ATM PON (APON) carrying native ATM 
cells in the G.983 standard series of ITU-T SG15, 
and the Ethernet PON (EPON) carrying gigabit 
Ethernet packets in IEEE 802.3.

2.5.2  ATM PON

The full service access network (FSAN) group, a 
committee of presently 21 major telecommuni-
cation operators around the world, since 1995 is 
promoting the ATM PON for broadband access 
networks.

As laid down in the G.983.1 Recommendation of 
ITU-T [11], an ATM PON may have a downstream 
bitrate of 155 or 622 Mbit s–1 and an upstream one 

of 155 Mbit s–1 The maximum optical splitting ratio 
is 32 (may grow to 64), and the maximum fiber 
length between the OLT in the local exchange and 
an ONU is 20 km. The range in which this length is 
allowed to vary is from 0 to 20 km. Standard single 
mode fiber (G.652) is foreseen. Coarse wavelength 
multiplexing is used for separating the bi-direc-
tional traffic: the downstream traffic is positioned 
in the 1.5 μm wavelength band, and the upstream 
traffic in the 1.3 μm band (using cheap Fabry–Perot 
laser diodes in the ONUs).

In the downstream direction of a 155 Mbit s–1 
down/155 Mbit s–1 up system, 54 ATM cells of 53 
bytes each are fitted together with two physical 
layer operation, administration, and maintenance 
(PLOAM) cells of 53 bytes in a frame [11]. The 
PLOAM cells contain each 53 upstream grants. 
A grant permits an ONU to send an ATM cell. 
By sending these grants, the OLT controls at each 
ONU the transmission of the upstream packets, 
and can therefore assign dynamically a portion of 
the upstream bandwidth to each ONU. In a 622 
Mbit s–1 down/155 Mbit s–1 up system, a frame con-
tains four times as many cells (i.e., 216 ATM cells 
and eight PLOAM cells). The downstream frame is 
broadcasted to all ONUs. An ONU only extracts 
those cells that are addressed to it.

In the upstream frame, both for the 155 Mbit s–1 
down/155 Mbit s–1 up system and for the 622 
Mbit s–1 down/155 Mbit sup system, 53 ATM cells 
are fitted of 53 bytes each plus an overhead of 3 
bytes per cell. This overhead is used as guard time, 
as a delimiter and as preamble for supporting the 
burst mode receiver process in the local exchange.

The power budgets needed to bridge the fiber 
losses and the splitter losses are denoted by three 
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classes of optical path losses: class A 5–20 dB, class 
B 10–25 dB, and class C 15–30 dB. At the ONU, a 
launched optical power of −4 to +2 dBm is speci-
fied for class B, and −2 to +4 dBm for class C [12]. 
The ONU receiver sensitivity at 155 Mbit s−1 should 
be better than −30 dBm for class B, and −33 dBm 
for class C.

The ONUs are usually positioned at different 
distances from the local exchange. Therefore, the 
upstream transmission of the packets from each 
ONU should be carefully timed, in such a way that 
the packets do not collide at the network splitter 
[11,14]. The OLT has to measure the distance to 
each ONU for this, and then instructs the ONU to 
insert an equalizing transmission delay such that 
all distances from the ONUs to the OLT are vir-
tually equal to the longest allowable distance (i.e., 
20 km); see Figure 2.28. To measure the distance to 
each ONU, the OLT emits a ranging grant to each 
ONU, and on receipt the ONU returns a ranging 
cell to the OLT. In this distance ranging process, 
the OLT can deduce the distance to each ONU 
from the round trip delay.

Each ONU sends an upstream cell upon the 
receipt of a grant. Because the path losses from 
each ONU to the OLT may be different, the power 
of the cells received by the OLT may vary consid-
erably from cell to cell. The burst mode receiver 

at the OLT should therefore have a wide dynamic 
range, and should be able to set its decision thresh-
old quickly to the appropriate level to discriminate 
the logical ones from the zeros. Also the power of 
the ONU transmitter can be varied over a certain 
range to limit the requirements on the receiver 
dynamic range. In this amplitude ranging process, 
the overhead to each ATM cell is used for support-
ing the fast decision threshold setting at the OLT 
burst mode receiver and the power adaptation at 
the ONU burst mode transmitter.

Four types of network protection have been 
described in Recommendation G.983.1 [12], as 
shown in Figure 2.29. Type A protection involves 
protection of the feeder fiber only by a spare fiber 
over which the traffic can be rerouted by means of 
optical switches. After detection of a failure in the 
primary fiber and switch-over to the spare fiber, 
also re-ranging has to be done by the PON trans-
mission convergence (TC) layer. Thus only limited 
protection of the system is realized. Mechanical 
optical switches are used up to now; when optical 
switching becomes cheaper, this protection scheme 
may become more attractive. Type B protection 
features duplication of both the feeder fiber and 
the OLT. The secondary OLT is on cold standby, 
and is activated when the primary one fails. Due to 
the high sharing factor of the duplicated resources 
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by the ONUs, this approach offers an economical 
yet limited protection. Type C protection implies 
full duplication of the PON, and all equipment is 
normally working which allows fast switch-over 
(within 50 ms) from the primary equipment to 
the secondary one. The branch fibers as well as the 
ONUs are protected; also a mix of protected and 
unprotected ONUs can be handled. Type D protec-
tion features independent duplication of the feeder 
fibers and the branch fibers. It cannot offer fast res-
toration. It is less attractive than C, as it requires 
more components but not a better functionality. 
In summary, types B and C are the most attractive 
schemes for a new recommendation.

To further increase the speeds laid down in 
Recommendation G.983.1, research is done into 
622, 1244 and 2488 Mbit s–1 line rates, both for 
upstream and downstream. A key technical issue 
is the development of faster burst-mode circuitry 
to adequately retrieve the timing and set the deci-
sion threshold level, which becomes increasingly 
more difficult at higher line rates. Operation of 622 
Mbit s–1 burst-mode circuitry has been achieved 
recently [12]. In January 2003, ITU has set stan-
dards for gigabit-capable PONs (G-PONs). These 
ITU-T Recommendations G.984.1 and G.984.2 
cover downstream speeds of 1.25 and 2.5 Gbit s–1 

and upstream speeds of 155 and 622 Mbit s–1 and 
of 1.25 and 2.5 Gbit s–1.

The G.983.1 ATM PON was initially mainly 
designed for high-speed data communication. 
However, in the residential access networks there 
is also a clear demand for economical delivery of 
CATV services, for which subcarrier multiplexing 
techniques are quite appropriate. In the enhanced 
Recommendation G.983.3 [12], room has been 
allocated in the optical spectrum to host video ser-
vices or additional digital services next to the ATM 
PON services. As shown in Figure 2.30, the APON 
upstream services remain in the 1260–1360 nm 
band (as in G.983.1), but the band for downstream ser-
vices is narrowed to 1480–1500 nm  (1480–1580 nm 
in G.983.1). Next to those, an enhancement band 
for densely wavelength multiplexed bi-directional 
digital services (such as private wavelength ser-
vices) is foreseen, or an enhancement band for an 
overlay of video delivery services. The latter is used 
in downstream direction only, and coincides with 
the C-band as thus economical erbium-doped fiber 
amplifiers (EDFAs) can be deployed for the power 
boosting required. When positioning an overlay of 
CATV distributive services in the C-band, strin-
gent crosstalk requirements have to be put on the 
wavelength multiplexers and demultiplexers, to 
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prevent noticeable interference of the CATV signals 
into the digital ATM signals, and vice versa [13].

In order to further improve the economics of 
ATM PON systems, an extended PON system with 
an increase of the network splitting factor to 128 
and even 256 has been developed, while still main-
taining a passive outside plant and compatibility 
with G.983.1 compliant ONUs [14]. This extended 
split is achieved by a larger optical power budget. 
In the downstream direction, at the OLT a high 
power laser diode or an EDFA is used to boost the 
power. In the upstream direction, the sensitivity of 
the burst-mode receiver is improved by applying 
an avalanche photo diode (APD). Also eight sin-
gle-mode feeder fibers (each feeding a 1:16 or 1:32 
power splitter in the field) are at the OLT coupled 
to a multimode fiber yielding a low-loss coupling 
to the receiver.

Even further extensions of the split factor and 
of the reach of an ATM PON have been realized 
in the SuperPON system [15]. An extension to a 
splitting factor of 1:2048 has been achieved; this 
needs, however, active equipment in the field. In 
the downstream direction exploiting the 1530–
1560 nm wavelength window, EDFAs are used for 
overcoming the large path losses. In the upstream 
direction, gated semiconductor optical amplifiers 
(SOAs) are deployed. Each SOA gate is opened 
when upstream packets arrive, and is shut other-
wise in order to avoid funneling of the amplified 

spontaneous emission noise towards the OLT. This 
SuperPON approach is not compliant with present 
standards, and may be economically feasible only 
in the long term [14].

2.5.3  Ethernet PON

With the rapid penetration of Ethernet-based 
services, Ethernet PON (EPON) techniques are 
receiving increasing attention, and are promoted 
by the IEEE 802.3 Ethernet in the first mile (EFM) 
group. The major difference with ATM PONs is 
that an EPON carries variable-length packets up 
to 1518 bytes in length, whereas an ATM PON car-
ries fixed-length 53 bytes cells. This ability yields 
a higher efficiency for handling IP traffic. The 
 packets are transported at the gigabit Ethernet 
1.25 Gbit s–1 speed using the IEEE 802.3 Ethernet 
protocol. However, ATM offers built-in quality 
of service for all traffic classes, whereas Ethernet 
does not. EPON thus cannot support voice services 
with quality of service as provided in the tradi-
tional public switched telephone network (PSTN), 
and also the support of real-time services still has 
issues due to latency and packet jitter.

The EPON features full-duplex transmission 
similarly as the ATM PON, with downstream 
traffic at 1490 or 1510 nm, and upstream traffic at 
around 1310 nm. As shown in Figure 2.31, stan-
dard IEEE 802.3 Ethernet packets are broadcasted 
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downstream by the OLT to all the ONUs. Each 
ONU inspects the headers, and extracts the pack-
ets that are addressed to it. Several variable-length 
packets are put into a fixed-length frame of 2 ms 
duration, and each frame begins with a 1-byte syn-
chronization marker. In the upstream direction, 
also 2 ms frames are used. A frame contains time 
slots that each are assigned to one of the ONUs (see 
Figure 2.32). Each ONU puts one or more of its 
upstream variable-length IEEE 802.3 packet into a 
time slot; if it has no packets to send, the time slot 
may be filled with an idle signal. No packet frag-
mentation takes place. The time slot overhead con-
sists of a guard band, and indicators for timing and 
signal power. The OLT thus allows only one ONU 
to send at a time, and no collisions occur. The time 
slot size is 125 or 250 μs.

2.5.4  Hybrid fiber coax networks

CATV networks usually are laid out over large geo-
graphical areas, and are mainly designed for down-
stream broadcasting of analogue TV channels that 

are frequency-division multiplexed in a carrier fre-
quency grid extending up to 1 GHz. As shown in 
Figure 2.33, in a hybrid fiber coax (HFC) system a 
CATV headend station is collecting the CATV sig-
nals, remodulating them into a specific frequency 
grid, and sending them via single-mode fibers to 
fiber nodes. Each fiber node converts the com-
posite optical signal into an electrical one, which 
is carried via a coaxial cable network including 
several RF amplifiers to the residential homes. A 
single headend may thus serve hundred thousands 
of customers, and a fiber node some thousands 
of customers. In particular during transmission 
in the coaxial cable network, the signal quality 
deteriorates due to the addition of noise from the 
electrical amplifiers and intermodulation products 
from nonlinearities in the system. On the fiber part 
of the network, the signals are carried with subcar-
rier multiplexing; see Figure 2.34. The TV chan-
nels each are amplitude-modulated on a separate 
frequency, and after summing all these modulated 
signals, a highly linear high power laser diode 
(or laser diode followed by a linearized external 
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modulator) generates an optical signal which is 
intensity-modulated with the composite CATV 
signal. At the receiver site, the optical signal is con-
verted into the electrical CATV signal by means of 
a highly linear PIN photodiode, and subsequently 
the signal can be passed to the coaxial cable net-
work or to a selective receiver. When using a laser 
diode with low relative intensity noise and high 
linearity (or a carefully linearized external modu-
lator), the CATV signal can be transported with 
very little loss of quality. If a 1.5 μm wavelength 
laser diode is used, EDFAs may boost the power 
at the headend and compensate for the split-
ting losses; thus very extensive networks feeding 

thousands of ONUs can be realized. In this wave-
length region, however, with direct laser modula-
tion second order intermodulation products may 
arise due to laser chirp in combination with fiber 
chromatic dispersion; with an external modulator, 
however, the chirp is small enough to avoid these 
intermodulation products.

The CATV signal quality that can be main-
tained in HFC networks is very high due to the 
fiber’s low losses and high bandwidth in compari-
son with coaxial cable. Therefore, in HFC networks 
fiber is gradually brought deeper into the network, 
and fiber nodes have to serve fewer customers 
through a coaxial cable network of limited size 
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(i.e., mini fiber nodes, each serving in the order of 
40 customers).

At present, HFC networks are not only car-
rying CATV and FM radio broadcast services, 
but cable operators are also exploiting them for 
voice telephony and data transport using cable 
modems. For the upstream traffic involved with 
these interactive services, parts of the spectrum 
unused for CATV and FM radio broadcast can be 
used. In Europe, typically the 5–65 MHz band is 
used for this; in the US, the 5–42 MHz range. For 
downstream data, e.g., the 300–450 MHz range 
is used, taking into account that Internet traffic 
is usually highly asymmetric (much more down-
loading traffic than uploading). Downstream per 
8 MHz CATV channel, 30–50 Mbit s–1 data can be 
accommodated deploying 64 or even 256 quadra-
ture amplitude modulation (QAM). Upstream 
due to ingress noise less complicated modulation 
schemes are to be used; DQPSK offers about 3 
Mbit s–1 per channel.

2.5.5  Dense wavelength multiplexing 
in access networks

In general, access networks have to meet a fast 
growth in capacity demand, due to several causes: 
customers are asking for second and more tele-
phone lines; Internet data traffic is booming with 
higher data rates, more users and longer sessions 
on-line (even always on); an increasing amount 
of video-based services; fast growth in number of 
mobile phone users and session frequency; new 
operators entering asking to rent capacity on exist-
ing access networks; etc. This hunger for more 
capacity and the strive for convergence of services 
on a single network can most adequately be met 
by bringing fiber ever closer to the end users, from 
where only a short copper cable based (or wireless) 
link has to be bridged to the customer. Ultimately, 
when installation and equipment costs have come 
down sufficiently, the most powerful network is 
achieved when fiber runs all the way to the cus-
tomer’s home (fiber to the home, FTTH).

The upgradation of installed fiber plant to 
higher capacities while protecting the investments 
made is efficiently done by introducing wavelength 
multiplexing techniques. Wavelength channels 
may be allocated to specific sets of services (for 
service unbundling), and/or to separate service 
operators (leasing of network capacity).

2.5.6  Dynamic capacity allocation by 
flexible wavelength assignment

To cope with variation in service demand by the 
users and the sometimes quickly changing opera-
tor conditions, it is more efficient to flexibly allocate 
the augmented available network capacity across 
the access network. Dynamic wavelength rout-
ing techniques can be used for this, thus making 
more efficient use of the network’s resources and 
generating more revenues. Figure 2.35 illustrates 
the principle: from the OLT in the headend station 
of the network, multiple wavelength channels are 
fed to the ONUs via a tree-and-branch PON. By 
wavelength-selective routing in the PON, or wave-
length selection at the ONU, wavelength channels 
can be assigned to a number of specific ONUs. 
Thus capacity can be specifically shared between 
these ONUs. The ONUs subsequently transfer this 
capacity shares to their first-mile electrical network 
connecting the end users. The mapping of the net-
work capacity resources to the first-mile networks 
can thus be changed by changing the wavelength 
channel assignment. Basically two approaches can 
be followed, as illustrated in Figure 2.36: a wave-
length router in the field, or wavelength selection 
at the ONUs. As shown in Figure 2.36a, a tunable 
wavelength router directs the wavelength chan-
nels to specific output ports, and this routing can 
be dynamically adjusted by external control signals 
from the headend. In order to support in addition 
the delivery of broadcast services to all ONUs, extra 
provisions have to be made for enabling broad-
cast wavelength channel(s) to bypass the router. 
As the wavelength channels are routed to only those 
ONUs whose customers require the associated 

Figure 2.35 Dynamic wavelength routing in 
hybrid access networks.
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services, no optical power is wasted. As shown in 
Figure 2.36b, another approach is to broadcast all 
wavelength channels to every ONU, and subse-
quently tune the ONU to the wavelength channel 
wanted. Clearly the power of the other wavelength 
channels is wasted by the ONU, and losses at the 
broadcasting power splitter are significant. An 
optical amplifier is usually needed to make up for 
these losses; the amplifier needs to operate bi-direc-
tionally to handle downstream as well as upstream 
traffic. No specific provisions in the network are 
needed for supporting broadcast services.

Figure 2.37 presents a multi-wavelength overlay 
of a number of ATM PON networks on a HFC net-
work, following the wavelength channel selection 
approach [16]. Figure 2.37a shows a fiber-coax net-
work for distribution of CATV services, operating 
at a wavelength λ0 in the 1550–1560 nm window 
where EDFAs offer their best output power per-
formance. Thus, using several EDFAs in cascade, 
an extensive optical network splitting factor can 
be realized and a large number of customers can 
be served. For example, with two optical ampli-
fier stages and typical splitting factors of N = 4 and 
P  = 16, and a mini-fiber node serving 40 users via 
its coaxial network, a total of 2560 users is served 
from a single headend fiber. For interactive ser-
vices, the upstream frequency band in a standard 
HFC network (with a width of some 40–60MHz) 
has to be shared among these users, thus allowing 
only limited bitrates per user for narrowband ser-
vices such as voice telephony.

An upgrade of the system in order to provide 
broadband interactive services can be realized by 
overlaying the HFC network with a number of 
wavelength-multiplexed APON systems, as devel-
oped in the ACTS TOBASCO project [16] and 
shown in Figure 2.37b. Four APON OLTs at the 
headend site are providing each bi-directional 622 
Mbit s–1 ATM signals on a specific downstream 

and upstream wavelength. These eight wavelengths 
are positioned in the 1535–1541 nm window, 
where the up-and downstream wavelength chan-
nels are interleaved with 100 GHz spacing. The 
APON wavelengths are combined by a high-den-
sity wavelength division multiplexer (HDWDM), 
and subsequently multiplexed with the CATV 
signal by means of a simple coarse wavelength 
multiplexer (due to the wide spacing between the 
band of APON wavelengths and the CATV wave-
length band). The system upgrade implies also 
replacement of the uni-directional optical EDFAs 
by bi-directional ones which feature low noise 
high-power operation for the downstream CATV 
signal, and for the bi-directional ATM signals a 
wavelength-flattened gain curve plus a nonsatu-
rated behavior (to suppress crosstalk in burst-
mode). At the ONU site, first the CATV signal is 
separated from the APON signals by means of a 
coarse wavelength multiplexer, and is subsequently 
converted to an electrical CATV signal by a highly 
linear receiver and distributed to the users via the 
coaxial network. The APON signals are fed to a 
wavelength-switched transceiver, of which the 
receiver can be switched to any of the four down-
stream wavelength channels, and the transmitter 
to any of the four upstream ones. The wavelength-
switched transceiver may be implemented by an 
array of wavelength-specific transmitters and 
receivers, which can be individually switched on 
and off; this configuration allows to set up a new 
wavelength channel before breaking down the old 
one (“make-before-break”). Alternatively, it may 
use wavelength-tunable transmitters and receiv-
ers, which can in principle address any wavelength 
in a certain range; this eases further upgrading 
of the system by introducing more wavelength 
channels, but also implies a “break-before-make” 
channel switching. The network management and 
control system commands to which downstream 

HE

(a) (b)

HE
OA

Tunable
λ-router

ONU ONU

ONU

ONU

ONU

ONU

λ1–λN λ1–λN

λ1–λN

λ1–λN
λx

λy

λ-tunable

Figure 2.36 Dynamically allocating wavelength channels to ONUs. (a) Flexible wavelength routing and 
(b) broadcast-and-select.



58 Optical network architectures

and to which upstream wavelength channel each 
ONU transceiver is switched. By issuing these 
commands from the headend station, the net-
work operator actually controls the virtual topol-
ogy of the network, and thus is able to allocate 
the network’s capacity resources in response to 
the traffic demands at the various ONU sites. The 
network management command signals are trans-
ported via an out-of-band wavelength channel in 
the 1.3 μm wavelength window. The APON signal 
channel selected by the ONU is converted into a 
bi-directional electrical broadband data signal by 
the transceiver, which is by a cable modem con-
troller put in an appropriate frequency band for 
multiplexing with the electrical CATV signal. The 
upstream data signal is usually put below the low-
est frequency CATV signal (so below 40–50 MHz), 

and the downstream signal in empty frequency 
bands between the CATV broadcast channels. The 
signals are carried by the coaxial network (in which 
only the electrical amplifiers need to be adapted to 
handle the broadband data signals) to the customer 
homes, where the CATV signal is separated from 
the bi-directional data signals; the latter signals are 
processed by a cable modem, which interacts with 
the cable modem controller at the ONU site.

By remotely changing the wavelength selection 
at the ONUs, the network operator can adjust the 
system’s capacity allocation in order to meet the 
local traffic demands at the ONU sites. As illus-
trated in Figure 2.39, the ONUs are allocated to 
the four upstream (and downstream) wavelength 
channels, which each have a maximum capacity of 
622 Mbit s–1 for ATM data. As soon as the traffic 
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to be sent upstream by an ONU grows and does 
not fit anymore within its wavelength channel, 
the network management system can command 
the ONU to be allocated to an other wavelength 
channel, in which still sufficient free capacity is 
available. Obviously, this dynamic wavelength 
 re-allocation process reduces the system’s blocking 
probability, i.e., it allows the system to handle more 
traffic without blocking and thus can increase the 
revenues of the operator.

Figure 2.38 presents the dynamic wavelength 
channel routing approach in a fiber-wireless net-
work to allocate flexibly the capacity of a number 
of ATM PON systems among ONUs in a single 
fiber split network infrastructure [17]. The ONUs 
are each feeding a radio access point (RAP) of 
e.g., a wireless LAN, which wirelessly connects 
to a variable number of users with mobile termi-
nals. These users move across the geographical 
area served by the network (e.g., a business park), 
and they may want to set up a broadband wire-
less connection to their laptop at any time any-
where in this area. When many users are within 
a wireless cell served by a certain RAP, this cell 
may have to handle much more traffic than the 
other cells; it has become a “hot spot” which has 
to be equipped with additional capacity. The cor-
responding RAP may switch on more microwave 
carriers to provide this additional capacity over 
the air, and also has to claim more capacity from 
the ONU. This local extra capacity can be provided 

by reallocation of the wavelength channels over 
the ONUs, which is done by a flexible wavelength 
router positioned in the field. Similar to the archi-
tecture of the wavelength-reconfigurable fiber-
coax network in Figure 2.37b, the architecture 
in Figure 2.38 developed in the ACTS PRISMA 
project has four 622 Mbit s–1 bi-directional APON 
OLTs with a specific downstream wavelength and 
an upstream one each. The four downstream wave-
lengths are located in the 1538–1541 nm range, 
with 100 GHz spacing, and the four upstream ones 
in the 1547–1550 nm range with the same spacing. 
The flexible wavelength router directs the down-
stream wavelength channels each to one or more 
of its output ports, and thus via a split network to 
a subset of ONUs. The RAPs could operate with 
up to five microwave carriers in the 5 GHz region, 
each carrying up to 20 Mbit s–1 ATM wireless LAN 
data in OFDM format. At the flexible router (or at 
the local exchange) a number of continuous-wave 
emitting laser diodes are located, which provide 
unmodulated light power at the upstream wave-
lengths. The flexible router can select one of these 
upstream wavelengths, and direct it to the ONUs 
that can modulate the signal with the upstream 
data and return it by means of a reflective modula-
tor via the router to the local exchange. Thus no 
wavelength-specific source is needed at the ONU, 
the downstream light sources are shared by a num-
ber of ONUs, and all ONUs are identical, which 
reduces the system costs and the inventory issues. 
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The flexible wavelength router can be implemented 
with a wavelength demultiplexer separating the 
wavelength channels, followed by power splitters, 
optical switches and power couplers in order to 
guide the channels to the selected output port(s). 
Depending on the granularity of the wavelength 
allocation process, the flexible router may be posi-
tioned at desired different splitting levels in the 
network.

Using a similar strategy to assign wavelength 
channels to the ONUs as shown in Figure 2.39, 
a statistical performance analysis has been per-
formed of the blocking probability of the system. 
It was assumed that the total network served 343 
cells, of which 49 were “hot spots”, i.e., generated 
a traffic load two times as large as a regular cell. It 
was also assumed that the system deployed seven 
wavelength channels, and that the calls arrived 
according to a Poisson process where the call 
duration and length were uniformly distributed. 
Figure 2.40 shows how the system blocking prob-
ability depends on the offered load (normalized 
on the total available capacity, which is 7  times 
622 Mbit s–1), using various system architecture 
options. When wavelength re-allocation would 
not be possible (i.e., static WDM) and all the 49 
hot spots were positioned at cells served by ONUs 
assigned to the same wavelength channel, the 
blocking probability is obviously the worst case. 
On the other hand, in the static WDM case when 
the 49 hot spots were evenly spread over the seven 
wavelength channels, the blocking probability is 
much lower (i.e., best case). Unfortunately, a net-
work operator cannot know beforehand where 
the hot spots will be positioned, so in this static 
WDM situation the system blocking probabil-
ity will be anywhere between the best case and 
the worst case, and no guarantee for a certain 

blocking performance can be given. When, how-
ever, dynamic re-allocation of the wavelength 
channels is possible, the system can adapt to the 
actual hot spot distribution. Figure 2.40 shows that 
when the flexible wavelength router is positioned 
at the second splitting point in the network, the 
blocking performance is better than the best-case 
static WDM performance; but more importantly, 
it is also stable against variations in the hot spot 
distribution, and thus would allow an operator to 
guarantee a certain system blocking performance 
while still optimizing the efficiency of his system’s 
capacity resources. The blocking performance 
may even be better and stable when position-
ing the flexible router at the third splitting point; 
however, this implies that the costs of the router 
are shared by less ONUs. Locating the router at 
the second splitting point is a good compromise 
between adequate improvement of the system 
blocking performance and system costs per ONU.

2.5.7  Microwave signals over fiber

Fiber-wireless systems may also carry microwave 
signals directly over fiber. In wireless local area 
networks (WLANs), the evolution towards larger 
capacities necessitates higher microwave carrier 
frequencies. For example, the current IEEE 802.11b 
WLAN systems transport up to 11 Mbit s–1 per car-
rier in the ISM 2.4GHz band. The upcoming IEEE 
802.11a systems carry up to 54 Mbit s–1 per car-
rier in the 5.2 GHz band, and 60 GHz systems are 
under study for providing more than 100 Mbit s–1. 
With these increasing carrier frequencies, the 
microwave cells covered by the antenna of a radio 
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access point (RAP) become smaller. Thus more 
RAPs are needed to serve e.g., all the rooms in an 
office building, and hence also a more extensive 
wired network to feed the RAPs. Instead of gener-
ating the microwave signals at each RAP individu-
ally, feeding the microwave signals from a central 
headend site to the RAPs enables to simplify the 
RAPs considerably. The signal processing func-
tions can thus be consolidated at the headend site. 
Due to its broadband characteristics, optical fiber 
is an  excellent medium to bring the microwave 
 signals to the RAPs.

Carrying multi-gigahertz analogue signals over 
fiber requires very high frequency optical analog 
transmitters and receivers, including careful fiber 
dispersion compensation techniques. An attrac-
tive alternative avoiding the transport of multi-
gigahertz intensity-modulated signals through the 
fiber is to apply heterodyning of two optical signals 
of which the difference in optical frequency (wave-
length) corresponds to the microwave frequency. 
When one of these signals is intensity-modulated 
with the baseband data to be transported, and the 
other one is unmodulated, by optical heterodyn-
ing at the photodiode in the receiver the electrical 
microwave difference frequency signal is gener-
ated, amplitude-modulated with the data signal. 
This modulated microwave signal can via a simple 
amplifier be radiated by an antenna; thus a very 
simple low-cost radio access point can be realized, 
while the complicated signal processing is con-
solidated at the headend station. This approach, 
however, requires two light sources with narrow 
spectral linewidth and carefully stabilized dif-
ference in optical emission frequency. An alter-
native approach requiring only a single optical 
source is shown in Figure 2.41 [18]. The optical 
intensity-modulated signal from a laser diode is 

subsequently intensity-modulated by an external 
Mach–Zehnder modulator (MZM) which is biased 
at its inflexion point of the modulation character-
istic and driven by a sinusoidal signal at half the 
microwave frequency. At the MZM’s output port 
a two-tone optical signal emerges, with a tone 
spacing equal to the microwave frequency. After 
heterodyning in a photodiode, the desired ampli-
tude-modulated microwave signal is generated. 
The transmitter may also use multiple laser diodes, 
and thus a multi-wavelength radio-over-fiber sys-
tem can be realized with a (tunable) WDM filter to 
select the desired wavelength radio channel at the 
antenna site. The system is tolerant to fiber disper-
sion, and also the laser linewidth is not critical as 
laser phase noise is largely eliminated in the two-
tone detection process.

An alternative approach to generate microwave 
signals by means of a different kind of remote opti-
cal processing, named optical frequency multiply-
ing, is shown in Figure 2.42 [19]. At the headend 
station the wavelength λ0 of a tunable laser diode is 
swept periodically over a certain range Δλsw, with a 
sweep frequency fsw. Alternatively, the wavelength-
swept signal can be generated with a continuous-
wave operating laser diode followed by an external 
phase modulator that is driven with the integral 
of the electrical sweep waveform. The intensity of 
the wavelength-swept signal is on/off modulated 
with low frequency chirp by the downstream data 
in a symmetrically driven MZM. After travelling 
through the fiber network, the signal transverses at 
the receiver an optical filter with a periodic band-
pass characteristic. When the wavelength of the 
signal is swept back and forth over N filter trans-
mission peaks, the light intensity impinging on the 
photodiode fluctuates at a frequency 2Nfsw. Thus 
the sweep frequency is multiplied, and a microwave 
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signal with carrier frequency fmm = 2Nfsw plus higher 
harmonics is obtained. The intensity-modulated 
data is not affected by this multiplication process, 
and is maintained as the envelope of the micro-
wave signal. The microwave signal is subsequently 
transversing an electrical bandpass filter (BPF) to 
reject the unwanted harmonics. Simulations have 
shown that the microwave signal is very pure; its 
linewidth is nearly independent of the linewidth 
of the tunable laser. The periodic optical band-
pass filter can be advantageously implemented 
by a Fabry–Perot filter with a free spectral range 
ΔλFSR which is N times as small as the wavelength 
sweep range Δλsw. The microwave signal can also 
carry more advanced data modulation schemes; 
e.g., 16-level quadrature amplitude modulated (16-
QAM) signals may be modulated on a subcarrier 
first, and then drive the MZM. The main advan-
tage of this optical frequency multiplying method 
is that the fiber network is carrying only signals at 
moderate frequencies (up to the sweep frequency 
fsw, e.g., up to 1 GHz), while at the antenna site 
microwave signals with carrier frequencies in the 
tens of gigahertz region are generated. Thus dis-
persion problems in the fiber network and other 

bandwidth limitations in the transmitter are effec-
tively circumvented. The system does not rely on 
heterodyning, and thus may also operate on mul-
timode fiber networks (such as polymer optical 
fiber).

The system can also transport upstream data 
from the antenna station to the headend. When 
no data are sent downstream, the upstream micro-
wave signal arriving at the antenna can be down-
converted with the locally generated unmodulated 
microwave signal. Thus data can be conveyed bi-
directionally in time-division duplex mode.

2.6  CONCLUDING REMARKS

Optical fiber is now generally recognized to be the 
most powerful medium for transporting informa-
tion, due to its very low losses and extremely wide 
bandwidth. Next to space and time multiplexing, 
the wavelength dimension offers unprecedented 
opportunities to extend not only the data traffic 
transport capacity, but also the traffic routing pos-
sibilities in networks.

In core networks, optical amplifiers together 
with wavelength multiplexing techniques have 
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allowed transoceanic links to be bridged with tera-
bits/second total transport capacity. In terrestrial 
mesh-shaped core networks, wavelength routing 
also provides link protection and thus improves 
network availability. IP packet streams may be 
very efficiently transported through mesh-shaped 
networks by wavelength-selective optical bypass-
ing of the electronic processing in the packet rout-
ers located in the nodes.

In MANs, wavelength multiplexing techniques 
enable simultaneous broadband data communica-
tion between many nodes. They also improve the 
network availability by offering alternative routing, 
which enables fast recovery from link or node fail-
ures. Through wavelength add-drop multiplexers, 
multiple connections can be set up between nodes 
via a hubbing node, or directly between them using 
an appropriate wavelength assignment strategy.

In access networks, fiber is penetrating steadily 
towards the end user. Infrastructure costs are the 
major nut to crack here. Shared-feeder concepts 
such as the passive optical network tree-and-
branch one greatly reduce the installation costs of 
the fiber network, and can support various mul-
tiple access techniques (a.o. ATM and Ethernet 
for time multiplexed access). In the past, operators 
have invested a lot in various last-mile networks 
(e.g., twisted pair, coaxial cable) to reach their resi-
dential customers. In upgrading these networks 
to higher capacity and larger service variety, fiber 
can support a wide range of last-mile technolo-
gies by hybrid combinations such as fiber-twisted 
pair, fiber-coax, and fiber-wireless. By means of 
wavelength multiplexing techniques, the fiber 
feeder part of such hybrid networks can very flex-
ibly host different operators and service categories. 
Augmented with wavelength routing, capacity-
on-demand can be realized, e.g., for handling hot 
spots, while respecting quality of service require-
ments. Carrying microwave radio signals in analog 
form over the fiber offers clear advantages in the 
implementation of mobile communication net-
works; the antenna stations can be considerably 
simplified and thus reduced in costs, while also 
the mobility functions can be consolidated in the 
headend station yielding improved efficiency of the 
signal processing. By combining radio over fiber 
techniques with flexible wavelength routing, the 
mobility offered by wireless communication can 
be powerfully complemented with the broadband 
dynamics of optical networks.

2.7  FUTURE PROSPECTS

With the ongoing improvements in fiber charac-
teristics and development of novel optical amplifier 
structures, the wavelength range available for com-
munication will stretch from below 0.8 to beyond 
1.6 μm, covering a bandwidth of some 200 THz. 
Further improvements in signal coding yielding a 
higher spectral efficiency, in ultra-dense WDM and 
in ultra-high speed OTDM will enable us to exploit 
this huge bandwidth, and will push the transport 
capacity of a single fiber beyond 100 Tbit s–1.

Realizing these tremendous link transport 
capacities over fiber links is of little value if the 
network nodes cannot keep up with handling the 
data streams. Present-day electronic routing will 
be replaced by fast optical processing. All-optical 
packet routing will provide the ultimate in node 
throughput, by optically inspecting the header, and 
by making routing decisions at light speed by means 
of ultra-fast optical logic. Optical memories will 
provide the intermediate buffering in the nodes, and 
electronics may be expelled to the edges of the net-
work, thus providing a fully-optical network path.

The end user is to benefit from all these ultra-
broadband communication possibilities. Therefore, 
the optical fiber will not only reach up to his house, 
but will penetrate into it as well, benefiting of the 
low installation cost techniques made possible by 
deploying e.g., large-core multimode (polymer) 
optical fiber. It will reach close to his personal area 
network, which due to the ongoing miniatuar-
ization may consist of a myriad of small wireless 
power-lean terminals, sensors and actuators. These 
wireless devices will be incorporated not only in 
his residential living environment, but also in his 
clothes, his car, etc. Next to the traditional wired 
terminals such as the TV, these wireless devices 
will be connected to the fixed in-home and access 
network by a myriad of small intelligent anten-
nas. Fiber-radio techniques, augmented with opti-
cal routing to accommodate dynamically the hot 
spots, will provide the best match of the ultimate 
capacity of fiber with the user freedom of wireless. 
Even in the wireless domain, optics may penetrate 
by means of intelligently-steered free-space light 
beams providing the ultimate in wireless transport 
capacity.

Which in the far foreseeable future will make the 
communication world an end-to-end globally trans-
parent one, with nearly unlimited communication 
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capacity for anybody, anytime, anywhere, for any 
kind of service... the ultimate global crystal ball! 
Today we are now seeing such visionary statements 
(explained in previous paragraphs) being imple-
mented as the ‘Internet of Things,’ though the final 
outcomes and potential are still not yet clear.
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PROLOGUE

The optical packet switching technology has been 
identified as a promising technology to identify a 
new generation of systems and networks during the 
past few years. However, the lack of optical mem-
ory, and the complexity of optical packet switching 
systems offering functionalities comparable to full 
electronic systems, has motivated the constructors 
of equipment to envisage new directions: recon-
figurable optical add/drop multiplexers, currently 
deployed in the field or hybrid packet switching 
systems. In the early 2000s, the hybrid approach 
combining the best of optics and electronics has 
been then identified as a new promising direction 
for optical packet switching. Several research labo-
ratories have investigated new concepts limiting 
this technology to fast space switches [based on 
pure spatial technique or exploiting the combina-
tion of tunable lasers arrayed waveguide gratings 
(AWG)] and some processing functions. The capa-
bility of the optical technology to switch ultrahigh 
capacities has concentrated its efforts on systems 
for the metro core or backbones where the capacity 
was very challenging. But the recent reorientation 
of information communication technologies (ICT) 
toward its cloudification forces a repositioning of 
this technology in new network segments, closer 
to the users where new key performance indicators 

(KPIs) are asked. The new challenges are then to 
find a technology offering ultralow latencies, with 
systems more simple, cheaper, and less power con-
suming than existing products. This new direc-
tion then creates a need for new low-cost systems, 
ecodesigned at the convergence of new network 
concepts and of the emergent technologies driven 
in particular by the GPON2 and the DATA COM 
communities. 

3.1  INTRODUCTION

This chapter gives a positioning of optical switch-
ing technologies in the next generation of systems 
and networks. After giving two introduction sce-
narios, one for the metro part and the other for 
the backbone part, this chapter addresses feasibil-
ity issues. For the metro part, three introduction 
scenarios are presented. The first one exploits the 
well-known circuit switching techniques that can 
be introduced rapidly on the market. The second 
one proposes a packet switching technique to have 
a better bandwidth exploitation. Finally, with 
the emergence of new optical functions/devices, 
the third scenario describes how it is possible to 
propose a full flexible packet ring network that 
is really competitive with respect to other elec-
tronic alternatives. For the backbone part, the 
first  scenario will be probably in the core of large 
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 routers, competing with current smart routers 
(router + cross-connects). The second scenario is 
for a new network concept, being disruptive with 
what exists but pushing toward a transparent com-
pliant with a multiservice environment and fully 
 evolutive in capacity. Finally, the last scenario 
describes how it is possible to go into an all-optical 
approach through the description of key optical 
functions required to make this concept realistic 
at a lower cost.

With the introduction of the Internet protocol 
in the network, the telecommunication domain 
has turned a new corner. The broadband access 
to this new technology, opening the way to many 
residential applications, creates a revolution for the 
next generation of switching systems. The first rev-
olution is the traffic volume. Personal computers 
becoming more and more powerful are generating 
a traffic through files that could not be envisaged 
even 2 years before. The second revolution is prob-
ably the traffic profile evolution, moving from a 
constant bit rate to a variable bit rate, always driven 
by personal computer capabilities (video applica-
tions, high definition TV (HDTV), net shopping, 
net courses, games, etc.).

Optical technologies could appear in the next 
4 years as an important technology to grow the 
capacity of systems while preserving the simplic-
ity, reliability, and performance of the systems. 
But, more importantly, optical packet switching 
technologies could become efficient techniques 
to really fit with the statistical behavior of the 
traffic profile to preserve bandwidth utilization 
as much as possible. One of the key issues in such 
packet-switched networks is the identification of 
the best packet format (variable packets or fixed 
packets). Several European projects have concen-
trated their efforts on this important topic such 
as the RACE 2039 ATMOS project, the ACTS 
043 KEOPS project, and more recently the IST 
DAVID project.

Thus, in this chapter, after a positioning of opti-
cal switching in the next generation of systems 
and networks, the benefits of multiplexed architec-
tures will be presented. Solutions for a progressive 
introduction of this technology in the metro are 
described, highlighting the required technology 
and addressing physical feasibility as well as perfor-
mance issues. Opportunities for the backbone are 
also presented with the objective of highlighting 

the most promising approaches. For a pragmatic 
approach, criteria introducing this technology on 
the market are listed, but, more importantly, a 
basic cost approach leading to the winning solu-
tion is mentioned. Finally, a conclusion is drawn.

3.2  POSITIONING OPTICAL 
SWITCHING TECHNIQUES IN 
THE NEXT GENERATION OF 
SYSTEMS AND NETWORKS

In this section, we will present the advantage of 
optics with respect to electronics, but, more impor-
tantly, how optics can be exploited to complement 
electronic technology to really make the most of 
both technologies.

3.2.1  Why optical switching?

To give some arguments, we must list the advan-
tages and drawbacks of optics.

The main advantages of optics are as follows:

 ● Low-power consumption: An example is a laser 
exploited in direct modulation. A laser operat-
ing at 622 Mbit s−1 or at 2.5 Gbit s−1 will be 
electrically modulated with the same electrical 
modulation amplitude.

 ● High reliability: For passive devices, it is 
evident that for active devices [lasers, EDFAs, 
semiconductor optical amplifiers (SOAs), etc.], 
the reliability is quite high because we exploit 
a carrier density dynamic, characteristic of the 
material used.

 ● Good mode adaptation: The default on the 
 coupling simply introduces losses, and the 
reflection can be easily managed by exploiting 
tilts.

 ● Low-power dissipation: The photon–photon 
interaction dissipates less energy than the 
electron–electron interaction, mainly because 
of the mass.

 ● High bit rate compliant: A passive guide is 
a priori a high bandwidth medium capable of 
supporting several terabits of capacity.

 ● Management of large granularity: The switch-
ing can be done at the wavelength level but 
also at the waveband (group of wavelengths) 
level.
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The main drawbacks of optics are as follows:

 ● Slow progress in integration: There is still 
a debate between monolithic and hybrid 
integration.

 ● Slow progress in low-cost packaging: The cou-
pling between passive and active guides still 
remains a costly technique.

 ● Polarization sensitive: The characteristic of 
some materials often depends on the polariza-
tion state of the light.

In summary, optics is very interesting when the 
switching granularity is high, exploiting the WDM 
dimension to make simple structures. In electron-
ics, we need to demultiplex at the wavelength level 
and then at the bit rate level; in optics, we simply 
need one device.

To switch at the WDM granularity, we have 
commercially available devices such as opto-
mechanical switches, thermo-optical switches, elec-
tro-optical switches, and micro electro mechanical 
systems (MEMs) for slow switching applications and 
digital optical switches for fast switching SOA.

3.2.2  Granularities of switching

In optics, we can switch wavebands (group of 
wavelengths), wavelengths, or optical packets.

3.2.2.1  SWITCHING OF WAVEBANDS

The switching of wavebands is particularly inter-
esting in the following cases:

 ● To reduce the number of switching elements 
inside systems. This is the case for a large 
 number of optical cross-connects or switches.

 ● At the network level, when the traffic is aggre-
gated enough to tolerate a waveband switching 
with a good bandwidth utilization. This is the 
case for pipes bridging networks and where the 
traffic matrix is quite stable.

The waveband switching really exploits the poten-
tial of optics because it reduces the complexity of 
the switching process with respect to electronic 
techniques. This technique has to be exploited as 
much as possible to make a system or a network 
concept really competitive to electronic techniques 
but only when the traffic matrix is stable enough 
not to penalize the average load of the waveband.

3.2.2.2  SWITCHING OF WAVELENGTHS

The switching of wavelengths is particularly inter-
esting as follows:

 ● To switch at the line bit rate without time 
demultiplexing inside optical systems, which 
is an advantage with respect to electronic tech-
niques, especially when the bit rate is high (≥10 
Gbit s−1). Generally, the wavelength switch-
ing is used to relax the power budget to offer 
higher switching capacity. In fact, with one 
important parameter being the optical signal-
to-noise ratio, it is fundamental to preserve it 
to be able to address the higher throughputs. 
This is generally imposed when input powers 
launched into optical amplifiers cannot exceed 
a certain value. By this way, as the optical 
signal-to-noise ratio is always a function of the 
channel input power, if the total input power is 
the channel power, then we reach the maxi-
mum optical signal-to-noise ratio value in the 
architecture. This is the case for a major part of 
the optical cross-connects or switches.

 ● At the network level, when the traffic is aggre-
gated enough and stable enough not to cope with 
traffic transient effects. This technique is still effi-
cient when it is possible. The switching is done at 
the line bit rate. It is more efficient for backbones 
than for metro networks, for example, simply 
because of the traffic matrix characteristic.

3.2.2.3  SWITCHING OF OPTICAL PACKETS

The switching of optical packets can be processed 
at the wavelength level or at the waveband level. 
The only difference with respect to wavelength or 
waveband switching is that the ON state is rela-
tively short, on the order of a few hundred nano-
seconds or microseconds. The switching of optical 
packets is particularly interesting as follows:

 ● To create a datagram connection or a virtual cir-
cuit connection inside optical switching systems. 
The switching can be done at the wavelength 
level (classical optical packet switching) or at the 
waveband level (we define then a WDM packet) 
for a short time. Like for the previous cases, the 
WDM dimension is preferred where possible to 
reduce the number of active components in the 
architecture considered.

 ● At the network level, when the traffic profile is 
sporadic, we have to cope with time constants 
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that cannot fit with seconds or minutes, and 
where the packet connection is the only one 
realistic to exploit efficiently the available 
bandwidth. This is the case for metro networks, 
in particular, but also for backbones if the 
application bit rate is growing at bit rate.

3.2.3  Optical packet switching: An 
interesting approach context

Among the different switching techniques, the 
optical packet switching technique is probably the 
most promising technique for the next generation 
of networks. The main indicator is the natural 
evolution of the traffic profile versus packet tech-
niques. Driven mainly by the Internet protocol, we 
need to cope more with a traffic profile than a traf-
fic matrix as could have been the case in the past. 
The main reason is the drastic change of telecom-
munication applications moving from telephony 
to data. In addition, the rapid introduction of 
personal computers (PCs) at home as multimedia 
machines pushes telecom companies to find solu-
tions to offer a higher quality of service at a lower 
cost. This new form of traffic imposes new infra-
structures capable of handling the required capac-
ity and to provide at the same time the required 
flexibility to offer low-cost connections.

3.2.3.1  WHY OPTICAL PACKET SWITCHING?

When analyzing the traffic profile at the output of 
a local area networks (LAN), the sporadic behav-
ior of the traffic, often modeled with self-similar 
functions, clearly points to the problem. We then 
need to adapt the network concepts to the traffic 
nature coming from the access. And how do we 
adapt such a variability of the traffic profile with 

circuit connections while having a good efficiency? 
The answer lies in the high aggregation level that 
requires a grouping of different LANs, and this 
is not always possible. Another solution is to cut 
the circuit into pieces (packets) trying to follow 
the traffic evolution at a scale comparable to the 
scale of the incoming traffic. Even if the technique 
is more complex to manage, it is undoubtedly the 
most efficient way to optimize the bandwidth utili-
zation, more in the time domain today, than in the 
volume domain in the recent past.

3.2.3.2  WHAT KIND OF PACKETS: FIXED 
PACKET OR VARIABLE PACKETS?

There is still a debate on the choice of the packet 
size: for main arguments in favor of the variable 
packet, the optical packet size always follows the 
incoming packet size, whereas for the fixed packet, 
the optical packet format contributes to a better 
management of the performance. In both cases, 
arguments are acceptable, but the reality is more 
complex.

It is evident to say that where the contention 
can be managed easily (a case of small or simple 
topologies), the variable packet has to be envis-
aged. But in the case of a large topology (meshed or 
other), the resolution of the contention is then local 
in each node, and the control of the traffic profile 
inside the network becomes fundamental. In that 
case, the fixed packet format is the only reasonable 
format. Another alternative, probably the best, is 
the adoption of a concatenated packet. For best 
effort, the concatenation is created to really follow 
the incoming packet profile. For high priority traf-
fic where the delay is fundamental, small packets 
will always experience the smallest delay in the 
network. In this way, the technique can be adapted 
to a multiservice environment (Figure 3.1).

VOP: 
Follows the IP profile but
difficult to manage in the optical network

FOP :
Slotted, difficulty to find the correct size

COS :
Follows the IP profile in a slotted world!

Header

Header

Header Header

Optical slot = Optical packet
Payload

Payload

Payload Payload

Optical slot Optical slot
Optical packet

Continuous variable optical packet

Figure 3.1 Different optical packet types that can be adopted.
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Figure 3.2 gives a comparison among fixed, 
variable, and concatenated packets.

3.3  BENEFITS OF MULTIPLEXED 
ARCHITECTURES

3.3.1  The WDM dimension, a 
dimension not only for 
transmission systems

The WDM technique is often assimilated to the 
transmission domain. But, in fact, this technique 
is very useful in optics for many purposes.

The WDM technique can be exploited for the 
following objectives:

 ● To increase the capacity of a link without 
increasing the TDM bit rate at values difficult 
to manage. This first application was found 
rapidly. But there was also the requirement to 
reduce the number of active components. As a 
good example, the EDFA amplifying a group of 
wavelengths has rapidly replaced the classical 
single-channel repeater.

 ● To facilitate the optical processing to avoid the 
interferometric noise when interleaving several 
pulses at high bit rate. The technique is used in 
optical time division multiplexing (OTDM), 
coding format techniques, multiplexing tech-
niques (bit level or packet level), etc.

 ● To ease the contention resolution. In fact, 
the wavelength becomes a new support, with 
different colors, and the color is selected in 
real time to avoid collisions. This technique is 

particularly used in optical packet switching 
network concepts.

 ● To switch high granularities. It can be intro-
duced to reduce the number of components in 
an optical architecture or in cases of low con-
nectivity while addressing high throughputs.

3.3.2  Benefits of the WDM 
dimension in multiplexed 
architectures

In multiplexed architectures, the WDM dimension 
is exploited for different purposes.

In the following, we will describe where the 
WDM dimension can be exploited efficiently and 
what kind of benefit we can expect.

3.3.2.1  IN METROPOLITAN NETWORKS

In the case of optical rings, the WDM dimension 
can be exploited first to provide an upgradability of 
the network in terms of allocated resources, simply 
by attributing progressively bands of wavelengths. 
The advantage of the band is mainly to relax the 
filtering constraints during the cascade of several 
nodes. This advantage was raised many times in 
circuit switching platforms. If we want to exploit 
the same WDM infrastructure while introducing 
packet techniques, the notion of band can then 
be advantageously exploited to reduce the latency 
in the transmitting parts. In fact, we can exploit 
the statistical time multiplexing of packets over 
a group of wavelengths to increase the chance to 
insert a packet in the line when we can have access 
to a group of wavelengths instead of one.

Management in the ingress edges

Arguments VOP FOP COS

Management in the core nodes (Perf )

Management in the egress edges

High priority CoS

Best effort

Interesting solution FOP + COS

Figure 3.2 Comparison: variable optical packets versus fixed optical packets versus concatenated 
optical slots.
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In summary, we can see that for optical rings, 
the WDM dimension can relax physical con-
straints and, in addition, improve the performance 
in packet rings in terms of latency.

To illustrate the benefit of the WDM dimension, 
the IST DAVID project is proposing a multiring 
optical packet MAN exploiting the WDM dimen-
sion for these two main aspects.

3.3.2.2  IN BACKBONE NETWORKS

In backbone networks where the topology is gener-
ally meshed, the WDM dimension is exploited for 
four main reasons:

 ● Cost and compactness reasons: In optical cross-
connect/packet switching architectures, the 
WDM dimension can be exploited to reduce 
the number of switching components to make 
the architecture compact and low cost. The 
objective is to switch in the WDM dimension 
as much as possible in the limit of the required 
power budget. In cross-connect architectures, 
the dynamic management of the wavelength 
dimension can, in addition, contribute to a 
drastic reduction of the number of intercon-
nected fibers.

 ● Power consumption reasons: By exploit-
ing the WDM dimension, the processing is 
done at the WDM dimension. In electronics, 
a double demultiplexing is required: at the 
wavelength level and at the bit rate level. This 
is, for  example, the case for coarse synchro-
nization stages where the WDM dimension 
can be exploited efficiently at the WDM level 
to reduce the complexity of many electronic 
structures.

 ● Physical reasons: The number of channels 
switched can also vary inside the architecture 
to preserve the optical signal-to-noise ratio at 
the output. For example, in the first stage of 
an optical architecture, the WDM switching 
can be done on a large number of channels 
(8 or 16), and then progressively reduced to a 
lower number, converging then to one channel 
switched.

 ● Performance reasons: In packet architectures, 
the WDM dimension can be exploited to 
reduce the packet loss rate and the latency 
at the same time. When the packets can be 
addressed onto different wavelengths, the 
statistical multiplexing on these wavelengths 

let a freedom degree for the choice of the 
wavelength at the output of an optical packet 
switch. By this way, the contention can be 
avoided simply by reaffecting a new wave-
length to a packet instead of putting it in a 
queue. The benefit is double because the packet 
loss rate can be improved, with the same 
amount of digital memory, and the latency is 
preserved because the packet will not experi-
ence a queue.

3.4  SPECIFICITY OF THE METRO 
AND PROPOSED SOLUTIONS

3.4.1  Introduction scenario

To take a pragmatic approach, it is fundamental to 
identify what could be the introduction scenario of 
a technology at the time. These paragraphs intend 
to position the optical switching technology for the 
metro in a timescale.

Before developing these scenarios, it is also 
important to list the specificity of the metro part.

In the metro, it is clear that the cost is prob-
ably the most important parameter together with 
the performance. The cost addresses the hardware 
part but also the means adopted to exploit the 
bandwidth in the best way. Due to the traffic pro-
file coming from the access, the important point 
is really to preserve the bandwidth. Thus, packet 
techniques will be preferred in this part of the 
network.

3.4.1.1  WHAT ABOUT THE WDM 
DIMENSION?

The WDM dimension is expensive in the metro, 
but there are also some arguments in favor of 
the introduction of the WDM in this part of the 
network.

Due to the current traffic profile, not constrain-
ing the bandwidth utilization too much (because 
the native bit rate is still quite low), a circuit plat-
form is interesting. To reduce the cost of the WDM 
dimension while having enough resources to cope 
with the traffic volume and profile, probably the 
waveband approach is the best one. It guarantees 
upgradability (sub-band per sub-band), physi-
cal performance (relaxing filtering constraints), 
and simplicity (circuit switching) with an existing 
infrastructure (fibers already installed). But if the 
native bit rate increases together with the variance, 
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there will be a need to go into a lower granular-
ity to have a better utilization of the  optical band-
width. Then the optical packet technique could be 
easily introduced making use of an existing infra-
structure. The gap becomes natural.

Thus, in the following presentation, we will 
introduce the circuit switching technique as a first 
step with a progressive migration toward optical 
packet switching techniques, which lead to a really 
efficient platform.

3.4.1.2  SHORT-TERM INTRODUCTION: 
OPTICAL CIRCUIT SWITCHING 
TECHNOLOGY

Due to the current traffic profile, optical circuit 
switching could be rapidly introduced in the mar-
ket for many reasons:

 ● The optical technology is mature enough and 
commercially available to envisage its utiliza-
tion in optical platforms. It requires active 
devices such as integrated laser modulators 
(ILMs), receivers, and basic  passive devices 
(demultiplexers, couplers, filters, etc.).

 ● It is a very simple technique that can be imple-
mented rapidly.

 ● The optical technology can exploit advan-
tageously an existing WDM infrastructure. 
Currently, all the fibers installed are not 
exploited.

 ● The management of such a network is mature 
enough to propose products. Management 
studies have been carried out leading to clear 
information models, protection scenario, and 
well-defined monitoring techniques.

 ● The traffic profile is not yet so critical to envis-
age using such a technique in the metro. The 
bit rate at the output of personal computer (PC) 
is sufficiently low to have enough aggregation 
level at the output of the LANs.

 ● This kind of platform can be easily upgraded 
with optical packet techniques to be fully com-
patible with the future traffic profile driven by 
a powerful PC and fiber to the home (FTTH). 
This is also a strong argument for operators 
who want to invest with the possibility to 
upgrade their platform according to traffic 
constraints.

 Examples of implementation are ring topolo-
gies, star topologies, and mesh topologies. In 
ring topologies, we can find the single ring or 

multiring approach. Figure 3.3a and b illus-
trates these three interesting topologies.

The particularity of this approach is in the opti-
cal add/drop multiplexing structure. We can list 
mainly as follows:

 ● Passive optical add/drop multiplexers
 ● Dynamic optical add/drop multiplexers

The passive structure can be used when the traffic 
matrix is very stable, whereas the dynamic struc-
ture can allow some adaptation of the allocated 
resources to follow at least the envelope of the traf-
fic matrix. This last type of the active structure is 
particularly interesting when the time constants 
are in the range of a few hours.

Figure 3.4a and b describes the two main struc-
tures of add/drop multiplexers.

In the metro part, the WDM granularity for the 
upgradation of the network capacity will depend 
on the cost of the intervention. And in some cases, 
the upgradation of one wavelength is not the most 
cost-saving solution. For that  purpose, it is impor-
tant to identify the minimum WDM granularity 
for the upgradation. This minimum granularity, 
which can be on the order of few wavelengths (2 
or 4), can impact dramatically the network infra-
structure. If we take into account the physical 
limitations in the cascade of filters, it is clear that 
the sub-band approach is an interesting approach. 
Figure 3.5 gives an  overview of a ring MAN adopt-
ing a sub-band strategy.

3.4.1.3  MEDIUM-TERM INTRODUCTION: 
OPTICAL PACKET SWITCHING 
TECHNOLOGY

The optical packet switching technology could be 
introduced as a required second step simply to face 
the traffic profile evolution. In that case, a packet 
technique will be required on the basis of the 
infrastructure already installed. The upgradation 
is made simply by changing the optical ring access 
node. Two new sub-blocks are then mandatory: the 
 opto-electronic part and the electronic interface 
compliant with different classes of services.

The more pragmatic approach is the adop-
tion of a commercially available technology. 
Several concepts are proposed, all based on 
the adoption of ILMs and synchronous optical 
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NETwork (SONET)-like receivers. The resilient 
packet ring (RPR) concept is probably the most 
representative one.

3.4.1.4  MEDIUM-TERM INTRODUCTION: 
FULL FLEXIBLE OPTICAL PACKET 
SWITCHING TECHNOLOGY

In the case of long-term approaches, the adoption 
of an advanced technology is then mandatory.

In particular, two important components are 
a fast tunable source and a fast wavelength selec-
tor. These two components have already been 

demonstrated feasible (e.g., agility for the tunable 
sources, nippon telegraph and telephone (NTT) for 
the wavelength selectors).

These components are:

 ● At the transmission side (tunable laser): limita-
tion of the latency in the output queue by 
exploiting the WDM dimension

 ● At the receiving side (wavelength selector): 
the guarantee of the wavelength transpar-
ency to receive any packet from the optical 
bandwidth
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Physical ring

Electronic/optical
HUB

Local/transit traffic
mono or bi-directional

Local/transit traffic
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(b)

Figure 3.3 (a) Conventional ring topology. (b) Multiring topology.
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Figure 3.4 (a) Fixed optical add/drop multiplexer. (b) Dynamic optical add/drop multiplexer: 
an optical switching element guarantees the dynamic behavior.
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 ● At the transit side (wavelength selector): the 
guarantee to introduce some fairness mecha-
nisms when a high priority traffic with a mini-
mum of latency is required

 ● The structure of the optical add/drop multi-
plexer is depicted in Figure 3.6a and b.

3.4.2  Technology identification and 
feasibility

The technology required to introduce these con-
cepts can be split into two categories:

 ● Commercially available technology
 ● Advanced technology

In the following, we will list the required com-
mercial devices, and we will describe in more 
detail the potential new advanced technologies 
that open the way to really attractive system 
functionalities.

3.4.2.1  COMMERCIALLY AVAILABLE 
TECHNOLOGY

There are two types of devices: passive devices and 
active devices

 ● For passive devices, we need couplers, attenua-
tors, isolators, fixed filters, circulators, inter-
connection fibers, connectors, (de)multiplexers, 

etc. For filters and (de)multiplexers, we can 
have different specifications if we are address-
ing channel filtering or band of channel 
filtering.

 ● In all the cases, these components are products 
and today fit all the required specifications for 
system applications.

 ● For active devices, we will need lasers, 
ILMs, slow tunable lasers, optical amplifiers, 
photodiodes, etc. Particular interest must be 
devoted to optical amplifiers because we can 
distinguish two types of optical amplifiers: 
fiber-based amplifiers and semiconductor 
amplifiers. For fiber-based amplifiers, largely 
introduced in point-to-point transmission 
systems, the main preoccupation is to find 
the best way to make these devices very cost-
effective. For SOAs, even if they are on the 
market today, they currently suffer from a 
small market. However, the generic potential 
of such a component for different functions, 
such as optical gating or optical conversion, 
makes this component a promising one for 
future applications.

3.4.2.2  ADVANCED TECHNOLOGY AND 
FEASIBILITY ISSUES

This is the most promising technology to really 
propose something new and disruptive with 
respect to what exists today.

Sub-band 3 

Sub-band 4

Sub-band 2

Ring
access
node

Electronic/optical
HUBSub-band 1

Figure 3.5 Sub-band introduction in an optical ring.
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In the following, we will illustrate the four main 
components:

 ● The SOA for gating functions
 ● The tuneable source
 ● The wavelength selector, a strategic fast tune-

able filter
 ● The packet mode receiver

3.4.2.2.1  SOA for gating
A SOA is basically a laser in which the facets have 
been treated in order to eliminate the resonant cav-
ity. Only the amplification medium is exploited. To 
be used as an optical gate, the SOA requires a high-
frequency driver interconnected to the SOA. The 
driver sends a control signal, which can be forced 
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at the ON or OFF state. Because of the short car-
rier lifetime, a SOA can be switched with response 
times on the order of few tens of nanoseconds. At 
present, this component is exploited by many labo-
ratories and has been demonstrated to be feasible 
for many applications.

In the metro area, and according to the two net-
work model described previously, different SOA 
structure are particularly interesting.

There are roughly three types of SOA: SOA with 
high confinement factor or long active section to 
achieve wavelength conversion at high bit rate, 
SOA with low confinement factor or short active 
section to exploit more the linear characteristic of 
the gain, and SOA with an internal clamping to 
have a strictly linear response not to create distor-
tion on the signal crossing the component.

As for fiber amplifiers, there are three classes 
of SOAs: preamplifiers, in-line amplifiers, and 
boosters.

3.4.2.2.2  SOA gate at the output 
of an ILM

A SOA interconnected at the output of a modu-
lated source is the basic schematic we can envisage.

The advantage of this solution is that it is com-
mercially available today. The main drawback is 
that there is a need to have control of the cross-
gain modulation. One interesting solution is the 
use of a clamped-gain SOA to avoid any cross-
gain modulation. The SOA used only in its lin-
ear characteristic will provide enough gain to 
guarantee a sufficiently high ON/OFF ratio with 
no degradation of the pulse shape. This solu-
tion is currently studied in different laboratories 

to analyze network concepts based on a packet 
transmission.

3.4.2.2.3  Tunable source using a 
hybrid integration of a SOA 
gate array

The SOA gate array is located in front of a laser array. 
At the output, a multiplexer and an integrated mod-
ulator are interconnected. The SOAs see only contin-
uous waves and can be switched, thus selecting the 
wavelength that must be transmitted. The SOAs are 
in a stable regime because the input power is a con-
stant. Therefore, they do not experience any cross-
gain modulation as could be the case in the previous 
use. The preservation of the signal quality (no deg-
radation of the extinction ratio and no distortion of 
the bits) makes this SOA array an important device 
for the building of hybrid tunable sources.

Figure 3.7a illustrates the structure of a tunable 
source based on a gate array, and Figure 3.7b shows 
an integrated four gate-array (OPTO+ realization).

3.4.2.2.4  Tunable switching sources 
based on a sampled grating—
Distributed Bragg reflector 
structure

Another solution to build a fast tunable source is to 
use an Simple Grating Distributed Bragg Reflector 
(SG-DBR) laser while integrating a SOA section 
and an electro-absorption section. The following 
schematic illustrates the structure of the source. As 
for the hybrid tunable source, the SOA sees only 
a continuous wave that again prevents cross-gain 
modulation. The structure is currently studied by 
agility (Figure 3.8).
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Figure 3.7 (a) Structure of a hybrid tunable source using a SOA gate array. (b) Photo of a four gate-
array, key building block of the hybrid tunable source.
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3.4.2.2.5  Wavelength selector
The wavelength selector is probably one of the 
other key devices because it can be comparable 
to a fast tunable filter. The principle of operation 
is very simple. A first demultiplexer demulti-
plexes the wavelengths, then each wavelength is 
selected or not, depending on the orders com-
ing from the control part, and finally an output 
multiplexer regroups the wavelengths selected 
and contributes to reject the wideband amplified 
spontaneous emission coming from the SOAs. In 
principle, only one wavelength is selected among 
a group in a normal scenario. However, in the 
case of the third network scenario, the number 
of output wavelengths can vary from 1 to N (N 
being the total number of wavelengths at the 
input of the device).

Figure 3.9a shows the basic structure of a wave-
length selector.

3.4.2.2.6  Packet mode receiver
In the case of the third scenario, another important 
technology is required, not at the optical level but 
more at the electronic level: the packet mode receiver.

The packet mode receiver has to experience 
a continuous or noncontinuous packet stream 
exhibiting different packet phases (when aligned 
to a common reference clock) and suffering from 
a packet power dispersion. Such kinds of receivers 
are currently studied in different laboratories. We 
can cite NTT, Nichiden (NEC), Lucent, Alcatel, etc.

Currently, this technology has been demon-
strated to be feasible for use in different coding for-
mats: Manchester but also return to zero (RZ) or 
non return to zero (NRZ).

Figure 3.10a and b shows the performance 
obtained with a packet mode receiver operating at 
10 Gbit s−1.

3.4.3  Performance expected for the 
packet approach

The performance will depend on the packet format 
adopted.

 ● In the case of variable packets, the contention 
resolution becomes a bidimensional problem: 
to be able to insert a packet in the ring, we have 
to check if we have a void and if the void is 
large enough to insert the packet.

 ● In the case of fixed packets, we need to also 
experience two dimensions, but in that case, they 
are not cojoined. The first problem to solve is the 
packet filling ratio, imposing some time out to 
have a good efficiency, whereas the second prob-
lem is in the add part: check if there is a free slot.
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Figure 3.8 Schematic of an integrated tunable source integrating a SOA section for amplification of 
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Therefore, the problem is not the same for both 
cases, and the impact on the performance is not 
the same.

 ● In the case of variable packets, the main 
problem to solve will be the management of 
the voids in the ring so that the last ring access 
node in cascade is not blocked.

 ● In the case of fixed packets, the main problem 
to solve is the choice of the good packet size 
to be compatible with the incoming traffic 
profile.

Therefore, concerning the performance, the vari-
able packet format exhibits a poorer performance 
compared to the fixed packet. This is the reason 
why the concatenated approach is probably the 
optimum solution, providing performance and 
reliability (packet rhythm present in the ring to 
ease monitoring aspects).

3.5  OPPORTUNITIES FOR THE 
BACKBONE

3.5.1  Introduction scenario

In this part, the objective is to draw a progressive 
introduction of optical switching techniques for 
the backbone. For the short term, a cross-connect 
interconnected to a router could be envisaged 
to reach high-throughputs and high throughput 
routers. Both approaches are of prime importance 
because they correspond to two reality cases and 
two classes of products required to cover different 
network specificity. As a medium-term approach, 
we will present a multiservice Opto/Electro/Opto 

(O/E/O) network concept based on new features. 
Finally, we will describe how an all-optical packet 
switching network could become a reality in the 
longer term because of attractive features.

Short-term introduction: smart router (router + 
cross-connect) versus multi-terabit class routers/
switches.

3.5.1.1  WHERE SMART ROUTERS AND 
WHERE HIGH-THROUGHPUT 
ROUTERS?

Smart routers are required for the dorsal net-
work and where the aggregation is forced by the 
poor connectivity of the nodes and by the huge 
amount of traffic that must be transported. This 
type of product is particularly interesting when 
the traffic matrix is stable enough to make semi-
permanent connections realistic and efficient. 
This is particularly the case in the United States 
when connections have to be established between 
states. The router is mandatory to collect the traf-
fic coming from regional networks or national 
networks.

High-throughput routers are required when 
it is not possible to process a part of the traffic 
with semi-permanent connections through opti-
cal cross-connects. It can be the case for metro 
core networks, where the dynamicity of the traffic 
could require a transfer mode at the packet level 
to increase the network efficiency while optimizing 
the resource cost.

3.5.1.1.1  Smart router
Figure 3.11 shows the global structure of a smart 
router. The router collects the traffic at the packet 
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granularity. Packets are put into queues and are 
sent on a specific wavelength. The optical cross-
connect has to manage high throughputs. The 
structure can be based on a MEM technology. 
The approach is very interesting when the traffic 
is strong enough to open large pipes, thus enabling 
the establishment of a waveband. The cross- 
connection at a waveband level is the best guar-
antee of simplicity and reliability without creating 
breakthrough between the transmission system 
and the switching cross-connect.

3.5.1.1.2  High-throughput routers
Figure 3.12a shows the generic structure of a high-
throughput router (multi-terabit-class router) 
exploiting an optical core in its center part, whereas 
Figure 3.12b and c shows a prototype realized and 
the bit error ratio (BER) curve. The optical matrix 
is basically a fast space switch, creating connec-
tions at the packet level. The burst card is respon-
sible for the packet format adaptation, whereas the 
line card is used to manage the incoming traffic. 
Buffers are at the input and the output of the opti-
cal matrix, and in the burst and line cards. An 
internal speedup can be exploited to guarantee the 
full functionality even in the case of failure of one 
of the switching planes. This approach is currently 
adopted by many constructors.

Both approaches are really important and dem-
onstrate the potential of optical switching for basic 
functions, mainly focused on space switching: 
slow or fast.

3.5.1.2  MEDIUM-TERM APPROACH: 
NETWORK CONCEPT BASED ON 
O/E/O NODES

In the previous cases, solutions are based on a 
traffic profile assumption, which enables the cir-
cuit switching technique for long-haul networks 
or enables the packet technique for small-scale 
backbones. However, the problem will occur when 
the application bit rate is increased together with 
the variance. This can rapidly happen if merging 
low bandwidth connections coming from mobile 
phones and high bandwidth coming from more 
and more powerful PCs reinforced by an optical 
connection giving access to very high bit rates per 
user. In this particular case, the variance can be 
increased leading to huge problems for efficient 
aggregation and forcing the telecommunications 
companies to think differently toward an optical 
packet platform for the backbone.

This means that, due to the traffic profile 
 evolution, the packet will be used extensively. 
And the key question could be as follows: how to 
realize an efficient network capable of handling 
the required capacity while providing a manda-
tory flexibility?

3.5.1.2.1  The generic approach
In the network concept, we mainly exploit the 
edges to prepare the traffic in such a way that the 
traffic constraints inside the core of the network 
are relaxed. This means that all the complex func-
tions are located in the edges such as aggregation, 
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Figure 3.11 Smart router schematic.
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switching per destination, classification, packeti-
zation, traffic shaping, load balancing, and admis-
sion control. The traffic profile, having a better 
shape, is then sent to the network. The core nodes 
will be responsible for the synchronization, the 
contention resolution, and the switching. In this 
case, the packet being created in the edges only 
simplifies the structure of the core router.

3.5.1.2.2  What type of packet format?
As a first introduction, and if possible, it can be 
envisaged to introduce an existing packet format. 
The G709 framing is currently being investigated 

to identify the potential of the concept, but other 
packet formats could be considered.

For a second introduction, it seems clear that 
a more smaller packet size is required to relax the 
problems of aggregation. This also imposes a stan-
dard on a packet that does not exist today.

It must be noted that some universities and labo-
ratories are currently studying the possibility of 
managing variable packets called bursts. The advan-
tage of this approach is that the edge part is simpli-
fied in its functionality, but the core nodes are more 
complex to control, and the overall performance is 
affected by a highly sporadic traffic profile.
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3.5.1.2.3  Structure of the core node
The core node is strongly simplified with respect 
to the first approach because all the complex func-
tions are located in the edge nodes.

Figure 3.13 describes a representative structure 
of such a core router.

It can be noticed that the particularity of this 
architecture is to have synchronization stages and 
memory stages before and after the optical matrix 
in the core of the high-throughput routers. This 
optical matrix has been introduced in the first 
introduction scenario, so the step is quite easy to 
cross. The challenge is greater at the management 
level than at the node level.

3.5.1.3  LONG-TERM SOLUTION: ALL-
OPTICAL NETWORK

In the previous scenario, we still needed a lot of 
costly O/E conversion. One key question is as fol-
lows: can we efficiently reduce the number of O/E 
conversion stages in the core routers?

For this, we need to solve three key problems:

 ● The synchronization (to realign the packets 
before the switching)

 ● The regeneration (to enable the cascade of 
several optical core nodes).

 ● The contention resolution (to be able to offer 
the required packet loss rate and delay with 
respect to the Class of Services requirements)

3.5.1.3.1  Synchronization stage
In electronics, we have bit memories making the 
synchronization process very simple. The informa-
tion is stored at the distant clock rhythm, and it 
is extracted at the local clock rhythm. However, 
the structure is quite complex because the process 
is done at low bit rate, thus imposing one stage of 
WDM demultiplexing and one stage of bit rate 
demultiplexing.

As in optics, we do not have bit memories, 
and therefore, it is important to think differently. 
By imposing in the packet format a sufficiently 
large guard band, we simply need to preserve the 
phase between consecutive packets in order not to 
have collisions. This means that we need simple 
synchronization structures capable of having a 
resolution so as to avoid the problem mentioned. 
Typically, the resolution that can be handled is in 
the range of few nanoseconds. It is exactly what we 
will adopt for the synchronization.

3.5.1.3.2  What kind of problem we need 
to face?

The first problem is the thermal effect in the fiber 
modifying the index and creating variable delays 
during the propagation of data depending on 
the average temperature of the fiber. This means 
that all the WDM multiplexes will be affected. 
A WDM structure could bring a solution to this 
problem.
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The second problem is that we do not have con-
trol of the time jitter created in any optical switch-
ing fabric. This packet jitter can be a blocking point 
in the cascade of several nodes. We need to control 
the packet jitter packet per packet, which indicates 
that the control must be done at the wavelength 
level but not at the WDM level.

Therefore, in summary, we can easily solve 
the problem of the synchronization by using one 
or two stages and combining a processing at the 
WDM level and a processing at the wavelength 
level. In both cases, we operate at the line bit rate. 
The gain is in the simplicity of the synchronization 
process and in the complexity of the structure, 
making this synchronizer reliable.

3.5.1.3.3  Regeneration stage
The regeneration stage is mandatory if we want to 
exploit the maximum throughput of the optical 
switching matrix. The regeneration separates the 
two systems: the transmission and the switching 
in order to lead to a maximum throughput for the 
nodes. It is also the only way to cascade nodes when 
the line bit rate is high. Once again, as the process-
ing is done at the line bit rate level, the structure of 
the optical regenerator is really simple, being a guar-
antee of simplicity and robustness.

3.5.1.3.4  Contention resolution
The contention resolution is still an issue in optical 
architectures because we do not have any efficient 
optical memory. To solve the problem, we will 
exploit the WDM dimension and more particularly 
the statistical multiplexing over the different avail-
able wavelengths. Therefore, the technique adopted 
is to avoid collision by reaffecting the wavelength 
to the packet at the output of the switching fab-
ric. As the number of wavelengths per fiber can be 
limited, a recirculation buffer is then mandatory 
to solve the contention properly. By combining 
both techniques, the performance can easily reach 
the performance of a classical electronic switch 
but offering here all the switching capacity in one 
unique stage.

3.5.1.3.5  Optical matrix adapted to 
optical interfaces

If photodiodes have very low sensitivity, it is not the 
case when introducing all-optical interfaces. 

Therefore, the optical switching fabric must be 
adapted to these optical interfaces by providing the 
required power. Once again, different  techniques 
can be proposed to achieve this goal.

3.5.1.3.6  Generic structure of optical 
core nodes exploiting optical 
techniques

A generic structure for an all-optical packet core 
is described in Figure 3.14. The particularity of 
this architecture is that there is no O/E conver-
sion except for the electronic control and the 
memory, making this architecture cost-effective. 
Based on the previous concept, this architecture 
is simply an evolution of the core node exploit-
ing optical functions for a better efficiency, 
and a potential line bit rate increases at a lower 
cost. This approach is fully compatible with 
future point-to-point transmission systems at 
40 Gbit s−1.

3.5.2  Required technology available 
technology

For the short- and medium-term approaches, we 
need the following:

 ● An optical technology for space switching
 ● For optical cross-connects, the MEM 

technology is probably the most promising 
technology.

 ● For fast optical matrix, we need the 
following:
– For the optical matrix itself: free space-

like technologies (Chiaro-like), tunable 
source-based technologies (Lucent), 
and SOA-based technologies (NEC, 
Alcatel, etc.).

– For the receivers (still in the labora-
tory): packet mode receivers capable of 
being fully transparent to the packet 
phase and capable of absorbing packet 
power variations arriving at the packet 
rhythm. Several companies have pro-
posed such a kind of receiver: Lucent, 
NTT, NEC, Alcatel, etc.

– Burst cards (still in the laboratory): fully 
electronic adaptation interfaces for the 
packet format used inside the fabric.
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3.5.2.1  ADVANCED TECHNOLOGY

To realize compact systems, there is first a need for 
an integrated technology.

To realize the key sub-blocks presented previ-
ously, we need the following:

 ● For the fast optical switching matrix: compact 
tunable lasers, SOA gate arrays, and integrated 
wavelength selectors

 ● For the optical regenerators: integrated Mach–
Zehnder, self-pulsating lasers, etc.

 ● For optical synchronization: optical gates

3.5.3  Technological feasibility 
viability of advanced sub-
blocks and feasibility issues

3.5.3.1  OPTICAL MATRIX

In the case of opto-electronic interfaces, the fast 
optical switching matrix (introduction scenario 
for the short and medium terms), the constraints 
are quite relaxed because the sensitivity of the 
receivers allows the design of switches with small 
output powers. Typically, reception powers as 
low as −10 dBm can be considered at the output 
of the switching fabrics. This also means that the 
amplification is limited in the core of the switch, 

leading to very compact and less power-consum-
ing architectures.

One typical matrix is the SOA-based matrix, 
requiring simply an amplification stage before the 
splitting stage is the broadcast-and-select archi-
tecture. Another one is using tunable lasers and 
a wavelength router in the center. Both are repre-
sented in Figure 3.15.

The first architecture (Figure 3.15a) takes advan-
tage of broadcasting functionalities and exploits 
robust devices such as ILMS or SOAs. However, 
it is limited in capacity, mainly due to large losses 
that have to be compensated by amplification. 
The optical signal to noise ratio (OSNR) affected 
mainly limits the capacity.

The second architecture (Figure 3.15b) has a pri-
ori a larger potential in terms of capacity because 
the architecture simply includes a tunable source 
and a passive wavelength router. However, this 
architecture is not adapted to the broadcast of the 
packets, and the fast tunable laser is probably the 
most challenging switching element.

In the perspective of the long-term scenario, 
with optical interfaces, the constraint comes from 
the output power that must be high enough to be 
compatible with optical interfaces. In addition, the 
polarization is responsible for problems in the opti-
cal regenerative structures, it is then fundamental 
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to transform a switched packet stream into a packet 
stream in a transmission-like configuration. This 
is the reason why an optical conversion is manda-
tory in the switching matrix.

Figure 3.16 shows an optical matrix based on a 
SOA technology but including a new element: the 
wavelength selection/conversion stage, as it is stud-
ied in the frame of the 1ST DAVID project.
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3.5.3.2  SOA TECHNOLOGY FEASIBILITY

The SOAs have been used in different system appli-
cations for amplification but also for wavelength 
conversions or for optical gating. To realize large 
systems as described previously, there is a need 
for a large amount of components. In this case, 
the integration is then mandatory to make such 
a matrix very compact. OPTO+ has designed and 
realized 32 SOA gate array modules. The module 
shown in Figure 3.17 includes 32 SOAs and their 
respective drivers. It has been used to realize a 640 
Gbit s−1 switching matrix.

3.5.3.3  TUNABLE SOURCE FEASIBILITY

The tunable source is a key component for many 
system applications.

In the case of slow switching, we can identify 
the tunable wavelength conversion to provide the 
required flexibility to achieve a best utilization 
of the wavelengths in a network. Another evi-
dent application is the replacement of ILMs with 
tunable sources. The advantage is mainly in the 
spare cost: instead of duplicating all the sources, 
the objective is to have only one source capable of 
emitting at any wavelength of the comb exploited 
in the WDM system. Finally, another application 
is the monitoring of optical switching systems. 
In this particular case, we need a compact struc-
ture capable of testing the different wavelengths 
and paths of a switching system. To be compatible 
with the system constraints, the requirements are 
switching times in the range of milliseconds or 
more (for monitoring or for sources), large tunabil-
ity, high output power, and good extinction ratio.

In the case of fast switching, the main appli-
cations are for the metro and the backbone. 

The tunability is fundamental in providing the 
required flexibility to exploit the WDM dimension 
in optical packet switching network concepts. The 
requirements are fast switching time in the range 
of a few nanoseconds, small tunability (four or 
eight channels), high output power, good extinc-
tion ratio, and high ON/OFF to guarantee no 
impact of the cross talk on the signal quality.

For slow structures, a DBR laser has been tested 
by different laboratories, and feasibility is not an 
issue.

For fast structures, the main problem is the sta-
bility of the wavelength. DBR can be considered 
if the tunability is small. These components have 
been demonstrated to be feasible, with switching 
times in the range of a few tens of nanoseconds. 
Another alternative is the selective source. Based 
on the cascade of a laser array, a SOA gate array, 
a phasar, and an integrated modulator, this struc-
ture has been demonstrated to be feasible.

3.5.3.4  OPTICAL SYNCHRONIZATION

The optical synchronization is probably the most 
challenging function. The objective is to process 
the signal, if possible, in the WDM regime or at 
the wavelength level. The second important point 
is probably the lack of digital memory that forces 
designers to think differently. In that context, the 
synchronization cannot be done at the bit level. We 
assume that the synchronization can be efficient in 
a resolution of a few nanoseconds. When we have 
said that the other point is to identify the source of 
desynchronization with respect to a reference clock.

The first source of loss of synchronization is 
the thermal effect in the transmission fiber. With 
a value between 40 and 200 ps km−1, depending on 
the mechanical protection scheme adopted for the 
fiber, thermal effects can dramatically affect the 
phase of the packet streams. The WDM dimension 
can be advantageously exploited to make the syn-
chronization stage compact and low cost.

The second source is the loss of synchronization 
in switching fabrics due to a nonideal path equal-
ization. This occurs at the packet level, imposing a 
synchronization at the wavelength level.

The structure adopted is shown in Figure 3.18.

3.5.3.5  OPTICAL REGENERATION

The optical regeneration is one of the fundamental 
functions to make the approach realistic. To build 
all-optical networks while having optical switches 

Figure 3.17 A 32 SOA gate-array module.
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capable of handling terabits/second throughputs, 
the optical regeneration is then mandatory at the 
periphery of switching architectures. The main 
functions are the total reshaping of the pulses 
in the amplitude and in the time domains. To 
achieve this reshaping, several techniques can be 
adopted. We will retain one, particularly adapted 
to the characteristic of switching fabrics creating 
strong impairments between pulses or between the 
groups of pulses. The technique adopted is a total 
reshuffle of the pulses adopting nonlinear elements 
such as Mach–Zehnder or Michelson structures.

The main distortions identified are the follow-
ing: bits affected at the periphery of packets due 
to the switching regime, nonlinear effects such 

as cross-gain modulation and four-wave mixing, 
cross talk (in-band and out-of-band), patterning 
effects by crossing active devices, noise accumula-
tion, and jitter accumulation.

To overcome these effects, a structure has been 
proposed in the frame of the DAVID project. This 
structure, presented in Figure 3.19, has the follow-
ing characteristics: by using a cascade of two non-
linear elements, the convoluted function creates a 
much more nonlinear transfer function, thus lim-
iting the noise transferred in the first cascade. This 
has an important impact on the OSNR specifica-
tion, which can be close to the back-to-back value 
(before the first stage) even in the case of a large 
number of cascades.
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To really reshuffle the pulses, different tech-
niques will be adopted. We can retain an amplitude 
and a phase modulation creating an amplitude 
modulation in interferometric structures to really 
enhance the extinction ratio and remove the noise. 
The second technique adopted is a sampling tech-
nique of each pulse with a clock to remove the jit-
ter. The wavelength conversion technique will then 
be preferred to reallocate the wavelength in the 
correct wavelength comb of the new system.

3.5.3.6  FEASIBILITY OF NETWORK 
CONCEPTS

The feasibility of the approach was demonstrated 
for the first time in 1998, at the end of the ACTS 
KEOPS project.

In this project, we have cascaded 40 network 
sessions error free at 10 Gbit s−1 per wavelength 
demonstrating for the first time the possibility of 
building an all-optical network at a backbone scale.

Figure 3.20 gives the network session tested and 
put in a loop to demonstrate the concept.

3.5.4  Performance expected

The performance is probably one of the most 
important indicators for the feasibility of such con-
cepts. When the physical aspects are verified, the 
challenge becomes the performance in a real traffic 
environment.

3.5.4.1  ENVIRONMENT AND SPECIFICITY OF 
THE BACKBONE

If, in the metro, the capacity is limited, in the back-
bone this is the major characteristic. To provide 
the capacity with a technology limited today to 10 
Gbit s−1, the only solution is in the exploitation of 
the WDM dimension.

Therefore, the WDM dimension will be fully 
exploited to provide the required capacity but also 
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to avoid collisions due to the natural statistical 
multiplexing of packets on the wavelengths.

The second particularity is the aggregation. 
Depending on the traffic profile, circuit switching 
or packet switching will be preferred.

3.5.4.2  CIRCUIT SWITCHING TECHNIQUES 
FOR AN IMMEDIATE INTRODUCTION

Circuit switching techniques can be envisaged in 
the first scenario as a transport layer to provide the 
capacity of transport.

To be compatible with a DATA traffic, the cou-
pling of a cross-connect with a packet router is, 
even today, the more pragmatic approach. This is a 
subject of strong interest for products that are used 
at present.

However, this solution is not really cost-effec-
tive because only two alternatives can be adopted:

 ● All the wavelengths are connected to the packet 
router, and in this case, the number of TX/RX 
dramatically increases the cost per port.

 ● Only a part of the wavelength is connected to 
the packet router, and in this case, the traffic 
matrix needs to be very stable. The determin-
istic approach for the number of connections 
becomes nonrealistic when the traffic profile 
becomes highly statistical.

3.5.4.3  OPTICAL PACKET SWITCHING 
TECHNIQUES TO COPE WITH A 
TRAFFIC PROFILE EVOLUTION

In this case, what could be the benefit of the con-
cept proposed?

 ● The packetization at the edge level with an opti-
mized size can reduce the latency in the creation 
of the packets. A second technique to acceler-
ate the filling ratio is in the upgrade of the best 
effort in a premium class of service. Therefore, 
the advantage of this solution is that latency can 
be controlled to reduce the latency in the rest of 
the network. Calculations show that there is a 
global benefit in terms of end-to-end latency.

 ● The exploitation of the WDM dimension once 
again reduces the latency. The packets cross 
the architecture, and they see only a transmis-
sion path, even if it is switched. No buffers are 
crossed so the resultant latency is minimum.

Figure 3.21 shows a table summarizing the per-
formance in terms of packet loss rate established 

in the frame of the Reseau Optique Multiservice 
(ROM) project. It appears that on the three class of 
services considered, the end-to-end performance 
can be obtained. From dimensioning issues, it 
appears that for the WAN, a sum of 30% for Class 
of Service 1 (CoS 1) and CoS 2, and a best effort 
(BE) lower than 80% is tolerated.

This demonstrates the viability of an all-optical 
concept and as a consequence the viability of the 
opto-electronic scenario.

3.6  INTRODUCTION ON THE 
MARKET: CRITERIA

3.6.1  Criteria of selection for a new 
technology

To select a technology to task is not easy, but we 
can draw some conclusions:

 ● Bit rate evolution at the user part creating a 
convergence of the bit rate in all the layers of 
the network and forcing a transfer of the traffic 
profile even in the backbone. This will create 
a need for high-flexible networks to cope with 
a traffic profile and not with a traffic matrix. 
Packet technique is today the only pragmatic 
solution with a coexistence of circuit switching 
techniques.

 ● The key bit rate is 10 Gbit s−1. All the com-
panies are focusing on 10 Gbit s−1 that will 
develop a volume to make this technology 
compact and cost-effective. This also reinforces 
the packet technique because the bit rate is now 
totally independent of the physical bit rate; the 
granularity is offered by the packet size and not 
by the bit rate of the wavelength.

 ● If a circuit switching technique is adopted 
today, it must be compatible with a migration 
toward packet switching.
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3.6.2  Cost approach

For the cost approach, everything will depend on 
the aggregation efficiency. In the following, we have 
computed the relative cost of different approaches, 
comparing mainly packet switching and circuit 
switching.

3.6.2.1  METRO PART

If the average load of a wavelength is high enough, 
due to an efficient aggregation process, then circuit 
switching is probably viable. However, if the load 
is low, below 20%, even if the cost of switches are 
more expensive, the gain in statistical multiplexing 
creates a real opportunity for packet techniques 
making them less expensive than circuit switching 
techniques.

The main reason for this gain is probably the 
high cost of the wavelength due to expensive infra-
structure costs, pushing all telecommunications 
companies to prefer an increase of the bit rate rather 
than an exploitation of the WDM dimension.

Therefore, the tendency is probably packet tech-
niques to decorrelate the bit rate from the granu-
larity of switching and high-bit rates to adopt 
the most cheap technology while providing the 
required capacity.

Figure 3.22 shows the areas where optical packet 
switching is better than circuit switching.

From the figure, the numbers 2, 4, 6, and 8 indi-
cate the ratio in terms of cost per port (wavelength) 
between an optical packet switch and a cross-con-
nect targeting the same size (256 × 256) and the 
same technology.

The load of a wavelength is the average load.

The ratio on the horizontal axis is a ratio between 
the wavelength transmission cost (including the 
installation costs) and the cross-connect port.

For example, if the ratio between the cost of a 
wavelength in the transmission system and the cost 
of a cross-connect port is equal to 1 (red bar), opti-
cal packet switching techniques are interesting:

 ● 2: always, whatever the load is
 ● 4: if the average load of a wavelength in circuit 

switching is lower than 33%
 ● 6: if the average load of a wavelength in circuit 

switching is lower than 20%
 ● 8: if the average load of a wavelength in circuit 

switching is lower than 13%

Therefore, the tendency is the following: If the cost 
of a wavelength in a transmission system is high 
(the case of the metro where the installation cost is 
not negligible), or if the aggregation is not efficient 
enough forcing an average load very low (this is a 
serious tendency with the increase of the applica-
tion bit rate and the sporadicity of the traffic pro-
file), packet switching techniques always exhibit a 
better performance than circuit switching.

3.6.2.2  BACKBONE PART

As an example, we have computed, for two levels 
of aggregation, the load of a network with respect 
to the distance of the network (for the access to 
the backbone). It appears that in major cases, if 
the aggregation process is not enough, even in the 
backbone, the packet switching technique is the 
cost-effective solution.

Figure 3.23 shows the importance of packet 
switching techniques, also for the backbone. 
This is one of several curves that could be drawn. 
However, it once again shows a tendency.

The grooming or the aggregation efficiency 
depends on the traffic profile in large part. 
Therefore, we plot two indicative curves:

 ● One curve exhibits an efficient aggregation 
(a realistic case is when the constant bit rate 
(CBR) is higher than VBR or when the number 
of connection points is high to facilitate the 
grooming process).

 ● The other curve exhibits a less efficient aggre-
gation (a realistic case is when the variable bit 
rate (VBR) becomes dominant). In that case, 
we cannot have a stable traffic matrix, and we 
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are addressing a sporadic traffic profile (a real-
istic case if we have a bit rate convergence from 
the access to the backbone).

The vertical axis indicates that the required average 
load of a wavelength is cost-effective. The horizon-
tal axis indicates the average distance of a trans-
mission system with respect to an average network 
session representative of the network considered. 
Therefore, the WAN starts for transmissions higher 
than 100 km. The calculations show the impor-
tance of the time multiplexing. If the distance is 
long, there are a large number of clients sharing 
the same network infrastructure. Therefore, the 
cost per client is reduced. In addition, the cost of 
the installation of a wavelength is considered lower 
than that of the metro. The reason is that in the 
WAN, natural infrastructures are exploited to 
reduce the installation costs (such as highways or 
railways). If we are under the curve in bold, there 
is an advantage of introducing packet switching 
techniques. The grooming tendency gives values 
for the required load in circuit switching.

For example, in the case of a good grooming effi-
ciency, if the average distance of propagation of a rep-
resentative network session is lower than 300 km, you 
will have a cost gain by exploiting packet techniques. 
In the case of a low grooming efficiency, packet 
switching techniques are always more efficient.

3.7  CONCLUSIONS

In this chapter, we have suggested the optical 
switching technique as a potential technique 
for the next generation of systems or networks. 

However, more importantly, an evolution scenario 
is given for the metro part and the backbone part 
describing what could be the most promising solu-
tions. Optical packet switching techniques appear 
very attractive because they really offer a solution 
compliant with the traffic constraints.

Circuit switching techniques will be introduced 
as a first step, but we must not forget optical packet 
switching techniques that will improve the band-
width utilization.

We have seen that there is no problem building 
any of the network concepts proposed, because all 
the functions have already been demonstrated to 
be feasible. The solution is now in the availability 
of the technology and in the cost. The progress on 
this integrated/low-cost optical technology will 
be fundamental for the future systems and could 
really provide new advantages with respect to clas-
sical solutions exploiting electronics only.

Today, we can imagine two scenarios:
The first one will consist of the introduction of a 

circuit switching platform to give a concrete answer 
to an immediate need at a lower cost. Circuit 
switching is probably the best today. However, we 
cannot forget the evolution of the traffic profile to 
increase the bit rate at the access part. Therefore, 
the migration scenario is an important argument 
to propose solutions that can be rapidly adapted to 
packet switching techniques with the best flexibil-
ity and upgradability.

The second scenario is in the adoption of packet 
switching techniques such as RPR for the metro or 
routers for the backbone. And we then need to think 
about competitive solutions with serious added val-
ues to justify the introduction of optical techniques 
in the network. Optical packet switching is probably 
one technique that can emerge. In the metro part, 
the benefit is mainly in the exploitation of the WDM 
dimension and in the very simple in-line processing 
(without any buffer) to reduce the latency and the 
number of Transceiver (TRX). In the backbone part, 
the benefit is probably in the adoption of large pack-
ets assimilated to containers in order to be able to 
exploit techniques to reshape and manage the traffic 
profile in the edge nodes and WDM techniques to 
reduce mainly the latency without constraining the 
capacity expansion in the core nodes.

However, to build subsystems, there is also a 
need for an advanced technology. Without any 
advanced technology such as tunable sources or 
tunable filters, there will be no chance to provide 
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the functionality required to be really competitive 
on other aspects. Therefore, the development of 
this new technology (components and systems) is 
then fundamental and will position a constructor 
of equipment as a leader in the future market.
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4.1  THE CAMERA TUBE AND 
CAMERA

4.1.1  Introduction

The history of photoconductive camera tubes using 
the internal photoelectric effect began in 1950 with 
the Vidicon camera tube [1]. A photoconductive 
camera tube performs both photoelectric con-
version and signal storage on a photoconductive 
target, which is a vapor-deposited film of Sb2S3 in 
Vidicon tubes. Although the Vidicon tube boasts a 
simple, small, and lightweight structure compared 
with the Image Orthicon tube that used the exter-
nal photoelectric effect, it also suffers from several 
weak points such as large lag and dark current. 
The Vidicon, as a result, has not found much use in 
broadcasting-type television cameras that require 
high levels of picture quality. These weak points 
stem from the fact that excited carriers are easily 
trapped in Sb2S3-deposited film and that charge is 
injected into the target from external electrodes 
(injection-type target). However, the Plumbicon 
camera tube announced in 1963 features a target 
formed by a PbO film with a p–i–n structure that 
blocks the injection of charge from external elec-
trodes (blocking-type target) [2]. With this type 
of target, the Plumbicon became the first photo-
conductive camera tube to feature low lag and low 
dark current among other superior features. In the 
1970s, the Plumbicon rode the wave of change to 
color television broadcast facilities and became the 
leading tube for broadcast-class color television 
cameras replacing the Image Orthicon tube that 
used the external photoelectric effect. The research 
and development of photoconductive camera tubes 
was quite active. The 1970s, for example, saw the 
back-to-back development and commercialization 
of various blocking-type photoconductive cam-
era tubes, including the Chalnicon using CdSe, 
CdSeO3, and As2S3 as targets [3] and the Saticon 
using Se–As–Te [4,5].

In the 1990s, the solid-state imaging device such 
as the charge-coupled device (CCD) became the 
mainstream image sensor even for cameras used 
in the field of HDTV broadcasting. There is still a 
demand, though, for the camera tube, which was 
once the predominant type of image sensor in the 
form of the Plumbicon, Saticon, etc., for purposes 
of camera maintenance. As a consequence, mod-
ern camera tubes normally employ past technology. 

An exception, however, is the high-gain avalanche 
rushing amorphous photoconductor (HARP) 
camera tube developed by the Japan Broadcasting 
Corporation (NHK) and Hitachi, Ltd, whose novel 
technology has become the focus of attention [6]. 
This camera tube achieves a level of sensitivity higher 
than that of CCDs and conventional pickup tubes 
by converting light to an electric signal in a photo-
conductive target and simultaneously amplifying 
that signal by an avalanche multiplication effect. It 
features higher quality pictures than past ultrahigh-
sensitivity image sensors using image intensifiers. 
The HARP camera tube can be used in high-defini-
tion (HD) cameras and for a wide range of applica-
tions, including scientific and medical fields.

Section 4.1.2 describes the mechanism of the 
photoconductive camera tube covering past types 
and the ultrahigh-sensitivity HARP tube based on 
a new operating principle.

4.1.2  Basic configuration and 
operating principle of 
camera tubes

Camera tubes come in two main types: an image 
camera tube that uses an external photoelectric 
(photoemission) effect and a photoconductive 
camera tube that uses the photoconducting effect, 
a type of internal photoelectric effect. For the 
image camera tube, a typical example is the Image 
Orthicon developed during the monochrome 
television age. For photoconductive pickup tubes, 
there is the Vidicon, which can be called the 
original tube of this type, and tubes such as the 
Plumbicon and Saticon that played a great role 
in improving the performance of broadcast color 
cameras and achieving handheld video cameras. 
The HARP camera tube to be described here is also 
a photoconductive pickup tube.

The basic configuration of the photoconduc-
tive camera tube is shown in Figure 4.1. The tube 
consists of a photoconductive target that performs 
photoelectric conversion and charge storage, and a 
scanning electron beam system for reading stored 
charge. The operation of this tube is described later.

Referring to Figure 4.2, light incident on the 
target generates electron–hole pairs in the film 
(using, for example, a blocking-type target as 
described later). Here, for an ordinary pickup tube, 
the scanning electron beam irradiates the target at 
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low velocity, and voltage is applied in such a way 
that the signal–electrode side takes on a positive 
potential with respect to the scanning surface. 
This causes electrons to move toward the transpar-
ent signal electrode and holes to move toward the 
target’s scanning surface. The material used for the 
target’s photoconductive film, however, generally 
has a high value of resistance with resistivity at 1012 
Ω cm, and these charges accumulate at both ends 
of the target as a result. Meanwhile, the scanning 
electron beam system works to focus and deflect 
the electron beam emitted from the electron gun 
so as to make it incident on the target at low veloc-
ity (low-velocity beam landing). This causes stored 
holes to recombine and disappear and an equiva-
lent amount of signal current to flow from the 
transparent signal electrode.

We can make this operation even easier to 
understand by focusing on a single pixel and using 
the equivalent circuit shown in Figure 4.3 consist-
ing of resistors, a capacitor, and other elements. 
In the figure, the symbols r and C correspond to 
the resistor and capacitor making up the pixel. 
Here, the value of resistor r changes according to 

the intensity of the incident light. In addition, Rb 
denotes the equivalent resistance of the scanning 
electron beam, S the scanning switch, RL the load 
resistance provided externally, and Et the power 
supply for applying voltage to the target. The arrival 
of the scanning electron beam on a certain pixel 
corresponds to the closing of switch S at which 
time C charges via Rb. Conversely, departure of the 
beam from that pixel corresponds to the opening 
of switch S at which time the charge accumulated 
in C discharges via r. The discharge period is deter-
mined by the number of frames per second and is 
1/30 s (one frame’s worth) in principle in the NTSC 
system. In actual camera tubes, however, the beam 
is broad compared to the scanning line interval and 
beam scanning overlaps the odd and even fields. 
As a consequence, the discharge period becomes 
1/60 s, or one field’s worth, despite interlaced scan-
ning. Because the value of r changes according to 
the intensity of incident light, the amount of dis-
charge is large for a bright subject and small for 
a dark one. This means that the charging current 
flowing to C from the power supply when S is closed 
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is equivalent to the current, i.e., signal current, 
modulated by the brightness of the subject.

4.1.2.1  TYPES OF SCANNING ELECTRON 
BEAM SYSTEMS AND THEIR 
FEATURES

The scanning electron beam system of the cam-
era tube described here is classified in terms of 
electric-field/magnetic-field combinations used 
for focusing and deflecting the beam. There are 
the electromagnetic-focusing/electromagnetic-
deflection (MM) type, the electrostatic-focusing/ 
electromagnetic-deflection (SM) type, the 
electromagnetic-focusing/electrostatic-deflection 
(MS) type, and the electrostatic-focusing/electro-
static-deflection (SS) type as shown in Figure 4.4, 
respectively. Of these, the MS type features high 
resolution up to the corners of the screen in prin-
ciple. The SS type, moreover, requires no coil for 
focusing and deflection and can therefore achieve a 
compact, light, and low-power configuration.

4.1.2.2  INJECTION AND BLOCKING TYPES 
OF TARGETS

Targets can be divided into injection type and 
blocking type. The structure of the injection-type 
target is such that charge comes to be injected into 
the photoconductive film from both the signal-
electrode side and electron-beam-scanning side 

or from either one of these sides. As a result, an 
amplification effect called “injection amplification” 
occurs within the target and high sensitivity with a 
quantum efficiency of 1 or greater can be obtained. 
(Quantum efficiency is defined here as the num-
ber of output electrons per number of unit incident 
photons in the target; it is denoted as η.) This injec-
tion amplification effect is described here using the 
target shown in Figure 4.5 in which electrons are 
injected from the beam scanning side. Now, one 
hole created by one incident photon will come to 
be stored on the beam scanning side as shown in 
the figure. Then, when the scanning electron beam 
comes to read this hole, the hole will not immedi-
ately recombine with an electron but will instead 
have to wait until N electrons are first injected into 
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the target until it can recombine with the (N + 1)
th electron. This means that N + 1 electrons flow 
out of the target from the signal electrode. In 
other words, this operation provides an amplifica-
tion effect with a gain of N + 1 in which electrons 
greater than the number of incident photons can 
be read out to an external circuit. Before the inven-
tion of the HARP target, the injection-type target 
was researched as the only photoconductive target 
that could achieve high sensitivity of η > 1. This 
target, however, suffers from sharp increases in lag 
and dark currents under high-sensitivity opera-
tion and consequent drops in picture quality, and 
could not, as a result, be viewed as a new approach 
to camera tubes.

On the other hand, a blocking-type target has a 
structure in which both the signal–electrode side 
and electron-beam-scanning side block the injec-
tion of charge from the outside. As an example, 
Figure 4.6 shows a Saticon target whose main 
component is amorphous selenium (a-Se). Here, 
the injection of holes is blocked at the junction 
between the first layer consisting of Se + As (arse-
nic) film and the SnO2 (tin oxide) signal electrode 
and CeO2 (cerium oxide) film. The injection of elec-
trons, meanwhile, is blocked by the fifth layer con-
sisting of Sb2S3 (antimony trisulfide) on the beam 
scanning side. In addition, the second layer in the 
figure is a layer to increase sensitivity; layer 3 plays 
the role of conducting holes created in the first and 
second layers to the fourth layer; and the fourth 
layer acts to decrease storage capacitance in the 
target and reduce capacitive lag. A target such as 
this that blocks the injection of charge from exter-
nal electrodes means that increase in dark current 
will be small even for an increase in applied volt-
age. A sufficient electric field (1.25 × 107 Vm–1 in 

the Saticon) can therefore be given to the photo-
conductive film. As a result, most electron–hole 
pairs excited by incident light can be separated by 
a strong electric field to form a signal current, and 
a relatively high level of sensitivity can be obtained 
as a consequence. This kind of target also features 
little dark current and low lag. For the above rea-
sons, targets for recently developed photoconduc-
tive camera tubes have been of the blocking type 
for which high picture quality can be obtained. In a 
target of this type, however, a scanning-beam elec-
tron immediately recombines with a hole stored 
on the scanning side and subsequently disappears, 
as shown in Figure 4.2. To put it another way, the 
number of scanning-beam electrons landing on 
the target per one hole is simply one, which in turn 
means that no more electrons than the number of 
incident photons can, in principle, be read to the 
outside, i.e., the limit of sensitivity is η = 1. In the 
past, this was referred to as the sensitivity barrier 
in blocking-type targets.

4.1.3  Ultrahigh sensitivity 
photoconductive camera tube

The more sensitive imaging devices are, the bet-
ter they are able to produce clear pictures even 
in low lighting conditions. Consequently, achiev-
ing increased sensitivity has always been the 
most important theme throughout the more than 
80-year history of research into imaging devices, 
and even today it is a matter of fierce competition 
between researchers.

From the 1960s to the 1980s, NHK researched 
and developed a variety of high-sensitivity imag-
ing devices such as secondary electron conduction 
tubes and I-CCDs, which are made by combining 
image intensifiers with CCDs.

But because these conventional high sensitivity 
devices had problems associated with their picture 
quality, such as high noise levels and poor resolu-
tion, demand grew in the 1980s for the develop-
ment of imaging devices that combine high 
sensitivity with high picture quality. During this 
period, HDTV camera using camera tubes such as 
Saticon began to be used in practical applications. 
However, their sensitivity was still rather poor, and 
as reporting breaking news programs and science 
programs began to attach increasing importance 
to camera sensitivity even for standard TV broad-
casts, it became even more important to develop a 
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TV camera with high sensitivity and high picture 
quality, capable of producing clear images even 
from poorly lit subjects.

Consequently, from about 1980, NHK began a 
fresh study with the aim of realizing a high sen-
sitivity and high picture quality imaging device 
suitable for use in HDTV applications. This study 
focused on using the amplification effect of an a-Se 
to obtain a high level of sensitivity.

In 1985, it was found that when an a-Se target in 
the camera tube is operated in a strong electric field 
of about 108 Vm–1, continuous and stable avalanche 
amplification takes place, allowing high sensitiv-
ity to be obtained with little picture degradation. 
Based on this discovery, NHK and Hitachi, Ltd, 
went on to develop a new kind of imaging device 
called HARP camera tube, which has been studied 
to this day to achieve further increases in sensitiv-
ity and a wider range of applications.

HARP camera tubes, which have achieved sen-
sitivities roughly 100 times greater than CCDs, are 
used not only for standard TV broadcasts, but also 
in HDTV handheld cameras, and are used in the 
production of night-time news flashes and special 
programs such as imaging the aurora.

The following section summarizes the research 
conducted so far into HARP camera tubes and 
describes the features of ultrahigh sensitivity cam-
eras that use them.

4.1.4  The development of HARP 
camera tubes

4.1.4.1  THE INVESTIGATION OF HIGH 
SENSITIVITY AND HIGH PICTURE 
QUALITY IMAGING DEVICES

The basic technique employed in conventional 
high-sensitivity imaging devices involves direct-
ing the incident light toward a photocathode and 
accelerating the photoelectrons emitted from this 
surface with a large voltage inside a vacuum. For 
example, in the I-CCD mentioned earlier, these 
accelerated electrons impinge on a fluorescent 
surface where they form a bright picture that is 
imaged using a CCD. Using a photocathode has 
the advantage that a high level of sensitivity can 
be obtained quite easily, so it has also been devel-
oped in various other types of high-sensitivity 
imaging devices, such as the silicon intensifier 
target tube [7].

But conventional high-sensitivity imaging devices 
that use a photocathode also suffer from drawbacks, 
such as the following:

1. Because they use the external photoelectric 
effect for photoelectric conversion, it is difficult 
to increase their conversion efficiency to values 
close to 100%. A low conversion efficiency 
results in increased picture quality degradation 
due to shot noise.

2. Picture quality can also be degraded by other 
forms of noise that are characteristic to the 
device, such as ion feedback noise that arises 
from residual gases inside the tube.

3. It is difficult to achieve the high resolution 
needed for HDTV cameras with a compact 
imaging device.

To address these problems, NHK decided to work 
on developing high sensitivity and high image 
quality imaging devices that do not rely on the use 
of a photocathode and to investigate the possibility 
of achieving substantial increases in the sensitivity 
of the photoconductive target in Saticon tubes that 
were also used in HDTV cameras.

In the mid-1980s when this investigation got 
underway, the mainstream of imaging devices had 
started to shift from the camera tubes to solid-state 
devices (CCDs). Not only are CCDs compact, light-
weight, easy to use, and highly reliable, but it is also 
possible to suppress the noise from their internal 
amplifier circuits to a much lower level than can 
be achieved with the external amplifiers used with 
camera tubes. CCDs, therefore, seemed to have 
greater potential than camera tubes in terms of 
sensitivity.

Nevertheless, NHK decided to take a fresh 
look at photoconductive camera tubes because 
it was considered the targets in these camera 
tubes to have the best potential for meeting the 
conditions necessary for realizing the ultimate 
ultrahigh-sensitivity imaging device, i.e., the 
conditions for obtaining a high S/N ratio at the 
theoretical limit.

To achieve the ultimate ultrahigh-sensitivity 
imaging device, the following three conditions had 
to be met:

1. All of the incident photons must be guided to 
the photoelectric conversion part (100% fill 
factor).



4.1 The camera tube and camera 103

2. All the photons must be converted into 
electrons in the photoelectric conversion part 
(100% photoelectric conversion efficiency).

3. It must be possible to amplify the converted 
electronic signal without adding any noise.

A camera tube has a fill factor of 100% and thus 
satisfies condition (1). Also, because the target uses 
the internal photoelectric effect, it is also easier to 
increase the photoelectric conversion efficiency 
than in imaging devices based on the external pho-
toelectric effect, such as image devices using inten-
sifiers. In other words, it can also satisfy condition 
(2). Accordingly, if a way can be found to satisfy 
condition (3), then it will be possible to obtain 
imaging devices with unparalleled sensitivity and 
picture quality. To achieve this, it is first necessary 
to bring about some form of amplification within 
the target. Based on this reasoning, NHK began to 
research targets with in-built amplification capa-
bilities, as described later.

4.1.4.2  TARGET TYPES AND AMPLIFICATION 
EFFECTS

As described earlier, targets can be classified 
into two types: an injection type where electrical 
charge is injected into the film from outside and 
a blocking type where the injection of electrical 
charge is blocked. In the injection type, an ampli-
fication effect is obtained whereby the external 
circuitry extracts a greater number of electrons 
than the number of photons incident on the tar-
get. Although blocking types result in good picture 
quality with low lag and low dark current, it has 
not been possible to produce amplification effects 
in such targets. We, therefore, concentrated our 
studies on injection-type targets.

However—to cut a long story short—the HARP 
camera tube target is actually a blocking type, 
not an injection type. Injection-type targets suf-
fer from drawbacks such as a susceptibility to 
increased dark current and the amplification of 
lag by the same gain. However, the reason why we 
applied ourselves to the study of injection-type tar-
gets is because at that time there were thought to be 
no other ways of conferring amplification proper-
ties to the target.

Although NHK’s research initially focused on 
injection-type targets for these reasons, in 1985, 
an unusual experiment was conducted involv-
ing making a blocking-type target behave like an 

injection-type target by forcibly applying a large 
voltage. This led to the discovery of a phenom-
enon whereby the sensitivity is increased within 
the photoelectric conversion film in a manner that 
could not be explained in terms of charge injec-
tion. This was the starting point for the develop-
ment of the HARP camera tube. The experiment is 
described below.

4.1.4.3  EXPERIMENTAL DETAILS

At the time, NHK was working on an injection-
type target using a-Se, which can produce an 
amplification effect with a relatively weak electric 
field (5 × 106 Vm–1). A weak electric field reduces 
the efficiency with which photons are converted 
into electrons, and thus gives rise to problems such 
as increased shot noise.

It was deduced that this noise could be reduced 
by subjecting the target to a suitably strong electric 
field before injecting the charge, so the target was 
initially designed for an experiment to inject elec-
trons as shown in Figure 4.5 by forcibly applying 
a very high voltage to a blocking type target that 
has a structure in which the injection of charge is 
blocked. Figure 4.7 shows the structure of the pro-
totype target we produced for this experiment. The 
photoconductive film in this target is a 2-μm-thick 
a-Se film formed by vacuum deposition (vacuum: 
1.33 × 10–4 Pa). The target is of the blocking type. 
Like the Saticon, it blocks the injection of holes at 
the junction formed between the a-Se film and the 
transparent signal electrode (indium–tin oxide) 
and CeO2 layers and blocks the injection of electrons 
through the use of an Sb2S3 layer. But, in contrast to 
the Saticon, it does not include high-concentration 
Te- and As-doped layers to  concentrate an electric 
field near the  signal– electrode interface, which 
means that even better hole-injection-blocking 
characteristics can be expected. Also, for the Sb2S3 
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layer, inert-gas (Ar) pressure at the time of deposi-
tion was set to 31.9 Pa considering the porous-film 
fabrication conditions that would suppress the 
emission of secondary electrons even when target 
voltage is exceptionally high and promote stable 
low-velocity beam landing. The thicknesses of the 
CeO2 and Sb2S3 films in the target are 20 and 100 
nm, respectively, indicating that these two films 
are considerably thinner than the Se layer. Target 
thickness can, therefore, be regarded as essentially 
the same as that of the Se layer.

4.1.4.4  CURRENT–VOLTAGE 
CHARACTERISTICS

Figure 4.8 shows target current–voltage character-
istics of the experimental tube with the prototype 
target. Blue light (center wavelength: 440 nm) is 
used here as incident light. From Figure 4.8, we see 
that signal current increases rapidly as target volt-
age increases from 0 V but comes to saturation, at 
least temporarily, starting at about 20 V. This satu-
ration region is thought to correspond to the state 
where most electron–hole pairs excited in the a-Se 
film by incident light have come to separate under 
a strong electric field within the film becoming 
signal current as a result. As target voltage contin-
ues to increase; however, we see the phenomenon 
of signal current again rising dramatically beyond 
this saturated region.

Quantum efficiency η with respect to blue light in 
a-Se film is estimated to be 0.9 for an operating elec-
tric field of 8 × 107 Vm–1 [8]. In the experimental tube, 
this electric-field strength corresponds to a target 
voltage of 160 V and this fact enables us to establish 
a scale for η on the right vertical axis in Figure 4.8.

This scale tells us that η exceeds 1 at a target volt-
age of 180 V and reaches 10 at 240 V. Furthermore, 
at a target voltage of 260 V, η is 40 and extremely 
high sensitivity occurs in the experimental tube. 
As for dark current, it also becomes large in the 
high-voltage region, but it is nevertheless quite 
small at 0.2 nA under target-voltage operating 
conditions of 240 V (η = 10). As described earlier, 
the phenomenon of increased sensitivity with η 
exceeding 1 has been observed when operating an 
a-Se photoconductive target with a blocking-type 
structure in a very strong electric field.

4.1.4.5  THE ORIGIN AND OPERATING 
PRINCIPLE OF THE HARP CAMERA 
TUBE

Because η was greater than 1 in the prototype 
target, it was thought that an amplifying action 
occurred due to the expected blocking type 
target behaving as an injection type. However, 
we found that this target exhibited hardly any 
dependence of lag on the applied voltage, which 
one would normally expect to see in an injec-
tion-type target. Specifically, according to the 
operating theory of injection-type targets, the 
effective storage capacitance of the film increases 
by an amount corresponding to the magnitude 
of the gain, so when the applied voltage exceeds 
180 V the lag ought to increase steeply. However, 
such phenomenon was not seen in the prototype 
target. We, therefore, performed several new 
experiments. As a result, it became clear that the 
phenomena exhibited when η > 1 conform to the 
following properties:

1. The effective storage capacitance of the target is 
constant and does not increase even when η is 
greater than 1.

2. The amplification effect is dependent on the 
direction of the incident light, and compared 
with the face plate side, the degree of amplifica-
tion is smaller when light is incident from the 
beam scanning side. That is, the target has a 
higher gain for hole transport than for electron 
transport.
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3. When the electric field inside the target has 
a constant intensity, the amplification gain 
increases as the a-Se layer gets thicker.

Based on these findings, it was concluded that the 
amplification action obtained with the test targets 
is not due to the injection of charge but is due to 
an avalanche amplification effect that occurs sta-
bly and continuously in blocking-type targets for 
imaging devices. This marks the origin of HARP 
camera tubes that use the avalanche amplification 
phenomenon, and in this way HARP camera tubes 
were born out of research into completely different 
targets where charge injection activity is taken into 
consideration.

Figure 4.9 schematically illustrates the operat-
ing principle of this target. Electrons and holes pro-
duced by the incident light are accelerated inside 
the target, to which a strong electric field of about 
108 Vm–1 is applied, and new electron–hole pairs 
are then generated successively by impact ioniza-
tion. As a result, a large number of electrons are 
extracted from the signal electrode for each inci-
dent photon. The high sensitivity of HARP camera 
tubes is due to the avalanche multiplication effect in 
the a-Se target and the fact that this multiplication 
results in hardly any added noise. Furthermore, a 
HARP camera tube also has superior lag character-
istics and resolution as mentioned later.

4.1.4.6  BASIC STRUCTURE OF TARGETS FOR 
PRACTICAL USE

Figure 4.10 shows the basic structure of a HARP 
camera tube target for practical use. Like the pro-
totype target as shown in Figure 4.7, it uses layers of 
a-Se, CeO2, and Sb2S3. However, the target for prac-
tical use also contains arsenic (As), lithium fluoride 

(LiF), and tellurium (Te). The arsenic suppresses 
crystallization of the a-Se, thereby preventing the 
generation of defects. The lithium fluoride serves to 
control the electric field inside the target, and pre-
vents the generation of defects by decreasing the 
electric field near the interface between the a-Se film 
and the CeO2. The tellurium increases the target’s 
sensitivity to red light and is added to the target for 
the red channel. The parts to which LiF and Te are 
added are exceedingly thin and are no more than a 
few per cent of the overall target film thickness.

4.1.5  The evolution of HARP camera 
tubes

When HARP camera tubes were first devel-
oped, they had a target film thickness of 2 μm 
and their sensitivity was about 10 times that of 
conventional Saticon camera tubes (Figure 4.11). 
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By taking advantage of the fact that these targets 
also have high resolution, HDTV camera tubes 
were developed, which were put to use at the 
Seoul Olympics  [9]. But as they came to be used 
increasingly for TV programs, there was a demand 
for even higher sensitivity. Furthermore, because 
CCDs, which had by then become the most com-
mon imaging devices, have virtually no lag prob-
lems, there was also a demand for improving the 
lag characteristics of HARP camera tubes.

As can be seen from the operating principle shown 
in Figure 4.9, the avalanche multiplication factor 
of a HARP camera tube increases as the target gets 
thicker, resulting in greater sensitivity. The lag also 
decreases as the film thickness increases. This is due 
to reduction of the target storage capacitance, which 
dominates the lag characteristics. Consequently, by 
increasing the thickness of the layer consisting pri-
marily of a-Se in the target to around 6–8 μm, it was 
able to develop a practical HARP camera tube with 
improved lag characteristics that had 60–80 times 
the sensitivity of a Saticon tube.

Furthermore, experiences such as news 
 coverage of the Kobe earthquake disaster in Japan 
(1995) resulted in increased demand for the devel-
opment of an ultrahigh-sensitivity imaging device 
capable  of producing, for example, aerial night-
time shots of the stricken region, which had been 
plunged into darkness due to power failures. NHK, 
Hitachi, Ltd, and Hamamatsu Photonics K.K., 
therefore, studied ways of making the HARP cam-
era tube even more sensitive, as described later, and 
developed an ultrahigh-sensitivity HARP camera 
tube with the target film thickness increased to 
25 μm whose sensitivity is 600 times greater than 
that of a Saticon tube. The lag of this camera tube 
was reduced to a level below the measurable limit. 
Note that because modern CCDs are about six 
times as sensitive as Saticon tubes, the sensitivity of 

this HARP camera tube is about 100 times greater 
than that of a CCD.

Table 4.1 shows how the target film thickness, 
sensitivity (relative to a Saticon tube), and lag (the 
value 50 ms after the incident light is cut off) of 
HARP camera tubes have changed over the years. 
In the following, characteristics of the HARP 
camera tube with a target film thickness of 25 μm, 
whose sensitivity exceeds that of the naked eye, 
will be mentioned.

4.1.6  Principal characteristics of 
the ultrahigh sensitivity HARP 
camera tube

This section describes the principal characteristics 
of the ultrahigh-sensitivity HARP camera tube 
with a target film thickness of 25 μm (2/3 in MM 
type, shown in Figure 4.4) [10,11].

4.1.6.1  SENSITIVITY

Figure 4.12 shows how the signal current (which 
represents the sensitivity) and dark current vary 
with the applied voltage. By way of comparison, 
this figure also shows the signal current mea-
sured using an ordinary (Saticon) camera tube 
subjected to the same amount of incident light. 
With an applied voltage of 2500 V, the HARP 
camera tube is over 600 times more sensitive than 
the Saticon tube. The dark current in this case is 
about 2 nA.

Note that since the HARP camera tube’s sen-
sitivity can be varied greatly by controlling the 
applied voltage, it can be adjusted to the sensitiv-
ity of ordinary imaging devices by reducing this 
voltage. In other words, it can also be used to take 
pictures in very bright situations such as day lit 
outdoor scenes.

Table 4.1 The evolution of HARP camera tubes

Year in which developed

1985 1990 1995

Target film thickness (μm) 2 6–8 25
Sensitivity (relative to a 
Saticon tube)

About 10 × 60–80× About 600×

Lag (50 ms) 4.6% 1.5%–1.2% Below measurable 
limit (theoretical 

value: 0.09%)
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4.1.6.2  SPECTRAL RESPONSE 
CHARACTERISTICS

Figure 4.13 shows the spectral response character-
istics of an ordinary HARP target and a Te-doped 
target with increased sensitivity to red light (for use 
in the red channel). In the a-Se layer of the HARP 

target, there is little cancellation of charge due to 
recombination, even close to the junction interface 
with the CeO2, so a high photoelectric conversion 
efficiency is obtained for short-wavelength (blue) 
light that is absorbed in this part. On the other 
hand, because the band gap of a-Se is about 2.0 eV, 
the limit of sensitivity to light of longer wave-
lengths (red light) is the corresponding wavelength 
which is about 620 nm (standard type). Because 
the red channel of a color camera should exhibit 
sensitivity up to about 700 nm [12], the target for 
the red channel is made more sensitive to red light 
by doping it with Te.

4.1.6.3  LAG CHARACTERISTICS

The lag characteristics are determined by the 
storage capacitance of the film and the electron-
beam temperature of the scanning electron 
beam. When the target film thickness is 25 μm, 
the theoretical value of the lag in the third field 
after turning off the incident light is 0.09%. This 
value is calculated from a target-layer storage 
capacitance of 130 pF and an electron-beam 
temperature of 3000 K. As shown in Table 4.1, 
the lag of the HARP camera tube is below the 
measurable limit when the target film thickness 
is 25 μm.

4.1.6.4  RESOLUTION CHARACTERISTICS

The HARP camera tube has a limiting resolution 
of more than 800 TV lines, and no degradation 
of resolution due to the avalanche multiplication 
action was observed. Because the resolution char-
acteristics of the camera tube are controlled by the 
spot diameter of the scanning electron beam, even 
higher resolution can be obtained by combining 
with electron optics having a smaller beam spot 
diameter.

4.1.6.5  NOISE

The magnitude of the noise added as a result of 
avalanche multiplication is represented by the 
excess noise factor, but in the case of a HARP 
camera tube its value is approximately 1. In other 
words, the amplification achieved with this cam-
era tube is almost noise free. The reason why this 
result is obtained is thought to be because of the 
large ratio of the respective ionization coefficients 
of holes and electrons in the a-Se film and because 
the beam scanning side of the photoelectric con-
version film is in a floating state (its potential is not 
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fixed), whereby a type of negative feedback action 
takes place which controls the noise.

In this way, the HARP camera tube combines the 
characteristics needed for high sensitivity with the 
characteristics needed for superior picture quality.

4.1.7  Ultrahigh sensitivity HARP 
cameras and their applications

A handheld HARP color camera has been pro-
duced using HARP tubes with a 25-μm-thick 
 target. Its appearance is shown in Figure 4.14. 
Table 4.2 shows major specifications of the camera. 
This three-tube color camera with the target volt-
age of 2500 V has greater sensitivity than the naked 
human eye and can obtain clear color images even 
in lighting conditions equivalent to moonlight. 
Figure 4.15 shows an example of how the images 
taken with such a camera compare with the images 
taken by a CCD handheld camera under the same 
conditions (subject illumination: 0.3 lux, lens aper-
ture: F1.7). The dark subject was difficult to view 
with the CCD camera even when its gain was 
boosted by 18 dB, whereas the HARP camera was 

able to produce a clear image. It was confirmed 
by the color camera test that the HARP camera is 
about 100 times as sensitive as the CCD camera. 
It goes without saying that the sensitivity of the 
HARP camera can be decreased by decreasing the 
target voltage, so that the camera is capable of pro-
ducing excellent picture quality over a wide range 
of shooting conditions from daylight to moonlight. 

Table 4.2 Specifications of the ultrahigh-sensitive HARP camera

Maximum sensitivity 11 lux, F8
Minimum scence illumination 0.03 lux (F1.7, + 24 dB)
Signal-to-noise ratio 60 dB
Resolution 700 TV lines
Amplifier gain selection 0, +9 dB, +24 dB
Weight 5 kg
Power consumption 25 W

Figure 4.14 Appearance of the ultrahigh- 
sensitivity HARP color camera.

(a)

(b)

Figure 4.15 Monitor pictures produced by color 
cameras with the ultrahigh-sensitivity HARP 
tubes and CCDs. Illumination is 0.3 lux and lens 
irises are at F1.7. (a) Image taken with the HARP 
camera and (b) image taken with a CCD camera 
(+18 dB).
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In addition, the HARP tube offers other excellent 
features, such as insensitivity to burning, com-
pared with the Saticon camera tube. It was also 
confirmed that the additional noise produced by 
the avalanche multiplication was negligibly small.

We have also developed a handheld HDTV 
HARP camera as shown in Figure 4.16. Figure 4.17 

shows the results of comparing the HDTV HARP 
camera with an HDTV CCD handheld camera 
when viewing a night-time scene (lens aperture: 
F2). Here, the image from the CCD camera has 
been made brighter by boosting the gain by 42 dB. 
However, this has caused a corresponding increase 
in noise, and in the darker parts of the image (e.g., 
the trees in the park) the details are completely 
swamped by noise. On the other hand, the HARP 
camera produces a clear image with low noise. In 
this case, the difference in sensitivity manifests 
itself as a difference in the S/N ratio.

This camera was developed for use by the 
broadcast. Therefore, the HARP camera was not 
only used for emergency night-time broadcast, 
but was also used in the making of a wide variety 
of programs including subjects such as nocturnal 
animals, the aurora, and the rainbow at night in 
falls. However, the high sensitivity and superior 
picture quality of HARP cameras has also led to 
a considerable amount of interest from scientific 
and medical fields. This section describes how it is 
applied to deep-sea exploration and research into 
X-ray medical diagnosis.

In oceanic research involving studies of deep-sea 
organisms, mineral resources on the sea floor, and 
so on, underwater TV cameras are an indispensable 
means of gathering information. In particular, the 
TV cameras carried onboard unmanned deep-sea 
vehicles perform an essential role as the eyes of the 
remote control pilot. Consequently, the cameras 
used on such equipment must have superior char-
acteristics such as highly sensitive and high picture 
quality. Artificial lighting equipment is essential 
for taking pictures deep underwater where no 
sunlight reaches. However, when developing an 
underwater camera it is important to bear in mind 
that light propagates very differently underwater 
because it attenuates much faster than in air. Red 
light attenuates particularly quickly, whereas blue 
light can penetrate somewhat further. This means 
that to obtain images of distant objects it is neces-
sary to use a highly sensitive imaging device that 
can cope efficiently with blue light.

Because HARP camera tubes exhibit just such 
characteristics, in 2000, the Japan Agency for 
Marine-Earth Science and Technology developed 
an HDTV HARP camera for deep sea use, which 
was carried on the 3000 m class Hyper Dolphin 
unmanned deep-sea vehicle in conjunction with 
NHK. In test dives, this camera obtained clear 

Figure 4.16 Appearance of the hand-held HDTV 
HARP camera.

(a)

(b)

Figure 4.17 Monitor pictures produced by HDTV 
cameras with HARP tubes and CCDs. (a) Image 
taken with the HDTV HARP (25-μm-thick) camera 
and (b) image taken with a HDTV CCD camera 
(+42 dB).
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pictures of deep-sea organisms as shown in Figure 
4.18 and was confirmed to be a highly sensitive 
HDTV camera.

We are also researching the use of HARP 
cameras in the medical applications. A notable 
example is the potential use of HARP cameras 
in next-generation X-ray medical diagnosis sys-
tems. This research was done in collaboration with 
other research institutions such as the National 
Cardiovascular Center Research Institute, the 
Tokai University School of Medicine, and the 
High Energy Accelerator Research Organization 
in Japan.

The X-ray equipment currently used in hospi-
tals is only able to see large blood vessels with a 
diameter of at least 0.2–0.5 mm, but this study 
aims to make it possible to obtain clear images of 
blood vessels that are several times smaller. It has 
been said that if narrow blood vessels with a diam-
eter of 0.1 mm or less can be imaged, then it should 
be possible to detect cancer earlier and make better 
diagnosis of conditions such as heart disease and 
cerebrovascular disorders.

For this purpose, it is necessary to have special 
X-rays that are absorbed well by a tiny quantity of 
contrast medium inside the narrow blood vessels 
to be imaged, and a TV camera that can clearly 
reproduce the image formed on a fluorescent 
screen (placed behind the subject being viewed) 
due to this absorption. For the special X-rays, we 
have been using monochromatic X-rays with a 
specific energy obtained from the synchrotron 
radiation. The TV camera is required to have supe-
rior sensitivity and resolution. This is because the 
image on the fluorescent plate is finely detailed and 
very dark (so as to restrict the exposure of the sub-
ject to X-rays).

We have, therefore, conducted experiments 
involving the use of an ultrahigh-sensitivity and 
high-resolution HDTV HARP camera in the 
imaging section of a next-generation X-ray medical 
analysis system. Figure 4.19 shows a photograph 
(obtained using this system) of tiny blood vessels 
called neogenesis blood vessels that developed in 
cancerous parts of a mouse. This image also shows 
narrow blood vessels of a characteristic shape with 
a diameter of about 50 μm, which it has not been 
possible to see hitherto. This technology is attract-
ing interest as an X-ray diagnosis technique that 
can lead to the early detection of cancer.

In addition, because a HARP target can convert 
X-rays into electrons directly, it should be possible 
to exploit this capability to produce X-ray imag-
ing devices with unparalleled levels of resolution 
and sensitivity. Consequently, this technology is 
attracting high levels of interest for applications 
such as the early detection of cancer and diagnosis 
of heart disease as a clinical diagnostic study.

4.1.8  Conclusion

This section has provided a description of the mech-
anism of the photoconductive camera tube cover-
ing past types and the ultrahigh-sensitivity HARP 
camera tube based on a new operating principle.

In general, ultrahigh-sensitivity imaging devices 
have so far been regarded as special- purpose 
devices, in a separate class to ordinary high picture 
quality imaging devices such as CCDs. But if we can 
develop the ultimate ultrahigh- sensitivity imag-
ing device—with noise-free internal amplification 
and extremely high gain, and whose fill factor and 

Neogenesis blood vessels
(50 µm in diameter)

Figure 4.19 Minute blood vessels (mouse cancer).

Figure 4.18 Deep-sea organism captured with 
the HARP camera.
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photoelectric conversion efficiency are 100%—then 
we will have a device with ultrahigh picture qual-
ity and an S/N ratio close to the theoretical limit. 
Such a device will be able to take clear pictures with 
less noise than any other existing device under all 
lighting conditions. Although HARP camera tubes 
are coming very close to this ultimate goal, we 
would still like to make further improvements to 
the photoelectric conversion efficiency.
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5
Vacuum tube and plasma displays

MAKOTO MAEDA, TSUTAE SHINODA, AND HEIJU UCHIIKE
Home Network Company, SONY

5.1  VACUUM TUBE DEVICES

5.1.1  CRT structure and its operation

The cathode ray tube (CRT) is a luminescent dis-
play invented by K. F. Braun in 1897. The display, 
which is inexpensive but can show resolute pic-
tures on its screen, has been the leading technol-
ogy in the display field over more than 100 years. 
But the heavy weight and long depth are the CRT’s 

weaknesses. The liquid crystal display (LCD) and 
other new flat panel displays that have no weak-
nesses as such are expanding their market share in 
recent years.

The CRT comes in several types—direct view, 
monochrome and projection. Based on the tele-
vision broadcast specifications, the CRT with the 
screen’s length-height ratio of 4:3 was the most 
common but the CRT with the ratio of 16:9 is now 
popularized. Even the 1:1 ratio CRT is produced for 

5.1 Vacuum tube devices 113
5.1.1 CRT structure and its operation 113

5.1.1.1 CRT operation 114
5.1.1.2 Electron gun 114
5.1.1.3 Deflection 114
5.1.1.4 Phosphor screen 115

5.1.2 Monochrome CRT 115
5.1.3 Projection CRT 115
5.1.4 Color CRT 116

5.1.4.1 Principle 116
5.1.4.2 Color selection 

mechanism 116
5.1.4.3 Phosphor screen 116
5.1.4.4 Electron gun 117
5.1.4.5 Deflection yoke 118
5.1.4.6 Purity 118

5.1.5 Contrast 118
5.1.6 Safety 119
5.1.7 Other CRTs 119

5.1.7.1 Flat CRT 119
5.1.7.2 Beam index CRT 119

5.1.8 Recent developments 119
5.2 Plasma display 121

5.2.1 Introduction 121
5.2.2 Development of color plasma 

displays 121
5.2.3 Essentials of color AC PDP 124

5.2.3.1 Operating principle 
of color PDP 124

5.2.3.2 Features of color AC 
plasma display panel 126

5.2.3.3 Principle of three-
electrode plasma 
display panel 127

5.2.4 Practical panel structure and 
fabrication process 127

5.2.5 Improvement of the cell structure 129
5.2.6 Gradation 130
5.2.7 Improvement of drive systems 132
5.2.8 Future prospects of color PDP 132

References 133



114 Vacuum tube and plasma displays

some special customers. The CRT screen was once 
round to intensify the glass strength but a series of 
recent technological innovations has made it possi-
ble to design more varieties of flat-screen-type CRT.

5.1.1.1  CRT OPERATION

Figure 5.1 shows the monochrome CRT structure. 
Video signal is fed to the cathode which is a part 
of the electron gun. The cathode generates free 
electron. The electron is focused by the electron 
gun like light is focused by a lens. Electrons travel 
freely in its evacuated inside, while glass is used 
to “envelope” the CRT. Electro-conductive sub-
stance is applied to the funnel’s inside to form a 
film that keeps the inside’s electric potential sta-
ble. The film builds as a high-voltage condenser 
in-between with another film made on the outside 
of the funnel. The condenser stabilizes the supply 
of anode voltage. Emitted by the electron gun and 
accelerated with the voltage of 20–30 kV, electrons 
travel fast in the form of a beam onto the panel 
coated with phosphor. The deflection yoke creates 
a magnetic field that bends the electron beams 
and makes them scan the entire panel. The elec-
trons hit against the phosphor that emits light. 
Individual components and their function are 
described below.

5.1.1.2  ELECTRON GUN

Figure 5.2 shows the cross-section of the electron gun. 
This device is equipped with a cathode and operates 

in an electric lens system. The cathode is usually an 
oxide composition of barium (Ba), calcium (Ca) and 
strontium (Sr). Activated by heat at about 800°C, the 
cathode emits electrons. When varying picture signal 
voltage with an amplitude of about 100 V is applied to 
the cathode, the volume of electrons going through 
the grit 1 (G1) changes: the bigger the volume, the 
brighter the picture and vice versa. But to focus the 
dispersed electrons emitted from the cathode in large 
current and to create pictures on the panel, we must 
carefully design the structure and shape of the gun’s 
electrode and the arrangement of applied voltage. 
Using 100 V signals, the electron gun can control 
electrons of 30 keV of energy. This function as a noise 
free amplifier is unique and not found in any other 
device of flat panel displays.

5.1.1.3  DEFLECTION

An electron beam put out from the gun trav-
els straight toward the center of the CRT. To let 
it reach all over the screen, we usually use two 
methods—electrostatic deflection and electro-
magnetic deflection. The former method requires 
two flat-plate electrodes facing each other. The 
beam travels between the two. When electrical 
potential between them varies, the beam changes 
the direction. In spite of its lower deflection effi-
ciency, the method is quite effective in deflecting 
high frequency. Meanwhile, the latter method of 
electromagnetic deflection characterized by its 
higher deflection efficiency is used for television 
and many other CRTs, and the deflection yoke per-
forms electromagnetic deflection, using two pair of 
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coils. As a pair of coils facing each other generates 
one magnetic field, the two pairs create two mag-
netic fields, directing the beam both horizontally 
and vertically. See the structure in Figure 5.3 for 
magnetic deflection yoke.

5.1.1.4  PHOSPHOR SCREEN

The inside of the CRT panel is coated with layers 
of phosphor particles. Each particle is 3–10 μm in 
diameter. The aluminium film covers and protects 
the phosphor. Gasses still remaining in the CRT 
would be hit by electrons and become ionized. 
Without the film, the ion would crash against the 
phosphor screen and damage the phosphor. This 
film is also effective in raising CRT luminance 
by reflecting light coming from the phosphor. It 
stabilizes electric potential around the screen as 
well.

5.1.2  Monochrome CRT

Monochrome rather than color CRTs are mainly 
used in the medical field where high resolution 
and high brightness pictures are required. The 
electromagnetic focusing method is applied to the 

electron gun to achieve high resolution. Electric 
current running through the coils attached around 
the CRT neck induces magnetic field and works as 
electro-magnetic lens. Being put outside the neck, 
the “lens” has a very small aberration, making the 
beam spot extremely tiny.

5.1.3  Projection CRT
The color picture projection CRT is a combination 
of three monochrome CRTs in red, green and blue, 
respectively. Pictures on each of the three single 
CRT panels are expanded through each optical 
lens and projected onto the outside screen where 
the pictures are combined. The system is depicted 
in Figure 5.4. The phosphor screen of the single 
CRT is usually 7–9 in. in diagonal. The size of pro-
jected pictures is as large as 40–60 in. in diagonal, 
and higher brightness (10,000 cd·m−2) and higher 
resolution (the spot size is 0.2 mm in diameter) are 
requisite. If larger electric current is applied to illu-
minate phosphor, however, the phosphor becomes 
extremely hot; CRT brightness is saturated; and 
phosphor quality degrades. Then, the CRT fails to 
operate. To prevent this problem, the CRT panel is 

Ferrite core

Toroidal vertical coil

Saddle horizontal coil

Figure 5.3 Deflection yoke.
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kept cool with coolant, while a kind of phosphor 
strong enough to bear such heavy load is applied.

5.1.4  Color CRT

5.1.4.1  PRINCIPLE

Phosphor in three different colors is applied to pro-
duce color pictures on the CRT screen. Figure 5.5 
shows the mechanism for exciting phosphor. The 
color selection device (mask) is put in front of the 
phosphor-coated panel. Three pieces of cathode 

in the electric gun put out electrons, which travel 
through the mask and hit onto red, green and blue 
phosphor and let it illuminate.

5.1.4.2  COLOR SELECTION MECHANISM

Among several types of color selection masks, the 
shadow mask and the aperture grille are widely 
applied to the CRT these days. The former is 
steel plate of 0.2 mm in thickness with round-or 
 rectangular-shaped holes 0.2–1.0 mm apart. The 
mask’s opening must be put in place to let a beam 
from one particular color cathode reach the same 
color phosphor. Hit by electron beams, the mask 
becomes hot and expands and the position of the 
opening moves. Therefore, the material Invar that 
has the very small thermal expansion coefficient is 
sometimes used for the mask. To match more vari-
eties of flat-faced CRT designed these days, new 
shadow masks are being developed.

The aperture grille has a shape of a vertical reed 
screen. Both the shadow mask and the aperture 
grille have light transmittance of about 20%. This 
means 80% of the electrons out of the gun do not 
go through the mask. Figure 5.6 shows the aper-
ture grille system and Figure 5.7 shows the shadow 
mask system.

5.1.4.3  PHOSPHOR SCREEN

Slurry that contains phosphor and photo sensi-
tizer is applied to the panel to create the phosphor 
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Figure 5.4 CRT projection system.
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Figure 5.5 Color CRT structure.
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screen. After being dried, the coated slurry is 
exposed to ultraviolet (UV) radiation light emit-
ted from the lamp. When the panel is washed with 
water, the material except the light-exposed and 
hardened phosphor flows away. After this process 
is repeated three times, red, green and blue phos-
phor stripes appear; black stripes between each 

different color phosphor are also created by a simi-
lar method. Figure 5.8 illustrates the cross-section 
of the phosphor screen.

5.1.4.4  ELECTRON GUN

The modern electron gun for a color picture tube is 
quite complicated compared to the basic structure 
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shown in Figure 5.2. Figure 5.9 depicts an exam-
ple of the electron gun for color CRT [6]. As one 
gun is equipped with one piece of cathode and its 
electrons are designated to illuminate the corre-
sponding color phosphor, the color CRT generally 
requires three electron guns to illuminate three 
colors to produce color pictures.

The trinitron gun is equipped with one large 
electric lens for three electron beams. A large lens 
generally shows better performance than a small 
lens.

5.1.4.5  DEFLECTION YOKE

Unlike the monochrome CRT, the color CRT 
needs to deflect three electron beams at once. 
Those beams are required to converge into every 
spot spread all over the phosphor screen in order to 
realize quality pictures. The deflection yoke helps 
distribute needed magnetic field.

5.1.4.6  PURITY

The CRT is designed for electron beams to travel 
through the mask and hit the designated phosphor. 
But this is disturbed when the path is affected by 
terrestrial magnetism. To prevent this problem, 
the CRT is equipped with a magnetic shield. When 
the CRT power switch is turned on, attenuating 
alternating current runs through the coil installed 
around the CRT to produce attenuating magnetic 
field. This “degauss” process is designed to magne-
tize the shield in the intensity opposite to that of the 
outside magnetic field and to alleviate the influence.

5.1.5  Contrast

Several measures are taken to prevent ambient 
light reflection off the surface of the panel and the 
phosphor screen and to maintain good picture 
contrast. For instance, the swath between color 
stripes (dots) is blackened to halve the light reflec-
tion without blocking phosphor light.

Glass of lower transmittance is applied to the 
CRT panel. Incident rays come through the panel 
glass, reflect against the phosphor screen and go 
out through the glass again. Glass of low light 
transmittance can reduce light reflected through 
the two passages substantially. Phosphor light trav-
els through the glass but the passage is only once. 
As the lower the glass transmittance, the better the 
picture contrast, the transmittance rate of about 
50% is the most favourable (see Figure 5.10).

However, 4% of incoming light is still reflected 
at the surface of the panel. Computer display CRTs 
are equipped with glass whose surface is treated in 
the non-reflection process.

Red phosphor

Glass

Green Blue
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Figure 5.8 Phosphor screen cross-section.
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Figure 5.9 Electron gun for color CRT by Wada 
et al. [6].
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5.1.6  Safety

Glass is used for the CRT and air in its inside is 
exhausted. Being exposed to the atmospheric pres-
sure, even a small fault of the CRT could lead to 
a dangerous implosion, dispersing glass pieces all 
around. A metal band is applied around the CRT 
to prevent such accidents. The band that is a little 
smaller in circumference than the CRT  reinforces 
the glass strength by canceling out glass stress 
caused by the atmospheric pressure. The band pre-
vents damage even if the glass is broken.

5.1.7  Other CRTs

5.1.7.1  FLAT CRT

A big challenge for the CRT is how to shorten the 
long depth. As the deflection yoke bends electron 
beams, the CRT depth becomes shorter if the yoke’s 
deflection angle is wider. Most TV CRTs these days 
have the yoke with the angle of 110° and new CRT 
models even wider 120°. But the larger deflection 
angle requires much more deflection power to 
bend the beam more sharply. The magnetic field 
gets distorted and the beams running through it 
end up producing poor pictures.

Maeda [7] designed a thin monochrome CRT 
(Figure 5.11). So far, no color CRT adopting this 
technology has been sent to the market.

Unlike the traditional CRT, the field emis-
sion display (FED) is shorter in depth. It has no 

deflection device. Now, engineers are intensifying 
R&D effort to produce this type of product too.

5.1.7.2  BEAM INDEX CRT

Only 20% of electrons are transmitted through the 
color selection mask and the rest are absorbed into 
the mask. Many years ago, the color CRT without 
the mask to raise power efficiency was developed 
and sold in the market. This CRT is designed to 
make one electron beam scan all over the phosphor 
screen. The beam should have a very small beam 
spot size not to strike more than one stripe of phos-
phor. That stripe stands next to another stripe of 
phosphor, which emits none of the three colors 
but UV as a signal when the beam moves onto it. 
Detecting that signal and finding its own location, 
the beam immediately changes its picture color 
information signal. The problem of this system is 
that the beam spot size becomes bigger when high 
beam current for high luminance is generated. 
CRT engineers want to solve this problem and suc-
ceed in developing this CRT some day. Their effort 
will continue until that day (see Figure 5.12).

5.1.8  Recent developments

Efforts to improve performance and cost reduction 
are continuing. Some of the recent developments 
are described below.

Okano developed a 21-in. CRT having very 
high resolution. Aperture grille pitch at the screen 
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Figure 5.10 Light from phosphor emission and ambient light reflection.
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center of CRT measures 0.126 mm. Horizontal res-
olution of 2800 dots was realized [8].

Beam index tube is a CRT which has no mask. 
A new idea was proposed by Bergman et al. [9]. 
Primary function of the mask, color selection, is 
taken over by an electronic control system. This 

CRT (called F!T tube) employs the system which 
has phosphor stripes parallel to electron beam 
scanning lines. Figure 5.13 shows the tracking 
principle of this new beam index tube.

One of the major problems of CRT is its weight. 
Most of the weight comes from the glass envelope. 

Electron gun Phosphor screen

Electron beam

Figure 5.11 Flat monochrome CRT.
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Figure 5.12 Beam index CRT.



5.2 Plasma display 121

Sugawara [10] reduced funnel weight by redesign-
ing the shape of the funnel shown in Figure 5.14.

The cathode is another component that needs to 
improve its performance. Oxide cathode is used for 
most CRTs. The current density from oxide cath-
ode is limited. The new cathode called a hopping 
electron cathode (Figure 5.15) was proposed by van 
der Varrt et al. [11]. It is based on a self-regulation 
secondary emission process enabling transport of 
electrons over insulation surface. The cathode uti-
lizes this mechanism to compress electrons com-
ing from a large conventional cathode into a small 
funnel structure of insulating material. The exit 
of the funnel serves as a high-brightness electron 
source for a CRT and can be used to reduce the 
spot size.

5.2  PLASMA DISPLAY

5.2.1  Introduction

Plasma displays have greatly advanced in the 1990s 
and are getting a position in the mainstream of 
the large area flat panel television and display. The 
road to the development was long and not peaceful 
in 30 years. Both successes of the color moving pic-
ture presentation on plasma display panels [12,13] 
and production of a 42-in. diagonal PDP [14] 
promise great business growth. The further devel-
opments of the interlaced and progressive displays 
from 32 to 60 in. HDTVs are making a new value-
added market in addition to the market replac-
ing the conventional TV of CRT because PDP has 
made a new large area and beautiful displays pos-
sible and is giving people a new impression.

5.2.2  Development of color 
plasma displays

There were two ways researched to present color 
image on PDPs. One was to use visible light caused 
by the discharge. The other was to use visible light 
from excited phosphors by UV rays or electrons in 
discharge. As a result of these researches, phosphor 
system with UV ray excitation has been applied 
to the recent color PDPs, because the system was 
superior to the other methods due to high lumi-
nance and color purification. In particular, the gas 
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Figure 5.13 Tracking principle of F!T tube by Bergman et al. [9].

Figure 5.14 Novel funnel shape to reduce its 
weight by Sugawara et al. [10].
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system of Ne and Xe including 4–5% of Xe contents 
showed the excellent results to achieve high lumi-
nance and luminous efficiency. Vacuum UV rays 
of 147, 152 and 172 nm are radiated from Xe and 
Xe-dimers as shown in Figure 5.16.

At the early stage of color plasma display devel-
opment, both AC and DC PDPs were carried out 

to accomplish computer monitors and color televi-
sion. Most of the color PDP researches to achieve 
color television were DC ones, because color AC 
PDPs had difficulty in attaining long lifetime due 
to the degradation of color phosphors caused by 
the ion sputtering [15]. Because phosphors in DC 
color PDPs were deposited around the anodes and 
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Figure 5.15 Hopping electron cathode by van der Vaart et al. [11].
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then no ion bombardment, color DC PDPs had an 
advantage of longer phosphor lifetime compared to 
that of AC ones at that stage.

Color DC PDPs for television were investigated 
by the application of negative glow and positive 
column region. Even though the color DC PDPs 
using positive column had higher luminous effi-
ciency compared to those of negative glow region, 
the luminance and luminous efficiency were still 
not sufficient to be released into the market.

In 1983, NHK developed 16-in. diagonal color 
DC PDPs whose luminance and luminous efficacy 
were 21 cd·m−2 and 0.05 lm·W−1 respectively [16]. 
The performance of luminance and luminous effi-
cacy by NHK was not able to cross the value of 150 
cd·m−2 and 0.4 lm·W−1 respectively [17].

The practical panel structure for a color plasma 
display panel is called a three-electrode surface 
discharge belonging to a kind of AC-type plasma 
display [18]. AC PDP was invented by Bitzer and 
Slottow in 1966 [19] and the monochrome display 
has been put into practical use with opposed dis-
charge technologies. The color PDP, however, did 
not succeed in practical use although there were 
many researches with the opposed discharge tech-
nologies. There were evolutional developments 
in structural and operational technologies from 
monochrome PDP to put the color AC PDP into 
practical use. The new direction to develop the 
color PDP was opened by introducing surface dis-
charge technologies.

Table 5.1 shows the summary of the develop-
ment of the color PDP technologies with surface 
discharge. Takashima [20] firstly reported the 
application of surface discharge technology on the 

color PDP for segment-type display in 1973. Dick 
[21] has also reported the surface discharge tech-
nology of a matrix-type monochrome PDP in 1974. 
The matrix-type color PDP with surface discharge 
technologies has been proposed and followed by 
authors from 1979 [22,23]. From the beginning 
of the research and development, the surface dis-
charge color AC PDPs showed extremely excellent 
luminous efficacy performance of 0.75, 0.4 and 0.15 
lm W−1 for green, red and blue phosphors, respec-
tively [24]. Figure 5.17 shows the comparison 
between opposed discharge and surface discharge 
PDPs. The phosphors were deposited on the sur-
face of the MgO layers on the opposed electrodes 
as shown in Figure 5.17a and alternated pulses 
were applied between the electrodes to ignite the 
discharge. Then the phosphors exposed to the dis-
charge resulted in the rapid degradation due to the 
ion bombardment in the discharge. On the other 
hand, the phosphors were deposited on the front 
cover glass substrate placed away from the dis-
charge area as shown in Figure 5.17b;  therefore, the 
surface discharge color PDPs have got an advan-
tage of long life. All of these surface discharge color 
PDPs employed two electrodes. The two-electrode 
surface discharge system, however, did not succeed 
in developing the practically available color PDPs.

The research has finally resulted in a new 
structure with the three electrodes as shown in 
Table 5.1 [17,25]. Shinoda invented both essential 
technologies such as the three-electrode struc-
ture and a new greyscale driving technology, or 
address-, display-period separation method (ADS 
method), which enabled the realization of practi-
cal color plasma displays. Figure 5.18 summarizes 

Table 5.1 Development of color PDP technologies with surface discharges

Color technologies history

Year researcher Phosphors Electrode
Electrode 

On type
Electrode 

Configuration ribs

1973 Takashima Green Two Single 
substrate

Transmitting Segment Glass sheet

1974 Dick Non Two Single — Matrix Stripe
1979 Shinoda RGB Two Single Transmitting Matrix Non
1984 Shinoda RGB Three Single Transmitting Matrix Stripe + mesh
1985 Dick Non Three Double — Matrix
1987 Shinoda RGB Three Double Reflecting Matrix Stripe + mesh
1992 Shinoda RGB Three Double Reflecting Matrix Stripe
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the technical issues to develop the color PDP, such 
as realizations of color PDP, long operating life, 
high luminance, high resolution and full color 
operation when the research for the surface dis-
charge color PDP was started in 1979. Developing 
a three-electrode panel structure has solved these 
first four issues. And development of the new driv-
ing technology has solved the last one. Finally, the 
three-electrode PDP structure with stripe rib and 
phosphor structure has been completed and the 
practical 21-in. diagonal color PDP has been devel-
oped with these technologies in 1992 as shown in 
Figure 5.19. The larger 42-in. diagonal plasma dis-
play shown in Figure 5.20 was put onto the market 
in 1996, which started the era of plasma television.

5.2.3  Essentials of color AC PDP

5.2.3.1  OPERATING PRINCIPLE OF 
COLOR PDP

The color PDP is the display using the luminance 
from the combination of the phosphors and gas dis-
charge. It is possible to think of a color PDP model 
as if some millions of miniature florescent lamps 
are arranged between the glass plates of an area of 
1 m2. Figure 5.21 shows the luminance model in the 
each lamp, which is usually called a cell. When the 
voltage is applied to the gas, discharge is ignited 
in each cell making ions and electrons from the 
atoms. The ions and electrons lose energy by emit-
ting a UV ray. The plasma display is designed to 
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Low brightness
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Figure 5.17 Comparison between surface discharge and opposed discharge. Phosphors are depos-
ited on the front cover glass substrate placed away from the discharge area in the surface discharge.
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Figure 5.18 Summary of the technical issues to develop the surface discharge color PDP.
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irradiate UV rays of Xe resonance emission (147 
nm) and Xe molecular emission (173 nm). The irra-
diated UV rays stimulate the phosphors and visible 
lights are emitted. The three prime color phosphors 

are arranged in each of the discharge cells that are 
at the cross point of the electrodes.

To display a color image on PDP, the discharge 
needs to be controlled between the ON and OFF 

Item

Display area

Aspect ratio

Number of pixels

Pixel pitch

Number of colors

Luminance

Viewing angle

Power consumption

Weight

Performance

422 mm × 316 mm

4:3

640(R,G,B) × 480

0.66 mm × 0.66 mm 

260,000

180 cd m–2

>160˚

100 Wmax

4.8 kg
(1992)

Figure 5.19 Specification of 21-in. diagonal color plasma display.

Item

Display area

Aspect ratio

Number of pixels

Pixel pitch

Number of colors

Luminance

Viewing angle

Power consumption

Weight

Performance

920 mm × 518 mm

16:9

852 (R,G,B) × 480

1.08 mm × 1.08 mm

16.7 million

350 cd m–2

>160˚

300 Wmax

18 Kg
(1996)

Figure 5.20 A 42-in. diagonal color plasma display.
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Figure 5.21 The luminance model of each cell in plasma display.
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states in each discharge cell (sub-pixel) that has 
the three prime color phosphors. The operating 
principle is simply explained with the opposed 
 discharge structure without phosphors as shown in 
Figure  5.22. The electrodes are arranged orthogo-
nally on each opposite glass plate and covered by a 
dielectric layer. The dielectric on the front  substrate 
is also covered by an MgO protecting layer. The 
plates are assembled with a gap of about 100 μm and 
a Ne + Xe gas system is introduced between them.

The operating waveform is composed of the 
write pulses, the sustain pulses and the erase 
pulses. The write pulse whose voltage is higher 
than the firing voltage (Vf), i.e., a threshold voltage 
to ignite the discharge, is applied to the X electrode 
and then the discharge is ignited. The ions and 
electrons generated by the discharge are absorbed 
to the opposed dielectric surfaces by the electric 
fields. As a result, the internal electrical field of the 
cell is reduced rapidly by these absorbed charges 
and then the discharge is stopped. Therefore, the 
discharge has a pulse shape. The charge deposited 
on the dielectric is called a wall charge and the 
voltage through the capacitance between the sur-
face of the dielectric and the electrode under the 
dielectric is called a dielectric voltage. The voltage 
due to the wall charge across the gas is called a wall 
voltage and the voltage across the gas due to both 
the wall voltage and externally applied voltage is 
called a cell voltage. The width of the write pulse 
is adjusted to accumulate a sufficient wall charge 
on the dielectrics. The sustain pulses are applied 
on Y electrodes successive to the write pulse. The 

polarity of the voltage is reversed to the write pulse 
and the voltage is superimposed on the formerly 
accumulated wall voltage and then the cell voltage 
can exceed the firing voltage to ignite discharge, 
although the applied sustain voltage itself is lower 
than the firing voltage. The discharge also has a 
pulse shape similar to the discharge by the write 
pulse. In the same manner the successive sustain 
pulses sustain the discharge state and make display. 
The luminance of the display is proportional to the 
number of the sustain pulses and from 30,000 to 
50,000 pulses per second are usually applied for 
sustaining. The narrower width than the sustain 
pulse is applied to erase the discharge. Although 
the discharge is ignited, the wall charge cannot be 
accumulated on the dielectric because of the nar-
row width of the erase pulse. The successive sustain 
pulses cannot sustain the discharge because the 
cell voltage is lower than the firing voltage.

In this manner the discharge state (ON state) 
and the non-discharge state (OFF state) are main-
tained. This phenomenon is called the memory 
effect of AC PDP.

5.2.3.2  FEATURES OF COLOR AC PLASMA 
DISPLAY PANEL

The developed color AC PDP has all the advantages 
of conventional monochrome AC PDP.

The following are the advantages: (1) good non-
linearity, (2) memory function, (3) high addressing 
speed, (4) wide viewing angle, (5) high luminance 
for large area and large display capacity, (6) high 
contrast ratio, (7) high greyscale, (8) full color, 
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Figure 5.22 The operating principle with the opposed discharge structure without phosphors.
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(9) digital display, (10) flat panel, (11) simple struc-
ture and (12) large area.

The good nonlinearity means that the relation-
ship between an applied voltage and the lumi-
nance has a clear nonlinearity. That is, when the 
applied voltage is increased, the discharge current 
is increased rapidly and then bright illumination 
begins at a certain voltage, and when the applied 
voltage is decreased, the discharge current decreases 
rapidly at a certain voltage and then illumination is 
eliminated. As the luminance levels are quite dif-
ferent between ON and OFF states, the high quality 
display with high contrast ratio is possible.

The memory effect is the function to maintain 
the ON and OFF states on the panel and is a great 
advantage for realizing a large area or a large dis-
play capacity. For example, in the case of the CRT 
without memory effect, the luminance decreases 
by increasing the display size or the display capac-
ity because the electron beam stimulating the 
phosphors stays for a short duration at the phos-
phor surface of a display spot. In contrast, as all of 
the cells can be illuminated at the same time when 
the common sustain pulses are applied to the elec-
trodes in the AC PDP, the high luminance level can 
be kept not depending on the display size or the 
display capacity.

The high speed addressing is due to the gas 
device. As the discharge is finished within 1 μs and 
the wall charge is accumulated within 2 μs after the 
pulse is applied, the data input is possible within 
2 μs. There is a report that the data input is pos-
sible within 1.5 μs for one scan line. As a result, 
the PDP can display a beautiful moving image with 
16.8 million colors.

The PDP is expected to play an important role 
in the future digital society because it is essentially 
a digital device. The digital ON and OFF states of 
the discharge cell are easily controlled by the digi-
tal signals of the computer and the network.

5.2.3.3  PRINCIPLE OF THREE-ELECTRODE 
PLASMA DISPLAY PANEL

Although the color PDP has been researched 
since the end of the 1960s when the AC PDP was 
invented, it was not successful with the two-elec-
trode structure because of the phosphor and MgO 
degradation and a difficulty in the operation [26]. 
One of the key breakthroughs that solved the issues 
was the introduction of the surface discharge and 
three-electrode structure. Figure 5.23 shows the 

principal electrode configuration and operation. 
There are three kinds of electrodes, such as two 
display electrodes (sustain and scan electrodes) 
and an address electrode. The sustain electrodes 
are connected to each other with a common elec-
trode and the scan electrodes are independent. 
And then the one electrode terminal is added to 
the conventional two-electrode system. There are 
two kinds of operation method. One is write-in 
operation, which means the discharges are ignited 
to make wall charges between the selected address 
electrodes and a scan electrode for input display 
data and then sustain the discharge in the cells to 
be displayed by applying the sustain pulses between 
the display electrodes. Another one is erase opera-
tion, which means discharges are ignited to make 
the wall charges in all of the cells between display 
electrodes, scan and sustain electrodes, along a dis-
play line at once and then ignite discharges between 
the address electrodes and a scan electrode to erase 
the wall charges resulting in elimination of the dis-
charges in the cells not to be displayed.

5.2.4  Practical panel structure and 
fabrication process

The first successful full color PDP has a diagonal 
size of 21 in. and the fabrication processes were 
completed while developing the panel. The new 
simple panel structure with a shape of stripe ribs 
and phosphors was developed to realize the fine 
pixel pitch (0.66 × 0.22 mm) for high resolution and 
was the most suited structure for mass production.
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Figure 5.23 The principal electrode configura-
tion of three electrode PDP.
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Figure 5.24 shows the practical panel structure 
which is called the three-electrode surface dis-
charge PDP with the stripe structure [27]. Paired 
parallel display electrodes, sustain electrode and 
scan electrode, are formed on the front glass sub-
strate. Each display electrode is composed of a 
transparent ITO (indium–tin oxide) and a narrow 
bus electrode of multi-layered Cr, Cu and Cr, to 
emit a luminance effectively through the transpar-
ent electrode and reduce the electrode resistance. 
These electrodes are covered by a dielectric layer, 
which is made of low melting point glass materi-
als. These are also covered with a thin MgO layer. 
On the other rear substrate, the striped address 
electrodes are arranged. Striped barrier ribs are on 
both sides of the address electrodes to separate the 

adjacent discharge cells and to eliminate the opti-
cal cross talk between them. Three primary color 
phosphor materials for red, blue and green colors 
are deposited in the neighboring channels made by 
the ribs to cover both on the side walls of the ribs 
and on the dielectric layer. The structure has real-
ized good performances such as a high luminance, 
a high luminous efficacy and a wide viewing angle. 
Phosphor materials are BaMgAl14O23:Eu for blue, 
(Y×Ga)BO3:Eu for red and Zn2SiO4:Mn for green. 
The substrates are assembled to each other with 
about 150 μm gap. A Ne + Xe gas mixture is intro-
duced between the substrates. The panel structure 
developed for the 21-in. diagonal color PDP is the 
simplest one of conventionally researched color 
PDPs. And the fabrication process is also sim-
ple enough for mass production. So the PDP has 
advantages such as a low cost process, and an easi-
ness in the manufacture of the large area panels 
and the high resolution panels.

The essential fabrication process as shown in 
Figure 5.25 is also completed to develop the 21-in. 
PDP. The transparent conductive ITO film is made 
on the front glass. The plural paired display elec-
trodes are formed by a photolithography technology. 
The metal electrode film of a Cr/Cu/Cr multi-layer is 
sputtered on these transparent electrodes. The bus 
electrode is also formed by a photolithography tech-
nology. These electrodes are covered with a frit glass 
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Figure 5.24 The practical panel structure of the 
three-electrode surface discharge PDP with the 
stripe structure.

Glass substrate

Display and display
-scan electrode

Dielectric layer

Sealing

Protecting layer

Glass substrate

Address electrode

Dielectric layer

Phosphors

Fabrication/sealing

Firing/evacuating
/gas filling

Aging

Test

Barrier rib

Figure 5.25 The essential fabrication process of color plasma display panel.
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layer with a printing technology and then heated at 
about 600°C to make a transparent dielectric layer. 
The seal glass layer with a width of about 3 mm is 
made on the outside of the display area and then 
pre-heated. An MgO protecting layer is evaporated 
on the dielectric layer over the display area of inside 
of the seal layer. The front plate is completed with 
these processes.

A small hole of a diameter of about 1 mm is 
made on a corner of the rear plate. The Ag address 
electrodes are printed and heated. The frit glass is 
printed on the electrodes in the display area and 
then heated at about 600°C to make a dielectric 
layer. The barrier ribs are made by sandblasting the 
frit glass on both sides of the address electrode. The 
red, blue and green phosphors are printed inside 
the channel between the barrier ribs. Each color 
phosphor is printed at a same time and then the 
printing is repeated three times and then dried. 
The rear plate is completed with these processes.

Both plates are assembled and fixed with clips. 
The assembled plates are heated to melt the seal 
layer and the plates are glued resulting in a panel. 
At the next gas filling process, the panel is con-
nected to an evacuation/gas-filling system through 
the evacuating tube. After the baking, the dis-
charge gas is introduced. Finally, the PDP is com-
pleted after melting off the evacuating tube. The 
driving pulse is applied to the panel and discharges 
are ignited in every discharge cell to reduce and 
make the operating voltage stable.

5.2.5  Improvement of the cell 
structure

Fujitsu Hitachi Plasma Display (FHP) had 
reported on the alternate lighting of surfaces 
(ALIS) technology as shown in Figure 5.26 [28]. 
The ALIS method does not have a non-luminous 
area. Discharge takes place between adjacent 
display electrodes, instead of scan and sustain 
electrode pairs one by one. This system, how-
ever, does not permit line progressive scanning 
by upper and lower discharge cells with the use 
of shared cells. This interlaced scanning can 
be operated by the drive circuits, which are the 
same as those in existing PDPs with 480 scan-
ning lines. It does not require special high speed 
addressing technology or dual scanning, which 
requires twice the usual number of ICs. It is pos-
sible to double its definition by using the same 
manufacturing and driving technology as that 
for the conventional method. In other words, 
they can apply conventional methods to turn a 
VGA color PDP into an SXGA PDP.

The ALIS system itself does not improve lumi-
nous efficacy. However, the adoption of the method 
makes a non-luminous area unnecessary and 
raises the aperture rate to 65%. As a result, ALIS 
improved the luminance by 150% of that of the con-
ventional method. By adopting the ALIS system, 
FHP made a 32-in. color PDP with 852 × 1024 pix-
els capable of displaying high definition pictures. 
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Figure 5.26 The alternate lighting of surfaces (ALIS) technology developed by FHP.
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Figure 5.27 shows the 42-in. diagonal HDTV with 
ALIS technologies.

Pioneer devised PDPs with a high lumi-
nous efficacy and a high contrast ratio by adopt-
ing a T-shaped electrode structure as shown in 
Figure 5.28 [29]. The T-shaped electrode structure 
produces a favorable effect on luminous efficacy 
and contrast ratio.

In the conventional system, the ribs on the 
rear plate side, to which the RGB phosphors are 
applied, adopted a stripe structure. The waffle 
structure arranges these ribs in parallel crosses 
[30]. The waffle rib structure eliminates light leaks 
vertically, to reproduce sharp image contours. At 
the same time, the arrangement can widen the 
per cell area of applied phosphors. The adoption 

of the T-shaped electrode structure and the waffle 
rib structure enables a luminance of 560 cd m−2, 
which is 60% higher than that of the conventional 
system, raises luminous efficacy by 40% and pro-
duces a color PDP with optimum high resolution.

5.2.6  Gradation

The display is performed by controlling the two 
states, ON and OFF, in AC PDP. Changing the 
number of sustain pulses changes the luminance. 
The wall charge especially plays an important role 
to control the ON and OFF states in AC PDP and a 
sufficiently wide pulse width is needed to get a suf-
ficiently wide operating margin. The ADS method 
is adopted for operating the AC PDP to meet the 

Method Alternate lightning surface method

Display size

Number of cells

Sub-pixel pitch

Colors

Luminance

Contrast ratio

Power consumption

922 mm (H) × 522 mm (V)

1024 (H) × 1024 (V)

0.9 mm (H) × 0.51 mm (V)

16.77 million colours

500 cd m–2

250 : 1 (dark room)

250 Wmax.

Figure 5.27 A 42-in. HDTV with ALIS technologies.
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structure developed by Pioneer.
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requirement and realizes an HDTV image with 256 
greyscales. Figure 5.29 shows the ADS method [31]. 
An image is constructed with 60 fields and each field 
is divided into eight sub-fields. Each of the eight sub-
fields has different luminous level and the example 
of the luminance ratio for the eight sub-fields is 
1:2:4:8:16:32:64:128 to realize the 256 greyscales. 
The luminance level is determined by setting the 
number of sustain pulses for each sub-field. The 256 
greyscales are realized with the combination of the 
sub-fields in which the ON and OFF states are con-
trolled by depending on the display data.

Each sub-field is divided into two periods, such 
as address period and display period, as shown in 
Figure 5.30. In the address period the discharge is 
ignited between selected address electrodes and a 
scan electrode sequentially depending on the dis-
play data. And then the wall charges are formed in 
the selected cells all over the display area and the 
successive sustain pulses are applied in the display 
period between all display electrodes. The width 
of the address pulse is less than 2 μs, and then the 
addressing speed is sufficiently high to realize the 
256 greyscales for HDTV format.

The address period is further divided into 
the reset step and address step. The reset step is 

important for operating AC PDP. The wall charges 
accumulated in the previous display period are 
eliminated and then the pre-condition is made 
to ignite the discharge stable in the address step. 
Although the display period and address step 
are indispensably important, the reset step is 
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(1Field)
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with 8 sub-fields

Luminance
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Figure 5.29 The ADS method, address-, display-period separation method, adopted for operating 
the AC PDP to realize an HDTV image with 256 greyscales.
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Figure 5.30 Detailed waveform for ADS method. 
Each sub-field is divided into two periods, such 
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also important for stable addressing, high speed 
addressing and controlling the contrast.

The ADS method has advantages, such as an 
easiness in setting the width of sustain pulses, the 
number of sustain pulses, low power consump-
tion, controllability of the greyscale and stable 
operation.

The ADS has been improving to realize a high 
quality display image and stable operation.

5.2.7  Improvement of drive systems

Characteristically, many color PDPs now adopt 
software-based improvements in addition to 
the hardware-based improvements such as the 
improvement of cell structures.

False contour issue was one of the essential 
issues to degrade the image quality when PDP 
adopts a driving method for greyscale using the 
luminous combination of different luminance 
sub-fields as shown in Figure 5.29. They have 
always been one of the most serious problems that 
degraded the display image on PDPs. To diminish 
the false contours, engineers previously resorted 
to methods that made false contours as invisible 
as possible. There are many methods to reduce the 
false contours, such as error diffusion, dithering, 
duplicated sub-field method, and so on [32]. With 
the combination of the methods, the false contour 
issue is improved as an acceptable level for the 
television application. Figure 5.31 shows the dupli-
cated sub-field method.

Pioneer achieved a high contrast ratio of 
560:1 and solved the problem of false contours 
by adopting a new ADS sub-field method called 
the Hi-Contrast and Low Energy Address and 
Reduction of False Contour Sequence (CLEAR) 
system, to achieve a Hi-Definition progressive dis-
play with excellent picture quality [33].

The CLEAR method resolved this problem by 
preventing, in principle, the generation of false con-
tours by using the luminance accumulation of dif-
ferent luminance sub-fields as shown in Figure 5.32. 
Although one TV field is divided into sub-fields, 
which have different luminance in each the same 
as the conventional one, the reset period is only 
once. The discharges are ignited at once in all cells 
of the panel and form wall charges in the reset step. 
The wall charges are erased at the address period in 
the selected sub-fields according to the display data 
and then eliminate the sustaining discharge in the 

display period of the sub-field. So the luminance of 
unselected cells is accumulated from the first sub-
field to the sub-field just advanced to the sub-field 
in which the erase pulses are applied. When the 
luminance is gradually varied, the light emission 
pattern of the sub-field does not change largely as 
in the case of the conventional sub-field method. 
Then the false contour issue is essentially solved. 
If the principle described above is applied simply, 
the grey levels are insufficient to display a beauti-
ful image. To get more grey levels, the number of 
sustain pulses of the sub-field is changed in each 
TV field. When a TV field is composed of the m 
sub-fields and the sustain pulse number is changed 
between the n TV fields, an [m × n + l] -step greyscale 
is obtained. And dither method and error diffusion 
method are also applied; then, the CLEAR system 
yields a color PDP with the same gamma character-
istic as that of CRTs. Consequently, a display capa-
bility of over 256-step grey levels for each RGB cell 
can be realized.

5.2.8  Future prospects of color PDP

One of the latest innovative developments is the 
delta arrangement PDP with meander barrier 
ribs reported by Fujitsu Labs [34]. This improves 
luminance and luminous efficacy by increasing the 
discharge cell size and also the area of phosphor 
application as shown in Figure 5.33. The luminance 
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and luminous efficacy of this structure are about 
double those of the conventional method.

The next approach to improving performance 
was the idea of raising the concentration of Xe in 
the conventional rate of 4 or 5%. It is well known 
that this method did not attract much atten-
tion, because it did not solve the problem of the 
extra cost for the driver ICs that must handle the 

additional driving voltage. Nevertheless, it cer-
tainly was effective in improving the luminous 
efficacy and luminance of PDPs.
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OBJECTIVE

Over the past half century, liquid crystal displays 
(LCDs) have grown to be one of the most suc-
cessful optoelectronic technologies, becoming an 
integral part of communication devices and often 
an enabling technology. This success has required 
many adaptions to meet the requirements of ever-
increasing complexity and performance. Indeed, 
it is the adaptability of liquid crystal devices that 
grounds their success. After outlining the basic 
physics of liquid crystals and device construction, 
the various modes used in commercial displays 
will be reviewed, both for mainstream and niche 
markets, together with a summary of the impor-
tant complimentary technologies. Finally, liquid 
crystal devices that have promise for future appli-
cations in optoelectronics will be discussed.

6.1  INTRODUCTION

On May 28, 1968, the cinema audience at the Loews 
Capitol Movie Theatre on Broadway, New York, 
USA, would have been astounded by the vision of 
the future presented to them in Stanley Kubrick’s 
masterpiece 2001: A Space Odyssey [1]. Among 
the technological advances envisaged, from an 
International Space Station, video telephony to the 
omnipresence of computers, the viewers will have 
been no less captivated by the tablet computers that 
astronauts Dave Bowman (Keir Dullea) and Frank 
Poole (Gary Lockwood) apprise themselves with 
from the BBC12 podcast, after being awakened 
from hibernation. These devices had flat panel dis-
plays that are able to present full color, video infor-
mation, something that would be as unfamiliar to 
the audience in 1968, as it is familiar to us now. Just 
one block away, at the Headquarters of RCA in the 
Rockefeller Plaza on 6th Avenue, George Heilmeier 
was at a press conference [2] to announce his 
recently published patent of the technology that 
would eventually lead to Kubrick’s vision becom-
ing reality: the first practical LCD [3,4].

Although the first device utilizing liquid crys-
tal electro-optical effects dates back to 1934 [5], 
the era of LCD research had begun in earnest with 

the groundbreaking inventions at RCA in the mid-
1960s [2,6,7]. This work was driven by RCA CEO 
David Sarnoff’s dream for “hang on the wall” 
television displays [6] and inspired by the work 
of George Gray [8] of Hull University in the UK, 
Glenn Brown at Kent State University in the US 
[9], and Richard Williams [10,11] at RCA’s Sarnoff 
Laboratories in Princeton. LCDs offered both 
reflective mode and backlit transmissive modes, in 
displays with a simple construction, light weight, 
and flat form factor. Display power consumption 
and operating voltages were attractively low and 
suited for being driven by Complementary metal-
oxide-semiconductor (CMOS) circuitry.

Soon after Heilmeier’s invention of the Dynamic 
Scattering Mode LCD [3,4], RCA terminated their 
LCD investment but the seed had been sown. 
Research groups from around the world, notably 
from Europe [12] and Japan [7,13], entered the field, 
stimulated by the RCA Press announcement. Having 
teamed up with Martin Schadt at Hoffman La 
Roche in Switzerland, ex-RCA researcher Wolfgang 
Helfrich invented the twisted nematic (TN) LCD 
in 1970 [14], a device with a more attractive opti-
cal appearance than its Dynamic Scattering Mode 
predecessor and a design that was to become the 
mainstay of flat panel displays for the following 
three decades. In the UK, Gray’s group had formu-
lated the first stable room temperature liquid crystal 
compounds [15] allowing mixtures with operat-
ing temperatures below zero degrees centigrade 
[16] to be formulated by Peter Raynes at the Royal 
Signal and Radar Establishment in Malvern, UK. In 
Japan, Tomio Wada at Sharp led a joint collaboration 
with Dainippon Ink and Chemicals that launched 
the world’s first commercial LCD, incorporated in 
Sharp’s electronic calculator EL-805 in early 1973.

The promise of flat-screen, low-power, high-
information content displays that met Sarnoff’s 
goal for television displays seemed imminent [17]. 
Developments in the fabrication of LCD devices 
[7,12,13] led to early success in applications such 
as wristwatches and pocket calculators. However, 
it would take a further three decades of invest-
ment, invention, and development before the LCDs 
replaced the dominant cathode ray tube (CRT) 
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displays used in televisions. Today’s state-of-the-
art ultrahigh-resolution LCDs for Ultra-high 
Definition Television (UHDTV) combines tech-
nologies such as thin-film transistors behind each 
color subpixel, optical compensation layers to give 
the widest angle of view, new alignment modes 
and addressing methods to achieve 120 Hz frame 
rates, liquid crystal mixtures that can operate from 
−20°C to +80°C to produce displays from several 
millimeters to over 100″ diagonal, at a price afford-
able for mass market adoption. Although it took 
this period to achieve Sarnoff’s goal, the road map 
includes many consumer products that have been 
enabled by the emerging LCD: flat screen desktop 
monitors, laptop computers, mobile phones, and 
tablets. LCDs are the purveyors of the Internet age.

There is a plethora of different LCD types, each 
with properties that have been optimized for dif-
ferent markets. After reviewing some basics of 
liquid crystal science and display construction, a 

selection of typical LCD modes is described in this 
chapter, together with some of the more esoteric 
devices that meet the needs of niche markets or are 
yet to achieve commercial success.

6.2  LIQUID CRYSTALS AND THEIR 
DISPLAY RELEVANT PHYSICAL 
PROPERTIES

6.2.1  Orientational order

Although discovered by Friedrich Reinizer in 1888 
[18], the true nature of liquid crystals, and the oxy-
moronic term liquid crystal itself, was described a 
year later by Otto Lehmann [19,20]. The type of liq-
uid crystal used in all devices to date is formed from 
rigid rod-like (calamitic) organic compounds, such 
as those shown in Figure 6.1. There are a variety of 
liquid crystal phases that may appear between the 
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isotropic liquid and solid crystal of certain organic 
compounds. Another, less common expression for 
liquid crystals is the term mesogenic, with mol-
ecules capable of forming liquid crystals being 
called mesogens, and the various phases termed 
mesophases. The simplest of the liquid crystal 
phase is the nematic (denoted N for shorthand, 
Figure 6.1a), which has no positional order, as with 
a conventional isotropic liquid, but the liquid crys-
tal phase has long-range orientational order of the 
long molecular axes. The molecular axes tend to 
orientate in a common direction called the direc-
tor, represented by the unit vector n. This orien-
tational order leads to crystal-like anisotropy of 
physical properties such as the refractive indices, 
dielectric constants, and conductivities. However, 
the lack of positional order means that the nematic 
is fluid and can flow when perturbed. The statisti-
cal distribution of the molecular axes is quantified 
by order parameters. For a cylindrically symmet-
ric phase, such as the nematic, which is composed 
of cylindrical molecules, the degree of order is 
defined using the S order parameter:

 
S

1

2
3cos 1 ,2= ξ −

 
(6.1)

where the brackets <·> represent the statistical 
average over the coherence volume of the material 
and the deviation from the director of an individ-
ual long molecular axis is .ξ  The anisotropic physi-
cal properties of the liquid crystal are related to S, 
which varies with temperature with the approxi-
mate form [21]:
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(6.2)

where ν is a material constant, typically 0.15 ≤ ν 
≤ 0.2, TNI is the nematic to isotropic transition 
temperature, and T is the temperature below TNI. 
Above TNI, S = 0 by definition. This expression 
neglects the weakly first-order nature of the nem-
atic to isotropic phase transition, which jumps 
immediately from 0 to about S = 0.43 at TNI in actu-
ality. However, Equation 6.2 is satisfactorily a cou-
ple of degree celsius below TNI, predicting typical 
nematic materials to have S ≈ 0.60–0.80 for typical 
nematic material at ambient temperatures.

A phial containing a nematic liquid crystal is 
milky in appearance. Unlike the common colloidal 
fluids with this type of behavior (such as milk itself), 
this appearance occurs for a pure, single compound. 
It arises because, although the liquid crystal mol-
ecules tend to point in the same direction locally, 
this direction changes over micron length scales 
due to thermal fluctuations, causing strong Tyndall 
scattering of the light. When heated to the isotropic 
liquid, the scattering disappears suddenly and the 
liquid is clear; for this reason, the temperature of the 
liquid crystal to isotropic transition (for example, 
TNI) is often termed the clearing point.

Almost all LCDs sold are based on the simple 
nematic type of liquid crystal because it is the easi-
est to handle and most well understood. However, 
there are many other phases that can form that are 
intermediate between the liquid and crystal states, 
from those with higher degrees of order (lay-
ered smectics, helical cholesterics, and columnar 
phases), those using different shaped molecules 
(discs, banana-shaped, bowl-shaped, main-chain, 
and side-chain polymeric) to those systems where 
the liquid crystal nature is due to changes in con-
centration, rather than, or in addition to, tem-
perature (lyotropic and chromonic phases). The 
interested reader is referred to Reference [22] for 
a comprehensive review on all aspects of liquid 
crystal science. For the present chapter, only the 
smectic and cholesteric phases are considered 
because of their (limited) application to displays. 
Smectic liquid crystal phases have some degree of 
positional order in addition to orientational order. 
The simplest smectics are termed smectic A and C 
(for which the shorthand SmA and SmC is used, 
respectively) and they exhibit one-dimensional 
positional order to form layers of nematic-like 
material. The layers of such phases are described by 
the unit vector a. SmA have n parallel to a (Figure 
6.1b), whereas the director n is at an angle θC to 
a in the SmC phase (Figure 6.1c). Both the nem-
atic and SmA phases have cylindrical symmetry 
about n (Figure 6.1d), whereas the SmC has mono-
clinic symmetry. Nematics comprised, at least in 
part, of chiral molecules undergo a spontaneous 
twist of the director to form a helical structure 
(Figure 6.1f). Chiral nematics, represented by N*, 
are often called cholesterics after the first liquid 
crystal behavior was observed for this phase in a 
compound derived from cholesteryl benzoate [18]. 
A full 2π rotation of the n director is defined as the 
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pitch length, P, which may vary from submicron 
in some pure compounds, to several hundreds of 
microns in a nematic material doped with a small 
concentration of a cholesteric dopant. In the chi-
ral smectic C (SmC*) phase (Figure 1g), the loss 
of mirror symmetry induced through the addi-
tion of chirality has two notable effects. First, the n 
director undergoes a spontaneous twist and bend 
deformation (so that the c director forms a twist in 
a similar way to the cholesteric), again with pitch P. 
Second, the combination of the loss of the mirror 
plane with the monoclinic symmetry of the SmC 
leads to a spontaneous ferroelectric polarization 
Ps in the plane of the layers and normal to the tilt 
plane [23]. As the c-director precesses about the 
layer normal in a helical fashion, the net ferroelec-
tric polarization cancels out throughout the bulk 
of the phase because the c-director precesses about 
the layer normal in a helical fashion.

Liquid crystal phases are formed for molecules 
that comprise both a rigid core structure and pen-
dant flexible hydrocarbon chains. The occurrence, 
temperatures, and phase sequences of liquid crys-
tals depend on the relative proportion of the flex-
ible chains and rigid core: the flexible groups are 
needed to space the cores sufficiently to prevent 

crystallization but sufficiently small to allow ori-
entational ordering of the cores. Predicting the 
temperature range over which liquid crystal 
phases form is a complex subject, requiring skill 
and experience for the synthetic chemist. For the 
simple rod-shaped calamitic molecules used in 
commercial displays, the transition from isotro-
pic to liquid crystal phase is related to the length 
of the molecule. However, viscosity is also depen-
dent on molecular size and so most practical liquid 
crystal compounds are formed from two or three 
ring structures to keep viscosity low and switching 
speeds high. The ring structures in the core may 
be benzene, cyclohexane, pyrimidine, thiophene, 
etc., joined together with parasubstitution (e.g., 
1,4 benzene) or with near-linear linking groups 
(such as esters, ethyl groups), and terminated on 
one or both sides with alkyl chains. In each case, 
the molecular core retains its near-cylindrical 
symmetry with each of any low-energy conform-
ers allowed by the core, such as rotations about the 
ester or ethyl linkages. Table 6.1 lists a range of dif-
ferent compounds that are typical for nematic liq-
uid crystal mixtures, together with some of the key 
physical parameters [24] related to typical device 
behavior.

Table 6.1 Typical nematic liquid crystal compounds and their physical properties

# Compound Structure Use TNI (°C)

Δn 
(20°C, 

589 nm)

Δε 
(20°C, 
1 kHz)

K11;
K22;

K33 (pN, 20°C)
γ1 (Pa·s, 

20°C)

1 C5H11 C N TN 35
23

0.237 +21.6 7.4
4.3

10.4

0.112

2
C5H11

O F

O C N

TN (24)
70

0.182 +50.2 k33/k11 = 1.78 0.270

3 C3H7 C C OC2H5
STN 95

88
0.300 +2.3 k33/k11 = 1.38 0.054

4 C2H7

C N

STN 74
68

0.17 +22.5 11.2
6.6

24.3

0.170

5

C3H7 F

F

F

TFT 94
65

0.073 +8.3 9
7

17

0.025

6

C3H7

F F

OC2H5

VA 145
67

0.156 −5.9 0.217
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6.2.2  General anisotropic physical 
properties

All LCDs operate because of the combination 
of the anisotropic physical properties combined 
with fluidity exhibited by liquid crystals. Tensorial 
anisotropic physical properties such as the refrac-
tive indices and electric permittivities can be 
diagonalized to give principal values parallel ˆ||( )n  
and perpendicular ( ˆ )⊥n  to the director [25]. Most 
commercially available devices use reorientation 
of the director induced by an applied electric field 
E coupling to the dielectric tensor ε, to reduce the 
electrostatic free energy GE, given by

εε εε εε εε( ) ( )= − = − = − ∆DD..EE EE EE nn EEG
1

2

1

2
. .

1

2
. ,E 0 0

2

 (6.3)

where the dielectric anisotropy Δε is the dif-
ference of the principal components ||ε −ε⊥ . 
Equation 6.3 predicts that the director tends to 
reorient parallel to the applied field if the material 
has a positive Δε and perpendicular to the field 
if Δε is negative. Similarly, many devices rely on 
changes in optical retardation from the mate-
rial birefringence Δn (= n n n n|| e o− = −⊥ ), where 
e and o refer to the extraordinary and ordinary 
rays, respectively, to give the perceived opti-
cal modulation. For example, if viewed between 
crossed polarizers, a device will appear isotropic, 
and therefore black, when viewed along the optic 
axis (parallel to ne) and will exhibit some white 
light transmission when viewed in a direction at 
an angle to the optic axis due to the effect of the 
optical retardation.

The physical parameters depend on both 
chemical structure and temperature. Anisotropic 
properties, such as Δn and Δε, are also related to 
the order parameter S, whereas the fluid proper-
ties, such as density, bulk viscosity, and the mean 
refractive indices and permittivities, are primar-
ily related to absolute temperature. The uniaxial 
refractive indices are given by [25]
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where ρ is the density, NA is the Avogadro number, 
M is the molecular weight, α is the mean molecu-
lar polarizability, and ∆α is the difference between 
the molecular polarizability parallel to the long lα  
and short tα  axes. The cavity field factor h and the 
Onsager reaction field F relate to the internal field 
experienced by an average molecule, approximated 
for a spherical cavity by
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where mean anisotropic properties are expressed 
using a bar above the symbol, such as for the mean 
polarizability on the molecular scale:

 
1

3
2 t l( )α = α + α

 
(6.6)

and permittivity and refractive index on the mac-
roscopic scale:
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The birefringence is given by
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and is largely dictated by the polarizability anisot-
ropy Δα of the constituent molecules. The density 
ρ is usually close to that of water at 20°C, with a 
selection of nematic compounds ρ = 990 ± 50 
kgm−3 [26], and with a near linear temperature 
dependence through the liquid crystal (LC) phases 
that is typically 1 kgm−3·K−1. Thus, the temperature 
dependence of the birefringence is dominated by 
the order parameter S. A calamitic liquid crystal 
has a positive birefringence because Δα is positive 
for the cylindrical molecular core structures. If the 
rigid core is short and comprises weakly polarizable 
saturated moieties such as cyclohexanes, the bire-
fringence will be low. It will be higher for longer, 
unsaturated groups such as phenyls and ethynes, 
reaching Δn ≈ 0.4, but more typically being maxi-
mum at Δn ≈ 0.26 for light stable compounds.
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Similarly, the uniaxial electric permittivities are 
given by [25]
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where β  is the angle between the molecular dipole 
µ and the long molecular axis. The dielectric 
anisotropy is

n n
N hF

M kT
S
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and
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There is more freedom for controlling the dielectric 
anisotropy than for birefringence by placement of 
strong dipole moments onto the core structure. 
Strongly positive materials result from polar moi-
eties such as cyano-terminal groups, or 3, 4, 5 sub-
stitution of fluoro-groups onto a terminal phenyl 
group. Such placement ensures that β is kept low, 
with Δε ≈ +50 being readily achievable. It is harder 
to make strongly negative materials for a number 
of reasons. First, the n ne

2
o
2−  term of Equation 6.10 

is always positive and leads to Δε ≈ +2 even if there 
is a negligible dipole moment. Equation 6.10 pre-
dicts that transverse dipoles, where β ≈ 90°, are 
only half as efficient at contributing to a negative 
Δε due to the cylindrical symmetry. Moreover, 
bulky polar side groups detract from the rod-like 
shape of the molecule that leads to liquid crystal-
linity. Nevertheless, mixtures with Δε ≈ −6 have 
been achieved for modern LCD TV applications. 
Note, Equation 6.10 also predicts that a dipole 
moment at β = 48.2° contributes equally to ||ε  and 
ε⊥; even a large dipole moment oriented at β ≈ 52° 
gives Δε ≈ 0.

Implicit in the definition of liquid crystal 
behavior is the concept of orientational elasticity 
and the energetic cost associated with deforming 
the director field. Whereas a crystal solid has elas-
ticity associated with the positional translation of 

the constituent molecules, the liquid crystal has 
elasticity associated with changing director ori-
entation. The curvature strain tensors of phases 
with cylindrical symmetry contain terms in splay, 
twist, and bend deformations [27] (as shown in 
Figure  6.2a). The elasticity of the chiral nematic 
is equivalent to that of the achiral nematic but 
includes 2π/P subtracted from the twist term to 
represent the spontaneous twist of director. The 
elastic bulk free-energy density for nematics and 
cholesterics GK is given by
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where P = ∞ for the usual achiral nematic case and 
kii (i = 1, 2, 3) are the splay, twist, and bend elastic 
constants, respectively.

The elastic constants are important to the dis-
play engineer because they dictate the amount of 
deformation induced by the applied electric field. 
Both splay and bend elastic constants contribute to 
distortions in the plane of the director and deform-
ing torque, whereas twist occurs where the distor-
tion is perpendicular to the director and torque. 
There have been extensive studies of the relation-
ship between molecular structure and the elastic 
constants and because of this important role they 
play in the operation of LCDs. To a first approxi-
mation, the temperature dependence of the elastic 
constants follows S2, a relationship that holds well 
for k11 and k22, where the ratio k22/k11 is relatively 
insensitive to temperature and chemical structure 
with 0.5 ≤ k22/k11 ≤ 0.8 and usually k22/k11 ≈ 0.5. The 
behavior of the bend elastic constant k33 is more 
complex [28], with k33/k11 being both temperature 
dependent and showing a strong dependence on 
structure, with values ranging from 1.0 ≤ k33/k11 ≤ 
2.2. Approximating the constituent molecules of 
the liquid crystal to rigid, hard rods of length L and 
diameter W lead to the approximate relationship: 

 k k L W/ ~ / ,33 11
2 2

 (6.13)

which provides a useful rule of thumb for the LC 
mixture designer. However, there is a strong influ-
ence on this elastic ratio from short-range local 
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ordering in the nematic phase due to intermolecu-
lar dipole correlations or local smectic ordering. 
For example, smectic local ordering of positive Δε 
materials leads to a higher k33/k11.

Liquid-like fluidity of a liquid crystal is dictated 
by the viscosity, which determines the switching 
speed of LCDs. How quickly the director reori-
ents with respect to a deforming torque is deter-
mined by the ratio of the viscosity and the elastic 

constants. However, even for the simplest nem-
atic case, there are five viscosity coefficients [29], 
describing flow of the director in directions par-
allel and perpendicular to the director and shear 
force directions. The effect of fluid flow can play 
an important part in device behavior, such as the 
optical bounce that occurs in twisted-nematic 
displays due to backflow [30]. Full understanding 
of these effects requires numerical modeling [31]. 
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Figure 6.2 Nematic elasticity and disclinations: (a) Splay, twist, and bend deformations; (b) line dis-
clinations of strength +1, +½, −½, and −1. In each case, the disclination continues normal to the page, 
and the director remains invariant in this direction (cylindrical symmetry). The defect core is indicated 
in gray; (c) flexoelectric behavior from banana-like molecules in a bend deformation; and (d) flexoelec-
tric behavior from wedge-like molecules in a splay deformation.
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For simplicity, backflow is often ignored and the 
time dependence of director reorientation without 
coupling to mass flow is represented by the single 
twist viscosity γ1. Viscosity has a strong tempera-
ture dependence related to the change in order 
as well as the Arrhenius dependence common to 
liquids [32]:

 
a S a S e ,

U

kT
1 1 2

2( )γ = +
−

 
(6.14)

where a1 and a2 are material-dependent constants, 
U is the activation energy for molecular move-
ment, k is the Boltzmann constant, and T is the 
absolute temperature. Most commercial liquid 
crystal mixtures are based on aromatic systems, 
where a a1 2�  for compounds with low birefrin-
gence, a a2 1�  for highly birefringent compounds, 
and a1 ≈ a2 ≈ 10−14 s·m−2 and U ≈ 0.3 eV for Δn ≈ 
0.18. At low temperatures, the viscosity often devi-
ates from this Arrhenius type of behavior as it 
diverges toward a low temperature glass transition. 
The standard Vogel–Fulcher–Tammann equation 
has been applied successfully to a range of nematic 
compounds [26]:
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where A and B are material-dependent constants 
and T0 is a temperature that is typically about 20°C 
below the liquid crystal glass transition.

Continuum descriptions of the director field 
are not always satisfactory because the director 
field often also includes topological discontinui-
ties, called defects or disclinations [27]. Indeed, it 
was the thread-like appearance of nematic samples 
containing such defects that originally led to the 
naming of the phase, from the Greek for thread 
(nematos). Both point defects and line defects are 
common; examples of nematic line disclinations 
with different strengths are shown in Figure 6.2b. 
At each discontinuity in the director field, there 
is local melting of the phase and the liquid crys-
tal order is zero at the disclination core, which is 
typically of the order of 10 nm in diameter. For 
the nematic phase, disclinations of strengths +1, 
−1, +½, and −½ are common, with +½ and −½ 
appearing as pairs and usually forming defect 
loops or may terminate at interfaces such as the 
containing substrates of a device. Avoiding defects 

is a key part of the design of most LCDs, although 
recently there has been an insurgence of inter-
est in the potential applications for liquid crystal 
devices with controllable formation of topological 
defects, such as the zenithal bistable display (ZBD) 
described in Section 5.3.

The constituent molecules for the liquid crys-
tal do not exhibit perfect cylindrical symmetry 
but have more complex shapes. For example, they 
may not have a twofold rotational symmetry about 
either short or long axes, leading to “wedged” or 
“banana” molecular shapes, respectively. Normally, 
the nematic includes all possible orientations of 
the molecules that maintain the symmetry of the 
phase. However, with bend and splay deforma-
tions, the distribution of asymmetric molecules is 
shifted slightly as the molecules pack. For example, 
banana-like molecules will tend to orient so that 
molecular curvature follows that of the director 
field (Figure 6.2c). Similarly, the apex of wedge-like 
molecules points into the splay (Figure 6.2d). In 
either case, any molecular dipole will then contrib-
ute to a macroscopic polarization [33] and flexo-
electric terms are required in the free energy. The 
degree of polarization for splay and bend deforma-
tions is represented by the flexoelectric coefficients 
e1 and e3, respectively, which are dependent on the 
material shape, dipole moments, and density.

6.2.3  Formulating liquid crystal 
mixtures

Table 6.1 includes some of the important display-
related physical properties for a number of com-
mon nematic compounds, including temperatures 
for the nematic to isotropic transition TNI, as well as 
the room temperature values for the optical, elec-
trical, elastic, and viscous properties. Each of these 
compounds is stable at operating temperatures and 
when exposed to light, allowing device lifetimes of 
scores of years to be achieved. As shall be shown 
in the following sections, the properties of each of 
the compounds might be suited to different display 
technologies. For example, devices using optical 
scattering effects require a high birefringence to 
become strongly scattering, whereas polarized light 
displays using the retardation effect of the liquid 
crystal often require a lower birefringence to enable 
higher device spacing (and hence higher yields). 
Modes such as the supertwist nematic (STN) 
require k33/k11 to be high, whereas the simpler TN 
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display requires k33/k11 to be kept low. Such require-
ments are rarely isolated, being combined with a 
range of target physical properties, such as appro-
priate temperature range of the required liquid 
crystal phase, low viscosity, to more complex needs, 
such as low temperature dependence of elastic con-
stant ratios, etc. This necessitates mixtures to be 
used, frequently involving scores of components.

Properties such as the birefringence Δn, the iso-
tropic to nematic transition temperature TNI, and 
splay elastic constant k11 depend roughly linearly 
with concentration. The dielectric anisotropy Δε, 
and twist and bend elastic constants k33 and k22, 
are slightly more complex because of the effects 
of dipole correlations and smectic ordering. For 
example, the epoch-making compound pentyl-
cyano-biphenyl (5CB, compound 1 in Table 6.1) 
has a measured ∆ε of about 15 close to room tem-
perature and can be treated as ∆ε of about 24 when 
adding into mixtures. This is because the antipar-
allel dipole correlations of the pure compound 
that effectively reduce the parallel dipole moment 
are disrupted in a multicomponent mixture. Care 
still has to be taken when formulating mixtures 
because the breaking of the dipole correlations 
can lead to the unmasking of smectic behavior: it 
is quite common for a mixture of polar and apolar 
nematic compounds to exhibit an unwanted smec-
tic phase despite neither component having smec-
tic behavior. Such a phase is called an “injected” 
smectic and arises because the dipole correlations 
of the polar compound were preventing the forma-
tion of the smectic layers.

Ignoring the order parameter-related terms in 
Equation 6.14 and considering only the viscosity 
to follow the Arrhenius behavior of conventional 
liquids, the viscosity of an n component mixture 
is given by

 
Clog log ,

i

n

i i1 1∑( ) ( )γ = ⋅ γ
 

(6.16)

where i = 1, 2, 3, …n, and Ci is the concentration of 

component i such that C 1
i

n

i∑ = . This logarithmic 

concentration dependence means that highly 
viscous additives can be used at low concentra-
tion without increasing the mixture viscosity sig-
nificantly. For example, it is common practice to 
increase the clearing point through the addition of 

three- or four-ringed compound, where the linear 
increase in TNI is accompanied with a dispropor-
tionately small viscosity increase.

None of the compounds in Table 6.1 show a 
room temperature liquid crystal phase, rather 
freezing to a crystal form. The liquid crystal phases 
usually supercool below the melting point because 
of the strong first-order nature of crystallization; 
this is particularly true in a thin container such as 
an LCD, where crystallization is suppressed by the 
surfaces. However, LCDs require operation typi-
cally between −20°C and +70°C and to be stored 
for months down to −40°C. Such temperature 
ranges require the formation of eutectic mixtures 
to suppress melting, at concentrations approxi-
mated by the Schroeder–Van Laar equation:
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where R is the Rydberg constant; Ci, ∆Hi, and Ti are 
the molar concentrations, enthalpy of freezing and 
melting point of the ith component, respectively. 
This provides a guide for the material scientist to 
calculate the eutectic composition, given that, at 
the eutectic temperature, the concentrations sum 
to 100%. In practice, more thorough empirical 
methods [34] are required to formulate commer-
cial mixtures. Table 6.2 includes the composition 
of three typical positive Δε eutectic mixtures, E7, 
ZLI2293, and ZLI 4792, together with their impor-
tant physical properties.

6.2.4  Functional liquid crystal 
compounds

As shall be shown, it is not just the nematic phase 
that is used for LCDs. A variety of mesogenic com-
pounds have been used to impart some new func-
tionality to the system. Table 6.3 lists examples of 
mesogenic compounds, which are used for impor-
tant display-related purposes, as summarized 
below.

 1. The inclusion of one or more chiral centers 
(denoted *) in the flexible end chain of a 
mesogen imparts a tendency for spontane-
ous twist of the director. The material may 
exhibit inherent cholesteric (N*) or chiral 
SmC* phases (such as CE3 in Table 6.3) or 
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Table 6.2 Physical properties of selected nematic LCD mixtures

Mixture E7 ZLI 1132 ZLI − 4792

typical use Passive matrix tN active matrix tN

Composition C5H11

C7H13

C5H11

C8H17O

C N

C N

C N

C N

51%

25%

16%

8%

C3H7

C3H11

C7H15

C5H11

C N 24%

36%

25%

15%

C N

C N

C N

C6H113

C7H15

C2H5

C3H7

C4H9

C3H7

C5H11

F

F

OCF3

OCF3

OCF3

OCF3

F

F

7%

5%

7%

11%

11%

8%

8%

Nematic temperature range (°C) S < −30 N 58 I S < −6 N 71 I S < −40 N 92 I
Δn; no

(589 nm, 20°C)
0.2253; 1.5211 0.1396; 1.4830 0.0969; 1.4794

Δε ; ε┴

(1 kHz, 20°C)
13.8; 5.2 13.1; 4.6 5.2; 3.1

k11; k22; k33

(pN, 20°C)
11.7; 8.8; 19.5 1.95 13.2; 6.5; 18.3

Dynamic bulk viscosity η (cP, 20°C) 465 200 150
Twist viscosity γ1

(mPa·s, 20°C)
180 250 109

Flexoelectric coefficients
e1 + e3;

e1 − e3

(pCcm−2, 20°C)

+15; 12.2 |10|; −15

Source: Data collected from References [35–37].
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may induce chirality through doping into a 
nematic or SmC host material. The important 
characteristic of the chiral compound as a dop-
ant is its helical twisting power and handed-
ness. These are related to molecular structure 
through various empirical rules, such as those 
of Reference [38].

 2. Smectic phases occur with longer terminal 
chain groups at the mesogenic core. The 

formation of tilted phases, such as the SmC, 
occurs with suitable placement of transverse 
dipole moments, though precise control of 
phase transition temperatures and sequences 
remains somewhat an art for the chemist [e.g., 
Reference 39].

 3. Pleochroic and fluorescent dyes can be added 
to liquid crystals to give appropriate opti-
cal functionality. Pleochroic dyes such as the 

Table 6.3 Examples of functional mesogenic compounds

# Compound Use Key properties

1 (+)-4-n-Hexyloxyphenyl-4-(2-methylbutyl)
biphenyl-4’-carboxylate (CE3)

C* CH2 O-C6H13 O

O
C2H5  

CH3  K 65°C SC* 79°C N* 162°C I 

K 65°C SC* 79°C N* 162°C I

N* ;
Chiral Dopant;
Ferroelectric 

compound

Helical twisting power;
Induced Ferroelectric 

polarisation

2 2,3-Difluoro-1-ethyloxy-4-[trans-4-propyl 
cyclohexyl] biphenyl

OC2H5 C3H7

FF

VAN
SC;
FLC host

Low γ1

High ∂ε
N phase;
Wide SC

3 Example anthraquinone dye

O

O

OH

N
H

C4H9

H
NC4H9

Pleochroic dye High order parameter;
High dichroism;
High miscibility

4 1,2-Bis(4-hex-5-enyloxyphenyl)diazene
C4H8O

OC4H8
N

N

Optically induced 
reorientation

Solubility;
S;
Absorption efficiency

5 RM257: 1,4-Bis[4-(3-acryloxyproyl 
benzoxyl]-2-methylbenzene.

O

O

O

O O

O
O

O

OC3H6

C3H6O

K 64 C N 126 C l

Bifunctional reactive 
mesogen

Solubility; 
Photoreactivity

6 DB126: Triphenylene hexa-(2-methyl-4-n-
decyloxy)benzoate

 K 109°C (Col 75°C) ND 164°C

R

O

OR

R =

RR

R

R

OC10H21

K 109°C (Col 75°C) ND 164°C I

Discotic nematic.
Acrylate version used for 

optical compensator 
films

Negative Δn
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anthraquinone shown in Table 6.3 have reason-
ably good miscibility in the cyano-biphenyls, 
leading to anisotropic absorption that is much 
more parallel to the director than perpen-
dicular to it [40]. This is used in Guest–Host 
displays, where the polarizer is replaced by the 
constituent dye mixed in the liquid crystal, 
allowing switching of the appropriate wave 
bands between absorbing and transmitting 
states. Performance is dictated by the com-
bined order parameter of the system and the 
direction of the dye transition moment with 
respect to the liquid crystal director.

 4. Including a central azo-moiety into the core of 
a mesogen allows photoinduced realignment 
of the director due to anisotropic absorp-
tion of the dye. Irradiating the molecule with 
polarized light causes reorientation of the 
dye molecule to the direction normal to the 
polarization, usually via transition between 
the trans- and cis-isomers. This may be used 
to effect photoreorientation of the nematic 
director, either reversibly [41] or irreversibly by 
combining the azo-mesogen into polymeriz-
able groups [42].

 5. Reactive mesogens have become a major tool 
for the displays field [43]. These compounds 
exhibit conventional liquid crystal behavior, 
either individually or when used in mixtures. 
The inclusion of a photoreactive group in one 
or both of the terminal end chains allows the 
material to be polymerized by exposure to 
UV light. Hence, the reactive mesogen may 
be aligned appropriately (through interaction 
with the surface, electric fields or polarized 
light) and the liquid crystal structure stabilized 
by polymerizing the reactive mesogen. The 
solubility of the reactive mesogens is high and 
so a variety of systems are possible, from linear 
elastomers to polymer-stabilized networks and 
gels, and liquid crystal polymers. The photo-
reactive groups are often acrylates and so may 
also be used in conjunction with standard 
acrylate cross-linkers and photoinitiators. 
Reactive mesogens have been used widely, from 
creating patterned optical retarders, functional 
alignment layers, to creating templates for 
extending the temperature range of narrow 
liquid crystal phases.

 6. Discotic liquid crystals have a symmetry axis 
that is parallel to the short molecular axis [44]. 

This leads to distinctive physical properties, 
such as negative birefringence, one-dimen-
sional conductivity, and semiconductivity, and 
the formation of columnar rather than smectic 
phases. Many of the other anisotropic physi-
cal properties, such as the order parameter, 
permittivities, and elastic constants are similar 
to those of their calamitic (i.e., rod-like) coun-
terparts. A particularly important application 
for LCDs is the use of polymerizable discotic 
liquid crystals to form optical compensation 
plates.

6.3  BASICS OF LIQUID CRYSTAL 
DEVICES

6.3.1  Basic display construction

Much of the basic scientific understanding of liquid 
crystals was available in the first half of the 20th 
century. Mauguin [45] had found that, contrary 
to the optical rotation caused by a quarter-wave 
plate, polarized white light could be guided by a 
liquid crystal with a twisted structure, allowing 
light to be transmitted between crossed polarizers 
by samples with a twist of 90°. Fréedericksz had 
shown field-induced switching and the existence of 
a critical threshold for magnetic [46] and electric 
[47] fields applied to a uniform sample. Châtelain 
[48] achieved uniform alignment of the liquid 
crystal director using thinly spaced samples and 
rubbing to define the orientation. Such scientific 
advances prompted the first liquid crystal device to 
be patented by the Marconi Wireless Company in 
the UK in 1936 [49]. However, the first LCD com-
mercialization had to wait until the early 1970s, 
and the availability of various other components, 
many of which were invented and developed inde-
pendently for other applications. These associated 
technologies include the following:

 ● Glass. Typically 0.7 mm thick, polished glass 
is remarkably optically uniform (n = 1.520 ± 
0.005), transparent (91% transmission from 320 
to 700 nm) and flat (±0.1 μm). Together with 
its excellent mechanical, thermal, and eco-
nomic properties it is hard to imagine a better 
substrate material. Today’s 40″ TV displays 
are made on $2B production lines that handle 
Generation 10 glass (2850 mm × 3050 mm), 
though most small displays are still made 
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using Generation 4 production lines (550 mm 
× 650 mm). Two types are common: soda lime 
glass for low-cost displays and borosilicate 
glass for high-end TFT (thin-film transistor) 
displays. The latter has a low alkali ion content 
and so adds far fewer ionic impurities to the 
contacting LC that would otherwise prevent 
the TFT maintaining its charge across the 
pixel. Recently, ion-implanted reinforced glass 
and ultrathin (<100 μm) glass have been used 
for high-end displays, particularly for use in 
portable display applications and curved screen 
HDTV.

 ● Indium tin oxide. Following the initial work 
done in the mid-1960s at Philips [50,51], and 
in the Far East at the Japanese Government 
Research Institute [52], indium tin oxide (ITO) 
has become the dominant transparent con-
ductor for the display industry, as well as for 
many other applications. The layer is sputtered 
onto the glass surface between 50 and 200 nm, 
depending on the display requirements. The 
thin layer causes loss of light through inter-
ference and reflection, but these thicknesses 
usually lead to about 88% and 85% transmis-
sivity of the glass overall and correspond 
to sheet resistances of 80 Ω/◻ and 15 Ω/◻, 
respectively. It is important to understand 
how sheet resistance works: a square of ITO 
gives a resistance of 15 Ω regardless of its area. 
Calculation of the resistance of any electrode 
requires the number of squares to be multi-
plied by the sheet resistance. So, for example, 
the resistance of a display electrode that is 
10 cm long and 200 μm wide is typically about 
15 Ω/◻ × L/W = 7.5 kΩ.

 ● CMOS circuitry. CMOS integrated circuits were 
invented by Wanlass at Fairchild in 1963 [53], 
whereby p-type and n-type transistors are used 
in parallel to provide low-power logic circuitry 
(and hence suitable for use with battery oper-
ated equipment) and logic output voltages 
of between 3.5 and 5 V, which could be used 
directly to address the liquid crystal. The first 
LCD product was launched by Sharp in April 
1973: the EL-805 electronic calculator. The 
CMOS provided both the logic for the calcu-
lator operation and the driving circuitry for 
the dynamic scattering mode LCD. This was 
followed in October 1973 by the 06LC digital 
watch from Seiko, which used a TN LCD.

 ● Polarizing film. Although prism and wire-
grid polarizers were established technologies, 
Land’s invention of iodine doped stretched 
polymer film polarizers in 1929 [54] and the 
subsequent use of polymerized dichroic nemat-
ics by Dreyer in 1946 [55] enabled low-cost 
flat-panel displays to operate by controlling 
the polarization state. Today’s polarizers use 
aligned silver nanoparticles, and comprise 
protective films, adhesives, release liners, and 
other filters required for different display pur-
poses [56].

 ● Thin-film transistor [57]. It was invented at RCA 
by Paul Weimar in the early 1960s. The original 
demonstration used tellurium as the semicon-
ductor but other materials researched at that 
time included silicon, germanium, cadmium 
selenide, and cadmium sulfide. Most displays 
today use either amorphous or polycrystalline 
silicon.

There are various different types of LCD but many 
of the design principles and modes of operation are 
common throughout. Consider the common TN 
LCD [14] shown in Figure 6.3. The display is formed 
from two containing plates, the front one at least 
being transparent and coated with transparent 
conducting electrodes, such as ITO. The plates are 
spaced a few microns apart by glass beads, adhered 
together and the laminate filled with the liquid 
crystal material and sealed. The most common 
substrates in use are 0.5 or 0.7 mm glass, though 
optically isotropic plastic substrates may also be 
used for low weight and flexibility. Reflecting metal 
foil layer has been used as the rear substrate where 
flexibility and high temperature thermal processes 
are required for a reflective display. The ITO is 
etched to form the appropriate electrode pattern. 
This is often a series of rows and column electrodes 
on the opposing internal faces of the device. In 
such an arrangement, the electrodes form a par-
allel plate capacitor, wherein the individual pixels 
are formed in the regions of overlap of the rows 
and columns. Of course, other designs are pos-
sible, such as polar coordinates (formed from axial 
and radial electrodes), alphanumeric characters 
and icons, or interdigitated electrodes on one of 
the substrates to provide an in-plane electric field. 
The most sophisticated displays, used from mobile 
phones to HDTV, use a TFT on one of the plates, 
addressed using copper bus lines to provide the 
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signals to a pixel electrode. In these instances, the 
opposite plate is a single electrode, held at Earth.

Creating an electro-optic effect requires some 
optical property, such as the reflectance or trans-
mittance for a backlit display, to be changed with 
an applied field. Today’s commercial LCDs almost 
exclusively use reorientation of the director from 
some initial prealigned state, dictated by alignment 
layers on the inner surfaces of the display. Various 
alignment layers are possible, but most devices use 
a polymer coating to impart either homeotropic 
(i.e., normal to the surface), planar homogeneous, 
or tilted homogeneous alignment of the director 
(Figure 6.4). For example, the TN device includes 
polyimide coatings rubbed in a direction to impart 

a homogeneous alignment with a surface pretilt θS 
of typically 1° to 2°, though an STN would require 
a somewhat higher pretilt of 2° < θS < 6°. For the 
simple TN mode, a 90° twist from the top to bot-
tom surfaces is induced in the device by arranging 
the rubbing directions on the opposing surfaces to 
be normal to each other. The prevention of tilt and 
twist disclinations is ensured by including a small 
helical twisting power to the nematic through the 
addition of very low quantities of a chiral nematic 
and by matching the sign of the helicity to the two 
pretilts to minimize bend and splay distortion [58]. 
Ignoring biaxial surface terms, the orientation of 
the director at each surface is governed by the sur-
face energy GS:
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where s is the surface normal and r is the preferred 
alignment direction in the plane of the surface 
(Figure 6.4a). Changes to the surface tilt are related 
to the zenithal anchoring energy, Wθ. Typically, 
10−7 ≤ Wθ ≤ 10−3 Jm−2 and 10−9 ≤ Wβ ≤ 10−5 Jm−2 [59] 
though for typical commercial devices the anchor-
ing energies are greater than 10−5·Jm−2 and are 
usually considered as fixed boundaries. The polar 
surface term Wp is insignificant for nematics but 
is important for ferroelectric liquid crystal (FLC) 
devices, where there is often a preferred orientation 
of the spontaneous polarization with respect to the 
surface normal.

Each device is constructed in two stages: the 
back-end process is done under strict clean room 
conditions, and the front-end, wherein the devices 
are filled with liquid crystal and the associated 
optical layer and driving electronics added and 
testing is done. The back-end processes are done 
in a clean room and consist of producing empty 
laminates each with the potential to form multiple 
displays. The factory equipment dictates the size of 
the plates used; it is important for high yield and 
efficiency that the glass is large enough to allow at 
least six or eight displays to be made on a single 
laminate. Even 47 in. diagonal television displays 
are produced eight per laminate using generation 8 

sized glass (2200 × 2500 mm) and large-scale asso-
ciated manufacturing equipment.

The plates are made on a production line pre-
venting the use of many standard laboratory-based 
practices, such as oven baking and spin coating. 
Each step occurs within the TAKT time, which is 
the time that one plate moves from one step to the 
next; the TAKT time, by definition, must be the 
same for all of the steps on a given line. Following 
a brief inspection, the laminate is then sent to the 
front-end, where it is singulated, filled, and the 
remaining components attached.

The processes for constructing a passive matrix 
display are shown in Figure 6.5. Many of these 
processes are common to either passive matrix or 
TFT-driven active matrix devices. Common back-
end processes include

 1. Glass cleaning: Glass is supplied with the 
appropriate thickness of ITO deposited onto 
one side. The plate is washed with deionized 
water, ultrasound, soaps and sometimes sol-
vents such as IPA (though this is not preferred 
due to flammability).

 2. Electrode patterning: This is done using 
photolithography. A thin layer of positive 
photoresist is printed onto the substrate, soft 
baked (to harden) and a mask is placed in 
contact with the layer. Where exposed to UV, 
the photoresist is washed off by developer but 
the photoresist remains in contact with the 
ITO everywhere else. The exposed ITO is then 
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Figure 6.4 Nematic surface alignment leading to uniform director profile: (a) Definition of in-plane 
azimuthal angle β and out-of-plane zenithal tilt angle θ; (b) homeotropic; (c) planar homogeneous; 
and, (d) uniform tilted from antiparallel surfaces with pretilt θs; (e) basic structure of the dedicated 
polyimide AL 1051 from Japan Synthetic Rubber KK.
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removed by acid and finally the remaining 
photoresist is stripped from the patterned ITO 
using an aggressive solvent. It is common for 
the electrode patterning to be done separately 
from the standard production process.

 3. Alignment layer: Following another clean step, 
the alignment layer is pad-printed onto the pat-
terned glass in the areas that form the viewing 
area of each display. The alignment layer is pat-
terned to avoid the part of the electrodes where 
bonding (electrical access) is required and 
where the glue seal will be deposited (to ensure 
a strong seal). The polyimide is then baked at 
high temperature (e.g., 180°C) to harden it and 
then rubbed using a rayon cloth mounted onto 
a roller. The resulting pretilt is not only depen-
dent on the choice of the alignment polymer 
but also on the rubbing strength L:
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where N is the number of passes of the roller, l is its 
contact length (mm), n is the roller rotation speed 
(rpm), r is the roller radius (mm), and ν is the speed 
of the plate (mm·s−1). Each of these steps needs to 
be controlled to minimize display variation.

 4. Spacers: Polystyrene spheres of the required 
spacing are either deposited in air or sol-
vent onto one of the glass plates that form 

the laminate. The density of the spacers 
depends on the cell gap but is typically 50–100 
per mm2.

 5. Glue seal: A thermal epoxy is syringe depos-
ited onto the other substrate to form the 
boundaries for each individual display. The 
seal is designed to be as thin as can be reliable, 
with four edges comprising the sealant but 
with one edge having a ≈5 mm wide hole to 
allow filling. After deposition, the glue solvent 
is removed in a soft bake and the plate brought 
into contact with its opposing, spacer-coated 
plate. The laminate is then sealed under 
pressure using a heated press. Usually, the 
glue seal includes glass rod spacers to ensure 
the most uniform spacing to the edge of the 
panel. Often, the glue seal will also include a 
low density of gold beads, each with a diam-
eter 20% or so higher than the spacers. These 
gold beads are distorted to near cylinders 
under the pressure used to seal the device. In 
this fashion, they form multitudinous one-
dimensional conductors randomly distributed 
throughout the sealant, linking the top and 
bottom substrates. These allow connection 
from one plate to the other and thereby allow 
a single driver to be used to supply the row 
and column signals. Careful patterning of 
the ITO electrodes ensures that no unwanted 
shorts occur, within the alignment tolerance 
of the plates.
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Figure 6.5 Construction steps for a passive matrix display.
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The completed laminate then leaves the high-end 
clean room for the front-end processes. Common 
front-end processes are as follows:

 6. Singulation: Each display is cut from the lami-
nate using a diamond scribe. Each display is 
cut to give at least one bonding ledge to allow 
electrical access to the electrodes. The panels 
are inspected for any nonuniform cell gaps and 
tested for shorts.

 7. Filling and sealing: For small area LCDs, each 
device is filled in a vacuum chamber, where the 
cell is initially evacuated, the liquid crystal is 
brought into contact with the sealant’s fill-
ing hole where it begins to fill by capillary 
action. Although still in contact, the vacuum is 
removed and the air pressure used to force the 
liquid crystal into the remainder of the display. 
Once complete, each display is sealed with 
a low-ion content UV glue while pressure is 
applied to the cell to ensure that the correct cell 
gap is obtained on the sealed cell. Large display 
panels are filled before singulation using a one-
drop-fill method [60], which is combined with 
sealant deposition and vacuum assembly steps. 
One-drop filling is a major enabling technol-
ogy that helped LCDs meet the cost require-
ments for large area applications.

 8. Polarizers: After cleaning, each cell has polar-
izers and associated optical films mounted 
front and back. The films are supplied with an 
index-matching adhesive to reduce extra reflec-
tions from the layers. If a reflective display is 
required, the rear polarizer also comprises 
a diffusive mirror. Front polarizers too may 
include lightly scattering elements that act to 
remove unwanted reflections and compensa-
tion films for improving viewing angle.

 9. Driver bonding: Connections are made from 
the exposed ITO on the bonding ledge to the 
driving circuitry by one of four methods:

 a. Surface mount technology: Connectors are 
made directly from the bonding ledge to 
the printed circuit board (PCB);

 b. Chip-on-board: The silicon die is mounted 
onto the PCB, connected to the panel using 
gold wires, and protected by adhesive;

 c. Tape automated bonding-mounted drivers. 
The driver manufacturers often supply 
tape-automated bonded chips. The chip is 
mounted onto a tape with gold I/O lines 

etched into it. The tape is adhered to the 
bonding ledge using a one-dimensional 
conducting adhesive;

 d. Chip-on-glass (COG). COG uses gold-
bump soldering to attach the silicon chip 
directly to the bonding ledge. The chip 
must be protected from light and handling 
by embedding in a black epoxy adhesive.

 10. Inspection and test: Obviously, the degree 
of testing is minimized to reduce costs, but 
manufacturers will operate a quality system 
to determine and minimize the occurrence of 
optical and electrical defects.

 11. Provision of color: Full-color LCDs are made 
in the same way as described above but the 
glass plates are prepatterned with color 
filters (for the front plate) and TFT (for the 
rear plate). Usually, Red-Green-Blue filters 
are used and aligned over subpixels in the 
column electrodes. A black matrix surrounds 
each filter to maximize contrast, minimize 
color leakage, and optically isolate the TFT 
(thereby preventing problems with photo-
generated charge). The resulting structure 
has a lower pixel fill factor, typically <50%. 
Given the losses associated with the low fill 
factor and absorption of 67% of the light by 
the color filters, reflective full-color LCDs are 
yet to be successful commercially: the images 
are too dim in all conditions but the bright-
est sunshine. Instead of using a reflective rear 
polarizer, color panels are combined with a 
backlight unit to provide illumination.

6.3.2  LCD polarization optics

Although liquid crystals can be used to emit light 
[61], all LCDs use the liquid crystal medium to 
modulate light incident on the panel, whether from 
ambient light or from a built-in source. The aniso-
tropic nature of the liquid crystal presents a number 
of means through which contrast can be produced, 
whether by scattering, absorption, selective reflec-
tion, or changes of optical retardation and hence 
polarization state. The great majority of LCDs 
are sandwiched between film polarizers and use 
changes of optical retardation to give the required 
appearance. The state of polarization of light, as it 
travels through an optically transparent medium, 
can be linear, elliptical, or circular, depending on the 
relative magnitudes of two orthogonal polarization 
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components. As the light goes from one transpar-
ent medium to another, light of each of the polar-
ization components will be refracted, reflected, 
and the polarization reoriented. Finding the opti-
cal state requires solution of Maxwell’s equations at 
each interface for each polarization. However, if we 
ignore the reflections and refractions and just con-
sider the polarization state, then we can consider 
the light to be given by a 2 × 1 Jones vector:
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where A is the amplitude, x, y orthogonal compo-
nents for light traversing in the z direction, and δ 
represents the phase related to the wavelength λ 
through the refractive index by

 

n t
j x y

2
; , .j

jδ =
π
λ

=
 

(6.21)

If the light is incident on a birefringent layer, which 
has refractive indices nε and nο and thickness t, 
then the state of the polarization of the transmitted 
light will depend on the orientation of the incident 
light with respect to the optic axis and the phase 
difference between the x and y components. The 
maximum retardation due to the birefringence is 
Γ, given by:
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Transformation of the Jones vector requires the 
operators to be 2 × 2 matrices called a Jones matri-
ces [62].

Consider a simple uniform planar sample with 
parallel rubbing directions and a uniform cell 
spacing d. Ignoring the reflections and absorption 
in this fashion is reasonable for thin (d < 25 μm), 
well-aligned samples, and it means that the polar-
ization state may be calculated using the Jones 
matrix for a birefringent retarder:
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Placing this retarder at an arbitrary angle ϕ 
between crossed polarizers gives the Jones vector 
for light transmitted by the device:
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The transmission T is then given by
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where E* is the conjugate if E (which may be com-
plex) and t = d is used for the spacing of the liquid 
crystal cell.

Equation 6.25 suggests that the transmitted light 
is maximum if the cell gap and birefringence are at 
the quarter-wave plate condition Δn·d = λ/4, with the 
polarizers oriented at ±45° to the alignment direc-
tion. The eye is most sensitive to green wavelengths 
and setting λ = 550 nm gives broad transmission 
across the wavelength range such that the device will 
appear white; for a typical liquid crystal, this condi-
tion occurs for cells spaced at about 2–3 μm.

6.3.3  Basic operation: electrically 
controlled birefringence mode

Applying an electric field to the aligned liquid 
crystal will tend to align the liquid crystal director 
parallel to the field direction, if the material has a 
positive Δε or is perpendicular to the field if nega-
tive. Considering the pixel in one dimension only 
and the director at the containing surfaces anchored 
strongly, the total free energy of the liquid crystal F 
is given by combining Equations 6.3 and 6.12 as
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For the simple case shown in Figure 6.6a, the elec-
tric field is applied normal to the surfaces such that 
E = (0, 0, V/d) and initially n = (1, 0, 0). As the field 
is increased, there is a torque on the director acting 
to increase the tilt angle θ:
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This integral may be solved using the Euler–
Lagrange equation:
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where the constant C is found from realizing that the 
maximum tilt θm must occur at the cell center z = 
d/2 because of symmetry, at which point dθ/dz = 0 
and hence:
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Substituting back into the Euler–Lagrange 
Equation 6.28 gives
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At low-field strengths, the small angle limits to 
the tilt angles and allow Equation 6.30 to be reex-
pressed as
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which tends toward

 
V z d

k
d . d11

0
m
2 2

1

2( )⋅ =
ε ∆ε

θ − θ θ
−

 
(6.32)

as 02θ → . Integrating Equation 6.24 to find the 
threshold field gives
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Hence, there is a critical voltage that is indepen-
dent of cell gap at which the electric field induced 
distortion begins, a threshold that depends on the 
root of the ratio of the relevant elastic constant and 
the dielectric anisotropy. By analogy, the threshold 
for a negative Δε liquid crystal in the homeotropic 
geometry is

 
V

k
.C

33

0

= π
ε ∆ε

 
(6.34)

Figure 6.6b shows the situation where a positive 
Δε material is used but the field is applied in the 
plane of the cell; for example, using interdigitated 
electrodes. Similarly, a planar sample with the pre-
ferred alignment direction normal to the applied 
field will cause the director to twist at the electrode 
surface. In such instances, the electric field is not 
uniform, though it may be approximated at the 
electrode surface to be V/l, where l is the separa-
tion between the electrodes of opposing voltage. In 
such cases, the cell gap does not cancel in Equation 
6.33 and the threshold depends on both cell gap 
and electrode spacing
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for the homeotropic and planar cases, respec-
tively. This latter geometry is utilized with in-
plane switching (IPS) devices, as will be described 
in Section 4.6. If the field is applied normal to a 
uniform director, the threshold is well defined. 
In  practice, the alignment layers induce a small 
pretilt, and the director profile of the quiescent 
state is not uniform, neither is the electric field 
applied normal to the director. Thus, the thresh-
old is rather second order in nature and begins to 
occur somewhat below the voltage predicted by 
Equations 6.33 through 6.35.

Above the threshold, the solution to Equation 
6.30 must include the higher angle terms. Again 
considering the planar-aligned case shown in 
Figure 6.6a, dividing equation through by VC gives
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where k k k( )/33 11 11κ = − . Immediately above the 
transition, a reasonable solution is found by inte-
grating Equation 6.28:
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using a Fourier analysis to solve the complete ellip-
tical integral of the third kind,
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which has the first-order solution:
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This indicates that, immediately above the thresh-
old, the tilt of the director increases linearly, with 
a gradient that is inversely related to the elastic 
ratio k33/k11. This is indicated in Figure 6.6a, where 
the bend elastic constant becomes increasingly 
pertinent at the center of the device, and splay is 
increasingly pushed to the alignment surfaces.

Above the electric field-induced Fréedericksz 
transition, the situation is complicated by the 
effect of the nonuniform dielectric properties 
of the distorted director profile on the applied 
electric field. The electric torque is related to the 
electric displacement vector D and above the 
transition the director profile is no longer uni-
form such that E has a direction that is depen-
dent on the distortion. That is, the effect of the 
field depends on the elastic energy, but conversely, 
the elastic energy depends on the field. Ignoring 
the effects of charge, ∇·D = 0 and assuming D is 
a function of z only, solutions to the free energy 
expression require E to be calculated self-consis-
tently with the director profile:
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and thus
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Solutions to this integral are done numerically. 
Indeed, display manufacturers use commercial 
packages, such as “LCD Master” from Shintech, 
“TechWiz” from Sanayi, or “DIMOS” from Autronic 
Melchers [64], to calculate the director profile as a 
function of applied field for their devices.

Consider the case of Figure 6.6a where the cell 
retardation is set to the quarter-wave plate condi-
tion at 550 nm (the peak of the eye’s response, Δn.d 
= 550 nm/4 = 137.5 nm) and the alignment direc-
tion is set at ϕ = 45°. As the voltage is then applied, 
the overall birefringence of the cell decreases 
as the optic axis of the director at the center 
rotates to toward the field and viewing direction 
and the effective birefringence is reduced to Δn′. 
Simplistically, we can consider the director to be 
uniformly at some average tilt angle θ , the new 
refractive indices are given by
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such that the effective birefringence n∆ ′ is
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From Equation 6.25, the transmission of polarized 
light (i.e., after the first polarizer) becomes
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(6.45)

With sufficient field, Δn′d →  0 and Equation 6.45 
predicts T →  0. Thus, above VC the cell changes 
from white toward black. Figure 6.7a shows this 
decrease in transmission for red, green, and blue 
wavelengths, calculated using Equations 6.40 and 
6.45 for a 0.67 mm cell filled with a liquid crystal 
material with ne = 1.7, no = 1.5, and k33/k11 = 2.0.
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Figure 6.7b shows the behavior for a sample 
with a higher initial retardation; the same material 
with a 2.5 μm cell gap. Each wavelength has trans-
mission peaks corresponding to odd multiples of 

the quarter-wave plate condition (i.e., Δn′d/λ = ¾ 
and ¼) because these peaks occur at different volt-
ages for different wavelengths, the cell appears to 
change color as the voltage is increased.
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Figure 6.7 Theoretical transmission characteristic for an electrically controlled birefringence LCD. 
(a) The retardation at the quarter-wave plate condition for green light (d = 0.67 μm, Δn = 0.2); (b) a 
thicker cell with retardation at the full wave condition for λ = 500 nm (d = 2.5 μm, Δn = 0.2). Other 
fitting parameters used: ne = 1.7, no = 1.5, and k33/k11 = 2. (c) Experimentally determined transmission 
curve for a cell close to the full plate condition. The results are taken for a white light source imaged 
through an eye-response filter.
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There are a number of reasons why such a sim-
ple device is not used as a display effect, illustrat-
ing the thinking that the display engineer needs to 
follow.

 ● The optimum cell gap is very small, typically 
less than 1 μm, and always much lower than the 
cell gap required for a high production yield 
(typically 4 μm or higher).

 ● The device cannot be passive matrix multi-
plexed because the saturation voltage is typi-
cally several times VC. This will be explained in 
the following section.

 ● The optical configuration is very sensitive to 
changes in cell gap. For example, a typical LCD 
tolerance is ±0.15 μm; such a change would 
cause a 12% reduction in the transmission and 
coloration for the Electrically controlled bire-
fringence (ECB) device.

 ● The viewing properties of the device are very 
poor in both high and low voltage states, as 
illustrated in Figure 6.8. In the 0 V state, the 
effective birefringence decreases off-axis, 
the quarter-wave plate condition is lost and 
the device looks dark instead of bright (in the 
direction orthogonal to this, there is little 
change, and the device still looks white). In 
the high voltage state, the off axis transmis-
sion is even darker than the full ON state 
when viewed in the direction of the director 
tilt. When viewed in the other quadrant, the 
retardation increases rather than decreases as 
desired on switching causing contrast inver-
sion, and the device begins to appear colored.

The response time for even such a simple device 
is complex due to the effects of field-induced flow 
and the need for the anisotropic viscosities to 
be considered. If a flow is ignored, the response 

time depends solely on the twist viscosity γ1 that 
describes rotation of the director. The Euler–
Lagrange equation for the time-dependent free 
energy of Equation 6.28 then becomes
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For simplicity, the elastic anisotropy is discarded 
and a single elastic constant k is assumed:
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Applying a small angle approximation [65], the 
characteristic ON and OFF times are
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These times are made short by using materials with 
low viscoelastic ratios γ1/k but most effectively by 
keeping the cell gap d low. Examples of mixtures 
providing response times as low as 30 ms at −20°C 
and 10 ms at +20°C in a 3 μm cell have been pro-
duced [66]. Given the 3–4 μm lower limit on cell 
gap set by clean-room quality and device unifor-
mity, it would seem advantageous for high Δn 
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Figure 6.8 Explanation for the poor viewing angle for the electrically controlled birefringence effect.
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materials to be used to enable the required optical 
effect with a lower cell gap. In practice, however, γ1 
tends to increase with Δn and so the efficacy of this 
is limited. Ensuring that the voltage is made high 
can quicken the ON time significantly. However, it 
is the sum of the ON and OFF times that is relevant 
for display applications. Moreover, if the display 
requires intermediate grey levels or some degree 
of passive matrix addressing (see Section 3.4), the 
ON voltage is limited and even the ON time can be 
slow. For example, switching to the gray level clos-
est to VC is inherently slow.

In the case of a passive matrix addressed device, 
even the OFF pixels have a voltage Vd applied and 
the response time is given by [67]
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In practice, the response is complicated by induced 
flow of the liquid crystal and the aligning effect of 
the director in response to such flows. For example, 
the OFF response is often slowed considerably by 
backflow that tends to initially reorient the direc-
tor at the center of the cell in the opposite direction 
to that which gives the eventual lowest energy state 
[68]. Avoiding this “optical bounce” effect is con-
sidered further in Section 6.6.2.

6.3.4  Passive matrix addressing and 
the multiplexing limit

For low information contents, it is satisfactory to 
form a display where each pixel is driven directly 
from the driver. Usually, one of the electrodes is 
shaped into the desired pattern, such as a pixel for 
a seven segment or alphanumeric image and the 
other electrode is a common electrode. A display of 
N pixels then requires N + 1 electrodes. An exam-
ple arrangement is shown in Figure 6.9a, where a 
single seven segment number is displayed using just 
eight electrodes. Rather than have separate connec-
tions to the two plates of the LCD, access to all of 
the electrodes is through a single bonding ledge: the 
opposing common electrode is connected through 
electrodes that are connected through the one-
dimensional conducting seal. The access electrodes 
to each segment is kept small, to minimize overlap 

with the common electrode. It is essential for such 
a design that the common plate has only a single 
point of overlap with ITO on the electrode plate 
and conducting seal to prevent unwanted short-
ing of pixels. A typical transmission versus voltage 
characteristic for an LCD is shown in Figure 6.9b. 
With a direct drive scheme, the OFF voltage must 
be below the threshold T10 (usually 0 V) and the ON 
voltage should be above the saturation level T90.

A direct drive approach is satisfactory for 
devices with a small number of pixels. More 
complex images require some degree of matrix 
addressing (or multiplexing), where appropriate 
signals are applied to electrodes on both top and 
bottom plates. The electrodes may also be shaped 
into alphanumeric characters and designed for 
a low level of multiplexing or indeed into a more 
complex r(θ) arrangement for the display of polar 
coordinates. The most common design, however, is 
for the electrodes to comprise N rows and M col-
umns to form a rectangular M × N display. Time 
division multiplexing is used to apply appropriate 
signals to the rows and columns, when driven from 
only M + N connections.

Consider the simple 7 × 6 matrix display illus-
trated in Figure 6.10, where each pixel is addressed 
by sequentially scanning through the six rows, 
although the appropriate data are synchronously 
applied to the columns to discriminate between the 
ON and OFF states. Figure 6.10 shows an example 
instant within the image frame, where the data volt-
ages are being applied to seven columns and are 
those for the third row electrode. The data signal on 
the columns is ±D volts, where it is the sign of the 
signal that discriminates between the ON and OFF 
states of the pixel on the third row. At this instant, +S 
volts is being applied to the third row while all other 
rows are kept at ground 0 V. The data being applied 
at this instance are the sequence of pulses of differ-
ing polarity given by (++––+–+)D. The potential 
difference at the pixels is defined as Row–Column, 
such that the third row experiences the voltage:

 

S D S D S D S D

S D S D S D

Row 3: ; ; ; ;

; ; ,

+ − + − + + + +

+ − + + + −

Each of the other rows experiences the following:

 D D D D D D DRow 1,2,4,5,6 : ; ; ; ; ; ;− − + + − + −
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Once the third row is addressed, the scan signal 
moves to the fourth row and the data signals change 
sign appropriately to supply the signal for that row. 
The aim of the multiplexing scheme is to ensure 
that the high voltages |(S + D)| are sufficient to 

discriminate from the low voltages |(S − D)| despite 
the fact that each row is only addressed for a 1/N 
fraction of the frame time and for the remainder 
of the frame (N − 1)/N each pixel experiences the 
data signal ±D.
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Figure 6.9 Design of (a) single element seven-segment LCD, showing front and rear plates face-up, 
and the completed module. (b) A typical transmission voltage characteristic for an LCD.
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Nematic displays respond to the root-mean-
square (RMS) voltage applied over the whole frame. 
As soon as the signal has been removed, each pixel 
starts to relax to the off state, so constant refreshing 
is done at a frame rate sufficiently fast to prevent 
this relaxation (or frame response) and maintain 
the image. For a simple scheme, the frame time 
will equal the slot time for each row τ, multiplied 
by the number of rows N. It is independent of the 
number of columns, and hence it is common for 
the rows to be chosen as the lower number in the 
matrix to ensure the faster frame rate.

The RMS of the voltage applied over N rows for 
the ON and OFF signals is
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where D and S should be chosen to ensure that VON 
is above the transmission saturation (i.e., >T90%) 
and VOFF is below the threshold (i.e., <T10%). The 
steepness of the electro-optic response is related to 
R = VON/VOFF:
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where b = S/D is called the bias ratio. The maxi-
mum number of lines that can be driven for a given 
S and D is found by differentiating

R
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This has solutions when either b = ∞ or b = S/D
N= . Substituting the latter into Equation 6.52 

gives the Alt–Pleshko [69] relationships:
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or:
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This relationship suggests that, as N increases, the 
maximum V VON OFF  must tend toward unity; that 
is, the threshold characteristic must increase in 
steepness to allow more lines to be addressed, as 
shown in Figure 6.11a. The typical TN characteristic 
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Figure 6.10 Example of passive matrix multiplexing for a 7 × 6 pixel graphic display. The row and 
column signals are for the 1/6 proportion of the frame that corresponds to the third row being 
addressed.
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shown in Figure 6.9c has a response suited to up to 
six levels of time division multiplexing.

The signal voltages S and D that are required 
for the N × M display are found by substituting 
the optimum multiplexing ratio S D N=  into the 
RMS voltages of Equation 6.50:
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which leads to the following data D and strobe S 
voltages:
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S V

N N

N2 1
.OFF=

−  (6.57)

Equations 6.56 and 6.57 are plotted in Figure 
6.11b; they indicate that, at high N, D V1 2 C�
and S N V2 C�  so that the maximum voltage 
that needs to be delivered by the driver chip (S 
+ D) increases with the level of multiplexing N, 
while the discriminating voltage D decreases. For 
this reason, STN displays with N = 240 typically 
require drivers capable of delivering S + D = 20 V.

During the addressing frame, the liquid crystal 
director for the ON pixels in the addressed row 
will begin to decay as soon as the strobe voltage 
moves on to the subsequent rows. Thus, it is impor-
tant that the slot time of the addressing scheme is 
arranged to minimize any flicker while at the same 
time the pixels are ready to display new informa-
tion in the following frame; this occurs approxi-
mately where

 N2
.ON OFFτ ≈ τ + τ
 

(6.58)

In practice, the scheme shown above is unsuitable 
for long-term use because there is no DC balance 
to the waveform: this leads to eventual electrical 
breakdown of the liquid crystal and, if the image 
does not change, it can result in image sticking 
issues associated with the ionic conductivity. In 
practice, therefore, the waveforms will be inverted 
periodically to maintain a net zero DC voltage. 
Given the data changes from frame to frame, DC 
balancing can only be guaranteed if the voltages 
are inverted twice per frame. That is, if the slot time 
is halved, and the frame is divided into a positive 
field (+S, ±D) and a negative field with (−S, ∓D). 
The slot time should not be made too short because 
the power dissipation of charging and discharg-
ing the capacitances each field Pf is approximately 
related to
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Given that power should be kept low, inversion is 
usually done only once per frame, often randomly 
within the frame time to help ensure DC balance 
regardless of image pattern.

6.3.5  Thin film transistors and active 
matrix addressing

Contrary to the approach taken by Sharp who tar-
geted the new market of portable electronic calcula-
tors, RCA concentrated on replacing the cathode-ray 
tube for televisual display with an LCD from the 
outset [2]. The potential application of thin-film 
transistors as active elements in displays had been 
recognized since their invention at RCA in the mid-
1960s [57]. By 1971, the RCA team believed [70] that 
active components were required to overcome the 
slow speed and poor electro-optic properties of the 
dynamic scattering mode device, proposing solutions 
using dual diodes, field effect transistors (FETs), and 
storage capacitors to ensure that the charge across 
the pixel remained constant across the frame. It was 
the team at Westinghouse [71] that were the first to 
implement this in practice, producing a TN 6 × 6 
matrix driven by CdSe TFT. In the UK, the team led 
by Hilsum at Royal Signals and Radar Establishment 
(RSRE) understood the handling, reliability, and life-
time issues presented by CdSe and Te, and in 1976 
approached Spear and LeComber at the University 
of Dundee, who were working on the use of hydro-
genated amorphous silicon (α-Si:H) for use in photo-
voltaic cells. The Dundee team produced α-Si:H with 
electron mobility μe of 0.4 cm2/V·s and proved that 
the material was suited to address LCDs [72]. The 
Dundee and RSRE teams fabricated insulated-gate 
field effect TFTs onto a glass substrate using photoli-
thography and fabricated the world’s first α-Si active 
matrix LCD in 1980 [73]. This was followed in 1982 
by a 240 × 240 α-Si TFT TN from Canon in Japan 
[74] and the immense ensuing effort and investment 
in Asia to bring TFT LCDs to the dominance of the 
display market that it enjoys today.

Very high levels of multiplexibility are possible 
using thin-film transistors fabricated onto the rear 
plate of the LCD behind each pixel (or sub pixel in a 
color display). A 4k UHDTV, for example, has 2160 × 
3840 × 3 = 24.9M TFT per panel and is 2160 ways mul-
tiplexed. Each TFT supplies charge to a (sub-) pixel 
to switch the liquid crystal to any of 256 gray levels. 
The TFT is an FET formed from thin metal–insula-
tor–semiconductor layers as shown in Figure 6.12a. 
Most LCDs use a bottom-gate configuration, where 
the amorphous silicon is deposited onto the prepat-
terned gate electrodes, n+ doped with hydrogen, and 
source and drain electrodes patterned on top of this. 
The electrodes are usually made from aluminium, 
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chromium, or molybdenum. With a negative volt-
age applied between the gate electrode and the drain-
VGD, electrons are depleted from the semiconductor 
at the interface with the insulator, preventing current 
between source and drain electrodes (Figure 6.12a 
ii). When a positive-bias VGD is applied to the gate, 

however, electrons accumulate at this interface allow-
ing current flow from source to drain ISD when the 
drain is positive and from drain to source when the 
drain is negative (Figure 6.12a iii). Figure 6.12b shows 
the transfer characteristic originally produced by the 
Dundee/RSRE team in 1981.
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Figure 6.12 (a) Basic construction and operation of a TFT. (b) Current–voltage transfer characteris-
tics for the original Dundee/RSRE α-Si:H TFT [72], together with contemporary results for a-Si:H [74], 
LTPS [75], and IGZO TFT [76].
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A schematic of how a TFT is used in a typical 
LCD pixel is shown in Figure 6.13. The LCD has 
an active matrix back-plane and a front plane with 
a single common electrode. For backlit color dis-
plays, the front plate will also comprise the color 
filters, with a black matrix to ensure sufficiently 
high contrast, prevent color leakage, and shield 
the TFT from incident light and unwanted photo-
induced charge generation. The TFT plate has row 
and column metal bus lines that allow the TFT to 
be addressed, with the row electrode connected to 
the transistor gate and the columns the transistor 
source. The ITO electrodes that form the pixel are 
connected to the drain electrode. The TFT is also 
protected using a SiOx barrier layer onto which 
the liquid crystal alignment layer is deposited. The 
presence of bus lines, shielded transistors, and stor-
age capacitor reduces the active area of each pixel; 
aperture ratios as low as 30%–40% are typical. This 

reduces the transmissivity of the panel and neces-
sitates brighter backlighting to provide an attrac-
tive appearance. It also negates the use of the color 
TFT LCDs in reflective mode because of the light 
losses associated with the polarizers, color filters, 
and the low aperture ratio.

Addressing a TFT matrix is done line-by-line in 
a similar fashion to that described previously for 
passive matrix displays, but now the row and col-
umn signals are applied to the same substrate, as 
shown in Figure 6.14a. From the α-Si:H TFT char-
acteristic of Figure 6.12b, it is clear that applying 
+15VGD to the gate electrode allows current ISD to 
flow between the source and drain due to the sig-
nal voltage VSD applied to the column, whereas 5 V 
on the gate turns the TFT off and prevents current 
from flowing. With the scheme of Figure 6.14a, the 
transistors in each of the unaddressed rows (rows 
n − 1 and n + 1) are turned OFF by the negative 
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Figure 6.13 Cross section and plan views of a typical TFT-driven subpixel on a backlit color LCD.
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signal applied to the gate bus lines, whereas the 
transistors in the addressed row (row n) are opened 
using +15VGD to the gate electrodes and switched 
ON. Synchronously, data voltages are applied to the 
source bus; there is no current for any of the OFF 
rows, but the pixels on the ON row are charged to 
the appropriate voltage by the current ISD. After suf-
ficient time for the pixel to charge to the new level τ, 
the gate is reclosed (with-5VGD) and the gate pulse 
(+15VGD) scans to the next row and new data on the 

source columns. The frame is completed when all N 
rows have been scanned, after the frame time τN. It 
is important to ensure that the liquid crystal mate-
rial is exposed to the minimum net DC over sev-
eral frames. To help ensure this, the polarity of the 
data signal is reversed, using frame inversion, scan-
line inversion, column inversion, or pixel inversion 
(shown in Figure 6.14a).

To understand some of the important design 
rules for a TFT LCD, consider the example of a 
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Figure 6.14 (a) Active matrix addressing of an LCD panel and (b) equivalent circuit for the pixel 
including the TFT parasitic losses, line losses, and the conductance of the liquid crystal.
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16.3 in. QSXGA monitor. It has 2048 × 2560 pixels 
at 202 dpi, with the RGB subpixels on the columns 
(to maximize the time required to address each 
row). Such a panel typically has an aperture ratio 
of 27% and operates at 60 Hz (τ = 8.1 μs). That is, 
the subpixel dimensions are about 22 μm × 65 μm 
and a pixel capacitance CLC of 0.16 pF (assuming a 
cell gap of d = 4 um and permittivity εLC = 5).

First, the pixel should not fully discharge within 
the 16.7 ms frame time due to the off current of the 
transistor. Assuming an exponential decay and a 
1% voltage tolerance gives the condition [78]:
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The α-Si characteristic from Figure 6.12b shows 
that ISD is 20 pA when the TFT is OFF and 10 μA 
when ON. Hence, Equation 6.60 suggests that the 
TFT had a sufficiently low OFF current to drive a 
pixel of capacitance 6 pF, easily sufficient for the 
40 pF pixels used in the original work of Reference 
[74], but is far too leaky to drive the 0.16 pF of a 
modern QSXGA monitor. Simply employing a 
storage capacitance CS in parallel with the pixel, 
as shown in Figures 6.13 and 6.14, increases the 
capacitance to the desired level and ensures that 
the pixel remains charged throughout the frame. 
Similarly, ISD in the ON condition for the high-
est signal level VSD should be sufficiently high to 
charge the pixel to at least 99% of that voltage level 
within the addressing time τ, which occurs when 
τON is 10% of the addressing time τ:
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Equations 6.60 and 6.61 can be combined to 
find the maximum number of lines that can be 
addressed by a TFT, Nmax, with a given ration of 
ON to OFF currents:
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The characteristic of Reference [73] shown in 
Figure 6.12b suggests that the original TFT could 
address up to 250 lines (as was claimed) but 
required improvement to address the 2048 rows of 

the monitor display. Some of the improvements to 
TFT performance made to achieve such high levels 
of multiplexing, 256 gray levels and high contrast 
ratios are outlined in the following discussion.

The equivalent circuit for a more realistic pixel is 
shown in Figure 6.14b. The TFT includes an inherent 
resistance for the semiconductor RDS and the capaci-
tance per unit area of the gate CGS. Also important 
is the conductivity of the liquid crystal GLC and the 
resistance of the bus lines RBUS. The simplest model 
for FETs predicts that for sufficiently high gate volt-
ages, well above the transistor threshold Vth and drain 
voltage VSD, the current ISD is given by Reference [78]:
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where μe is the electron mobility, W is the width of 
the TFT channel, and L is the length, as defined in 
Figure 6.13. The TFT threshold is typically about 
+3 V and is directly related to the charge density of 
free electrons n0:
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where the gate capacitance per unit area CGS:
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and dG is the thickness of the SiNx insulator layer 
(Figure 6.13). The α-Si leakage resistance domi-
nates the OFF current:
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Substituting Equations 6.63 and 6.66 into Equation 
6.62 gives the following relationship:

 N C R .max e GS DS∼ µ  (6.67)

That is, achieving the low OFF current is done 
by reducing the transistor width to length ratio 
W/L, but the high ON to OFF current ratio, and 
hence maximum number of lines that can be 
addressed, is achieved by reducing the thickness of 
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the insulating and semiconducting layers, leading 
to a typical CGS of about 0.1 μF/cm2. A low insula-
tor thickness has the additional benefit of reducing 
the area of the storage capacitor and correspond-
ingly increases the aperture ratio. Figure 6.12b 
also includes the characteristic of a TFT used for 
modern LCD panels, such as the QSXGA monitor 
described earlier (where W/L = 10 μm/6 μm).

Decay of the voltage across the pixel is not just 
related to the leakage current of the transistor and 
Equation 6.60: loss of charge across pixel occurs 
if the conductivity of the liquid crystal GLC is too 
high. This is quantified by the voltage holding ratio 
(VHR), which represents the time it takes for the 
pixel voltage to decay to 50% [79]:
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Ionic impurities in the liquid crystal must be 
minimized to maximize VHR and hence main-
tain a high display contrast. This cannot be done 
with nitrogenated compounds, preventing the 
use of highly polar materials such as the cyano-
biphenyls. Instead, perfluorinated compounds 
are essential. Although mixtures produced from 
such compounds have a much lower Δε, this is 
compensated by the low viscosity and hence fast 
switching speeds that can be achieved with these 
materials [79].

The pixel aperture ratio and hence the trans-
mission efficiency of the backlight is dictated by 
the target display resolution, the area of the panel 
(due to the losses caused by RBUS) and the fabrica-
tion tolerances. A typical TFT is fabricated as fol-
lows [78]:

 1. The gate metal, usually Cr or Mo, is sputtered 
onto clean glass to a thickness of about 200 nm.

 2. The first set of electrodes are wet etched: photo-
resist is printed over the glass area and exposed 
through a large area chrome mask placed with 
very high accuracy using a mask aligner. This 
is then developed to form the gate electrodes 
and bus line, and the bottom electrode of the 
storage capacitor.

 3. Plasma-enhanced chemical vapor deposition 
(PECVD) is used to deposit 400 nm of Si3N4, 
followed by 130 nm of intrinsic α-Si and 50 nm 
of n+ α-Si:H.

 4. The source, drain, and storage capacitor elec-
trodes are then formed by sputtering Cr over 
the surface and wet etching the appropriate 
patterns, again using a wet etching process and 
mask aligner.

 5. The chrome electrode then acts as a self-
aligned mask for plasma etching of the n+ 
α-Si:H to complete the source and drain elec-
trodes (often using an etchant stopper).

 6. The remaining intrinsic α-Si:H is plasma 
etched away using a third mask and mask 
aligner step, thereby forming the TFTs.

 7. The ITO is sputtered and plasma etched to 
form the pixels using a fourth mask and align-
ment step.

 8. The last step uses PECVD to deposit the 
350 nm of SiNx or SiOx barrier layer and uses 
a fifth mask to provide access to the bonding 
pads. A mask aligner is not usually required for 
this step that is far less critical than the previ-
ous photolithographic steps.

Each of the four critical mask alignment steps needs 
very high resolution to prevent panel variability. 
These steps are expensive, and various attempts 
to reduce the number of mask steps have been 
attempted, including the use of back-to-back diodes. 
High tooling costs lower the design flexibility and 
so TFT panels tend to be available only in a range 
of standard sizes and resolutions. If the requirement 
is for nonstandard size in a niche market, the end-
user may need to choose a passive matrix approach, 
which is why the market for passive matrix displays 
remains strong despite the poorer performance. For 
a given display diagonal, the aperture ratio decreases 
linearly with increasing resolution. Various other 
pixel designs to that shown in Figure 6.13 have been 
suggested, often involving alternative placement of 
the storage capacitor. However, very high display 
resolutions require a different approach, such as the 
use of low-temperature polysilicon (LTPS).

Polycrystalline silicon (p-Si) was among the 
first semiconductors to be used for LCDs [80] and 
found in the first applications for TFT by Canon 
as the watch used in the 1983 film Octopussy and 
Sharp’s 1991 hang-on-the-wall TV [7]. The mate-
rial has a high mobility of 200–400 cm2/V·s, which 
is intermediate between the 1.5 cm2/V·s of amor-
phous silicon and 1400 cm2/V·s for crystalline. 
Such high mobilities allow far smaller transistors, 
higher ON currents [particularly important for 
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organic light emitting diode (OLED) displays], and 
potentially integrating the display drivers onto the 
glass itself. This latter advantage potentially leads 
to significant overall cost savings because the driv-
ers would be produced in the same process steps 
as the pixel TFT. The problem with producing 
p-Si TFTs was the very high processing tempera-
tures, requiring those early demonstrators to be 
produced on quartz substrates. In the mid 1980s 
[81], LTPS TFTs were fabricated using excimer 
laser annealing of the α-Si to form the polycrys-
talline structure while keeping the processing 
temperature to 260°C, equivalent to that used for 
α-Si. Today, many smart phones benefit from the 
excellent properties of LTPS, which allows reso-
lutions above 400 dpi and better battery life due 
to the reduction in backlight power that the high 
aperture ratio allows. However, the cost of LTPS is 
high because the fabrication of the top-gate tran-
sistors required uses 9–11 critical mask steps: this 
typically adds about 20% cost to the panels over 
equivalent α-Si LCDs.

Together with other disadvantages such as high 
leakage current, the high production cost of LTPS 
has a driven research into other semiconductors, 
including various metal oxides. ZnO is particularly 

interesting because it retains a high mobility and 
combines a very high ON to OFF state current ratio 
with optical transparency over the visible region. 
Recently, the 1:1:1 combination of indium gallium 
and zinc oxide (IGZO) [77,82] to form active ele-
ment has been put into production by Sharp. A 
50 nm amorphous IGZO layer is nitrogenated to 
form the n+ doped semiconductor with a mobility 
of μe = 10 cm2/V·s. Figure 6.12b includes a compari-
son of the TFT transfer characteristics for α-IGZO 
against both LTPS and α-Si. Although IGZO has 
a lower mobility than LTPS, it combines a very 
high ON/OFF current ratio (>109) with the same 
low-cost fabrication designs of α-Si. It is likely 
that IGZO will play a leading role in future display 
devices, as displays continue to move to ever higher 
pixel contents, resolutions, and power efficiencies.

6.4  STANDARD LCD MODES

6.4.1  Overview

There is a wealth of different liquid crystals modes 
possible, some of the important ones being shown 
in Figure 6.15. Some modes have niche applica-
tions, such as the cholesteric temperature sensor or 
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the ZBD and these will be described in Section 6.5. 
Modes that have contributed to the mainstream 
LCD markets from the early watches and calcula-
tors to today’s full color video rate displays are cov-
ered in this section.

The evolution of the modern LCDs used in 
mobile phones, computer monitors, and HDTV has 
been undertaken in several stages, exemplified by 
listing the major advances, as in Table 6.4. After the 
basic principles had been evaluated, as described 
in the previous sections, the most important step 
was to increase the complexity of the display to 
allow hundreds of lines of information to operate 
at video frame rate, with gray scale and color. By 
the mid-1990s, the technological steps to achieve 
this had largely been satisfied through the adop-
tion of the TFT active backplane. At that point, the 
race moved from complexity to appearance and in 
particular improving poor viewing angles. Several 
new modes were developed, each finding market 
success for different manufacturers, first allowing 
LCDs to replace CRT in computer monitors and 
in 2007, surpass CRT sales for TV. However, the 
war shifted to new battle grounds and yet further 
improvement of appearance, including ultrahigh 
resolution and wide-color gamut drive the compe-
tition in the mobile telecommunications market-
place. Before describing the individual modes, it is 
apposite to discuss the technological and market 
forces that dictated each shift in stage.

Following the discovery of the Alt–Pleshko 
multiplexing limit for passive matrix addressing 
[69] maximizing display content was the key driver 
for the LCD industry throughout the 1980s and 
early 1990s. Several approaches were taken:

1. Increasing the gradient of the LC transmission-
voltage response, either through material 
improvement (controlling the elastic constant 
ratio k33/k11) or new LCD modes (STN).

2. Designing bistable LCD modes, where pixels 
no longer respond to the RMS signal over the 
frame, but are rapidly latched between the ON 
and OFF states and remains in the desired state 
after the signals applied.

3. Introducing a nonlinear element, such as TFT, 
that isolates and delivers the appropriate signal 
to each pixel.

The first of these approaches was successful for low-
cost, black and white STN displays but was limited 

by the slow frame time, low number of gray levels, 
and a maximum of 480 multiplexed lines. Many 
novel methods for making an LCD inherently 
bistable were invented at the end of the 1970s and 
beginning of the 1980s [101]. The most promising 
bistable technology was the surface stabilized fer-
roelectric LCD (SSFLCD), invented in 1980 [88], 
launching an immense worldwide effort for the 
next 15 years in a two-way battle between the FLC 
and TFT approaches. The complexity of TFT fabri-
cation seemed to promise higher costs over the pas-
sive matrix bistable approach. However, despite the 
launch of a color Surface Stabilised Ferroelectric 
Liquid Crystal (SSFLC) monitor by Canon in 1992 
(Figure 6.16d), the TFT-driven TN display was 
already beginning to enable the image quality 
required for a new market: the laptop. Early laptop 
screens were black and white only (such as Apples’s 
MacIntosh Powerbook 100, released in October 
1991) but the sensitivity of SSFLC to shock made 
the technology unsuited to portable products. 
Although there was no superior alternative to the 
TFT TN LCD for laptop displays, the competition 
for the SSFLC monitor came from the superior per-
formance and much lower cost of the CRT, and well 
before the end of the 1990s, the SSFLC development 
effort targeting mainstream displays was minimal.

Buoyed by early commercial success from lap-
tops, the TFT TN would attract sufficient invest-
ment to explore new modes, targeting shifting the 
incumbent CRT from the monitor, and eventually 
TV markets. The use of TFTs brought with it a new 
and very important advantage: the flexibility of 
LC mode design. Modes that had previously been 
impossible to multiplex became potentially use-
able. In the late 1990s, modes such as IPS [92,93] 
and multidomain vertically aligned (MVA) nem-
atic [94,95] offered sufficiently wide viewing angles 
to displace the CRT. By the beginning of the new 
millennium, the LCD was dominant from watches 
and calculators to large area monitors [102], as 
shown in Figure 6.16.

The battle for the television market was com-
plicated by another new technology: the plasma 
display panel (PDP). As an emissive display, the 
viewing angle and contrast of PDP could not be 
surpassed by LCDs. This gave PDP an early lead in 
the flat-panel television market. However, ongoing 
LCD improvements, such as the invention of the 
fringe field switching (FFS) mode [96,97], and the 
inability to fabricate high-resolution PDP below 
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Table 6.4 Significant advances on route to LCD market dominance

Year Invention Protagonists references Stage

1967 Dynamic scattering mode Heilmeier et al., RCA; US [3,4] Basics
1971 Active matrix addressing Lechner et al., RCA; US [70]
1971 Twisted nematic mode (TN) Schadt and Helfrich, BBC; CH.

Fergason, U. Kent; US
[14]
[83]

1971 Vertically aligned nematic mode (VAN) Kahn, Bell Labs; US
Schiekel and Fahrenschon, AEG-Telejunken; W. 

Germany

[84]
[85]

1973 Cyano-biphenyl nematics Gray et al., Hull, RSRE, BDH; UK [15]
1973 Formulation of wide temperature range eutectic 

LCD for TN
Raynes, RSRE; UK [16]

1973 In-plane switching (IPS) proposed Kobayashi, U. Tokyo; JP
Soref, Sperry; US

[86]
[87]

1973 First commercial LCD products in calculator and 
wristwatch

Wada et al., Sharp; JP
Seiko; JP

[7]

1974 Defect-free TN Raynes and Waters, RSRE; UK [58]
1979 First amorphous silicon TFT used to address LCD Spear and Le Coomber, U. Dundee; UK

Hilsum, Hughes, RSRE; UK
[72]
[73]

Increased complexity

1980 Bistable surface stabilized ferroelectric liquid 
crystal (SSFLC)

Clark and Lagerwall, U. Göteborg; SE [88]

1982 Supertwist mode (STN) Raynes, RSRE; UK [89]
1984 Supertwist birefringence effect (SBE) Scheffer and Nehring, BBC; CH [90]
1987 Foil compensation for STN Katoh, Asahi Glass; JP [91]
1992 IPS mode Baur et al., Merck; DE

Kondo et al., Hitachi; JP
[92]
[93]

Wide viewing angle

1997 Multidomain vertically aligned mode (MVA) Koike and Okamoto, Fujitsu; JP [94,95]
1998 Fringe field switching mode (FFS) Lee et al., Hyundai; KR [96,97]
2000 Patterned vertical alignment mode Kim et al., Samsung; KR [98]
2001 Axially symmetric mode (ASM) Yamada, Ishii et al., Sharp; JP [99]
2004 IGZO TFT invented Nomura et al., Tokyo Institute of Technology; JP [82] Improved resolution 

and color2010 QD enhanced color backlights Jang et al., Samsung; KR [100]
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40 in., led to the eventual triumph of LCDs in this 
most important of markets too.

Coincident with LCD domination of the TV 
display market, the first i-Phone was launched in 
June 2007, heralding the age of the smart phone. 
The goal of providing resolution at the limit of 
visual perception helped drive LTPS into the mar-
ketplace. However, LTPS also had the advantage of 
providing higher ON currents than was possible, 
thereby meeting the requirement for another emis-
sive display technology: OLED. Not only do OLED 
surpass LCD for contrast and viewing angle but 
also for color saturation. Again, the adaptability 
of LCD technology provides a solution: replacing 
the cold cathode backlights with a blue LED and 
adding a film containing red and green quantum 
dots (QD), provides sharper colors than is pos-
sible using color filters alone [100]. Once more, 
LCD performance increases to meet the market 
challenge. Midway through the 2010s, OLED is 
making grounds for portable displays, where fea-
tures such as form factor and weight also play an 
important role but LCDs continue to dominate in 
all other markets (Figure 6.17). Will OLED eventu-
ally replace the LCD altogether? At each stage of 
LCD evolution, new markets have been enabled by 

particular LCD modes. Many of these modes have 
retained their market share despite more advanced 
options become available. Whether it is the simple 
TN in watches and calculators, the STN for instru-
mentation, or TFT-driven TN for low-cost moni-
tors, the successful technologies become difficult 
to supplant once established.

6.4.2  Dynamic scattering mode

The first operating liquid crystal device was an 
electro-optic shutter, devised by Heilmeier’s prede-
cessor at RCA, Richard Williams, in 1962 [11,103]. 
Williams showed that strong turbulence could be 
induced in a roughly planar sample of a negative 
Δε nematic with a DC or low-frequency AC field. 
This turbulence was induced by ionic flow in the 
liquid crystal disrupting the liquid crystal, thereby 
causing strong optical scattering in the birefringent 
medium. Heilmeier used this switching between 
scattering and nonscattering states in RCA’s first 
display demonstrators in 1968. Unlike most of the 
other modes described, dynamic scattering mode 
devices did not need polarizers, operating in a 
20–100 μm spaced cell at typically 30–50 V. The 
onset voltage for scattering is approximately [104]

(e)

(d)

(c)

(b)

(a)

Figure 6.16 State-of-the-art LCD at the turn of the millennium. (a) Watches and calculators using the 
reflective TN, (b) a dual display phone and PDA using foil compensated STN, (c) a laptop computer 
with TFT-driven TN, (d) a 14 in. monitor display based on bistable SSFLCD, and (e) one of the first IPS 
mode TFT monitors [100].
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where η is the bulk flow viscosity, μ is the ion 
mobility, and T is a constant typically about 100. 
For η = 0.5 Pa·s and μ = 10−4 cm2/V·s then VC is 
about 5–10 V. The resistivity of the liquid crystal 
could be made lower than 10 GΩ·m through delib-
erate addition of mobile ionic impurities. The orig-
inal displays of Heilmeier used DC fields to induce 
the ion flow, presumably because of the desire to 
address the devices using transistors. However, the 
lifetime was too short due to electrostatic break-
down effects and so the first commercial devices 
used low-frequency AC instead.

6.4.3  The twisted nematic LCDs

6.4.3.1  INTRODUCTION

By 1980, practically all commercial LCDs were 
based on the TN. This device set the benchmark for 

future developments, operating using alignment 
layers to obtain a uniformly aligned director pro-
file, a cell gap of a few microns sandwiched between 
polarizers either side. The electro-optic effect is the 
basic Fréedericksz transition described in Section 
6.3.3, wherein the director responds to the RMS 
voltage coupling to the dielectric anisotropy affect-
ing a change to the birefringence profile through 
the device, and hence altering the polarization 
state of the transmitted light. Each of the remain-
ing devices described in this section uses these 
principles (although the FLC is a field effect device, 
with a polar coupling of the field to the ferroelec-
tric spontaneous polarization). The TN uses a posi-
tive Δε material, and usually a 90° twist between 
top and bottom surfaces, with either crossed or 
parallel polarizers, to operate in normally white 
(NW) or normally black (NB) modes, respectively. 
Applying a voltage three or four times greater than 
the threshold (i.e., applying typically 5 V) causes 
sufficient reorientation of the director in the bulk 
of the cell to cause the NW cell to appear dark, and 
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the NB cell bright. TN may be used in transmis-
sion, usually driven by TFT and including color 
filters, or may be used as a two-polarizer reflec-
tive mode. In this latter device, the rear polarizer 
incorporates a diffusive reflector so that light inci-
dent from the front of the panel is reflected back 
through the device for a second pass. This leads to a 
much higher contrast ratio, since any light leakage 
in the dark state from the first pass is dramatically 
reduced on the second. However, it also means that 
the coloration of the white state is more important. 
Also possible are single-polarizer reflective modes, 
as described at the end of this section.

A key part of any display design is to ensure 
uniformity of texture for the ON and OFF states. 
For a 90° TN this means ensuring that degeneracy 
of both twist and tilt are removed [58]. For twist 
alone this is simply done using slightly uncrossed 
alignment directions or, preferably, by inducing a 
natural sign of twist with the addition of a small 
amount of cholesteric to give a pitch of a few hun-
dred micron. Removing tilt degeneracy requires 
that there is pretilt on both alignment surfaces. 
However, it remains essential that the pretilt and 
sign of twist are matched, so that there is minimal 
splay from one surface to the other when under-
going the correct twist. Otherwise, reverse tilt and 
twist domains may still form as the director relaxes 
to the quiescent state after switching.

6.4.3.2  THE OFF STATE AND TN DESIGN

The polarization optics from a uniformly aligned 
birefringent liquid crystal cell was calculated in 
Section 3.2. It was shown that the polarization state 
after transmission through multiple elements is cal-
culated simply by multiplying the appropriate Jones 
matrices together. The TN has a director twist angle 
that varies linearly from one surface to the other. 
Thus, it can be described as a series of very thin 
birefringent retarders, each with a slightly different 
orientation angle. Slicing the device into N layers, 
the retardation and orientation of each is given by

 N N N
j N

2 nd
; , 0,1,2, , 2,j j1

Γ = π∆
λ

φ = φ + Φ = … −+
 

(6.70)

where Φ is the total twist angle. Τhe overall Jones 
matrix M is the multiplicative sum of each of these 
elements Mj:
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As N tends to infinity, then each retarder becomes 
infinitesimally thin, and [105]
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where the input and output polarizer directions 
with respect to the input director are ϕ1 and ϕ2, 
respectively. As expected, Equation 6.73 reduces to 
the transmission of a retardation plate, Equation 
6.25 if the overall twist Φ = 0, and crossed polar-
izers are used (ϕ = ϕ1 and ϕ2 = ϕ1 + 90°).

For the NW mode TN with Φ = 90°, the polar-
izers are crossed (ϕ2 = ϕ1 +90°) and oriented with 
either ϕ1 = 0° or 90°. The transmittance from 
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Equation 6.73 then simplifies to the Gooch–Tarry 
expression [106]:
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and the value of Δn·d is chosen to ensure that the 
right-hand term is zero for λ ≈ 550 nm, so that the 
TN appears white. If the polarizers are kept paral-
lel instead, then the transmittance becomes

 

T

n d

n d

sin
2

1
2

1
2

2
2

2=

π + ∆ ⋅
λ

















+ ∆ ⋅
λ





  

(6.75)

and the TN is NB at the same retardation condi-
tions. Equations 6.74 and 6.75 are plotted versus 
retardation in Figure 6.18. There is minimum with 
NB, maximum with NW, where the twisted struc-
ture of the birefringent material transmits linearly 
polarized light that is orthogonal to the input 
polarization and perpendicular (for NB, parallel if 
NW) to the output polarizer. This occurs at a series 
of conditions, given by

 

n d
m m
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4
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(6.76)

including the first minimum at n d 1 2 3∆ ⋅ = λ 
and second at n d 1 2 15∆ ⋅ = λ. At any one of 
these minima (or maxima for the NW, although 
the term minima is used conventionally regardless 
of the polarizer orientations), the transmission is 
least sensitive to changes in retardation (including 
viewing angle and cell non-uniformity) and polar-
izer orientations. As the retardation is increased 
(i.e., for high cell gaps) successive minima are 
increasingly less sensitive to retardation changes 
until the Mauguin condition is approached at the 
high retardation limit [45], where polarized light 
transmitted by the cell is rotated through 90° 
regardless of cell gap, wavelength, temperature, or 
polarization angle.

The choice of retardation is dictated by fabrica-
tion limitations on cell gap, the operating speed that 
is required, the coloration of the white state and the 
required contrast. Response times depend on the 
square of the cell gap, through Equation 6.48. This 
usually limits practical operation to either the first 
or second minimum condition. The wavelength 
dependences for first minute and second minute 
devices are shown in Figure 6.19. Again, choosing 
the wavelength to occur at the peak eye response 
of λ = 550 nm, the first and second Gooch–Tarry 
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Figure 6.18 The Gooch–Tarry curve for the quiescent transmission of a 90° twisted nematic display 
versus retardation, for NB mode (parallel polarizers) and NW mode (crossed polarizers).
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minima for a TN filled with 5CB are 2.6 μm and 
5.9 μm, respectively. Most TFT LCDs operate at the 
first minimum, using lower birefringence materi-
als, Δn ≈ 0.1 and d ≈ 4.5 μm because this cell spac-
ing is conducive to a high manufacturing yield 
and the switching speed is satisfactory. If switch-
ing speed is the priority, rather than use higher 
birefringence materials with the concomitant 
increases of viscosity, an alternative approach is to 
use a 75° twist [67]. The first minimum peaks at a 
lower transmissivity than for a 90° cell (98.4%) but 
this can be corrected by reorienting the polarizers 
through 7.5°, as shown for the results in Figure 
6.19. Typically, the cell gap for the 75° TN mode is 
80% that of the standard 90° TN, potentially lead-
ing to a 50% speed increase, provided the reduced 
cell gap remains suitable for manufacture.

For each of the modes, it is important to con-
sider the coloration of the white state. For a back-
lit color TN, this is less important than for a black 
and white reflective device because any loss of 
white color balance can be compensated in the 

addressing signals, back light spectrum, and color 
filters. For a dual-polarizer reflective display, the 
second pass of the light through the cell exagger-
ates any unwanted coloration.

Figure 6.19b shows the theoretical wavelength 
dependences in transmission for four TN modes. 
Converting these spectra to Commission interna-
tionale de l’éclairage (CIE) 1931 x and y color coor-
dinates, as shown in Figure 6.20, gives a locus of 
white hues depending on the retardation and the 
coloration of the polarizers [107]. Two loci are plot-
ted, corresponding to a standard polarizer centered 
on green and a slightly bluer variety. These polar-
izers represent the range of colors that can be tar-
geted while retaining a black OFF state; narrower 
spectrum polarizers can also be used to modify the 
ON state coloration, but with a noticeable color-
ation of the dark state too. Also shown on the chart 
are the coordinates for the D65 standard, repre-
senting a target for the ideal white state. Operating 
at the first minimum tends to give a greenish hue 
to the white state, whereas the second minimum 
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typical birefringence (Δn = 0.15) for 90° TN cells operating at the first minimum, first maximum, and 
second minimum and for a 75° TN with uncrossed polarizers at 85°. The cell gaps are also indicated.
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gives an improved white due to the increased blue 
transmittance shown in Figure 6.19b. Thus, a sec-
ond minimum TN is preferred for applications 
where the response time is unimportant (being five 
times slower than the equivalent first minimum 
mode) but the attractive bluish white is preferred. 
Alternatively, an intermediate retardation close to 
the point of the first maximum (i.e., at Δn·d/λ = 
2/7√22) has been used [107] to produce a neutral 
white as close to the D65 standard as possible, 
particularly when combined with the slightly blue 
tinged polarizer. The optimum cell gap for this is
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where the blue light is close to the second mini-
mum and red wavelengths close to the first mini-
mum and the green transmittance is decreased 
somewhat (Figure 6.19b).

The other important consideration for the OFF 
state is the viewing angle. Figure 6.21a shows a 
polar plot of transmissivity for the azimuthal and 
zenithal directions for a NW first minimum TN 
operating in transmission. The OFF-state view-
ing angle is good: light at any azimuthal angle 
experiences the same retardation profile due to 

the twisted structure and deviations of zenithal 
angle away from the display normal (shown as 
the central point) represent reduction of the effec-
tive retardation to which devices operating at the 
Gooch–Tarry minima are insensitive.

6.4.3.3  THE ON STATE AND OPTICAL 
COMPENSATION

The ON state transmission is very viewing angle 
dependent. This is evident from the contrast ratio 
of OFF/ON transmission shown in Figure 6.21b 
because contrast is dominated by the dark ON 
state transmission. The blackest ON state occurs 
when the light is transmitted parallel to the liquid 
crystal optic axis, the direction where the liquid 
crystal behaves as an isotropic medium and any 
light transmitted is due to leakage of the polariz-
ers. Contrast is highest for on-axis light because 
this is the direction of the applied field toward, 
which the director reorients, although it remains 
affected by the distorted regions close to the sur-
face. Off-axis light experiences a retardation with a 
direction dependence that is related to the director 
profile through the cell, which in turn depends on 
the applied voltage.

The Fréedericksz threshold voltage for a TN is 
given by
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for a standard Φ = 90° TN. Often, k22 ≈ k33/2 in 
practice, and so the Fréedericksz threshold is simi-
lar to that of the ECB mode, and typically around 
1 V. Figure 6.21c shows schematically what hap-
pens as the voltage is increased above VC, and 
numerical calculations of the response for typical 
elastic constants are given in Figure 6.21d. As the 
voltage increases, the initially linear twist from 
one surface to the other becomes increasingly 
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concentrated into the center of the cell where 
the director approaches the vertical condition, 
whereas regions of splay and bend are increasingly 
pushed toward the surfaces. Thus, the director pro-
file approaches a vertically aligned central region, 
with twist-free splay–bend regions oriented at 90° 
to each other close to the two surfaces.

The optical transmission through the cell is 
complex and requires numerical modeling. The 
voltage dependence of the normal incidence trans-
mittance can be estimated by considering the mid-
plane tilt of the director θm [108,109]. Immediately, 
above VC this is
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 and for the 90° TN cell it is
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for the reasonable approximation k33 ≈ 2k22. Given 
that the surface pretilt is small, this expression rep-
resents the linear part of the transmission-voltage 
characteristic above VC shown in Figure 6.9b. The 
multiplexibility of the TN is related to the steep-
ness of this characteristic through the Alt–Pleshko 
expression (Equation 6.54). Thus, to ensure the 
highest number of lines that a passive-matrix TN 
can be multiplexed, the denominator of Equation 
6.81 should be kept low. This is done in practice 
using hybrid mixtures of polar and nonpolar com-
pounds [110], in which k33/k11 is lowered due to 
short-range order effects, offered a route to multi-
plexing of up to 20 lines.

Off-axis calculations of the transmissivity for 
the ON state certainly require numerical model-
ing. However, the form of the contrast ratio curve 
shown in Figure 6.21b is anticipated by considering 

the director profile of the high voltage state as 
a vertically aligned nematic (VAN) in the bulk, 
with two orthogonal hybrid aligned states in the 
surface regions. The directors in these two regions 
are oriented parallel to the polarizers, at azimuthal 
directions 45° and 135° in Figure 6.21b, and hence 
appears dark at all angles. This understanding led to 
pronounced improvements of transmissive mode 
TN viewing angles through optical compensation. 
Discotic liquid crystals are similar to the standard 
rod-like calamitic mesogens used in displays but 
exhibit negative birefringence. Combining discotic 
and calamitic layers with equal but opposite retar-
dations leads to a net optically isotropic medium, 
black at all angles when between crossed polariz-
ers. Figure 6.22 shows how this works in practice 
[111,112]. Polymer film fabricated from a hybrid 
aligned discotic are laminated either side of the 
LCD with the optic axes parallel to the fully ON 
state director at the adjacent surface, and the splay 
antisymmetric. This leads to a greatly improved 
off-axis contrast ratio, as shown in Figure 6.22b, 
and helped lead to sufficiently good performance 
for TN displays to be used in laptops and monitors.

Two-polarizer reflective mode TN devices 
are usually used in low-cost applications such 
as watches and calculators where the cost of 
extra optical compensation layers is prohibitive. 
However, the viewing angle characteristic of such 
devices is far more symmetrical than that of the 
transmissive device shown in Figure 6.21b, due to a 
self-compensating effect. Off-axis light that experi-
ences a lower Δn from the director tilted toward it 
on the first pass through the device, experiences a 
correspondingly higher Δn when traversing in the 
other direction on the second pass after reflection.

With all reflective displays, it is important to 
consider the illumination conditions; in particu-
lar the color balance of the incident light and its 
degree of diffusivity. Indeed, the viewing angle 
characteristic can be considered both as an opti-
cal output for diffuse illumination and as a means 
for ensuring the maximum light input. In practice, 
the LCD reflectivity is controlled to some extent by 
the diffusivity of the reflector and/or front polar-
izer. Indeed, adaptions of the reflective layers can 
be used to deliberate trade-off viewing angle and 
reflectivity. The appearance of the display can be 
remarkably different when viewed by the diffuse 
light of a cloudy day or by the highly directional 
light on a sunny day or in a dark room with a single 
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light source. In the former case, the appearance of 
a scattering mode display will easily surpass that 
of the polarized LCD but the situation is reversed 
for directional lighting and viewing closer to the 
specular angle.

6.4.3.4  SINGLE POLARIZER REFLECTIVE 
MODE TN

Conventional two-polarizer reflective TN and 
STN LCDs have two further optical limitations. 
Parallax caused by the separation of the rear 
reflecting polarizer from the image plane by the 
thickness of the rear plate, leads to shadowing of 
the image when viewed off-axis. This can be dis-
tracting for black and white devices but is severely 
detrimental to reflective color devices due to color 
leakage between subpixels. Second, the optical effi-
ciency of the white state is relatively low because 
the light passes four times through the polarizers. 
The transmission of the highest quality LCD polar-
izer is 43%. However, a further 5% is absorbed on 
each pass so that the maximum reflectance pos-
sible with a two-polarizer reflective display is less 
than 28%, typically 23%. This is also a severe limi-
tation for pixelated reflective color LCDs, where 

the color filters and decreased aperture ratio then 
lead to prohibitively low 7% reflectivity.

Single polarizer reflective TN reduces these 
optical losses by using a front polarizer only and 
using an internal reflector on the inside surface 
of the rear substrate of the display to remove the 
parallax. The reflector is made slightly diffusive to 
scatter the reflected light in different directions, so 
that the OFF state has an attractive appearance and 
good viewing angle even when lit by a point source. 
The reflector can form the rear electrode as shown 
in Figure 6.23a.

Single polarizer operation requires that the liq-
uid crystal profile is designed to rotate the input 
polarized light through 90° after both passes 
through the liquid crystal, thereby being absorbed 
by the single front polarizer and appearing black. 
That is, the polarization is elliptically polarized 
after the first pass, the indicatrix is rotated on reflec-
tion and the light becomes linearly polarized after 
the second pass orthogonal to the input polarizer: 
the display appears dark. For a positive Δε mate-
rial, this will always correspond to the OFF state 
because in the ON state the director approaches the 
vertical condition and appears optically isotropic: 
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no change to the polarization occurs on either pass 
and the light is transmitted. The theoretical curves 
shown in Figure 6.23 ignore losses: in practice the 
reflectivity may reach up to 35% in the single polar-
izer modes. The image may be inverted and NW 

operation achieved by the addition of a quarter-
wave plate between the polarizer and the liquid 
crystal, as shown in Figure 6.23a.

Consider a single polarizer display using the 
simplest LCD geometry, the ECB mode of Section 
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6.3.3. Here, the liquid crystal acts as a switchable 
wave plate. Multiplying the Jones matrices for a 
polarizer, wave plate with optic axis at angle ϕ1 to 
the polarizer, and the same wave plate and polar-
izer after reflection gives

 R 1 4sin sin 2 ,4 2
1= − Γ ϕ  (6.82)

where the retardation is approximately

 

n d
cos2Γ = π∆ ⋅

λ
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(6.83)

and θ is the average director tilt and ϕ1 is the polar-
izer orientation measured from the input director. 
The OFF state appears dark (R = 0) if Γ = ϕ1 = mπ/4 
(m = 1, 3, 5…). That is, at the quarter-wave plate con-
dition light is circularly polarized with one handed-
ness, which is swapped to the other handedness after 
reflection and no longer transmitted by the retarder. 
This mode suffers from poor dark state leakage and 
coloration, due to wavelength and angular disper-
sion away from the quarter-wave condition. As for 
transmissive state devices, improved performance 
is achieved using the TN geometry.

There are several options for single polarizer 
reflective TN operation [67], including twist angles 
ranging from 60° to 90°. Replacing the wave plate 
with the Jones matrix for a TN in the derivation 
above gives [113]:
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where α = Γ/Φ and 1 2γ = Φ + α . This gives dark 
state solutions (R = 0) when the following two con-
ditions are met simultaneously:
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These solutions represent the cases where the liquid 
crystal is at the quarter-wave condition, rotating 
the polarization through 90° over the two passes 
and tends to those of Equation 6.82 as Φ tends to 
zero (α → ∞), with ϕ1 = ±π/4 and Δn·d/λ = (2m + 
1)/4 for m = 0, 1, 2…. Figure 6.23b and c shows the 
solutions to Equation 6.85 for the first three orders.

Consider the solution for ϕ1 = 0, shown in 
Figure 6.23d and e: Equation 6.85 predicts that 
R = 0 occurs when α = ±1, for which Φ = π/(2√2) 
= 63.64° and Δn·d/λ = 0.353. This is a rather low 
retardation; even if a commercial liquid crystal 
with the lowest birefringence available (Δn ≈ 0.09) 
is used. This LCD mode requires a 2.2 μm cell gap, 
potentially lowering production yield and increas-
ing cost. Second- and third-order examples are also 
listed in Table 6.5. Although the cell gap becomes 
more typical, the coloration of the dark state is far 
too high for use in a conventional display. Such 
modes, however, are useful for liquid crystal on sil-
icon (LCOS) projection systems, where three pan-
els are tuned to operate at the RGB wavelengths.

The 63.6° single-polarizer TN [113] was suc-
cessfully deployed in Nintendo’s Color Game Boy 
games console from 1998 to 2003. The display 
was manufactured by Sharp, who included ach-
romatic retarders to invert the display to NW 
operation. This minimized dark state leakage, 
which is essential for any color display, whereas 
the resulting wavelength dependence of the white 
state was readily compensated through the color 
filters. Although the design gives the highest 
reflectivity possible with a polarized light mode 
LCDs, the introduction of color filters still leads 

Table 6.5 Examples of normally black solutions for single polarizer TN

Order of 
minimum Director twist Φ (degree) Polarizer angle ϕ (degree) Δn·d/λ

Cell gap d (μm) 
(Δn = 0.09)

1st 63.6 0 (or 90) 0.353 2.2
2nd 45 56.4 (or −33.6) 0.683 4.2

60 63.6 (or −26.4) 0.606 3.7
3rd 90 32.7 (or −57.3) 1.175 7.2
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to a maximum reflectance of less than 10%. The 
approach taken by Sharp was to introduce pris-
matic elements into the back reflector, thereby 
directing off-axis light into the viewing direction; 
the reduced viewing angle display was considered 
suitable for this single viewer application. The 
adoption of better performing backlights and high 
aperture ratio LTPS back planes eventually led to 
transmissive displays only becoming acceptable 
for color portable applications. Interestingly, full 
color reflective and transflective displays remain 
an area where no technology, liquid crystal, or oth-
erwise, has yet met the performance required for 
market success.

6.4.4  Supertwist nematic LCDs

The TN device usually includes a trace amount 
of cholesteric dopant, simply to impart a natural 
handedness and prevent domains impairing the 
appearance. Increasing the cholesteric content so 
that the natural pitch of the chiral nematic P is 
much lower allows twists of greater than 90° to 
be reached [114]. The range of conditions for such 
“supertwist” states is [89]
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where d P2 · /β = π Φ. The STN range of twist angles 
is 90 270° < Φ ≤ °, which corresponds to differences 
in the rubbing direction ϕ1−ϕ2 of

 ,1 2φ − φ = Φ − π  (6.88)

where it is important to ensure that the sign of the 
liquid crystal helix matches the pretilt of the two 
surfaces, in the same fashion as the TN. In prac-
tice, higher pretilts are needed for STN, typically 
2° ≤ θS ≤ 8°.

Figure 6.24 shows the transmission character-
istics for a set of devices with twist angles operat-
ing across the supertwist range [109]. As the twist 
increases, both the Fréedericksz threshold voltage 

and the steepness of the curve increase, the latter 
allowing an increase of the number of lines that 
can be passive matrix addressed [89].

The inherent twist of the chiral nematic effec-
tively reduces the twist elastic constant by the term 
(1–2π/P) and the Fréedericksz threshold becomes
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Hence, VC increases with twist angle Φ. Similarly, 
the voltage dependence of the midplane tilt angle is 
also affected, with Equation 6.80 now given by [109]
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As for the TN case, it may be assumed that k22 ≈ 
½k33 such that the denominator becomes
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Assuming that the chiral doping is chosen to be in 
the central range for the given twist (β = 1), then 
the denominator of Equation 6.82 becomes zero 
and the Vm ( )θ  gradient infinite when that twist is 
set to Φ∞:
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(6.92)

Low VC requires highly positive Δε, for which 
typically 0.3 / 0.5.≤ ε ∆ε ≤⊥  Ensuring that Φ∞ is 
maintained at an attainable twist then necessitates 
k k/33 11 is as low as possible, contrary to the require-
ment for the standard TN. For example, a typical 
mixture suitable for STN may have /ε ∆ε⊥  ≈ 0.4 and 
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k k/33 11 ≈ 0.85 [79] such that the gradient is highest 
for 200Φ ≈ °∞ . Equation 6.92 only acts as a guide 
for material design but it shows that keeping both 
k11/k33 and /∆ε ε⊥ low is likely to give the highest 
degree of STN multiplexing. Therefore, the mate-
rial scientist targets a high k33, and∆ε ε⊥, whereas 
keeping k33 low to combine a low threshold voltage 
with a high multiplexibility. Where the gradient 
exceeds Φ∞ the voltage response becomes hyster-
etic, as shown for the 270° STN in Figure 6.24. This 
is unusable in RMS addressed displays and so typi-
cally twists of Φ = 4/3 π = 240° are used in practice. 
Even then, switching can be disrupted through the 
formation of stripe domains and electrohydrody-
namic instabilities that cause the helical axis to 
rotate into the plane of the cell [115]. These require 
a lower d/P to be used than the β = 1 condition, 
together with ensuring the pretilt is high.

For a 240° STN, 5 8 11 8≤ β ≤  and the range of 
Fréedericksz thresholds is

k k V k k
1 10

9

1 22

9
.

0
11 33 C

0
11 33π

ε ∆ε
+





< < π
ε ∆ε

+
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For the typical STN mixture with k33/k11 ≈ 1.2, VC 
is 20–70% higher than that for the equivalent TN 

operation, with the higher threshold more practi-
cal if β is kept low and the stripe voltage is to be 
avoided. Also, the elastic term that appears in the 
square brackets of Equation 6.89 is applicable to 
the response times: inserting into Equations 6.48 
show that the STN response compared is inher-
ently quicker than the TN. However, this is rarely 
found in practice because the STN is usually highly 
multiplexed and the response much slower due to 
the much smaller changes of RMS voltage.

The first STN demonstrators used a Guest–
Host mode, in which anisotropic pleochroic dyes 
give contrast between the ON and OFF states [89]. 
However, optical contrast could also be achieved 
using optical retardation effects, in what is called 
the supertwist birefringence effect (SBE) [90]. 
STN also has a Gooch–Tarry-type dependence of 
the polarization optics, with the first minimum 
mode occurring at increasing Δn·d/λ with twist, 
as shown in Figure 6.25, and the crossed polarizer 
angles set to 1 2 21 ( )ϕ = Φ − π . The retardation for 
the first minimum is double that of the TN, poten-
tially decreasing the speed of the device by a factor 
of 4. Even when high birefringence materials are 
chosen, the effect is too slow for animation, with 
>100 ms response times typical. However, the most 
significant drawback from the original technol-
ogy was the optical properties: the OFF state is a 

0.4

0.2Polarizer

Polarizer

(b)(a)

Chiral
nematic

0.5 ≤ d/P ≤ 1.0

Compensating
retarder

Diffusive
reflector

0.0
1.0 1.5

VRMS

2.0 2.5

0.6

0.8

1.0
T

(a.u) 90 
TN

180  
STN

225  
STN

270  

STN

Figure 6.24 (a) Schematic of a typical two-polarizer reflective STN and (b) STN transmission charac-
teristics for increasing twist angle.
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prominent shade of yellowy green or blue if the 
NB polarizer orientations are chosen, the viewing 
angle is poor and the contrast is much lower than 
that of the TN because the twist remains more 
evenly distributed through the cell in the STN case 
as the field is applied [116]. Various attempts were 
made to improve the appearance, such as the use of 
blue polarizers to give a white on blue display with 
high transmissivity, but the most successful were 
in the late-1980s, when optical compensators were 
added. The first method was to mount an inac-
tive dummy STN panel onto the front of the LCD, 
equivalent to the active panel but with the opposite 
handedness [91]. This corrected both the coloration 
and the viewing angle and would do so across the 
whole temperature range. However, the additional 
cost and weight prohibited this approach commer-
cially and polymer film retardation plates are now 
used instead [117]. The best color compensation is 
achieved through the use of two polymer films [7] 
as indicated in Figure 6.24.

Even when the transmission characteristic is 
made infinitely steep, the effect of nonuniformi-
ties, including electrode resistive losses and tem-
perature variations, prevents multiplexing much 
beyond 240 lines. Driving alternate rows from 
opposite sides of the panel doubles the maximum 
number of rows. Such high degrees of multiplex-
ibility represent a considerable improvement to 
the passive matrix TN and for that reason the STN 
continues to find a market where there is demand 
for a high black and white image content combined 

with low cost. However, the lack of gray scale and 
slow response speed prohibits video applications 
and it was these factors that fed ongoing research 
efforts for highly multiplexed displays.

6.4.5  Ferroelectric liquid crystal 
displays

Although making only a small commercial impact, 
FLCs commanded major R&D efforts through the 
1980s and 1990s, immediately after the publication 
by Clark and Lagerwall of the Surface Stabilized 
Bistable FLC mode [88] (SSFLC). Companies 
across Europe and the Far East each produced 
demonstrators to rival the nascent TFT technology 
[118]. However, the only panel to receive notable 
sales in the mainstream displays market at that 
time was the 15 in. 1280 × 1024, 16-color monitor 
produced by Canon (Figure 6.16).

Unlike the other mainstream LCDs described 
in this section, FLC does not use nematic liquid 
crystals but rather a particular type of smectic, the 
tilted smectic C phase, denoted as SmC. Unlike 
the nematic case, reorientation of the director 
for smectics is constrained by the presence of the 
smectic layers. The SmC phase is constrained in 
this fashion too but the director is relatively free 
to reorient about the layer normal in an imaginary 
cone of possible orientations. The component of 
the director in the layer plane is described by the 
unit director c, which acts as a two-dimensional 
nematic. It is the reorientation of the c-director in 
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response to applied electric fields that yields the 
potential for electro-optic effects suited for display 
operation. However, what makes the SmC so inter-
esting is the inherent ferroelectricity allowed by the 
reduced symmetry of the SmC* phase. Although 
the nematic phase has cylindrical symmetry, the 
SmC is monoclinic: there is a single C2 symmetry 
axis corresponding to the direction orthogonal 
to the layer normal a and director n. Such sym-
metries are inherently biaxial, meaning that they 
have two optic axes and three principal permit-
tivities. The difference between the two directions 
orthogonal to the n director is called the biaxial-
ity. The refractive index biaxiality is negligible and 
FLCs are best treated as optically uniaxial mate-
rials, with a single optical axis along the director. 
Thus, the polarization optics can be treated in the 
same way as a conventional nematic. However, 
the dielectric biaxiality ∂ε = ε2 − ε2 is significant 
[119,120] and, in essence, acts in a similar fashion 
to the nematic Δε, dictating the RMS response of 
the c-director. Reflections of the SmC molecules in 
the tilt plane do not disrupt the phase symmetry: 
molecular dipoles aligned along the C2 axis have 
equal probability of being parallel or antiparallel. 
If the phase is chiral, this mirror symmetry is lost 
and there is a net dipole in the direction of ±C2: 
the ferroelectric spontaneous polarization PS. This 
unique feature provides a polar switching torque 
many times greater than that possible in nematic 
liquid crystals, resulting in switching times that 
can be faster than 10 μs.

For simplicity, a single elastic constant B and 
the flow-free viscosity γ1 are used, although the 
effect of the elastic anisotropy and the uniaxial 
dielectric anisotropy Δε is important too [121,122]. 
The switching torque of the FLC is then given by
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The ferroelectric torque differs from the dielec-
tric having a linear dependence on the applied 
field E, rather than the RMS E2. This means that 
the torque depends on the field polarity as well 
as its strength. A typical FLC may have a PS = 50 
nC cm−2 and dielectric biaxiality ∂ε = +0.5. For a 
typical ±10 V signal applied across a 2 μm spaced 

cell, the ferroelectric torque is 50 times greater 
than the dielectric, dominating the electro-optic 
behavior. Assuming the material has a positive 
PS, then +E will tend to reorient the c-director on 
one side of the cone (toward ϕ = 0) and −E to the 
other (ϕ = π). Simplistically, if these two condi-
tions equate to the n-director being oriented π/4 
apart and the device has a spacing set to give the 
quarter-wave plate condition and crossed polar-
izers parallel and perpendicular to the director in 
one of the states, Equation 6.25 predicts that the 
device will switch between minimum and maxi-
mum transmissivity.

A second important aspect of the SSFLC is 
bistability. As for any LCD, the starting point is 
to achieve the desired alignment, uniformly over 
the whole sample [123]. There are several steps to 
consider for ferroelectric LCDs (FLCD). The usual 
SSFLC device geometry relies on the N*-SmA-
SmC* sequence, as shown in Figure 6.26a. The 
device requires parallel alignment with the 
required pretilt θS. The cell gap must be sufficiently 
low to unwind the cholesteric helix and provide an 
almost uniform nematic texture, as shown: devoid 
of twist and with only a slight splay and bend asso-
ciated with the surface pretilt. Furthermore, the 
helicity of the SmC n-director must also be sup-
pressed in a similar fashion. This uniform nem-
atic texture should be retained on cooling into the 
SmA phase, where the layers will align uniformly 
perpendicular to the cell walls in what is termed 
“bookshelf” geometry. On cooling into the SmC* 
phase, the director tilts from the layer normal by 
the cone angle θC, which grows continuously from 
0° at the second-order SmA to SmC* phase transi-
tion to typically 22°–25° at ambient temperatures 
(Figure 6.26b). The smectic layer spacing contracts 
as the director tilts from the layer normal, caus-
ing the layers to tilt by an angle δC and form a 
symmetric chevron-like structure. The layer tilt 
remains a constant fraction of the cone angle, 
typically δC ≈ 0.85θC, so that the director remains 
continuous across the sharp chevron interface at 
the cell center. It is this interface that gives the 
SSFLC its bistability. The c director can be at either 
of two orientations, ϕi and π − ϕi in one arm, and 
−ϕi and π + ϕi in the other. These correspond to 
just two orientations of the n director, as shown in 
Figure 6.26b. Application of a DC field couples to 
the ferroelectric polarization, eventually causing 
such a high torque at the chevron interface that 
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latching from one state to the other occurs. After 
the pulse, the director remains in that state, with 
the director relaxing back to one of the two quies-
cent states.

The surface pretilt and anchoring energies play 
fundamental roles in SSFLC devices. Conventional 
polyimides for nematic alignment are used. These 
have azimuthal and zenithal anchoring energies in 
the range of 0.3–1 mJ·cm−2; high enough to be con-
sidered infinite for nematic LCDs, but insufficient 
to cause changes to the layer orientation or SmC* 
cone angle in FLC. Immediately below the SmA–
SmC* transition, the layers always tend to tilt in 
the direction favored by the surface pretilts. This is 
the C1 state, shown in Figure 6.26a. As the temper-
ature is cooled further, θC and δC increase, forcing 
the surface director to lie further from the rubbing 

direction and pretilt angle. Close to the tempera-
ture where the difference between the cone and 
layer tilt angles (θC−δC) approaches the surface 
pretilt θS, the tilt of the layers swaps direction to 
form the C2 layer structure. For low surface tilt 
angles (0.1° ≤ θS ≤ 2°) samples usually form a mix-
ture of both C1 and C2 states. The lack of unifor-
mity and zigzag defects that separate the regions 
of opposite layer tilt severely damages the device 
appearance. However, with intermediate pretilts 
(2° ≤ θS ≤ 8°), the layers form the C2 state com-
pletely and uniformly, whereas for higher pretilts 
still (12° ≤ θS ≤ 35°) the layers do not undergo the 
alignment transition at all and the sample is uni-
formly C1. Both layer geometries have been used in 
SSFLC devices [101,118], though the Canon moni-
tor used the high pretilt C1 approach.
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The out-of-plane tilt of the director θ and in-
plane tilt angle of the projection of the n-director 
into the cell plane are shown in Figure 6.26b. They 
are given by the expressions:
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At the chevron interface, there is no out-of-plane 
tilt and the director has an in-plane twist angle βm 
given by
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which is typically about 8°. For the C1 layer geom-
etry, the surface tilt is chosen to be high, typically 
25°. For typical values of θC 52 25° and δC = 22°, 
Equation 6.95 gives an in-plane tilt of βS ≈ 27°. Thus, 
the director twists from 27° at one surface to 8° in 
the cell center and back out to 27° at the other sur-
face. Assuming that the twist is approximately lin-
ear then the director profile is triangular [124], as 
shown in Figure 6.26a. The transmission of polar-
ized light through such a cell is similar to that of the 
reflective TN mode given by Equation 6.84, except 
the opposite polarizer is crossed to the input polar-
izer in the FLC case, rather than being parallel. This 
has the simple solution for the angle to align the 
polarizers with respect to the rubbing direction, βext:
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where
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(6.98)

as before. Equation 6.97 suggests that the device 
will appear highly colored in its quiescent state for 
retardations close to the full wave plate condition. 

However, if the cell spacing is reduced to the half 
wave plate condition, the device appears black with 
the polarizers aligned at the angel:

 2
.ext

m Sβ = ± β + β
 

(6.99)

The example above gives βext ≈ ±18°. Thus, if the 
polarizers are placed at +18° and +108° to the rub-
bing direction, the cell will appear black for one 
state and transmit most of the light when in the 
other domain, where the optic axis is about 36° 
from the polarizers. Approximating the structure 
to a uniform retarder, and setting the retardation 
to be at the half-wave plate condition for green 
light, then the FLC switches between states with 
the optic axis either parallel or at 2βext to the polar-
izer. Equation 6.25 suggests that the transmittance 
should be 91%. This could be maximized so that 
βext = 22.5° (and the director reorients through 
45°), for example, by using a material with a higher 
SmC* cone angel θC. However, this also causes a 
decrease in switching speed and so Canon used 
the lower optical efficiency to help achieve a fast, 
flicker-free frame for their monitor.

FLCD panels are addressed in a similar fashion 
to most passive matrix displays and in the same 
line-scanning method described in Section 6.2.4. 
However, the response is no longer to the RMS over 
the frame but rather the signal applied to each row 
must be sufficient to latch the pixels into a new state 
within the line time. In this fashion, the informa-
tion is built up line-by-line. The row waveform has 
one particular sign of operation, allowing only one 
set of states to be selected appropriately. Both states 
are addressed, either using two subframes of appo-
site polarities (with a cost of increasing overall frame 
time) or by preceding each addressing pulse by a 
blanking pulse that selects the black state regardless 
of the data being applied to the previous lines and 
then latching selectively or not in the addressing line 
(with the cost of reduced brightness for pixels that 
should remain white in consecutive frames). Various 
addressing schemes are possible [125], influencing 
speed, operating window, and appearance.

A second approach to operating the SSFLC was 
also attempted jointly by RSRE (then DERA) and 
Sharp Corporation. This maximized device speed by 
using the C2 geometry and multiplexibility using a 
lower PS (≈10 nCcm−2) and higher dielectric biaxial-
ity ∂ε (≥+1) [119,121]. Equation 6.94 predicts that the 
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dielectric and ferroelectric terms become equal at 
about 32.5 V for such high biaxiality, low PS materi-
als. If the field has the correct polarity to reorient the 
director from one side of the cone to the other, the 
dielectric biaxiality suppresses switching and above 
the voltage where the torques balance (≈32.5 V for 
these values), the director will remain unswitched 
indefinitely. In fact, electrical pulses at about 70% of 
this voltage [120,121] start to slow the response rap-
idly, creating a minimum in the switching charac-
teristic (τVMIN). Operating close to this voltage (i.e., 
about 23 V, for the high biaxiality SmC* material 
in this example) gives a highly nonlinear response, 
thereby enabling thousands of lines to be addressed 
with a high degree of insensitivity to temperature 
variations and line losses. Using this τVMIN mode, 
Sharp created a prototype color ¼ HDTV, operating 
with a 12 μs line address time, to give 256 gray levels 
and a 60 Hz frame rate [101].

By the mid-1990s, the key advantages of the 
SSFLC over TFT TN were its perceived lower cost 
and excellent viewing angle. The good viewing 
angle was inherent to the SSFLC mode due the 
fact that the director remains in the same plane for 
both switched states, as shown in Figure 6.27. Such 
IPS gives excellent viewing properties, surpassing 
that of the foil compensated TN of Figure 6.27. 
However, in the mid-1990s, SSFLC lost the war 
with TFT-driven nematics because of two reasons. 
First, the number of critical mask steps grew with 
FLC complexity. To achieve microsecond pulses 
across a passive matrix required metal bus lines to 
be prepared. Moreover, smectics are fundamentally 
sensitive to shock because any flow in the panel 
disrupts the carefully aligned layers irreparably. 
Second, to prevent mechanical damage to the LC 
alignment, polymer walls were defined photolitho-
graphically, again introducing a critical mask step. 
Together with the poorer yield associated with 
achieving perfect alignment, any cost advantage 
was severely eroded. The final battle came with the 
introduction of in-plane switched TFT nematics 
that matched, and eventually surpassed, the view-
ing angle of even the SSFLCD (Figure 6.16).

6.4.6  In-plane switching LCDs

6.4.6.1  INTRODUCTION

Operating with TFT removes steepness of the 
electro-optic transition as a critical design issue. 

This enables LCD modes to be chosen that meet 
the more stringent optical requirements for large 
area monitor and televisual displays. The crucial 
weakness of TN LCDs was the viewing angle, even 
with optical compensation. Viewing angle is par-
ticularly important for large area displays, where 
images must appear uniform from the center of 
viewing to the corners. The viewing angle tar-
get is harsher still if the image is to satisfy mul-
tiple viewers. The television market also requires 
fast response times not just for black to white 
transitions but also between adjacent gray levels. 
Extremely high contrast ratios are needed to com-
pete with emissive technologies such as CRT, PDP, 
and, most recently (OLED).

Achieving pixel contrasts in excess of 10,000:1 
and >160° horizontal viewing angles requires cylin-
drical symmetry of the director profile in both of 
the ON and the OFF states. Two approaches were 
developed during the late 1990s and early 2000s: 
IPS and vertical aligned (VA) modes as shown 
in Figure 6.28. Different manufacturers cham-
pioned each mode and numerous modifications 
were tried. This section will concentrate on the IPS 
mode, and its derivative FFS, whereas VA modes 
are dealt with in the following section.

6.4.6.2  BASICS OF IPS OPERATION

In-plane fields are impractical for passive matrix 
displays but are readily achieved with active 
matrix LCDs by moving the common electrode 
to the active plate (in addition to the Source and 
Gate lines), in-plane electrodes are etched onto the 
active back-plane in either a comb-like structure, 
as shown in Figure 6.29a, or more commonly a zig-
zag configuration. The field produced by comb-like 
electrodes is complex, varying both in the plane of 
the cell in the direction normal to the electrodes. 
Ignoring the effect of the liquid crystal permittiv-
ity, and taking the first Fourier component only, 
the field has components [126]:
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That is, the electric field components have a 
periodic form in the plane of the cell but decay 
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exponentially across the bulk of the cell. Rather 
unsatisfactorily, most treatments ignore the com-
plex field behavior and assume that, if the cell gap 
and electrode widths are sufficiently low, the field 
is uniform and restricted to the cell plane. If the 
quiescent state of the nematic is aligned with the 
rubbing direction orthogonal to that of the applied 
field, the IPS mode has a Fréedericksz threshold 
field that is approximately given by Equation 6.34, 

although the errors for this can be severe in prac-
tice [126]. Assuming a uniform in-plane field, the 
Euler–Lagrange equation for the elastic distortion 
above the threshold is [127]
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which has the simple solution
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Figure 6.27 Schematic representation of a switchable quarter-wave plate with in-plane switching. 
One direction of viewing self-compensates the change reduction of birefringence with the increased 
optical path. The increase in retardation in the other direction (usually set to be the horizontal direc-
tion for the white state) is relatively small and easily compensated. A polar plot for the contrast is 
sketched on the right.
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for fixed boundary conditions. Aligning the polar-
izers parallel and crossed to the rubbing direction, 
the first-order solution for the optical transmission 
is given by that of a wave plate (Equation 6.25). 
Approximating the sinusoidal dependence in 
Equation 6.102 to the triangular form of Equation 
6.97 [124] and setting the device thickness at the 
half-wave retardation gives an effective in-plane tilt 
of the director of /2mφ ≈ φ  and the transmission 
approaches 50% with increasing voltage. At fields 
higher than that which gives 90mφ = °, the twist 
deformation becomes increasingly concentrated 
toward the surfaces. Thus, the effective twist angle 
<ϕ> exceeds the optimum 45°, thereby causing the 
transmission to decrease, as shown in Figure 6.29b.

The IPS mode can operate with either positive 
or negative Δε materials, Figure 6.29c, depend-
ing on the orientation of the rubbing direction 
with respect to the electrodes ϕ0. In this diagram, 
it is assumed that the anchoring on the surfaces 
is strong and director reorientation occurs in the 
bulk of the cell, although somewhat closer to the 
electrode plate due to the transverse decay of the 
field. Clearly, the director in the positive mode will 
tend to orient in the field direction. For the nega-
tive mode, the director reorients to be orthogonal 
to the applied field, either remaining in the cell 
plane or tilting out of that plane. IPS is always 
favored in this case because the elastic energy asso-
ciated with the twist elastic constant is lower than 
the splay-bend that would be induced by the tilt 
(i.e., k22 < k11 < k33). Although the early demonstra-
tors used negative Δε, positive mode is now more 
common because the materials combine higher Δε 
with lower viscosity and hence give lower operat-
ing voltages and faster response times.

With the TN, STN, and SSFLC modes, ana-
lytical calculations for the on-axis optical and 
electro-optic behavior are reasonably accurate. 
Optimization of viewing angle required numeri-
cal solutions due to the importance of off-axis 
refractive and reflection effects. However, with 
the adoption of the IPS mode and the variety of 
multidomain VAN modes covered in the follow-
ing section, both the electric field and the director 
profile vary in two or even three dimensions. This 
necessitates numerical simulation to optimize the 

LCD [31,64]. For example, Figure 6.29b shows the 
calculated transmission for a 2D simulation of the 
IPS mode [128]. Above the electrodes, the field is 
almost vertical and the director either reorients 
vertically for positive Δε or remains unaffected 
by the field if negative Δε; in either instance the 
electrodes appear as unwanted dark bands in the 
pixel. This necessitates that the gap should be much 
larger than the width of the electrodes l w� . If 
too high, the field is reduced and the switching 
voltages become higher. Typically, the electrodes 
are w  =  3 μm wide and have a gap l = 6–8 μm. 
Therefore, the banding represents a major reduc-
tion in the optical efficiency of IPS mode.

Ideally, the transmission–voltage character-
istic should approach linearity across the voltage 
range, readily giving gray levels. The response of 
the IPS mode is strongly dependent on the angle 
of the rubbing direction with respect to the elec-
trodes, ϕ0 [128]. For positive mode IPS, ϕ0 ≈ 30° 
is used typically [129], not only leading to suitable 
transmission characteristic and near linearity of 
the gray scale response times, but also significantly 
improving the response time, which decreases lin-
early with increasing ϕ0.

The viewing angle characteristics of the IPS 
mode exceed even that of the SSFLCD, shown in 
Figure 6.27. The first improvement was to orient the 
electrodes in a small-angled zigzag, to help widen 
the viewing cone. However, the stringent require-
ment to maintain very high contrast well off-axis 
still necessitates the use of optical compensators. 
For example, the crossed polarizers themselves 
leak at the high angles in the four quadrants cen-
tered at ±45° and ±135°. A typical IPS mode LCD 
used in television achieves pixel contrast ratios in 
excess of 2000:1 for direct viewing, and contrast 
in excess of 1000:1 over 175° horizontal and ver-
tical viewing. The lowest pixel contrasts still sur-
pass 200:1 at 140° viewing in the 45° quadrants. 
Such impressive viewing angle figures are achieved 
using a front uniaxial wave-plate with its axis ori-
ented crossed to the rubbing direction (and input 
polarizer) combined with a negative uniaxial wave 
plate formed from a homeotropic discotic liquid 
crystal polymer [130].

6.4.6.3  FFS MODE

Despite the impressive performance of IPS, the 
mode suffers from poor optical efficiency due to 
the banding structure caused by lack of director 



6.4 Standard LCD modes 195

switching above the electrodes. For high-reso-
lution portable display applications, this is very 
important because increasing the output from the 
backlight to compensate for optical inefficiency 
is too costly for battery life. Many mobile phones 
and tablets deploy FFS mode LCD [96,97]. This is a 
modification to IPS mode, where a uniform coun-
terelectrode is placed beneath a dielectric layer 
with the interdigitated electrodes on top. The pitch 
of the electrodes is much smaller than the cell gap 
(Figure 6.30). There is little electric field directly 
above the central line of the data electrodes, but 
immediately either side of this there is an in-plane 
field component that causes the director to reorient. 
This arrangement greatly reduces the transmission 
loss caused by the banding and can be operated 
with electrodes that are closer together, therefore, 
allowing lower operating voltages to be used. The 
fringing fields break the symmetry sufficiently to 
allow operation without alignment pretilt, again 
helping to improve viewing angle toward the limit. 
This is difficult with conventional rubbed poly-
mers but can be achieved using photoalignment.

Typically, the dielectric layer is 500 nm thick, 
providing much higher fields close to the elec-
trode surface than typical for the IPS mode [131]. 
Together with the reduced electrode spacing, this 
lowers operating voltages, and hence power. The 
dielectric layer acts as the storage capacitor for the 
pixel, thereby increasing the aperture ratio and 
concomitantly increasing optical efficiency still 
further. Typically, FFS mode has double the optical 
efficiency of the IPS mode, with the only disadvan-
tage being that two transparent electrodes need to 

be deposited and etched onto the rear plate dur-
ing fabrication process. The success of FFS mode 
can be measured by its adoption for many portable 
products, notably the Apple iPad from 2011.

6.4.7  Vertically aligned nematic 
modes

As for IPS, the invention of VAN occurred early 
in the history of LCDs [85] but was reinvigorated 
with the widespread adoption of TFT and the need 
for wide-viewing angle technologies in the mid-
1990s. Homeotropic alignment gives a near per-
fect black state at normal incidence and a viewing 
angle easily compensated using a negative uniaxial 
retardation plate. Being dominated by the dark 
state, the contrast of VAN mode devices is gener-
ally exceptional at all angles and is independent of 
temperature or cell gap variations. The director is 
switched into the plane of the cell when a negative 
Δε liquid crystal is used. The direction of tilt will 
be degenerate and form scattering domains unless 
some preferred orientation is imparted to the cell. 
For example, if one of the homeotropic surfaces is 
rubbed, it gives a pretilt of typically 89.8°, and the 
director will tilt uniformly in this direction with 
increasing field. However, this will give a poorer 
viewing angle for the white state, as indicated in 
Figure 6.8. To overcome this limitation, Fujitsu 
invented the multidomain vertically aligned mode 
in 1997 [94,95], termed MVA mode. The aim of the 
invention was to maintain the vertical cylindrical 
symmetry as the director reorients with applied 
voltage, using domains of opposing tilt. Typically, 
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each pixel is subdivided into two or four areas with 
orthogonal tilt directions for each. Different area 
ratios may be used for the horizontal and verti-
cal directions, provided that the area for opposing 
pairs is equivalent.

Initial attempts to produce multidomain align-
ment used the rather impractical approach of dual 
rubbing, where a rubbed surface was protected 
during a second antiparallel rubbing by a pho-
tolithographically defined mask that was subse-
quently removed. The approach that Fujitsu took 
was to arrange dielectric protrusions onto the 

electrodes and underneath the homeotropic align-
ment layer, as shown in Figure 6.31a. Each protru-
sion has a convex shape with side walls angled to 
the surface but is sufficiently small and rarefied 
to have negligible effect on the overall pixel align-
ment. When the voltage is applied, the slight field 
fringing around the protrusion causes tilting in 
opposite directions on either side of the protru-
sion, thereby breaking the symmetry and automat-
ically causing domains of the opposite tilt sense. 
Early modules included protrusions on both inner 
surfaces, as shown in Figure 6.31, but including 
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Figure 6.31 Vertical aligned nematic modes. (a) Multidomain vertical aligned (MVA) mode, (b) pat-
terned vertical aligned (PSA) mode, and (c) axially symmetric multicell (ASM) mode.
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the protrusion on a single surface only saved addi-
tional photolithographic steps and was found to 
give satisfactory performance.

Samsung made a further advance for the VAN 
mode in 2000. Similar to the MVA mode, the pat-
terned vertically aligned mode (PSA) replaced the 
protrusions with slits in the electrodes to create 
the fringing fields (Figure 6.31b) [98]. Sharp [99] 
designed the axially symmetric microcell (ASM) 
mode LCD, where polymer walls surround the 
nematic, forming a microcell container for the liq-
uid crystal (Figure 6.31c). The walls are formed by 
photoinduced phase separation of a monomer dur-
ing the polymerization that occurs on UV expo-
sure of a grid like pattern. A chiral dopant is added 
to the nematic with the correct pitch to ensure a 
twisted orientation of 90° for the given cell gap. 
Unlike the MVA and PVA modes, disclinations 
are avoided altogether because the director forms a 
monodomain while retaining the axial symmetry 
that results in the exceptional viewing angle.

These VAN modes share the properties of 
wide viewing angle, very high contrast, and fast 
operation. High switching speeds are common to 
each of the vertically aligned modes because the 
field-induced distortion is dominated by the bend 
elastic constant k33, which is usually significantly 
higher than both k11 and k22 (Equation 6.48). The 
mode also has the advantage of not requiring 
the rubbing step during fabrication, which can 
give improved yield and costs. However, the mode 
is slower than modern IPS mode panels because 
full switching is needed to obtain the bright state, 
whereas IPS switches the director through a lower 
angle if ϕ0 >> 0.

6.5  LCDS FOR NONMAINSTREAM 
AND NICHE MARKETS

6.5.1  Introduction

The wealth and diversity of different device modes 
that exploit liquid crystals is a measure of both the 
variety of phases and behaviors exhibited by these 
organic materials and by the ingenuity of the scien-
tists, engineers, inventors, and innovators working 
in this field over the past half century. The path to 
providing flat screen monitors and full high defini-
tion television displays is littered with unsuccess-
ful attempts. However, many of those technologies 
found, or indeed created, niche markets, offering 

unique selling points in other applications. A selec-
tion of some of the more important LCDs used 
outside the conventional direct view displays are 
summarized in this section.

6.5.2  Cholesteric LCDs

6.5.2.1  TEMPERATURE, STRAIN, AND GAS 
SENSORS

From the first discovery of liquid crystals by 
Reinitzer in 1888 [18], the bright colors of choles-
teric liquid crystal textures have fascinated observ-
ers. Indeed, the first liquid crystal application was 
not an electronically addressed display but rather 
as sensors that deployed this coloration. In the early 
1960s, prolific inventor James Fergason observed 
that the peak wavelength of cholesteric selective 
reflection depended strongly on both temperature 
and trace amounts of chemical vapor [132], envis-
aging device applications. His work inspired many 
applications from detecting minute temperature 
changes on human skin due to the influence of 
nicotine or underlying tumor to visualization of 
faulty electronic circuitry. Photographer Henry 
Groskinsky, inspired by the vivid colors of the 
cholesteric, recorded these applications for Life 
Magazine in 1968 [133]. The article also mentioned 
that the liquid crystal could be encapsulated into 
a polymer, another of Fergason’s inventions that 
will be described in Section 6.5.5, that was used 
by National Cash Registers to detect the mechani-
cal strain within a loaded spring, an application 
that was later extended to aeronautical testing of 
planes, rockets, and turbine blades [134]. Indeed, it 
was encapsulation that eventually led to the mass 
production of liquid crystal thermometers that 
remain popular today.

The cholesteric has a natural helical structure 
shown in Figure 6.1. Light traveling along the 
helical axis undergoes Bragg reflection due to the 
repeating nature of the optic axis. This occurs for 
circular polarized light with the same handedness 
as the cholesteric pitch P and at a band of wave-
lengths centered on λ0 given by

 n P cos ,0λ = ⋅ ⋅ θ  (6.103)

where θ is the angle of incidence with respect to 
the helical axis and n is the average refractive 
index (=1/2 ne + 1/2no). Strong coloration occurs 
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when λ0 matches a visible wavelength, from 400 
to 700 nm. The width of the reflection band Δλ is 
approximately

 n P.∆λ ≈ ∆ ⋅  (6.104)

The color is, therefore, made more vivid by using 
weakly birefringent cholesteric materials. Light of 
wavelengths outside the band of selective reflec-
tion is transmitted through the sample, as is all 
light of the opposite handedness. Optical con-
trast then requires the liquid crystal layer to be 
mounted onto a dark backing material, to absorb 
the transmitted light. Tuning of the temperature 
range over which the pitch varies in the visible 
regime usually requires two or more compo-
nents with different pitches and temperature 
dependences. The pitch diverges as the second-
order cholesteric to smectic phase transition is 
approached, leading to rapidly changing color 
from red to blue with increasing temperature. 
Varying the concentration of components with 
strong smectic local ordering in the cholesteric 
mixture provides control over the operating tem-
perature range for the thermometer.

6.5.2.2  BISTABLE CHOLESTERICS

Selective reflection of colored light from cholesteric 
liquid crystals can be used for electronic displays 
too. Moreover, the cholesteric electro-optic char-
acteristic can be arranged to be bistable, allowing 
unlimited multiplexibilty using low-cost passive 
matrix addressing. Among the first optical switch-
ing modes to be studied at RCA was the bistable 
cholesteric [135], the switching mechanism for 
which was elucidated during the 1970s [136,137]. 
However, the success of the bistable cholesteric is 
largely due to the team at Kent State University 
headed by Doane [138] and the many innovations 
made by the engineers at the spin-out company 
Kent Displays Inc. (KDI) [139,140].

The basic operation of the display is to switch the 
cholesteric liquid crystal between the Grandjean 
texture, where the axis of the helix is largely nor-
mal to the display that, therefore, appears reflec-
tive, and the focal conic texture, where the helix 
lies in the plane of the cell and light is forward scat-
tered to be absorbed by the rear (black) substrate. 
Latching between the states is done via an interme-
diate homeotropic state, where the field is unwound 
by a high electric field coupling to the positive Δε 

of the liquid crystal, as shown in Figure 6.32a. 
If the field is switched off immediately, the helix 
forms with its axis vertical to the pixel, thereby 
appearing colored due to selective reflection. If the 
field is reduced more gradually through an inter-
mediate level, the helix forms in the plane of the 
cell, in the focal conic state, and the pixel appears 
dark. The degree of hysteresis and the sensitivity 
of the device to mechanically induced damage is 
controlled using polymer stabilization.

Most displays are designed to be monochrome, 
using materials with high birefringence to give the 
broadest reflectivity. The highest practical levels of 
Δn give yellowish-green coloration against black, 
although some customers prefer the inverted 
optics of white and blue when a blue background is 
used. Together with the slow response speed, high 
voltage and sensitivity to shock, the poor appear-
ance means that the devices are not commer-
cially successful and have been largely superseded 
by other choices. However, bistable cholesterics 
remained of interest for full color bistable reflec-
tive displays. Lower birefringent materials are used 
to give individual layers with sharp red, green, 
and blue reflection bands. Stacking three layers in 
series then allows full reflective color. This type of 
technology was successfully applied to large area 
signage by the company Magink, providing bright 
billboards for advertising purposes [141]. As a 
reflective display, the panels were ideal for bright 
sunlit conditions, where they could outperform 
LED electronic signage. KDI also used a triple 
stack to produce full color reflective displays for 
portable products. Parallax between the layers was 
minimized through polymer stabilization of the 
individual active layers mounted directly onto a 
backing foil [140], as shown in Figure 6.32b. Not 
only did this enable good optical performance, but 
also the resulting display was very flexible indeed, 
as is apparent from the demonstrator shown in 
Figure 6.32c. Although not successful commer-
cially, this also remains true of all other reflective 
color display modes and remains an important gap 
for future developments.

The technical advances made by KDI for flexible 
color plastic displays promised new applications 
outside the display field, such as electronic skins, 
Figure 6.32d, and electronic writing tablets (Figure 
6.32e). The Boogie board is an electronic writing pad 
that uses mechanical pressure to induce the reflec-
tive Grandjean texture, on a black background. 
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When the image needs to be refreshed, an electri-
cal blanking pulse is applied to erase the page. This 
product continues to be successful in a niche mar-
ket that the technology has created.

6.5.3  Bistable nematic LCDs and ZBD

Bistable operation of an LCD allows many lines 
of information to be passive matrix addressed, 
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where each frame is written line by line and each 
line retains its information until it receives the next 
addressing signal. Before the large-scale adoption of 
TFT back planes and active matrix addressing, var-
ious bistable nematic modes were invented, com-
plementing the contemporary efforts to develop 
bistable cholesteric and FLCD. Few of these modes 
made it even to demonstrator stage. However, in 
the late 1990s, there was a resurgence of interest in 
bistable nematics [126], notably the work at Seiko-
Epson on the bistable twisted nematic (BTN) mode, 
the 180° BTN or Binem developed by Nemoptic and 
the ZBD by ZBD Displays Ltd. (now Displaydata). 
Several factors drove this renaissance:

 ● Simple passive matrix displays based on TN 
and STN did not lose market share with the 
introduction of TFT; rather, the markets that 
they had created, such as watches, calculators, 
instrumentation, etc., continued to need low 
cost, usually reflective displays. Whereas new, 
high investment production plants in Japan, 
Korea, and Taiwan developed TFT LCDs for 
high end applications, a plethora of manu-
facturers in China continued to serve what 
remained a $1B passive matrix market well into 
the 2000s.

 ● Bistability promised to create new niche LCD 
markets, particularly where ultralow power 
was required. Markets included electronic 
shelf-edge labels with high information 
content, electronic book readers, smart card 
displays, secondary displays for mobile phones, 
and an enormous range of indicator displays, 
from car key fobs to razor blades. Indeed, the 
image storage offered by bistability continues 
to be a unique selling point for many applica-
tions associated with the Internet-of-things, 
where displays can be updated automatically 
using radio frequency (RF) signals, rather than 
rely on costly batteries and associated circuitry.

 ● Bistable displays often have good potential for 
plastic displays. TFT on plastic remained a 
challenge to fabricate through the 2000s, due 
to the difficulties of registering high-resolution 
patterns on a flexible backplane, and the low 
fabrication temperatures required for plas-
tic substrates. Bistable nematics offered the 
possibility of high image content based on 
simple, low temperature, low cost fabrication 
on plastic.

However, these drivers were also attractive to 
other non-LCD modes, such as Janus colloids 
from Gyricon, interference mode micro-elec-
tro-mechanical-systems (MEMS) from Iridigm/
Qualcomm, electrowetting from Liqua-vista/
Amazon and Gammadynamics, and electrophoret-
ics from Bridgestone and E-ink. In 2005, Amazon 
selected E-ink displays for its Kindle e-Book read-
ers, based largely on the appearance of its white 
state and despite the significantly higher cost due 
to the active matrix. This created demand for scat-
tering mode devices and many new markets chose 
electrophoretics over LCDs. One bistable LCD 
technology that survived was the ZBD, marketed by 
ZBD Displays Ltd., now Displaydata. This spinout 
from R.S.R.E (then DERA) in the UK targeted the 
retail signage market, and in particular, electronic 
shelf-edge labeling. For a retailer to replace tens of 
thousands of electronic labels per store, cost was 
paramount, and the bistable LCD has a significant 
advantage over electrophoretics, whereas offering 
superior performance and higher image content 
than the incumbent directly addressed segmented 
TN LCD. The company’s success was not only 
due to the bistable LCD but also by development 
of a novel RF communications protocol [125] that 
allowed small to midsector retailers to take advan-
tage of the labeling, whereas only hyperstores had 
been able to afford the infrastructure required for 
previous labeling systems. The company has sold 
several million labels worldwide and now offers a 
combination of the ZBD LCDs alongside E-ink for 
higher-end application.

Bistability results where a device has two stable 
states with similar free energies that are separated 
by an energy barrier, wherein transitions from one 
state to the other are discontinuous, or first order. 
An early approach was the BTN mode [142], which 
followed similar principles to that of the STN, but 
set the d/P ratio of the chiral nematic to lie half-
way between states of low and high twist angles Φ. 
For example, setting d/P = 0.5 with parallel surface 
alignment should give a π twist state. However, if 
the pretilt on both surfaces is sufficiently high, the 
cost of the induced splay energy becomes greater 
than that for twist. Thus, the chiral nematic may 
either unwind to a uniform 0π state to match the 
surface condition or may wind further to form the 
Φ = 2π twist state (Figure 6.33a). Switching from 
one state to the other then relies on whether or not 
flow is induced immediately after a high electrical 
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pulse coupling to a positive Δε. If the pulse returns 
to 0 V via an intermediate voltage, there is little 
induced flow and the 0π state is formed, whereas 
a direct transition to 0 V induces flow that encour-
ages director twist at the cell center and the Φ = 2π 
state is formed. The two states are metastable, so 
the texture relaxes back to the intermediate π-state 
after a second or two on removal of power. This 
means that the device was not suited to zero power 
applications. Rather, Seiko Epson used it as the dis-
play for Hi-Fi Graphic Equalizer displays due to its 
very fast optical response [143].

A similar approach was taken by Nemoptic, 
who also used a BTN configuration, but with d/P = 
0.25 to give either 0 or π twist states (Figure 6.33b). 
In this instance, the director cannot change its 
twist from one state to the other without break-
ing the anchoring at one of the surfaces, requir-
ing that one of the surfaces be deliberately weakly 
anchored [144]. Switching of the device again uti-
lized back flow depending on the trailing shape of 
the addressing pulses. Marketing the device under 

the trade name Binem, Nemoptic produced various 
demonstrators [145], including full color reflective 
displays, TFT-driven panels, and, intriguingly, a 
pixelated switchable quarter-wave plate mounted 
onto the front of an OLED display to switch 
between high-power emissive video frame rate dis-
play and ultralow power black and white E-reader 
mode [146]. Despite the excellent optical appear-
ance, 0-π BTN required cell gaps below 2 μm and 
suffered from manufacturing tolerances that were 
difficult to achieve. Perhaps the biggest cause of 
the company’s eventual demise in 2010 was that it 
failed to find the correct niche for its product.

The ZBD is rather unusual in several aspects 
[147,148]. It uses a grating as a surface alignment 
layer, designed to impart bistable pretilts of the 
contacting nematic regardless of the overall geom-
etry chosen (Figure 6.34). This allows many differ-
ent LCD designs to be used, including VAN–HAN 
mode [147], HAN–TN mode [147,149], multistable 
VAN–HAN–TN modes [150], gray-scale displays 
[151], single polarizer mixed TN modes [152], 
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scattering modes [153], and ultrafast Pi cell modes 
[150]. The device is an early example, and the only 
LCD currently on sale, that utilizes the flexoelec-
tric effect for latching between the two states. 
Moreover, the device deliberately uses disclina-
tions at the deep, homeotropic-grating surface to 
stabilize the low-tilt or D state. The potential bar-
rier between this state and the high-tilt defect free 
or continuous state (C state) is mediated by the cre-
ation and annihilation of these surface defects. The 
voltage for latching from one state to the other VCD 
is related to the pulse width τ by Reference [154]:
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where Wθ is the zenithal anchoring energy of the 
homeotropic grating surface, ls is the coefficient of 
slip for defects moving across that surface, e1 + e3 
is the sum of the splay and bend flexoelectric coef-
ficients for the liquid crystal material, and the 
dielectric effect of the grating has been ignored. 
Controlling the anchoring energy in the range 0.2 
mJ·cm−2 to 1 mJ·cm−2 allows the threshold voltage 
Vth to be adjusted to typically about 1 V μm−1, typi-
cally 7 V.

The device is usually configured with the grat-
ing opposite a standard parallel aligned rubbed 
polymer surface to create a 90° TN when in the 
low-tilt D state. This state is always formed first 
on cooling from the isotropic to nematic phase 
because the defects are stabilized at the surface 
when the S order parameter is low. Thus, the inter-
pixel gaps remain in the TN state and good display 

Zenithal
bistable surface

Polarizer

D

E
Rubbed-polymer

Analyzer

Diffuse reflector

HANE

C

TN

(a)

0 µs 497 µs

0 µs 497 µs

703 µs 994 µs

674 µs 900 µs 1.2 ms 30 ms

1.2 ms 30 ms

–

+

–

–
–

+ +

+

+ + +

+

– –

–

–

(b)

Figure 6.34 The zenithal bistable display mode, ZBD. (a) Latching from the C to D state occurs with 
a bipolar pulse with the trailing part positive with respect to the grating. The applied field nucleates 
defects at the bifurcation point on the grating sidewall, and the positive polarity favors the D state 
with −1/2 disclinations at the convex surface and +1/2 defects at the concave surface. The resulting low 
surface tilt creates a 90° TN state when placed opposite a conventional monostable rubbed polymer 
surface as shown. Operating in the NW mode, with the grating aligned parallel to the front polar-
izer and with n matched to the liquid crystal ordinary refractive index gives an excellent white state. 
(b) Applying pulses of the opposite polarity causes the defects to retrace their path along the grating 
surface until they annihilate. The resulting C state is continuous and homeotropic, thereby creating 
HAN alignment. This appears black when between the crossed polarizers as shown, and the viewing 
angle self-compensates when in reflective mode.
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reflectivity results when operating in the NW TN 
mode. Typical cell gaps are 7 μm, operating at 
15–20 V using standard STN driver electronics, 
LC mixtures, and polarizers. Operating tempera-
tures from −25°C to 40°C and−5°C to +60°C were 
achieved using low and high anchoring energies, 
respectively.

The main technical challenge for ZBD Displays 
Ltd. was to introduce a low-cost and reproducible 
manufacturing method for a 0.8 μm pitch, 1 μm 
high blazed sinusoidal grating into a standard pas-
sive matrix LCD production line using Gen 2 glass. 
This was done by copying a photolithographically 
defined master grating into a lacquer on polyethyl-
ene terephthalate (PET) film via a nickel sputtering 
and electroforming replication technique [148,155]. 
The film was shipped from the UK to manufactur-
ers in China, where it is used to emboss the grating 
into a homeotropic photopolymer deposited on the 
glass surface, thereby replacing the conventional 
rubbing step for that plate. This method allows the 
technology to meet the same price point as con-
ventional STN, where the costs of the compensa-
tion foils required for the STN offset that of the 
ZBD grating film. Having achieved such low price 
points for its chosen niche market, it remains to be 
seen if ZBD can replace conventional TN and STN 
displays in other markets.

6.5.4  Polymer dispersed liquid 
crystals

A weakness of LCDs that is particularly evident in 
reflective mode devices is the constraint for polar-
izers, which absorbs more than half of the avail-
able light. This inefficiency was avoided in the first 
dynamic scattering displays but the contrast and 
lifetime of those devices were far inferior to retar-
dation-based LCDs such as the TN that their period 
of success was very short lived. Hilsum [156] pro-
duced a scattering device by mixing glass micro-
spheres into a nematic, creating a scattering texture 
that could be switched to a nonscattering state by 
an electric field. A more practical device was the 
polymer-dispersed liquid crystal (PDLC). This is 
another example of an LCD that initially aimed to 
produce bright displays but which found success 
when the technology was applied to a novel prod-
uct with a niche market; for PDLC this was privacy 
glass.

Following his successes with cholesteric sensors 
and the invention of the TN LCD soon after Schadt 
and Helfrich (claiming precedence in the United 
States), Fergason invented a method of encapsulat-
ing liquid crystal droplets into a polymer matrix 
in the early 1980s [157]. Originally called NCAP 
by its inventor, PDLC usually takes the form of a 
plastic layer that can switch between scattering 
and nonscattering states with an applied electric 
field [158,159]. An ITO-coated glass or transpar-
ent plastic cell is filled with a nematic liquid crystal 
mixed with a monomer. Curing of the monomer 
into a solid polymer form is done by evaporat-
ing the monomer solvent, by applying a thermal 
treatment, or, most commonly, through the ini-
tiated polymerization of constituent photoreac-
tive groups. Phase separation of the liquid crystal 
occurs as the polymer forms from the monomer, 
creating droplets within the polymer matrix. 
Often, a surfactant is included both to help control 
the dispersion of droplet size and align the nematic 
into a radially symmetric or bipolar state, as shown 
in Figure 6.35. Droplets in the 0.5–5μm range scat-
ter incident light intensely due to the refractive 
index mismatch between the polymer and the liq-
uid crystal. Application of an electric field across 
the sample then causes reorientation of the liquid 
crystal director, leaving the cross-linked poly-
mer undisturbed. Usually, the liquid crystal has 
a positive Δε and an ordinary refractive index no 
matched to that of the polymer. Thus, the scatter-
ing is reduced as the liquid crystal aligns parallel to 
the field and the light incident close to the normal 
direction is transmitted unchanged.

Droplets with radial alignment have a single 
defect at the droplet centroid (called a “Boojum”) 
leading to spherical symmetry, whereas bipolar 
droplets have point defects on opposing surfaces 
and cylindrical symmetry of the director field. 
Typically, droplets are between 1 and 10 μm and 
form the bipolar structure with randomly oriented 
symmetry axes. The electrical field behavior is com-
plex. The field required to align the director paral-
lel to the field, and hence approach the minimum 
deflection of incident light, is inversely proportional 
to the droplet radius, a [160]. For a radial droplet, 
the critical field is approximately related to [161]

 
E

a

k4
,c

0

=
ε ∆ε  

(6.106)



204 Liquid crystal displays

where k  is a mean elastic constant. The symme-
try of a perfectly spherical bipolar droplet prevents 
analytical solutions being made and needs the 
symmetry to be broken. A practical approach is to 

assume that each droplet is slightly elongated with 
different semimajor axis a and semiminor axis b. 
For liquid crystals with positive Δε, weak applied 
fields reorient the symmetry axis parallel to the 
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Figure 6.35 Polymer dispersed liquid crystal for a positive Δε operating in the scattering to nonscat-
tering mode. (a) Droplets of different sizes with random orientations of the director profile, form-
ing either a radial or bipolar configuration. Light is strongly scattered, including back scattering. 
(b) Application of the field initially causes little distortion of the director profile within each droplet, 
but the profile adjusts to align the disclinations within the plane of the film and the director with a 
net direction parallel to the field. The scattering reduces somewhat. (c) Increasing the field causes 
distortion of the director field within each droplet toward the vertical orientation, where the refrac-
tive index of the droplet and polymer matrix approaches the matched condition, and little scattering 
occurs. (d) Conventional back-scattering mode of PDLC; (e) novel, low-voltage mode using specu-
lar reflection as the black state; and (f) common mode for privacy windows, where the plastic film 
switches between translucent and transparent.
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direction of the field. The critical field is then given 
by [161]
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where σLC and σp are the low frequency conductivi-
ties of the liquid crystal and polymer, respectively. 
The response times are given by
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Typically, droplets of a = 1 μm, b = 0.9 μm, k33 = 10 
pN, γ1 = 0.05 kg m−1s−2 and Δε = 15, and σLC/σp ≈ 28 
give EC ≈ 1.5 V μm−1 and τOFF ≈ 20 ms. Substantial 
scattering needs 20 or so droplets in the direction 
of incidence, so film thicknesses of 20 μm are typi-
cally used. Thus, the voltage of such PDLC films 
can be high, typically much higher than 30 V to 
achieve saturation of the transparent, nonscatter-
ing state.

If the droplets are sufficiently small, and the 
device spacing high, then the OFF state can lead 
to significant back scattering. This can be used in 
a reflective mode display by mounting the PDLC 
film onto a black background to provide optical 
contrast (Figure 6.35d). However, the switching 
voltage inherently increases both with smaller 
droplets and higher device spacing. Moreover, 
the shallow switching response necessitates the 
use of TFT to matrix address the pixels, limiting 
the switching voltage to 15 V and preventing any 
useful degree of optical effect. Recently, Sharp has 
produced low-voltage TFT PDLC displays where 
the layer is mounted instead onto a specular mir-
ror [162]. Relatively large droplets keep the voltages 
sufficiently low for TFT addressing (≈6 V) and the 
forward scattered light is scattered more strongly 
after being reflected back toward the observer a 
second time by the mirror. In the ON state, the 
forward scattering is removed and the viewer sees 
the specular reflected light. In applications, where 
the display is illuminated by a point source, this 
will appear black in all directions except where the 

display is oriented directly between the viewer and 
light source (Figure 6.35e).

Although never successful for mainstream dis-
plays, one market where the PDLC has found a niche 
is for privacy windows. The PDLC can be made as a 
laminated plastic roll, which can be applied adhe-
sively to existing infrastructure, and trimmed to 
the appropriate size and shape. The window can 
then switch between a translucent, “milky white” 
appearance in the OFF state, to being clear and 
fully transparent when ON. Although this adds 
costs to the window, it is increasingly popular in 
high-end architectural projects for both interior 
and exterior applications. Uses include privacy 
control of conference rooms, intensive care areas, 
or bathroom doors, for example, to providing 
architectural design features. Moreover, the mate-
rial can also be adjusted to act as an environmental 
smart window, switching between heat retention 
and loss as required [163]. Other applications such 
as temporary projection screens, active camouflage 
and switchable diffusers are all possible [164].

Another potentially profitable application for 
PDLC is switchable holographic media [165]. If a 
coherent image is used to cure the polymer dur-
ing the fabrication process, switchable diffractive 
optical elements can be fabricated with drop-
lets ranging from 100 nm to 1 μm forming holo-
graphic gratings from the interference pattern of 
the illumination. Rather than cause scattering, the 
droplets locally modulate the refractive index to 
generate a diffraction grating. Holographic optical 
elements (HOE) are used for a variety of optoelec-
tronic applications, including focusing, beam-
steering, filtering, and optical multiplexing. The 
use of holographic PDLC provides the means for 
switchable HOE, allowing dynamic beam steering, 
tunable filtering, and optical signal processing. For 
holographic PDLC, the droplet size a is typically 
submicron and the OFF time is very fast: typi-
cally 50–500 μs. However, EC also increases with 
decreasing droplet size and so typically 100–200 V 
is required. This high field dominates the ON time, 
which again is fast, typically 50 μs.

6.5.5  Liquid crystal on silicon

Rather than apply a semiconductor onto glass to 
provide transistors, LCOS places the liquid crystal 
element directly onto a CMOS integrated circuit 
[166,167]. Of course, as the silicon is opaque, the 
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devices must operate in reflection; usually, silver 
electrodes patterned directly onto a CMOS inte-
grated circuit to provide both the pixelated electric 
field pattern and the highly reflective rear substrate. 
The chip not only provides the drive signals for the 
contacting liquid crystal but can also deliver extra 
functionality, such as gray-scale gamma correc-
tion, temperature compensation, edge detection. 
The devices are typically only 1–2 cm in diagonal 
and are used for projectors and camera viewfind-
ers. Keeping such low dimensions enables the 
ultrahigh resolution of the silicon circuitry indus-
try to be applied, with typical pixel pitches for an 
extended graphics array, 1024 × 768 projection dis-
play being below 3 μm.

LCOS spatial light modulators are the active ele-
ment in light projectors for conferences and home 
cinema systems. This is one of the largest niche 
markets for LCDs, despite strong competition from 
MEMS projection displays (digital light projectors). 
Recently, there has been great interest in near-eye dis-
plays and pico-projectors, such as those used in vir-
tual and augmented reality headsets, and for Google 
glass. Such displays tend to use a small polysilicon 
transmissive TN LCD, rather than reflective LCOS.

The projector systems either use a single LCOS 
panel or use three panels tuned for red, green, and 
blue wavelengths and the final image combined 
using a prism system. A 45° single polarize TN can 
be used but VAN mode provides the high contrast 
needed for home cinema, as utilized by the top 
of the range projectors from Sony and JVC [167]. 
Considerations such as viewing angle and color 
balance become inconsequential in such projec-
tion systems, where speed and contrast are the 
dominant factors and performance can be opti-
mized for individual color bands.

A different approach to color uses a ferroelec-
tric LCOS. Rather than using three separate mod-
ulators, the fast response time of theFLC is used 
to provide operation at 360 Hz, thereby allowing 
frame sequential color when illuminated by 120 Hz 
alternating color band illumination [168,169]. This 
is used for helmet mounted virtual reality (VR), 
binocular displays, and viewfinders by Forth 
Dimension Displays and Cinoptics.

LCOS has also proven successful for nondisplay 
applications, particularly for spatial light modula-
tors in optoelectronic systems such as wavelength 
selective switching, structured illumination, and 
optical pulse shaping [170].

A related technology to LCOS is the optically 
addressed spatial light modulator [171]; rather 
than electrically addressing each pixel, the device 
is addressed using incident light. The LCD includes 
unpixelated ITO electrodes sandwiching a pho-
toconducting semiconductor and liquid crystal 
layers. In the dark state, the dielectric permittiv-
ity of the photoconductor is low, and most of the 
electric field applied across the ITO electrodes is 
dropped across this layer, leaving the liquid crys-
tal unswitched. However, charge is transferred to 
the liquid crystal interface where light is incident 
on the photoconductor, which switches the liquid 
crystal accordingly. Early devices used GaAs pho-
toconductor and a nematic. Recently [172,173], an 
α-Si Optically addressed spatial light modulator 
with an FLC modulation layer has been used to 
produce dynamic computer generated hologram 
with over 108 pixels. The speed and the bistability 
of the FLC allowed the image to be built success-
fully in a projection system using a series of electri-
cally addressed nematic SLM. The resulting system 
remains arguably the most complex display to be 
produced, and the nearest to providing full 3D 
holographic dynamic images, which remains the 
ultimate display goal.

6.6  LCD MODES FOR POTENTIAL 
FUTURE APPLICATIONS

6.6.1  Introduction

The variety of different LCDs is huge and only a 
handful has made it to commercial success, whether 
mainstream or niche. Some of these modes are 
important to describe because they include prin-
ciples yet to be utilized (e.g., the Pi-cell, V-shaped 
switching FLC, and antiferroelectric liquid crys-
tals (AFLCs); others are recent modes that are yet 
to find a market (such as the blue phase or flexo-
electric cholesteric modes). It was suggested earlier 
that the principal motivation for LCD develop-
ments has evolved from increasing image com-
plexity to achieving the widest viewing angle, high 
resolution, and recently color depth. Alongside 
these developments has been a constant need for 
increasingly fast LCD switching. Further speed 
improvement continues to be important for gam-
ing, VR, augmented reality (AR), and ultimately 
for glasses-free 3D displays with eye tracking for 
multiple viewers and frame sequential color.
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Moreover, nondisplay applications of liquid 
crystals continue to grow in importance and vari-
ety. A good example of this is the advent of liquid 
crystal lasers that have more far-reaching possibili-
ties for optoelectronics. Brief appraisals of each of 
these modes are included in this section.

6.6.2  Pi-cell

Nematic liquid crystals are simple to align, usu-
ally maintain alignment quality after receiving 
mechanical or thermal shock, and are well under-
stood and characterized. The down side is often a 
slow response speed, particularly at low operating 
temperatures where the Arrhenius form of the vis-
cosity dominates (Equation 6.14). An early exam-
ple of a fast nematic mode is the pi-cell [174], where 
ON and OFF times approaching 1 ms are achieved.

The pi-cell is the most well-known example 
of a surface mode liquid crystal [175]. It relies on 
the parallel alignment of high pretilt surfaces, 
between which is a positive Δε nematic. For low 
surface pretilts, the lowest energy quiescent state 
is predominantly splayed from one surface to the 
other. For high pretilts, a bend state of the director 
becomes favored energetically. This occurs above 
the pretilt given by [176]
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which predicts that the splay and bend states are 
energetically equivalent states for 40° < θs ≤ 50° 
for typical calamitic nematics (0.5 ≤ k33/k11  ≤  2). 
Pretilts of this magnitude have been hard to 
achieve historically, with θs ≈ 25° typically being 
the maximum. With pretilts of this magnitude, 
the splay state is energetically favored but the bend 
state is metastable and can exist alongside the 
splayed state separated by a π disclination. With 
an applied voltage coupling to the positive Δε, 
the central director of the splayed state can tilt in 
either a clockwise or anticlockwise direction, con-
centrating the elastic distortion close to the top or 
bottom surface (Figure 6.36b). If a sufficiently high 
field is applied, the elastic distortion may become 
sufficiently high to break the anchoring at one of 
the surfaces and allow a first-order alignment tran-
sition to the bend or π state [177]. On removal of 
the field, the director relaxes back to the metastable 

state where the director remains vertical in the cell 
center. Whereas in this state, the director field 
close to the surfaces can be affected by the appli-
cation of a lower field in a continuous fashion, 
thereby modulating the retardation and causing 
optical contrast between ON and OFF states, with 
a fast response.

To understand why the pi-cell gives this fast 
response, the effect of viscous back-flow needs to 
be considered. Figure 6.36a shows the situation 
for a uniform director produced by antiparal-
lel surface alignment. When the field is removed, 
the director is subject to both elastic and viscous 
restoring forces. Lateral flow of the material is set 
up in opposite directions in either half of the cell, 
acting to kick the director in one-half in the oppo-
site direction to that of the other, thereby slowing 
the relaxation to the final state. This backflow, or 
“optical bounce” effect slows the response for ECB 
and TN devices significantly [68]. However, for 
the π-state, the final tilt remains vertical in the 
cell center and the flow acts in both halves in the 
same direction as the relaxing director, thereby 
hastening the relaxation process. Thus, viscous 
flow supports switching so that the device is very 
fast—typically switching in about 2–5 ms for both 
ON and OFF switching.

The device is oriented with the alignment direc-
tions at 45° to crossed polarizers, and the cell 
gap set to give the half-wave plate condition. This 
occurs for a higher cell spacing for the bend state 
due to the higher overall tilt of the director. The 
viewing angle of the bend state is better than the 
splayed state because of the symmetry of the direc-
tor arrangement. That is, the change in retardation 
for off-axis light is increased in one-half of the cell 
and decreased in the other half, so that there is 
little retardation change. This self-compensation 
effect leads to the alternative term for the Pi-cell 
as optically compensated bend (OCB) mode [178]. 
Further improvements to the viewing properties 
can be achieved using film compensators [179].

The device is yet to be used commercially. It 
cannot achieve the high contrast ratio enjoyed 
by the IPS and VAN modes, due to the remnant 
surface retardation; even with optical compensa-
tion, dark state leakage is too high to meet the high 
contrast ratio requirement of modern TV displays. 
Moreover, the bend state is metastable, and usually 
decays back to the splayed state after removal of the 
field. Unless a constant bias voltage is maintained, 
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domains of the unwanted splay state spread from 
unswitched areas such as the interpixel gaps and 
close to spacers. However, the principles deployed 
in this mode remain of interest. For example, a 
transflective display has recently been suggested 
that uses subpixellation for the bend state operat-
ing in reflection and the splay state operating with 
in-plane electrodes in transmissive mode [180].

6.6.3  Analog ferroelectric liquid 
crystal modes

The SSFLC mode described in Section 6.4.5 is 
bistable: either the black or white states is retained 
after the addressing pulse. Grey scale is provided 
using spatial or temporal dither [125]. Bistability 
was integral to the original interest in FLCDs 
because it provided an alternative to TFT. However, 
once TFT had become sufficiently low cost, interest 
was retained in utilizing the fast optical speed of 
FLCs but using an analog response combined with 
the active matrix.

Various analog FLC modes were studied as out-
lined below. Each of the modes described suffers 

from the need to achieve and maintain uniform 
smectic layer structures, which has prevented dis-
play applications to date. However, the high speeds 
that are possible mean that these modes may yet 
find utility in nondisplay and optoelectronic 
applications.

6.6.3.1  N*-SMC*
Conventional SSFLC uses an N*-SmA-SmC* to 
give a chevron layer arrangement and the implicit 
bistability that brings. If the FLC has a phase 
sequence where the SmC* cools directly from the 
unwound chiral nematic, the director remains in 
the rubbing direction at the two surfaces and the 
layers form in a uniform layer bookshelf geometry 
but with the layers angled at the cone angle θC to 
the rubbing [181]. Cooling with an applied DC field 
ensures that a single sign of orientation is achieved. 
Thus, the device is monostable, with an analog 
response as the director switches about the cone in 
the bulk of the cell with one polarity of field, and 
no-response with the opposite polarity. This “half 
V-shaped” switching can be addressed by TFT to 
give a fast, analog response.
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Figure 6.36 The effect of backflow and the Pi cell. (a) With antiparallel alignment, there is flow align-
ment in opposing directions on removal of the field, hindering the relaxation back to the 0 V uniform 
state. (b) Parallel alignment initially gives a splayed state, but application of sufficiently high field to 
break the surface anchoring allows a bend, or p-state to be formed. When the field is removed, relax-
ation to the unswitched bend state is supported by the flow throughout the cell. However, the bend 
state is metastable, so the splay state reforms after sufficient time, usually nucleated from the pixel 
edges or LCD spacers.
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A modification is the twisted FLCD [182], which 
combines a material with a first-order N*-SmC* 
transition with rubbing directions crossed to each 
other. The unwound N* forms a conventional 
TN but, as the twist elastic constant diverges on 
approaching the SmC phase, the smectic layers 
form uniformly at 45° to the rubbing directions. 
The director still forms a 90° twist, but moves 
about the SmC* cone from one surface to the other 
with the applied DC field, leading to a “V-shaped” 
switching response. This mode works best with a 
strongly first-order transition, wherein the SmC* 
cone angle is independent of temperature and is 
typically close to the optimum 45°; this allows 
the director to lie parallel to the crossed rubbing 
directions.

6.6.3.2  ANTIFERROELECTRIC LIQUID 
CRYSTALS

Certain compounds that form chiral tilted smectic 
phases exhibit higher ordered phases, where there 
is correlation of the director orientation between 
adjacent layers. With AFLC, the SmC* c-director 
and polarization directions alternate by π from one 
layer to the next. Application of a DC field switches 
each alternate layer parallel to the field, thereby 
forming a V-shaped switched response [183].

6.6.3.3  DEFORMED HELIX MODE 
FERROELECTRIC LIQUID CRYSTAL

Although formed from chiral liquid crystals, most 
FLC modes use sufficiently low spaced devices 
to unwind the pitch. This is not the case for the 
deformed helix mode, where the pitch is made 
sufficiently low that even devices at the quarter-
wave plate condition wind continuously in a heli-
cal manner. Application of the field then causes 
distortion of the sinusoidal director variation and 
a shifting of the optic axis from that of the helix 
toward ±θC [184].

6.6.3.4  THE ELECTROCLINIC EFFECT

SmA phases formed from chiral molecules 
undergo a field-induced director tilt with an 
applied DC field, forming a structure similar to 
the SmC* phase [185]. The strength of this electro-
clinic effect is greatest immediately above an SmA 
to SmC* transition, where the induced tilt is linear 
with the applied field. As with the AFLC and DH 
FLC modes, the switching is within the cell plane, 
and hence it is not only fast but has good viewing 

angle. However, the limited temperature range and 
temperature dependence have so far discounted 
electroclinics from application.

6.6.4  Blue phase TFT displays

Attendees at the 2008 exhibition that occurs each 
year alongside the Society of Information Display 
annual conference were surprised to see an unher-
alded novel LCD mode based on the blue phase at 
the Samsung stand. The company demonstrated a 
15 in. TFT monitor operating at a ground break-
ing 240-Hz frame rate. Liquid crystals were known 
for their slow response and most attendees were 
unaware of the blue phase. Those that were most 
likely believed that the blue phase would never 
receive such serious interest from a manufacturer 
due to the notoriously narrow temperature ranges 
exhibited by these phases.

Blue phases are a subset of cholesteric liquid 
crystals, which occur when the cholesteric natu-
ral helicity is strong and the pitch is very short, 
close to the transition to the isotropic phase [186]. 
Rather than spontaneously twist along a single 
axis perpendicular to the local director, the direc-
tor twists along two mutually orthogonal axes to 
form a double helix cylindrical structure, as shown 
in Figure 6.37a. The director at the center of each 
cylinder lies parallel to the cylinder axis and the 
diameter of the cylinder is P/4 so that the director 
twists through 45° from one side to the other. This 
means that the director remains continuous across 
adjacent cylinders oriented with their axes orthog-
onal to each other, as shown in Figure 6.37b. These 
double twist cylinders pack into a cubic array as 
shown in Figure 6.37c, mediated by disclination 
lines throughout the structure that occur at the 
interstices of the cylinders. Of the three possible 
blue phases, the simple cubic blue phase I, Figure 
6.37f, and body-centered cubic blue phase II, 
Figure 6.37d have the widest temperature ranges. 
The occurrence of the disclinations means that 
the cubic structure is only stable where the pitch 
and order parameter are very low, typically for 
about 1°C–2°C below the isotropic to cholesteric 
phase transition. Optically, the structure appears 
an iridescent color due to Bragg reflection from 
the defects arranged on the regular cubic lattice, 
Figure 6.37e; hence, the phase became known as 
the “blue” phase, although other colors are possi-
ble depending on the lattice. Otherwise, the phase 
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is optically isotropic due to the cubic symmetry 
of the phase, and it appears dark between crossed 
polarizers. Blue phases exhibit a Kerr effect with an 
applied field due to deformation of the local cho-
lesteric structure coupling to the dielectric anisot-
ropy of the liquid crystal [187,188]. This induces 
a net birefringence ΔnE with the optic axis in the 
direction of the applied field [189]:

 n KE n E~ ,E
2 3 2∆ = λ −  (6.110)

where n is the isotropic refractive index of the blue 
phase and the Kerr constant K is also wavelength 
dependent.

Although the Kerr effect provided means for 
electro-optic modulation, the extremely lim-
ited temperature range of the blue phase seemed 
severely prohibitive to application. This was par-
ticularly true for displays, where operation from 
−20°C to +70°C is usually the minimum specifica-
tion. In 2002, Kikuchi et al. succeeded in greatly 
extending the temperature range by photopoly-
merizing a monomer added to the liquid crystal 

at temperatures where the material formed the 
blue phase [188]. The resulting polymer formed 
at the defect sites stabilized the lattice structure 
over a wide temperature range, without affecting 
the electro-optic properties of the liquid crystal 
significantly.

The Samsung display used in-plane electrodes 
to switch the polymer stabilized blue phase from 
an optically isotropic structure to a birefringent 
medium with the optic axis approximately in the 
plane of the cell (Figure 6.38). The device does not 
require alignment layers and gives excellent high 
contrast and wide viewing angle due to the isotro-
pic nature of the dark state and IPS effect. The most 
important issue to resolve was achieving suitably 
low operating voltages. This was done using shaped 
protrusions as the electrodes [190], with 2 μm wide 
electrodes and 2–4 μm electrode gaps. Modeling 
showed that using angled electrode walls produced 
higher transmissivity by reducing the angle of the 
optical axis at the electrode edges. Using these 
structures, operating voltages below the 15 V target 
for TFT addressing were achieved. Indeed, since 
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Figure 6.37 Blue phase liquid crystal. (a) The double helix structure; (b) the intersection of three 
double twist cylinders and the direction of the −1/2 disclination that occurs close to the cylinder inter-
sections; (c) cubic packing of the double twist cylinders; (d) packing of the cubic blue phase II, with 
associated defect lattice; (e) photomicrograph of the transition between blue phase I and II; (f) body 
centered packing of the cubic blue phase I and the associated defect lattice.
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that original work, a host of different device lay-
outs and liquid crystal materials have been studied 
[191], indicative of the ongoing interest in the blue 
phase mode for applications.

6.6.5  Cholesteric flexoelectricity and 
the uniform lying helix mode

Recently, there has been much renewed interest 
in the flexoelectro-optic effect in chiral nematic 
liquid crystals, originally proposed by Patel and 
Meyer [192] in 1987. This interest stems from the 
very fast IPS effect, typically 100 μs. If an electric 
field is applied perpendicular to the helical axis 
of a cholesteric liquid crystal, coupling between 
the field and the flexoelectric polarization causes 
splay and bend of the local director field, which 
in turn causes the local director to tilt away from 
the helical axis in the direction normal to the field 
(Figure 6.39a). Without the field, the uniaxial optic 
axis of the cholesteric lies parallel to the helical 
axis. The field-induced local tilt of the director 
causes the optic axis to tilt through angle β in the 
plane orthogonal to the applied field.

If the cholesteric can be uniformly aligned with 
the helical axis parallel to the plane of a standard 
LCD with transverse electrodes (uniform lying 
helix, ULH), then applying the electric field causes 
rotation of the optic axis in the cell plane, giving 
contrast when observed through polarizers par-
allel and crossed to the helical axis. This in-plane 
change of retardation axis provides a switchable 
half-wave plate.

Assuming negligible dielectric anisotropy, 
the twist angle is approximately linear with the 
applied field:
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Flexoelectric switching is polar, so the ULH can 
be driven in either direction by swapping the field 
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Figure 6.38 Principal of operation for in-plane switching mode blue phase LCD. The applied field 
induces optical birefringence (shown by the ellipsoid shape of the refractive index indicatrix). Good 
performance is achieved using shaped protrusions allowing 10 V operation to be achieved [186].
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direction. Thus, Equation 6.112 is appropriate for 
both ON and OFF switching because the optic axis 
can be driven back to the OFF state using signals of 
the opposite polarity to those for switching. Both 
expressions show that the strength of the effect 
is optimized for small pitch lengths P, promising 
speeds below 100 μs and greater than 45° switch-
ing angles for strongly flexoelectric materials 
[193], and IPS for good viewing angle. The pitch 
is unwound by the RMS effect of the field cou-
pling to Δε, so liquid crystal materials with strong 
flexoelectric effect but low Δε are required. This 
has been achieved using nematic dimers with odd 
alkyl spacer groups [194].

Fabrication of devices based on this effect 
requires a method for obtaining the required ULH 

alignment uniformly and stably over the panel. 
Strongly planar anchoring at the cell walls leads 
to the Grandjean texture being formed, where 
the helical axis lies parallel to the cell normal 
(sometimes called the uniform standing helix). 
Homeotropic alignment gives degenerate focal 
conic domains, and a scattering texture. Various 
methods have been investigated, including using 
periodic planar and homeotropic surfaces with the 
periodicity matched to P/2 [195], surface relief grat-
ings [195,196], and polymer walls [197]. The direc-
tor profile for a cholesteric liquid crystal aligned 
on a homeotropic grating with a pitch of P/2 and 
a cusped shape to give the lowest elastic distortion 
of the ULH state [196], as shown in Figure 6.39b. 
Although yet to be proven over large areas, these 
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Figure 6.39 The cholesteric flexoelectric effect. (a) Rotation of the optic axis and (b) alignment of N* 
into the ULH texture using cusped grating surfaces [192].
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methods show considerable promise for future 
applications of the ULH mode LCDs.

6.6.6  Liquid crystal lasers

With the successful commercialization of high-
resolution, high-frame rate LCDs for TV, interest 
in nondisplay applications for liquid crystals has 
continued to grow at an amplified rate. One such 
application particularly relevant to optoelectronics 
is the invention [198] and demonstration [199,200] 
of the liquid crystal laser. This allows straightfor-
ward tunability of laser light across the optical 
wavelength range combined with simple low-cost 
fabrication and offers the potential for electric field 
tuning of the lasing wavelength.

Selective reflection from the cholesteric liq-
uid crystal is an example of a one-dimensional 
photonic band-gap, wherein circularly polarized 
light of the correct wavelength range and hand-
edness cannot propagate through the material 
in the direction parallel (or antiparallel) to the 
helical axis. This means that spontaneous emis-
sion from a fluorophore within the cholesteric is 
inhibited within the photonic band-gap, leading 
to photons being emitted at the band edge [201]. 
That is, optical pumping of a cholesteric with either 

a fluorescent dye dissolved into it or as constitu-
ent part of the mesogenic molecule causes emis-
sion of lower energy photons that overlap with 
the forbidden band of wavelengths corresponding 
to the range of selective reflection. Where emis-
sion occurs across the band-gap lasing will occur 
at both edges. In the example system shown in 
Figure 6.40, a tetraaryl-pyrene derivative dye [202] 
pumped at 410 nm gives emission peaking in the 
range 450–500 nm. Once dissolved into a choles-
teric with a photonic band from 500 to 520 nm las-
ing occurs on the lower band edge. Either lowering 
the cholesteric pitch or changing to a dye with a 
longer wavelength emission swaps the lasing wave-
length to the upper photonic band edge.

The stimulated emission occurs in a single 
direction, as shown in Figure 6.40. Such devices 
offer potential for forming laser arrays, competing 
against III–V semiconductor vertical cavity sur-
face emitting lasers but without the need for the 
multiple fabrication steps. Indeed, the simplicity 
of fabrication allows ink-jet printing of the liquid 
crystal to form an array of laser dots, each with a 
signature emission [203]. The low cost and ability 
to print onto a plastic backing layer has already 
earned the technology commercial application for 
anticounterfeiting.
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Figure 6.40 Lasing in dyed cholesteric. (a) Example of the optical properties for the fluorescent dye 
and cholesteric liquid crystal, leading to lasing on the lower band edge of the selective reflection and 
(b) schematic representation of cholesteric lasing.



214 Liquid crystal displays

Lasing is possible in other liquid crystal phases 
that include Bragg type structures with optical 
length scales, including the ferroelectric chiral 
SmC* and blue phases [204]. The former offers the 
potential for fast electric field modulation, whereas 
the latter produces lasing in multiple directions 
due to the cubic structure of the Bragg lattice.

6.7  CONCLUSION

The market success of LCDs is predicated by scien-
tific and technological achievements from across 
the globe, advances that have needed collabora-
tive efforts of mathematicians, chemists, physi-
cists, engineers, and entrepreneurs. The breadth 
of the subject is unusually broad and involving. 
A major part of the ongoing success of LCDs is 
the continual evolution and adaptation that these 
technological advances allow. Throughout the his-
tory of the LCDs, the naysayers have maintained a 
mantra that LCDs cannot achieve the complexity, 
cannot achieve the viewing angle, cannot achieve 
the resolution, cannot achieve the speed, and can-
not achieve the color balance of the latest com-
peting technology. In each case, they have proven 
incorrect. Often, this has been through the inven-
tion of new modes, sometimes associated with 
different arrangements, sometime with different 
materials and phases. Often, the improvements 
have come from the use of partnering technolo-
gies; the active backplanes, polarizer, and optical 
films, back-light units, light guides, or manufac-
turing advances.

As it has always been, the competition is strong. 
OLED displays are already making inroads into 
small, high-resolution displays for mobile phones. 
If performance, cost and lifetimes can all exceed 
those of the LCD, then they will gain an ever-
increasing share of the market, from low to high 
diagonal displays. Low-cost reflective passive 
matrix LCDs retain a large market presence too. 
However, as the cost of the TFT backplane con-
tinues to reduce, the competition from electro-
phoretic displays is strong and growing. Winning 
these battles will take yet more ingenuity from the 
LCD scientists and engineers.

There remain several display markets where 
no display technology has yet delivered, whether 
LCD or alternative. Although reflective color 
and transflective displays have been marketed, 
solutions to date have not been adequate to gain 

market acceptance. LCDs have a natural advantage 
for transflective mode operation, being based on 
transparent media that modulates ambient light. 
Electrophoretics absorb light preventing trans-
missive operation and OLEDs emit and so cannot 
modulate reflected light. Solutions to achieving 
the required performance at a suitably low cost 
have yet to be commercialized; perhaps the devel-
opments of new nematic modes [e.g., 180] or the 
application of a new LC phase, such as the blue 
phase III [205], will prove successful.

An area of enormous growth is the use of liquid 
crystals for nondisplay applications [206]. In addi-
tion to the conventional applications described in 
the previous sections, liquid crystal main-chain 
polymers such as Kevlar continue to prove one of 
the biggest LC applications, liquid crystal elasto-
mers are used as the active element in nanoma-
chines and molecular motors [207], liquid crystal 
semiconductors are attracting interest for photo-
voltaic and OLED [208], and the great interest in 
liquid crystals in chemical and biological sensors 
continues with unabated enthusiasm [209]. One 
of the largest areas of growth, however, is in the 
field of optoelectronics. Whether this is for smart 
windows, beam steering and light guiding, print-
able lasers, switchable lenses, optical computing, 
adaptable photonic structures, or Terahertz modu-
lators, successful solutions to such applications in 
the future will require both the ingenuity and the 
multidisciplinary approach that made our prede-
cessors so successful.
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7.1  INTRODUCTION

Spatial light modulator (SLM) technology has 
made tremendous progress in the past few years. 
Thus, device technologies such as active matrix-
driven liquid crystal devices (LCDs) and ferro-
electric LC (FLC) devices as well as micro-mirror 
SLMs, regarded as exotic novelties less than two 
decades ago, are now commercially available and 
constitute a significant share of the display market.

Regarded as “dream-devices” only a decade ago, 
the multiple quantum well (MQW) SLMs are now 
a reality with array sizes of 256 × 256 and stagger-
ing frame rates of over 100 kHz.

It is interesting to note that the trend in appli-
cations continues to be dominated by the dis-
play applications. Optical interconnects (OIs), an 
almost unknown application at the time, have 
moved strongly forward in the last few years 
with the explosive development of communica-
tions, while the exotic optical data processing 
application is still awaiting the opportunity for a 
break-through.

This chapter, aimed at describing the main 
SLM technologies and applications is organized as 
follows.

The scope and definition of the main SLM 
types is detailed in Section 7.2. The bulk part of 
this review contained in Section 7.3 describes the 
main types of SLM currently available or those 
in an advanced development stage. Particular 
emphasis is placed on the recent emerging tech-
nologies including LC, micro-mirror or micro-
electro–mechanical-systems-(MEMS-) based 
arrays as well as MQW devices. Short summa-
ries of the “older” SLM technologies, including 
solid state electro-optic, magneto-optic as well 
as acousto-optic and photorefractive devices are 
also presented in Section 7.3. Novel SLM concepts 
including electro-holograms and photonic band-
gap (PBG) materials are presented in Section 7.4. 
Section 7.5 presents the main SLM applications 
including displays, optical communication, optical 

data processing, programmable diffractive optical 
elements, adaptive optics and wavelength image 
converters. Finally, Section 7.6 presents some of the 
fundamental limits as well as the future trends of 
this technology.

There have been numerous reviews in the form 
of books, book-chapters and conference proceed-
ings covering SLM technology, since the mid-
1970s. Some of the more recent reviews (since 
1990) are given in [1–11].

7.2  SLM DEFINITION AND 
GENERAL DESCRIPTION

SLMs are devices that spatially modulate the ampli-
tude, phase or the polarization state of an optical 
beam. By “spatial modulation”, we mean either 
a one-dimensional (1D; linear array) or a two-
dimensional (2D) spatial modulation. Although 
not yet practically implemented, a three-dimen-
sional (3D) spatial modulation of an optical beam 
(e.g., a dynamic 3D hologram) is also possible. A 
combination of the modulation parameters such 
as phase–amplitude or polarization– amplitude 
modulators has also been demonstrated. Since 
the most important modulation parameter is 
the amplitude or intensity of the optical beam, the 
modulation of either the phase or the polarization 
state of the beam is often used to affect amplitude 
(intensity) modulation through the conversion 
of the spatial phase or polarization modulation 
into intensity modulation using interferometric 
arrangement or crossed polarizer–analyser con-
figurations, respectively. The control or address-
ing of the SLM is another important parameter. 
The main choices here are electrical addressing 
(e.g., electro-optical or electro-absorption SLM) 
and optical addressing (e.g., optically-addressed 
SLM or OASLM); since electronic addressing is the 
most practical choice, this form is sometimes used 
to excite an intermediary field that in turn affects 
the optical property of the beam. Examples for this 
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intermediary addressing are (electro)-magneto-
optic SLM (MO-SLM) and (electro)-acousto-optic 
SLM. The next important parameter is the read-
out beam configuration. We normally distinguish 
between transmission-mode and reflective-mode 
devices. Next, we specify the readout operational 
wavelength of the device. Thus, in addition to 
the commonly used visible regime, SLM devices 
exist and operate in the IR and UV regimes of the 
 electro–magnetic spectrum.

Figure 7.1 shows a cross-section of a liquid 
crystal SLM. According to the categories defined 
above, the device is a reflective-mode, photo-acti-
vated (PA) SLM, based on a crystalline Si photo-
substrate (in a Schottky-diode configuration) and a 

nematic LC layer as the electro-optical modulator. 
The device accepts visible–IR input imagery (400–
1100 nm) and can modulate the readout beam to 
form dynamic imagery from UV to long IR, with 
frame rates of up to 1 kHz. This particular device 
has been operated in various LC configurations 
allowing both phase and amplitude modulations 
of the readout beam.

Table 7.1 summarizes the main characteriza-
tion parameters of SLM devices. The main physi-
cal mechanisms utilized in SLMs are listed in 
Table 7.2.

Table 7.3 summarizes the main specification 
and performance parameters of SLMs.

7.3  MAIN SLM TYPES AND THEIR 
PERFORMANCES

7.3.1  Liquid crystal devices

7.3.1.1  LC-SLMS: SCOPE

As pointed out in the introduction, the main appli-
cation of LCDs and, for that matter, of most SLM 
devices in general, is still that of displays (see Section 
7.5 later). LCs are particularly suitable for display 
applications featuring a combination of extremely 
high electro-optic coefficients, broad-band visible 
operation and response times, which will match 
human vision. Although developed mostly for dis-
plays, LC-SLMs were and are still being studied for 
other applications as well. These include optical 
data processing, OIs, adaptive optics and program-
mable Kinoform (binary- optical) elements, such 

Table 7.1 Main characterization parameters of SLMs

SLM parameter Parameter range Example

Spatial dimension 1D, 2D, 3D

Modulation type Amplitude, phase, polarization conversion

Addressing mode Electrical, optical (PA); (electro)-acousto-optic (Electro-) 
magneto-optic

SLM configuration Transmissive, reflective

Operational wavelength Visible, IR, UV, (mm-wave)

Optical modulator type Liquid crystal, MEMS, MQW, photo-refractive, acousto-
optic, magneto-optic

LCD, Bragg cell

Driver type Active matrix (Si), passive matrix (Si), CCD (Si, GaAs), 
photo-conductor (Si, GaAs, BSO, …)

Si-backplane

Readout
image

Light–blocking layer

Schottky
diodes

Matrix Mirror

n-Si

Input image

VA(t)

VF

VR

TR TF

–

+

LC

Glass
counter-electrode

Figure 7.1 A reflective-mode, Si-Schottky-
diode, LC SLM. (After Sayyah, K. and Efron, U., 
Opt. Lett., 21, 1384–1386, 1996.)
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as variable focal length lenses and beam-steering 
devices (see later in Section 7.5, SLM-applications).

Historically, the nematic materials were the 
first to be used for SLMs and other display applica-
tions (such as watch displays). As described earlier, 
a nematic LC layer operating as the electro-optic 
modulator is used in either a twisted-nematic (TN) 
[55] or in a controlled-birefringence configuration 
[56]. The main advantage of the TN configuration 

is in its optically broad-band operation and the 
relatively lower sensitivity to the LC thickness 
variations.

Nematic LCDs are mainly used as either small 
(1–3 in.) panels (or “light valves”) for projection 
displays or as larger (10–15 in.) direct view panels 
for personal digital assistants (PDAs), lap-top and 
hand-held PCs (HPCs), or mobile phone displays. 
The LCDs for both applications are manufactured 

Table 7.2 Physical mechanisms employed in SLMs

Physical mechanism Examples

Electro-optic (linear) PLZT [13], (KD*P) [14,15], MSLM (LiNbO3) [16,17], ferro-electric 
liquid crystal (FLC) [18]

Electro-optic (quadratic) Nematic-LCD [19], cholesteric liquid crystals [20]
Electro–mechanical (MEMS) Deformable mirror (DMD-TI) [21,22], grating LV [23,24], 

deformable membrane devices [25–27]
Electro-absorption GaAs (CCD-SLM) [28,29], (MQW-SLM) [30]
Electrostatic phase distort Thin oil film LV [31], gel-SLM [32]
Electro-capillarity Bistable mercury-mirror devices [33,34]
Photo-refractive PROM/PRIZ/PICOC [35–40] photo-MQW-SLM [41,42]
(Electro)-acousto-optic Bragg cells (1D) [43], acousto-MQW [44]
(Electro)-magneto-optic Magneto-optic (MO-SLM) [45]
Thermal phase changes VO2 modulator (IR) [46], LC-smectic/cholesteric transition [47], 

bubble cross-connect switch [48]
Plasmon-electro-optic enhancement [49]
PBG modulation [50]
Active light emission OLED-array [51,52], VCSEL array [53,54]

Table 7.3 Main SLM specifications and performance parameters

Performance parameter Description Units

Array size No. of horizontal/vertical pixels N/A
Resolution LP/mm @ MTF

Temporal response Rise/decay time, frame rate ms, Hz
Spectral bandwidth Input/output beam nm
Input sensitivity (PA Device) Min. photo-activating power cm2 mW−1, cm2 J−1

Contrast ratio/phase dynamic range dB; bits; radians

Diffraction/output modulation 
efficiency

%

Output uniformity %

Physical array size cm × cm

Power consumption W

Operating temperature range °C
Relative humidity range %

Shock resistance G
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in both transmissive and reflective configurations. 
Earlier versions of LC projection displays were 
based on PA configurations, consisting of a photo-
conductive layer used to convert the incoming, 
low-light-level input image (e.g., from a small-size 
CRT) into a spatial voltage distribution across the 
nematic LC layer. A separate beam is then used to 
read out the LC modulation and project the image 
onto a large screen. Due to the rapid progress in 
large CMOS array technology, most projection 
LCDs of today are based on electrically driven or 
electrically addressed (EA) LCDs. The older gen-
eration, PA LCDs, also called “liquid crystal light 
valves” (LCLVs) [57], are still in use for some of the 
high-end projection display applications requiring 
a combination of high resolution and high bright-
ness such as very large screen displays and elec-
tronic cinema.

Electrically addressed LCDs were first based on 
the use of a passive X–Y addressing scheme [58]. 
See Volume II, Chapter 6 by J. Cliff Jones. Although 
this concept relies on the threshold voltage prop-
erty of LC materials, the MULTIPLEXING level 
(e.g., the number of pixels in a line) is quite limited. 
With the advance in VLSI technology allowing 
large transistor driver arrays to be manufactured 
at high yield, these passively addressed LCDs are 
now replaced by actively addressed LCDs (based on 
active transistors in each pixel) in most applications.

Two other important developments in LCD 
technology took part in the 1980s and 1990s. These 
are the discovery and development of FLC [59] and 
the development of a scattering mode, polymer-
dispersed LC (PDLC) [60,61]. The FLC, as the name 
suggests, is based on a LC material class (smectic 
C*) having a permanent electrical dipole moment 
and thus the molecules can physically be flipped 
with the reversal of the electric field. This is in con-
trast to the nematic LC, which responds only to the 
magnitude of the field (E) and not to its polarity, 
with subsequent longer response time. The PDLC 
is based on LC “bubbles” or “droplets” immersed 
in a polymer matrix such that upon the applica-
tion of an electric field, their average director ori-
entation changes from a random distribution to a 
fully-field-aligned one. By properly matching the 
refractive index of the LC to that of the polymer, 
the result is the formation of a scattering mode in 
the off-state and a transparent mode, with applica-
tion of the field. The most important aspects of this 
new LC form are (1) the polarization-independent 

optical modulation capability and (2) the simple 
packaging allowing pre-processed PDLC sheets to 
be pre-manufactured and assembled into the LCD 
without the need for the cumbersome vacuum-fill-
ing of cells with liquid crystal material.

The last decade (1990–2000) has witnessed 
additional important developments in LCD tech-
nology among which are the development of an 
efficient poly-silicon-based driver circuitry [62], 
as well as the in-plane switching mode (IPS) [63] 
and more recently a novel photo-polymerization 
alignment technique [64]. The poly-silicon driver 
technology allows an efficient electronic driver to 
be fabricated on the top of a glass-based substrate, 
thus enabling the fabrication of high performance, 
large panel LCDs for lap-top computers. The IPS 
mode significantly increases the viewing angle 
for an LCD display. Finally, the novel contact-less, 
photo-alignment (PAL) method allows the forma-
tion of multi-LC domains to reduce polarization 
dependence.

7.3.1.2  THE PRINCIPAL LC TYPES AND 
MODES OF OPERATION

As the name implies, LCs represent an intermedi-
ate phase combining the physical properties of both 
solids and liquids. Specifically, this class of materi-
als behave as anisotropic liquids, as they have no 
translational or long range lattice order and in this 
regard they are fluids or liquids. However, both 
their electrical and optical properties are direc-
tionally dependent or anisotropic. It is important 
to keep in mind that the LC phase is an interme-
diate phase, which exists only within a narrow 
temperature range (a few tens of degrees). The LC 
material solidifies below this range of temperature, 
while undergoing a liquid–liquid transition above 
this temperature range, where it becomes a normal 
isotropic liquid. The LC anisotropy is tied to the 
directionality in the (average) physical orientation 
of the molecules.

The degree of anisotropy can be described by 
introducing the LC director and its orientation L, 
which indicates the average, macroscopic orienta-
tion of the LC molecules.

There exist three main types of LC class, namely, 
nematic, cholesteric and smectic mixtures. A brief 
description of each class and its mode of operation 
is given in the following. For an extensive review of 
LC classes and their associated physical and elec-
tro-optic properties, see references [65–70].
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7.3.1.2.1  Nematic liquid crystals
In this class (or phase) the aggregate of the LC mol-
ecules show directional anisotropy in both their 
dielectric and optical properties. We thus have lon-
gitudinal and transverse polarizabilities α║ and α┴, 
dielectric constants ε║ and ε┴, as well as refractive 
indices n║ and n┴. All these parameters are defined 
with respect to the long molecular axis, which prac-
tically coincides with the average orientation of the 
LC director. Positive-dielectric anisotropy NLCs 
are characterized by having: Δε = ε║ − ε┴ > 0, and 
similarly for Δα and Δn.

It should be noted that both positive and nega-
tive dielectric and refractive index anisotropies 
can be found in the LCs. Of particular interest are 
NLCs having a negative Δε but positive Δn.

These are sometimes referred to as “negative-
anisotropy NLCs”.

The director orientation coincides with the 
optical axis of the refractive index ellipsoid. Thus, 
one usually substitutes the ordinary (n0) and the 
extraordinary (ne) refractive indices for n┴ and n║, 
respectively.

NLCs do not have a permanent dipole moment. 
Thus, the application of an electric field E beyond a 
threshold level Ec induces a dipole moment μ, pro-
portional to E. The field then exerts a torque pro-
portional to |μ × E| ~ |E|2, which re-orients the LC 
molecules or, macroscopically, the LC director L. 
This re-orientation results in an effective tilting 
of the refractive index ellipsoid, thus varying the 
effective birefringence, as experienced by the inci-
dent polarized optical beam.

The threshold field, Ec, is given by 
( ) [ ]= π ε ∆εE d k/ /c 0 . Here, d is the thickness of 

the LC cell and k is the appropriate elastic constant. 
One can define a thickness-independent threshold 
(or critical) voltage, Vth = Ecd (rather than a thresh-
old field), beyond which the applied voltage starts re-
orienting the LC director. The turn-on and turn-off 
response times, τON and τOFF, are given by ton τON ∝ 
τ* d2/[V/Vth)2 − 1], where τ* = γ/π2kλτOFF.

The quadratic dependence of the torque exerted 
on the LC director by the applied voltage results in 
two important characteristics of NLCs:

 1. The NLC’s orientation responds to the magni-
tude or RMS value of the applied voltage and 
is therefore insensitive to the polarity of the 
applied voltage or field.

 2. The turn-on response time is inversely pro-
portional to V2, whereas the off-state or the 
turn-off time is independent of the applied 
voltage. This sets the lower limit for the total 
response time of NLCs in practical devices to 
milliseconds. Such response is ideal for display 
devices, but is too slow for optical process-
ing, as well as most telecommunication switch 
(cross- connects) applications.

There exist three basic configurations of NLC cells:
 1. Planar configuration in which the NLC mol-

ecules are homogeneously aligned parallel to 
both electrode planes in a certain alignment 
direction, which can be physically imposed by 
a particular treatment of the LC cell electrodes.

 2. Homeotropic configuration in which the NLC 
molecules are uniformly aligned perpendicular 
to the cell electrodes.

 3. A twist configuration in which the parallel 
alignment orientations of the NLC molecules 
at the entrance and exist cell electrodes or win-
dows differ by an angle ϑT.

This configuration is formed by fabricating align-
ment layers with different orientations on the two 
cell electrodes. The NLC molecules then align in 
planes parallel to the cell electrodes, where in each 
plane the director orientation is rotated (or twisted) 
relative to the preceding plane. This results in the 
director re-orientating or twisting continuously 
from the alignment orientation at the entrance 
electrode, to the alignment direction at the exit 
electrode. Typical twist angles are 45° (hybrid-field 
effect); 90°, 180° (π-cell) and 270° or above (super-
twisted NLC = STN configurations) [71].

7.3.1.2.2  LC alignment
As is obvious from the previous discussion, one 
must define the LC alignment within the cell in 
order to make use of its electro-optical proper-
ties. This is accomplished by generating alignment 
“marks” at the boundary cell surfaces, which then 
“anchor” the adjacent LC molecules in those pre-
defined directions, thereby affecting the alignment 
of the bulk LC material within the cell. Obviously, 
such alignment via anchoring to the surface cannot 
be sustained over large distances. Thus, practical 
LCDs are physically constrained to a thickness of a 
few tens of micrometres (seldom exceeding 20 μm).

There exist several methods of LC alignment. 
The most important ones are
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1. Shallow angle (SiOx) deposition (SAD) [72]
2. Mechanical rubbing or buffing (BUF) [73]
3. Photo-alignment (PAL) [74,75]
4. Langmuir–Blodgett (LBL) process [76]
5. Ion-beam etching (IBE) of polymer films [77]
6. Formation of a grating relief structure 

(GRS) [78]

The relative advantages/disadvantages of each are 
given in Table 7.4.

Parallel or homogeneous alignment. This is the 
simplest form of alignment in which the surfaces of 
both electrodes are aligned in the same direction. 
This alignment usually employs positive-dielectric 
anisotropy LC material, whose director (normally 
parallel to the surface and in the direction of the 
alignment marks) would tend to tilt towards the 
electrodes, upon the application of an electric field 
or voltage.

In order to avoid the formation of opposite tilt-
angle domains, a small (1°–2°) pre-tilt angle with 
respect to the electrode surface is usually defined 
to be at a 180° difference between the two elec-
trodes. Since in this alignment the LC molecules 
are anchored parallel to the electrode surfaces, the 
alignment mechanism makes use of the largest foot-
print of the elongated LC molecules and is therefore 
the most powerful (highest anchoring energy).

Homeotropic LC alignment. The homeotropic 
or tilted-perpendicular alignment (TPA) of LCs is 
a particularly difficult alignment, both due to the 
small foot-print of the molecules on the aligning 

surface, and the difficulty of a precise control of the 
pre-tilt angle (around 88°–89°), which is crucial for 
a proper operation of LCDs*.

This form of alignment, as well as some of its 
derivatives (such as the hybrid alignment), are 
attractive for LCD display technology, as they can 
lead to a very high contrast and reduced angular 
sensitivity. Several methods of implementing the 
homeotropic alignment are given in [79–88].

7.3.1.2.3  The electro-optic effect in 
NLC cells

The nematic LC molecular orientation becomes 
distorted under the application of an applied volt-
age (the so-called Fredericksz transition), with the 
LC director tilting at an angle ϑ(V). Although the 
tilt-angle varies across the LC cell thickness, one 
can approximate the variation of the effective bire-
fringence Δneff(V) of the cell by
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* For homogeneously aligned (or planar-aligned) LC 
configuration, the pre-tilt angle guards against the for-
mation of multiple domains in the LC layers, which is 
cosmetically unacceptable for displays. However, for 
the perpendicular TPA alignment, the pre-tilt control 
is much more critical, in that it determines the final in-
plane orientation of the LC director. This orientation 
must be predetermined and controlled in order for a 
display device to function properly.

Table 7.4 Summary of LC alignment methods

alignment method advantages Disadvantages

SAD Excellent tilt control Complex process, difficult to 
mass-produce

BUF Simple, demonstrated production Requires mechanical contact, 
difficult tilt control

PAL Non-contact, amenable to mass-
production, remotely programmed 
orientation, multi-domain

Low anchoring energy, tilt 
control, long-term stability

LBL Natural method for homeotropic 
alignment

Difficult to mass-produce, 
complex process, tilt control

IBE Good tilt control, demonstrated 
production

GRS Lithographic process Complex process, difficult to 
mass-produce, optical losses 
(scattering)
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assuming a spatially uniform tilt-angle, ϑ(V), 
throughout the cell.

In the case of a parallel-aligned configura-
tion, assuming a positive dielectric anisotropy 
LC, the director will be re-oriented from a par-
allel alignment (θ(V)  =  0°, for: V  <  Vth) to an 
almost perpendicular alignment with respect to 
the cell electrodes (θ(V)  =  180°), at sufficiently 
high field or voltages (typically: V  >  10 VRMS). 
This change which results in Δneff[θ(V)], chang-
ing from: Δneff = Δnmax = ne − no to Δneff = 0, can 
be used to effectively rotate the polarization plane 
of the incoming optical beam. Thus, the inten-
sity of an incoming beam polarized at 45° to the 
alignment direction of the (parallel-aligned) LC 
will be proportional to I = I0 sin2(Δφ>/2), follow-
ing a crossed-analyser behind the LC cell. The 
retardation angle, Δφ, can be approximated by 
Δφ> = 2πd{Δneff[θ(V)] − no}/λ, using the uniformly 
aligned LC cell approximation, with a tilt-angle 
given by θ(V).

By aligning the input polarization along with 
the LC alignment direction, this configuration can 
be used for a pure phase modulation, where the 
voltage-modulated phase, Δφ, is given by the same 
expression as above.

The same basic applications for intensity 
 (polarization-rotation) modulation or a pure phase 
modulation can be accomplished using the homeo-
tropically aligned NLC arrangement discussed 
earlier. In this case, one needs to use a negative-
anisotropy LC in order to accomplish a director 
 re-orientation by the application of an electric field.

The effect of continuously controlling the effec-
tive birefringence in a homogeneously aligned cell 
(whether parallel or, perpendicularly aligned) is 
termed the “controlled birefringence” or CB-effect.

The TN configuration is formed by adding a 
chiral (helically structured) chemical agent into a 
nematic mixture. In this configuration, the orien-
tation of the polarization plane of an optical beam, 
polarized either parallel or perpendicular to the 
alignment at the entrance window, will follow the 
director orientation rotation caused by the twisted 
structure across the LC cell, exiting with the plane 
of polarization aligned with the LC alignment 
direction at that exit window.

This optical rotation effect, which occurs in the 
absence of an electric field, is subject to the con-
dition: U = πdΔn/λθT ≫ 1 (limit), where θT is the 
total twist angle in the cell.

Defining the rotatory power, PR, as the fraction 
of the optical beam intensity whose polarization 
gets rotated along with the twist angle as previously 
described, it can be shown that this rotatory power 
can be approximated by PR ≈ U2/(1 + U2), for both 
regimes of: U ≫ 1 and U ≪ 1 [68, p. 372,89,90]. In 
particular, for U  ≫  1, the rotatory power level is 
almost unity, showing that the polarization plane of 
the incoming beam is almost perfectly rotated with 
the twist. The effect of applying an electric field is to 
tilt the director perpendicular to the (almost plane-
parallel) layers, towards the direction normal to the 
cell electrodes. This results in the twist arrangement 
becoming increasingly distorted and eventually 
breaking up at sufficiently high fields. The destruc-
tion of the twist structure at high field destroys the 
polarization property and thus allows the use of the 
locally applied voltage to modulate the polarization 
rotation or the intensity with the use of a proper 
polarizer–analyser arrangement.

It should be pointed out, however, that in this 
arrangement one cannot simply use the effect for 
pure phase modulation except for very low applied 
fields [91].

Another important difference between the con-
trolled birefringence and the TN effect is that the 
latter can be used (subject to the above condition) 
to rotate the plane of polarization in a wide spectral 
window (e.g., throughout the entire visible spec-
trum of 450–650 nm). The CB-effect, on the other 
hand, is by its very nature a wavelength-dependent 
effect as can be seen by the λ-dependence of the 
retardation Δφ on the previous page.

7.3.1.2.4  Cholesteric LC
A cholesteric LC (CLC) mixture is formed by the 
introduction of a relatively large concentration of 
a chiral agent, resulting in a typical enlargement 
(numerous 2π cycles) of the twist angle. In the CLC 
configurations, the degree of the rotational twist is 
characterized by the period of the twist rotation, 
namely, the pitch P0, measured in micrometres, 
and related to the twist angle θT by θT = 2πd/P0. It 
has been shown [92,93] that

1. The pitch, P0, of the helix formed is inversely 
proportional to the concentration of the chiral 
component in the nematic mixture. Typical 
values of the pitch are between 0.5 and 50 μm 
and can be attained by varying the chiral com-
ponent concentration between 20% and 0.5%.
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2. The transmission of the planar cholesteric 
configuration (where the helical axis is perpen-
dicular to the cell surfaces) is high, except in 
the spectral regions where λ ≈ P0, and where a 
high reflectivity of a circularly polarized light 
is observed.

3. The twist or helix structure, of the cholesteric 
phase can be completely suppressed by a suf-
ficiently large electric field. In this case, the LC 
director (for a positive-anisotropy nematic, 
Δε > 0) lines up with the field (perpendicular 
to the cell electrodes), with an effective refrac-
tive index of no, relative to the incoming optical 
beam.

Upon application of a low electric field, the planar 
structure turns into a group of randomly oriented 
helical clusters that strongly scatter light. This scat-
tering phase is termed “focal conic” texture. The 
capability of forming both a planar texture (at 
zero field), which with sufficiently long pitch can 
be used as a transparent state, and the use of the 
field-excited focal conic is the basis for the recent 
interest in using cholesteric materials as a bistable 
optical modulator. In order to obtain stable, zero-
field states for both focal-conic and planar tex-
tures, polymer stabilization of the LC structure is 
used [94,95].

7.3.1.2.5  Smectic materials
Smectic materials possess an ordered layered struc-
ture. While there exist several subclasses of smec-
tic phases, the two important ones are smectic A 
and C (SmA, SmC). These differ by the angle in 
which the molecules tilt with respect to the normal 
layers. A crystalline order, namely, a well-defined 
layer period, exists in both the smectic phases. It 
should be pointed out that the smectic and nem-
atic phases may be based on the same material, 
of which SmA and SmC may constitute different 
phases, at different temperature ranges. The degree 
of disorder in the phases, is increased with increas-
ing temperature, SmC being at the lowest tempera-
ture end and, hence, the most ordered phase; SmA 
follows as a more disordered smectic phase, ending 
at the highest temperature range with the nematic 
as the lowest ordered, anisotropic LC phase.

As for the optical properties, SmA is a uniaxial 
material with its extraordinary refractive index 
perpendicular to the layers’ planes, while the 
refractive indices in both in-plane axes are equal 

to the ordinary index. This symmetry, however, is 
lost in the SmC phase due to the molecular tilt in 
the smectic planes. Of particular importance is the 
chiral SmC or SmC* which is formed by adding a 
chiral (helically structured) chemical agent to the 
SmC mixture. In this case, the mirror symmetry of 
the SmC is lost and the formation of a spontaneous 
dipole moment is possible without the presence of 
an external electric field. The existence of a perma-
nent dipole moment μ (which is reversible by the 
application of an electric field) results in a direc-
tional (polarity) dependence of the LC director on 
the externally applied electric field, through the 
generated torque T, where T = μ × E. This then leads 
to on- and off-response times both being inversely 
proportional to the field: τ(E) = γ/μ|E|. This case, 
in contrast to the nematic LC behavior, where the 
off-time is independent of the applied field, having 
an effectively lower (field-induced) dipole moment, 
leads to significantly faster response times of ~10–
100 μs.

The first concept and demonstration of a usable 
FLC configuration was published in 1980 by Clark 
and Lagerwall [96]. In this configuration, the 
researchers constructed a thin FLC cell in which 
the helical structure was suppressed, resulting in a 
uniform distribution of the director across the LC 
cell. This arrangement, termed “surface stabilized 
FLC” (SSFLC), allows two field-dependent, LC 
director orientations separated by 2θL where θL is 
the tilt-or cone-angle of the FLC. The LC director 
can switch between both states by the application 
or reversal of the externally applied electric field. 
The response times for switching are of the order 
of 100 μs for typical applied fields (5–10 V μm−1). 
Despite being limited to binary operation, the 
SSFLC configuration has been the principal mode 
of operation for FLC-SLMs for a variety of applica-
tions, in particular for LCDs. In this last applica-
tion [97], pulse width modulation (PWM) methods 
making use of the fast response of the FLC relative 
to the required frame time of ~20 ms are used to 
enable the required grey scale operation.

Another mode of operation is based on using 
the SmA very near to its SmC transition point. In 
this configuration (electro-clinic effect) [98], the 
LC director orientation, which is still uniform 
throughout the cell, tilts proportionately to the 
applied electric thereby allowing continuous grey 
scale operation. At the same time, one can attain 
response times comparable to those of the FLC 
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devices since the LC molecules already possess a 
permanent dipole moment.

A mode of operation employing SmC* or FLC 
materials was developed by Funfschilling and 
Schadt [99] in Switzerland, in 1989. This mode, 
termed “deformable helix FLC” (DHF), does not 
constrain the natural helix formation in a SmC 
cell, but makes use of the fact that the helix will 
tend to get distorted upon the application of an 
electric field. Thus, in the short-pitched helix cell 
formed (such that p = λ), this field-induced distor-
tion results in a change in the orientation of the LC 
director, averaged over the wavelength size LC sec-
tion observed. This orientation change can be used, 
similar to the controlled-birefringence effect in a 
nematic LC cell, for polarization rotation operation.

Very fast speed of response (a few microseconds), 
as well as grey scale operation, can be attained in 
this DHF mode, at the expense of a relatively low 
dynamic range. The latter is a consequence of the 
averaging effect over the LC director.

7.3.1.2.6  Polymer-based LC 
configurations

Recent advances in both polymerization and 
lithographic techniques resulted in the introduc-
tion of polymers into LC structures. In general, 
the advantage of introducing polymers into LC 
mixtures is the formation of mechanically self-
supported structures, as opposed to regular LC 
fluids requiring external mechanical support in 
the form of cell window glasses or plastics. The 
first concept, introduced over a decade ago, was 
that of a PDLC [100–104]. This concept is based 
on the phase separation which occurs between the 
LC and polymer materials and which results in the 
formation of micrometre or, wavelength-size LC 
droplets within the surrounding polymer matrix. 
The original concept was based on the use of nem-
atic LC materials. However, in later PDLC versions 
other LC phases such as FLCs and CLCs are also 
utilized. In the NLC-PDLC version the electro-
optic modulation effect is based on matching the 
ordinary NLC droplet index of refraction to that 
of the surrounding polymer matrix. Since, in the 
absence of an external electric field, the LC direc-
tor orientation in the droplets is randomly distrib-
uted, the droplet index will differ (on average) from 
that of the polymer matrix. Thus, the PDLC will 
strongly scatter in this state. Upon application of 

an external electric field, the LC directors in the 
NLC droplets become oriented with the field (e.g., 
parallel to the field direction, for a positive-anisot-
ropy LC). In this state the droplets now appear to 
have an ordinary index matching to that of the 
surrounding polymer matrix, for optical beam 
incident  perpendicular to the cell window. This 
arrangement therefore allows a two-state, polar-
ization-independent, transparent/scattering opti-
cal modulation.

Other types of polymer-stabilized LC structure, 
in particular, a reflective, polymer-stabilized cho-
lesteric texture (PSCT) for a scattering/narrow-
band reflective, dual-mode bistable LC modulator, 
have recently been intensively studied for low-
power-consumption displays [105]. One potential 
application is that of electronic paper.

7.3.1.3  LIQUID CRYSTAL SLMS

In the following, we will present a brief description 
of the main LC-SLM structures. For an extensive 
review of this technology, the reader is referred to 
the latest symposia of the Society for Information 
Displays over the last few years [106] where numer-
ous papers on these structures were published.

7.3.1.3.1  Electrically addressed LCDs
A schematic of a reflective-mode, electrically 
addressed, LCD is shown in Figure 7.2.

A polarized readout beam enters the device from 
the top and is reflected from one of the  electrode/
mirrors placed at the bottom of the device. These 
electrodes addressed with different voltages affect 
the LC whose director tilts as shown in proportion 
to the increasing voltage (from left to right). The 
alignment layers control the orientation of the LC 
director at the electrode surfaces.

The LC driving is accomplished using mostly 
“active matrix” schemes which are based on the use 
of thin-film circuitry with one or more MOS-based 
transistors in each pixel node. The circuitry typi-
cally employs a row/column drive timing scheme 
in which each row is sequentially addressed such 
that within each of the addressed rows the column 
pixel transistors are sequentially addressed. The 
MOS transistors in each pixel allow the sequential 
gating of the signals into each of the pixel’s storage 
capacitors. The addressing signal, which must be 
alternating in its polarity (AC) to avoid LC deterio-
ration, is typically 1–10 V RMS.
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The silicon substrate in the early direct view 
LCD panels was amorphous silicon which, due 
to its limited performance (carrier mobility) has 
recently been replaced by poly-crystalline Si, 
grown on a high-temperature glass substrate.

An important consideration for a Si-based 
driving circuitry is that it must be well shielded 
from the readout beam. In a transmissive-mode 
device this implies a mandatory loss in the area- 
or  aperture-factor of the pixels, and therefore in 
the optical efficiency, as the circuitry region of the 
pixel cannot be used for light transmission.

This results in an increasingly high loss of 
optical efficiency for smaller pixel-size arrays, 
as the (optically shielded) circuitry occupies an 
increasingly larger portion of the total pixel area. 
Reflective-mode LCDs, on the other hand, can be 
made optically efficient regardless of their pixel 
size.

The LC employed in the direct view displays 
is typically in a TN configuration, which allows a 
cell-thickness-independent, broad-band (450–650 
nm) operation. Pixel-level-RGB filters depos-
ited on the front glass allow color operation to be 
accomplished in conjunction with spatially aligned 
activation of the RGB sub-pixel drivers. Finally, a 
crossed analyser at the exit plane, in conjunction 
with the input polarizer, converts the polarization-
rotation at the pixel-level into spatially modulated 
intensity (with full color).

As pointed out above, there is a significant 
structural difference between direct view LCDs 

(e.g., a lap-top or note-book screen) and projec-
tion panel LCDs. While lap-top displays are large-
aperture (25–40 cm), transmissive type, projection 
display panels are typically of smaller size (2–8 cm 
in linear dimension), usually of a reflective type. 
These relatively smaller size panels are currently 
based on a single crystal silicon substrate (the 
so-called LC on silicon technology (LCOS)). The 
driver electrodes are usually utilized as the reflec-
tion layer with an appropriate metallic coating. 
The LC mode can either be a hybrid field effect 
mode [107] first used in the early LCLVs, vertically 
aligned nematic exhibiting a relatively wide field of 
view (FOV), or more recently, in-plane-switching 
configuration [63]. FLC as well as PDLC devices 
were also demonstrated in small LCD panels for 
projection displays. FLCs are also currently pro-
duced for video camera direct view applications 
[108]. An ultra-thin-crystalline Si-substrate tech-
nology recently developed [109] allows very small 
transmissive panels to be used for projection and 
head-mounted display applications.

The above class of electrically addressed LCDs 
encompasses the use of the different LC configu-
rations discussed earlier: in particular, TN cells, 
controlled-birefringence operation, as well as FLC 
[110] and PDLC [111] configurations. Finally, one 
should mention that in addition to the traditional 
use of MOS- or CMOS-based active matrix driving 
schemes, the use of a CCD-based circuitry matrix 
to address an LCD has also been demonstrated 
with an array size of 256 × 256 [112].

Readout beam

LC

V1 V2 V3

LC alignment
layers

Electrodes/mirror

Figure 7.2 Schematic of a electrically addressed, reflective-mode LCD.



236 Technology and applications of spatial light modulators

Typical performance of an electrically addressed 
LCD panel for projection displays is shown in 
Table 7.5.

7.3.1.3.2  Photo-activated LCD SLMs
As pointed out earlier, the first type of LC-SLM 
developed was actually the PA SLM configu-
ration developed at Hughes Aircraft Research 
Laboratories during the late 1970s [57]. These 
devices were the first LC-SLM products for both 
commercial and military uses. A typical reflective-
mode, PA SLM structure is shown in Figure 7.3. 
The structure of such an SLM commonly known 
as an LCLV consists of four layers: a photocon-
ductor (PC); a light blocking layer (LBL); a mirror 
(typically dielectric) (DM) and the LC layer. This 
structure is sandwiched between two glass elec-
trodes providing both the mechanical support 
and the necessary sheet-conductivity or surface-
electrode function. The operation of the device is 
as follows: under low illumination level at the input 
(PC port) most of the bias voltage drops on the 
(high-resistivity) PC layer, and as a result the LC 
is biased below threshold level and is consequently 
not  activated. Upon illumination of a region or 
spot on the photoconductor, this section of the PC 

Table 7.5 Typical performance of electrically addressed LCD projection panel

Performance parameter Description Units

Input/output Electrically addressed, output intensity 
modulation

N/A

Device configuration Reflective mode N/A
Array size Up to 2000 × 2000 Pixels
Optical modulator Nematic liquid crystal (TN configuration)

Driver array Single-crystal CMOS array

Resolution 25 LP mm−1 @ 20% MTF
Temporal response Rise/decay time: 0.5–10 ms, frame-rate: 

30–300 Hz
ms, Hz

Spectral region Visible, 450–650 nm
Input sensitivity (PA device) N/A N/A
Contrast ratio 100:1 (40 dB) dB
Output modulation efficiency 10–30 (unpolarized, collimated beam) %
Output uniformity 1–3 %
Aperture size 2 × 2 (for a 1024 × 1024 array @ 20 μm cm × cm (pixel-size)
Power consumption ~500 mW
Operating temperature range 10–40 °C
Shock resistance 1–5 G

Inert
insulating
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conductive
electrode

Writing
light

Glass

Glass

Projection
light

Antireflection
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counter
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Figure 7.3 The Hughes PA LCLV.



7.3 Main SLM types and their performances 237

becomes conductive and the voltage now shifts to 
the LC and the LBL/DM layers. The latter, being 
thin, takes only a relatively small fraction of the AC 
voltage, which now drops mostly on the LC layer 
activating those areas aligned with the illuminated 
sections of the photoconductor. The activation of 
the LC layer results in a change in the polarization 
rotation of the LC leading, with the use of a polar-
izing beam splitter, to an intensity modulation of 
the out-going optical beam.

In the particular case of the Hughes LCLV device 
shown in Figure 7.3, the two LC configurations com-
monly used are the hybrid-field-effect mode using 
a 450 TN configuration [57] or, alternatively, the 
tilted-perpendicular mode based on the controlled-
birefringence effect in a vertically aligned, negative-
anisotropy LC, which has been in use more recently 
[113]. These devices initially employed CdS as the 
photoconductive layer which has been replaced by 
an amorphous-silicon layer. A fast-response version 
of the device for color-sequential mode operation 
based on single-crystalline silicon photo-substrate 
was also demonstrated [114]. Due to the simplicity 
of an electrically addressed system on the one hand, 
and the rapid improvement in the yield of large 
CMOS arrays on the other, the trend today is towards 
electrically addressed LCD systems for projection 

displays. However, high-end applications requiring 
exceedingly large array size (>2000 × 2000) and high 
brightness (>5000 lm) are still a hard reach for elec-
trically addressed LCDs. The “old-time” PA LCLVs 
are therefore still potential candidates for such 
demanding projection display applications such as 
electronic cinema [113]. In addition to reflective-
mode devices, transmissive-mode PA SLMs have 
also been demonstrated [115–117], using a variety of 
semi-transparent photoconductors including amor-
phous silicon and BSO. The latter was developed at 
the Thales Research Laboratories, under Professor 
J-P Huignard. These devices were constructed using 
nematic, FLC and PDLC LC-modulators.

The typical performance of a PA a-Si LCLV is 
given in Table 7.6.

7.3.2  MEMS-based SLMs

7.3.2.1  GENERAL

The origin of these devices occurred after various 
attempts in the late 1970s to use continuous mem-
brane mirrors, locally deformed under the applica-
tion of local electric fields, as a means to modulate 
the reflectivity or the phase of the reflected opti-
cal beam [118]. This concept was expanded in the 

Table 7.6 Performance parameters of the PA, a-Si LCLV

Performance parameter Description/value Units

Device configuration Reflective-mode N/A
Optical modulator Nematic liquid crystal N/A
Driver array Amorphous Si-photo-substrate N/A
Array size 2000 × 2000—equivalent Pixels
Resolution 25 LP mm−1 @ 20% MTF
Temporal response Rise/decay time: 0.5–10 ms, frame-rate: 

30–300 Hz
ms, Hz

Spectral bandwidth Input beam: 550–700, output beam: 
450–650

200 nm

Input sensitivity (PA device) 0.1–0.3 m W cm−2

Contrast ratio 200:1 (40 dB) dB
Output modulation efficiency 10–30 (unpolarized, collimated beam) %
Output uniformity 1–3 %
Physical array size Diameter ~50 mm
Power consumption ~100 mW
Operating temperature range 10–40 °C
Shock resistance 1–5 G
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early 1980s to include the first MEMS-type struc-
tures in silicon [119,120]. This MEMS structure 
is essentially an array of silicon-based pixel-level 
metallized cantilevers which tilt in response to an 
electric potential applied to the pixel electrode. 
This MEMS structure which started with analogue 
tilt response design was later refined by the Texas 
instruments developers as a binary (digital) device 
with only two states. This recent design, combined 
with a complex driving circuitry to allow grey scale 
operation based on a PWM scheme, is the basis for 
today’s high-brightness, high-resolution projectors 
aimed at such ambitious goals as electronic cin-
ema [121]. The other principal MEMS-type SLM is 
based on the pixels constructed in a shape of inter-
digitated fingers. In this configuration, the applica-
tion of an electric field across this digitated finger 
structure results in the formation of a diffraction 
grating with a variable field-dependent depth. Thus 
diffraction of the incoming optical readout beam, 
rather than its deflection, constitutes the novelty 
of this MEMS structure. This “grating light valve” 
(GLV) device [122,123], conceived and developed 
by Bloom, is now under development.

Finally, another recent related development has 
been reported, which is developing a similar struc-
ture of a MEMS-silicon-based micro-mirror SLM. 
However, rather than using an electrostatic field to 
drive the micro-mirrors, the device uses a piezo-
electric micro-transducer fabricated in each pixel 
[124]. Finally, for completeness, we should also 
mention a recent effort by researchers to develop 
mechanical continuous membrane implementa-
tions of SLM similar in concepts to the earlier 
attempts mentioned [125] above.

7.3.2.2  THE MICRO-MIRROR SLM (DIGITAL 
MICRO-MIRROR DEVICE) [120,121]

The digital micro-mirror device (DMD) SLM 
(Figure 7.4) is based on a MEMS structure that is 
fabricated using a CMOS-compatible processes 
over a driver array which is based on a CMOS 
memory.

Each pixel modulator consists of a 16 × 16 μm2 
aluminium mirror, which can reflect light in one 
of the two directions depending on the state of the 
underlying driver circuit. In the on-state, the mir-
ror is rotated to ϑL = 0° (into the system’s FOV). In 
the off-state, the mirror swings to ϑL = −10° (i.e., 
out of the system’s FOV cone). Thus, by using the 
DMD in conjunction with a light source and a 

suitable projection optics (Figure 7.5), the mirror 
reflects incident light either into or out of the pupil 
of the projection lens.

Thus, with the above arrangement, the on-state 
(θL = 0°) of the mirror appears bright, while the off-
state of the mirror (θL = −10°) appears dark.

The DMD pixel mirror is constructed over a 
CMOS driver array similar to an SRAM cell. An 
air-gap between the driver circuitry and the mir-
ror is formed using an organic sacrificial layer. 
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Yoke Landing tip

Mirror

Figure 7.4 The pixel structure of the digital 
micro-mirror device. (After Van Kessel, P.F. and 
Hornbeck, L.J., Proc. IEEE, 86, 1686–1704, 1998.)
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the DMD modulator. (After Van Kessel, P.F. and 
Hornbeck, L.J., Proc. IEEE, 86, 1686–1704, 1998.)
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The  air-gap allows the mirrors to rotate about 
two flexible torsional hinges. The mirror is rigidly 
attached to an underlying yoke, which, in turn, is 
connected by two flexible torsional hinges to support 
posts that are formed on the underlying substrate.

An electrostatic field generated by the underly-
ing pixel results in a mechanical torque applied on 
the micro-mirror. This torque, applied against the 
restoring torque of the hinges, produces a mirror 
rotation in the positive or negative direction. The 
mirror and yoke rotate up to the point that the yoke 
comes to rest against the mechanical stops.

The DMD mirrors are 16 μm2 made of alumin-
ium for high reflectivity. They are arrayed to form a 
matrix having a high fill factor (approximately 90%) 
to attain high optical throughputs.

Grey scale is achieved by using a PWM technique. 
This is an addressing method in which the effective 
frame rate is M times (e.g., M = 256) faster than the 
actual, visual frame rate (e.g., 30 Hz). The binary-mod-
ulating pixels are activated in duty cycle ratios between 
1/M and 1.0 during the modulation of each visible 
frame. This, combined with the integrating response 
of the eye, creates an effective grey scale perception. 
Color operation is achieved by using color filters.

The system can also operate in a color- 
sequential mode using sequentially flipped color 

filters, in conjunction with a single device. Both the 
PWM grey scale method and the color- sequential 
operation are possible due to the relatively fast 
electro-mechanical response of the micro-mirror 
which features typical switching times of ~20 μs. 
Thus, assuming a 3  ×  8-bit operation for a 256-
level RGB, color-sequential video projection, the 
pixel switching requirements are Tswitch ~ (16 ms)/
[(256 levels/color)  × (3 colors)] ~ 21 μs, which can 
still be met by the ~20 μs switching time of the 
micro-mirror.

As to the reliability issues related to the mechan-
ical failure of the micro-mirror, due to the continu-
ous flipping, TI reports that testing of hinge fatigue 
resulted in over 1 × 1012 (1 trillion) cycles without 
mechanical failure. This 20 year equivalent opera-
tion, performed in an accelerated cycling test, seems 
to indicate that hinge fatigue is not a reliability con-
cern for the life of an ordinary DMD product.

In the brighter, color-parallel mode, two or three 
DMD arrays are used with stationary color filters to 
produce a full color image table (see Table 7.7).

7.3.2.3  THE GRATING LIGHT VALVE [122,123]

The GLV technology, originally developed by 
Bloom, similar to the DMD, is based on the MEMS 

Table 7.7 Summary of the DMD-SLM performance

Performance parameter Description Units

Input/output Electrically addressed, readout beam, intensity 
modulated

N/A

Device configuration Reflective mode N/A
Optical modulator Micro-electro-mechanical mirror N/A
Driver array CMOS driver array N/A
Array size Up to 1920 × 1080 Pixels
Resolution 25 LP mm−1 @ 50% MTF LP mm−1 @ MTF
Temporal response Opt. switching time: 20 μs; frame-rate: 30–300 Hz 

(color, 8-bit); 10 kHz binary (with custom 
addressing)

ms, Hz

Spectral bandwidth Output beam: 450–650 200 nm
Input sensitivity N/A N/A
Contrast ratio 100:1 (20 dB) dB
Output diffraction efficiency 60 %
Output uniformity 1 %
Physical array size ~40 × 20 mm

Power consumption ~1 W
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techniques, to form pixels in a silicon chip. Each 
of these pixels (typically, 25 μm size) is made up of 
multiple ribbon-like structures (Figure 7.6), which 
can actually be moved up or down over a very small 
distance (only a fraction of the wavelength of light) 
by controlling electrostatic forces. The main advan-
tage of the GLV-MEMS technology over the DMD-
MEMS technology is in the reduced displacement 
required of the strips (1/4λ or around 0.15 μm), rela-
tive to the DMD pixel displacement (around ±1.5 
μm for the pixel tip). This leads to a substantially 
faster response speed of the order of 1 MHz or better.

The ribbons are arranged in such a way that 
each pixel is capable of either reflecting or diffract-
ing light. An output image is formed by collecting 
the reflected or diffracted light with an appropri-
ate lens system, either projected onto a front- or 
rear-screen system, or to be viewed directly by 
the eye. A Schlieren optical system is used to dis-
criminate between the two optical states. By block-
ing reflected light and collecting diffracted light, 
contrast ratios of a few hundreds to one can be 
achieved. In an ideal square-well diffraction grat-
ing, 81% of the diffracted light energy is directed 
into the ±1st orders. By adding multiple Schlieren 
stops and collecting more orders, practical systems 
can achieve greater than 90% diffraction efficiency 
(DE). The gaps between GLV ribbons (defined by 
the minimum lithographic feature) control the 
optical diffraction efficiency. Thus, the theoreti-
cal DE varies between 82 and 98% for ribbon gaps 
between 1.2 and 0.35 μm, respectively.

The GLV technology can be employed in either 
digital or analogue modes. In the digital address-
ing mode, the switching is based on the PWM 
described earlier for the DMD device operation. 

In the analogue mode, the depth to which ribbons 
are deflected is controlled by the driving circuitry. 
When the ribbons are not activated (deflected), 
the pixel is in its off-state. When the ribbons are 
deflected to (1/4)λ, the pixel is fully on. Any par-
ticular grey level can be generated by deflecting the 
ribbons to positions between these two limits.

For display applications, the GLV is operated 
in the scanned mode, where a linear array of GLV 
pixels is used to project a single vertical column of 
the image data. This column is optically scanned 
at a high rate to produce a complete 2D image. As 
the scan moves horizontally, GLV pixels change 
states to represent successive columns of video 
data, forming one complete 2D image per scan. 
The relatively fast switching speed of GLV devices 
(of the order of 1 MHz) allows full HDTV scanning 
(1920 × 1080 image) at video rates of up to 96 Hz.

The main performance parameters of the device 
are summarized in Table 7.8.

7.3.2.4  THE THIN-FILM MICRO-MIRROR 
ARRAY [124]

A thin-film micro-mirror array (TMA) display 
is currently under development by researchers at 
Daewoo Electronics in South Korea.

The modulator technology of the TMA device 
is similar to that of the TI DMD discussed earlier. 
However, rather than using electrically activated 
micro-cantilevers, it uses micromachined thin-
film piezoelectric actuators to control the micro-
mirror tilt mechanism in an analogue fashion, thus 
enabling grey scale operation with over 256 levels. 
Each pixel consists of a mirror and an actuator. 
In previous designs, the two had been  co-planar, 
but the improved design has the actuator situated 
below the mirror, increasing the fill factor up to 
94% and the contrast ratio to 200:1.

The TMA uses thin-film piezoelectric actuators 
in the form of micro-cantilevers, which consist of 
a supporting layer, bottom electrode, piezoelectric 
layer and a top electrode.

7.3.2.5  THE MICRO-MECHANICAL SLIT-
POSITIONING SLM [126]

This is a recent concept based on the technology 
of MEMS described earlier, where an actuator 
can programmably shift an optical slit of width 
between 8 and 100 μm, thus enabling the position 
of the transmitted light regions to be changed as 
well as modulate the incoming light beam.

Figure 7.6 The pixel structure of a GLV device.
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The proposed SLM architecture can be 1D or 
2D (for imaging). The applications include micro-
spectrometer systems as well as the next generation 
space telescope with multi-object spectrometer under 
development by the European and US space agencies.

When an electric field is applied to the two elec-
trodes, the mechanical strain in the piezoelectric 
layer causes a vertical deflection of the mirror. The 
response time of each pixel is 25 μs, making it fast 
enough for field-sequential color display applica-
tions. The display, which is used to make a high-
brightness XGA-format projector, has an optical 
efficiency of 20% at a panel size of 2.54 in.

In order to modulate the light intensity of the 
individual mirror pixels projected on the screen, a 
field-stop is used as a light valve. When a mirror 
does not tilt, all the light reflected by the mirror is 
blocked by the field stop and the pixel is at its off-
state (dark).

When the mirror is fully tilted, all the light goes 
out through the projection stop and the pixel is at 
its brightest state (white).

7.3.3  MQW modulators

7.3.3.1  INTRODUCTION

While this is the most recently developed SLM 
technology, it is also the most promising one for 

demanding, ultra-fast-frame-rate (>MHz) appli-
cations such as optical data processing. It was 
pioneered in the early 1980s by Miller, who demon-
strated, for the first time, the potential of artificially 
made stacks of quantum-size layers of alternating 
GaAs (quantum well material) and GaAlAs (quan-
tum barrier materials) for a highly efficient, ultra-
fast electro-absorption (EA) effect [127,128] with 
potential use for very fast SLMs. The effect was 
named the “quantum confined stark effect” (QCSE) 
by Miller. The interest at that time was that of fast 
switch or switch arrays for communications. While 
the EA effect can be observed in direct-gap semi-
conductors such as GaAs and InP (the so-called 
Franz–Keldysh effect), it is relatively inefficient in 
requiring high-voltage switching to accomplish 
a relatively poor contrast modulation. In fact, an 
attempt to use this effect in constructing a CCD-
driver-based, GaAs-SLM was attempted in the 
early 1980s [129]. The low contrast accomplished 
(~1.2:1) convinced the technical community that 
this is not the right path to a fast, efficient SLM 
technology. The subsequent development of MQW-
based SLM technology [130] and the, additional 
use of Fabry–Perot structure subsequent, combin-
ing the EA effect with the related electro-refraction 
(ER) effect, resulted in an SLM technology capable 
of gigahertz response with contrast ratio of 100:1 

Table 7.8 Performance parameters of the grating light valve

Performance parameter Description/value Units

Input/output Electrically addressed, readout beam, 
intensity modulated

N/A

Device configuration Reflective/diffraction mode (1D) N/A
Optical modulator Micro-electro-mechanical grating N/A
Driver array CMOS driver array N/A
Array size 1D: 1920 × 1 (2D also possible) Pixels
Resolution 25 LP mm−1 @ 50% MTF
Temporal response Opt. switching time: down to 20 ns; 

line-rate: 30–300 Hz (color, 8-bit); 
10 kHz binary (with custom addressing)

ns, Hz

Spectral bandwidth Output beam: 450–650 200 nm
Input sensitivity N/A N/A
Contrast ratio >200:1 (40 dB) dB
Output diffraction efficiency Up to 80 %
Output uniformity 1 %
Physical array size ~50 × 0.1 (for 25 × 100 μm pixels) mm
Power consumption <100 mW
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and higher, at moderate addressing voltage levels 
of ~5 V. This SLM technology constitutes the only 
potential solution known today for the demanding 
optical data processing applications.

7.3.3.2  MQW MODULATORS: PHYSICAL 
BACKGROUND

The MQW structure, as its name implies, con-
sists of a stack of quantum wells (QWs) i.e., a few 
molecular monolayers of a low-energy-gap “well” 
structure (e.g., GaAs), sandwiched between thin 
wide-bandgap “barrier” layers (e.g., GaAlAs). This 
structure “compresses” the excitonic wave function 
(bound electron–hole pair) due to the ultra-thin 
dimension of the well layer in which the excitons 
reside, forcing the electron–hole pair to be much 
closer to each other. This in turn, results in a much 
higher coulombic energy and, therefore, higher 
ionization energy for the excitons compared to 
their ionization energies in a bulk semiconductor 
material. This allows excitons to exist in these QWs 
at room temperatures. Furthermore, the applica-
tion of an electric field of the order of 100 k V cm−1 
causes a partial separation of the electron–hole 
wave functions, thereby altering the energy levels 
of the excitons. This, in turn, alters the effective 
optical resonance of the exciton thereby shifting 
the resonant absorption wavelength. Since the 
wavelength dependence of the absorption curve 
is quite steep near the resonant wavelength, this 
shift can effectively be used to modulate the opti-
cal absorption of the optical beam (Figure 7.7). 
The importance of this effect for SLM application 
is the fact that such modulation can be effectively 

performed with only a few volts of bias resulting in 
an EA effect with picosecond response times.

The theoretical treatment of the EA effect in 
a QW predicts a quadratic effect of the resonant 
wavelength dependence upon the applied elec-
tric field [131]. The resonant excitonic EA effect 
in the MQW structure is expected to result in a 
corresponding resonant ER effect through the 
Kramers–Kronig relationship which links the 
spectral dependence of both the absorption coef-
ficient and the refractive index [132].

Another important type of MQW structure, the 
compositionally doped “nipi” structure, was initi-
ated and developed by Ploog and Doehler [133,134]. 
This structure is based on alternating composi-
tionally doped quantum-size layers, e.g., n-GaAs/
p-GaAs. Often an insulating layer (“I”-layer) is 
inserted between the n- and p-layers and hence the 
name “n–i–p–I”. The resulting stack of quantum-
size p–n junctions, when selectively contacted with 
all the n- and the p-layers in parallel, can result in a 
very large EA or ER effect [135].

Finally, in reviewing related structures and 
physical effects of MQW, lower-dimensionality 
quantum well structures should also be men-
tioned. The formation of quantum well structures 
results in the confinement of carriers to 2D “wells”, 
as pointed out earlier. From the standpoint of the 
dynamic behavior, such confinement results in the 
quantization of the density of energy states which 
now behave as a series of step functions. This effect, 
which actually contributes to the steep spectral 
absorption curve and hence to the enhancement of 
the EA, can be enhanced even more by the confine-
ment of the carriers to a single dimension (“quan-
tum lines”) or ultimately to zero- dimensional 
“quantum dots”. In particular, quantum dot struc-
ture has been extensively researched in the last few 
years due to the theoretical potential of yielding 
extremely sharp delta-shaped absorption curves. 
These could result, in turn, in an extremely effec-
tive switching and therefore in very efficient SLM 
structures. The main issue in the manufacturing of 
these structures has been the finite spread in the 
dot size distribution, which sharply reduces the 
steepness of the absorption curve [136].

7.3.3.3  MQW MODULATOR: DEVICE 
STRUCTURE

The basic device structure of an electro- absorbing 
MQW modulator in a transmissive mode is shown 
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Figure 7.7 Field-induced absorption changes in 
an MQW sample. (After Goossen et al., Appl. 
Phys. Lett., 64, 1071, 1994.)
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in Figure 7.8. The MQW structure is fabricated 
(using either MBE or MOCVD epitaxial growth 
techniques) within a p–i–n structure. This con-
figuration allows the generation of a relatively 
high electric field created by back-biasing the p–n 
junction and extending into the low-doped, high-
resistivity intrinsic (I) region where the MQW 
structure is situated.

The medium–high-doped n- and p-AlGaAs 
regions constitute, in effect, transparent conduc-
tive electrodes, as these AlGaAs-based layers have 
a wider bandgap than the QW excitonic line and, 
at the same time, feature relatively high sheet- 
conductivity due to their high doping levels.

The transmission contrast ratio of an MQW 
sample can be roughly estimated as CR ~ exp(ΔαL), 
where Δα is the field-induced (negative) change in 
the excitonic absorption coefficient, and L is the 
optical path length or the MQW sample’s thickness.

As can be seen from Figure 7.7, an absorption 
coefficient change of: Δα  ∼  (−)1 μm−1 is induced 
for a voltage change of approximately 10 V over a 
sample thickness of approximately 0.7 μm, which 
translates to a field variation of approximately 
∼1.4 × 105 V cm−1. Based on the estimated CR above, 
this absorption change translates to a contrast 
ratio of around 2:1. This is a typical value for the 
performance of a transmissive-type MQW device, 
having around 50 QW periods, with around 10 V 
of applied voltage bias. For a reflective-type device, 
one can theoretically attain up to a quadratic 
enhancement of the CR since the optical path L in 
the CR equation above is doubled.

This translates to around 5:1 in reflectivity con-
trast for modulators operating in a reflection mode. 
To go beyond these figures necessitates either a 

large QW stack, (e.g., 200 periods allows over 10:1 
contrast in transmission [130]) or other means of 
amplifying the quantum-confined Stark effect. In 
the following, we will shortly describe two such con-
figurations. Historically, the first attempt was to use 
the photo-current generated inside the MQW mod-
ulator to affect the device’s bias voltage in a positive 
feed-back mechanism, so as to enhance nonlinearly 
the QCSE by having the voltage bias of the sample 
be varied in proportion to the photocurrent. These 
early self-electro-optic effect devices (SEEDs) [137] 
were designed to get a low-field nonlinear, bi-stable 
behavior in PIN-type MQW devices.

A switching energy as low as 180 pJ for a 
60 μm × 60 μm SEED has been demonstrated [138]. 
A second, common modification of the QW device 
is the integration of the device within an optical 
resonator cavity. This essentially “amplifies” the 
EA and/or ER effect by effectively extending the 
optical path via the multi-pass effect of the cavity.

The asymmetric Fabry–Perot QW modulator 
[138–140] is based on the insertion of the MQW 
stack within an optical resonant cavity composed 
of a semi-transparent top mirror (Figure 7.9) and 
a bottom, high-reflectivity, 1/4A-stack dielectric 
mirror. In this case, the resonator’s reflectivity, RR, 
is given by RR = [RT (1 − Rα/RT)2/(1 − Rα)2], where 

= −ααR R R dexp( )T B  and RT, RB, are the reflec-
tivities of the top and bottom mirrors, respectively.

As can be seen, if the effective bottom-mirror 
reflectivity (RB exp[−2a(E)d]) is sufficiently reduced 
by the field-induced absorption α(E), to the point 
where it matches the top-mirror reflectivity: 
RB  exp(−2α(E)d) =  RT, we have a zero reflectivity 
for the resonator. This capability of bringing down 
the reflectivity close to a zero level implies that we 
can expect high reflectivity contrast ratios for the 
relatively modest bias levels. The above estimate 
did not take into account the ER effect that must 
also be considered [138].

Contrast ratios in excess of 100:1 were obtained 
for moderate sized QW stacks and biases lower 
than 10 V [140]. It should be pointed out, however, 
that such use of a thickness-sensitive, resonant 
cavity makes it difficult to accomplish adequate 
spatial uniformity of the modulator array.

7.3.3.4  PHASE MODULATION USING MQW

An earlier attempt to demonstrate phase modula-
tion in MQW was reported in 1988 [141]. The dem-
onstration of 0.21 @ 852.5 nm was accompanied as 
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expected by significant attenuation. As pointed out 
earlier, the attenuation is expected as a direct result 
of the Kramers–Kronig relationship. Thus, since 
the optical modulation effect in an MQW modula-
tor is based on the exitonic resonance effect, one 
expects the maximum ER effect to always occur 
in the vicinity of the absorption peak. To help 
to maximize the ER effect while minimizing the 
absorption, one can define a figure of merit by 
FM  =  Δn(E)/α(E)λ, which can be used to search 
for material systems (and/or spectral regions) 
with a high ratio of refractive to absorptive opti-
cal modulation [142,143]. This formulation implies 
that operation at a shorter-wavelength region 
may hold advantage for this type of modulation. 
However, earlier attempts to use this expression in 
search of material systems exhibiting significantly 
high FM were not too encouraging [142]. A more 
recent attempt indicates a possibility of perform-
ing phase modulation for beam-steering applica-
tions [144]. However, the authors do not indicate 
the  absorption-associated insertion losses in this 
device.

7.3.3.5  MQW SLMS

Earlier attempts to construct small-size arrays of 
MQW-SLM devices were made [145] (6 × 6 array) 
and [146] (128 × 1 array).

More recent attempts of constructing and dem-
onstrating larger-size arrays of MQW-SLMs were 
made [147] (128  ×  128 array) and the successive 
effort [148,149] (256  ×  256 array). The latter was 
reportedly operated at up to 300,000 frames per 

second, allowing up to 600,000 correlations per 
second to be performed on a 128 × 128 array. The 
device was based on GaAs/GaAlAs MQW stacks 
in a PIN geometry, inserted within an asymmet-
ric FP cavity discussed earlier, with pixel sizes of 
around 40 μm × 40 μm. The group claimed up to 6 
bits of grey levels achievable on their 2048 × 1 1D 
devices. Summary of the MQW-SLM performance 
is given in Table 7.9.

The demonstration of a 16  ×  16 cross-bar 
switch “Amoeba”, for optical communications was 
recently demonstrated [150]. The switch is based on 
flip-chip bonding of a 0.8 μm technology CMOS 
chip to an MQW array of detectors/modulators.

Optically addressed MQW-SLMs were also 
conceived [138] and demonstrated [151].

The recent demonstration [151] is based on a 
reflective-mode, GaAs/GaAlAs MQW modulator 
constructed inside a Fabry–Perot cavity, and com-
bined with a free-carrier trapping layer. The latter 
is sensitive to the incident, near-IR to visible opti-
cal beam. A near-excitonic resonance probe beam 
reads out the spatial optical signal-modulated 
reflectivity of the Fabry–Perot cavity to form an 
output image. Other efforts in the development of 
MQW-SLM arrays that should be mentioned are 
[152] in developing GaInAs-based MQW modula-
tor arrays for cross-bar switch applications.

A recent effort is based on MQW modula-
tor-array prototypes fabricated using the GaAs/
AlGaAs material system. The first prototypes fab-
ricated are designed with an array size of 128 × 128 
pixels, made with a pixel pitch of 38 μm [153].
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Figure 7.9 Schematics of a Fabry–Perot MQW-SLM (Lenslet Laboratories-Ramat-Gan Israel: Private 
Communication 2002. www.lenslet.com.)
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Finally, significant improvements in the uni-
formity of FP-based MQW arrays (Figure 7.9), 
reducing optical nonuniformity to 3.3 nm across 
the 4 in. wafer, have recently been demonstrated 
[154]. These devices operate at low voltage (2.1–
3.9 V), producing a reasonably high contrast ratio 
(16:1–98:1) and are designed for a frame rate of up 
300 kHz. The array was hybridized to an 8-bit 0.25 
CMOS technology, Si driver.

7.3.4  Solid-state electro-optic SLMs

In general, there has not been much progress in 
solid-state electro-optic SLMs. These devices, 
which constituted the “first-generation” SLMs 
in the late 1960s to early 1980s, were quite com-
plex and bulky due to the very high bias voltage 
required, and the related large pixel size/SLM 
apertures required (see discussion on the funda-
mental limitations of SLMs in Section 7.6 later). 
Thus, devices based on KD*P and LiNbO3, turned 
out to be commercially unviable for the main dis-
play applications, and gave way to LCDs as the 
SLM technology of choice for displays and to some 
extent for optical processing. Some references to 
these technologies can be found in the earlier con-
ferences on SLM technologies [155–157].

One electro-optic SLM that should be men-
tioned is the PLZT-based device. There have 
been recent efforts in trying to form 1D and 2D 

products using this technology [158]. The interest 
in this modulator technology is in the relatively 
high electro-optic coefficient with half-wave volt-
ages of the order of 100 V [159,160].

7.3.5  Acousto-optic SLMs

The acousto-optic (AO) modulator technology has 
been largely implemented in the form of either 
bulk devices such as the Bragg cell or as sur-
face acousto-optic (SAW) devices. This is a fairly 
mature technology of 1D modulator arrays which 
has been in existence since the early 1930s [161].

The general structure of an AO modulator is 
shown in Figure 7.10. A piezo-electric transducer 
modulated by RF (100–3000 MHz) generates an 
acoustic wave that propagates within the AO crys-
tal (e.g., quartz). The propagating density grating 
formed in the crystal gives rise to a correspond-
ing, propagating refractive index grating. The lat-
ter diffracts an optical beam launched at the AO 
crystal perpendicular to the grating. The grating 
constant, which is essentially the acoustic wave-
length A, varies inversely with the modulating RF 
frequency f, i.e., Λ = Cs/f, where Cs is the acoustic 
(sound-wave) velocity in the material. The Bragg 
diffraction angle ϑ, which is inversely proportional 
to the acoustical grating period, can be varied by 
modulating the RF frequency of the piezoelectric 
transducer. This device can therefore deflect an 

Table 7.9 The main performance parameters of a state-of-the-art, electrically addressed MQW-SLM

Performance parameter Description Units

Input/output Electrically addressed, readout beam, 
intensity modulated

N/A

Device configuration Reflective-mode N/A
Optical modulator MQW-electro-absorption mode N/A
Driver array CMOS driver array N/A
Array size 256 × 256 Pixels
Resolution (est.) 25 LP mm−1 @ 50% MTF LP mm−1 @ MTF
Temporal response Opt. switching time: ~10 ps; frame-rate 

(CMOS limited): 300 kHz
ps, kHz

Spectral bandwidth Output beam center-A ~ 850, bandwidth ~ 5 nm
Input sensitivity N/A N/A
Contrast ratio/grey levels 100:1 (20 dB)/6 bits dB
Output modulation efficiency ~30 %
Output Uniformity 1 %
Physical array size ~10 × 10 mm

Source: Trezza, J.A. et al., Proc. SPIE, 3490, 78–81, 1998; Kang, K. et al., Proc. SPIE, 3715, 97–107, 1999.
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incident optical beam into a range of diffraction 
spots thereby acting as a 1D SLM.

A typical performance parameter of an AO 
Bragg cell is given in Table 7.10. From the stand-
point of the SLM technology, a key parameter 

specifying the number of available spots or “pixels” 
is the time-bandwidth product. This parameter is 
roughly the product of the frequency bandwidth 
(200 MHz in this case), and the time aperture 
(5 pus), which is determined by the “time of flight” 
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Figure 7.10 Schematic of the acousto-optic effect.

Table 7.10 Typical performance parameters of an AO Bragg cell

Operating wavelength any within the range 442–850 nm

Time–bandwidth product 1000
Center frequency 300 MHz
3 dB bandwidth 200 MHz
Active aperture 1.5 mm H × 19 mm L
Time aperture 5 μs
Interaction medium PbMoO4

Acoustic velocity 3.63 mm μs−1

Diffraction efficiency 10% at 1 W RF power (633 nm)
Electrode Apodized to minimize acoustic walkoff
Optical surface flatness wavelength/10 or better
Input impedance 50 Ω
Input VSWR 2:1 across RF bandwidth
Optical reflectivity 5%/surface

Source: Courtesy of Isomet Co.
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of an acoustic wave (Cs  =  3.63 mm μs−1) across 
the crystal length (19 mm), giving around 1000 
resolved spots.

For further information on the AO technology, 
we refer the reader to several extensive technol-
ogy surveys which have been recently published 
[162–164].

7.3.6  Magneto-optic SLMs

The employment of the magneto-optic effect for spa-
tial modulation is shown in Figure 7.11  [165–167]. 
The device, which is based on the magneto-optic 
effect associated with the  magnetic domain reversal 
in a ferromagnetic material [gadolinium–gallium–
garnet (GGG)], is electrically driven using conduct-
ing X–Y mesh-lines which form the boundaries of 
the magneto-optical pixels. As a particular mesh-
node is cross-activated (i.e., both the X-line and the 
Y-line for that node) the resulting current flowing 
around that pixel corner generates a magnetic field, 
which causes a magnetic domain reversal in that 
magneto-optical pixel.

Although initially developed as a binary (phase 
or amplitude) SLM, the presence of a “neutral” 
state of the magnetic domains later allowed the 
realization of a ternary-state device [166]. Due to 
its relatively high insertion losses in most of the 

visible spectrum, the device was targeted mainly 
for optical processing applications. The relatively 
high current required to switch to the on-state is 
one of the main drawbacks of this device, effec-
tively limiting its frame rate to the low kilohertz 
range (see Table 7.11). Recently, a renewed effort 
in the development of the MO-SLM was reported 
[168,169]. An overall improvement by a factor 
of three in power consumption using a modified 
shape driveline with detailed device simulation 
was reported.

7.3.7  Photorefractive SLMs

This modulation technology is based on the refrac-
tive index modulation in response to an incident 
optical beam. The effect has been extensively stud-
ied in the past 30 years [170–173] and, hence, only 
a brief description will be presented. Figure 7.12 
describes the process of photo-refraction upon the 
illumination by an interference pattern generated 
by the illumination of two coherent beams (Figure 
7.12a). The spatial periodic illumination results 
in the generation of periodic, local photo-carriers 
(e.g., electrons—Figure 7.12b). These drift apart due 
to diffusion resulting in the formation of a space-
charge field (Figure 7.12c, d). Finally, the generated 
space-charge field results in a periodic modulation 
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Figure 7.11 The magneto-optic effect for spatial light modulation. (After Pulliam, G.R. et al., J. Appl. 
Phys., 53, 2754, 1982.)
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of the refractive index due to the electro-optic 
effect in this material. The resulting diffraction effi-
ciency is therefore proportional to the appropriate 
linear electro-optic coefficient r, with a figure of 
merit for the material which can be written as [174]: 
Q = n × r/ε, where s is the dielectric constant and n is 

the refractive index of the material. As it turns out, 
the response time of the effect is inversely propor-
tional to the same figure of merit, Q [174].

While the effect has largely been studied for 
holographic storage applications, as well as adap-
tive optical corrections by phase conjugation (see 
Section 7.5), the photo-refractive (PR) crystal can 
actually serve by itself, as a photo-addressed or PA 
SLM. Thus, with the formation of a photo-induced 
grating by the optical input signal, the device acts 
to modulate a probe (readout) beam. Since both the 
input and the output beams can contain spatially 
encoded information, the device actually acts as 
a PA SLM, although in this arrangement another 
input SLM is often used. This property of PR 
crystals has been used for numerous applications 
including phase conjugation [175], optical stor-
age [176], photorefractive correlators [177], laser 
beam cleaning [178,179], information processing 
[179,180] and novelty filter processors [181].

Early attempts to demonstrate spatial modula-
tion included the photorefractive incoherent-to-
coherent optical conversion (PICOC) device [182]. 
The process is based on modulating the preformed 
index grating generated in the photorefractive 
crystal by the interference of the two coherent 
beams, by the illumination of the incoherent (sig-
nal) image. Another demonstration of an incoherent-
to-coherent spatial modulator was based on a 
grating-encoded phase modulation in a Ce-doped 
SBN crystal [183]. A more recent demonstration of 

Table 7.11 Summary of the magneto-optic SLM performance parameters

Performance parameter Description Units

Input/output Electrically addressed, readout beam, intensity/
phase modulated (ternary state: 0, ±1)

N/A

Device configuration Transmissive/reflective modes N/A
Optical modulator Magneto-optic GGG N/A
Driver array CMOS driver array N/A
Array size 128 × 128 Pixels
Resolution Approximately 20 LP mm−1 @ 50% MTF LP mm−1 @ MTF
Temporal response Frame rate: 0.5–1.0 kHZ
Spectral bandwidth 630 (15%)–788 (45%) nm
Input sensitivity N/A N/A
Contrast ratio/grey levels > 10,000:1 @ 788 nm

Output modulation efficiency 15–45 %
Physical array size ~30 × 30 mm
Power consumption ~2–4 W
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Figure 7.12 Schematics of formation of the pho-
torefractive effect.
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this effect was based on the self-phase conjugation 
in an SBN crystal, in which a 28 lp mm−1 resolu-
tion of spatial modulation was demonstrated with 
a 6 mm × 12 mm crystal [184].

A more recent employment of the photorefractive 
effect was in the use of an optically addressed MQW-
SLM by a US Naval Research Laboratory group [185]. 
The researchers developed an GaAs–AlGaAs, reflec-
tive-mode MQW device, shown in Figure 7.13. This 
device is capable of operating both as a “regular” PA 
SLM and as a photorefractive or holographic mode 
device. In this mode, two coherent pump beams gen-
erate a periodic photocharge pattern in the carrier 
absorption layer (Figure 7.13b). The resulting space-
charge field induces refractive index modulation 
within the MQW layers which in turn modulates the 
probe beam (Figure 7.13f). Diffraction efficiencies of 
1.5% were obtained with down to a 7 μm spot-size 
resolution @ λ = 856 nm. A principal advantage of 
this SLM technology is its very high spatial resolu-
tion, while the main drawback is its inherently slow 
response due to the energy (time × power) to form 
the photo-refractive grating pattern, including the 
use of fast MQW configurations.

7.3.8  Smart-pixel SLMs

A smart-pixel SLM (SPS) can be described as an 
SLM array consisting of opto-electronic pixel 

circuits where each of this circuits is capable of the 
following:

1. Performing optical detection of the input 
beam.

2. Performing some level of signal processing on 
the incoming signal.

3. Optically modulating the output beam.

Such “smart pixel” arrays clearly integrate some of 
the signal processing functions into the SLM itself 
[186,187]. The main variable parameters of this 
SLM technology are

1. Detector array technology.
2. Modulator array/modulated active emitter 

array technology.
3. Signal processing functionality in each pixel.

Earlier concepts were based on silicon-PLZT modu-
lators [188] where the silicon circuitry was used to 
provide both photo-detection and drivers for the 
PLZT electro-optic modulators. With the advent of 
liquid crystals and more recently QW modulators, 
smart SLMs were demonstrated with Si-FLC [189] 
as well as Si-VLSI MQW [187,190] combinations. 
More recent configurations for SPSs involve the use 
of a combined Si-driver and VCSEL source/modula-
tor [191], shown in Figure 7.14.

In a recent development of a CMOS-based imag-
ing smart-array system, a 2.5 MB s−1 bandwidth, 
over 30 dB in dynamic range with 150 μm smart 
pixels in an array size of 64 × 64 has been demon-
strated [192].

Finally, the combination of both functions of 
imaging and display in a single SLM device has 
been demonstrated using CCD circuits operating 
both as an imager and a display [193]. A recent 
development effort based on CMOS technology 
has been proposed with the combined imaging 
and display functions implemented in each pixel of 
the image transceiver array [194]. The application 
of this image transceiver device is targeted at the 
“smart goggle”.

The main application for the SPS technology is 
the OI or cross-connects [187,195–197]. Another 
important application is that of optical processing, 
where operations such as motion detection, pat-
tern recognition, SIMD-parallel processing, neural 
net processing and analogue to digital conversion 
have been demonstrated [198–202].
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Figure 7.13 Photo-refractive-based MQW-SLM. 
(a) p-doped conductive layer; (b) free  carrier trap-
ping layer; (c) intrinsic MQW layer; (d) n-doped 
Bragg mirror; (e) n-doped GaAs wafer; (f) 
 incident probe beam; (g) modulated reflected 
beams and (h) diffracted beams. (After Bowman, 
S.R. et al., J. Opt. Soc. Am. B, 15, 640–647, 1998.)
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7.4  NOVEL DEVICES AND 
EMERGING TECHNOLOGIES

The very successful application of SLMs in the 
booming area of displays, and the more recent 
interest in their potential use in the exploding 
communication field, has motivated the research 
and development of novel spatial optical modula-
tor technologies and devices.

7.4.1  Electro-holograms

This method is based on controlling the recon-
struction process of volume holograms by means 
of an externally applied electric field [203–205]. 
The electro-holography (EH) effect exploits the 
voltage dependence of the photo-refractive effect 
in the para-electric phase of a material such as 
KLTN, which results in controlling the process of 
hologram reconstruction. Thus, the use of an elec-
tric field can result in the activation of pre-stored 
holograms in the photo-refractive material, which 
would otherwise appear optically homogeneous.

Such an effect when used in an array of such 
devices can be used to modulate, two-dimension-
ally, the optical intensity of a wave front or of an 
array of optical beams. Alternatively, it can be used 
to steer individually a 1D or 2D arrays of optical 
beams.

Furthermore, since this is essentially a con-
trolled photo-refractive effect, the direction of 

the diffracted beam clearly depends on the beam’s 
wavelength. This is of particular importance in 
the optical cross-connect (OXC) switch applica-
tion for communications (e.g., for a WDM system) 
where one needs to have a wavelength-dependent, 
routing control of the optical beams. This topic is 
addressed in Section 7.5 later.

Switching speeds of ~10 ns, and diffraction effi-
ciencies of over 30% in 32 angularly multiplexed, 
volume holograms in a 3 mm  ×  3 mm  ×  3 mm 
KLTN crystal, which were switched on and off 
electrically, have been demonstrated.

7.4.2  PBG devices

This is an extremely interesting optical-physics 
phenomenon introduced in the late 1980s. The 
main feature of photonic band-gap (PBG) struc-
tures [206,207] is the periodic modulation of the 
refractive index n (or the dielectric constant), along 
one, two or three directions of space. In a compos-
ite formed by two dielectrics, the periodic modu-
lation of one of the dielectrics effectively creates 
scattering centers, which are regularly arranged 
in the second medium, resulting in the coherent 
scattering of light. In this case, interference will 
eventually inhibit some frequencies that will not 
be allowed to propagate, thus giving rise to “for-
bidden bands”. Under certain conditions, regions 
of frequency may appear to be forbidden regardless 
of the propagation direction in the PBG. In such a 
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case, this region is said to present a full PBG. On 
the other hand, if the forbidden photonic band var-
ies with the propagation direction in the region, a 
photonic pseudo-gap is spoken of. Furthermore, 
we can also introduce defects into the structure, 
resulting in the introduction of allowed energy 
levels into the gap, analogously to a doped semi-
conductor. All these facts permit us to establish a 
parallelism between the formalism used for elec-
trons in ordinary crystals and that for photons in a 
photonic crystal (PX).

Continuing with this similarity, it is also pos-
sible to control the “optical conductivity”, i.e., the 
optical transmission of a photonic crystal, by mod-
ulating the relative indices of diffraction of the two 
materials of which the crystal is composed. In par-
ticular, if an electro-optical material, such as liq-
uid crystal, is infiltrated into the optically periodic 
crystal (e.g., periodically etched, porous silicon), 
then controlling the effective refractive index of the 
LC via voltage bias can result in a significant shift 
of the forbidden band frequency. This in turn can 
drastically change the optical transmission. Hence, 
here we have another potential efficient candidate 
for SLM—since minute changes in the effective 
refractive index could lead to very significant varia-
tions in the optical transmission. This was actually 
demonstrated with a matrix of porous silicon, hav-
ing an air-pore pitch of 1.58 μm, infiltrated with the 
nematic LC E7. The photonic band-gap transmis-
sion of this structure then becomes quite sensitive 
to temperature variations, through their effect on 
the effective refractive index of the LC as was dem-
onstrated by the Japanese as well as the Canadian–
German groups which studied this effect [208,209].

7.4.3  Bubble cross-connect arrays

A modified technology, originally developed for 
inkjet printers, to be used in an all-optical switch 
[210], is based on the formation of bubbles of gas 
by electrical heating, which then propel droplets of 
ink toward the printer paper. This printer technol-
ogy is now quite reliable following two decades of 
development and perfection. The device generates 
bubbles in the same way, but uses them instead as 
a quickly appearing and disappearing gas–fluid 
optical interface.

At each switching point, two silica-based single-
mode wave guides intersect at a fluid-filled trench 
such that the angle between each wave guide 

and the normal to the trench is greater than the 
angle at which total internal reflection begins for 
a gas-to-fluid interface. When a bubble is created 
at the intersection, light reflects off it; when the 
bubble disappears, light passes straight through. 
Switching time is of the order of 1 ms; the cross-
talk was measured to be −70 dB. The researchers 
have fabricated an array of such elements into a 
32  ×  32 optical switch. The device is claimed to 
achieve up to a 20 year lifetime.

From the standpoint of SLM technology, we 
have a 2D array of binary-modulator switches 
capable of routing an incoming (1D) array of 
beams into an output array with a switching speed 
of 1 ms. This is a particular example of a “cross-bar 
switch” implemented in a planar configuration. 
Similar functionality has been offered by using LC 
and micro-mirror (MEMS) technologies for opti-
cal communication (see Section 7.5).

7.4.4  Bio-chemical SLMs

This novel class of SLM technology is based on the 
spatial optical modulation induced as a result of 
chemical or bio-chemical spatial variations, which 
are usually converted to spatial modulation of the 
electric field/potential.

An earlier attempt to use bio-chemical agents 
to induce spatial optical modulation was made 
by using bacterio-rhodopsin molecules [211,212]. 
However, while having scientific curiosity, this 
type of modulator has not yet been practically 
implemented.

Other more recent attempts have focused on the 
use of bio-chemical material used as bio- or chemi-
cal sensors to affect the optical property of the 
underlying optical modulator either directly or by 
spatially modulating an electric field or potential. 
A fiber-optic DNA sensor for nucleic acid deter-
mination was demonstrated using a fluorescent 
DNA stain [213]. Such a bio-chemo-optical sensor 
can be replicated in an array allowing the paral-
lel detection of multiple forms of nucleic acids, and 
hence can be considered as a candidate technology 
for the “bio-chemical SLM”. Another such candi-
date based on an evanescent wave in a 1024 fiber 
optic array for the detection of oligo-nucleotides 
was demonstrated in 1996 [214]. Demonstrations 
of actual operation of arrays of bio-chemical opti-
cal modulators started to appear in the late 1990s. 
A fiber-optic-based micro-optode (i.e., optical 
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micro-electrode) for the measurement of oxygen 
distribution was demonstrated in 1997 [215]. The 
researchers used a phase-modulation technique 
to determine the phase shift produced by the fluo-
rescent stain, in response to a sinusoidal optical 
excitation. A biological sensing technique for the 
detection of specific bacteria was demonstrated 
using a micro-mechanical array of silicon nitride 
cantilever beams to which a specific immobiliz-
ing antibody of a certain bacterium (E. coli) was 
attached. The detection mechanism is based on the 
shift of the resonant frequency of the cantilevers 
which is measured by the optical beam. A limiting 
detection of 16 E. coli cells was demonstrated [216]. 
The simultaneous detection of six bio-hazardous 
agents using a cocktail of fluorescent antibodies 
coupled with the analysis of fluorescence intensity 
was demonstrated [217].

A surface-plasmon-based resonance was used 
to construct a bio-sensor array based on multiple 
analytes. By performing parallel, multiple spec-
troscopic analysis of the plasmon resonance for 
the various analytes, researchers demonstrated 
the bio-sensing ability to detect the affinity of the 
peptide sequence YGGFL to human β-endorphin, 
as well as the affinities between other types of bio-
agent. The 1D array technology allows the simulta-
neous evaluation of up to 160 samples [218].

An inexpensive technology for the production of 
a colorimetric resonant optical bio-sensor, based on 
the use of multiple micro-titer wells and an array 
of fiber optic transceivers, was demonstrated [219]. 
The demonstration using 96 micro-titer plates 
showed the detection of a protein-protein affinity 
with an antibody detection sensitivity of 8.3 nM.

Finally, the use of a LC-based optical shutter 
array coupled to an aligned array of bio-sensing 
elements constructed on a planar wave guide was 
demonstrated [220]. The LC shutter array selec-
tively contrOIs the transmission of the fluores-
cence generated by the biosensor array, activated 
via the optical wave guide.

7.5  SLM APPLICATIONS

7.5.1  Optical communication, signal 
processing and interconnects

7.5.1.1  OVERVIEW

The most dramatic recent technology develop-
ment relevant to the SLM field, since the last 

comprehensive report on SLM technology was 
demonstrated in 1995 [4], has been the explosive 
interest and use of communications. The most rel-
evant applications of the SLM technology for this 
field are twofold:

1. OXC switch arrays.
2. SLM-based adaptive optical aberration correc-

tion systems for point-to-point optical com-
munication (a part of the so-called “last mile 
communication” problem).

A third application that is currently under develop-
ment and which may be quite important for optical 
communication (OC) is that of adaptive ultrashort 
(femtosecond) pulse shaping. The latter is also an 
example for the use of optical signal processing 
(OSP) in optical communication. Indeed, since the 
communication field is by far the most dominant 
application for OSP and OI technologies, we will 
include a brief description of other OSP and OI 
applications as well within this section on optical 
communication.

7.5.1.2  OPTICAL INTERCONNECT AND 
CROSS-CONNECT

In a typical operation, the optical cross-connect 
(OXC) unit enables a programmable interconnection 
between an array of N input optical channels (pos-
sibly implemented by N input fiber-optic channels) 
to an N-output channel array. It is desirable that the 
cross-connect switch allows spatial and wavelength-
dependent routing operation. The role of an OXC 
unit for communication is to route each of the optical 
signals spatially to its designated end location, based 
on the signal (header) information and the particu-
lar operating wavelength of the channel. An obvi-
ous candidate of SLM technology to carry out this 
dynamic cross-connect function is LC technology. 
An earlier work used a PA LC-SLM for a 256-channel 
system [221]. In order to improve the performance 
of the slow-response NLC devices, an eight-channel 
device was demonstrated using FLC in 1995 [222].

A significant pioneering work in the area 
of LCDs for OI was done using both nematic 
[223,224] and FLCDs [225], as well as a demon-
stration of polarization-insensitive switches [226], 
thereby overcoming one of the major weaknesses 
of the LC technology.

A study on the use of sub-wavelength LC-based 
diffractive optical elements for OXC applications 
was recently published [227].
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The MEMS technology with its DMD repre-
sentative detailed in Section 7.3 earlier is another 
potential candidate for the OXC technology 
[228,229], with numerous companies currently 
attempting to develop MEMS-based cross-connect 
switches. The relatively slow response coupled with 
the reflective-mode constraints is the main draw-
back of this technology.

The bubble-SLM technology mentioned in 
Section 7.4 earlier is being developed for crosscon-
nect application. A 32 × 32 switch has been demon-
strated with a 10 ms response time [209,230,231].

The electro-hologram technology mentioned in 
Section 7.4 earlier is under development for optical 
cross-connect applications. The main advantages 
of this technology over MEMS, LC, or the bubble 
technique is its relatively fast response (of the order 
of nanoseconds) as well as its unique wavelength 
selectivity.

An 8 × 8 optical crossbar is under development 
[232]. The OXC will consist of 64 inputs that can 
be routed to any one of the 64 outputs, using a 
hybrid III–V semi-conductor and Si CMOS flip-
chip bonded technology. The optical switch will 
have 4096 detectors configured as a 64 × 64 array, 
each operating at >200 Mbit s−1. Another effort has 
developed a 16 × 16 CMOS/GaAs OI operating at 
0.83 μm [233].

Finally, there have been numerous demonstra-
tions of VCSEL-based smart-pixel OI systems 
[234–237]. A free space, 64  ×  64 optical cross- 
connect switch based on FLC-SLM was recently 
demonstrated [238]. The cross-connect interface 
can serve as a programmable parallel array proces-
sor for a variety of data processing applications.

7.5.1.3  FEMTOSECOND PULSE SHAPING

An important as well as an interesting application 
of the SLM technology for optical communica-
tion is the shaping of ultra-short, femtosecond 
optical pulses first suggested by Weiner [239] 
using a fixed mask, and later refined to include 
an LC-programmable mask or an SLM [240]. The 
concept is to spatially disperse the optical pulse 
using an appropriate grating and then spatially 
phase-modulate the dispersed signal pattern. The 
re-collection of the spatially phase-modulated 
pulse using a second grating, leads to a temporal 
re-shaping of the optical pulse (in particular, pulse 
compression), which can then be used for optical 
communication. In more recent developments, 

temporal as well as spatial pulse shaping was 
accomplished using SLMs [241,242] with a recent 
demonstration of a 5 fs pulse compression [243].

7.5.2  Display applications

This is obviously a very wide application field, 
with a huge billions of dollars market, encompass-
ing numerous technologies. As we are interested 
only in reviewing the field from the SLM tech-
nology standpoint, we will confine ourselves to 
nonemissive or passive display technologies, omit-
ting technologies such as LEDs/OLEDs, electro- 
luminescent and plasma displays. The discussion 
will therefore be limited to innovations in the area 
of LC- and MEMS-based displays.

One of the very recent applications of the PA 
LCLV discussed in Section 7.3 earlier is that of elec-
tronic cinema [244]. Here, only high-brightness, 
high-resolution projection systems are required. A 
projection system based on combined LCLV tech-
nologies can provide up to 3000 ANSI lumens at 
a resolution of 2048 × 1536 pixels. A DMD-based 
projection system is in close competition.

Another important display technology for 
large-screen, video projection displays and for 
the electronic cinema application is the DMD, 
MEMS device discussed earlier [245]. The use of 
SLM panels (whether LCDs or digital mirrors) 
is implemented in a three-panel configuration, 
where either red, green and blue panels or some 
form of color-subtraction configuration is used. 
This allows high brightness to be accomplished 
as the full bandwidth of the (white) light source 
is utilized simultaneously for all three channels. 
The disadvantage is in the complexity of the color-
separation system and the cost of three panels 
and their drivers. The other more compact and 
cost-effective method is to use a “color-sequential” 
scheme, where one broad-band SLM panel (either 
LCD or DMD) is used in conjunction with a color-
sequencing scheme where the red, green and blue 
portions of the filtered broad-band source are used 
sequentially to read out the panel. This requires a 
minimum of 180 Hz operation, which, although 
quite demanding, has been successfully demon-
strated on LCD panels [246].

Finally, we should also mention the fast- 
growing field of head-mounted displays (HMDs) in 
which miniature LCD panels play an increasingly 
growing role [247–249]. LC-based, 3D stereoscopic 
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displays are a derivative of both LCD and HMD 
technologies [250,251] where the stereoscopic or, 
3D depth visualization can be accomplished, e.g., 
by ascribing orthogonal polarizations to each of 
the ocular views using appropriate LC shutters 
[250]. Auto-stereoscopic systems where the ste-
reoscopic imagery is embedded in the displayed 
imagery, obviating the need for the shutter glasses, 
has been a major thrust recently with DMD-type 
SLMs serving as the image source [251]. All digital 
cinema projection is now done via micro-mirror 
SLMs from TI.

7.5.3  Optical data processing

As pointed out in the previous section, novel meth-
ods and technologies related to the application field 
of OSP are covered within the former section on 
optical communication. This section covers inno-
vations and updates related to the optical process-
ing of spatial data information (the latter may either 
be optical or electronic) with an emphasis on image 
processing applications. One area, albeit not new, 
has been continuously attracting attention as one 
of the most efficient optical methods of image com-
putation, namely the optical correlation technique. 
With the introduction of ultra-fast SLM technolo-
gies such as the MQW-SLM, a natural progression 
has been made to utilize this fast SLM in demon-
strating high-throughput image correlation.

The group [148,149] claims a correlation 
throughput of up to 600000 correlations s−1 with 
128 × 128 images. This translates into an equiva-
lent computational throughput of: Pcomp  = 2N2 
logNf ~ 115 GOPS, where N = 128; f = 600,000, and 
GOPS = giga binary operations s−1.

While this obviously is a very respectable com-
putational throughput, it is uncomfortably close (to 
within a factor of approximately ×10) to throughputs 
attainable by current dedicated ULSI, system-on-
chip (SOC) processors. This state of affairs represents 
the on-going dilemma of optical processing—the 
very fast moving electronic competition.

7.5.4  Adaptive and programmable 
optics applications

Here, we focus on the use of dynamic, adaptive 
optics and programmable optic techniques for 
noncommunication applications including astro-
nomical and vision systems.

7.5.4.1  ADAPTIVE OPTICAL CORRECTION

The use of adaptive optics for atmospheric aberra-
tion corrections has been intensively researched in 
the last four decades or so. The particular use of 
SLM technology as a key tool in adaptive, real-time 
correction systems was given in detail by Pepper 
et al. [4, Chapter 14].

Phase conjugation, whereby a phase-aberrated 
wave-front is “cleaned up”, is an attractive way 
of correcting phase aberrations of optical beams. 
There have been several attempts to use the PA 
LCLV technology, through its capability of real-
time phase conjugation, to demonstrate such an 
action first by using nematic LCs [252,253] and 
later by using FLC modulators [254]. More recent 
use of SLM technology for real-time aberration 
correction appears in references [255,256].

A recent application of this technology has 
emerged in the area of visual system examination 
and correction. A retinal imaging system, which 
uses a deformable mirror-type SLM for the cor-
rection of the eye-lens aberration was recently 
developed [257]. Here, a Hartmann-Shack-type 
wave-front sensor senses the ocular lens aberra-
tions. These wave-front distortion data are subse-
quently fed to a deformable mirror SLM, to correct 
adaptively the retinal image. This system allows a 
clear, nonaberrated imaging of the retina for per-
forming retinal examination and subsequent med-
ical treatment.

The next stage in the use of this technology is 
an adaptive visual correction system, in which this 
real-time SLM-based, adaptive optics technique 
will be used to attain a “super-normal vision”, thus 
allowing a near-diffracted-limited vision to be 
achieved.

7.5.4.2  PROGRAMMABLE OPTICAL 
ELEMENTS

This application, which is related to the previous 
“adaptive optics” one, is based on the use of phase-
modulating SLMs to perform programmable opti-
cal element functions e.g., variable focal-length 
lenses or variable slope prisms used for beam- 
steering. Such devices often make use of the fact 
that a given optical phase profile required for a 
desired shaping of a monochromatic optical beam 
wave-front can be substituted by its “modulo-2π” 
representation. Thus for example, a linear phase 
profile, ϕ(x), of a glass prism is described by 
ϕ(x) =  tan(α)xn0, where α is the apex angle of the 
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prism, n0 is the glass refractive index, and x rep-
resents a point along the length of the prism, will 
have the same effect on a monochromatic beam at 
λ0 as a phase profile which “resets” to ϕ(x) = λ0, at 
x-locations in which ϕ(x) satisfies: ϕ(x)/λ0  =  2πn, 
where n = 1, 2, …. Note that this allows relatively 
thin optical elements with thickness of the order 
of λ, namely a few micrometres, to be substituted 
for the traditional thick (mm–cm) glass elements. 
Also note, however, that such substitution is only 
valid for the particular wavelength λ0 for which 
ϕ(x)/λ0  =  2πn. These optical elements are com-
monly referred to as “binary optics” or “kino-form 
optical elements” [258,259].

The ability to structure wavelength-thin, optical 
elements opened the way for using phase modulat-
ing SLMs thereby allowing programmable optical 
elements to be developed.

Applications of such dynamic kino-form opti-
cal elements include LC beam-steering devices 
[260,261], as well as variable focal-length lenses 
[262–264]. The main drawback of these dynamic 
programmable elements, as in the static kino-form 
elements, is their limitation in monochromatic 
beam shaping applications.

7.5.5  Wavelength image converters

An additional important application of SLMs is 
the conversion of an imagery from one wavelength 
to another. This can be done using either a single, 
photo-activated SLM whose photo- substrate and 
optical modulators operate at different wave-
lengths. Alternatively, one can use an imager 
device to record the imagery at a certain wave-
length and relay the electronic signal to an electri-
cally addressed SLM operating at a desired output 
wavelength.

A commonly used example of the latter is 
the regular TV monitor which relays the image 
picked up by a video camera and displays the 
color version video on the screen. Although in 
this case both the input and the output imagery 
are formally based on red–green–blue (RGB) vis-
ible channels, we can easily manipulate the TV 
color range, and thus can effectively perform an 
image wavelength conversion operation with this 
system.

PA LCLVs of the type discussed in Section 
7.3 earlier have been successfully used in con-
verting visible imagery to IR video scenes for IR 

scene simulation applications [265]. Such devices 
were  also used for visible- to near-IR image 
 conversion [266].

The high spatial resolution and array sizes 
attainable in some SLM technologies, combined 
with the capability of UV modulation, naturally 
calls for the use of this technology to perform pro-
grammable, real-time photo-lithography [267]. 
The use of an NLC-SLM with 600  ×  800 pixel 
resolution, 27 mm  ×  20 mm aperture, over 100:1 
contrast and 7/25 ms rise/decay response times at 
the argon ion wavelength of 351.1 nm, were used to 
form a 3D hologram in a photopolymer material. 
The hologram was subsequently read using the 633 
nm of a He–Ne laser [268].

7.6  FUNDAMENTAL LIMITS AND 
FUTURE TRENDS

7.6.1  Performance trade-offs and 
fundamental limits

Some important interplays or trade-offs exist 
among the main SLM performance parameters. It 
is important to understand those limits in order 
to realistically design an SLM or make a sound 
projection of its expected performance. The main 
parameter trade-offs of SLMs are briefly described 
below.

7.6.1.1  DYNAMIC RANGE/SPEED

This is perhaps the most significant trade-off in the 
SLM technology. It is somewhat intuitive in that a 
large electro-optic coefficient, which is related to the 
dynamic range attainable by the optical modulator 
system, will be associated with a reduced speed of 
response, and vice versa. A good example for two 
modulator systems showing this trade-off would be, 
on the one hand, the class of nematic liquid crys-
tal material featuring an enormously high (second-
order) electro-optic effect with an effective half-wave 
voltage of around 2 V, but with a typically low fre-
quency response of around 100 Hz. (The half-wave 
voltage can roughly be taken as inversely propor-
tional to the electro-optic coefficient.) This is con-
trasted with solid-state electro-optic crystals such as 
the KD*P or LiNbO3 capable of responding to bias 
frequencies well above 1 MHz, but with the penalty 
of a very large, 1000 V half-wave voltage. To gain 
some insight into this trade-off— reminiscent of 
the well-known gain–bandwidth product  (GBWP) 
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in electronic devices—it can be argued that under 
certain hypotheses this trade-off may in fact, obey a 
“universal” form of the GBWP behavior, for a vari-
ety of optical modulator material systems, where 
the gain is actually represented by the generalized 
susceptibility relevant to the particular modula-
tor material system (e.g., the electro-optic coeffi-
cient, for solid state EO modulators), and where the 
bandwidth is the total frequency bandwidth of the 
modulator system, comprised of both the optical 
(spectral) bandwidth of the modulator and the elec-
tric field, RF-modulating frequency (see Appendix).

7.6.1.2  RESOLUTION-SPEED TRADE-OFF

This constraint is originated in the dynamic range–
speed trade-off, as discussed earlier. Thus, for very 
fast-responding materials (e.g., solid-state electro-
optic crystals) the high biasing voltage required, 
due to their low EO coefficients, as a result of the 
above, dynamic range–speed trade-off, will neces-
sitate the use of large pixel sizes to avoid field 
break-downs.

7.6.1.3  DYNAMIC RANGE–RESOLUTION

A common manifestation of this trade-off is the 
familiar “blooming” effect, which occurs in the 
“over-activated” regions of the SLM pixels. This 
is usually due to the finite charge-holding capac-
ity of the driver array (both in PA and electrically 
addressed devices). The excessive pixel driver 
charge, resulting from over-driving the pixel in 
attempting to attain high output signal (or equiva-
lently, high dynamic range), spills over to adja-
cent pixels, resulting in the “blooming effect”. 
However, this trade-off can also be “utilized” in a 
constructive manner by using a cluster of pixels in 
a high-resolution, binary-mode device to produce 
effectively a grey-level modulation at the lower res-
olution defined by the pixel cluster, in a similar way 
to half-tone image techniques.

7.6.1.4  SENSITIVITY–SPEED

This trade-off (for PA devices) is usually the 
consequence of the constancy of the energy flux 
required for the photoactivations (J cm−2), rather 
than that of the power flux (W cm−2). Examples are 
PA SLMs, in which we must compensate for low 
input power flux levels, by reducing their frame 
rate or integration time. Another well-known 
example is the reciprocal relationship between 

the response time for the formation of a grating 
in a photo-refractive material, and the power level 
of the input signal. In general, the consequence 
is the necessity to use longer integration periods 
to accumulate sufficient signal charge and thus to 
lower the speed or the frame rate of the device. 
This is similar to the limitation of imagers under 
low-level illumination.

7.6.2  Future trends in SLM 
technology

The last decade has witnessed tremendous changes 
in three main optics-related areas, namely, com-
munications, information processing and display 
technologies. The explosive growth and the pros-
pects of even more dramatic future developments 
are certainly expected to impact the trend in the 
related SLM technology. In addition, the trend of 
developing artificial man-made optical materials, 
which started around two decades ago, has led to 
a very successful development of, in fact, the fast-
est optical modulator in existence today, namely, 
the MQW modulator. Therefore, a continuation 
of all these trends in the next decade is predicted. 
The development of OXC-SLM technology, which 
has already seen the development and adapta-
tion of MEMS-based devices, will continue to 
expand with a thrust towards the development 
of novel SLM technologies such as the Bubble 
Array or the electro-hologram devices. We have 
already witnessed the redirection of the historic 
optical data processing technology into the use 
of OIs. It is predicted that this will continue as 
a thrust for the development of SLMs in infor-
mation processing systems. The development of 
relatively slow (~1 ms) phase-modulating devices 
for adaptive and programmable optical element 
applications will continue to grow. At the same 
time, it is expected that the effort in developing 
faster modulators will be expanded. In the boom-
ing and attractive field of displays, active arrays 
such as organic LEDs (OLEDs) may well chal-
lenge the traditional passive, SLM-type devices 
such as LCDs. Finally, with the strong interest 
in bio- chemical data processing and biological 
sensors—enhanced by the explosion in genetic 
research as well as the recent threats of weap-
ons of mass destruction, one can see a signifi-
cant thrust in the area of bio- chemical SLMs (see 
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Section 7.4.4) to allow a fast, parallel processing 
and analysis of bio-chemical data.

APPENDIX: ON THE DYNAMIC 
RANGE–SPEED TRADE-OFF

The following derivation represents an intuitive 
argument rather than a rigorous proof and should 
be treated as such. We chose to include it despite 
its approximate nature, as the consequences of this 
hypothesis may be far reaching in terms of the fun-
damental limits of SLMs.

First let us generalize the term dynamic range 
of the system to be the range of values which the 
appropriate optical response function of the par-
ticular modulator system can take. It is the range 
of the electro-optic coefficient for an electro-optic 
modulator system or the range of the electro-
absorption coefficient for the MQW modulator 
system. The speed of response is obviously directly 
related to the frequency bandwidth of the system. 
With this in mind, taking the electro-optic effect 
as an example, the change in the refractive index of 
the material Δn, upon the application of an electric 
field E, is given in general by [269]

 ∆n n rE~ 3  (7.1)

where r is the appropriate electro-optic coefficient. 
This behavior can be presented more generally, as a 
response of a system parameter P(t), to an external 
driving field F(t).

It can be shown that the temporal response 
function χ(t) (or the generalized susceptibility) of 
the system acts essentially as an impulse response 
function to the external driving field F(t), such 
that

 
dP t t F t( ) ( ) ( )∫= χ − τ τ

 
(7.2)

where in the frequency domain the convolution 
operation of Equation 7.2 turns into a simple prod-
uct, namely [270,271],

 P F( ) ( ) ( )ω = χ ω ω  (7.3)

This is a generalization of Equation 7.1 above with 
P, χ, F, replacing Δn, r, E, respectively.

Now, the DC value of χ, namely, χDC  =  ʃ χ(t)
dt = χ(ω = 0), must be finite, based on the material 
stability considerations. This is so since an infinite 
value would imply that a vanishingly small fluctua-
tion in the external field δF would result in a finite 
change of the system parameter P (e.g., the refrac-
tive index) [272]. However, since the latter is deter-
mined by the structure of the particular material 
system (e.g., an electro-optic crystal), a finite 
constant (DC) change in its value implies a finite 
structural change. Such a finite structural change, 
with a vanishingly small perturbation, indicates an 
inherent instability. Now, by the Parseval identity:

 
d dt t( ) ( )

2 2

∫ ∫χ = χ ω ω
 

(7.4)

and hence the finiteness of t t( )d
DC ∫χ = χ  

implies a finite value for t t( ) d
2

∫ χ , and hence for 

( ) d
2∫ χ ω ω  Assuming a finite bandwidth, Δω, for 

χ(ω), and making the approximation:

 
dI ( ) AV∼∫χ = χ ω ω χ ∆ω

 
(7.5)

where χAV is an average value for χ(ω) within the 
finite bandwidth Δω, we conclude that the finite 
value of Iχ indicated by Equation 7.4 implies that 
the susceptibility χAV must, in general, be traded 
off against the system bandwidth, Δω, or speed of 
response. Thus, we conclude that there must exist, 
indeed, a trade-off between the dynamic range of 
the generalized electro-optic response function 
and the speed of response of that system.

Next, we need to consider the frequency range 
of the system, where there are basically two physi-
cally different frequency regions. The first, ω1 = ωRF, 
is the RF field (e.g., the low-frequency externally 
applied electric field that controls the electro-optic 
effect). The second frequency region, ω2 = ωopt, is the 
optical frequency range encompassing the spectral 
(wavelength) region in which this particular sus-
ceptibility (say, the EO effect) is nonzero. Typically, 
we have ωopt  »  ωRF. Let us consider in detail the 
particular EO example with its associated second-
order susceptibility, χ(2), related to the EO (Pockel) 
effect. Using results from nonlinear optics, we have 
for the second-order polarization P(2)(t) [273].
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d dP t E E( ) ( ;0, ) 0 e j t(2)
0 1 2

(2)
1 2∫∫ ( ) ( )= ε ω ω χ −ω ω ω

−∞

∞

−∞

∞
ω

 (7.6)

where we take: ω2 = ωopt = ω; ω1 = ωRF = 0 (low fre-
quency); E1(0) = const (=amplitude of the external 
bias field); constE E( )2 2

(0)ω = =  (=amplitude of 
the optical field). We now assume, as in the previ-

ous argument, that d AV( )(2) (2)∼∫χ ω ω χ ∆ω  is finite 
over the finite (optical) bandwidth Δω and thus we 
have an upper limit to the polarization given by

 AVP t E E( ) (0) .(2)
2 1

(2)
1 2

0≤ ∆ω ∆ω χ
 

(7.7)

now the polarization, or its variation with the 
applied field, is directly related to the variation in 
the electronic or ionic displacement x via [274]

 =P xNe  (7.8)

and so again due to material stability consider-
ations P, or P(2) (t), must remain finite, given a finite 

x , for any finite field levels below the breakdown 
limit of the material. Therefore, the conclusion is 
that the quantity:

 SBP AV AV2 1
(2)

opt RF
(2)= ∆ω ∆ω χ = ∆ω ∆ω χ  (7.9)

must be finite for this case of an EO material 
system.

So, we see that the GBWP constant takes on a 
new form for the “susceptibility–bandwidth prod-
uct” (SBP), which involves two frequency ranges 
rather than one, due to the two operating fields: the 
RF and the optical field.

We can conveniently express this new SBP, in 
units of frequency bandwidth (Hz) × optical band-
width (cm−1) × optical susceptibility, which we take 
as proportional to the linear electro-optic coef-
ficient or Δn/ΔE (cm V−1). So, for the EO case we 
have the SBP quantity in units of Hz V−1.

It can be argued that the above considerations 
can be extended to a generalized susceptibil-
ity (e.g., AO, magneto-optic). This is so since the 
polarization modulation resulting from the appli-
cation of the appropriate external field and with 
it, the associated ionic or electronic displacement, 

must remain below the structural damage level, 
regardless of the optical modulation mechanism 
(e.g., acoustic or magnetic). Now, since this range 
of acceptable ionic or electronic displacement in 
solids, although not constant, varies within one 
to two orders of magnitude, we expect the SBP for 
all solid state material systems to be also roughly 
within one to two orders of magnitude.

Let us examine this hypothesis for three mate-
rial systems:

Liquid crystals: ΔωRF  ≈  104 Hz (FLC); 
Δ  ωopt  ≈  2.5  ×  104 cm−1 (400–10,000 nm); Δn/
ΔE ≈ 0.2/104 (cm V−1) Here, we get for the SBPLC:

 

n E/

5 10 ( )

RF
(2)

3 1

SBP

Hz V

LC opt RF AV opt [ ]= ∆ω ∆ω χ ≈ ∆ω ∆ω ∆ ∆

≈ × −

MQW modulator (electro-refraction): 
ΔωRF ≈ 1010 Hz Δωopt ≈ 30 cm−1 (850–852 nm); Δn/
ΔE ≈ 0.01/105 (cm V−1). Thus we get for the SBPMQW:

 Hz VMQW opt RF n ESBP / 3 10 ( )4 1[ ]≈ ∆ω ∆ω ∆ ∆ ≈ × −

Solid-state electro-optic modulator (r  =  30 pm 
V−1  =  3  ×  10–9 cm V−1): ΔωRF  ≈  107 Hz (FLC); 
Δ ωopt  ≈  1.5  ×  104 cm−1 (400–1000 nm); Δn/
ΔE ≈ n3r. ≈ 30 × 3 × 109 cm V−1

 SBP Hz VEO opt RF n E/ 1.4 10 ( )4 1[ ]≈ ∆ω ∆ω ∆ ∆ ≈ × −

We thus see that the SBPs of all these three mark-
edly different material systems, with orders of mag-
nitude variations in their RF frequency responses, 
spectral bandwidths and optical susceptibilities, 
come to roughly the same level, within an order of 
magnitude. This finding supports the “universal-
ity” hypothesis for this quantity.

We also note that for systems with compa-
rable spectral (optical) bandwidths such as liquid 
crystals and solid-state EO materials, the SBP 
constancy simplifies approximately to a trade-off 
between the EO susceptibility or Δn/ΔE and the 
RF bandwidth ΔωRF in analogy to the well-known 
GBWP.

Finally, an interesting situation arises when we 
can invoke a trade-off between the optical sus-
ceptibility and the frequency response within the 
same material system, e.g., by incorporating an 
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optical feedback in a PA nematic LCLV [275,276]. 
In this case, it can be shown that the product of 
the open-loop optical gain defined for the phase 
modulating LC-SLM by

 out inG0∆φ = ∆φ  (7.10)

and the LC frequency bandwidth,

 ∆ω = τ1/ 0  (7.11)

the GBWP G0/τ0, remains unchanged as the opti-
cal feedback mechanism is turned on, namely 
when we have 

 Φ Φ∆ = ∆out CL inG  (7.12)

where for the closed loop system with a negative 
feedback fraction, β, we have

 
≈

+ βCLG
G

G1
0

0  
(7.13)

and the associated LC frequency response is

 ∆ω = τCL1/ .  (7.14)

It can be shown that [275]:

 τ ≈ τCL CLG G/ / .0 0

This GBWP constancy allows a 50 Hz (open-loop) 
PA nematic LCLV to attain kilohertz frequency 
response using a negative feedback, closed loop 
system [276]. This is in close analogy to the con-
stant GBWP behavior in electronic systems (e.g., 
operational amplifiers).
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8
Organic electroluminescent displays

EUAN SMITH
Light Blue Optics Ltd.

8.1  INTRODUCTION

Over the past few years organic light emitting diode 
(OLED) technology has emerged as a major player 
in the established field of displays. Since the dem-
onstration of efficient light emission from small 
organic molecules [1] and conjugated polymers [2], 
built on earlier studies of organic electrolumines-
cence in polymers [3] and small molecules  [4], 
their potential application to displays has been 
technically compelling. 

OLEDs have several advantages over other dis-
play technologies. Compared to inorganic semicon-
ductors, OLEDs offer large-area manufacturing on 

cheap substrates with easy integration of different 
color devices. Compared to liquid crystal displays 
(LCDs), OLEDs avoid the need for separate back 
lighting and for color filters (although they are 
often still used, for example, to make RGB displays 
using white OLEDs), enabling thinner and lighter 
construction with higher power efficiency. OLEDs 
only emit light where needed, which improves 
both efficiency and contrast. OLEDs also naturally 
offer a good angular distribution of light, which is 
possible but complex for LCDs. However, an OLED 
is not a panacea. OLEDs are current controlled, 
which requires more complex backplane circuitry 
(than an LCD) and tracking able to deliver higher 
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currents to the center of the display. An OLED 
will never offer lower power consumption than an 
electrophoretic display and may not attain compa-
rable lifetime to the discrete inorganic LEDs used 
in very high-brightness stadium-sized displays. 
Most critically, OLED technology is still relatively 
young and cannot yet compete on cost with the 
mature LCD industry because of the latter’s high 
yields and huge volumes. However, despite recent 
substantial improvements, LCDs still struggle to 
match OLEDs for performance. Certainly you can 
get LCDs with high contrast, or amazingly accu-
rate color and gray scale, or high speed, or wide 
viewing angles, or high efficiency, but rarely all of 
these at the same time.

Organic light emitting materials divide into 
two main structural categories (small molecules 
and polymers) and two light generation mecha-
nisms (fluorescence and phosphorescence). These 
divisions are important for several reasons. 
The material structure determines how it can 
be applied to the substrate: solution process-
ing for polymers, vacuum deposition for small 
molecules. This has significant implications for 
displays. The light generation mechanism deter-
mines the ultimate quantum efficiency, fluores-
cence having a quarter to a half the efficiency of 
phosphorescence [5].

This chapter aims to show how OLED devices 
can be applied as a display technology. There are 
many similarities between small molecule and 
polymer-based technologies, so the two are cov-
ered together, with their differences only brought 
out as necessary. The basic device physics, the 
chemical and material properties of specific 
organic materials, are not covered in detail here.

 The first half of this chapter will discuss what 
distinguishes OLEDs from other display tech-
nologies, working up from the key properties of 
an OLED pixel to the performance of different 
types of display. The second half then concen-
trates on the construction of an OLED display 
panel, explaining the structure, fabrication meth-
ods, and important properties of the constituent 
components.

8.2  OLED DISPLAY TECHNOLOGY

An OLED is a thin-film self-emissive device that 
converts an applied electrical current into light. 

By arraying a sufficient number of these devices 
and by providing a suitable means of controlling 
the current through such devices, a display device 
can be constructed. The performance of an OLED 
display can be entirely understood from the char-
acteristics of the OLED devices and the method of 
driving.

8.2.1  OLED devices

OLEDs are thin, large-area LEDs. This statement 
points toward the most important properties that 
govern how an OLED display should be driven, i.e., 
an LED requires current to emit light and is, most 
appropriately, current controlled. That it is a thin-
film large-area structure means that the transport 
time through the device is fast. However, it also 
means that it has a significant capacitance and is 
prone to leakage. The total electro-optic response 
of the OLED device is split into three sections—
electrical response, optical response, and aging 
effects.

8.2.1.1  ELECTRICAL RESPONSE

An OLED is a stack of various organic and inor-
ganic layers. While the precise layers used vary a 
great deal from device to device, as far as the elec-
trical properties are concerned the layers can be 
split into three groups, shown in Figure 8.1a: hole 
conduction, light emission, and electron conduc-
tion. Figure 8.1b shows the equivalent circuit for 
this structure. The emission layer(s) typically has 
much lower conductivity than the others and the 
device should only conduct strongly once sufficient 
forward bias is applied, so that both electrons and 
holes can reach the emission layer(s). Charge accu-
mulation in this thin structure is represented in 
the equivalent circuit as a parallel capacitance. The 
fabrication of real, slightly less than ideal, devices 
also gives rise to other important properties, in 
particular, reverse bias current leakage that adds 
a parallel resistance to the equivalent circuit and 
conduction through all transport layers adding 
series resistance.

8.2.1.1.1  Capacitance
Unless the device is forward biased above the 
threshold voltage, no carriers are injected into 
the emission layer and so the OLED structure 
reduces to a thin insulator (<100 nm) sandwiched 
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between two large-area conductors, i.e., the 
structure for a capacitor, typically with a typical 
capacitance of the order of 300 pF mm−2. Under 
steady-state operation (active matrix driven), 
this property matters little; however, when pulse 
drive is required (see the later section on pas-
sive matrices), the capacitance becomes very 
important. The capacitance could be reduced by 
increasing the thickness of the emission layer; 
however, this would also increase the drive volt-
age of the diode. As the energy required to charge 
the capacitance varies as the voltage squared, a 
thicker device will tend to have an increased 
power consumption.

8.2.1.1.2  Diode properties
An OLED device has a well-defined threshold 
voltage, above which the current flowing through 
the device turns on rapidly. The threshold voltage 
depends on the charge injection at the contacts (i.e., 
the voltage required between the contacts and the 
organic layers for charge injection to occur) and 
on the bandgap of the emission layer. In general, 
the bandgap depends on the wavelength emitted 
and on the type of emission. Shorter wavelengths 
(blue rather than red) require a larger bandgap 
and hence a higher threshold voltage, and at any 
wavelength a phosphorescent emitter requires a 
larger bandgap than a fluorescent emitter. Typical 

turn-on voltages might range between 2 and 
4 V. It should also be noted that, in general, the 
threshold voltage will reduce with temperature. 
Unlike typical inorganic LEDs, the (steady-state) 
current–voltage response of the OLED is not 
exponential—at least, not once there is a signifi-
cant current flowing.

Figure 8.2 shows a typical I–V curve for an 
OLED device. Under low fields, the device is 
largely injection limited and this does indeed give 
rise to an exponential response. However, once 
the voltage is taken a little above threshold, the 
I–V response follows an approximate power law, 
similar to an old-fashioned thermionic diode, due 
to the current flow becoming space charge limited 
[i.e., the injection of charges into the emission layer 
is inhibited by the concentration of like charges in 
the low conduction emission layer(s)]. Unlike a 
thermionic diode, the power law is not necessarily 
quadratic but can be anything from a power of 2–4 
due to the carrier mobility being field dependent. 
The full I–V properties of an OLED device can 
be described by using the Murgatroyd equation 
[6]. However, over a specific region of interest, the 
response can usually be adequately approximated 
as J ∝ (V − Vt)″, where J is the current density, V the 
applied voltage, Vt the threshold voltage, and n an 
exponent depending largely on the field-dependent 
mobility.

Cathode

Electron injection layer

Electron transport layer

Hole blocking layer

Electron blocking layer

Hole transport layer

Hole injection layer

Anode

Emission layers(s)

Electron
conduction

Light
emission

Hole
conduction

(a) (b)

Figure 8.1 (a) OLED device layers in functional groupings and (b) a simplified OLED equivalent circuit.
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8.2.1.1.3  Reverse leakage
An OLED is a very thin large-area structure. The 
thin structure and large area results in an inevita-
ble leakage current even if the device is perfectly 

fabricated with uniform layers and no defects. 
Any nonuniformity will increase the local elec-
tric field and therefore the leakage. This prob-
lem is termed “reverse leakage” because it is only 
under reverse bias that leakage effects become 
noticeable. Figure 8.3 shows the I–V characteris-
tics of a number of similar devices, two of which 
show poor reverse leakage properties. For an 
active matrix-driven device, this is not a problem 
as devices are never strongly reverse biased. For 
a passive matrix display, however, leakage has a 
large impact on display performance (see the sec-
tion on passive matrix driving for more details), 
and so care must be taken with the selection of 
materials and fabrication process to minimize 
this effect.

8.2.1.2  OPTICAL RESPONSE

8.2.1.2.1  Light output: Device driving
The current efficiency of a device is usually 
expressed in units of cd A−1 and is typically 
reasonably stable against drive level, device-to-
device variation, temperature, and only slowly 
degrades as the device ages. This results in a light 
output that is, over a normal operating range, 
linear with current. In contrast, the light output 
against voltage is highly nonlinear and varies a 
great deal from device to device, with tempera-
ture, and as the device ages. Figure 8.4 shows the 
light output against voltage and current for three 
nominally identical devices, demonstrating the 
reproducibility (and linearity) of current drive.

It is clear that in order to produce displays 
that are uniform, have a long life, low burn-in, 
and accurate gray-scale control, current drive is 
required.

8.2.1.2.2  Response time
OLED devices can switch extremely quickly. 
The specific response time varies with materials, 
device geometry, and applied field, but is typically 
of the order of 10 ns–1 μs, i.e., essentially instanta-
neous as far as a display application is concerned. 
Any observed motion artifacts will, therefore, 
be a function of the drive scheme rather than a 
fundamental property of the OLED. This will be 
covered in more detail in the section on display 
performance.
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Figure 8.2 A typical I–V curve for an OLED 
device (diamonds) with an exponential fit of 
current density (dashed line) for low fields and 
a power law fit (solid line, see text) for high 
fields.
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8.2.1.2.3  Light output coupling
OLED devices can be designed to emit light 
through either the anode (known as bottom emis-
sion as the anode is typically formed on the sub-
strate), the cathode (top emission), or even both for 
transparent displays. This choice of device type has 
a strong impact on the optical output, both color 
and efficiency, but in either case the out-coupling 
problem for an OLED is the difficulty of extract-
ing light from a high-index emissive layer out into 
air, whether this is through the substrate or out 
through the cathode.

Organic semiconductors, whether small-mole-
cule or polymer, are media of high refractive index. 
When light propagating through such a medium 
meets its interface with a low-index medium such 
as air, if its angle of incidence is too shallow then 
it will undergo total internal reflection and not 
escape. The fraction of light thus trapped will 
depend on the angular emission profile from the 
emitting layer(s). Unless steps are taken to reduce 
this effect, the fraction of emitted light that leaves 
the device is on the order of 17% for small-mole-
cule OLEDs and 30% for polymer OLEDs [7].

In principle, there are two approaches to 
increasing the optical out-coupling: coupling 
light out of the trapped optical modes or increas-
ing the fraction of light emitted into the out-cou-
pled modes. To extract light from trapped modes 
typically some kind of scattering structure is 
required. For display applications, the efficiency 
benefits are often outweighed by the side effects 
of increasing the spatial cross talk (guided light 
from one pixel out-coupled at the next) and 

ambient ref lection, so that both the dynamic 
and static contrast are reduced (see Section 8.2.3 
on display performance), and so this approach is 
only really considered for lighting applications 
(see, e.g., Reference [8]) and not used in displays. 

Increasing the proportion of light emitted into 
out-coupled modes is now part of the standard 
device design optimization and involves the care-
ful tuning of the device thickness and emission 
zone with further enhancements possible through 
the addition of partially reflective layers [9]. In this 
way, efficiency and color can be tuned to better 
match the display requirements (e.g., producing 
a deeper blue). Side effects can be some color and 
luminance variation with viewing angle, although 
usually much less than often observed with LCD 
displays.

8.2.1.3  OLED AGING AND BURN-IN

As a device is driven, there is a gradual loss of per-
formance due to degradation of the functional ele-
ments of the device. This primarily manifests as an 
increase in the voltage required and a reduction in 
the light output at given current density.

Usually the only quoted lifetime figure is a lumi-
nous intensity half-life for a given current drive or 
initial brightness; however, voltage aging can be 
as important for some applications. In particular, 
even if a device has a huge half-life, the voltage 
increase can reduce the system lifetime if there is 
insufficient headroom on the supply voltage.

In all cases, it is the system life, determined by 
the driving conditions and the minimum acceptable 
display performance, which should be calculated to 
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compare potential material sets. This is particularly 
the case for RGB display systems (which form an 
image using separate red, green and blue emitting 
sub-pixels) where the luminance half-life is often 
not the most relevant figure, as it is differential 
aging (usually referred to as burn-in), both between 
the colors and between different areas of the screen, 
which is usually most apparent to the user, and can 
become apparent at very modest decreases in device 
efficiency, for example, a degradation of only 3%–5% 
[10]. Furthermore, in comparing different options of 
available materials, it is important to calculate the 
system lifetime of each complete RGB material set 
rather than taking one component in isolation. A 
common example of this is the choice of blue mate-
rial. It is typically the case that deep blue emitters 
will exhibit a shorter lifetime, at a given luminous 
intensity, than lighter blue alternatives. However, 
the proportion of red, green, and blue subpixel light 
output required to produce a target white point 
depends on the color points of each of the subpixels 
and on the desired white point. 

Table 8.1 shows three examples of RGB color 
sets and the luminous intensities these would 
require. Color set A includes a light blue and set 
B includes a deeper standard blue. Although the 
deeper blue may have a shorter nominal lifetime 
than the lighter blue, the deeper blue will not need 
to be driven as hard and, therefore, will have a lon-
ger lifetime than the headline figure might suggest. 
The color coordinates of the red and green emitters 
will also affect the result (see, for example, color set 
C, which has a deeper green). The impact of a given 
OLED lifetime on the performance of a display 
can only be properly assessed as part of a complete 
RGB color set.

A discussion of the potential causes of aging 
effects is beyond the scope of this review, and a state-
ment of “current” specifications, considering the pace 
of development, is liable to be seriously out of date 

by the time of reading. However, the reader needs 
to be aware that aging of a device depends strongly 
on drive level, duty cycle, and environmental condi-
tions (particularly temperature). Furthermore, the 
lifetime under one set of conditions cannot always 
be extrapolated reliably to another. It is, therefore, 
important to obtain the aging characteristics for the 
conditions specific to an application.

8.2.2  Display driving

8.2.2.1  PASSIVE MATRIX DISPLAYS

A passive matrix is the simplest possible matrix 
display and consists of arrays of rows and columns 
forming pixels where they intersect. One row is 
selected and all the pixels on that row are driven 
from the columns. The other rows are selected in 
turn until the entire frame has been scanned. From 
their inception OLEDs were, due to their diode 
nature, touted as ideal for the fabrication of passive 
matrix displays, with visions of huge screens for 
very low cost. Of course, life is never that simple. 
As we shall see, the size of a passive matrix display 
is limited by the peak current required for pulsed 
light emission, by current leakage and, in particu-
lar, by the effects of device capacitance.

8.2.2.1.1  Passive matrix operation
Figure 8.5 shows (1) a functional diagram of an 
OLED passive matrix and (2) the current, voltage, 
and light output of one pixel during a line scan. 
The line scan sequence (assuming current drive) is 
as follows, with the step numbers corresponding to 
the labels in Figure 8.5b:

 1. The row is selected (usually switched to ground 
while other rows are held high) and the cur-
rent, I, is driven into the column.

 2. The voltage across the device will increase lin-
early until the threshold voltage is reached. The 

Table 8.1 Required subpixel luminous intensities to achieve a Rec.709 standard white

Color set a Color set B Color set C

CIE x, y Y (cd/m²) CIE x, y Y (cd/m²) CIE x, y Y (cd/m²)

Red 0.64, 0.33 96.1 0.64, 0.33 85.1 0.64, 0.33 121.2
Green 0.30, 0.60 220.3 0.30, 0.60 286.1 0.20, 0.70 249.2
Blue 0.15, 0.15 83.6 0.15, 0.06 28.9 0.15, 0.06 29.5

Assumptions include a 100 cd/m² white average luminance, a CIE white point of 0.3127, 0.3290, and a 25% aperture 
ratio per subpixel.
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time this will take is tC = CVt/I, where C is the 
capacitance of the column and Vt the threshold 
voltage.

 3. The pixel is now emitting light and the voltage 
gradually tends toward the nominal drive level. 
The time constant for this is harder to derive as 
it depends on the specific I–V relationship of 
the device.

 4. The current supply is turned off and the voltage 
across the device rapidly drops to the threshold 
voltage, and then very gradually drops back to 
zero, assuming no other pixels are driven.

Electrically, to complete the picture, the resistive 
losses from the pixel’s row and column, plus the 
driver compliance, need to be added. Taking all 
of these into account, a simple model can be con-
structed, which, despite its simplicity, can be a pow-
erful predictor of the expected display performance.

Figure 8.6 shows results from an OLED passive 
matrix model, predicting power consumption per 
pixel versus number of rows. This is an iterative 
model based on the electrical response of an OLED 
pixel as described in Section 8.2.1.1. These results 
show that the potential dominance of capacitive 
power consumption in larger displays. With more 
rows comes more column capacitance and more 

charging cycles leading to an approximately qua-
dratic increase in capacitive losses with row count. 
Furthermore, there is the knock-on effect of an 
increased current demand causing more resistive 
losses and driver compliance losses. It is these capac-
itive losses that often limit the practical size, resolu-
tion, and/or brightness of a passive OLED display.

8.2.2.1.2  Leakage and defects
All OLED devices in a passive matrix are con-
nected to one another via the common anode and 
cathode lines. Therefore, a single pixel’s defect or 
current leakage can have an impact on the perfor-
mance of the whole display. The effects on display 
operation of current leakage (localized or over the 
display) and other display defects depend on the 
details of the specific drive scheme.

The simplest possible driver with no gray scale, 
an off-state anode clamped to 0 V and off-rows 
open circuit, is relatively unaffected by display 
defects. Pixel shorts on their own will, largely, only 
prevent the operation of that specific pixel and 
reverse leakage will, if not excessive, cause a slight 
loss of brightness of the pixel being driven (assum-
ing current drive is used). With more significant 
leakage, spatial cross talk, apparent as streaking 
along the row and column from the active pixel, 
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can become increasingly visible, although the 
acceptable threshold for this depends upon the 
application and displayed images. The opposite 
extreme might be a driver that uses methods to 
actively drive the deselected rows and columns off 
to minimize the effects of capacitance and improve 
contrast and gray scale but where a shorted pixel 
would cause all other pixels on a common row or 
column to cease functioning.

The selection of a driver for a display needs to 
be informed not only by the target application but 
also by the level and type of defects and leakage 
likely to be present in the display and the sensitiv-
ity of the specific drive scheme to such defects. A 
high-fidelity gray scale and contrast capable driver 
can only work well with a zero defect and low leak-
age display—if the display in question tends to suf-
fer from defects of any form then, in general, the 
simpler the driver the better.

8.2.2.1.3  Intensity-scale methods
There are two ways to modulate the quantity of light 
emitted by a pixel during a line scan—by changing 
the height of the current pulse (analog drive) or its 
duration (pulse width modulation [PWM]).

Driving an OLED at a lower current for a longer 
time (analog drive) might seem, on first inspection, 
the better option. A lower average drive voltage 
lowers both the direct OLED power consumption 
and the (often considerable) capacitive losses. A 
lower drive level also reduces aging. Unfortunately, 
analog gray scale can also result in poor image 
quality as described below.

PWM always has a full charge–discharge cycle 
per frame, whereas, with analog drive, the charg-
ing and discharging are always only the difference 
in drive level between pixels, resulting in another 
power advantage for analog. However, this also 
results in the initial state of the voltage on a pixel 
being dependent (for analog drive) on the state of 
the previous pixel causing potential cross talk in 
the form of vertical edge blurring.

The most serious difficulty for analog drive, 
though, is dynamic range. Human perception of 
brightness is highly nonlinear and this is accom-
modated for in displays by making the pixel light 
output proportional to the gray level raised to 
some power (referred to as a gamma), typically 2. 
A display with a modest 32 levels of brightness and 
a gamma of 2 requires a 1024:1 ratio in actual light 
output between its brightest and darkest levels. On 
top of this, there is also often a global brightness 
setting that might require a further 100:1 dynamic 
range. For an analog-driven display, this becomes 
a ~100,000:1 ratio in drive currents, which is 
extremely challenging. For a PWM-driven dis-
play, however, it is relatively simple to obtain the 
1024:1 dynamic range through the PWM pulse 
timing with a cruder setting of reference current 
for the global brightness setting. Almost all passive 
matrix OLED drivers use PWM control.

8.2.2.1.4  Capacitance charging
Pixel capacitance can cause three effects: a power 
loss, an offset in the light output to a given drive 
level and cross talk through residual capacitance. 

Diode
Driver

Cap Resistive
Total

Number of rows (multiplex ratio)
16 32 48 64 96 128

Po
w

er
 c

on
su

m
pt

io
n

pe
r p

ix
el

 (µ
W

)

C
on

tr
ib

ut
io

n 
to

 to
ta

l
po

w
er

  c
on

su
m

pt
io

n

0

50

100

150

200

250

300

350

400

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

Figure 8.6 Power consumption per pixel versus number of rows in a passive matrix display. Results are 
calculated from an analytical model.



8.2 OLED display technology 277

The power loss has been dealt with previously, the 
offset in light output is due to the time taken to 
charge the pixel up to the operating voltage, and the 
cross talk is due to the residual charge left at the end 
of a line scan (and present at the start of the next).

The simplest way to minimize the power loss is 
simply to do nothing, as corrective actions for the 
other two effects tend to increase power consump-
tion. However, for some displays the cross talk, in 
particular, can cause problems, and in this case 
some form of precharge and discharge is often used.

Pixel precharging is typically implemented by 
applying a voltage to the pixel column, prior to 
the current drive signal, which charges the pixel 
to a set voltage. This injects current more rapidly 
than the current drive would be able to and thus 
keeps the charge-up “dead” time to a minimum. 
Pixel discharging ensures that the voltage is rap-
idly reduced at the end of the PWM pulse.

Using precharge and discharge can substan-
tially improve the visual performance of a display. 
Unfortunately, it can also substantially increase 
power consumption. It might be possible to use 
charge recycling methods, such as are used with 
LCD displays, to reduce the power consumption 
of an OLED passive matrix. The limiting factor in 
this case is the anode [typically indium tin oxide 
(ITO)] resistance. If Q is the charge, R is the anode 
resistance, and t is the time that is available to 
recover the charge, then resistive energy loss dur-
ing recovery is Q2R/t. This means that, although 
such recycling could help reduce power consump-
tion, in large high-resolution displays, where 
capacitive losses are greatest, there is also the high-
est anode series resistance and least time in which 
to recover charge. The benefit of charge recycling 
would be limited unless thicker ITO or anode bus 
bars were used to reduce the series resistance.

8.2.2.1.5  Multiplex control
There are a number of controller enhancements 
that can be achieved through multiplex control 
and all take advantage of the graph in Figure 8.6—
the lower the multiplex rate (the number of rows 
over which the column drive is shared), the lower 
the power consumption.

The simplest method of making a display more 
efficient involves splitting the columns across the 
center of the display and driving them from top 
and bottom, in essence splitting the display into 
two passive matrices. This comes at the cost of an 

increased component count (double the column 
drivers, although they need handle less than half 
the power) and possible lower yield (double the col-
umn connections to make). Nevertheless, this is a 
valuable method in achieving larger displays, dou-
bling the row count being practically achievable.

Selective scanning modes, reducing the multi-
plex rate by driving only a subset of the rows, can 
also prove to have substantial benefits. This could 
be a fixed display mode, for example, only driving 
the central quarter of a display, or dynamically 
skipping blank rows.

Multiline addressing schemes have in the past 
provided large improvements to the performance 
of passive matrix LCD screens and some attempts 
[11,12] have been made to achieve the same in 
OLED. Unfortunately, both the algorithms and 
drive schemes required to implement multiline 
addressing are complex, and they were largely 
overtaken by the adoption of active matrix back-
planes for OLED displays.

8.2.2.2  ACTIVE MATRIX DISPLAYS

From the above, it is clear that OLED passive 
matrices, while capable of providing high-quality 
image reproduction for small display formats, are 
unsuitable for expansion to larger display formats. 
The solution to this is to form an active matrix of 
simple per-pixel thin-film transistor (TFT) drive 
circuits patterned onto the display glass, build-
ing on the active matrix technology developed for 
LCDs. However, as with passive matrices, there are 
particular factors that need to be considered when 
applying active matrix technologies to OLEDs, 
the primary ones being TFT carrier mobility, TFT 
threshold voltage nonuniformities, and OLED 
nonuniformities. The first of these restricts our 
choice of TFT technology, and the other two lead 
us to prefer current-programmed drive circuits 
over voltage-programmed despite their greater 
complexity.

Table 8.2 shows typical carrier mobility for the 
various TFT technologies available, along with 
crystalline silicon for reference. Figure 8.7 shows 
the driver channel width requirements of a transis-
tor to control a current through an OLED pixel to 
achieve a 300 cd m−2 display luminance assuming 
typical device dimensions and OLED efficiencies. 
The >100 μm driver channel width requirement 
of amorphous silicon (a-Si) is significant when 
compared to the 300 μm pixel pitch. This does 
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not rule a-Si out as a potential TFT technology; 
however, it certainly makes the case borderline. 
Low-temperature polysilicon (LTPS) and its vari-
ants [e.g., continuous grain silicon (CGS)] are the 
favored current production technology but the 
processing required is complex and expensive. 

Possibly the most promising TFT technologies are 
the relatively new, transparent oxides, for example, 
indium–gallium–zinc oxide (IGZO) [13]. These 
seem to offer the simplicity of a-Si with a perfor-
mance approaching that of LTPS.

TFT threshold voltage variation is an issue 
with most TFT types. Polycrystalline devices (e.g., 
LTPS) often have grain boundary variations from 
device to device, whereas amorphous devices (e.g., 
a-Si) typically show threshold voltage shifts with 
age. Such variations can, if not compensated for, 
cause significant brightness nonuniformities in a 
display. Of course, variations in the OLED pixel 
response can also cause nonuniformities that, 
although not dependent upon the TFT technology 
directly, is dependent upon the design and opera-
tion of the pixel circuit, which in turn is limited by 
the choice of TFT technology.

There are a number of circuit types (and a great 
many variations thereof) that can be used to drive 
an OLED pixel, and these are covered in the fol-
lowing sections. However, there is one other design 
factor important to the operation of an active 
matrix display and this is the choice of top or bot-
tom emitting structure.
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Table 8.2 Mobilities of available transistor technologies

tFt technology Majority carrier mobility (cm2 V−1 s−1)

a-Si (amorphous Silicon) ≤1
Oxide TFT (e.g., IGZO) 10–40
LTPS (low-temperature polysilicon) 30–150
CGS (continuous grain silicon) 300–500
Bulk silicon ~1000
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Figure 8.8 Cross sections of bottom emitting and top emitting devices.
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The standard OLED structure uses a transpar-
ent anode (e.g., ITO) and reflective metallic cathode 
(see Figure 8.8a). This means that the device must 
emit light through the substrate and therefore, as 
with LCDs, the pixel area must be shared between 
the pixel circuitry and emitting area. However, 
there is another option that uses a metallic anode 
and thin transparent cathode, typically referred 
to as a top emitter (see Figure 8.8b). The resulting 
increase in aperture ratio (the ratio of the emitting 
area to the total pixel area) gives a boost to display 
lifetime as a lower current density in the OLED 
device suffices for a given brightness and can also 
increase efficiency primarily by allowing larger 
TFT areas (less TFT voltage drop). These advan-
tages are offset by significant disadvantages: the 
encapsulation must both be transparent and pos-
sess better barrier properties than in the standard 
case as the thin, highly reactive, electron injector is 
no longer protected by a thick metal layer.

8.2.2.2.1  Voltage programming
Figure 8.9a shows a schematic of a typical active 
matrix OLED (AMOLED) display panel with 
Figure 8.9b showing the simplest OLED pixel 

drive circuit. With an LCD all that is required is 
a method to fix a voltage over a capacitor, so the 
only transistor required is a select device acting as 
a switch to connect the cell to the data line when 
the row on which the pixel resides is addressed. In 
the case of an OLED, a drive transistor is needed 
through which current can be controlled, thus the 
simplest circuit uses a select TFT to set a gate volt-
age on a drive transistor, and the gate voltage is 
set to produce the required luminous output [14]. 
However, the current controlled through the drive 
transistor is dependent not only on the gate voltage 
but also on all the TFT characteristics including, in 
particular, the threshold voltage.

The alternative way of driving the two-TFT 
cell is to turn on the transistor hard and use dis-
play subframes to achieve gray scale. This method 
does work well; however, it is essentially a voltage-
driven method and so suffers from sensitivity to 
OLED variations and accelerated aging (compared 
to current drive), as discussed in Section 8.2.1.2.

Attempts have been made to compensate for 
variation in TFT threshold voltage; one such [15] 
can be seen in Figure 8.9c. During the line scan, the 
select transistor is first activated and 0 V applied to 
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the data line. TFT 3 is closed, which discharges the 
charge on the gate of the drive TFT, bringing its 
voltage down to threshold so that when TFT 3 is 
subsequently opened the threshold voltage is held 
at the drive TFT gate. The signal applied on the 
data line will now produce a voltage at the drive 
TFT gate offset by the threshold voltage. The select 
transistor is deactivated holding the drive level and 
TFT 4 is closed allowing current to flow through 
the OLED. Although it compensates for threshold 
voltage changes, this circuit still depends on the 
uniformity of the other parameters of the drive 
TFT, as well as requiring two TFTs that can handle 
the full drive current and two extra control lines. 
Both of the above circuits also suffer, when ana-
log driven, from the highly nonlinear relationship 
between gate voltage and drive current.

8.2.2.2.2  Current programming
All current drive schemes have the advantages of 
linearity and relative insensitivity to transistor and 
OLED variations. Two general methods are pos-
sible in principle—the setting of OLED current 
directly or indirectly through a current mirror.

Figure 8.10a shows a typical example of the 
first of these circuits of which there are many 
variations [16,17]. At the start of the addressing 
period, the deselect TFT is opened and the select 
TFTs are closed, diverting the output from the 
drive TFT to the data line. The display control-
ler sinks a current through the data line and any 
mismatch between this current and that supplied 
by the drive TFT will modify the charge on the 

capacitor until the currents are balanced. At the 
end of the addressing period, the select TFTs are 
opened and the deselect TFT is closed, holding 
the charge on the capacitor and redirecting the 
drive current to the OLED. This pixel circuit has 
excellent uniformity and extremely good linear-
ity resulting in a high fidelity of gray scale. Its pri-
mary disadvantage is that it requires three TFTs 
that must be capable of handling the full drive 
current as well as needing two complementary 
control lines.

Figure 8.10b shows the current mirror circuit 
that was used in an early 13-in. OLED demonstra-
tor [18]. The operation of this circuit relies upon 
an amplifying current mirror. The relationship 
between the geometries of the drive and mir-
ror TFTs results in a scaling factor between their 
drain-source currents when a common voltage is 
applied to the gate. This relationship can only work 
when other TFT parameters are sufficiently simi-
lar between the two devices. However, this is the 
case when the TFTs have similar layouts and are 
in close proximity. During the addressing period, 
the erase TFT is initially closed to clear the charge 
on the capacitor. The scan TFT is then closed, a 
current is sunk through the data line and the volt-
age on the common gate capacitor adjusts so that 
the mirror TFT supplies this current. The erase 
and scan TFTs are then opened and the voltage is 
held on the gate, producing a scaled current in the 
drive TFT. This circuit possesses the advantages of 
the previous circuit without the problems of two 
control lines or three large TFTs. Use of either of 
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these pixel cells can produce displays with excel-
lent uniformity and a high fidelity of gray-scale 
reproduction.

The circuits shown and described above are 
examples of the most common approaches taken 
when designing OLED drive circuits. Further 
subtleties in the design of the circuitry and drive 
scheme, not discussed here, can relate to the par-
ticular choice of TFT technology, OLED devices or 
the specific requirements of the display design, for 
example, to reduce the effects of burn-in and pixel 
aging [19].

8.2.3  Display performance

This section is inevitably much briefer than it could 
be as this is a very big subject. The key display per-
formance metrics will be discussed in the context of 
AMOLED displays, as passive matrix (PMOLED) 
displays are typically now only used in applica-
tions where high performance is not an issue. For 
more information, see the further reading section 
at the end, in particular, the Displaymate website, 
which has some excellent analyzes of the perfor-
mance of different display technologies.

8.2.3.1  STATIC IMAGE PERFORMANCE

There are six properties that determine how well a 
static image is reproduced on a display:

Luminance is the maximum brightness, which 
a display can produce. With an emissive display 
(including OLED) there will always be a trade-
off with lifetime, and with any display a trade-off 
with power consumption. As a headline figure, it 
can also often be misleading—a display with twice 
the luminance does not appear twice as bright. A 
useful approximation is that perceived brightness 
varies as the cube root of luminance, so twice the 
luminance means only 25% more perceived bright-
ness. LCDs can often have a much higher lumi-
nance than an equivalent OLED panel, although 
these days this is often just a design decision (see 
black level) rather than a limitation.

Black level determines the contrast of the dis-
play. What makes OLEDs stand out is that, under 
dark conditions, a black pixel has a near zero 
luminance, even if nearby pixels are on full white. 
Contrast is the white-to-black luminance ratio 
and has a very strong impact on perceived image 
quality. A high contrast makes the image appear 
brighter and more colorful. A really high contrast, 

that is, a truly black background on a display, 
removes the gray rectangle we are used to watch-
ing images within and makes some scenes look 
much more realistic. The contrast often quoted 
with displays is the “dynamic contrast,” which is 
the ratio of an all-white screen luminance to an 
all-black screen, which can be >100,000:1 for an 
LED backlit LCD display. This has little relevance 
to actual performance. Static contrast, that is, the 
white-to-black ratio of patches shown simultane-
ously, is what really matters. For a good LCD, this 
is often around 1000:1 and for OLED displays, this 
is usually quoted as around 1,000,000:1 [20].

The color gamut, that is the range of color, which 
can be reproduced, is determined by the display’s 
RGB color primaries. There is little need to repro-
duce colors beyond what can be described in the 
image or video format; however, there is also little 
harm so long as the color reproduction is managed 
properly. OLEDs have gained somewhat of a repu-
tation for artificially saturated color reproduction, 
but in reality this is a function of the image pro-
cessing rather than the OLED pixels. Both LCD 
and OLED displays can be made with virtually 
perfect color primaries and most good screens have 
accurate color modes, although it is also true that 
some users, and some markets, seem to prefer dis-
plays with unnatural supersaturated colors (much 
to the despair of displays experts). It also may be the 
case that, historically, products with OLED displays 
were set up to stand out from competing LCD-
based devices. Both superaccurate and supersatu-
rated colors are possible with both OLED and LCD.

Gray-scale reproduction determines how well 
all of the colors between black, white, and the RGB 
primaries are reproduced. Displays can have a per-
fect color gamut but still fail to achieve good image 
reproduction because they have poor gray-scale 
control. LCD devices are often highly nonlinear, 
requiring careful image processing and signal con-
trol to achieve good gray-scale control. OLEDs, in 
contrast, are fundamentally linear devices, and so 
very accurate gray-scale control should always be 
achievable with a suitable drive scheme.

Resolution is the one area where LCD has an 
advantage. An active matrix LCD requires just one 
transistor per pixel, whereas an AMOLED needs 
at least two, and often four, per pixel. A 1080p 
(1920 × 1080 pixel) display would need 6.2 million 
transistors if it were an LCD, but possibly 25 million 
if it were an OLED. This is not a fundamental issue, 
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but does make the fabrication of OLED backplanes 
much more challenging, and means that some high-
resolution OLED screens must have a top emitting 
structure so that the transistors sit under the OLED 
allowing both to use the full pixel area.

Viewing angle has always been quoted as an 
OLED advantage, and indeed OLED displays can 
be viewed from any angle with minimal color or 
luminance changes. Modern LCD screens can, 
however, have wide viewing angles if the appli-
cation requires it (although this may be at the 
expense of other attributes) and indeed only emit-
ting light in a restricted viewing range can offer a 
power consumption saving. 

8.2.3.2  DYNAMIC PERFORMANCE AND 3D

OLED pixels can switch extremely fast. 
Phosphorescent pixels do switch more slowly 
than fluorescent pixels, but still in microseconds. 
Therefore, any motion artifacts are most likely to 
be due to the driving scheme, and in particular the 
screen refresh rate, than anything fundamental to 
an OLED.

Active matrix displays are hold-type displays—
they hold an image static on the screen for a frame 
before changing it on the next frame (typically on 
a rolling basis taking up to a frame time to update 
the image). If an eye tracks an object moving across 
a screen, the image of the object will be held, for 
the frame time, at a sequence of positions; this will 
cause a blurring or a judder of the moving image, 
as is shown in Figure 8.11a. It would be possible 
to hold the image for a shorter time to reduce this 
effect (Figure 8.11b), but that would either reduce 
the display luminance or, if the luminance were 
increased to compensate, reduce the display life. 
The better option is to use a higher refresh rate and 
indeed many modern TVs have refresh rates of 120 
or 240 Hz (Figure 8.11c). For this to work, the data 
source needs to have high frame rate data or, more 
commonly at present, intermediate frames need to 
be interpolated. LCD screens are often sold with 
120 or 240 Hz refresh rates with the same goal of 
reducing motion artifacts, but the LCD response 
time will still blur the tracked image more than in 
the OLED case (Figure 8.11d).
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Figure 8.11 Motion artifacts on hold-type active matrix displays. Each figure shows the displayed 
position of an object (thick black line) for a number of frames relative to the display and to the 
path an observer follows as they track an object across the screen, and the blur length this pro-
duces. (a) Shows a standard frame rate display with a full-frame position hold, (b) shows a standard 
rate with a half-frame hold, (c) shows a double standard rate display, and (d) shows the case when 
the display pixels have a long response time.
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The switching time of a display is especially 
important for time multiplexed 3D. Here a user 
wears a special pair of glasses, which have elec-
tronic shutters in front of each eye synchronized 
to a screen showing alternating left-eye and right-
eye images (with blanking frames inserted to deal 
with the switching time of the glasses and the roll-
ing update of the screen). If the screen is at all slow 
to react in switching between images, there will be 
bleed (cross-talk) between the left-eye and right-eye 
views, which can cause significant eye strain in the 
viewer. This is not an issue with an OLED display, 
and indeed current Samsung OLED TVs, for exam-
ple, the Samsung KN55S9, are able to display two 
completely separate video streams and synchronize 
these to two pairs of shutter glasses so two people 
can watch separate TV content simultaneously on 
the same set with no discernible cross talk.

8.2.3.3  SYSTEM PERFORMANCE

There are a number of other significant performance 
factors not covered by the above two categories:

Power consumption is determined by the display 
specification and by the performances of the optical 
display structure, the OLED, and the backplane. The 
typical current consumption will be the peak luminous 
intensity times the average relative luminance content 
of a typical image and the display area, divided by the 
efficiency of the optical stack and the cd/A efficiency of 
the OLED pixels themselves. The voltage over which 
this current needs to be supplied is the sum of the 
(worst case) voltages across the OLED, the drive TFT, 
the panel supply tracks, and any overheads needed, e.g., 
temperature variations and aging. Broadly speaking, 
the OLED is responsible for the current and some of 
the voltage drop and the backplane (TFT and track-
ing) for the rest of the voltage, so to get a low-power 
consumption it is essential to manage both. The power 
also depends strongly on image content: power con-
sumption will be lower for user interfaces with a dark 
background.

At the time of writing, it would seem that for typi-
cal images OLED screens on mobile devices consume 
somewhat more power than an alternative LED back-
lit LCD, although the figures are comparable and any 
detailed comparison is masked by a large number of 
design decisions and trade-offs, which differ between 
the two technologies. Of course, this is a rapidly 
changing field for both LCD and OLED so the situ-
ation will certainly change in future. For TVs, there 
are too few OLED devices so far to make much of a 

comparison, although it is clear that both OLEDs and 
LCDs consume much less power per unit area than 
plasma or cathode ray tube (CRT) screens did.

Lifetime and burn-in are of course two areas of 
performance, which have been the focus of much 
attention. Although lifetime has been, historically, 
the most discussed, it is really burn-in, which is 
the issue. Due to eye adaptation, a uniform drop 
in luminance, unless very large, is hardly noticed 
under normal viewing conditions. What hurts is 
differential aging between two areas of the screen 
leaving the negative of the average viewed content 
superimposed over the content being observed, 
typically referred to as burn-in or image stick-
ing. Compared to the typical 50% half-life fig-
ures quoted, as little as a 2%–3% burn-in [10,21] 
is perceptible to a user. Therefore, OLED displays 
not only need long lives, they also need to ensure 
that this first few percentage drop does not happen 
quickly. This will typically be achieved through 
both improved intrinsic performance and drive 
schemes, which correct for OLED aging (see, e.g., 
Reference [19]).

OLEDs seem to perform (in terms of life-
time and burn-in) well enough for at least mobile 
screens. These devices typically have a short prod-
uct life (are replaced frequently) but are also used 
intensively with repeated fixed graphics (e.g., the 
“home” screen of the device). While burn-in has 
been observed with some OLED smartphones, it 
does not seem to be a significant problem, whether 
through OLED performance or good screen man-
agement or both.

Transient effects are related to burn-in. Aging 
and burn-in are long-term permanent effects, but 
some OLED material systems also exhibit short-
term effects, which can have a similar appearance, 
but from which an OLED will recover. For exam-
ple, it could be observed on the first commercial 
AMOLED screen, on the Kodak LS633 camera, 
that the white icons could appear inverted over 
a bright scene, but this apparent burn-in would 
fade over a few seconds. These effects were most 
likely due to charge trapping in a device and seem 
to be much less apparent in more recent material 
systems.

8.3  DISPLAY FABRICATION

This section describes the structure of an OLED 
display and the key aspects of the components and 
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fabrication process. The discussion will be kept as 
generic as possible, with the different fabrication 
options, e.g., OLED vapor vs. solution deposition, 
brought out in the relevant subsection. The only 
construction option that needs to be brought out 
at the start is the choice between active and pas-
sive matrix addressing as this has an impact on 
the overall structure. The layers that constitute an 
OLED display will be discussed in the order they 
would be encountered in a fabrication process, i.e., 
from the substrate up, and grouped as layers prior 
to OLED deposition (the substrate stack: substrate, 
backplane, and anode), the organic layers them-
selves, and finally the cathode and encapsulation.

8.3.1  Substrate stack

8.3.1.1  SUBSTRATE

Glass is the obvious choice of substrate, being used 
in all established display technologies from liquid 
crystal to CRT. Its stiffness and dimensional stabil-
ity make it straightforward to handle through the 
manufacturing process, and it can easily handle 
the required process temperatures. (For the high-
est conductivity, ITO requires processing above 
400°C, which is too hot for many plastic substrates.)

Glass is essentially SiO2 with other materials 
added to reduce its melting point while ensuring 
that it remains amorphous (does not crystallize). 
There are very many different kinds of glass, but, 
for the relatively straightforward requirements of 
display substrates, the main contenders are stan-
dard soda lime and borosilicate glass. Soda lime 
is usually used because it is the cheapest but in 
displays it typically has a layer of SiO2 deposited 
on its surface to prevent out-diffusion of sodium. 
Borosilicate has a higher melting point, does not 
have an out-diffusion problem and is tougher, 
particularly against thermal shock. The choice of 
which to use is usually determined by the pro-
cessing temperature requirements; for example, 
an LTPS backplane would require the use of 
borosilicate. The main disadvantages of glass in 
general are brittleness (displays have a tendency 
to break when dropped), weight, and lack of 
flexibility.

Plastic becomes a possibility due to the inherent 
flexibility of OLEDs (if not necessarily the other 
display components). Plastics present a difficult 

challenge for liquid crystal-based devices because 
of the need to accurately maintain the thickness of 
the liquid crystal film. The sensitivity to changes 
in this liquid-layer thickness can easily be seen by 
gently pressing on an LCD. Organic light emit-
ters, being entirely solid, do not suffer from this 
problem.

The two main requirements on a flexible sub-
strate are to withstand the processing temperature 
(backplane and electrodes) and offer a sufficiently 
good diffusion barrier to oxygen and water. No 
plastic material can meet the barrier require-
ments on its own. This is well known in the food 
packaging industry, where the shelf-life of plastic-
wrapped products (e.g., potato crisps/chips) can be 
significantly increased by using a metallized plas-
tic bag. Organic displays are incredibly moisture 
sensitive and also require the barrier coating to 
be transparent. Suitable barrier-layer technology 
is being developed, but devices with lifetime close 
to those on glass have not yet been demonstrated. 
Single-layer barrier coatings of transparent materi-
als, such as silicon dioxide, that are thin enough to 
be flexible, tend to suffer from pinhole defects, so 
the general principle is to apply a multilayer stack 
of alternating barrier layers and plastic layers [22]. 
Care has to be taken to ensure low stress in the fin-
ished structure.

It should also be noted that, even without the 
cost of barrier layers, the high-quality plastic mate-
rials required for displays (typically polyethylene 
terephthalate [PET] or polyethylene naphthalate 
[PEN]) are more expensive than glass, although 
that higher material cost may be compensated by 
lower handling costs.

8.3.1.2  BACKPLANE

The practice of making LCDs with a simple elec-
tronic drive circuit at each pixel is well estab-
lished. The pixel drive circuits are usually made 
from TFTs of amorphous or polysilicon. a-Si has 
good enough performance for most LCD displays 
(charge carrier mobility up to 1 cm2 V−1 s−1) and 
can be deposited at low temperature (300°C). 
Higher performance TFTs can be made by crys-
tallizing the a-Si, but this requires a temperature 
of ~600°C, beyond the capability of typical display 
substrates. Instead localized processes have been 
developed, for example, using lasers to heat only 
the top layer of silicon to the required temperature 
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to produce so-called LTPS, which can be formed 
on borosilicate display glass giving a huge boost to 
performance (40–120 cm2 V−1 s−1). OLED displays 
have more stringent carrier mobility requirements 
(see Section 8.2.2.2) and at present LTPS is the 
most common active matrix backplane material 
for OLED displays, but it is expensive, can suffer 
from nonuniformities, and is difficult to scale. In 
2004, a new backplane option based on transpar-
ent oxides was reported [23]. The performance 
of oxides, particularly IGZO, looks increasingly 
promising for OLED display fabrication [24] and 
has the advantage of a very similar process flow 
to a-Si.

8.3.1.3  ANODE

For displays emitting through the substrate, the 
most obvious requirements of the anode layer 
are sufficient transparency and conductivity. 
Inevitably, for a layer of a given material, there is a 
trade-off between these two properties controlled 
by the layer thickness, thicker layers being more 
conductive but less transparent. For a material 
with resistivity ρ (Ω cm) and optical absorption 
coefficient α (cm−1), a layer of thickness t has a sheet 
resistance ρ/t and optical transmission e−αt. An 
appropriate figure of merit for the material, indi-
cating its suitability as a transparent conductor, is, 
therefore, the product ρα, the sheet resistance of a 
layer, which would transmit 1/e of the light. There 
are other important criteria for anode materials. 
It must be possible to pattern the material, usu-
ally with a wet chemical etch. The anode material 
must also be sufficiently smooth. A localized mate-
rial spike of height comparable to the thickness of 
the organic layer will make it thinner, producing a 
large local electric field across the layer, and hence 
increased current and accelerated degradation. 
This may lead to a black spot in the display or even 
a short circuit. There has also been concern that 
the anode material can act as a diffusion source 
of species that might degrade the device perfor-
mance with time. The conductive metal oxides can 
be thought of as highly doped semiconductors—
self-doped due to crystal defects partially caused 
by nonstoichiometry. The species in excess (e.g., 
indium in ITO) can diffuse out and interact with 
the organic layers.

Although the work function of the anode mate-
rial might be thought to be an important property, 

this is not critical when a highly doped conduc-
tive polymer such as polyethylenedioxythiophene 
(PEDOT)/polystyrenesulphonic acid (PSS) (see 
Section 8.3.2.2) is in contact with the anode. As 
both anode and highly doped polymer exhibit 
metallic conduction, there is a negligible barrier to 
charge flow regardless of work function.

ITO is almost universally used as the anode. 
It can achieve resistivity of 1.6 × 10−4 Ω cm and 
α ~ 104 cm−1, although it does need annealing at 
400°C to reach this. Where ITO is not the pri-
mary conductor, for example, in an active matrix 
backplane with a metal track process, the full tem-
perature anneal may not be required. ITO can be 
etched in concentrated hydrochloric acid.

Other candidates for the anode material include 
zinc oxide and tin oxide. For a thorough review of 
transparent conductors, see Hartnagel et al. (1995) 
in the further reading list.

8.3.1.4  SUBSTRATE STACK PREPARATION

For a passive matrix display, the display manufac-
turer generally buys glass sheets, already uniformly 
coated with ITO. The desired pattern is imparted 
to the ITO layer using standard lithographic 
techniques involving a wet chemical etch. For an 
active matrix display, the process and patterning 
steps will depend on the technology used and are 
beyond the scope of this chapter, but the result—an 
array of anodes to be coated with the OLED layers 
and a cathode—is essentially the same.

To avoid short circuits between anode and cath-
ode, it is vital that the organic layers are continu-
ous. However, with organic layers typically less 
than 100 nm thick, it does not take a large piece 
of contaminant material to break the continuity of 
the layer. This means that to make a display with 
reasonable yield very thorough cleanliness must be 
maintained throughout the process. The cleaning 
of the substrate is therefore a critical process. This 
is typically done by a combination of mechanical 
agitation (brushing, ultrasonic, and megasonic) 
in a series of liquids (water with detergent and 
then organic solvents). The final step in substrate 
preparation is an oxidizing surface treatment. This 
can be carried out either by oxygen plasma or by 
UV–ozone treatment. It has the combined effect of 
removing any residual organic contamination (e.g., 
photoresist) and changing the surface energy of the 
ITO so that the first organic layer easily wets it.
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8.3.2  Organic layers

8.3.2.1  VAPOR PHASE DEPOSITION

Thermal evaporation in a high vacuum is the stan-
dard method of depositing all small-molecule 
organic layers. It is a well-established and reason-
ably straightforward process and has the benefit of 
also being a purification process (most contami-
nation will evaporate at a different temperature). 
Unfortunately, as OLED materials are not read-
ily compatible with patterning after deposition 
the only way to pattern these organic layers is to 
do the deposition through a metal shadow mask 
held very close to the substrate. Shadow masking 
is adequate for simple low-resolution displays but 
becomes increasingly difficult as the substrate size 
increases and the pixel size diminishes. Examples 
of the types of difficulties include shadow mask 
thermal expansion during processing or OLED 
deposition on the mask causing aperture clogging 
and mask distortion. For example, a 4.5″ diagonal 
HD mobile display (1920 pixels wide) has subpixels 
16 μm across and might require a position toler-
ance of 4 μm. If the shadow mask is made of steel 
(thermal expansion coefficient of 13 × 10−6/°C), 
then the mask temperature would need to stay 
within 3°C to keep that position tolerance.

Despite this, shadow masking is used in vol-
ume production. To avoid the problems of shadow 
masking, an alternative, originally pioneered by 
Kodak and then LG, is to deposit a white emitting 
stack and then use color filters to obtain red, green, 
and blue subpixels in addition to an unfiltered 
white subpixel.

8.3.2.2  SOLUTION PROCESSING

Solution processing has been used for fabricating 
some commercial displays, but so far this has been 
used only for simple spin-coated monochrome 
devices and has largely, if not entirely, been sup-
planted by vacuum deposition. There is, how-
ever, substantial activity in developing printing 
techniques for producing large area RGB OLED 
screens, driven by the difficulties of yielding 
shadow-masked vacuum-processed screens on a 
large scale. Traditionally, solution processing has 
been used for polymer OLED materials only but 
there is now active development of soluble small 
molecule materials systems [25]. The rest of this 
section will discuss polymer solution processing; 

however, much of it should be relevant to suitable 
small molecule material systems. Throughout this 
section, the term ink will be used to describe the 
solution of the organic layer in a solvent.

Spin coating is possibly the simplest way of form-
ing an OLED device. The simplest polymer devices 
can use only two layers. The first, known as the hole 
conduction layer, is usually PEDOT and PSS, with a 
large excess of PSS [26], in an aqueous ink. It is spin 
coated to give a layer typically 70 nm thick and then 
baked to speed up the drying process. 

The second layer is the emissive polymer, which 
is spun from an organic solvent, usually toluene or 
xylene. To achieve uniform appearance over the 
area of a display, the light emitting polymerlayer 
must be of uniform thickness, typically 70 ± 5 nm. 
To achieve this level of uniformity on large sub-
strates, a multistage spin coating process (multiple 
speeds and times) is used. As well as simplicity, spin 
coating also has the advantage that the action of 
spinning the ink over the substrate and throwing 
off the excess also tends to clear off some remaining 
contaminants. Its disadvantages are the high mate-
rial wastage (spun-off ink is not recoverable) and no 
patterning ability. 

Inkjet printing is the most promising method 
for manufacturing multicolor polymer displays 
[27]. As explained later, there are tighter con-
straints on properties of the polymer solution than 
for spin coating and typically two or more solvents 
are used to make a polymer ink. An inkjet print 
head is essentially an ink-filled reservoir connected 
to a small nozzle. In equilibrium, the ink does not 
flow out of the nozzle due to a combination of sur-
face tension forces and the reduced pressure in the 
head resulting from having the main ink supply 
below the head. To print, a pulsed pressure wave 
is generated insider the reservoir, typically using 
a piezoelectric actuator, and this causes a drop of 
ink to be ejected from the nozzle and propelled 
toward the substrate. For this process to work well 
in a given design of inkjet head, the surface tension 
and particularly the viscosity of the ink must lie 
within narrow limits. As the total mass of polymer 
ejected in the drop will determine the final film 
thickness, the concentration of the ink is fixed by 
the drop volume, the pixel area and the number 
of drops printed per well. These combined con-
straints make developing good inks a complex pro-
cess. There is a further complication relating to the 
requirement that, within each pixel, the polymer 
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film must be flat over a good proportion of its total 
area. Generally, when drops of solution are allowed 
to dry on a surface, the resulting film is not flat. 
This is commonly seen when spilt coffee is allowed 
to dry leaving a dark perimeter, and the result is 
often referred to as the “coffee ring effect.” The 
actual profile produced depends on a number of 
effects, namely the solvent evaporation rate across 
the drop surface, the speed of liquid flow within 
the drop, and the speed of solute diffusion in the 
solvent. As a rule of thumb, low-boiling point sol-
vents tend to give a peak at the edge and high-boil-
ing point solvents give a peak in the middle. This 
means that a sufficiently flat film usually requires a 
blend of two appropriate solvents. Cross sections of 
polymer pixels are shown in Figure 8.12.

8.3.2.2.1  Other printing techniques
Various other printing techniques, including 
(among many others) Laser Induced Thermal 

Imaging (LITI) [28], Slot Coating [29], Gravure 
printing [30], and Nozzle coating [31], have been 
proposed and demonstrated for patterning the 
organic layers in a display. Each has shown some 
promise but each has also its own, often unique, 
demands on OLED ink properties. At the time of 
writing, inkjet printing remains the main con-
centration of both materials and process develop-
ment for solution-processed patterning of OLED 
displays.

8.3.3  Cathode and encapsulation

8.3.3.1  CATHODE

8.3.3.1.1  Cathode materials
There are, broadly, two approaches to injecting 
electrons into an OLED device. A cathode metal 
can be chosen with a work function suitable for 
direct injection of electrons into the organic layer, 
or a highly doped organic layer can be used between 
the cathode and the organic layer. In either case it 
is desirable to ensure that all OLED devices in a 
display can use a common cathode structure to 
avoid the need for cathode patterning. 

The energy level of electrons injected into an 
organic semiconductor is known as the LUMO 
(lowest unoccupied molecular orbital) and is 
equivalent to the conduction band of a regular 
semiconductor. The work function (the energy 
required for an electron to escape from this level 
into a vacuum) is typically relatively low (2–3 eV). 
Metals that have a similarly low work function are 
typically the group I and II metals, such as calcium 
(2.9 eV), barium (2.7 eV), and lithium (2.9 eV). 
These would usually be deposited as a very thin 
layer, just thick enough to ensure a continuous 
film (~5 nm), and then coated over with, e.g., alu-
minum, both for protection and to provide more 
conduction. The protection is required because a 
low work function also means that these metals are 
very reactive precisely because it is easy for a reac-
tant (e.g., oxygen or water) to liberate an electron 
causing the metal to oxidize.

Improved device performance has been 
reported for both small molecules and polymers, 
using an interface layer of lithium fluoride (or other 
group-one fluorides) between the organic layer and 
the cathode metal. These materials are insulators 
in the bulk but act to enhance electron injection 
when less than a critical thickness (around 10 nm). 
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Figure 8.12 Cross sections of inkjet printed 
polymer films from a range of different solvent 
blends. Height measurements were taken using 
a white light interference scan. Solvent blends 
were (a) 90:10, (b) 70:30, and (c) 50:50 (low boiling 
point:high boiling point). In this case, the 50:50 
blend gives the flattest film.
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The mechanism of this improvement is not fully 
understood but probably relates to interaction with 
both the organic layer and the cathode metal [32].

A more recent alternative to highly reactive 
metal cathodes is to use a highly doped organic 
layer [33]. This can be done just on the cathode side 
or can be used to construct a complete PIN diode 
structure (P-type doped at the anode, Intrinsic 
(undoped) in the middle, and N-type doped at the 
cathode). For this to work well, other layers are 
often required, such as selective carrier blocking 
layers, and indeed some designs of vacuum depos-
ited small molecule devices can have 15 or more 
layers where the doped layers are used to stack 
multiple OLED devices in series often to use mul-
tiple emitters to obtain white-light emission (see, 
e.g., Reference [34]).

8.3.3.1.2  Additional metallization
In many display designs, additional metal track-
ing is needed to reduce the lateral resistance of the 
transparent anode. Without this, pixels a long way 
from the edge would experience a large voltage 
drop. This metal can be deposited and patterned 
using conventional semiconductor processing 
methods. It is usual to use aluminum with an 
adhesion layer of chrome.

8.3.3.1.3  Processing
The standard means of providing a metallic cath-
ode contact is thermal evaporation in high vac-
uum, using a separate metal shadow mask in close 
contact with the display plate to define separate 
connections to each row of pixels in the display. 
OLED materials are sensitive and it has been found 
that the simplest method of depositing metal with-
out damaging the polymer is thermal evaporation 
with a low evaporation rate. If other techniques are 
used, such as electron beam evaporation or sput-
tering, great care must be taken to prevent expo-
sure of the organic layers to high-energy particles 
(electrons or ions). The injection of electrons into 
the OLED structure depends on contact with a 
low-work function electrode, for example, calcium 
or barium. However, the low work function means 
that these materials are inevitably highly reac-
tive. It is usual, therefore, to evaporate the mini-
mum thickness of the primary electrode material 
required to guarantee a continuous film and then 
provide a backing layer of a less reactive metal, 
such as aluminum or silver. The backing metal acts 

as a diffusion barrier and provides a low resistance 
to lateral current flow.

8.3.3.2  ENCAPSULATION AND FINISHING

The active layers in a display require encapsulation 
to provide both mechanical and chemical protec-
tion. Providing mechanical protection is straight-
forward, but to chemically protect the OLED 
device from reacting with atmospheric oxygen and 
moisture is extremely challenging. The typically 
quoted requirement is for a water vapor transmis-
sion rate below 10−6 g/m2/day [22].

The standard solution is to attach a metal or 
glass “can” over the active display, using a UV-cure 
resin seal around the perimeter. The edge seal is the 
weak point, which allows some ingress. To reduce 
the impact on the display to an acceptable level, it 
is necessary to include a desiccant or “getter” inside 
the package. This is a reactive material with a high 
surface area that captures most of the offending 
water molecules before they can attack the display.

A potentially lower cost solution to encapsula-
tion is well established in the semiconductor indus-
try to provide the required diffusion barrier by 
vacuum deposition of a thin conformal hermetic 
coating. Silicon nitride, aluminum oxide, and alu-
minum nitride are examples of suitable material. 
The organic materials in an OLED device require 
that the encapsulation is deposited at relatively 
low temperatures, which makes it much harder to 
produce continuous films with no defects such as 
pinholes. The typical technique for OLED displays 
is to deposit multiple alternating layers of an inor-
ganic barrier and organic buffer layer [35] to pre-
vent propagation of pinholes in the same location. 
Such an encapsulation stack could be considered 
on its own if good enough or in combination with 
other encapsulation methods.

After encapsulation, there are a variety of oper-
ations, the details of which are outside the scope of 
this chapter. A typical sequence would be test the 
displays, scribe and break the substrate into indi-
vidual displays, attach electrical connections to the 
drive electronics, and test again.

8.4  SUMMARY

In the 30 years since invention, OLEDs have devel-
oped from a barely visible laboratory curiosity to 
full commercial production for a range of display 
sizes from mobile devices to large TVs.
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By going step by step through OLED display 
operation, performance and fabrication process, we 
hope to have shown the reader where the strengths 
and weaknesses of the technology lie, both for 
organics in general and the differences between 
polymers and small molecule-based devices.

Organic devices make bright, attractive, and color-
ful flat panel emissive displays. They have the funda-
mental advantages over other display technologies of 
a simple structure and low-voltage operation coupled 
with an intrinsically wide viewing angle, near-ideal 
contrast ratio, and an extremely fast response time.

Vacuum-processed small molecule devices 
 currently represent the vast majority of commercial 
OLED production. Vacuum processing, however, 
has a significant hurdle to cross to achieve a high 
yield on large RGB-patterned OLED displays, partic-
ularly with the push to 4K and even 8K  resolutions—
at present all large format displays in production use 
an unpatterned white OLED layer plus color filters 
to produce RGB emitting pixels. Solution-processed 
polymer and small molecule devices patterned with 
a printing process such as inkjet printing has, per-
haps, the greater potential for low-cost large area 
manufacture, but still needs to be proven as a viable 
display manufacturing technology.
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Three-dimensional display systems
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9.1  INTRODUCTION

Today’s three-dimensional display systems pro-
vide new advantages to end-users; they are able 
to support an auto-stereoscopic, no-glasses, 
three-dimensional experience with significantly 
enhanced image quality over previous generation 
technology. There have been particularly rapid 
advances in personal auto-stereoscopic three-
dimensional display for desktop users brought 
about because of the opportunity to combine 
micro-optics and LCD displays coinciding with 
the availability of low-cost desktop image pro-
cessing and three-dimensional computer graphics 
systems.

In this chapter, we concentrate our detailed tech-
nical discussion on personal three-dimensional 

displays designed for desktop use as these are 
particularly benefiting from new micro-optic 
elements. We emphasize the systems aspect of 
three-dimensional display design believing it is 
important to combine good optical design and 
engineering with the correct digital imaging tech-
nologies to obtain a highquality three-dimensional 
effect for end-users. The general principles dis-
cussed will be applicable to the design of all types 
of stereoscopic three-dimensional display.

9.2  HUMAN DEPTH PERCEPTION

Defining the requirements for three-dimensional 
display hardware and the images shown on them 
is an important first step towards building a high-
quality three-dimensional display system. We 
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need a clear understanding of how a digital stereo-
scopic image is perceived by an end-user in order 
to undertake valid optimization during the design 
process.

Binocular vision provides humans with the 
advantage of depth perception derived from the 
small differences in the location of homologous, or 
corresponding, points in the two images incident 
on the retina of the eyes. This is known as stereop-
sis (literally solid seeing) and can provide precise 
information on the depth relationships of objects 
in a scene.

The human visual system also makes use of 
other depth cues to help interpret the two images 
incident on the retina and from these build a men-
tal model of the three-dimensional world. These 
include monocular depth cues (also known as 
pictorial [18] or empirical [39] cues), whose signifi-
cance is learnt over time, and oculomotor cues in 
addition to the stereoscopic cue [39]. We consider 
these in turn and introduce in detail binocular 
vision both in the natural world and when looking 
at an electronic three-dimensional display.

9.2.1  Monocular and oculomotor 
depth cues

Redundancy is built into the visual system and 
even people with monocular vision are able to per-
form well when judging depth in the real world. 
Therefore, in the design of three-dimensional 
displays, it is important to be aware of the major 
contribution of monocular two-dimensional depth 
cues in depth perception and aim to provide dis-
plays with at least as good basic imaging perfor-
mance as two-dimensional displays. Ezra [12] 
suggests this should include levels of brightness, 
contrast, resolution and viewing range that match 
a standard two-dimensional display with the addi-
tion of the stereoscopic cue provided by generating 
a separate image for each eye.

The monocular depth cues are experiential and 
over time observers learn the physical significance 
of different retinal images and their relation to 
objects in the real world. These include

 ● Interposition: objects occluding each other sug-
gest their depth ordering.

 ● Linear perspective: the same size object at dif-
ferent distances projects a different size image 
onto the retina.

 ● Light and shade: the way light reflects from 
objects provides cues to their depth relation-
ships; shadows are particularly important in 
this respect.

 ● Relative size: an object with smaller retinal 
image is judged further away than the same 
object with a larger retinal image.

 ● Texture gradient: a texture of constant size 
objects, such as pebbles or grass, will vary in 
size on the retina with distance.

 ● Aerial perspective: the atmosphere affects light 
traveling through it, for example due to fog, 
dust or rain. As light travels long distances, it 
is scattered, colors lose saturation, sharp edges 
are diffused and color hue is shifted towards 
blue.

Many of these cues are illustrated in Figure 9.1 and 
can be considered to be two-dimensional depth 
cues because they are found in purely monoscopic 
images. Two other non-binocular depth cues are 
available: motion parallax and oculomotor cues.

Motion parallax provides the brain with a pow-
erful cue to three-dimensional spatial relation-
ships without the use of stereopsis [18,39] and this 
is the case when either an object in the scene or the 
observer’s head moves. Motion parallax does not, 
however, make stereopsis redundant, as compre-
hending images of complex scenes can be difficult 
without binocular vision. Yeh [66] and others have 
shown that both stereopsis and motion parallax 
combined result in better depth perception than 
either cue alone.

Figure 9.1 Picture illustrating the depth 
cues available in a two-dimensional image. 
(Photographer David Burder.)
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Oculomotor depth cues are due to feedback 
from the muscles used to control the vergence 
and accommodation of the eye. They are gener-
ally regarded as having limited potential to help 
depth judgement [16,39,41] and we will move on to 
consider how human binocular vision works when 
used to view the natural world.

9.2.2  Binocular depth perception in 
the natural world

Extracting three-dimensional information about 
the world from the images received by the two eyes 
is a fundamental problem for the visual system. In 
many animals, perhaps, the best way of doing this 
comes from the binocular disparity that results 
from two forward facing eyes having a slightly dif-
ferent viewpoint of the world [5]. The binocular 
disparity is processed by the brain giving the sen-
sation of depth known as stereopsis.

Stereo depth perception in the natural world 
is illustrated in Figure 9.2. The two eyes verge the 
visual axes so as to fixate the point F and adjust 
their accommodation state so that points in space 
at and around F come into focus.

The vergence point, F, projects to the same posi-
tion on each retina and therefore has zero reti-
nal disparity, i.e., there is no difference between 
its location in the left and right retinal images. 
Points in front or behind the fixation point proj-
ect to different positions on the left and right retina 
and the resulting binocular disparity between the 
point in the left and right retinal images provides 
the observer’s brain with the stereoscopic depth 
cue. Depth judgement is therefore relative to the 

current vergence point, F, and is most useful to 
make judgements on the relative rather than abso-
lute depth of objects in a scene.

Points in space, other than F, which project 
zero retinal disparity are perceived to lie at the 
same depth as the vergence point; all points that 
project zero retinal disparity are described as 
being on a surface in space known as the horop-
ter. The shape of the horopter shown in Figure 
9.2 is illustrative only; it is known in practice 
to be a complex shape and to have non-linear 
 characteristics [3,18].

Geometrically, we can define angular disparity, 
a, as the difference between the vergence angle at 
the point of fixation, F, and the point of interest. 
Considering Figure 9.3: Points behind the fixation 
point, such as A, have positive disparity.

 α = f a– .a  (9.1)

Points in front of the fixation point, such as B, have 
negative disparity.

 α = f b– .b  (9.2)

The smallest perceptible change in angular dispar-
ity between two small objects is referred to as ste-
reo acuity, δ [65]. The advantage of defining stereo 
acuity as an angle is that it can be assumed to be 
constant regardless of the actual distance to and 
between the points A and B. However, it is also 
helpful to know how this translates in terms of the 
smallest perceived distance between objects at the 
typical viewing range of a desktop three-dimen-
sional display. This will allow us to compare the 

The horopter is all
points perceived at the
same depth as the point

of fixation, F.

All objects within Panum’s
fusion are seen as single

fused images

Horopter

Panum’s fusion

L

R

F

Figure 9.2 The geometry of the binocular vision 
when viewing the natural world.

Horopter

L

R

b f aB F A

Figure 9.3 Angular disparity is defined relative to 
the current fixation point.
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ability of the eye to perceive depth with the ability 
of different displays designs to reproduce it.

Considering Figure 9.4 when points A and C 
can just be perceived to be at a different depth, then 
stereo acuity will be

 a c– .δ =  (9.3)

Various studies [28,31,65] show the eye is able to 
distinguish very small values of δ, as little as 1.8 in. 
(seconds of arc). As the exact limits vary between 
people, Diner and Fender [8] suggest that a practi-
cal working limit is to use a value of stereo acuity 
δ = 20 in. Using this value, we can calculate the size 
of the smallest distinguishable depth difference 
at a given distance from the observer. We choose 
m = 750 mm as the distance from the observer as 
a common viewing distance for desktop stereo-
scopic displays and use an average eye separation, 
e = 65 mm.

Calculating along the center line between the 
visual axes, we can find the minimum distinguish-
able depth, n, at distance m by considering points 
A and C. The angle a can be calculated as

 
= × 



 = × 
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by the definition of stereo acuity we know that
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and if n is the distance between A and C we also 
know that
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rearranging Equation 9.6 we have
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tan( / 2)  
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Substituting Equation 9.4 in Equation 9.5 and 
using the result to solve Equation 9.7 gives n = 0. 
84 mm.

We can conclude that a person with a stereo 
acuity of 20 in. and an eye separation of 65 mm will 
be able to perceive depth differences between small 
objects of just 0.84 mm at a distance of 750 mm 
from the eyes.

It is also possible to calculate a geometric value 
for the furthest possible range of stereo vision 
which occurs when the vergence angle between the 
two visual axes is equal to or less than the stereo 
acuity.

The distance m from the observer to the point A 
when the angle a = δ is given by

 
=







m
e

a

/2

tan( /2)  
(9.8)

Again taking δ = 20 in. and e = 65 mm we get 
m = 670 m.

This means that points such as C at a distance of 
670 m or more from the observer will not be able to 
be distinguished in distance from A using binocu-
lar vision alone. Just before this limit is reached, 
the smallest distinguishable depth difference 
between points will have increased to over 300 m 
and it is clear only gross differences in depth will 
be perceived at the furthest limits of stereoscopic 
perception.

To summarize the above, binocular vision uses 
the stereoscopic depth cue of retinal disparity to 
perceive an object’s depth relative to the fixation 
point of the two eyes. At close and near range 
this provides a high degree of depth discrimina-
tion and even at tens of metres from the observer 
enables relative depth perception for larger objects.

9.2.3  Depth perception in electronic 
stereoscopic images

Wheatstone [60] demonstrated that the stereo-
scopic depth sensation could be recreated by show-
ing each eye a separate two-dimensional image. The 
left and right eye views should be two-dimensional 

L

A

R

e a c

C

m n

Figure 9.4 Stereo acuity defines smallest depth 
difference an observer can perceive.
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planar images of the same scene from slightly dif-
ferent viewpoints; the difference in the viewpoints 
generates disparity in the images. When the images 
are subsequently viewed, the observer perceives 
depth in the scene because the image disparity cre-
ates a retinal disparity similar, but not identical, to 
that seen when looking directly at a natural scene.

Wheatstone was able to demonstrate this effect 
by building the first stereoscope and many devices 
have since been invented for stereoscopic image 
presentation each with their own optical configu-
rations. Reviews of these devices and the history 
of stereoscopic imaging are available in several 
sources [23,30,32,40,53].

To help characterize and compare the perfor-
mance of different electronic three-dimensional 
display designs, we will consider the perception 
of depth in planar stereo image pairs and how this 
differs from the stereoscopic perception of depth in 
the natural world.

A key physiological difference is that although 
the eyes need to verge off the stereoscopic image 
plane to fixate points in depth, their accommoda-
tion state must always keep the image plane itself 
in focus. This requires the observer to be able 
to alter the normal link between vergence and 
accommodation and is one reason why images 
with large perceived depth are hard to view. This 
suggests that the perceived depth range in stereo-
scopic image pairs needs to be limited to ensure 
the observer will find a stereo image pair com-
fortable to view.

While there are several studies of the comfort-
able perceived depth range on electronic three-
dimensional displays [17,64,65], it can be difficult 
to factor out variables relating to display perfor-
mance from the results. Display variables include 
absolute values, and inter-channel variations, of 
brightness and contrast in addition to stereoscopic 
image alignment and crosstalk. All of these can 
affect the comfortable range of perceived depth on 
a particular display. For example, high-crosstalk 
displays generally do not support deep images as 
the ghosting effect becomes more intrusive to the 
observer as screen disparity is increased.

An analysis of the geometry of perceived depth 
assuming a display with ideal properties helps 
identify the geometric variables affecting per-
ceived depth independently of the display used. 
Geometric models of perceived depth have been 
studied by Helmholtz [23] and Valyus [53] and 

more recently in [8,24,27,64]. We present a sim-
plified model in Figure 9.5 for discussion pur-
poses which helps emphasize the key geometric 
variables affecting the perception of stereoscopic 
images.

Figure 9.5 shows the geometry of perceived 
depth for a planar stereoscopic display; for sim-
plicity, we consider the geometry along the center 
line of the display only; more general expressions 
are available [23,64]. The viewer’s eyes, L and R, are 
separated by the interoccular distance, e, and are at 
a viewing distance, z, from the display plane. The 
screen disparity between corresponding points in 
the left and right images, d, is a physical distance 
resulting from the image disparity which is a logi-
cal value measured in pixels. Image disparity is 
constant for a given stereo pair; however, screen 
disparity will vary depending on the characteris-
tics of the physical display. Screen disparity in a 
pair of aligned stereo images is simply the differ-
ence of the physical x coordinates of correspond-
ing points in the right xr and left xi images: 

 =d x x–r 1  (9.9)

Two key expressions relating screen disparity to 
perceived depth can be derived from the similar 
triangles in Figure 9.5. Perceived depth behind the 
screen plane, i.e., positive values of d, is given by

 

=






−
p

z

e

d
1

 

(9.10)

L

R

L

R

p, perceived depth
z, viewing distance
e, eye separation
d, screen disparity
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Figure 9.5 Perceived depth behind (top) and in 
front (bottom) of the display plane.
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Perceived depth in front of the screen plane, i.e., 
negative values of d, is given by
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(9.11)

Equations 9.10 and 9.11 provide several insights into 
the geometric factors affecting perceived depth:

 ● z, the viewing distance to the display. Perceived 
depth is directly proportional to the view-
ing distance, z. Therefore a viewer looking 
at the same stereoscopic image from differ-
ent distances perceives different depth. How 
important this is, is application dependent, but 
applications such as CAD, medical imaging 
and scientific imaging may critically depend on 
accurate and consistent depth judgements.

 ● d, the screen disparity. Perceived depth is also 
directly proportional to screen disparity, d. 
The screen disparity for any given stereoscopic 
image varies if the image is displayed at differ-
ent sizes, either in different size windows on 
the same screen or on different size screens. 
Again this is important to note in applications 
where depth judgement is a critical factor. It 
means stereoscopic images are display depen-
dent and an image displayed on a larger display 
than originally intended could exceed com-
fortable perceived depth limits or give a false 
impression of depth.

 ● e, individual eye separation. Perceived depth is 
inversely proportional to individual eye separa-
tion which varies over a range of approximately 
55–75 mm with an average value often taken as 
65 mm. Children can have smaller values of eye 
separation and therefore see significantly more 
perceived depth in a stereoscopic image than 
the average adult. It may be particularly impor-
tant to control perceived depth in systems 
intended for use by children, as they will reach 
the limits of their vergence/accommodation 
capabilities sooner than most adults.

For display design, controlling these variables so 
that the viewer sees a consistent representation 
of depth ideally requires tracking head position, 
identifying eye separation and controlling screen 
disparity. These are challenging goals in addition 
to designing a display with imaging performance 
as good as a two-dimensional display.

9.2.4  Benefits of binocular vision

An important question is what advantages does 
binocular vision provide in the real world? As a 
visual effect, it clearly fascinates the majority of 
people when they see a three-dimensional picture. 
Beyond the attractive nature of stereoscopic three-
dimensional images, they provide the following 
benefits over monocular vision:

 ● Relative depth judgement. The spatial relation-
ship of objects in depth from the viewer can be 
judged directly using binocular vision.

 ● Spatial localization. The brain is able to con-
centrate on objects placed at a certain depth 
and ignore those at other depths using binocu-
lar vision.

 ● Breaking camouflage. The ability to pick out 
camouflaged objects in a scene is probably 
one of the key evolutionary reasons for having 
binocular vision [47].

 ● Surface material perception. For example, lustre 
[23], sparkling gems and glittering metals are 
in part seen as such because of the different 
specular reflections detected by the left and 
right eyes.

 ● Judgement of surface curvature. Evidence sug-
gests that curved surfaces can be interpreted 
more effectively with binocular vision.

These benefits make stereo image display of consid-
erable benefit in certain professional applications 
where depth judgement is important to achiev-
ing successful results. In addition, the effect of 
stereopsis is compelling enough that stereoscopic 
images have formed the basis of many entertain-
ment systems.

9.3  THREE-DIMENSIONAL DISPLAY 
DESIGNS USING MICRO-OPTICS

The possible combinations of LCD and micro-
optics provide many degrees of freedom for display 
design; the ideal three-dimensional display design 
will depend on specific application requirements. 
However, there are characteristics that all display 
designs should give consideration to and we briefly 
review these here.

There is a need to compare the basic image qual-
ity of a three-dimensional design to that achieved 
by current two-dimensional displays; i.e., the 
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two-dimensional characteristics of a three-dimen-
sional display should match the performance of 
two-dimensional displays as closely as possible. 
Key characteristics are

 ● Brightness typical of a current LCD display is 
150 cdm−2

 ● Contrast typical of a current LCD display is 
300:1

 ● Color reproduction, measured white points 
and measured CIE coordinates of primaries

These values are typical of current two- dimensional 
displays but are clearly a moving target as two-
dimensional displays improve.

In addition, there are a number of important 
characteristics unique to three-dimensional dis-
plays. The first is that two-dimensional character-
istics need to be matched between all the viewing 
windows of the three-dimensional display. Each 
viewing window should also be matched spatially 
and temporally so that there is no noticeable posi-
tion or time difference between corresponding 
images.

Inter-channel crosstalk appears to an observer 
as a ghost image, which will be particularly visible 
at high-contrast edges in images. It is an unwanted 
feature in most display designs because high values 
of crosstalk are known to be detrimental to three-
dimensional effect, particularly on high-contrast 
displays showing large values of perceived depth 
[42]. Ideally crosstalk measurements need to be 
no more than 0.3% if the ghosting effect is to be 
imperceptible to an observer. Crosstalk, although 
often due to optical effects in the display, can also 
result from poor separation of the two image chan-
nels in the display driving electronics, image com-
pression formats or the camera system generating 
the images.

An observer of a two-dimensional display will 
usually expect to be able to see a good quality 
image at a wide range of positions in front of the 
display. Because of the need to direct images sepa-
rately to the two eyes, many three-dimensional 
displays have a more limited viewing freedom. 
Consideration needs to be given to the targets for 
lateral, vertical and perpendicular freedom in a 
display design. Three-dimensional display systems 
capable of supporting multiple observers will often 
do so at the expense of viewing freedom. Improved 
viewing freedom can be found in designs with 

multiple viewing windows or using head tracking 
to steer viewing windows to follow the observers’ 
head movements. When head tracking is used, a 
design needs to consider targets for the maximum 
supported head speed as this directly determines 
key tolerances.

Some displays have the capability to operate 
in either three-dimensional or two-dimensional 
modes switching electronically or mechanically 
between the two. In this case, the image quality in 
each mode needs to be considered against the per-
formance of a standard two-dimensional display, 
as a display in three-dimensional mode will often 
have different optical performance to the same dis-
play in two-dimensional mode.

The capability of a three-dimensional dis-
play to represent perceived depth is probably the 
single most important design target; however, we 
will return to how to quantify and compare this 
between displays after presenting details of repre-
sentative three-dimensional display designs.

We would like three-dimensional displays to 
provide the ability for the observer to accommo-
date naturally at the fixation point. However, this 
is not a feature supported in stereoscopic images 
and has been attempted in very few display designs.

9.3.1  Stereoscopic systems

Stereoscopic displays require users to wear a 
device, such as analysing glasses, that ensures left 
and right views are seen by the correct eye. Many 
stereoscopic display designs have been proposed 
and there are reviews of these in several sources 
[30,32,34,40,53]. Most of these are mature systems 
and have become established in several profes-
sional markets but suffer from the drawback that 
the viewer has to wear, or be very close to, some 
device to separate the left and right eye views. This 
has limited the widespread appeal of stereoscopic 
systems as personal displays for home and office use 
even when the three-dimensional effect is appeal-
ing. However, stereoscopic displays are particu-
larly suited to multiple observer applications such 
as cinema and group presentation where directing 
individual images to each observer becomes diffi-
cult compared to providing each observer with a 
pair of analysing glasses.

As stereoscopic display systems are well described 
elsewhere, we limit ourselves here to a summary of 
the major types using electronic displays:
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 ● Wheatstone mirror stereoscopes using CRT 
displays or LCD displays.

 ● Polarized glasses in combination with a 
method of polarizing the two views.

 ● Shutter glasses working in synchronization 
with a view switching display.

 ● Analglyph glasses analysing different color 
channels to obtain the images.

 ● Brewster stereoscopes, of which head mounted 
displays are up to date examples.

A series of stereoscopic display designs that use 
polarizing micro-optics have been produced 
[14], as shown in Figure 9.6. The micro-optics 
split a single display into two differently polar-
ized views, which are viewed correctly by left 
and right eyes when the observer wears a pair 
of analysing polarized glasses. This requires two 
half resolution views and may be achieved using 
a chequerboard pattern of image multiplexing 
and polarization as shown in Figure 9.6 as the 
spatially multiplexed image (SMI) and patterned 
micro-polarizer (μPol).

A drawback of the design, particularly for direct 
view LCD-based displays, is the parallax between 
the display pixels and the micro-polarizer when 
the micro-polarizer is mounted over the LCD 
due to the layer of substrate between the two ele-
ments forming the gap g in Figure 9.6. If the head 
moves from the nominal viewing position, part of 

the adjacent view’s pixel becomes visible result-
ing in crosstalk. One way to reduce this is to use 
interlace the images in alternate rows so at least 
lateral head movement is not affected by parallax. 
As noted by Harrold [20] this problem can only be 
fully solved in the long term by manufacturing the 
micro-polarizer element within the LCD pixel cells 
reducing the parallax between polarizer and pixel.

9.3.2  Auto-stereoscopic systems

Auto-stereoscopic displays are those that do not 
require the observer to wear any device to sepa-
rate the left and right views and instead send them 
directly to the correct eye [6]. This removes a key 
barrier to acceptance of three-dimensional dis-
plays for everyday use but requires a significant 
change in approach to three-dimensional display 
design. Auto-stereoscopic displays using micro-
optics in combination with an LCD element have 
become attractive to display designers and sev-
eral new three-dimensional display types are now 
available commercially. The key optical reasons 
[62] for combining micro-optics with LCD ele-
ments are

 ● LCDs offer pixel position tolerances better than 
0.1 μm.

 ● LCD pixels, unlike CRT pixels, have high posi-
tional stability.

A spatially multiplexed image (SMI) with left (L) and right (R) image pixels is
placed behind a patterned micro-polariser (uPol) element.

When viewed with polarized glasses the P1 polarized pixels
are seen only in the left eye and P2 polarized in the right
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Figure 9.6 The micro-polarizer stereoscopic
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 ● LCD elements have carefully controlled glass 
thickness.

Auto-stereoscopic displays have been demon-
strated using a range of optical elements in combi-
nation with an LCD including

 ● Parallax barriers, optical apertures aligned 
with columns of LCD pixels.

 ● Lenticular optics, cylindrical lenses aligned 
with columns of LCD pixels.

 ● Micropolarizers are found in several auto-ste-
reoscopic three-dimensional display designs.

 ● Holographic elements have been used to create 
real images of a diffuse light source.

In the following, we introduce how these elements 
are used in auto-stereoscopic three-dimensional 
display designs including two-view and multi-view 
designs. We begin by looking at auto-stereoscopic 
two-view designs using twin-LCD elements.

9.3.3  Two-view twin-LCD systems

A successful approach to building high-quality 
auto-stereoscopic displays has been to use two 
LCD elements and direct the image from one to 
the left eye and from the other to the right eye; the 
principle is illustrated in Figure 9.7. Several designs 
have adopted this approach including [12,13,22].

Ezra [12,13] describes one of the designs, which 
produces bright, high-quality, full color moving 
three-dimensional images over a wide horizontal 
viewing range. As shown in Figure 9.8, the dis-
play produces two viewing windows using a single 

illuminator. The arrangement of optical elements 
generates horizontally offset images of the illumi-
nator at a nominal viewing distance to form the 
viewing windows. An observer’s eye placed in one 
of the viewing windows will see an image from just 
one of the LCD elements.

If a stereo pair of images is placed on the left and 
right LCD elements, respectively, then an observer 
will see a stereoscopic three-dimensional image. 
The image appears in the plane of the left LCD as 
the observer looks at the display and depth is per-
ceived in front and behind this plane. As the two 
LCDs are seen separately, each eye has a full reso-
lution image and the interface is simply two syn-
chronized channels of digital or analogue video 
which can be generated at low cost on a desktop 
PC system.

This basic configuration can be enhanced in 
several ways: if the light source is moved then 
the viewing windows can be steered to follow the 
observer’s head position. In order to implement 
window steering, new technologies for tracking 
head position have also been developed [25]. The 
effect of implementing head tracking linked to 
window steering is to increase the viewing free-
dom of the display and if the images are updated 
the design has been demonstrated to provide a full 
look-around effect. This allows the observer to look 
around the display and see different views of the 
scene as they would in the natural world. Image 
generation for look-around can be implemented 
by using a three-dimensional computer graphics 
system to generate the new views when given head 
tracking position information.

Another possible development [13] is to have 
multiple light sources providing multiple stereo 
views to multiple viewers. This could be imple-
mented either by sending the same image pair to 
each viewer, or by time slicing the light source 
and the displays to send a different image to each 
viewer in rapid succession.

The system uses bulk optics and therefore has 
a large footprint, particularly as the LCD display 
diagonal size increases. This led to the micro-optic 
twin-LCD display [61] which provides the same 
effect in a smaller footprint and is more practical 
for scaling to larger display sizes.

The micro-optic twin-LCD display is illustrated 
in Figure 9.9. The two LCD elements remain in the 
design with a half mirror acting as a beam combiner 
between them. The arrangement of optical elements 

Display plane

Left and right images are
displayed in different sets

of pixels on the display

Each eye is able to see
the appropriate image on

the display through a
viewing “window”

Figure 9.7 Two-view displays create two viewing 
windows.
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behind one LCD panel directs light so that it forms 
one viewing window at a nominal viewing distance 
from the display, another is formed adjacent to this 
from the backlight of the other LCD panel. As with 
the bulk optic display the observer placing their 
eyes in the viewing windows will see the appropri-
ate image in each eye and experience a stereoscopic 
three-dimensional effect.

As discussed in Reference [61] the micro-optic dis-
play produces a better viewing window profile than 
the bulk-optic display. This is because the micro-optics 
form a wider and more even illumination distribu-
tion for each viewing window so that, when steered, 
the windows can be moved further laterally before 
aberrations reduce their quality. This also results in 

side lobes of better quality, which in untracked dis-
plays can be used by additional observers.

9.3.4  A note on viewing windows

One of the key influences on the perceived perfor-
mance of auto-stereoscopic displays is the quality 
of the viewing windows that can be produced at 
the nominal viewing position. Degradation of the 
windows due to unresolved issues in the optical 
design can lead to flickering in the image, reduced 
viewing freedom and increased inter-channel 
cross-talk. All of these reduce the quality of view-
ing experience for observers in comparison to the 
two-dimensional displays they are used to using. 

Beam-splitter

Beam-combiner

Lens
LCD (Right)

Mirror

Lens LCD (Left)

Light source

Figure 9.8 The twin-LCD display [12].
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If head movement is
tracked the position
can be used to steer
the viewing windows

Figure 9.9 The micro-optic twin-LCD display [61].
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In addition, in head tracked systems degraded 
window quality can lead to harder constraints on 
the accuracy and response speed of the tracking 
and window steering systems, increasing system 
costs [25].

The auto-stereoscopic displays considered 
so far produce two viewing windows in space 
typically at a nominal distance from the dis-
play in a plane parallel to the display surface, as 
shown in Figure  9.7. Although often illustrated 
in two dimensions, the viewing windows have a 
 three-dimensional shape and from above appear 
as diamonds tapering away from the nominal 
viewing plane as shown in Figure 9.10. As long 

as an observer’s pupils stay within these dia-
monds, and the display is showing a stereo image, 
the observer will see a three-dimensional image 
across the whole of the display.

Experimentally the window intensity profile 
can be determined by measurements using a 1 mm 
pinhole, a photometric filter and a detector. To 
fully characterize a display performance, the pro-
file measurements should be repeated at a range 
of positions vertically and longitudinally offset 
from the nominal window position. The variables 
characterizing the quality of the viewing windows 
are discussed in [61] and are summarized here in 
Figure 9.11.

Display plane

Nominal viewing
window plane

Right eye
viewing zone

Left eye
viewing zone

�e best lateral viewing freedom is found at
the nominal window plane
Additionally longitudinal freedom is possible
as long as the observers eyes stay within the
viewing diamonds

z

Figure 9.10 Viewing freedom in an auto-stereoscopic display [61].
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Figure 9.11 The characteristics of a viewing window [63].
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The useful width of the window determines how 
far an observer can move before the image quality 
degrades. Larger useful width, up to the interoc-
cular separation, typically 65 mm, provides more 
comfortable viewing in fixed position displays as 
there will be a small but useful lateral range of 
head positions at which a good three-dimensional 
image can be seen.

A systems benefit of wider viewing windows is 
that it helps relax the tolerances required for win-
dow steering and tracking mechanisms in head-
tracked displays such as [12,61]. This is because a 
wider viewing window allows more time and/or 
distance before the steering and tracking mecha-
nisms have to respond to user head movement in 
order to prevent the user moving out of the useful 
width and seeing a degraded image on the display.

9.3.5  Two-view single-LCD systems

Even with the advantages of a micro-optic design 
twin-LCD three-dimensional displays have a com-
ponent cost that must include two LCD elements. 
This cost is acceptable in some applications when 
image quality is the key requirement; however, for 
the mass market, i.e., personal office and home 
use, it is desirable to find display designs based on 
a standard single LCD element.

We will group the single-LCD auto-stereo-
scopic designs by the type of optical element used 

to generate the viewing windows, beginning with 
the parallax barrier.

9.3.5.1  PARALLAX BARRIER DESIGNS

Typical emissive displays have pixels with dif-
fuse radiance, that is they radiate light equally 
in all directions. To create a twin-view auto- 
stereoscopic display, half the pixels must only 
radiate light in directions seen by the left eye and 
half the pixels in directions seen by the right eye. 
The parallax barrier is perhaps the simplest way 
to do this and works by blocking light using strips 
of black mask.

The principle of the two-view parallax bar-
rier is illustrated in Figure 9.12. The left and right 
images are interlaced in columns on the display 
and the parallax barrier positioned so that left and 
right image pixels are blocked from view except in 
the region of the left and right viewing windows, 
respectively. Although not illustrated the viewing 
windows repeat in side lobes to each side of the 
central viewing position and can be used by more 
than one observer if the optical quality remains 
high enough.

The pixels and barrier are arranged so the center 
of each pair of left and right view pixels is visible at 
the center of the viewing windows. The geometry 
defining the design of the parallax barrier pitch, b, 
can then be determined from considering similar 
triangles in Figure 9.12.
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Figure 9.12 The principle of the front parallax barrier.
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The result, Equation 9.13, is that the barrier pitch 
for a two-viewing window display is just less than 
twice the pixel pitch on the display. This small 
difference between the pixels and the barrier 
pitch accounts for the variation in viewing angle 
between the eyes and the pixels across the display 
and is often referred to as viewpoint correction.

Viewing distance, z, for the best quality viewing 
windows is another design factor and again from 
similar triangles in Figure 9.12, we can deduce a 
geometric relationship for this.
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The window width is typically set to the aver-
age eye separation, e = 65 mm, the pixel pitch, i, 
is defined by the display and the gap, g, between 
display and barrier is defined by the thickness of 
the front substrate on the LCD. For example, pixel 
width might be of the order i = 0. 1 mm and the 
gap, including front substrate and polarizer, g = 1. 
15 mm. The result is relatively little control of the 
closest possible viewing distance and given current 
LCD substrate thickness many current parallax-
barrier-based displays have optimal viewing dis-
tances of z = 750 mm.

More recent two-dimensional displays could 
use a substrate such as Corning Eagle2000 with 
thickness from 0.4 to 0.63 mm and given a polar-
izer of thickness 0.2 mm may then be able to reduce 
viewing distance for a front parallax barrier to 
z = 390 mm. This compares favorably with the typi-
cal viewing distance of two-dimensional displays 
of 300–350 mm although care would be needed 
to avoid artefacts at the edges of the screen plane 
where the viewing angle increases with decreasing 
viewing distance.

Variations on the basic twin-view parallax 
barrier design and further practical issues are 
described by Kaplan [29] including a discussion of 
multi-view parallax barrier displays and aperture 
design.

Okoshi [40] notes that problems with paral-
lax barriers include the reduced brightness due 
to blocking the light from pixels, reflection from 
the glass surface of the parallax barrier and the 
design of the parallax apertures to avoid diffrac-
tion problems. However, these disadvantages have 
been addressed and recent LCD-based designs 
overcome the first two problems by using bright 
light sources and antireflection-coated optics. The 
result is parallax barriers are now widely used for 
two-view displays such as described [62,63] and 
illustrated in Figure 9.13.

The diffraction problem is more serious but 
has also recently been addressed. An ideal display 
would have viewing windows described by a top 
hat function; however, in practice they have the 
characteristics shown in Figure 9.11. A number of 
factors determine this and an important one is the 
detailed design of the parallax barrier apertures, w, 
shown in Figure 9.13. A wider aperture results in a 
brighter image but reduces the geometric perfor-
mance of the aperture and creates less well-defined 
windows. A narrow aperture results in a less bright 
image with better window definition; however, too 
narrow an aperture suffers from diffraction effects 
which in turn results in less well-defined windows. 
In both cases, the crosstalk performance, useful 
width and uniformity of intensity at the viewing 
window are affected.

A detailed study of the barrier position, aperture 
design and related diffractive effects is presented 
in [35,62]. In [62] a comparison was made between 
placing the parallax barrier behind and in front of 
the LCD element. The analysis uses a model of the 
parallax barrier accounting for Fresnel diffraction 
and compares this to a set of experimental mea-
surements. Placing the parallax barrier behind the 
display results in lower crosstalk while placing it in 
front of the display has very much better intensity 
uniformity and useful width at the window plane. 
These factors are decisive for tracking displays and 
hence the front position was adopted to build a 
single-LCD observer tracking display [62].

In [35] several apodization modifications to the 
parallax barrier are analysed; these include soft 
aperture edges, multiple sub-apertures at aperture 
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edges and combinations of the two techniques. 
The analysis concluded that choosing the correct 
apodization can make a substantial improvement 
to the window profile improving both the cross-
talk performance and viewing freedom of the 
display. In particular, crosstalk of less than 1% is 
theoretically achievable using an improved paral-
lax element; this is a significant improvement over 
the value of 3.5% achieved using unmodified aper-
tures. These new studies show it is now possible to 
overcome the limitations of parallax barriers iden-
tified by Okoshi.

A practical problem encountered by users of 
two-view parallax barrier displays without head 
tracking is how to find the best viewing position. 
One reason is the parallax barrier produces not 
just the central two viewing windows but also 
repeated lobes to each side of these as illustrated in 
Figure 9.14a. An observer in position A will see an 
orthoscopic image (left image to left eye and right 
image to right eye) as will an observer in position 
D. However, an observer in the intermediate posi-
tion C sees a pseudoscopic image (the left image in 
the right eye and the right image in the left eye). 
This causes problems as typically pseudoscopic 
images show false depth effect and it can be hard 
for novice observers to determine if they are seeing 

a correct three-dimensional image or not. A num-
ber of devices have been proposed to help observ-
ers determine when they are in the correct viewing 
position; the VPI (viewing position indicator) dis-
play described in [62,63] achieves this by integrat-
ing an indicator into the parallax element.

The parallax barrier in the VPI display is 
divided into two regions: the image region, which 
is most of the display, and the indicator region, 
which may cover just the bottom few rows of pixels 
on the display. The result is shown in Figure 9.14a 
and b, respectively. In the image region the con-
ventional barrier design allows the left and right 
views to be seen at the nominal viewing position 
A. In the indicator region, the display shows a pat-
tern of red and black stripes and the barrier design 
is modified so that the indicator region shows 
black to both eyes only when the observer is in a 
position to see an orthoscopic three-dimensional 
image as at A. If the observer is approaching, as 
at B, or in, as at C, a pseudoscopic region he will 
see red in one eye in the indicator region indicat-
ing he should move laterally until returning to the 
orthoscopic zone. A drawback of the VPI design is 
that when the observer is in viewing zone D, she 
can see an orthoscopic image but the indicator will 
still show red. However, the observer is guaranteed 
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Figure 9.13 Detail of a single-LCD front parallax barrier design [62].
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that whenever a black indicator region is seen, he 
will see an orthoscopic image on the display and 
this seems a reasonable trade-off.

The indicator region is implemented by using 
a barrier pitch in the indicator region double that 
used in the image region. As a result, the VPI dis-
play requires little additional design or manufac-
turing cost and uses only a few lines of pixels to 
display the appropriate indicator pattern. It has 
the benefit that once the parallax barrier is aligned 
for image viewing, the indicator mechanism is 
automatically aligned. The VPI also works to help 
guide observers find the best longitudinal viewing 
position if the aperture width, w, is kept the same 
in both the image and indicator regions of the par-
allax element.

A range of designs using parallax barrier optics 
in combination with LCD elements has been pro-
posed, prototyped and commercialized.

A large range of display designs was developed 
using parallax barriers [19]. One example uses both 

a rear and a front parallax barrier with the aim of 
reducing crosstalk, although no window profile 
measurements are given to say how successful this 
was. Because the combination of two parallax bar-
riers reduces display brightness, the rear barrier 
was mirror coated on the side facing the illumi-
nator to recirculate light. A further design using 
just a rear parallax barrier places an electronically 
switchable diffuser between the parallax barrier 
and the LCD element. This allows instantaneous 
switching between two-dimensional and three-
dimensional modes and if the diffuser is program-
mable also allows three-dimensional windows 
to appear on a two-dimensional display. Several 
designs also combine a window steering mecha-
nism and head tracker to increase lateral viewing 
freedom; one of these [26] uses an electronically 
programmable LC parallax barrier.

A design also based on an electronically pro-
grammable parallax barrier is described by Perlin 
[44–46]. A key goal for the design is to steer the 
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viewing windows to track the viewer in three 
dimensions by varying the pitch and aperture of 
the parallax barrier in real time. The aim is to gen-
erate real time viewpoint correction so the viewer 
can vary position and still see a three-dimensional 
image across the whole display surface. The poten-
tial benefit of the design is in extending longitu-
dinal movement with respect to the display and 
it is also capable of accounting for head rotation, 
which effectively varies the observer’s eye separa-
tion. The design is relatively complex and before 
choosing this approach, it would be wise to make a 
comparison with the longitudinal freedom already 
available from a fixed aperture display with good 
quality viewing windows. In practice, realizing the 
display presents a number of challenges including 
the optical quality achievable from the program-
mable parallax element and the speed and latency 
targets with which the tracking and steering mech-
anisms need to work.

9.3.5.2  LENTICULAR ELEMENT DESIGNS

Lenticular elements used in three-dimensional 
displays are typically cylindrical lenses arranged 
vertically with respect to a two-dimensional dis-
play such as an LCD. The cylindrical lenses direct 
the diffuse light from a pixel so it can only be seen 
in a limited angle in front of the display. This then 

allows different pixels to be directed to either the 
left or right viewing windows.

The principle for a two-view lenticular element 
stereoscopic display is illustrated in Figure 9.15 
and described in [50]. This shows the geometry for 
a viewpoint-corrected display where the pitch of 
the lenticular is slightly less than the pitch of the 
pixel pairs. As with parallax barrier displays the 
effect of viewpoint correction is to ensure pixels at 
the edge of the display are seen correctly in the left 
and right viewing windows. The lenticular pitch 
needs to be set so that the center of each pair of 
pixels is projected to the center of the viewing win-
dows and this can be found by considering similar 
triangles where
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Typically, the pixel pitch i is set by the choice of 
two-dimensional display and the minimum focal 
length, f, determined in large part by the substrate 
thickness on the front of the display. The view-
ing distance can again be derived from similar 
triangles:
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Figure 9.15 Front lenticular auto-stereoscopic display principle [50].



9.3 Three-dimensional display designs using micro-optics 309

 
=

−
i

f

e

z f  
(9.18)

which can be easily rearranged to give
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Typically, the window width for a two-view system 
is taken to be the average eye separation, e = 65 mm, 
to give some freedom of movement (up to e/2) 
around the nominal viewing position. Combining 
this factor with the display-related values of i and 
f, it may be that there is again little choice over the 
closest possible viewing distance.

Lenticular elements have been used less often 
than parallax barriers in recent two-view display 
designs; one exception is the range of displays 
designed by the DTI corporation.

The DTI display design described by Eichenlaub 
[10,11] uses light guide and lenticular elements 
behind an LCD display to generate light lines that 
are functionally equivalent to having a rear paral-
lax barrier. The principle of creating viewing win-
dows using the light lines is shown in Figure 9.16. 
The pitch required for the light lines can be calcu-
lated using similar triangles as for the parallax bar-
rier example discussed earlier.
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which can be rearranged to give
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In this case, the pitch of the light lines, b, is slightly 
larger than twice the pixel pitch to achieve view-
point correction. Again the gap, g, will determine 
viewing distance and is likely to be constrained by 
the substrate glass thickness when using an LCD.

The backlight construction that creates the 
light lines is shown in Figure 9.17. A modified light 
guide uses a series of grooves to generate an ini-
tial set of light lines, which are then re-imaged by 
the lenticular element to form a larger number of 
evenly spaced light lines in front of the light guide.

A two-dimensional/three-dimensional switch-
ing diffuser in front of the lenticular element is 
made of polymer dispersed liquid crystal (PDLC) 
which when on is transparent allowing the display 
to operate in three-dimensional mode. When the 
PDLC is off it becomes a diffuser, scattering light 
and preventing the initial set of light lines reaching 
the lenticular lens. The result is a diffuse illumina-
tion for the display, which will operate with similar 
performance to a normal two-dimensional display. 
Various size displays have been constructed with 
5.6 and 12.1 in displays having crosstalk of 3% and 
6% and uniformity of 20% and 24%, respectively.

The DTI design has the advantage of being able 
to electronically switch between two-dimensional 
and three-dimensional illumination modes as well 
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Figure 9.16 The geometry of rear parallax illumination by light lines.
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as being small enough to be used in portable dis-
play devices. In addition, there are no optical ele-
ments in front of the display surface allowing the 
observer to directly view the LCD display. Against 
this are some trade-offs and the three-dimensional 
mode has higher crosstalk than a well-designed 
parallax barrier system.

Other designs for single-LCD three-dimen-
sional displays using lenticular optics include 
[37,38,43,61].

A novel design using micro-prism elements was 
proposed [48,49]. The D4D display uses an array 
of vertically oriented micro-prisms as the parallax 
element and the left and right images, vertically 
interlaced in columns, are directed to two viewing 
windows by the micro-prisms. A commercial dis-
play based on this principle included a head track-
ing device and both electronic image shifting and 
mechanical movement of the micro-prisms were 
investigated as ways to steer the viewing windows.

9.3.5.3  MICRO-POLARIZER DESIGNS

Displays using polarization to create light steer-
ing optical elements have been proposed by several 
groups. The stereoscopic display design described 
by Faris [14,15] can also be configured to have an 
auto-stereoscopic mode by using a series of stacked 
micro-polarizer elements to create a switchable 
parallax barrier. However, despite this potential for 
auto-stereoscopic operation most of the commer-
cial products from VREX have been stereoscopic 
systems.

Harrold et al. describe display designs using 
micro-polarizers in [20,21]. The design exploits 
the polarized light output from an LCD element 
over which is created a patterned retarder array. 
A final polarizing layer is placed over the retarder 
array effectively creating a front parallax barrier 
and hence an auto-stereoscopic display. If the final 
polarizing layer is constructed so that it is remov-
able, the display can be mechanically switched 
between a two-dimensional display mode and an 
auto-stereoscopic three-dimensional display mode 
(Figure 9.18).

Key to the success of this design is the construc-
tion of the patterned retarder array to an accu-
racy of better than 1 part in 2000 for the 13.8 in 
XGA display prototype. This was achieved using 
a process based on standard LCD manufacturing 
techniques to create a manufacturable patterned 
retarder array that is front mounted onto the LCD 
element.

A stereoscopic display design is also described 
by Harrold in [20] where the patterned retarder 
and polarizer are constructed inside the LCD ele-
ment to avoid the parallax problems of the Faris 
design [14,15]. A prototype LC cell demonstrated 
the feasibility of this approach.

A micro-polarizer display described by Benton 
[1,2] uses a combination of polarization and 
bulk optics to create two viewing windows that 
can be steered electronically if a suitable head 
tracker is available. An LCD panel with the ana-
lysing polarizer removed acts as an electronically 

LCD element

Reflector

Lamp Rear reflector and barrier for
stray light

Lenticular lens

2D/3D switching
diffuser (PDLC)

Light guide with
grooves

Weak front diffuser

Figure 9.17 The DTI compact backlight allowing two-dimensional/three-dimensional illumination.
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programmable polarizing light source: light com-
ing from the light source LCD will be either rotated 
at 90° or not rotated. An illumination pattern of 
two blocks of light is displayed on the light source 
LCD, each polarized differently. A micropolar-
izer array arranged as rows behind an image LCD 
display allows alternate rows of image to be illu-
minated by differently polarized light and hence 
appear in the viewing windows for the left and 
right eyes. A large lens after the LCD produces an 
image of the viewer-tracking LCD (polarized light 
source) at the intended viewing distance of about 
1 m creating the two viewing windows.

Benton notes there can be problems with the 
lens (a Fresnel lens) creating Moire patterns in 
association with the image display LCD. In com-
mon with many auto-stereoscopic displays the 
viewer has to be at or close to the nominal view-
ing distance, which at 1 m is significantly further 
than typical two-dimensional display viewing dis-
tances. No measurements of crosstalk or window 
brightness uniformity are given

9.3.5.4  HOLOGRAPHIC ELEMENTS

Holographic optical elements (HOEs) have been 
used [51,52] to create three-dimensional dis-
plays in conjunction with LCD elements. When 

illuminated the HOE acts to form the viewing 
windows. The HOE is arranged in horizontal 
strips to reconstruct a real image of a diffuse illu-
minator; the strips are arranged so alternate strips 
reconstruct left and right viewing windows. When 
placed behind a display with two horizontally 
interlaced images, the observer will see an auto-
stereoscopic image.

A number of practical problems in the optical 
design are discussed in [51] and in particular color 
fringing due to the diffractive nature of the HOE 
could prove difficult to overcome. Otherwise, this 
design has several advantages and can be modi-
fied to track users by moving the light source and 
also constructed so that it can be switched between 
two-dimensional and three-dimensional using a 
modified light source.

9.3.6  Multi-view systems

The viewing freedom of a three-dimensional dis-
play is a key requirement in certain applications, 
for example public information kiosks, where ease 
of viewing is needed to attract and retain the atten-
tion of passers-by. Multi-view systems, as in Figure 
9.19, provide viewing freedom by generating mul-
tiple simultaneous viewing windows of which an 
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display as the eye is insensitive to
polarized light

With the analysing polarizer at
135° in place the retarder acts
as a parallax barrier as shown
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Figure 9.18 The Sharp micro-polarizer display with two-dimensional/three-dimensional switching 
capability [20].
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observer sees just two at any time. Multi-view sys-
tems can also support more than one observer if 
enough horizontal viewing freedom is available.

Bulk optic multi-view displays have been devel-
oped and are reviewed in the literature [7,36]. The 
display was designed to use temporal multiplexing 
of the view images and because the basic switch-
ing speed and interface bandwidth of LCD displays 

were not sufficient, this led to the use of highspeed 
CRT technology.

Micro-optic multi-view designs using standard 
two-dimensional displays have been proposed 
where the images are spatially multiplexed. The 
Heinrich-Hertz-Institut has a well-established 
programme investigating lenticular three-dimen-
sional displays and Borner [4] describes a number 
of multi-view designs.

The principle for a multi-view LCD display 
using a front lenticular element, similar to the 
two-view lenticular design described previously, 
is illustrated in Figure 9.20. This shows a five-view 
lenticular display, where each pixel in every group 
of five pixels is directed to a different viewing win-
dow. As with the two-view displays the system 
should be viewpoint corrected so that the viewing 
windows are aligned with pixels across the whole 
display.

To use the display, five images are sliced verti-
cally into columns and interlaced appropriately. 
The images will then be visible separately in the 
five viewing windows V1–V5 in Figure 9.20. The 
viewing windows can be designed as shown so 
pairs of image separated by one image, for example 
V2 and V4, are seen simultaneously by the left and 
right eyes and if these form a stereo pair, then an 
observer sees an image with stereoscopic depth. In 

Display plane Multiple “windows”
provide a range of
viewing positions

Multiple images are shown simultaneously and a
single viewer sees any two of them at any time

Figure 9.19 Multi-view displays create multiple 
viewing windows.
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Figure 9.20 The principle of amulti-view front lenticular auto-stereoscopic display.
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addition, if the observer moves laterally they can 
see a different pair of images, for example V3 and 
V5, and therefore a different stereoscopic view of 
the scene.

Using a similar geometrical argument as for 
two-view lenticular displays, the pitch of the lenses 
can be determined by
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where Nv is the number of viewing windows 
required.

There are several drawbacks to the basic multi-
view approach that are particularly apparent when 
electronic displays are used [55]. The first is there 
is a black mask between LCD pixels and this is 
imaged into dark lines between each view win-
dow which is distracting to observers when the eye 
crosses a window boundary. Also images with any 
significant depth will result in an image-flipping 
artefact as the observer moves the eye across one 
view window and into the next. Finally as more 
views are used the horizontal resolution of the 
images decreases rapidly. To overcome these prob-
lems, a new approach to multi-view LCD display 
was proposed [55].

Several multi-view systems based on lenticu-
lar micro-optics and single LCD displays were 
proposed [54–56]. A significant step forward was 
made by positioning the lenticular array at an angle 
to the LCD pixel array; this mixed adjacent views 
reducing image flipping problems and spreading 
the effect of the black mask making it less visible. 
The other benefit of this design is that each view 
has a better aspect ratio; rather than splitting the 
display horizontally into many views both hori-
zontal and vertical directions are split.

The arrangement of one lenticule and the 
underlying pixels in the slanted lenticular design 
is shown in Figure 9.21. The slanted lenticular 
arrangement means that all pixels along “a” line 
such as a will be imaged in the same direction. In 
this case all view three pixels are seen in the same 
direction. The arrangement shown allows seven 
views to be interlaced on the display and imaged 
in different directions by the lenticule. As the eye 
moves from position “a” to “b” the eye sees a grad-
ual transition from view 3 to view 4. At most view-
ing positions the eyes will see a combination of 
more than one view; while this inherent crosstalk 

limits the depth that can be shown on the display 
it does hide the transition between views at bound-
aries and blurs the appearance of the black mask 
so that it is no longer an obvious visual artefact. 
For the seven-view display described in [56] the 
magnification of the lenticules is designed so that a 
viewer at a distance of approximately 700 mm from 
the display sees views 3 and 5 in left and right eyes 
respectively, i.e., views separated by one view form 
a stereo pair.

An alternative design where the pixels are slanted 
instead of the lenticular element is described in 
[57]. However, such a major change to LC display 
design is unlikely to happen unless there is a sub-
stantial worldwide market for three-dimensional 
displays or an advantage of slanted pixels for two-
dimensional LCD operation is found.

The multi-view display design [33] adopts a 
similar solution, citing an earlier reference [59] as 
the source of the idea for using a lenticular slanted 
with respect to the vertical image axis. This display 
generates nine viewing regions, through which the 
user can see nine equal resolution images. Based 
on an SXGA (1280 × 1024) LCD display this results 
in each viewing window image having a two-
dimensional resolution of 426 by 341 pixels.

Experience with lenticular optics [61] suggests 
displays based on lenticular optics have to make 
additional design trade-offs. An important one is 
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Figure 9.21 The slanted arrangement of the 
lenticular lens and pixels in the multi-view display 
[55].
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the difficulty of anti-reflection coating the lenses, 
which can lead to distracting reflections on the dis-
play surface. Another is that scattering of light in 
the lenses generates a visible artefact looking to the 
user like a light grey mist present throughout the 
three-dimensional scene.

To summarize multi-view displays:

 ● Temporally multiplexed displays with high 
resolution per view suffer a number of draw-
backs: they need high-speed display elements 
and high-bandwidth image generation and 
interface circuits. This seems likely to delay 
their widespread adoption in personal three-
dimensional display applications.

 ● Spatially multiplexed designs have lower reso-
lution per view than twin-view displays and 
recent designs build in crosstalk limiting the 
three-dimensional depth. Despite this they are 
attractive commercially because of the benefit 
of viewing freedom they provide and their 
relatively low cost and manufacturability.

A solution for the future is to build a system with 
an intermediate number of views, say three, not 
requiring mechanical view steering and use a head 
tracking device to keep the images up to date with 
the observer’s head position. One such system, 
known as PixCon, is described in [61] and another 
design is presented in [48]. A similar idea for using 
view switching in a twin-view system was pro-
posed in [50]. A prerequisite for this is low-cost, 
accurate, observer head tracking and some good 
progress is being made in this area [25].

9.4  THREE-DIMENSIONAL DISPLAY 
PERFORMANCE AND USE

9.4.1  Comparing perceived depth 
reproduction

Perceived depth reproduction is the single most 
important reason for building three-dimensional 
displays but system characteristics in this respect 
are rarely reported in the literature. In this section, 
we consider three generic designs, the twin-LCD 
and single-LCD two-view systems and a single-
LCD multi-view system, and analyse their ability 
to reproduce perceived depth. Similar real exam-
ples of these designs are the twin-LCD display [61], 

the single-LCD VPI display [62] and the nine-view 
multi-view display, but our discussion abstracts 
from the details of specific display implementa-
tions for clarity. We compare the ability of the three 
generic designs to reproduce depth to each other 
and to the performance of the human eye; we also 
consider the demands on the graphics and imaging 
systems supplying the displays with content.

The generic three-dimensional display designs 
are assumed to be based on the same underlying 
LCD element, a 1280 by 1024 pixel display with a 
horizontal pixel width of i = 0.3 mm approximat-
ing an 18.8 in. diagonal SXGA display. The three-
dimensional displays can then be characterized by 
the effective pixel width in the image seen by one 
eye:

 ● The twin-LCD twin-view display has two over-
laid images and the pixel width in each view is 
the same as the base panel at i = 0.3 mm.

 ● The single-LCD twin-view display has two 
horizontally interlaced images and the pixel 
width in each view is double the base panel at 
i = 0.6 mm.

 ● The single-LCD multi-view display has nine 
views, interlaced horizontally and vertically, 
and the pixel width in each view is triple the 
base panel at i = 0.9 mm.

We assume the latter two displays overlay the left 
and right eye images to simplify discussion, but 
note in practice it will be necessary to consider the 
exact interlacing of RGB components.

The following set of characteristics provides a 
basis for comparing display designs. Our aim is 
to capture the characteristics that are important 
in the human perception of three-dimensional 
displays.

Total display resolution: However a stereoscopic 
display is designed to provide views to each 
eye, the total display resolution, i.e., the sum 
of all pixels in all views, largely determines the 
computational effort required to generate the 
images for display and the bandwidth required 
in interface circuits. Displays which require 
image interlacing will also require additional 
functionality in interface circuits as pixels 
from different views typically need to be inter-
laced at the RGB component level. Bandwidth 
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requirements can be determined from total 
display resolution and the desired frame rate.

Resolution per view: The resolution per view is 
a key characteristic of a three-dimensional 
display. Having stereo three dimensions does 
not replace the need for high spatial resolution 
and anyone used to 1280 × 1024 monoscopic 
displays will notice the step down when divid-
ing these pixels between two or nine views. 
However, a three-dimensional display can 
often look better than a monoscopic display 
with the same resolution as a single view on the 
three-dimensional display because the brain 
integrates the information received from the 
two views into a single image.

Perceived depth voxels: As shown in Figure 9.22, 
a pair of corresponding pixels in the left and 
right images represents a volume of perceived 
depth; we will call this a stereoscopic voxel or 
voxel as in [24]. Of particular interest is the 
depth of a voxel that a display can represent 
for a given screen disparity between corre-
sponding pixels. We can use this to compare 

the depth representation abilities of different 
displays in depth and to compare displays with 
the ability of the eye to perceive depth. The 
perceived voxels are arranged in planes from in 
front to behind the display; as they recede from 
the viewer the cells increase in depth [8,24].

The depth span of a voxel can be found by using 
Equations 9.10 and 9.11 as appropriate to calculate 
difference in depth of points 1 and 2 in Figure 9.22.

Consider zero pixels disparity as in Figure 
9.22(o). For point 1, a pixel width i = 0.3 mm implies 
screen disparity of d = −0.3 mm and assuming 
z = 750 mm and e = 65 mm then the perceived depth 
in front of the screen plane is
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For point 2 the screen disparity is d = 0.3 mm and 
the perceived depth behind the screen plane is

(a) Zero pixels disparity represents a
volume of perceived depth as overlapping
corresponding pixels have non-zero width

(b) Two pixels disparity represents a
volume of perceived depth as shown

Typical values for the generic displays:
Pixel width, i = 0.3 mm, 0.6 mm or 0.9 mm
Eye separation, e = 65mm
Viewing distance, Z = 750 mm
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Figure 9.22 The perceived depth represented by corresponding pixels of 0 and 2 pixels screen 
disparity.
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Therefore, the total perceived voxel depth in this 
case is 6.93 mm. This is the perceived depth repre-
sented by corresponding pixels with zero disparity 
at the screen plane. In practice, it tells us this dis-
play cannot reproduce a depth difference between 
objects at the screen plane of less than 6.93 mm. 
Results of similar calculations for all three generic 
displays are given in Figure 9.24.

Perceived depth range: The perceived depth range, 
that is the nearest and furthest points a display 
can reproduce, is of interest. Geometrically, 
this can be calculated from the maximum 
screen disparity available; however, for most 
displays of any size the geometric range is 
much more than can be viewed comfortably 
by the majority of observers. Instead, it is 
important to determine the comfortable per-
ceived depth range experimentally and for our 
discussion we adopt results reported in [27]. 
This suggests a comfortable working range for 
the majority of people is from 100 mm in front 
to 100 mm behind the display surface and this 
range could probably be extended to 200 mm 
in front and 500 mm behind and still be com-
fortable to view for the majority of observers. 
We take the ±100 mm range for our calcula-
tions here without affecting the generality of 
the discussion.

Stereoscopic resolution: Identifying the comfort-
able working range of perceived depth on a 
display also allows us to define the resolution 
of perceived depth within this range. Perceived 
depth voxels of equal screen disparity form 
planes of voxels parallel to the display surface 
as illustrated in Figure 9.23. We will define ste-
reoscopic resolution to be the number of planes 
of voxels within the range of ±100 mm.

Stereoscopic resolution can be calculated iden-
tically for each of the generic displays, which have 
the same viewing distance, by finding the screen 
disparity, d, that generates voxels at ±100 mm. The 
sum of these values is then divided by the width of 
a stereoscopic pixel, i, on the display in question.

The table in Figure 9.24 shows values of the 
characteristics discussed here for the three generic 
displays. Not surprisingly the twin-LCD display 
with the most pixels per view has the best results 
for depth reproduction with an ability to repro-
duce depth differences of 7 mm at the screen plane 
and a stereoscopic resolution of 60 planes of depth 
in the working depth range ±100 mm. However, 
the eye is much better at perceiving depth than the 
best display is at reproducing it with a minimum 
detectable depth difference of 0.84 mm and an 
equivalent stereoscopic resolution of 240 planes of 
depth in the working range ±100 mm.

This difference suggests significant improve-
ments are still possible to the depth reproduction 
characteristics of stereoscopic displays. It is also 
important to keep in mind when using the displays 
if depth judgement is critical to task performance. 
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Figure 9.23 Stereoscopic resolution is defined by planes of stereoscopic voxels.
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In the next section, we briefly review how to cre-
ate images that account for the available working 
depth range and resolution of three-dimensional 
displays.

9.4.2  Perceived depth control and 
image generation

As discussed three-dimensional displays have lim-
its on the comfortable perceived depth range they 
can reproduce. This results in a working volume of 
space around the display plane that content pro-
ducers can use to present a scene in. The work-
ing volume available on the display is unlikely to 
match the volume in the scene being captured. As 
a result, several approaches to mapping depth from 
a scene onto the available depth range of the target 
display have been proposed.

Traditionally, this has involved a discussion of 
whether to set cameras at eye separation or not 
and whether camera axes should be parallel or 
verging. However, recent methods approach the 
problem as a mapping of a volume of scene space 
onto the available working volume on the target 
display. These methods automatically calculate 
stereoscopic camera parameters given a camera 
position, scene volume to capture and target dis-
play specifications. Wartell describes one approach 
in [58] while a simpler and more general method 
is given by Jones [27]. These have significant ben-
efits in ease of image generation for content cre-
ators and guarantee that depth mappings will be 
geometrically consistent even on head-tracked dis-
plays. The result is stereoscopic images should no 
longer be produced with excessive perceived depth 
or unwanted distortions.

Despite the long history of stereo image genera-
tion, it is only recently that new technology, in the 
form of three-dimensional computer graphics and 
digital camera technology, has been able to give 
enough control over the image creation process to 
use these methods. The methods are particularly 
important to apply when creating images for test-
ing and improving a display design because poorly 
created images, or even just images produced cor-
rectly for a different three-dimensional display, 
can cause the highest-quality display to become 
uncomfortable to view.

9.5  SUMMARY

Advances in micro-optics, display technologies 
and computing systems are combining to pro-
duce an exciting range of new opportunities for 
three-dimensional display designers. To achieve 
a good three-dimensional display design requires 
a systems approach combining optical, electrical, 
mechanical and digital imaging skills along with 
an understanding of the mechanism of binocular 
vision.

The characteristics and geometry of binocu-
lar vision define limits on the maximum range 
of binocular vision and the minimum depth dif-
ferences it is possible to perceive in the natural 
world. Because the perception of depth is relative 
to the current fixation point, binocular vision is 
best suited to making relative depth judgements 
between objects.

Stereoscopic images do not provide the same 
stimulus to the eyes as the natural world and the 
implications of this affect three-dimensional dis-
play design and use. In particular, while the eyes 

Characteristic Twin-LCD
Twin View 

Single-LCD
Twin View

Single-LCD
Multi (9) View Human Vision

Total resolution 2×
1280(h)×1024(v) 1280(h)×1024(v) 1280(h)×1024(v)

View resolution 1280(h)×1024(v) 640(h)×1024(v) 426(h)×341(v)

View pixel width 0.3 mm 0.6 mm 0.9 mm

Viewing distance 750 mm 750 mm 750 mm

Voxel depth:
0 pixels disparity 7 mm 14 mm 21mm 0.84 mm

Stereo resolution
(in ± 100 mm) 60 voxels

The calculations for the table assume an observer eye separation of 65 mm.

31 voxels 20 voxels ~240 voxels

Figure 9.24 Table comparing characteristics of the generic displays and the eye.
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verge to fixate different depths in a stereo image 
the eye’s accommodation must keep the image 
plane, rather than the fixation point, in focus. This 
places measurable limits on how much perceived 
depth is comfortable to view on a particular three-
dimensional display.

As well as the stereoscopic depth cue the 
brain uses many two-dimensional depth cues to 
help it understand depth information in a scene. 
Therefore, the first aim for a three-dimensional 
display design needs to be to keep the same basic 
image quality as a two-dimensional display includ-
ing values of brightness, contrast, spatial resolu-
tion and viewing freedom.

We have introduced two-view and multi-view 
auto-stereoscopic display designs based on micro-
optic elements including parallax barriers, len-
ticular arrays, micro-polarizers and holographic 
optical elements. These provide different trade-offs 
in cost, system complexity and performance. Key 
characteristics that define the performance of dif-
ferent displays include

 ● Perceived voxel depth at zero disparity, i.e., 
minimum reproducible depth at the screen 
plane

 ● Stereoscopic resolution, i.e., the number of 
discrete voxel planes in ±100mm depth

 ● Viewing window characteristics particularly 
inter-channel crosstalk and uniformity

As three-dimensional display quality continues 
to improve, it becomes increasingly important to 
consider the quality of the stereoscopic images 
used to evaluate displays. This requires the adop-
tion of new methods for image generation based 
on an improved understanding of the human per-
ception of stereo images to define the mapping of 
depth from a scene onto the working depth range 
available on the three-dimensional display.
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Optical scanning and printing

RON GIBBS
Gibbs Associates

10.1  INTRODUCTION

Optical scanning is familiar to the general public 
through such widespread applications as super-
market barcode scanners, desktop color scan-
ners, laser lightshows and desktop laser printers. 
However, scanning technology is also applied to 
commercial printing processes, thermal imaging, 
medical diagnostic equipment, biochemical anal-
ysis, and quality control of such diverse items as 
sheet steel, drawn wire, windshield glass, semicon-
ductor wafers and rice—to name just a few of the 
many applications.

Optical scanning in electro-optical systems 
began to be developed for pre-press commercial 
print processes in the 1940s, and for airborne map-
ping and reconnaissance in the 1950s, but the field 

really took off after the invention and commercial-
ization of the laser in the 1960s. Since then the field 
has developed rapidly, with military investment in 
forward-looking infrared (FLIR) scanners, and a 
steady stream of new commercial applications.

Scanning systems can be broadly divided into 
input and output systems. Input systems acquire 
electronic data in one, two or three dimensions 
from physical objects, by scanning a detector 
across the object. Output systems create an image 
from the electronic data by scanning a modulated 
light beam (usually a laser) across a light-sensitive 
medium. Input systems can be further subdivided 
into remote/local sensing and passive/active scan-
ning. Although the various types of system have 
often developed separately, and in some cases are 
described by different terminologies, there is a 
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great deal of overlap and common ground in the 
technology used.

Scanning technology is very varied, both in the 
components employed and in their configuration 
into optical systems, and no treatment of the tech-
nology can hope to be complete. Typically, to meet 
a given requirement, many possible solutions exist, 
and comparing potential solutions can involve 
analysis of a complex trade-off of optical, mechan-
ical, electronic and software issues. In addition, 
non-scanning solutions may also be possible, espe-
cially those involving detector and light source 
arrays. In some instances, electronically scanned 
arrays can be considered to be part of scanning 
technology, although analysis of the system in this 
way is more meaningful when the electronic scan 
is combined with optomechanical scanning.

This chapter is organized as follows: An over-
view of the most commonly encountered scanning 
configurations is followed by a description of the 
most important scanning system performance 
requirements. Then follow descriptions of scan-
ning system deflector and lens components, and 
finally more detailed descriptions of a few exam-
ples of practical input and output scanning sys-
tems. An attempt has been made to generalize, as 
far as possible, although inevitably many detailed 
issues are specific to a particular category of scan-
ning system.

10.2  SCANNING SYSTEM 
CONFIGURATIONS

Scanning systems can take many forms, and it is 
helpful to group them together in related funda-
mental configurations. There are several commonly 
used ways of classifying scanning systems, which 
are used in different circumstances, although none 
of them is perfect in the sense of including all pos-
sible types of scanning system.

10.2.1  Classification by deflector 
position

The most commonly applied classification, due 
to Beiser [1], is based on the relative positions of 
the scanning deflector and the objective (focusing 
lens) subsystems that make up the basic optical 
configuration (Figure 10.1).

Objective scanning is defined as the coinci-
dence of the deflector and objective, and it implies 

translation of either the complete optical system or 
the scanned object. Examples of scanning systems 
employing this classification include push broom 
(linear translation of a linear array), XY (orthogo-
nal linear translation stages) and external drum 
scanning (see Section 10.2.2). The scanning speed 
is limited by the mechanical inertia of large struc-
tures, which must move at the scanning speed.

Since this particularly affects acceleration and 
deceleration, objective scanning systems are either 
slow or continuous, as in the cases of external drum 
scanners (see Section 10.2.2) or airborne or satellite 
push broom systems, where the aircraft flight over 
the ground provides the scan motion. To overcome 
this limitation, configurations based on angular 
deflectors, giving an optical lever advantage, must 
be used.

In pre-objective scanning, the deflector precedes 
the lens in the optical path. This usually requires 
a complex lens, as it must operate over the range 
of off-axis field angles defined by the angular scan 
range. However, this is the only scanning configu-
ration that can generate a fast-scanned flat image 
plane via a suitably designed flat-field lens (see 
Section 10.5.3), which is the usual use for this con-
figuration. Either a single-axis deflector producing 

Lens

Scan

(a) Scan

Lens

123

(b)

Scan
1
23

1
23

123

(c)
Lens

Figure 10.1 Scan configurations by deflector 
position. (a) Objective scan, (b) Pre-objective 
scan, and (c) Post-objective scan.
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a straight-line scan, or a two-axis deflector to scan 
a flat plane can be used.

In post-objective scanning, the deflector fol-
lows the objective lens in the optical path. This 
allows relatively simple on-axis optics, but leads 
to a curved field, which can be circular if there is 
no separation between the rotation axis and the 
deflection point. This curvature can be acceptable, 
provided that the system either has a large depth 
of focus or is imaging a curved (e.g., cylindrical) 
surface. These curved bed systems are described 
further in Section 10.2.2.

Additional optics (usually based on large 
aspheric mirrors) can be inserted between the 
deflector and the image to flatten the image field. 
These are often described as post-objective field 
flatteners, but the resulting systems have more of 
the characteristics of pre-objective scanners.

This classification system deals with individual 
scanning mechanisms for a single scan direc-
tion. In two-dimensional scanning systems, two 
orthogonal scanning mechanisms are combined. 
In the case of a raster scan pattern, fast scan and 
slow scan axes are defined. Often, the fast scan 
mechanism uses angular deflectors in a post-or 
pre-objective configuration, and the slow scan 
mechanism uses objective scanning.

10.2.2  Classification by image 
geometry

Particularly in applications that involve flexible 
object or image media, it is useful to classify scan-
ning systems by the (input or output) imaging 
medium surface form, which can be either flat or 
curved when mounted for scanning. The medium 
could either be the surface of a solid object (e.g., a 
cylinder) or a thin, flexible sheet of material, which 
is constrained to take the shape of a mounting sur-
face, or bed. This classification system deals with 
complete scanning system geometries.

A flatbed scanner usually has the benefits of 
convenient material geometric form and simple 
handling mechanisms, together with the possi-
bility of a compact, lightweight system. Usually, 
a pre-objective scanner or linear array is used, 
often requiring a complex lens design (see Section 
10.5). It is possible to flatten the curved field of a 
post-objective system by using dynamic focus of 
the objective, but this is limited to slow scanning 

speeds because of the mechanical inertia of the 
lens. A closely related form is the capstan scan-
ner, which combines a straight-line scanner with a 
transport mechanism for the input or output sheet 
that moves it across the scan line using motorized 
rollers. Typically, this winds a photographic film 
from a roll to a take-up roll.

Non-flatbed scanners are based on cylindrical 
surfaces, either convex or concave. Convex cylin-
der scanners are called external drum, as the scan-
ning optics is external to the cylinder surface. In 
these, the optical system is usually stationary and 
the cylinder rotates (Figure 10.2). In this configura-
tion, there is great system flexibility for the optical 
design, which can vary from simple (single-beam, 
fixed resolution) to complex (multiple beams, 
variable resolution). In addition, the (mechani-
cal) scanning system is separate from the optical 
system, so it is relatively easy to convert an exist-
ing system by changing the optics module, or to 
change the scanned image format by changing the 
size of the cylinder. As the focal length of the opti-
cal system can be small, very high resolution and 
good image quality can be achieved, but the scan 
speed is limited by the very high rotational inertia 
of the large cylinder drum. This causes problems 
for acceleration and deceleration, as well as safety 
and stability concerns that limit rotation speeds to 
about 2000 rev/min.

An alternative form of external drum scanner 
uses a line scanner to generate a line along the cyl-
inder, which rotates only once for each complete 
scan of the drum surface. This is the configuration 
for typical xerographic laser scanners.

Concave cylinder surface scanning systems 
are based on post-objective scanners, which have 
simple on-axis lens optics, and which can take one 
of the two forms, as described above. When the 
deflector rotation axis is parallel to, and collinear 
with, the optical axis, an internal drum scanner 
results (Figure 10.3). This has the advantage that 
as the deflector is small, very high rotation rates 
can be attained. In addition, a large scanning angle 
range (up to 270°) is easily achieved, and fairly high 
resolution scanning is possible over a fairly large 
area. The image surface is stationary, which sim-
plifies and speeds up material changeover between 
scans.

Two forms of internal drum scanner optical 
layouts may be identified. If the laser and opti-
cal systems are small, the complete optics may be 



324 Optical scanning and printing

mounted on the linear traverse slide, in a carriage-
mounted configuration. When the optics is too 
large or heavy, only the final focusing lens and the 
spinner mirror is mounted on the carriage, and 
the preceding optics generates a collimated beam 
collinear with the cylinder axis. The beam must be 
sufficiently large that the beam divergence is small 
over the carriage traverse length. This is known as 
a beam-riding configuration.

Multiple-beam internal drum systems are diffi-
cult to realize, because of the image rotation along 
the scan line inherent in the scan geometry. A half 
speed contra-rotating dove prism before the spin-
ner mirror can correct this [2], although the speed 
control requirements are very demanding. By 
using a two-axis acousto-optic deflector, derota-
tion of up to three beams is possible [3].

A post-objective scan configuration with the 
deflector axis perpendicular to the optical axis 
(such as in Figure 10.1c) is classed as curved bed. 
Compared with the internal drum configura-
tion, only a small angular scan is possible, but 
the deflection angle is double the mirror rotation 
angle, resulting in a faster scan. Multiple-beam 

scanning is possible, as there is no rotation on the 
scanned beam axis. For faster scanning, a pris-
matic polygon mirror may be used in place of a 
single-facet mirror. However, in this case, the 
separation between the rotation axis and mirror 
surface results in distortion of the image surface 
curvature and the scan linearity.

10.2.3  Classification by scan pattern

The main division is between raster and vector 
scanning systems. Raster scanning repetitively 
scans a beam in a regular pattern of adjoining lines 
over a rectangular area, like a TV display. Raster 
scanning systems are characterized by

 ● Fixed scan speeds, often set by a system elec-
tronic clock

 ● Orthogonal scan mechanisms—one being 
a fast line scan and the other being a much 
slower page scan

For multiple-beam or multiple-detector systems, a 
further sub-classification can be applied, depending 

Scan
2

Scan
1

(a)

Scan
2

Scan
1

(b)

Figure 10.2 External drum configurations. (a) Solid drum output, reflective input and (b) Transparent 
drum, transparency input.
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on the method of overlapping the beams. In a swathe 
scanning system, each set of multiple beams forms 
an overlapping scan pattern or swathe, as in a push 
broom scanner. To scan a larger width, multiple 
scans are made with the first beam of each swathe 
adjoining the last beam of the preceding swathe. 
Some systems allow adjacent elements of detectors 
(e.g., CCD) or light sources (e.g., LED), but when 
some physical separation of elements is necessary, 
the array must be angled with respect to the scan 
direction, to allow overlap of adjacent elements. In 
this case, a timing correction must be made to the 
electronic signals to or from the array elements.

If an array of n elements has a spacing between 
elements of (n + 1)p, where p is the required separa-
tion between adjacent scan lines, an interconnect-
ing scan pattern will eventually result if each pass 
of the array is advanced by a distance np in the slow 
scan direction. This is known as an interlaced scan.

In page width segmentation, in a single pass 
of the scanner the beams are equispaced across 

the image width. On each pass of the scanner, the 
beams are moved across by one beam width so that 
each beam adjoins the corresponding beam from 
the previous scan, until it reaches the starting posi-
tion of its following neighbor.

Random-access and vector scanning systems 
require agile, low-inertia deflectors to move a scan-
ning spot along arbitrary paths within a scanning 
area. Typically, orthogonal galvanometer deflec-
tors or electro-optical deflectors are used for very 
high speed scanning applications. In vector scan-
ning, the two deflectors are synchronized to move 
the spot at constant speed, to maintain a constant 
exposure. In random access, the spot is quickly 
switched to a new direction, requiring sophisti-
cated control to minimize the switching time with-
out causing oscillation.

Complex scan patterns, similar to Lissajous fig-
ures, may be generated by simple scanning systems 
comprising of two fixed-speed oscillating deflec-
tors. The deflectors could be resonant galvanometer 

Scan
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1

Laser

Laser

(Stationary)

Beam expander

Collimated Beam

Carrige Spinner mirror

Figure 10.3 Internal drum configurations. (a) Carriage-mounted optics and (b) Beam-riding optics.
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scanners, or rotating transmissive glass wedges 
known as Risley prisms. Different combinations of 
the relative speed and phase of the two deflectors 
produce a wide range of scan patterns [4].

10.3  SCANNING SYSTEM 
PERFORMANCE 
SPECIFICATION

In this section, the performance parameters that 
are relevant to scanning systems are examined. 
Scanning system performance requirements vary 
widely in terms of resolution, speed and quality, 
and a thorough analysis of these requirements is 
essential before any design is attempted.

10.3.1  Resolution

Resolution of a scanning system can be expressed 
in several different ways. The addressability of 
a digital system is determined by the sampling 
frequency of acquisition or output of pixel data 
points, and is usually measured in units of dots per 
inch (dpi). The image is usually sampled at finer 
intervals than the optical resolution of the system. 
Hence, addressability can give a misleadingly high 
value for the system resolution if not interpreted 
with care.

The spot size (of the scanning laser beam, or 
of the detector element image) is a measure of the 
optical resolution of the system. The cross-scan 
(perpendicular to the scan direction) resolution 
is well characterized by spot size, but the in-scan 
(in the direction of the scan direction) resolution 
of a flying spot scanner is degraded by ‘smearing’ 
of the scanned spot as a result of its motion. In the 
cross-scan direction, the ratio of the spot size to 
the scan line pitch is significant, as this determines 
the intensity ripple in this direction, and hence the 
visibility of scan lines.

In a laser scanning system, the beam usually 
has a Gaussian intensity profile, and the spot size 
is determined at either the 50% (referred to as full-
width, half-maximum (FWHM)) or 1/e2 (13.5%) 
level. In some systems, the spot is elliptical in 
shape, with the size optimized for both in-scan and 
cross-scan resolutions, but where a round beam is 
used, the spot size is a compromise between the 
two requirements.

For an angular scanned system, the concept 
of angular scanned resolution is useful. Angular 

scanned resolution is defined in terms of the num-
ber of resolved spots per scan line, N.

 N /= θ ∆θ  (10.1)

where θ is the maximum scan angle and Δθ the 
scan angle increment corresponding to the reso-
lution limit of the system. For an optical aperture 
width D, the resolution is determined by the dif-
fraction limit

 a D/∆θ = λ  (10.2)

where λ is the wavelength and a a constant that 
depends on the aperture shape, beam uniformity 
and resolution criterion used. (For the common 
case of an untruncated Gaussian beam defined by 
the FWHM spot size, a = 0.75.) Hence, the funda-
mental scanning equation [5] is obtained

 N D a/ .= θ λ  (10.3)

A consequence of this equation is that by increas-
ing the scan angle with additional optics such as 
an afocal beam expander does not improve the 
number of resolved spots per scan line, as θD is an 
optical invariant.

The calculated modulation transfer function 
(MTF) can be very useful when applied to a two-
dimensional raster scanning system used for imag-
ing [6]. Although MTF is only strictly applicable 
to linear systems, and some elements of scanning 
systems (especially electronic and software image 
processing) can be highly non-linear, the calcula-
tions can still provide valuable insights if treated 
with caution.

In-scan and cross-scan MTFs are different, 
because of the time-dependent factors that affect 
in-scan resolution, which are linearly related to 
spatial frequency response by the scan speed.

For an input system, the model must include

 ● Lens performance, or aperture, if diffraction 
limited; calculated or measured

 ● Detector element size and shape; calculated 
from the Fourier transform of the detector 
dimensions

 ● Scan motion; calculated from velocity as a sinc 
function [6]

In addition, electronic responses of scanner system 
components must be included
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 ● Detector frequency response
 ● Detector amplifier frequency response
 ● Software processing of the output data (fre-

quency response is linearly related to MTF)
 ● For output systems, the key optical factors in 

the MTF calculation for the cross-scan direc-
tion are

 ● Optical spot size and intensity profile— 
calculated from the Fourier transform

 ● Output medium—measured (related to the 
microscopic grain structure of the active 
material)

Additional system factors for the in-scan direction 
are

 ● Spot motion
 ● Modulator frequency response, due to the 

optical modulation device and the electronic 
amplifier response

Measurement of scanning system MTF is difficult 
for both input and output systems, due to prob-
lems in generating sinusoidal spatial frequencies 
and because of the complex sampled nature of the 
image. In practice, spatial resolution is usually 
assessed by subjective methods, using test images 
and resolution charts.

10.3.2  Scan duty cycle

Duty cycle is an important measure of the effi-
ciency of the scanning system. It is usually defined 
for a line scanning subsystem as the proportion of 
time that the system is actually performing input 
or output of scanned data during the scanning 
operation. It arises because every scanning mecha-
nism has a ‘dead’ time, which arises from the scan-
ning geometry.

Examples of how dead time arises for specific 
scanning mechanisms are

 ● Galvanometer: acceleration/deceleration at 
start/end of linear angular scan range, and 
flyback time if the scan is unidirectional.

 ● Polygon: transit time of the beam across cor-
ners of the polygon mirror.

 ● Internal drum: obscuration of the deflected 
beam by the spinner carriage.

 ● Acousto-optic deflector: acoustic fill time.

The duty cycle has a significant effect on the sys-
tem electronic bandwidth requirement, and on 
the radiometry. The electronic bandwidth of the 
system must be higher than the average data rate 
due to this inefficiency in the optical system. For 
example, the optical modulation rate fm of an out-
put system is related to the average data rate fb by
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The effect on radiometry is that higher opti-
cal power is required to illuminate or expose the 
scanned object than if the scan were perfectly effi-
cient. In some cases, this can limit the achievable 
scanning speed of the system.

10.3.3  Radiometry, input systems

The critical radiometric performance measure for 
input systems is the dynamic range of the system. 
This is defined as the ratio between the system’s 
white and black levels Iw and Ib, which are the max-
imum and minimum possible detector signals.

The white level can depend on the following 
factors:

 ● The brightness of the optical source, including 
its condenser optics

 ● The optical properties (e.g., reflectivity or 
transmissivity) of the scanned object

 ● The efficiency (e.g., numerical aperture, trans-
mission) of the detector optical system

 ● The size, responsivity and saturation level of 
the detector element

The dynamic range may be expressed as a simple 
ratio, but is more commonly expressed in density 
units
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or as an integer number of bit levels
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Optical density is often a more relevant measure 
of signal, because of the logarithmic response of 
many physical processes, including photographic 
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emulsions and the eye. ND, as defined here, is the 
maximum number of physically significant bit lev-
els that can be achieved in a digitized output.

10.3.4  Radiometry, output systems

For exposure of an image on an area A, the optical 
power of the beam is given by
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(10.7)

where s is the sensitivity of the exposure material, 
ηL the scan duty cycle, ηopt the optical throughput 
efficiency and τ the total exposure time.

For most scanning systems, the material sensi-
tivity must be valid for very short exposure times. 
This can differ significantly from manufacturers’ 
measured values at shorter exposures because of 
reciprocity failure. For photographic materials, the 
sensitivity usually increases at shorter exposures, 
whereas for thermal materials it decreases.

The value of the constant k in the equation 
depends on the beam profile and the required 
overlap between adjacent scan lines. When k = 1, a 
threshold exposure results, when only a thin line 
at the center of the scan line is exposed. A typical 
value for a practical system is approximately 2.

Note that, for a fixed scanner speed in terms of 
the number of scan lines per second, as the system 
resolution increases, the exposure time increases. 
Hence, the power requirement also increases.

10.4  SCANNING DEFLECTORS

Angular scanning systems use deflector subsys-
tems to deflect the optical axis of a beam from a 
point within the scanning system in the form of a 
rotation about a scanning axis. A variety of deflec-
tion subsystems have been developed to meet 
the needs of different scanning applications. The 
deflector subsystem, with or without auxiliary 
focusing optics, is itself often described as a scan-
ner by manufacturers.

Distinction may be made between high-inertia 
deflectors, which can only be used for continuous, 
constant speed scanning, and low-inertia deflec-
tors, whose deflection angle can be varied quickly. 
The latter category often has a limited angular 
deflection range, which limits its application to 
low-resolution systems. Low-inertia deflectors 

include fast-steering, or tip-tilt mirrors, which are 
two-dimensional beam steering devices primar-
ily used for line-of-sight stabilization or tracking 
applications.

10.4.1  Galvanometer mirror

This important class of deflector employs the elec-
tromagnetic effect of a permanent magnet and the 
magnetic field created by an electric current in sta-
tor coils to produce a rotary torque, which drives 
a spindle through a limited angular range [7]. A 
mirror is mounted on the end of the spindle to 
deflect the optical beam. The mirror is a significant 
contributor to the mechanical inertia of the rotor, 
which limits the maximum speed and/or angular 
range of the scanner. Angular range is typically 
no more than 40° (80° optical deflection) for low-
accuracy applications, and less than 20° for high-
end applications.

The rotor can be configured as moving iron, 
moving magnet or moving coil [8]. Originally, 
galvanometer scanners were based on moving 
iron designs [9], but modern designs are based on 
moving coil or moving magnet designs. Moving 
coil designs have relatively high inertia, but high 
and stable torque, and are typically used for 
high-accuracy applications with large mirrors 
(greater than 30 mm aperture). Moving magnet 
galvanometer scanners, aided by recent develop-
ments in high-energy-density rare-earth mag-
netic materials, have the highest torque-to-inertia 
ratio, and hence the highest speeds. The angular 
deflection speed and position are controlled by 
sophisticated closed-loop servo electronics for 
high-accuracy applications, angular position 
being accurately measured using accurate, capac-
itive or optical sensors with fast response times. 
Resolution of the order of one microradian can 
be achieved.

For two-dimensional scanning, two deflec-
tors are often used, mounted close together with 
their axes at right angles. In this configuration, 
the second mirror must be larger than the first, 
to accommodate the beam movement. Because of 
the separation of the scan axes, the scan pattern is 
geometrically distorted, but this can be computed 
[10] and compensated by software correction of the 
drive signals to the galvanometers.

Galvanometer scanners are most often used 
in one of two modes: vector scanning or regular 
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periodic form. In vector scanning, the two deflec-
tors of a two-dimensional scanner are controlled 
in synchronism to move the optical beam along a 
programmed path in response to a required pat-
tern (e.g., alphanumerical characters), usually at a 
constant spot speed. For regular (e.g., raster) scan-
ning, the deflector is driven so that the deflection 
is linear with time over a large proportion of the 
scan period.

For a high duty cycle a sinusoidal variation is 
inadequate, and the deflector angle is controlled to 
a sawtooth form, where the beam that is scanned at 
linear velocity in one direction is, quickly returned 
to the starting point. The scan must be unidirec-
tional because of the slight ellipticity in the scan 
line due to bearing hysteresis.

For very high fixed scanning rates, resonant 
scanners have been developed. These use flexure, 
torsion or taut-band mounts to enable very high 
scan speeds of up to 8 kHz or more. Although 
these deflectors have low inertia, the scan speed 
and sinusoidal oscillation are fixed, so electronic 
signal timing correction is required to obtain an 
undistorted scan with reasonable scan duty cycle.

10.4.2  Polygon mirror

Deflectors based on continuously rotating spindles 
are very commonly used in scanning systems, and 
may have either a single mirror facet (monogon) or 
many facets (polygon).

These deflectors have much higher mechanical 
inertia than galvanometer scanners, but can rotate 
at very high speeds, thanks to the development of 
precision air bearings. These bearings have largely 
superseded ball bearings for high-end applications, 
having much higher speeds, much lower vibration 
and longer lifetime. Bearings can be hydrostatic, 
i.e., externally pressurized, requiring a source of 
compressed air. However, many bearings nowa-
days are hydrodynamic (or self-acting), requiring 
no external air supply. These require much tighter 
manufacturing tolerances, but modern manufac-
turing techniques, coupled with developments in 
bearing design (especially materials and surface 
finish), make these a practical choice for most 
high-speed applications.

At very high rotation speeds (>30,000 rpm), air 
resistance (windage) and turbulent flow of air at the 
mirror edges limit the achievable speed, and very 
high-performance scanners are often enclosed in 

partial vacuum or in a helium atmosphere, which 
has much lower viscosity than air [11].

Polygon mirrors may be pyramidal or (more 
commonly) prismatic. Prismatic polygons have 
their facet surfaces parallel to the rotation axis, 
while the facets of pyramidal polygons are at an 
angle (usually 45°) the rotation axis. Prismatic 
mirrors deflect the optical beam by twice the 
mechanical rotation, whereas pyramidal mirrors 
deflect it by the rotation angle.

Prismatic polygons are most commonly used 
in a configuration that has the input and output 
beams in the same plane, perpendicular to the 
polygon rotation axis (Figure 10.4). This configu-
ration avoids scan line bow. Careful calculation 
is required to design the polygon dimensions to 
achieve the required system performance with the 
minimum size [12,13].

Active facet tracking can be used to further 
reduce the size of the polygon facets. In this tech-
nique, a subsidiary small-angle deflector is inserted 
before the polygon. This high-bandwidth deflector 
is programmed in such a way that it always deflects 
the input beam to the center of the active polygon 
facet.

Pyramidal mirrors (Figure 10.5) are more 
expensive to fabricate, but can achieve very high 
scan speeds in a compact configuration. They are 
often used overfilled, i.e., with an input beam larger 
than the mirror facet. This results in a scanned 
spot of constant power and a high scan duty cycle, 
but the optical transmission efficiency is poor. It is 
possible to design a coarse two-dimensional scan 
system by varying the pyramidal angle between 
adjacent facets to produce an angular step between 
successive scan lines.

The single-facet (monogon) versions of pris-
matic and pyramidal deflectors are shown in 
Figure 10.6. The pyramidal type is the more com-
monly used, usually in a post-objective internal 
drum scanner, and many innovations have been 
applied to increase the speed. Optically transpar-
ent enclosures have been developed to overcome 
windage limitations [14], and special mirror shapes 
have been developed to reduce dynamic distor-
tions of the cantilevered mirror surface [15].

10.4.3  Holographic

Holographic deflectors [16] are based on rotating 
(flat or curved) surfaces containing fine diffraction 
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gratings, which can be either linear gratings 
to deflect collimated beams, or more complex 
curved structures that have optical power and 
act as lenses. Thick blazed transmissive gratings 
can have high transmission efficiency in a sin-
gle diffraction order for a single wavelength. A 
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Figure 10.6 Single-facet (monogon) deflectors. 
(a) Pyramidal form and (b) Prismatic form.
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Figure 10.4 Prismatic polygon scanner configuration.
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single surface that combines several holographic 
elements is referred to as a hologon (from holo-
graphic polygon).

The disc hologon is a form in which hologram 
elements are arranged radially around a flat circu-
lar disc, which rotates about its axis (Figure 10.7), 
and performs a similar function to a prismatic 
polygon [17]. The figure shows a hologon with opti-
cal power, but linear gratings and a separate lens 
are often employed in a pre-objective scanning 
configuration. In this case

 t
sin sini dθ + θ + λ

 
(10.8)

where t is the grating period.
If the hologon is tilted by a small angle dα, the 

change in diffracted angle is given
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from which it can be shown that sensitivity of the 
output angle to wobble in the hologon tilt is mini-
mized when θi = θd, which is the Bragg diffraction 
condition.

An alternative form of holofacet deflector is 
based on holograms arranged around a cylindri-
cal surface that rotates about the cylinder axis 
(Figure  10.8), and is analogous to a pyramidal 
polygon.

Holographic deflectors have several potentially 
attractive fundamental features, compared with 
polygon mirrors:

 ● Thin lightweight elements, with improved 
aerodynamic shape (elimination of sharp edges 
in the rotating part), therefore potential for 
higher-speed rotation.

 ● Reduced centripetal deformations and/or 
reduced sensitivity to such deformations, 
therefore improved accuracy at high rotation 
speeds.

 ● Reduced wobble sensitivity (at Bragg angle), 
therefore potential elimination of anamorphic 
deflection error correction optics.

In addition, they offer increased design flexibility 
to enable compact configurations, and are poten-
tially more accurate and/or economic to be manu-
factured in quantity.

However, they have some limitations:

 ● Wavelength sensitivity of deflection angle, 
which must be corrected by auxiliary diffrac-
tive optics when used with typical laser diodes 
[18].

 ● Specialized and technically demanding design 
and fabrication requirements, few suppliers 
having the necessary skills and facilities, and 
typically a lengthy, expensive development for 
a new system.

 ● The most useful configurations are radially 
asymmetric, leading to complex and difficult 
optical system design issues; in particular [19], 
careful consideration may need to be given to

 ● Scan bow and scan linearity; arising from 
complex, asymmetric scan geometry.

θi

Holofacet (grating)

θd

Figure 10.7 Disc hologon.
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 ● Radiometric uniformity; diffraction effi-
ciency varies with angle of incidence.

 ● Polarization: diffraction efficiency depends 
on the relative orientations of the input 
beam polarization and the grating, unless 
the beam is circularly polarized.

A single-facet holographic deflector, comprising a 
single linear grating, has been successfully used as 
a monogon deflector [19]. This is designed to have 
a diffraction angle of approximately 90°. The grat-
ing is mounted at 45° to the input beam, when the 
wobble insensitivity is most effective, in a mount 
that rotates about the beam axis. The rotating 
mount can include a lens after the grating, for use 
in internal drum configuration, or the deflector 

can be used with a fixed flat-field lens in a pre-
objective scan configuration.

10.4.4  Optoelectronic

The term optoelectronic is used here to denote any 
deflector that has no mechanical moving parts, 
and whose operation depends on the interaction 
of an electrical signal with the optical properties 
of the deflector material to produce an angular 
deflection. These deflectors can have effectively 
zero inertia, the response being limited only by the 
speed of the drive electronics, making them ideally 
suited to broadband position control and ultra-
high speed scanning. However, in practice, they 
are only rarely viable alternatives to mechanical 

3
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Figure 10.8 Cylinder hologons. (a) Transmissive and (b) Reflective.
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scanning mechanisms, due to their limited angu-
lar deflection range and optical aperture, and 
hence poor angular resolution, typically much less 
than 1000 spots per scan line. Their application is 
therefore generally limited to low-resolution very 
high-speed imaging and active error correction 
subsystems.

Electro-optic (EO) deflectors use the electro-
optic Pockels effect of some crystal materials 
to deflect a linearly polarized beam by an angle 
proportional to an applied voltage. Electro-optic 
coefficients of even the best crystal materials have 
low values, so angular deflection is small. Because 
of the birefringence and thermal sensitivity of 
available EO materials, sophisticated designs are 
required, often passively compensating the unde-
sirable effects of temperature and mechanical 
stress using additional crystals.

One commercial implementation produces a 
uniform refractive index gradient across the crys-
tal using a quadrupole array of electrodes [20]. An 
alternative form of EO deflector works by inducing 
a refractive index change in a prism (Figure 10.9).

The deflection angle may be expressed as

 
n

n

L

D
θ = ∆

 
(10.10)

where Δn = (n1 − n2) and n is the refractive index 
at the final air interface. For an EO material, the 
change in refractive index with applied voltage Vz 
is given by
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where rij is the material electro-optic coefficient 
and t the thickness of the cell in the z direction 
(perpendicular to the paper).

The deflector performance is improved by 
fabricating the deflector in the form of several 
sequential prisms of alternating polarity, increas-
ing the length of the cell while allowing practically 
  achievable crystal sizes. This has been implemented 
using semiconductor-manufacturing technology, 
 growing LiTaO3 crystal prisms using photolithog-
raphy [21].

Acousto-optic (AO) deflectors use diffraction in 
a crystal material, produced by pressure waves, to 
deflect the beam by an amount dependent on the 
applied frequency f. The deflection results from a 
thick diffraction grating created within a crystal 
material by a radio-frequency traveling pressure 
wave generated by a piezo-electric acoustic trans-
ducer bonded to the side of the crystal (Figure 
10.10). The first order deflection angle is given by 
the diffraction Equation 10.8 above, where the 
grating period t = f/va, where va is the acoustic 
velocity of the cell material.

For high diffraction efficiency, Bragg diffraction 
is used, where the deflection angle of the  diffracted 
beam at the center of the scan line is twice the angle 
of incidence. Varying the frequency of the acoustic 
wave about the mean frequency varies the deflec-
tion angle, producing a scan.
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Figure 10.9 Prism-type electro-optic deflector. (a) Single prism and (b) Multiple prism.
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The number of resolved spots per scan line for 
an acousto-optic deflector is given by [22]
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where τ is the transit time of the acoustic wave 
across the optical aperture and Δf the change in 
transducer frequency from the center frequency.

To maximize τ, a material with a slow acoustic 
velocity (usually TeO2) is used and the size of the 
laser beam in the acoustic wave direction is made 
as large as possible, although these factors increase 
the response time of the device. To keep the size 
of the crystal within practical limits, cylindri-
cal lenses are used to shape the beam within the 
deflector. Practical considerations of crystal size, 
acoustic attenuation and deflector speed limit the 
beam width to about 50 mm.

To ensure that the deflected beam has con-
stant power over the scan range, it may be neces-
sary to use a phased-array transducer design [23] 

to maintain Bragg diffraction over the range of 
deflection angles.

During scanning, the acoustic wave frequency 
varies across the beam aperture. The frequency 
gradient produces a cylindrical lens effect with a 
focal length of
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The output beam is converging or diverging, 
depending on the scan direction. This can prevent 
bidirectional scanning, and requires the use of an 
external compensating cylindrical lens in the opti-
cal system.

Two-dimensional AO deflectors have been pro-
duced, using transducers on orthogonal faces of a 
single crystal, although practical limits to crystal 
size mean that the achievable angular resolution is 
severely limited.

Recent research has employed optoelectronic 
devices with high spatial resolution, such as liquid 

θB

Bragg angle θB =

Relative deflection angle = θ =
λ
va

λ
2Λ

Transducer

Electrical
RF drive signal
frequency = sf

θB

Λ

3

1 (fs = fo)

2 (fs = fo + ∆f)

∆f

Figure 10.10 Acousto-optic deflector.
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crystal or micromirror arrays, to produce deflec-
tion via phased array phase shift [24,25] or vari-
able-pitch diffraction gratings [26]. These devices 
are still in the early stages of development, and 
show some promise of enabling fast beam steer-
ing with lower-cost devices and drivers, but show 
little improvement in resolution performance 
over the existing acousto-optic and electro-optic 
technology.

10.5  SCANNER OPTICS

10.5.1  Reduction-type array imaging 
lens

In a reduction-type CCD scanner, a high-quality 
multi-element imaging lens images the scanned 
document on the detector array. This lens must be 
specially designed for the purpose, because a stan-
dard photographic quality camera or enlarger lens 
is not suitable.

The requirements that must be addressed in the 
design include

 ● Magnification: consider both the ratio between 
document width and array length and the ratio 
between required spatial resolution (in terms of 
addressability) and detector element spacing. 
In some systems, the lens must be corrected for 
a range of magnifications, requiring multi-
configuration optimization.

 ● Focal length: a compromise between mechani-
cal layout and achievable optical performance. 
Short focal length increases the field angle, 
which makes the design more difficult.

 ● Spatial resolution: MTF must be specified for 
both sagittal and tangential directions, for 
the full range of field positions, and for each 
wavelength. The effect of sampled imaging 
must be considered; in particular, the Nyquist 
frequency acts as a limit to resolution.

 ● Color correction: for color scanners, excellent 
color correction is required, often involving 
secondary spectrum correction and there-
fore careful glass type selection. Lateral color 
is often a limiting aberration, which causes 
highly visible color fringes on off-axis image 
features.

 ● Aperture: often determined by the radiomet-
ric requirements of the detector. The effect on 
diffraction-limited resolution and lens perfor-
mance must also be considered.

The complexity of lens designs ranges from rela-
tively simple Cooke triplet types to complex dou-
ble-Gauss derivatives with six or more elements.

10.5.2  Contact-type array scanner 
optics

Input scanning using a long array detector with 
small elements can be achieved without complex 
lenses, if the scan line length and resolution can 
be identical to those of the array. In this case, a 
configuration with the detector in contact with the 
scanned object is usually not feasible because

 ● Movement of the detector across the object will 
cause scratching.

 ● For a reflective object, there is no clear path for 
illumination of the object around the detector.

 ● Detector arrays are usually packaged in a 
hermetically sealed form, with a window and 
air space between the sensor surface and the 
object. This gap results in a loss of light collec-
tion efficiency and resolution.

The usual solution is to include a micro-optical sys-
tem that images the object on the detector at unity 
magnification. This system can be based on either

 ● A linear array of glass microlenses and 
microprisms

 ● A linear SELFOC (gradient index lens) array 
lens

 ● An optical fiber array

The magnification in these systems must be non-
inverting, so that the images from the array lenses 
overlap to form a linear image at the detector array. 
This results in a compact, low-cost configuration, 
and is commonly used in hand-held and desktop 
scanners. Compared to reduction-type systems, the 
numerical aperture and the resolution of these opti-
cal systems are low, and the performance of the very 
long arrays is inferior to wafer-scale CCD arrays.
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10.5.3  Flat-field laser scanning lenses

In a pre-objective flatbed scanning system, a spe-
cially designed lens is required to focus the scanned 
beam to a line. A theoretically perfect thin lens 
produces a curved field of radius f, so a flat-field 
lens must be designed with the correct amount of 
negative field curvature to compensate the natural 
image curvature.

In addition, in most cases, it is highly desirable 
that a constant rotation rate of the scanner deflec-
tor should result in a scan spot with linear velocity 
at the lens focus. Thus, the linear spot deflection y 
at the image plane must be related to the scan angle 
by the relationship, known as the f − θ characteristic

 y f= θ  (10.14)

where f is the lens focal length and θ the scan angle, 
so that
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A distortion-free lens has the characteristic

 y tan= θ  (10.16)

so the lens must additionally be designed with the 
correct amount of barrel distortion to produce the 

desired f − θ characteristic. Such a lens is therefore 
referred to as an f − θ lens.

Another common requirement is for telecen-
tricity in image space, i.e., the central, or chief rays 
of the beam are parallel with the lens axis for all 
scan angles. For a thin lens it can be seen from 
Figure 10.11 that this is achieved when the entrance 
pupil of the lens is positioned at the back focus of 
the lens. Telecentricity ensures that the focused 
spot is not elongated into an ellipse by the angle of 
incidence at the image plane. The drawback is that 
at least the final lens element must be longer than 
the scan line. In practice, true telecentricity is often 
not required, and a reasonable divergence of chief 
rays from the scan lens can be tolerated, greatly 
reducing the size of lens elements. The fractional 
increase of spot dimension in the y-direction is
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so, for example, an angle of 15° increases the spot 
dimension by only 3.5%. In practice, this would be 
acceptable in many systems.

With modern lens design software, it is quite 
possible to design lenses that are simultaneously 
corrected for field flatness, f − θ distortion and tel-
ecentricity. However, excellent optical correction is 
also usually required, to ensure uniform spot size 

f f

Thin lens
focal length = f

Scanning deflector
( = lens entrance pupil)

Figure 10.11 Telecentric scan lens.
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over the scan line. The fewer the constraints placed 
on the design, the better the achievable lens resolu-
tion performance. Although it is sometimes pos-
sible to design around an existing lens design, the 
system-specific requirements for wavelength, scan 
line length and resolution most often dictate a need 
for a custom lens.

Conventional, spherical-surfaced glass lenses 
typically comprise three or more lens elements. 
Although these can be of a single glass type, better 
correction is obtained, even for a monochromatic 
requirement, by using more than one glass. Using 
a combination of crown and flint glasses, color 
correction can be achieved for two, or even three, 
wavelengths. Usually, diffraction-limited perfor-
mance is required; this becomes more difficult 
to achieve as the spot size decreases and the scan 
angle increases. The number of resolved spots per 
scan line is a good measure of the lens quality, with 
anything over 25,000 spots/scan line being difficult 
to achieve.

For systems that are manufactured in large 
numbers, one-or two-element injection-molded 
polymer lenses are usually used. As the mound 
tool determines the lens shape, aspheric surfaces 
are economic, and the lens can therefore achieve a 
good optical performance with fewer surfaces than 
can be achieved with spherical surfaces. By using 
very complex, asymmetric surfaces, it is possible to 
correct even the effects of pupil wander—the small 
movement of the beam relative to the lens axis dur-
ing polygon rotation [27].

Because of the limited choice and range of 
materials, color correction is not possible with 
plastic lenses, and the number of spots per scan 
line is usually less than 10,000. Thermal stability 
is often an issue, even within a normal office envi-
ronment, because of the high temperature coeffi-
cients of expansion and refractive index of plastics. 
It is possible to passively compensate for tempera-
ture variations by carefully designing hybrid glass/
plastic optics [28].

10.5.4  Deflector error correction

A number of design techniques have been devel-
oped to reduce, or eliminate, cross-scan deflection 
errors caused by manufacturing and alignment 
tolerances of prismatic polygons. These techniques 
allow relaxation of what would otherwise be pro-
hibitively tight tolerances.

Active deflection error correction uses a small-
angle, high-speed deflector in the optical path just 
before the main scanning polygon. This controls 
the input beam angle in the cross-scan direc-
tion, to compensate for cross-scan angle errors 
in the polygon. In an open-loop control system, 
the fixed pyramidal errors of the polygon mirror 
are programmed in a calibration procedure. In 
a closed-loop control system, a separate optical 
measurement system is used to measure the cross-
scan deflection angle, and a servo control system 
dynamically adjusts the input angle to correct any 
deviation. In the latter case, non-repeatable errors 
such as bearing wobble can be corrected in addi-
tion to polygon fabrication errors.

Passive deflector correction can be achieved at a 
much lower cost using non-rotationally symmetric 
optical surfaces in the flat-field lens. The principle 
of the correction system is to use a cylindrical lens 
to focus the input beam on the polygon facet only 
in the cross-scan plane, and then to use cylindri-
cal or toroidal elements within the flat-field lens to 
make the facet surface conjugate with the image 
plane in the cross-scan direction (Figure 10.12). 
Where the optics consists of conventionally pol-
ished glass optical elements, a toroidal lens is added 
to the usual flat-field lens either before the lens, or 
close to the image plane. However, where molded 
plastic optics is used, the toroidal elements, incor-
porating aspheric surface forms, may be integrated 
into the lens design, minimizing the number of 
optical elements and achieving better cross-scan 
error correction.

Other correction systems are possible, using 
multiple reflections to cancel the deflection errors. 
A pentaprism has the well-known property that 
the deflection angle is a constant right angle, 
independent of the angle of incidence, and this 
is generally true for double-reflection systems. A 
pentaprism [29], or any of its open mirror equiva-
lents [30], might be used as the deflector element 
of an internal drum scanner. These internal cor-
recting reflector systems have the disadvantage 
of requiring significant complexity in mechani-
cal mounting and balancing. This disadvantage 
does not apply to external correction systems. An 
external double-reflection element may be used to 
correct deflection error in a polygon. In practice, 
this greatly compromises the system design, sig-
nificantly increasing the polygon size and flat-field 
lens aperture and reducing scan duty cycle.
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10.6  INPUT SCANNING SYSTEMS

In this section, we look at examples of designs of 
scanning systems used for input of data. These are 
essentially electronic imaging systems, but they 
can give far more information than a visual image, 
providing precise measurement of color, scattering 
properties, size or fluorescence at all points within 
the scanned area.

Scanning systems have been developed for one-
dimensional (e.g., supermarket barcode scanners 
and wire diameter measurement systems), two-
dimensional (e.g., desktop document scanners) 
and three-dimensional (e.g., reverse engineering of 
aerodynamic automobile models) measurements. 
Three-dimensional scanners are mainly one of the 

three types. The first type uses laser radar princi-
ples, i.e., a two-dimensional spatial scan combined 
with high-speed time-of-flight measurement of 
fast laser pulses.

The second type uses optical triangulation to 
measure step changes in the height of a projected 
laser line, measured by a two-dimensional sen-
sor array at an angle to the line projection plane. 
Lastly, confocal scanning microscopy [31,32] uses 
a small-aperture detector at the focus of a retro-
reflected beam to produce a scanned image with 
very small depth of focus, enabling high- resolution 
three-dimensional images when the object is 
stepped through focus on successive scans.

Input systems can be classed as either passive 
(i.e., using ambient or fixed illumination with a 
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scanning detector) or active (i.e., providing illu-
mination via a scanned beam for a fixed or scan-
ning detector). FLIR thermal imaging systems [33] 
detect infrared thermal emissions in the 8–12 μm 
band. Active input systems that use the scanned 
illumination beam (usually a laser) to define the 
scanned image resolution are known as flying spot 
scanners. Examples of applications that use these 
two classes of scanning are discussed later.

10.6.1  CCD document scanner

CCD scanners are based on linear array CCD 
detectors, which image the width of the document, 
with a linear mechanical scan stepping along the 
length of the document. Scanners are classed as 
either contact type, where the resolution is essen-
tially that of the detector elements, or reduction 
type, in which higher resolution is achieved by 
imaging the document on the detector array with 
a magnification less than unity. Reduction-type 
scanners have higher performance, but are more 
expensive and bulky.

A schematic optical layout of a typical large-
format document scanner is shown in Figure 10.13. 
Illumination along a line of the document (which 
could, for example, be a poster, a map or an 

engineering drawing) is provided by two cylindri-
cal fluorescent lamps, concentrated by cylindrical 
reflectors. In a camera assembly, a multi-element 
lens images the line on a tri-linear CCD device. 
This simultaneously produces three red, green and 
blue color-separated images of a line of the docu-
ment, immediately after the time-delays between 
the lines are corrected. This provides sufficient 
data to accurately measure the color of the docu-
ment at each point, after calibration.

The spatial resolution is determined by the 
number of elements in each line of the CCD array, 
typically 5000, and the lens magnification. The ele-
ments are typically 8 μm square, and there is no 
gap between elements in a line. To obtain higher 
resolution, two or more camera systems are opti-
cally butted together, to increase the number of 
resolved spots per scan line. This is achieved by 
slightly overlapping the images of the two CCD 
sensors at the document, and ‘stitching’ the elec-
tronic images together by software processing.

The CCD array scans the line image data elec-
tronically, and the line is scanned along the docu-
ment by a motorized pair of pinch rollers that 
transport the document across the stationary 
optical system. To achieve the necessary precision 
in this transport system, a sophisticated control 
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Figure 10.13 Large-format document scanner.
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system is required to ensure accurate speed and 
constant tension in the scanned document.

10.6.2  Flying spot scanners

The term flying spot scanning was originally 
applied to CRT scanning, but nowadays it is more 
often applied to laser scanning. The resolution of 
the system is defined by the laser spot size at the 
object, and a non-imaging detector system collects 
the light that is transmitted, reflected or scattered 
by the object. Laser barcode scanners work on this 
principle.

A more complex system, used for on-line 
inspection of defects in float glass, is shown in 
Figure 10.14. In this system [34], a 633 nm HeNe 
laser beam is scanned by a rotating 12-facet pris-
matic polygon across the 2 m wide glass sheet 
during manufacture, as the glass is moved on a 
conveyor in a direction perpendicular to the scan-
ning direction, producing a continuous raster scan 
of the sheet. Glass defects are detected and ana-
lyzed on-line by measurement of the transmission 
and scatter of the 0.45 mm diameter laser spot.

In this system, the detector system is contained 
within the scanner head, by employing a retro-
reflecting screen of micro spheres to return the 
light transmitted through the glass to the scanning 
system. The reflected light forms stationary images 
of the scanning spot at two detector positions, 
returning via two facets of the scanning polygon. 
One of the detectors is partially masked by a cir-
cular obstruction corresponding to the laser spot 
size, and this measures the scattered light. The 
other detector simply measures the transmission 
through the glass.

The polygon facet size is determined by the light 
collection requirements of the detector system, 
rather than by the size of the illuminating laser 
beam. As the retro reflecting sheet produces a cone 
of about 2° angle, a large polygon with facets of 
50 mm × 25 mm is required, which makes the poly-
gon manufacture challenging.

10.7  OUTPUT SCANNING SYSTEMS

In output scanning, a light source (almost always 
a laser) is used to write image data to a screen or 
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Figure 10.14 Glass sheet inspection scanner.
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to a light-sensitive output medium. Systems vary 
greatly, depending on the size and characteristics 
of the laser, whose wavelength can be between 
350 nm and 10.6 μm, and whose power can be 
between 1 mW and 1 kW.

Most output systems are two dimensional, 
imaging to a flat or cylindrical surface. Image size, 
resolution and speed are the key scanner charac-
teristics. Laser displays take advantage of the eye’s 
persistence of vision to create a two-dimensional 
image for advertising or entertainment.

The writing process can be based on thermal 
(e.g., laser marking) or photonic (e.g., photo-
graphic) processes. In some processes, the image 
density is a monotonic function of incident power 
density, in which case the image is described as 
continuous tone, or contone. Other processes are 
sharply thresholded, so that the image density 
takes one of two (or rarely, more) discrete values 
depending on the incident power density. In the 
latter case, the image is made up of a fine array of 
dots, and is described as halftone.

The power density variations are produced by 
modulating the continuous-wave laser power as it 
is scanned across the image surface. Modulation 
may be controlled by an external acousto-optic or 
electro-optic modulator, or by controlling the laser 
current in some cases, particularly in laser diodes.

10.7.1  Desktop laser printer

A typical xerographic laser printer is shown sche-
matically in Figure 10.15. The configuration may 
be described as a single-pass external drum, or as 
a flat-field line scan, with drum rotation providing 
the slow axis scan. In this example, two adjacent 
scan lines are imaged from independent low-power 
780 nm laser diodes LD1 and LD2, doubling the 
imaging (drum rotation) speed. The image is pro-
duced by a spatial variation of electrostatic charge 
on the pre-charged photoconductive drum sur-
face, which is discharged by incident light. Toner 
particles are attracted to the charged areas, and 
transferred by contact to sheets of paper to produce 
the finished print.

In the example shown, an eight-facet polygon 
produces the scan, rotating at 30,000 rpm. A three-
element f − θ lens produces an elliptical spot of 
50 μm in the scan direction and 60 μm in the cross-
scan direction, for a printer resolution of 600 DPI 
over a scan length of 312 mm. This allows a print-
ing speed of 20 A3 copies per minute.

Key features of the design are

 ● The two collimated laser diode beams are 
efficiently combined using a polarizing beam 
splitter, aligned in such a way that the beams 
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overlap at the polygon—which is also the 
entrance pupil of the f − θ lens—and are at an 
angle to each other to separate the beams by 
exactly one scan line at the image drum.

 ● A photodiode just beyond the image area 
monitors the beam power and position, as part 
of the control feedback loops for the laser diode 
and polygon motor drivers.

 ● Deflector error correction is achieved using an 
anamorphic lens design, with a cylindrical lens 
before the polygon and different f − θ optical 
power in in-scan and cross-scan planes.

 ● One of the f − θ lens elements is glass, with 
spherical surfaces. The other two elements are 
injection-molded plastic with anamorphic, 
aspheric surfaces. The use of glass enables 
thermal compensation of the lens performance 
over a 10°C–40°C range, which would be a 
problem with an all-plastic lens.
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11.1  INTRODUCTION

It is said that man has five senses—sight, touch, 
smell, taste, and hearing—at his disposal. Clearly, 
the one he finds most generally valuable is his sight. 
This is hardly surprising, as it is excellent for remote 
sensing, gives an effectively instantaneous response, 
has truly enormous parallel information capacity, 
and provides far more reliable and quantitative data 
than any of the others—it is common to say “you 
believe the evidence of your own eyes.” Optical 
sensor technology may still have some way to go 
to match the same compact design and all-round 
performance as the eye/brain combination, but 

the promise is clearly there! As an aside, it is worth 
noting that we, as humans, are not able to remotely 
sense electrical or magnetic fields well (although 
migrational birds are believed to use magnetic sen-
sors), so, if one believes that nature often chooses the 
best methods, the technology of optical sensors may 
perhaps evolve to overtake that of electrical ones in 
time. Modern camera and CD player technologies 
have shown that even highly complex optoelec-
tronic systems can be manufactured cheaply in vol-
ume, so cost should not present a major barrier for 
large-scale application of standard devices.

This chapter reviews the many ways in which 
optical fibers may be used, in conjunction with 
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optoelectronic instrumentation, to sense physical 
or chemical parameters. This is done using either 
intrinsic sensors, where the fiber itself acts as the 
sensing element, or extrinsic sensors, where the fiber 
acts in its normal communication role, to carry light 
to and from an external optical sensor. The fiber can 
enable remote and rapid sensing to be performed by 
sensing at specific points or over specific cable paths. 
This complements the capability of optical sensors 
such as cameras, which have valuable imaging capa-
bility, as fiber cables do not need a direct “line-of-
sight” to operate and measure in inaccessible places. 
Because there are now very many varieties of optical 
fiber sensor, it has been necessary to concentrate on 
a few important concepts and only describe a few 
practical sensor types in more detail. A far more 
detailed account of fiber sensors is given in the text-
books mentioned in bibliography References [1,2].

Optical fibers are widely used in long distance 
trunk telecommunications systems (see Vol II, 
Chapter 1) and their use in shorter distance appli-
cations is growing rapidly. For communications 
systems, it is desirable to utilize a cable having 
transmission properties that are insensitive to 
environmental changes. Intrinsic fiber sensors, in 
contrast, rely on deliberately configuring the opti-
cal system to be sensitive to external influences on 
the fiber or cable. This involves the arrangement 
of the fiber cable, its associated light source, the 
optical receiver, and the chosen signal process-
ing scheme to maximize (and detect) a change in 
transmission properties that is characteristic of 
the parameter to be sensed. This may be carried 
out either by using especially sensitive cables or by 
interrogating conventional fiber cables in a manner 
that highlights small changes in transmission. The 
resulting changes in transmission can then be used 
to measure features of the external environment.

An extrinsic fiber sensor usually uses a conven-
tional optical fiber (preferably sheathed within an 
environmentally insensitive cable), which is only 
employed as a convenient light-guiding medium 
to transport light to and from more conventional 
optical sensors at the end of, or at specific points 
on, the cable. This sensor, in response to an exter-
nal physical parameter, modifies the light coupled 
back from the input fiber into the return fiber and 
guided back to the detector system. Such a sensor 
may still be undesirably affected by environmen-
tally induced changes in cable properties, unless 
particular care is taken with its design. Avoiding 

unwanted cable-induced errors is a very impor-
tant practical consideration, in both intrinsic and 
extrinsic sensors. In a good sensor system design, 
care will be taken to avoid significant sensitivity to 
undesirable losses in the optical network, such as 
could occur, for example, due to fiber bending or 
connector variations.

The research area of fiber optic sensors is a very 
fruitful one for original thought, as there is not 
only a very large number of physical and chemical 
parameters that may be sensed, but also a multitude 
of ways in which the parameter may be arranged 
to modulate the optical transmission. However, in 
order to make a successful sensor, the normal prin-
ciples of good instrument design must be adhered to 
[i.e., low cross talk to undesirable parameters, good 
signal-to-noise ratio (SNR), and repeatable and reli-
able operation] and the sensor must be designed to 
be cost effective for the intended application. Many 
of the successful commercial applications of such 
sensors are in niche market areas, which rely on the 
inherent advantages of optical sensors over more 
conventional electrically based sensors. The pri-
mary technical advantages include the following:

 ● Intrinsic freedom from electromagnetic inter-
ference (EMI), lightning strike, etc.

 ● Intrinsic safety in hazardous (explosive vapor) 
environments (provided optical signal power is 
low, which is almost invariably the case).

 ● High electrical isolation, enabling their use 
in medical applications and for data collec-
tion from points at high voltage. The fiber also 
gives freedom from problems of electrical short 
circuit and open circuit.

 ● Excellent resistance to chemical corrosion (can 
be used in highly corrosive environments, e.g., 
saltwater, acid, and alkali).

 ● Passive operation; no electronics circuitry or 
electrical power is required at the remote sens-
ing point.

 ● May be used in high-temperature areas, where 
electronic systems would not survive.

 ● Optical fibers are smaller, lighter, and cheaper 
than electrical cables.

 ● May be used for distributed sensors of extreme 
length due to the low losses (0.2 dB km−1) 
achievable in optical fibers.

 ● Where optically based data transmission is 
already envisaged, sensor information can be 
carried in the same optical fibers.
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 ● Optical sensing can provide a very rapid 
response in many applications as changes in 
optical transmission can be detected almost 
instantly.

When the use of optical signal cables becomes 
more common for short distance routes, it is likely 
that optical transducers will start to find more 
general applications, even in areas where the above 
intrinsic advantages are not a major consideration. 
The ability to sense, communicate, and multiplex 
signals within an optical network is an impor-
tant attribute, which will lead to their greater 
application.

We shall start by considering the different types 
of sensor, and the physical means by which each 
can operate.

11.1.1  Summary of intrinsic types 
of sensors, where the optical 
fiber is used directly as the 
sensing element

The intrinsic optical fiber sensor takes advantage 
of measurable changes in transmission character-
istics of the fiber itself. The principal parameters of 
interest for sensing are as follows:

 ● Light generation in the fiber due to physical 
interactions (e.g., scintillation or Cerenkov 
radiation).

 ● The propagation time of light in the fiber 
(proportional to the length and inversely 
proportional to the velocity of light). This can 
be measured as a temporal delay or as a phase 
change in the light.

 ● The optical power transmitted by the fiber 
(either the total power or the spectral varia-
tions in transmission).

 ● The distribution of optical power between 
the various modes of propagation. (This can 
be measured from either the near-or far-field 
waveguide mode patterns at the end of the 
fiber.)

 ● The state of polarization (SOP) of the transmit-
ted energy through the fiber (or backscattered 
energy from the fiber).

 ● The light scattered from within the fiber core 
material. This can include elastic scattering 
(same wavelength as incident light) or involve 

Raman scattering, Brillouin scattering, or 
other nonlinear interaction, such as optical 
gain by Raman or Brillouin processes.

11.1.2  Summary of extrinsic types 
of sensors, where the optical 
fiber is used merely as light 
guiding medium, to address 
more conventional optical 
sensors

The main methods of operation of extrinsic fiber 
sensors are outlined as follows:

 ● Light due to a chemical or physical interac-
tion is collected by the fiber (e.g., radiation 
due to high temperature pyrometry, opti-
cal scintillation of a semiconductor, and 
chemiluminescence).

 ● The optical power transmitted by an external 
optical modulator coupled to the fiber (either 
the total power or the spectral variations in 
transmission) is monitored. Examples include 
mechanical optical shutters, electro-optic 
switches or modulators, variable optical filters 
(such as Fabry–Perot, grating monochromator, 
temperature-dependent semiconductor).

 ● The optical power reflected by an external opti-
cal modulator coupled to the fiber (either the 
total power or the spectral variations in trans-
mission) is monitored. Examples as above.

 ● The optical power scattered elastically (no 
wavelength change) by an external medium 
coupled to the fiber is monitored. This effec-
tively measures turbidity of the medium, in 
reflective mode.

 ● The optical power scattered inelastically 
(scattered-wavelength changes) by an external 
medium coupled to the fiber is measured. This 
includes processes such as Raman scatter-
ing, fluorescence, and photon correlation 
spectroscopy.

 ● The SOP of the energy transmitted by an exter-
nal optical modulator coupled to the fiber (or 
that reflected back into the fiber) is monitored.

11.1.3  Evanescent field sensors

Evanescent field sensors exhibit some of the 
characteristics of intrinsic sensors and extrinsic 
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types but do not exactly fit into either category. 
As with intrinsic sensors, the light is guided by 
the fiber (or by an optical waveguide attached to 
the fiber) in the sensing region, but, in the case of 
evanescent field sensors, a portion of the optical 
energy travels outside the physical limits of the 
waveguide material. In the lateral direction, the 
field decays rapidly as distance from the wave-
guide increases, a behavior known as evanescent 
field decay. Because there is light energy outside 
the guide material, it is possible for this light to 
interact with (e.g., be absorbed, scattered, or 
excite fluorescence in) the surrounding material. 
Then, for example, the evanescent field sensor can 
detect the optical properties of a fluid in which 
it is immersed or solid material in which it is 
embedded, simply by measuring the light trans-
mitted through the fiber. Unfortunately, because 
the evanescent field region is very thin (typically 
<1 pum µm thick), this type of sensor is very 
prone to surface damage or contamination. Also, 
the evanescent field penetration depends strongly 
on the refractive index of the surrounding mate-
rial (and hence on temperature) and on whether 
or not the guide is bent, so it is very sensitive to 
the operational environment.

Instead of immersing the evanescent field sen-
sor directly into a solution to be monitored, it can 
be coated with an active layer, such as a polymer 
or a semipermeable, glass-like, sol–gel coating. 
These coatings can be made sensitive to desired 
chemicals by incorporating (immobilizing) an 
indicator chemical into them. Provided the layer is 
semipermeable, chemicals can diffuse in from the 
surroundings and change the optical transmission 
of the indicator material. Clearly, the presence of 
this layer reduces the problems of contamination 
of the critical evanescent field region, as this now 
lies inside the solid material.

A further variation is to coat the light guide 
with a thin metal layer, which can enhance the field 
in the evanescent region by a mechanism called 
plasmon resonance, which, as the name implies, 
involves excitation of the “electron gas” present 
within all metallic conductors. This plasmon reso-
nance mechanism can give greatly improved sen-
sitivity to any absorption in the evanescent field 
region and still allow indicator layers to be coated 
on as before.

Because of the ease of contamination and the 
environmental sensitivity of evanescent sensors, 

they are usually better suited to qualitative testing 
for chemicals, rather than a means of performing 
quantitative chemical or spectral analysis of fluids 
in which they are immersed. Nonetheless, they can 
be a very sensitive means of detecting trace quanti-
ties of chemicals, provided they are designed and 
used with care.

The following types of evanescent field sen-
sor (with bracketed notes to indicate where more 
details can be obtained from bibliography 1) are 
commonly used:

 ● Unclad fiber, with evanescent field extend-
ing directly into the gas or liquid to be sensed 
(bibliography [1], vol. 1, p. 607).

 ● Fiber with a physically sensitive (or chemically 
reactive) cladding layer, with the evanescent 
field extending into cladding. The chemical 
must diffuse into, and physically modify, or 
react with, the layer (bibliography [1], vol. 4, 
pp. 352–354).

 ● Polished half-coupler sensor. Here, the fiber 
is set in a slit in a glass block, with part of the 
cladding polished away to expose the external 
medium (or a reactive polymer coating layer) 
to the evanescent field region (bibliography [1], 
vol. 1, pp. 213–215).

 ● Integrated optics sensors, with natural propa-
gation of evanescent field above surface of 
chip. Again there is exposure of the external 
medium (or reactive polymer layer) to the 
evanescent field region (bibliography [1], vol. 1, 
chapter 9).

 ● Plasmon resonance. Here, a thin metallic layer 
enhances the optical coupling of the light in 
the fiber to the evanescent field region in the 
external medium (or reactive polymer layer). 
This enhancement can be used with most of 
the above configurations (bibliography [1], 
vol. 1, pp. 203–206).

Please note that Chapter 3, by G. Stewart, in vol. 3 
of bibliography 1, gives a detailed overview of eva-
nescent field devices.

Below, we shall give more detailed descriptions 
and case studies of optical sensors. The remain-
der of the chapter is split into four sections, each 
written by a different coauthor. Section 11.2 (John 
Dakin) covers the basics of intensity-based sen-
sors and Section 11.3 (Kazuo Hotate) treats inter-
ferometric types. Section 11.4 (John Dakin) covers 
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how sensors may be multiplexed and Section 
11.5 (John Dakin, Bob Lieberman, and Kazuo 
Hotate) shows how sensors that operate on a fully 
distributed basis can be made. The final section, 
section 11.6 (Mike Marcus) deals with a detailed 
case study of a type of interferometric sensor that 
has many industrial uses. Because the chapter is 
composed of contributions from several authors, 
there are small differences in style of writing and 
diagrams reflecting their different contributions. 
It should be emphasized again that not all types 
of sensor can be covered in such a short chapter, 
and there has had to be much careful selection 
of which types to include and which case stud-
ies to present in more detail. The reader requiring 
more detail is again referred to the bibliography, 
to the “Optical fiber sensors” and the “Europt(r)
ode” international series of conferences and also 
to the many SPIE-organized (http://www.SPIE.
org) conferences covering this area.

11.2  INTENSITY-BASED OPTICAL 
FIBER SENSORS

11.2.1  Physical sensors

11.2.1.1  SIMPLE OPTICAL INTENSITY 
SENSORS

We shall first describe the very simplest form of 
intensity-based sensors, where only the transmitted 
or reflected light level is measured. We shall start 
with intrinsic sensors, then discuss extrinsic types.

11.2.1.1.1  Light generation in fiber itself
A few mechanisms allow generation of light in a 
fiber, as a result of a direct interaction with the 
physical field to be monitored. There are two prin-
cipal types here. One is a fiber sensor for detection 
of pulses of ionizing radiation, having extreme 
peak intensity, of the type that can occur due to 
thermo-nuclear events (see Figure 11.1).

Fast optical receiver

Optical fiber

Radiation

Particle

Light

cos-1 c/nv

Cerenkov
radiation
generated
in fiber

Illustration of Cerenkov
effect in glass. A relativistic
charged particle travels
with velocity v>c/n, where
c is velocity of light in vacuum,
and n is refractive index of glass

Source of intense
ionising radiation

Figure 11.1 An optical sensor for detection of intense ionizing radiation (relativistic charged particles) 
using the Cerenkov effect.

http://www.SPIE.org
http://www.SPIE.org
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If a relativistic charged particle (one with a 
velocity in free space close to the velocity of light in 
vacuum, c) passes through a medium such as glass, 
of refractive index, n, and if its entrance velocity 
initially exceeds the velocity of light c/n, in that 
new medium, then it will lose energy rapidly in 
the form of electromagnetic radiation. The energy 
loss occurs due to the Cerenkov effect [1,2] and is 
emitted mainly in the form of blue and ultraviolet 
(UV) light, but also with some energy extending 
to longer wavelengths. If an intense pulse of such 
radiation strikes a fiber, the temporal variations in 
the pulse intensity can be monitored, by detecting 
the light at the far end of the fiber.

A sensor that is more sensitive to lower levels 
of radiation is one that uses fiber fluorescence [3] 
resulting from the radiation, either fluorescence 
intrinsic to the silica fiber or that generated more 
efficiently by doping the fiber with fluorescent 
material. Arrays of polymer fibers, doped with 
fluorescent organic dyes, have been used as long 
linear scintillators to track the passage of ioniz-
ing radiation in particle accelerator systems, with 
detectors at the end of each fiber to collect the 
light.

11.2.1.1.2  Microbend sensors
Microbend sensors [4,5,6] are intrinsic sensors, 
which take advantage of the loss in optical fibers 
when they are bent. The word microbend is used 
because gradual bends, i.e., bends of large radius 
>50 mm, cause very little loss in a fiber, or they 
would not find the extensive uses that they have in 
communications, whereas microbends (or sharp 
“kinks,” of small bending radius of a few mm or 
less) can cause high losses, even if present over very 
short lengths.

The losses in the fiber are due to conversion 
of energy in guided fiber-core modes to cladding 
modes, which are then usually lost by absorption 
or scattering in the fiber sheathing material. In 
the case of monomode fibers, the mechanism is 
relatively simple, as there is only one guided mode 
(strictly two, if the duality of polarization modes 
is taken into account) to be coupled out, and the 
extent of coupling, and hence the loss, can be 
uniquely determined by the degree of bending.

In the case of the multimode fibers, more com-
monly used with such sensors, the situation is much 
more complex. First, bending causes mode conver-
sion, in particular coupling of lower order modes 

(associated with rays in the core which travel at a 
small angle to the fiber axis) to higher order ones 
(associated with rays traveling at larger angles to 
the axis) and eventually to cladding modes. This 
“chain” of events, coupling energy from low order 
modes, via higher order ones, to radiation ones, 
depends in a complex way on not only how the 
fiber is bent, but also on which modes were initially 
present in the fiber in the section immediately 
before the bend. Because of the latter aspects, it is 
extremely difficult to derive quantitative informa-
tion from multimode microbend sensors, particu-
larly if several are cascaded along the length of a 
single fiber, as the bend condition of each one will 
affect the response of subsequent ones.

Multimode microbend sensors have a particu-
larly strong response if they cause the fiber to be 
periodically bent (Figure 11.2), with a particular 
spatial period that corresponds to the “zig–zag” 
period associated with the highest order rays that 
the fiber is capable of guiding [7]. These highest 
order rays are those striking the core cladding 
interface at the normal critical angle associated 
with Snell’s law of total internal reflection. Thus, 
a strong response can be achieved by pressing 
the fiber between corrugated plates, with off-
set corrugations (or plates covered with parallel 
metal pins), which will periodically deform the 
fiber in a wave-like manner, with the appropriate 
spatial period (usually around 1–2 mm, for typi-
cal multimode fibers) needed to ensure strong 
mode coupling. Under these conditions, very 
high losses can be induced in the fiber, even with 
a transverse displacement of only a few microns 
amplitude. However, the response is highly non-
linear and care must be taken to avoid the pos-
sibility of exceeding the long-term mechanical 
bend limitations of the fiber. Clearly with soft 
polymer coatings, such as acrylate, slow mechani-
cal creep will be a problem, leading to variations 
of sensor response with time. Attempts have been 
made to improve the mechanical stability and 

Figure 11.2 Schematic showing how light is lost 
at periodic bends in a multimode fiber.
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reproducibility, particularly at higher tempera-
tures, by using metal-coated fibers.

Probably the most practically useful, albeit 
rather qualitative, microbend sensor is the dis-
tributed cable version, first devised [8,9] by Dr. 
Alan Harmer at Battelle labs, Geneva. This con-
sists of an optical fiber which has a thin polymer 
fiber thread helically wound around it, before the 
combination is sheathed within an outer polymer 

tube (see Figure 11.3). The spatial winding period 
of the helically wound fiber is designed to corre-
spond with the mode-coupling length. When the 
outer tube is compressed from opposite sides, the 
fiber is deformed to cause high loss. This assem-
bly would clearly also suffer from slow mechani-
cal creep, but it finds most use as a cable to sense, 
essentially in an on/off manner, the presence of 
lateral force or weight on the cable. Applications 
are detection of the pressure due to a human 
foot (e.g., for safety mats near machinery or for 
intruder detection on fences or perimeters) or as 
a safety device to detect, and hopefully prevent, 
trapping of a hand or head in a sliding door or 
window (e.g., lift door, automobile window, and 
sun-roof). A variety of such cable and cable-in-
mat sensors have been sold commercially by 
Herga Electric, UK [6].

A more recent development in microbending 
sensor technology [10,11] has been to produce 
a sensor to detect the presence of water around 
a fiber cable, for example, for the detection of 
floodwater in cable ducts. This is important, as 
water can freeze and break fibers, or can cause 
hydrogen generation by corrosion of metals. The 
sensor cable design (Figure 11.4) has a hard inner 
cylindrical core, coated with a hydrogel layer 
(so this hydrogel layer has a hollow cylindrical 
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Principle of the pressure-sensing cable,
using microbend sensor. (Courtesy Herga
Electric, U.K.)

Figure 11.3 The pressure-sensitive cable of 
Herga Electric, first devised by Harmer. The 
spirally wound filament causes periodic bending 
of the inner glass fiber, when the outer cable is 
deformed by lateral pressure.
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Figure 11.4 Illustration of a cable designed for sensing presence of water, which also responds to 
areas of high humidity [11]. The hydrogel layer absorbs water and swells, causing the glass fiber to be 
pushed outwards. The outer spiral filament constrains it at regular spatial intervals, causing it to suffer 
periodic microbending, and hence loss.
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geometry). A light guiding fiber is held against 
the outer cylindrical surface of this hydrogel layer 
using a helical plastic fiber to keep it in place. If 
the hydrogel layer gets wet, it swells dramatically, 
forcing the optical fiber outwards, except where 
held in place by the helical fiber. This periodi-
cally deforms the fiber to make another form of 
microbending sensor, in this case one sensitive to 
water. The diagrams in Figures 11.2 through 11.6 
illustrate the microbend sensor, plus a number of 
other loss-based fiber sensors.

11.2.1.1.3  Other intrinsic fiber-loss 
sensors

There are several other types of intrinsic sensor 
that are based on attenuation in optical fibers.

An attractive sensor [18] is the radiation 
dosimeter (Figure 11.5), in which the attenua-
tion of the fiber is increased by ionizing radia-
tion. Silica fibers are suitable for high levels of 
radiation, as they need large doses to suffer sub-
stantial change, whereas lead-glass fibers have a 
significant response at lower levels. In all cases, 
however, the losses exhibit a time (and hence a 
dose rate) dependence and the losses also reduce 
after thermal annealing. This annealing can be 
significant even at room temperature.

Another commercially useful sensor [13] for 
detecting leaks of cryogenic fluids (e.g., lique-
fied natural gas or petroleum gas) was devised 
(Figure 11.6) using a type of commercially available 

polymer-clad silica (PCS) fiber. The type of fiber 
used consisted of a pure silica core with a lower 
refractive index optical cladding, composed of 
silicone polymer material. When cooled to a tem-
perature well below 0°C, the polymer shrinks more 
than the silica, due to its higher index of thermal 
expansion, and its refractive index rises to exceed 
that of the silica core. This causes the attenuation 
of the fiber cable to increase dramatically, so if light 
is launched at one end, there is a reduction in the 
detected light intensity at the output end, thereby 
indicating a leak of cold fluid at some point along 
the cable.

11.2.1.2  PROPAGATION-DELAY OR TIME-
DELAY SENSORS

Propagation-delay sensors (Figure 11.7) allow the 
monitoring of physical or chemical effects by 
examining the time light takes to travel through or 
return from the sensing element.

This element is usually the fiber itself. Its 
length can change if it is mechanically strained 
(delay changes arise due to change in physical 
length or due to refractive index changes aris-
ing from the strain) or if it changes temperature. 
If the fiber is very long, it is possible to examine 
small changes in the arrival time of a short opti-
cal pulse that has traveled through it. However, 
because of the extremely high velocity of light, it 
is difficult to perform such a measurement with 
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Figure 11.5 The optical fiber dosimeter. Ionizing radiation causes increased attenuation in fibers, 
particularly lead-glass ones, causing the detected signal to reduce.
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high precision. An alternative way is to modulate 
the light source at a very high frequency (typically 
between 500 MHz and a few GHz) and observe 
phase changes in the intensity modulation enve-
lope caused by delay changes in the optical carrier 
signal. (Of course, by far the most precise method 
of monitoring is to launch a continuous lightwave 
through a length of fiber and examine the changes 
in optical phase due to the external influence, but 
this method comes into the area of interferometric 
sensors, which will be covered in detail in Section 
11.3 of this chapter.)

11.2.1.3  EXTRINSIC INTENSITY-BASED 
SENSORS

11.2.1.3.1  Light-collecting sensors
An attractive type of extrinsic intensity-based sen-
sor is one in which the fiber merely collects light 
from an external source and guides it to a detec-
tor. The simplest example of this is a fiber used to 
check that a light bulb (e.g., a vehicle headlight) is 

operational. Fibers have also been used to moni-
tor the temperature of hot bodies [14] such as tur-
bine blades in jet engines, by collecting Planck 
hot-body infrared radiation and guiding it to a 
detector (remote pyrometry). Clearly, without 
care, there is a risk of surface contamination of the 
fiber. One alternative to solve this problem [15] is 

Optical source Optical recevier

Cryogenic
liquid
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Optical fiber

Figure 11.6 The cryogenic leak detector of Pinchbeck and Kitchen. Silicone-PCS fibers suffer attenua-
tion when strongly cooled, because the cladding refractive index increases to equal or exceed that of 
the fiber core, preventing light guidance.
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Strain response: L = f (ε), n = f (ε)

L

Figure 11.7 The concept of the propagation 
delay sensor. The delay is a function of both 
temperature and strain. In intensity-based 
sensors, the time delay has to be measured by 
giving the light some form of intensity modula-
tion (Interferometric detection of delay will be 
discussed later.)
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Figure 11.8 Fiber pyrometer of Dakin and Kahn, 
with opaque coating or closed tube over fiber 
end tip. Such a long coating or tube acts as an 
excellent black-body source, and is the way com-
monly used to approximate to a perfect black 
body. Lower curve shows how the detected 
signal rises dramatically with temperature.
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to deliberately cover the fiber end with an opaque 
metal coating or sealed tube, and collect the energy 
emitted from the inside surface of the layer or tube, 
which produces an excellent approximation to a 
perfect black body (Figure 11.8).

Later generations of such sensors are now 
used in commercial instruments. With such fiber 
pyrometers, the simplest approach is to measure 
total intensity. The signal conveniently varies 
with temperature, but even more dramatically 
than would be expected from the normal fourth 
power law for the total radiated power, as the fiber 
detector combination usually only allows trans-
mission and detection of energy from the shorter 
wavelength, higher energy, “tail” of the Planck 
radiation curve, so the measurement accuracy 
is reasonable even with this simple approach. 
However, the accuracy can be improved [16] 
by monitoring at two or more wavelengths, to 
determine the effective color temperature of the 
source. This then reduces the power-referencing 
errors that can occur when simply measuring 
intensity on a single detector.

11.2.1.3.2  External modulator sensors
Many forms of external modulator can cause varia-
tion of coupling between outgoing and return opti-
cal fibers. The simplest is just a mechanical shutter 
between the two fibers, which moves to shut off 
light. Such simple shutters can act as safety inter-
locks, e.g., for fire doors or hazardous areas, where 
only the safe condition allows light to be transmit-
ted. Such sensors can be connected in series, such 
that light only passes if all are in a safe condition, 
making a logical “AND” condition to ensure all are 
safe. Input light can be modulated to ensure that it is 
not simply ambient light being collected by breaks 
in the system. In contrast, electrical switches can 
always short circuit or open circuit, particularly in 
corrosive chemical environments, with conductive 
fluids, or in seawater environments.

A liquid level sensor devised by Pitt [17] 
involved connecting a small right-angled micro-
prism to the end of a fiber, or of a pair of parallel 
fibers, such that light was reflected back by total 
internal reflection when the tip was in air or gas 
(Figure 11.9). When wetted by the liquid, the ret-
roreflection was greatly reduced (as only weak 
Fresnel refection now occurs), indicating the liquid 
level has reached the position where the prism lies.

An alternative, in transmissive mode, is a liquid-
level sensor [18], made using fibers connected via a 
small gap, that is filled when the liquid reaches it, and 
monitoring the transmission at a wavelength where 
this liquid absorbs strongly (e.g., at 980 nm or 1.4 μm 
to monitor water). As the transmission change due to 
absorption can be very strong, particularly for water 
at 1.4 μm, and particularly because a second (unab-
sorbed) wavelength of light can be used as an inten-
sity reference signal, this sensor is potentially more 
“fail-safe” in nature than the prism type.

A useful high-resolution proximity/distance 
detector (Figure 11.9) can be made simply from two 
or more parallel fibers, with their end faces termi-
nated in a common reference plane [19,20]. One 
or more incident fiber is excited with light from a 
source, and the return fiber(s) collects the scattered 
or reflected light. Light exits the incoming fiber(s) 
in an illumination cone, of divergence angle deter-
mined by the fiber numerical aperture, and the 
receiving fiber can only receive light that is reflected 
or scattered back from a point lying within a similar 
receiving cone. If a reflective point or surface is too 
close, no light is received by the return fiber, as these 
cones do not intersect. As distance to the reflective 
point increases, there is first a very steep increase in 
signal as the cones start to overlap, then a fairly rapid 
decrease, this time because return signals reduce 
due to the much smaller signal that can be received 
by a tiny fiber core located a long way away from 
the reflective point. A simple method is to use a split 
(bifurcated) bundle of many optical fibers, where 
light is launched through one set and received by 
the other set. The measurement end is where all the 
launch fibers and receiving fibers are combined, in 
a randomly distributed manner, across the polished 
end of the bundle. Such simple intensity-based sen-
sors can monitor surfaces to resolutions of a micron 
or less, depending on the core sizes of the fibers, the 
nature and consistency of the reflecting surface they 
are monitoring, and the SNR of the optoelectronic 
detection system. This latter aspect of SNR is very 
important for many intensity-based sensors and 
will now be quantified for simple systems.

11.2.1.4  CALCULATION OF SNR OF 
INTENSITY-BASED SENSORS

It is useful to be able to calculate the signal to noise 
ration (SNR) expected for intensity-based sen-
sors. Most low-frequency optical receivers used in 
sensors are based on P-instrinsic diode (PIN) or 
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positive-intrinsic-negative silicon diodes, followed 
by a field effect transistor (FET) transimpedance 
amplifier to convert the photocurrent to an output 
voltage. The noise in such receivers is usually lim-
ited by the Johnson noise in the feedback resistor up 
to a point where the output voltage reaches about 
50 mV, above which the receiver becomes shot-noise 
limited. Most practical intensity sensors operate in 
this shot-noise-limited regime, so we shall assume 
that this is the performance limitation here.

If we assume the mean optical signal power 
received at the detector is Pdet and the fractional 
change in signal due to the effects of the mea-
sured parameter is Δ (Δ is an intensity modulation 
index):

Then the desired modulation component in 
the optical signal due to these is Δ·Pdet and 
the resulting modulation component in the 
detected photocurrent is Δ·Rs Pdet, where Rs is 
the responsivity of the detector (in A·W−1).

The mean level of the detected photocurrent, Imean, 
is given by Rs.Pdet.

The shot noise in the photocurrent is given by the 
standard formula: In = (2·q·Imean·B)−0.5, where q is 
the electronic charge and B is the postdetector-
filter bandwidth of the signal.

The SNR is, therefore, given by Δ·Rs Pdet 
(2·q·Imean·B)−05.

Manipulating, the SNR = Δ·Rs·Pdet·(2·q·Rs·Pdet·B)−0.5.
Hence, SNR = Δ·(Rs·Pdet/2·q·B)05.
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Figure 11.9 The optical fiber proximity detector and its modification to produce a liquid level sensor. 
If care is taken to avoid the two-way ambiguity in the detected signal from a surface, it can also be 
used to obtain approximate distance measurement, but errors clearly arise if the reflective properties 
of the surface vary. Adding a prism to the fiber ends (lower picture) produces a liquid level sensor. In 
this latter case, immersion prevents total internal reflection and hence greatly reduces retroreflection 
by the prism.
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The SNR, therefore, increases in proportion to 
the modulation index, Δ, induced by the measur-
and, and also in proportion to the square root of 
detected signal power. Reducing the detection 
bandwidth, B, improves the SNR in proportion to 
the square root of the factor by which the band-
width is reduced.

11.2.1.5  PROBLEMS WITH SIMPLE 
INTENSITY-BASED SENSORS 
AND THE NEED FOR SENSOR 
REFERENCING

The use of intensity-based sensors is very attractive 
because of the ease of measuring the intensity (e.g., 
from the detected photocurrent in a silicon pho-
todiode). However, simply measuring the output 
intensity from a single fiber containing a sensor 
can lead to a number of sources of error/uncer-
tainty in the state of the sensor. The following fac-
tors can affect the output signal and hence cause 
errors in the observed sensor reading:

 ● Light source variations
 ● Fiber lead and connector variations
 ● Variations in detector response
 ● Detector preamplifier noise

In practice, the noise and variations in response of 
the optical receiver are not usually a major prob-
lem when using silicon detectors at low frequency. 
However, typical changes in light source intensity 
can be significant and changes in the transmission 
of optical fibers and connectors can be a real prob-
lem, particularly where there is mechanical defor-
mation. In order to resolve the above problems, it 
is usually necessary, when making a quantitative 
measurement, to reference the sensor. This involves 
providing a reference optical signal, which, ideally, 
has not been changed by the measurand in the 
same manner as the sensing signal.

The simplest method of referencing is based on 
the provision of more than one fiber path from 
the light source, leading to two separate detectors, 
with the sensing section included in only one of 
the paths. The sensing signal is then normalized 
to the reference signal by division. More complex 
systems are possible, with routing of signals via 
separate paths using couplers [21] or fiber switches. 
Alternatively, fiber paths of different length can 
be used to separate signals from a pulsed source. 
Here the separation occurs in the time domain, 

according to the propagation delay each signal has 
experienced in its separate optical path.

In some cases, the need to measure the actual 
intensity can be avoided if the light is intensity 
modulated in a periodic way by the sensor head, 
and, rather than measuring the intensity, the 
quantity monitored is the frequency (rate) or time 
of modulation. Measurement of modulation fre-
quency is not only easy, but it also avoids the need 
for sensor referencing, and the accuracy of mea-
surement of cycles in a given period increases lin-
early with the measurement period, provided no 
modulation-cycle counts are missed, so very high 
accuracy is possible over extended periods. Very 
simple optical tachometers (Figure 11.10) can be 
designed, using mechanical parts that give a peri-
odic amplitude variation of light by virtue of varia-
tions in their light-blocking (e.g., a light-chopper 
wheel with radial slots) or light-reflective (e.g., a 
cylindrical metal shaft, with flats polished on it) 
properties as they rotate.

Another attractive method uses silicon reso-
nator technology, of the type now used in many 
modern electronic transducers. Here, the modu-
lator element is a tiny micromachined silicon 
structure, such as a flexible cantilever or bridge 
that is driven into mechanical oscillation (in con-
ventional sensors, by electrostatic or piezoelec-
tric actuation) and its period is measured. Many 
physical influences (e.g., temperature, mechanical 
tension, and pressure) can be arranged to inter-
act and change the resonant frequency of such 
a structure, e.g., by changing the tension in the 
bridge element. The optical equivalent [22,23] 
is essentially the same concept, but the element 
is driven by light exiting from an optical fiber, 
which is modulated to cause periodic heating of 
the microstructure (Figure 11.11).

This forms a primitive heat engine, which gives 
rise to periodic thermal expansion and contrac-
tion of one side of the tiny silicon bridge (although 
photonic interactions have other means of causing 
mechanical changes in semiconductors), which 
drives this tiny element into resonant oscillation. 
The oscillation is of very low amplitude, unless 
the light modulation rate matches its resonant 
frequency.

The small motions of the oscillating element 
are also monitored optically by changes in reflec-
tion amplitude (possibly involving simple opti-
cal interferometry to enhance the effects of small 
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displacements) and the frequency of modulation is 
swept so the resonance can be detected, and even 
electronically locked onto. Such sensors appear at 
first sight to be a dream come true, seemingly solv-
ing the problems of measuring optical amplitude, 
and providing a “frequency-out” measurement 

that has very high precision due to the high res-
onant frequency (typically ∼100 kHz) of such 
microstructures. Unfortunately, there is a subtle 
problem because the incident light heats the oscil-
lating microstructure and so changes its resonant 
frequency in a manner depending on the incident 
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Figure 11.10 The optical fiber tachometer devised by M Johnson. The rate of beam interruption 
allows detection of shaft rotation speed.
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Figure 11.11 The silicon micro-resonator sensor, which is an optical equivalent of a sensor concept 
now common using conventional semiconductor technology. In the case of the optical sensor, excita-
tion is by intensity-modulated optical radiation from the incident fiber. Detection of the resulting 
oscillations in the tiny silicon bridge can be performed by monitoring reflected intensity.
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optical power. This gives the sensor an unfortu-
nate degree of undesirable dependence on incident 
light intensity that still needs to be taken care of in 
design or operation of the sensor.

11.2.1.6  SPECTRAL FILTERING SENSORS

A particularly attractive method of sensor refer-
encing against intensity changes is to use spectral 
encoding in the sensor, where the sensor head 
provides an optical filtering function. Then, at the 
receiver, the relative signal strength at two or more 
optical wavelengths is monitored. If the sensor can 
filter out just one narrow spectral band, having a 
central wavelength dependent on the measurand, 
then this is even more attractive, as this wavelength 
can then be monitored almost independently of 
the optical power level or intensity.

11.2.1.6.1  Intrinsic spectral filtering 
sensors using doped fibers

Rare-earth-doped fibers can change their spec-
tral attenuation significantly with temperature, as 
the occupancy of internal electronic energy levels 
changes. These fibers can be used in short lengths or 
coils, as point temperature sensors, or simply as sen-
sors designed to warn of fire or overheating affect-
ing a section of what may be a much longer fiber.

11.2.1.6.2  Fiber grating sensors
Fiber grating sensors [24–26] use optically writ-
ten structures in the light-guiding core of the 
optical fiber, which act as very narrow band opti-
cal filters (Figure 11.12). These have a very nar-
row band reflection spectrum (typically between 
0.1 and 1 nm bandwidth) and usually have a peak 
back-reflection of between 5% and 100%. In trans-
mission, they have a similar bandwidth, but act as 
blocking filters over a similar narrow band.

The grating consists of a short region of fiber 
(typically 1–20 mm length, L), where the refractive 
index of the fiber core has been modified to cause 
it to exhibit a periodic variation with length in the 
axial direction. This variation is achieved by lateral 
illumination of a fiber with two converging beams 
of UV light (Figure 11.12a), either created with 
beam-splitting optics or created by diffraction of a 
single beam in a phase mask. The beams interfere 
to give fringes, with a predesigned spatial variation 
of optical intensity, depending on the wavelength 
and angle of convergence. This bright and dark 

fringe pattern gives rise to a corresponding refrac-
tive index variation in the photosensitive fiber core 
as a result of a photorefractive effect. This effect 
is small, yet significant in germania-doped silica 
fibers. Even a very small periodic refractive index 
variation can build up coherently to cause a very 
significant (even close to 100%) reflection of light at 
the Bragg wavelength, λBragg. This is the wavelength 
at which each low-intensity wavelet, reflected from 
each minor undulation in refractive index, can add 
coherently with all the others from other parts of 
the grating, and is given by

 2 neffBragg Λ,λ = ⋅ ⋅

where neff is the effective refractive index of the 
fiber core and Λ is the grating period.

It is this need for this phase matching, or con-
structive addition of back-reflected wavelets, in 
order to give significant reflection, that results in 
the desired narrowband filtering effect; the longer 
the grating, the narrower the filter effect and the 
higher the grating reflection coefficient for a given 
index change.

The in-fiber grating is an excellent sensing 
element [27] as it is tiny, and even without exter-
nal components, and can be configured to sense 
mechanical strain influences. As with traditional 
electrical resistance strain gauges, the wavelength 
of the grating depends not only on strain, but also 
on temperature, so there is a need to measure or 
compensate for temperature. The review on grat-
ing sensors by Kersey [28] and the textbooks 
in the bibliography cover many ways in which 
this may be done, but the simplest method is to 
have another (unstrained) grating as a reference 
thermometer. If it is merely required to monitor 
bending of a thin plate, then it is possible to bond 
identical gratings on opposite sides of the surface 
and simply monitor the differences in wavelength 
shifts observed [29].

From Reference [27] a typical thermal sensitiv-
ity of a grating with 1300 nm center wavelength 
is of the order of 0.01 nm °C−1, with the frac-
tional change per unit temperature being typically 
∼8.2 × 10−6 °C−1 at all wavelengths. The fractional 
response of center wavelength to strain is typically 
of the order of 75% of the strain.

A major application area is in monitoring 
[30,31] of composite materials (with the grating 
embedded in the composite) or of large mechanical 
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or civil engineering [32] structures, with the grat-
ings embedded in grooves or bonded to the sur-
face (Figure 11.12b) or attached in surface patches. 
With appropriate interrogation systems, and with 
mechanical amplifiers, grating sensors are even 
being considered for optical hydrophones to detect 
weak acoustic signals in the sea. Clearly, there are 
many physical parameters that can be arranged 
to give a strain in the fiber (e.g., hydrostatic pres-
sure or depth and magnetic field). Although they 
are only optically written, the gratings have been 
shown to withstand elevated temperatures of sev-
eral hundred degrees Celsius, but of course, the 

wavelength varies with temperature when heated 
or cooled.

In order to sense the grating wavelength, 
many interrogation methods [31,33–37] have 
been devised. The most common method is to 
launch light from a broadband source (LED or 
fiber superluminescent source) into the fiber lead 
to the sensor and then detect the peak reflective 
wavelength of light reflected from the in-fiber 
grating, using some form of spectrometer (Figure 
11.12a and b). The most common types used are 
fixed diffraction-grating/ charge-coupled-detector 
(CCD) spectrometers, which usually require some 
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Figure 11.12 The in-fiber Bragg grating sensor. This shows (a) how a fiber grating can be written using 
interference between converging beams of light, (b) how a grating can be bonded onto the surface 
of a structure to be monitored (embedding into composite materials is also common) to form a strain 
sensor, and (c) the response of the sensor as the structure is strained.
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form of fiber depolarizer to avoid errors [37] due 
to polarization effects, or scanned narrowband fil-
ters (e.g., using Fabry–Perot, as in Reference [28] 
or acousto-optic tunable filters, as in Reference 
[36]. Systems where another grating is simply 
stretched to form a filter that can be tuned to track 
the sensor grating have been reported by Jackson 
et al. [33]. There are also simpler passive methods 
where the wavelength change is converted to an 
intensity change using some form of optical filter 
having a high slope of transmission versus wave-
length. Examples include interference filters and 
wavelength-selective fused fiber couplers [31,38], 
of a type often used for separation of two closely 
spaced wavelengths. Ideally here, the light is split 
into two channels, one increasing in intensity, the 
other decreasing, as wavelength is increased, so 
the two complementary outputs can be ratioed to 
remove the common mode intensity changes that 
could occur due to variations in the light source, 
fiber leads or connectors.

Apart from the methods where the grating 
merely acts as a filter, it can also be used as sensor, 
in a configuration where it forms part of an active 
fiber laser [35]. There are two basic types here, the 
first being where a conventional in-fiber grating 
(the sensor grating) acts as one mirror of an opti-
cally pumped rare-earth-doped fiber laser and the 
other mirror is arranged to be broadband. As the 
grating is stretched (or heated), changes in its Bragg 
wavelength cause the laser output wavelength to 
change. The advantages are that the linewidth is 
much smaller, giving improved spectral and strain 
resolution, and the optical output power is much 
larger than for the alternative simpler configura-
tion with filtering of a broadband source. A second, 
more compact, form of the same idea is achieved 
using in-fiber distributed feedback Bragg lasers 
(DFB fiber lasers) as the sensing element. Here 
the active rare-earth-doped lasing region forms 
part of the actual Bragg grating sensing element. 
The resolution of such sensors is nothing short of 
dramatic, as they oscillate at a frequency around 
1014 Hz, yet they can be arranged to be monitored 
to 1 Hz resolution, using “mixing-down” by beat-
ing or heterodyning with a reference laser, giving 
a potential resolution of 1 part in 1014. More usu-
ally, the beat frequency between two orthogonally 
polarized lasing modes has been monitored, as this 
is more easily used, being typically in the range 
of 0.5–2 GHz, where the beats can be monitored 

directly using a fast optical detector [39,40]. These 
publications also discuss how thermal compensa-
tion is possible using monitoring of both the actual 
laser frequencies and the beat frequency between 
two mixed lasing modes.

11.2.1.7  EXTRINSIC SPECTRAL FILTER 
SENSORS

Many types of extrinsic spectral filtering sensor 
have been constructed [41]. One of the first meth-
ods [42] was to use a material that changes its spec-
tral transmission characteristics with temperature 
(Figure 11.13).

There are many examples of such materials (e.g., 
crystal, glass, or polymer). As one attractive group 
of materials, most semiconductors have steep trans-
mission band edges, beyond which they suddenly 
become reasonably transparent. At the band edge 
of all common semiconductors (e.g., Si, Ge, and 
GaAs), both the transmission versus wavelength 
slope and the wavelength of 50% transmission vary 
significantly with temperature. There is also a large 
family of commercially available long-pass optical 
filter glasses (e.g., Schott and Corning glass com-
panies) with semiconductor-like optical behavior. 
Clearly, all of these can be used to make practical 
and stable sensors, and many low-cost spectrome-
ters are now available to interrogate them. They are 
attractive for monitoring in remote or inaccessible 
locations, or in areas of high E-M field.

A class of spectral-filtering sensors is based on 
fiber-coupled versions of common bulk optical 
spectrometer components, such as Fabry–Perot 
filters (closely spaced mirrors), diffraction grating, 
zone-plate, or prism spectrometers or monochro-
mators. The Fabry–Perot filter is particularly use-
ful, in view of its small size and narrow linewidth, 
and the ability to coat fiber end surfaces to make a 
tiny version from a short fiber section with reflec-
tive end coatings [43].

11.2.1.8  EXTRINSIC SENSORS USING 
MONITORING OF FLUORESCENCE 
SPECTRUM

Apart from using simple transmission measure-
ment, the fluorescence spectrum of some materials 
can be monitored, a method again well suited to 
the use of direct-bandgap semiconductor crystals 
[44] in the sensor probe. However, in this mode, 
there is now the possibility of using translucent 
materials, such as the types of phosphors used in 
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fluorescent lights and in TV display tubes, which, 
with the aid of a directional coupler, can be con-
veniently monitored in back-“scatter” mode via a 
single fiber lead. This fiber-coupled configuration 
(see later Figure 11.15b) will be described again, 
when we discuss chemical sensors.

Decay lifetime sensors can sense various param-
eters by monitoring the time delay after excitation 
of the sensor probe material. Excitation is either 
by a short optical pulse or by a repetitive pulse 
train, or using modulated light having some other 
(e.g., sinusoidal) periodic intensity variation. The 
most common mechanism is to look, directly or 
indirectly, at the time decay of fluorescence in the 
probe (Figure 11.14).

The fluorescence decay curve, which is usu-
ally of an exponential shape, can be monitored, 
to determine the lifetime. Alternatively, the phase 
delay in the detected fluorescence intensity signal, 
relative to the initial intensity modulation wave-
form (usually sinusoidal or square-wave) of the 
incident light, can be monitored.

Several practical physical and chemical sensors 
use this mechanism, and it has proved particularly 

useful for temperature monitoring. Thermal 
changes affect the fluorescent lifetime of many 
substances (e.g., phosphors, semiconductors, laser 
crystals, or glasses), but phosphors [45] and ruby 
crystals [46] have been used most for thermal sens-
ing (see also review by Gratton and Palmer [47]). 
Many of these materials have been used extensively 
for long periods under conditions of energetic elec-
tron bombardment or powerful optical illumina-
tion and have excellent long-term stability. Laser 
crystals, in particular, are not only optically and 
thermally stable, but also often (e.g., ruby) have 
excellent mechanical hardness and strength.

11.2.2  Intensity-based chemical 
sensors

There are two basic types of optical chemical sen-
sor, one using direct optical spectroscopy of mate-
rials to be detected, the other making use of a 
chemical indicator, i.e., a compound that acts as an 
intermediary, with a strong, hopefully chemical-
species-specific, change in its optical properties 
when exposed to a target chemical or group of 
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Figure 11.13 An optical fiber thermometer, where the thermal dependence of the band-edge posi-
tion of a semiconductor (or special filter glass with semi-conductor-like properties) is monitored with a 
simple spectrometer.
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chemicals. Below, we shall cover these two types, 
but, in this short outline, it will not be possible to 
cover all the concepts concerned, so the interested 
reader is referred to the textbook in bibliography 
[1] (particularly vol. 4, Chapters 7 and 8) for fur-
ther reading. For reasons of lack of space, the dis-
cussion of chemical sensors here will be shorter 
than that for physical sensors.

11.2.2.1  CHEMICAL SENSORS USING DIRECT 
OPTICAL SPECTROSCOPY

Because materials can absorb or emit light only 
at wavelengths corresponding to allowed internal 
energy level changes, characteristic of particular 
elements or functional groups, spectroscopy has 
become one of the most valuable tools of the ana-
lytical chemist. Most of the standard spectroscopic 
techniques used by analytical instrument design-
ers can also be implemented in fiber optic form (see 
examples in Figure 11.15).

Possible methods include measurement of 
transmission and turbidity, attenuated total reflec-
tion, fluorescence, Raman scattering (including 
surface-enhanced Raman scattering, or SERS), to 
give just a few examples. The great advantage of 
fibers is the real-time, online measurement capa-
bility, allowing the instrumentation to be kept in 
a benign environment, away from the probe end, 
that may be remote or inaccessible, and could have 
any variety of dangerous, corrosive, toxic, or flam-
mable materials present.

11.2.2.1.1  Transmission (absorption) and 
turbidity measurements

Transmission defines the fraction of light passing 
through a component or medium. Absorption is 
the total loss of light arising from conversion of 
light to heat, whereas turbidity is where light is 
merely lost from a collimated path by scattering, 
such that it is no longer collected.
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Figure 11.14 Sensor to measure temperature, where the decay of fluorescence of a phosphor (or 
semiconductor chip), attached on the end of an optical fiber, is monitored. The lower curves show 
typical responses, following pulsed excitation from the light source.
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The power, P(λ), transmitted through a sample 
in a small wavelength interval at a center wave-
length λ, is given by Lambert’s law:

 
P P exp – ,0( ) ( ) ( )λ = λ ⋅ α λ ⋅ �

where P0(λ) is the power entering the sample in this 
wavelength interval, α(λ) is the attenuation coef-
ficient of the material at wavelength λ, and ℓ is the 

optical path length through the sample to the point 
at which P(λ) is measured. Lambert’s law does not 
apply if scattering is high, such that multiple scat-
tering occurs.

The sample can be said to have a transmission 
T(λ), at the wavelength λ, where

 T exp – .( ) ( )λ = α λ �
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Figure 11.15 Optical fiber sensors for remote spectroscopy. This shows (a) transmission spectroscopy, 
where, both the source and interrogator unit can be an integral part of a commercial spectrophotom-
eter, modified to allow fiber extension leads; (b) sensing of backscattered signals, where, a filter or 
spectrometer can be used to select out Raman or fluorescent signals from the incident light if desired; 
and (c) a modification to allow a single fiber lead to the measurement head.
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Alternatively, the sample can be said to have an 
absorbance A(λ), where

A T P Plog 1/ log / 0.43 .10 10 0( ) ( ) ( ) ( ) ( )λ = λ = λ λ = α λ ⋅�

The factor 0.43, or log(e), has to be included to 
account for the use of log10 for absorbance cal-
culations, whereas natural exponents are used for 
attenuation coefficients.

Transmission, absorption, or turbidity mea-
surements can be achieved most easily by using 
a commercial spectrophotometer with extension 
leads. These have a unit that fits into the cell com-
partment of a standard instrument, with a first lens 
that takes the collimated light that would normally 
pass through the sample chamber, focuses it instead 
into a large core diameter (usually >200 μm) optical 
fiber down-lead and with a second lens that recolli-
mates light coming back from the return fiber lead 
into a low-divergence beam suitable for passage 
back into the instrument. There is also a remote 
measurement cell, connected to the remote end of 
both these fiber leads, where a first lens collimates 
light coming from the down-lead into an inter-
rogation beam, which passes through the remote 
measurement cell, after which a second lens col-
lects the light and refocuses it into the fiber return 
lead going to the spectrometer instrument. Such 
optical transformations lead to inevitable losses of 
optical power, of typically 10–20 dB (equivalent to 
losing 1–2 units of absorbance), but as most mod-
ern instruments have a typical dynamic range of 
>50 dB, this is a price that many users are prepared 
to pay for a useful remote measurement capability.

It should be noted that the optical power losses 
occur mainly due to the imperfections of the focus-
ing and recollimation optics and due to reflection 
losses at interfaces, rather than to fiber transmis-
sion losses. If suitably collimated beams were to be 
available in the instrument, if large core diameter 
fibers could be used to connect to and from the 
probe, and if all optics, including fiber ends, could 
be antireflection coated, there should really be very 
little loss penalty. Such losses, therefore, arise pri-
marily because of the need for the fiber leads to 
be as flexible as possible (so hence choice of small 
diameter fibers) and the usual need to compromise 
design on grounds of cost.

There are many other probe head designs 
that are possible. The simplest design, for use 

with measurement samples showing very strong 
absorption, is simply to have a probe which holds 
the ends of the down-lead and return fiber in axial 
alignment, facing each other across a small mea-
surement gap, where the sample is then allowed to 
enter. Losses are low for fiber end spacing of the 
same order as the fiber diameter or less but rapidly 
increase with larger gaps. The probe is far easier to 
miniaturize and handle if the fiber down-lead and 
return lead are parallel in one cable. This can be 
achieved using a right-angled prism or other ret-
roreflecting device to deflect the beam in the probe 
tip through the desired 180° that allows it to first 
leave the outgoing fiber, pass through a sample and 
then enter the return fiber. Use of a directional 
fiber coupler at the instrument end allows use of 
a single fiber, but then any residual retroreflection 
from the fiber end will be present as a cross talk 
signal, adding light signal components that have 
not passed through the medium. Clearly, there are 
many variants of such optical probes, some involv-
ing more complex optics (e.g., multipass probes), 
some constructed from more exotic materials to 
withstand corrosive chemicals.

A very simple option that has often been used 
with such single fiber probes, for monitoring the 
transmission of chemical indicators, is to dissolve 
the indicator in a polymer that is permeable to 
the chemical to be detected, and also incorporate 
strongly scattering particles in the polymer. When 
a small piece of such a polymer is formed on the 
fiber end, the particles give rise to strong backscat-
tered light, and the return fiber guides a portion 
of this to the detection system. This backscattered 
light had of course to pass through the indicator 
polymer in its path to and from each scattering 
particle, so the returning light is subject to spec-
tral filtering by the indicator. Although this is a 
very lossy arrangement, it is extremely cheap and 
simple and has formed the basis of many chemical 
sensors, for example ones using pH indicators [48].

There are now many commercial types of min-
iature CCD spectrometers that have been specially 
designed to analyze the spectrum exiting from an 
optical fiber. These generally use the light-guiding 
core of the return fiber as the input “slit” of a dif-
fraction grating monochromator, using a sensitive 
CCD detector array to provide a set of parallel out-
put signals, one from each narrow-band spectral 
component of the received light. These have high 
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optical efficiency, as nearly all the energy is incident 
on the detector. For ultimate resolution, however, 
the well-known Fourier transform spectrometer 
principle can be used, where a scanned optical 
interferometer is used to analyze the spectrum of 
the received light. Each optical spectral compo-
nent gives its own electrical frequency component 
in the detected photocurrent signal, observed as 
the interferometer is scanned (a narrowband laser 
signal input will give a pure sinusoidal output from 
the scanned interferometer). The entire spectrum 
can, therefore, be obtained by Fourier analysis of 
the temporal variations of the detected signal, to 
extract the relative magnitude of each frequency 
component in this detected signal.

11.2.2.1.2  Chemical sensing by 
detection of fluorescence and 
Raman scattering

It was stated above that, for transmission and tur-
bidity measurements, there should really be only 
a small additional loss penalty due to using opti-
cal fibers, provided full use is made of expensive 
precautions to avoid loss of light. This is unfortu-
nately not true when fluorescence or Raman mea-
surements are required, as light is scattered over all 
angles, and the return fiber can only ever collect a 
relatively small portion of this light. In addition, 
the processes where this inelastically scattered (i.e., 
different wavelength to that incident) light is gen-
erated, often have a poor quantum efficiency (i.e., 
have a low ratio of total re-emitted to total incident 
photon flux).

An arrangement similar to that of Figure 11.15b 
has been used for oxygen sensing, using Ruthenium 
dye complexes [49], where the fluorescence decay is 
quenched by the oxygen gas.

There is no space here for a full discussion of 
these processes, but their potential value, particu-
larly that of Raman scattering, for chemical sens-
ing, has meant workers will continue to persevere 
to get useful performance, despite the low return 
light levels encountered with fiber-coupled sys-
tems. Both these mechanisms involve excitation of 
a sample with light, usually at a wavelength shorter* 

* Measures to reduce this will be discussed later, but one 

useful way to improve an OTDR system is to include 

optical fiber amplifiers to boost the launch power and 

to act as an optical preamplifier for returning signals.

than the scattered light to be observed, and then 
the re-emitted light is collected and narrow-band 
filtered. This filtering is first to separate it from the 
incident light, but also, in the case of Raman, to 
examine it for the spectral features characteristic 
of a target compound to be examined.

It is useful to briefly estimate the approximate 
magnitude of additional losses when using fibers 
with these processes. The loss due to launching 
of excitation light into a fiber is usually negli-
gible with Raman, as powerful narrow-line laser 
sources are used, but ultimately the limit may 
be set by nonlinear processes or, in the case of 
large-core multimode fibers, by optical damage 
thresholds. Similar excitation can be used for 
low-level fluorescence monitoring, provided no 
photo-bleaching or other photodegradation of the 
monitored substance can occur at high illumina-
tion intensity. The main potential loss is therefore 
that of light collection. If we assume the medium 
is excited close to the end of a fiber, only a region 
of dimensions of the same order as the fiber core 
diameter will be intensely excited. Thus, if a very 
large 200 μm core diameter fiber is used, a region 
of approximately 200 to >500 μm in length will be 
excited effectively. As a re-emitting point in the 
excited medium gets further from the fiber tip, 
the brightness of its illumination reduces and the 
effective angle subtended by the fiber core collect-
ing the light (which can be approximately consid-
ered to be re-emitted in all directions) gets smaller. 
The collection can, therefore, be approximated as 
that received by the fiber numerical aperture (say 
NA of 0.3) from a region around 200 μm long. In 
a normal Raman spectrometer, the sample can be 
excited by a narrow focused laser beam. There can 
therefore be a useful and collectable Raman emis-
sion from a thin sample region, of length equal 
to that of the spectrometer input slit on which 
it must be focused. The length of the slit may be 
perhaps 10 mm long, and light entering this may 
perhaps be collected with a wide acceptance angle 
monochromator, perhaps having an NA as high 
as 0.4. Thus, the fiber-based system may per-
haps have a light collection reduced by a factor 
of 50 × 16/9 (product of the useful excited length 
ratio and the square of the acceptance NA ratio), 
or approximately 90 times, when compared to a 
bulk optical system. A similar factor also applies 
to fluorescence detection.
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Apart from these photometric limitations, 
Raman scattering has a particularly poor quan-
tum efficiency, and the already weak scattered 
signals will be typically two orders of magnitude 
weaker when coupled into return fibers, with their 
poor collection efficiency for divergent light (see 
bibliography [1], Chapters 7 and 13). Despite this, 
however, several commercial fiber-coupled Raman 
systems are available. These combine the great 
advantage of Raman scattering (which, merely by 
careful spectral filtering, allows rejection of elasti-
cally scattered light from turbid samples) with the 
ability of fibers to probe into inaccessible, remote, 
or hazardous environments.

A few practical examples of chemical sensing 
using direct spectroscopy are given in vol III.

There are many more means of performing 
direct spectroscopy with optical fibers, as the above 
has only presented a few. Other methods will be 
discussed in the later section on distributed and 
multiplexed sensing. As space is limited here, it is 
instructive to summarize, in the form of a brief list 
of examples, where systems have been built for prac-
tical applications. In many cases, active research is 
still being pursued in many of these areas:

 ● Sensors examining transmission of groundwa-
ter to track pollution.

 ● Fiber-probe sensors to examine the transmis-
sion or reflection spectrum of blood to deter-
mine oxygenation state.

 ● Fiber-probe sensors to examine bilirubin in the 
digestive system of the body.

 ● Gas sensors, based on remote absorption mea-
surements, using fiber probes.

 ● Sensors examining the transmission of petro-
chemicals to determine octane rating. These 
can be extrinsic sensors as in Figure 11.15a or 
can use evanescent field monitoring.

 ● Fluorescence sensors to determine oil or other 
aromatic hydrocarbons in water.

 ● Technologies using arrays of optically addressed 
“microdots,” each dot in the array having a 
different composition. For example, arrays 
of fluorescent indicator dots, each dot having 
different optical properties, can detect several 
different substances using one fiber (or can give 
multiple signals to cancel cross talk from other 
substances, using mathematical regression 
models).

 ● Methods using evanescent wave coupling to the 
measured substance, for example, with a bare 
glass or silica fiber. Alternatively, a conventional 
monomode fiber with part of the cladding pol-
ished away, or a “D-type” fiber that has a very 
thin cladding on one side, can be used. In such 
sensors, the field of the guided light extends 
beyond the vitreous waveguide into the chemi-
cal to be measured, allowing absorption of the 
latter to be observed as fiber attenuation.

 ● Technologies as above, but using surface plas-
mon resonance to enhance the coupling to the 
evanescent field.

 ● Refractive index sensors, where a fiber with 
Bragg gratings is side polished, removing 
cladding material to allow the evanescent field 
to extend outside the fiber. Then, the peak 
reflected wavelength of the grating is affected 
by the effective propagation constant of the 
fiber, which is now also a function of the 
refractive index of this surrounding medium. 
Again, octane rating of fuels is of interest here.

The textbooks in bibliography [2] give a very com-
prehensive overview of many of these types of opti-
cal chemical sensors, and a few applications are 
presented in vol III.

11.3  INTERFEROMETRIC SENSORS

We shall now discuss interferometric sensors. 
Here, the sensing action involves the interaction of 
fiber-guided light beams, where there is coherent 
addition of the electric field components of their 
electromagnetic waves. This leads to a mixing con-
dition that can vary from constructive to destruc-
tive interference, depending on the relative phase 
of the combining light beams. In order to obtain 
high visibility interference of interfering free-space 
beams, it is necessary to match their intensity pro-
files, their wave front shapes (i.e., beam direction 
and divergence) and their polarization states over 
the full transverse width of the interfering beams. 
In order to observe or detect the effects of interfer-
ence, however, the light beams must also eventu-
ally fall onto a “square law” optical detector. All 
standard optical detectors, including the human 
eye, monitor optical power or intensity, which is 
proportional to the square of the electrical field 
component, hence the term “square law.”
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11.3.1  Interferometers using fiber 
optic technology

A single mode optical fiber guides not only one 
propagation mode, but also strictly two, if the two 
possible orthogonally polarized modes are con-
sidered. The fundamental guided mode is usually 
called the HE11 mode. This fiber mode has quite a 
simple transverse power distribution, very closely 
matching the well-known Gaussian TE00 intensity 
profile, typical of that of the beam from a single 
transverse mode gas laser, with a central (axial) 
peak in the intensity. The big advantage of mono-
mode fibers is that (apart from the possibility of the 
two different principal polarization modes) only a 
single spatial mode is allowed, the fiber acting as 
a perfect mode filter to ensure that the two over-
lapping fields have identical spatial characteristics. 
The slight curvature of E-M field lines in the fiber, 
varying a little with transverse position, does not 
significantly reduce fringe visibility, as the other 
interfering signal (or signals) guided in the same 
fiber have a matching curvature.

Because of this behavior, we can fabricate 
interferometers using single mode fiber to define 
the optical paths and using compact fiber coupler 

components as beam splitters or combiners [50]. 
In Figure 11.16a and b, we show a Michelson and 
a Mach–Zehnder type interferometer, respectively, 
both implemented with single mode fibers.

Unfortunately, there is a big disadvantage 
when light is guided by an ordinary single-mode 
telecommunications-type fiber, as, unlike the situ-
ation for free-space, or in-air, beams, the polar-
ization direction of the HE11 mode can easily be 
changed by environmental influences. For these 
to change the polarization of fiber-guided light, 
they need only to cause a significant asymmetri-
cal physical distortion of the fiber. Such influences 
can occur due to, for example, fiber bends, lateral 
mechanical stresses, and transverse thermal gradi-
ents. In the extreme case of this so-called polar-
ization fading, the visibility of the interference can 
fade completely, as orthogonally polarized guided 
beams cannot interfere. This is simply because 
electric fields at 90° can no longer cancel the resul-
tant intensity now being independent of optical 
phase of the combining beams.

To compensate for possible signal fading due to 
this polarization fluctuation, it is common to use 
polarization controllers (PCs) when using ordi-
nary single mode fibers. However, in real-world 
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Figure 11.16 Illustration of two commonly used fiber interferometers: (a) Michelson arrange-
ment, (b) Mach–Zehnder arrangement, and (c) the typical detector response to phase difference. 
Note that the zero position on the phase-difference scale, where intensity would be at a peak, is 
unknown in this figure.
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sensors, it is not attractive having to have to con-
tinually adjust polarization in order to compen-
sate for environmental effects, unless the PCs are 
themselves controlled by automated optoelectronic 
feedback systems. Although the latter is possible, 
it is still a rather complex and expensive solu-
tion. Fortunately, it is possible to greatly reduce 
such effects with passive solutions. One method 
is to use polarization-diversity optical receivers, 
where the combined light is first split into differ-
ently polarized components before detection on 
several separate detectors. A simpler and far more 
efficient passive solution, however, is to use polar-
ization-maintaining fiber (P-M fiber). In this fiber, 
the direction of the linear polarization of the HE11 
mode is constrained to lie along one of its princi-
pal polarization axes, as the lightwave propagates 
through it. Such a fiber is made with a deliberate 
transverse asymmetry, such that either of the two 
principal polarization modes, once launched, can-
not readily couple to the other, unless there is a 
very severe localized deformation of the fiber. An 
even more effective method is to use single polar-
ization fibers, which are polarization-maintaining 
types where one polarization mode is made to be 
highly lossy, such that only the other mode can 
effectively propagate without high attenuation. If 
any small degree of polarization mode conversion 
then takes place in this fiber, the light in the unde-
sired mode is rapidly lost.

In the case of a dual-reflective path, optical fiber 
Michelson interferometer, we have another ingenious 
way to stabilize for any in-fiber polarization fluctua-
tion. To achieve this, Faraday rotator mirrors (FRM) 
are placed at the end of the fibers. A Faraday mir-
ror device has the property of ensuring the reflected 
lightwave has a returning SOP rotated by 90° with 
respect to the incident wave. Consequently, after a 
two-way propagation along the fiber, the SOP of the 
lightwave always remains orthogonal to the incident 
one, even though the actual SOP of each beam along 
the fiber will always fluctuate. If a wave is split, by 
a coupler, into two arms, each having Faraday mir-
rors at their far (distal) ends, both returning beams 
or guided modes return with orthogonal polariza-
tion states to that of the launched light, so both have 
identical polarization states.

In a fiber interferometer, the detected output, Id, 
is given simply by

 I A B cos ,d = + ∆θ

where A and B are constants and Δθ is the phase 
difference between the two lightwaves returning 
from the reference and the sensing arms. The out-
put intensity changes, as a function of phase differ-
ence, Δθ, are shown schematically in Figure 11.16c. 
In Figure 11.16a or b, a relatively large phase drift 
can always be caused by temperature or mechani-
cal fluctuation, which results in the presence of 
low-frequency components, or drift, in Δθ.

For many sensors, such as acoustic wave (e.g., 
fiber hydrophones) or vibration monitors, it is 
desired to monitor or measure very tiny phase 
changes, usually of a cyclic or transiently varying 
nature, caused by the external measurand, typi-
cally having a low- to mid-AC frequency content 
in the range 10 Hz to 10 KHz. In order to measure 
these small, relatively rapidly changing signals, 
other sources of slower drift, for example, due 
to slow thermal changes or due to slowly vary-
ing mechanical strain, must be corrected for or 
stabilized, so as to keep the interferometer at its 
most sensitive operating point. This is the maxi-
mum slope of the sinusoidal response, termed the 
quadrature point.

To achieve the desired stabilization, an optical 
phase shifter (PS) can be placed in the reference 
arm, as shown in Figure 11.16a and b. In these 
stabilized interferometers, the detector output 
is fed-back to the PS, so that the output signal is 
held at quadrature point A, where the slope of the 
curve is steepest. In this way, tiny alternating opti-
cal phase signals, as small as 10−6 rad or less, can 
be detected. At an optical wavelength of 1 μm, this 
represents an optical path length change of only 
10−12 m, corresponding to a change in the physi-
cal length of the sensing fiber by a tiny amount, 
corresponding to a small fraction of the diameter 
of a hydrogen atom! (Of course, individual atoms 
at the fiber ends have positional uncertainties 
greater than this, but the end position is the aver-
age of enormous numbers of such atoms). This 
means that fiber interferometric sensors can real-
ize extremely high sensitivity and this sensitivity 
can be further increased by using a multiturn fiber 
coil as a sensing element.

For many applications, it is convenient to 
place an optical frequency shifter (FS) in one 
arm to deliberately induce a frequency difference 
between the two lightwaves. This is also shown in 
Figure 11.16. Under these conditions, the detected 
output, Id, can be expressed as
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 I A B ftcos 2 .d ( )= + π∆ + ∆θ

This new configuration is called a heterodyne inter-
ferometer, a term which implies that the interfering 
lightwaves now have different frequencies. The phase 
of the detected electrical signal can now be detected 
by conventional phase or frequency demodulation 
schemes, of a type commonly used in commercial 
or domestic radio receivers. One such electrical 
frequency demodulation method is to delay one 
signal compared to the other and use an electronic 
multiplier or mixer, followed by a low-pass filter, an 
arrangement that conveniently converts the elec-
tronic phase difference of two electronic signals to 
amplitude, with a linear-saw-tooth response char-
acteristic. Another common method, again well 
known to radio engineers, is to use phase-lock loop 
demodulation technology. In order to distinguish 
the earlier, rather simpler, interferometer (in which 
the two lightwaves had the same frequency), from 
the heterodyne, or difference frequency one, we have 
just discussed that the earlier one has been termed a 
homodyne interferometer.

In the interferometer shown in Figure 11.16a 
and b, the optical angle-modulation elements, i.e., 
the PS or FS modulators, are placed in the refer-
ence arm, which is sometimes located adjacent 
to or near the sensing arm to assist with thermal 
compensation. If the electronically driven PS or 
FS devices are placed in, or near, the physical mea-
suring environment, they might pick up electrical 
interference, which would reduce the advantage 
that an optical fiber sensor is normally not affected 
by, nor induces electromagnetic noise. This would 
remove the inherent electromagnetic compatibil-
ity of the sensor. To improve the electromagnetic 

behavior, a configuration shown in Figure 11.17 
has been proposed, where, rather than using a sep-
arate modulator element, a frequency modulation 
is created in the laser light source, which then, due 
to different optical time delays, creates a phase dif-
ference Δθ1, between lightwaves that have traveled 
over different length optical paths.

This then gives a phase difference expressed by

 c
L f

2
,11∆θ = π ∆ ⋅∆

where ΔL is the optical path length difference 
between the two arms. The lasing frequency of 
a semiconductor diode laser can conveniently 
be changed merely by modulating the drive 
or injection current, providing a very simple 
current- controlled optical oscillator. By using this 
property, we can compensate for the effects of slow 
thermally or mechanically induced drift in the 
interferometer, without the need for any separate 
PS or FS. Using this configuration, there is then no 
need for any electronic or electrical components 
in the sensing environment, giving excellent free-
dom from electrical interference, etc. When the 
laser frequency is modulated by a sinusoidal wave 
of frequency ωρ, we induce a set of components at 
frequencies m × ωρ in the detector output, where m 
is an integer. Each of these components has a phase 
corresponding to the optical phase difference to 
be measured. This configuration shows, in many 
ways, a similar output to that of the heterodyne 
interferometer, but because no separate modula-
tor is used, it is called the phase-induced carrier 
method.

Because of the over-riding need to reduce 
polarization fluctuation and phase drift in highly 
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Figure 11.17 Configuration of a passive remote Mach–Zehnder interferometer. This allows remote 
interrogation by sweeping the laser source, avoiding the need for modulators with electrical drive 
signals to be included in the remote interferometer section.
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sensitive fiber optic interferometer sensors, many 
different methods have been proposed and devel-
oped by researchers. The textbooks and review 
papers in the bibliography present greater details of 
many of these schemes, but below we will present 
a case study of the optical fiber gyroscope to intro-
duce some of the methods that can be employed. The 
gyroscope is a very special case, where it is essential 
to achieve a very high degree of steady-state sta-
bility. Fortunately, many other types of interfero-
metric fiber sensor are designed to measure only 
dynamic changes, such as might arise from acoustic 
signals (e.g., the fiber hydrophone) or from other 
mechanical vibrations (e.g., the fiber vibrometer 
or accelerometer), so these do not suffer from quite 
so many undesired sensitivities to slow drift from 
environmental aspects as the fiber gyroscope can. 
The discussion below illustrates that despite many 
fairly complex difficulties, a host of potential prob-
lems can be overcome to make a cost-effective prac-
tical sensor, although a great deal of background 
research was necessary to reach this point and the 
gyro still needs careful design.

11.3.2  High-sensitivity sensing with 
fiber interferometers

11.3.2.1  THE FIBER OPTIC GYROSCOPE

The fiber optic gyroscope [51–53], which we shall 
call “FOG” for short, was one of the earliest types 
of interferometric fiber sensor, and is the one which 

has perhaps received the most research funding 
and scientific attention.

A FOG detects rotation relative to an inertial 
frame. The basic operating principle of this sensor 
is based on a concept known as the “Sagnac effect” 
[54], which originally used two optical beams, 
each directed in opposite directions around loops 
using mirrors, before being caused to interfere on 
a detector. The basic configuration of the all-fiber 
version is shown in Figure 11.18.

It can be considered that two lightwaves, prop-
agating in opposite directions in the same closed 
optical fiber coil, exhibit a traveling-time differ-
ence, which is proportional to the rotation rate of 
the optical path with respect to the inertial frame. 
This time difference results in a phase difference, 
θ, between the beams at the output of the loop, 
given by

 
La

c

4
,θ = π

λ
Ω

where L, a, c, λ, and Ω are, respectively, the length 
of the fiber coil, its radius, the speed of light in vac-
uum, the optical wavelength and the coil rotation 
rate. The magnitude of the Sagnac phase shift is gen-
erally extremely low for most typical rotation rates, 
particularly for those typical of vehicle navigation, 
where directional changes are usually quite slow. To 
overcome this limitation, a very long (and hence nec-
essarily low loss) fiber coil needs to be used for the 
sensing coil. For aircraft navigation, a rotation rate 
resolution of only 0.01° h−1 is required. Even when 
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Figure 11.18 Basic configuration for a FOG. This shows the phase modulation elements used to bias 
the device contained on an integrated optics chip (I-FOG chip) that also contains the polarizer and a 
beam-splitting element.
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using a sensing fiber as long as 1 km, this typically 
corresponds to an induced phase difference as small 
as 1 μrad. To measure such small and slow-changing 
phase changes, a successful FOG requires extremely 
careful control of the many subtle noise and drift 
factors that can otherwise occur. Fortunately, after 
extensive research over many years, these noise fac-
tors have been studied in detail, and many excellent 
countermeasures to reduce them have already been 
invented.

As a result of this success, FOGs are now fea-
sible for many new applications of gyroscopes, 
such as car navigation, antenna/camera stabilizers, 
radio-controlled vehicles, unmanned track naviga-
tion, and so on. These new applications could only 
be realized because of unique advantages of the 
FOGs compared to traditional mechanical gyros, 
such as short warm-up time (no need to build up 
mechanical speed, as in normal types), less mainte-
nance and low cost. FOGs have also now been used 
in traditional application fields, such as airplane 
navigation, rocket launching and ship navigation. 
A part of the navigation system of the Boeing 777 
now uses FOGs.

To measure tiny phase differences, of the order of 
micro-radians, between the two lightwaves travel-
ing in the fiber coil of Figure 11.18, a special process-
ing scheme had to be established. When the system 
is in the rest state, the signals interfering at the 
detector in Figure 11.18 would normally give rise 
to a maximum in the sinusoidal response (dashed 
curve). At this peak, the gradient is of course zero, so 
there is no initial response to small phase changes, 
so hence zero sensitivity for a small rotation rate. In 
order to solve this problem, a phase biasing scheme 
is needed, in order to drive the state of the inter-
ferometer to a region of the phase response curve 
where the gradient is nonzero. To achieve this, a 
phase modulator, driven by a signal of sinusoidal or 
square waveform, is applied at, or near, the end of 
the sensing fiber coil. Due to the timing difference 
of the modulation between the clockwise (CW) and 
the counter-clockwise (CCW) waves, the two light-
waves now have a periodic phase difference when 
they impinge on the detector, and give a “mixed” or 
detected output signal having the same frequency as 
the applied phase-modulation waveform.

By detecting the electronic output synchro-
nously (i.e., by multiplying it with an electronic 
reference signal at the same frequency as the 
applied phase modulation, and then low-pass 

filtering), the signal shown by the solid curve can 
be obtained. Now it can be seen that the detected 
output changes, as desired, with input rotation. 
The polarizer shown in Figure 11.18 is required to 
reduce drift effects due to the polarization fluctua-
tion in the sensing fiber coil. Essentially, it ensures 
that light travels in each direction in the loop in 
different directions, but in the same polarization 
state, although, of course, each individual beam 
still exhibits polarization changes as it propagates 
round the loop. The system shown in Figure 11.18 
is called the “minimum reciprocal configuration” 
for the FOG.

Even when the minimum configuration is used, 
many noise, drift, and signal-fading factors can 
still exist. The first major problem to be solved is 
the need to avoid polarization fading. When the 
state of the polarization fluctuates in the fiber, 
the light power received at the detector changes 
and this can result in significant reduction of 
the SNR—in the worst case, the signal can even 
totally disappear! A way to avoid this problem, 
using only a passive component, is to insert a fiber 
depolarizer at some point in (most conveniently 
at the end of) the sensing fiber coil. The depolar-
izer is fabricated simply using a short birefringent 
polarization-maintaining fiber, in which the two 
orthogonally polarized propagation modes have a 
difference in velocity. When the usual broadband 
LED (or a superluminescent fiber) wide spectrum 
(low coherence) light source is used to excite the 
FOG, the variations in differential mode delay 
result in a different output polarization state from 
the polarization-maintaining fiber section for each 
wavelength component. This effectively reduces 
the degree of polarization by “scrambling” it, to 
give a different polarization at each wavelength, 
and to render it effectively unpolarized when the 
effect is averaged over the full bandwidth of the 
source (even though each individual wavelength 
component is still strongly polarized). Hence, 
using this “depolarizer,” the polarization fading 
problem can be overcome, as some wavelengths 
will still interfere without fading. Unfortunately, 
an undesirable polarization component is induced, 
which is perpendicular to the polarization axis of 
the polarizer. Due to the finite extinction ratio of 
practical polarizer elements, this configuration is 
not suitable for realizing FOGs of very high resolu-
tion. This configuration is therefore only used for 
low-cost, moderate-grade gyros.
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To increase the optical efficiency, and hence the 
sensitivity, a polarization-maintaining fiber coil is 
usually used. With such a coil, undesirable cou-
pling to the orthogonal polarization component 
is greatly reduced. Moreover, even if a small cou-
pling were to occur, the two polarization modes 
in the fiber have different propagation velocities, 
so the undesired component has a large opti-
cal delay compared with the desired component. 
Therefore, when using a low coherent source, such 
as an ELED (edge-emitting LED), the undesirable 
component cannot interfere with the desired one. 
This configuration is used for intermediate grade 
gyros. To improve the sensitivity more, a LiNbO3 
integrated optical circuit modulator can be intro-
duced as shown in Figure 11.19.

This integrated optical circuit is called the FOG 
chip, in which one coupling branch, two-phase 
modulators, and a polarizer are all integrated 
together on a common planar substrate. This con-
figuration is used for high-grade FOGs. When a 
proton-exchanged LiNbO3 planar waveguide is 
used, it also acts as a polarizer with quite a high 
(>60 dB) extinction ratio. In this system of Figure 
11.19, a sophisticated signal-processing scheme 
has also been included, which is explained below.

A very small Faraday rotation effect can occur 
in the fiber-sensing coil, due to the Earth’s mag-
netic field, and this results in another error fac-
tor in the FOG. The Earth’s magnetic field lines 
are essentially parallel over the small dimensions 
of the coil, so the Faraday effect induced in one 
half of the coil would ideally be canceled by that 
induced in the other half. However, when birefrin-
gence exists in the fiber coil due, for example, to 
bending or other mechanical stress, the FOG can 
suffer an error or drift. One way to reduce it is 
again to use polarization-maintaining fiber for the 
sensing coil. A polarization-maintaining fiber with 
high birefringence can effectively reduce the drift 
because it prevents the lightwave suffering polar-
ization rotation due to the Faraday effect. Another 
way to reduce the drift is to place a depolarizer at 
each end of an ordinary single-mode fiber coil. 
Recently, a general formula to describe the Faraday 
effect induced drift has been derived, in which the 
mechanism of the reduction of this drift has been 
theoretically derived.

If the temperature distribution in the coil 
changes with time, in a manner asymmetric with 
respect to the center of the fiber length, the CW 
and the CCW lightwave will experience a very 
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slightly different line-integral of temperature 
along the coil. Transient thermal changes of very 
small magnitude can give rise to a significantly 
different phase change in each direction in the 
coil, resulting in output drift. A temperature rate 
of change of only 0.01°C s−1 can induce a very 
substantial drift of the order of 10° h−1 in an FOG 
with a badly designed coil! Special coil wind-
ing technologies have been invented, in which 
every section of fiber in the coil lies adjacent, and 
closely thermally coupled to a similar section of 
coil that is located at a symmetrical position with 
respect to the fiber center (i.e., both sections lie at 
equal in-fiber distance from, but at opposite sides 
of, the coil center). This makes the overall tem-
perature distribution symmetrical with respect 
to the center. To make a high-grade model, with 
0.01° h−1 sensitivity, such techniques have been 
applied.

For high-grade applications, such as aircraft 
navigation, a wide dynamic range of about seven 
decades, and a good linearity of about 10 ppm are 
required. To realize these, a special signal-process-
ing scheme, involving closed-loop operation, has 
been proposed and used.

The schematic configuration of this has already 
been shown in Figure 11.19 and we shall now 
describe the signal-processing scheme. The phase 
modulation waveform shown in the figure is used 
to intentionally give a more complex phase-differ-
ence modulation between the CW and the CCW 
lightwaves. This phase difference occurs because 
of the different effective position of the modula-
tor in each path and the phase modulation wave-
form used is called the digital serrodyne waveform. 
The modulation waveform can be thought of as 
having a “saw-tooth” envelope, but with steps, as 
can conveniently be generated by a D/A converter. 
Each phase step is adjusted to correspond to one 
roundtrip traveling time, τ, of the lightwave in the 
fiber coil. The amplitude is kept at 2π. After the CW 
and the CCW waves have both suffered the same 
time delay of τ, these two waves arrive with a phase 
difference at the detector, this difference being 
equal to the phase step ϕ in the serrodyne wave-
form. The Sagnac phase is then compensated, using 
this phase difference as input to a feedback control 
loop. Under the condition where the amplitude of 
the waveform is set to 2π, the phase difference ϕ 
is proportional to the frequency of the serrodyne 
waveform. Consequently, the input rotation rate is 

converted to a modulation frequency, which can 
then be measured with a frequency counter, to pro-
vide a wide dynamic range output from the sensor, 
which also has good linearity.

Applications of such gyros are expanding rap-
idly in various fields. The required sensitivity and 
dynamic range can vary greatly according to the 
application. FOGs have already been developed, 
in moderate, intermediate, and high-grade forms, 
with progressive increases in cost and complex-
ity. For moderate-grade applications, the analogue 
output of the detector is directly measured, this is 
called open-loop operation. For high-grade appli-
cations, the closed-loop operation method should 
be used.

Japanese gyro makers have created new appli-
cation fields for industrial and consumer applica-
tions, for example, car navigation systems, and 
control systems for cleaning-robots, forklifts, 
agricultural machines and unmanned dump 
trucks suitable for hazardous environments. A 
camera stabilizer, to provide stable TV pictures 
from a helicopter, has also been developed with 
FOG technology for the sensor. Radio controlled 
helicopters with I-FOGs have also been produced 
for agricultural applications, such as planting 
seeds and spraying chemicals. A North-finder 
“optical fiber compass,” using an open-loop FOG 
has been developed. The National Aerospace 
Development Agency of Japan used an inertial 
sensor package with FOGs, for the first time, in 
their rockets, for micro-gravity-mission experi-
ments. The FOG was selected for this mission as a 
silent gyro. The first launching took place in 1991 
and was the first application of the FOG in space. 
The Institute of Space and Astronautical Science, 
Japan, has developed a rocket having an inertial 
navigation system (INS) with closed loop FOGs. 
The first successful flight of this M-V rocket was 
on 12 February 1997, using an additional radio-
wave guidance technique. The M-V-1 launched a 
Satellite MUSES-B, with a mission to construct 
a VLBI (very long base-line interferometer) for 
radio astronomy, when in radio contact with 
other antennas on the Earth. Also, in this satel-
lite, an open-loop FOG, having a 0.05° h−1 bias 
stability, was used for rate control.

It should be pointed out that the Boeing 777 
uses a inertial navigation system that combines the 
use of six more conventional ring-laser gyros, of 
0.01° h−1 grade, with four more recently developed 
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all-polarization-maintaining-fiber open-loop 
FOGs, having 0.5° h−1 capability.

Applications requiring a sensitivity even greater 
than 0.001° h−1 exist, such as for space applications 
and ship navigation. Potential applications include 
deep-space and precision spacecraft navigation, 
and space pointing, and stabilization. However, for 
such higher-grade applications, the ELED that is 
commonly used to excite simpler FOGs has insuffi-
cient power and lacks wavelength stability. Because 
of this, laser-pumped superluminescent Er-doped 
fiber sources have been developed, and, using such a 
source, higher power and extremely high wavelength 
stability of typically a few ppm °C−1 can be obtained. 
A rotation resolution better than 0.001° h−1 has 
already been demonstrated by several companies, but 
requires carefully temperature-stabilized conditions.

11.3.2.2  FIBER OPTIC HYDROPHONES

We shall now discuss fiber sensors for detection 
of acoustic signals in water, as required for many 
military (detection of marine vehicles) and civil 
applications (seismic oil exploration).

When an acoustic wave impinges on a fiber 
in water, the sound pressure induces change in 
its density and length, which results in a phase 
change of the lightwave propagating in the fiber. 
The change is of course very small in quiet seas, but 
it can be detected using interferometric configura-
tions with a very long length (100–400 m) of sens-
ing fiber. Using the compensation schemes for slow 
drift of temperature and mechanical strain, which 
were described above, a highly sensitive acoustic 
wave sensor in water, called a hydrophone, has 
been developed. As we discussed above, signals, as 
small as 10−6 rad or less, can be detected, represent-
ing an optical path length change of only 10−12 m at 
1 μm. This corresponds to a change in the physical 
length of the sensing fiber, which is only a small 
fraction of the diameter of a hydrogen atom! It is 
clear this will give tremendous acoustic sensitiv-
ity. Best sensitivity is achieved using mechanical 
amplifiers, such as mechanically compliant (e.g., 
made of easily deformable, perhaps even air-filled, 
materials) rods as coil formers. The fiber is wound 
around these, such that when acoustic waves inter-
act, a compressive change in diameter of the soft 
rod is transferred to length changes in the fiber, 
giving a much greater phase change for the same 
acoustic influence, than would occur for bare fiber.

By using a wide variety of sensor multiplexing 
techniques, such as time-division multiplexing 
(TDM), large arrays of such hydrophones have 
also been realized. These will be discussed in more 
detail later in Sections 11.4 and 11.5 of this chapter, 
and the textbooks and the review paper by Kersey 
in the bibliography adds yet more detail.

11.3.2.3  THE FIBER OPTIC CURRENT SENSOR

High-voltage power systems often deal with enor-
mous voltages (as high as 750 kV or more!) and 
very large currents, often several kA. In this area, 
optical fiber current measurement schemes [6] can 
provide excellent electrical insulation and almost 
total immunity to EMI. Optical fiber current sen-
sors (OFCS) satisfying such requirements are soon 
expected to take the place of traditional electrical 
current transformers (CT). After many years of 
careful research, rigorous field tests of the OFCS 
are finally showing good performance, and the 
research now seems to be in the final engineering 
stages.

The OFCS measures current indirectly, by mea-
suring the rotation of the SOP induced by it by the 
total magnetic field component along the axis of 
the sensing fiber. Figure 11.20a shows a typical 
configuration of a polarimetric OFCS. The sens-
ing fiber coil is wound around a current-carrying 
conductor, and linearly polarized light is launched 
into the coil. The SOP rotation is due to the Faraday 
effect of the magnetic field, in the direction of the 
fiber axis, the magnetic field being induced by the 
current-carrying conductor inside the fiber coil. 
The plane of polarization of the propagating HE11 
mode in the fiber is rotated through an angle, ϕ, 
given by

 
V H ld ,∫φ =

where ϕ, V, H and dl are, respectively, the Faraday 
rotation angle, the Verdet constant, the axial mag-
netic field component and the length along the 
fiber. Because the sensing fiber coil is formed into 
closed path, Ampere’s law gives the relation

 
I H ld ,S �∫=

where IS is the current in the electrical conductor 
passing through the fiber sensing coil. Suppose the 



378 Optical fiber sensors

fiber has a number of complete turns, n, then, from 
the two equations above, the relation

 nVI Sφ =

is obtained. These form the well-known fundamen-
tal equations for the OFCS. These relationships are, 
however, only valid when the sensing fiber coil has 
no linear birefringence. If significant linear bire-
fringence is present, the polarization state in the 
fiber is disturbed, and the output of the OFCS is 
changed, giving measurement errors. To overcome 
such problems, and reduce the linear birefringence 
of the fiber, several solutions have already been 
developed. Twisting a single mode fiber during 
the winding process is one method, and thermally 
annealing the fiber coil, to relieve strain induced 
by the winding process, is another. Additionally, 
a low birefringence fiber using flint glass has also 
been developed, which also has a stronger Verdet 
constant. This has been demonstrated to give a 
high performance, suitable for meeting practical 
engineering requirements [55].

The configuration shown in Figure 11.20a is 
only a polarimetric interferometer, i.e., mixing 
of polarization components is enabled in a polar-
ization analyzer. This should ideally have its axis 
inclined at 45° to the axis of each interfering beam. 
Another configuration for the current detection 
has been developed, in which a Sagnac interferom-
eter arrangement, similar to that used for the fiber 
optic gyro, is adopted. The configuration is sche-
matically shown in Figure 11.20b. In this system, 
the SOP in the sensing fiber coil is arranged to be 

circular by using quarter wave elements at both 
ends of the coil. In this configuration, the circu-
lar SOP is maintained throughout the propagation 
in the coil, but, via the Faraday effect, a phase dif-
ference is induced between the CW and the CCW 
traveling in the fiber coil. The phase difference is 
read out from the interference signal at the detec-
tor, using the same type of signal processing as the 
FOG. Hence, all the sophisticated and compact 
optical and signal processing modules, already 
developed for use with the gyro can also be used in 
this version of the current sensor.

We shall now conclude our discussions on the 
different types of single-point (discrete) sensors. 
The above discussions have made occasional ref-
erence to multiplexed or distributed sensors, but 
the following two sections will now concentrate on 
these aspects more fully.

11.4  MULTIPLEXED OPTICAL FIBER 
SENSOR SYSTEMS

11.4.1  Introduction

This section shows how sensors may be multi-
plexed [56] and the following one will deal with 
truly distributed [57] optical fiber sensors. It is 
convenient to define multiplexed sensors as those 
designed to collect data from a number of discrete 
sensing points, or sensing regions, and distributed 
sensor types as those that operate on a continu-
ous length of fiber, and are capable of determin-
ing the variations of a desired parameter along 
the length of the fiber as a continuous function of 
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distance. Figure 11.21 depicts the basic concepts 
of distributed and multiplexed sensors. The upper 
curve, Figure 11.21a, shows a schematic of an in-
line example of both types (fan-out topologies and 
many more arrangements are possible for multi-
plexed sensors) and the lower curve, Figure 11.21b, 
shows the type of response to monitor the values of 
parameters, that each type can provide, as a func-
tion of physical location.

Extending the capability of a single measure-
ment terminal, to address a multiplexed array of 
many passive sensing heads, rather than a single 
one, not only makes the use of a more complex 
monitoring station more economically viable, but 
it can also lead to a more accurate and reliable 
comparison (see Figure 11.21b) of values of the 
measured parameter, because the same interroga-
tor is used to read each one. The distributed sensor 

(bottom curve, Figure 11.21b), however, goes a 
stage further, allowing the full distribution of the 
measured quantity to be determined with no gaps 
in coverage. In both multiplexed and distributed 
cases, one or more passive sensors, or sensing-fiber 
sections, with controlled environmental param-
eters, can be used as a calibration aid for the 
interrogator.

As with multiplexing in communications, the 
ultimate information gathering capacity is funda-
mentally limited by the available bandwidth and 
by the SNR of the detected optical signals, and 
similar care must be taken to avoid undesirable 
cross talk between signals from apparently inde-
pendent information sources; represented in this 
case by the individual sensor elements.

In describing multiplexed sensors, we might 
perhaps start with a historical note. One of the 
earliest schemes for sensor multiplexing in opti-
cal fibers was reported by Nelson et al. [58], where 
a fiber optic branch-tapped network was used, in 
conjunction with an optical time-domain reflec-
tometer (OTDR). This system, which will be 
described later, is capable of receiving and inde-
pendently monitoring the separate returns from a 
series of reflective sensors.

The following sections will describe many more 
methods, outlining the most significant develop-
ments in the technology, with the sensors being 
grouped or classified according to the method used 
to address the various sensing elements.

11.4.2  Spatial multiplexing (separate 
fiber paths)

Starting with the simplest low technology 
approach, the technique of using separate fibers 
to communicate with each separate sensing ele-
ment (Figure 11.22), although trivial in scientific 
terms, is virtually guaranteed to avoid one of the 
pitfalls of multiplexing, that of cross talk between 
sensors.

As it is the easiest method to implement, it was 
one of the first to have been used for practical appli-
cations. Perhaps the most unusual and dramatic 
use so far has been the application of 152 separate 
graded index fibers, each 0.6 km long, for nuclear 
weapon diagnostics [59]. For this particular appli-
cation, light was generated at the sensor head end, 
so the light source and outgoing fiber paths shown 
in Figure 11.22 were not required, and the multiple 
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fiber channels were used to guide light from the 
event. Each individual receiving fiber guided light 
to produce a “pixel” of an image on a fluorescent 
phosphor imaging screen, presumably located in a 
monitoring area at a safe distance!

For cost-sensitive applications, where a slow 
update is acceptable, it is convenient to incorporate 
a fiber switch into a single optoelectronic processor 
unit, with a single light source and detector to per-
mit it to “poll,” i.e., sequentially connect to, each of 
the sensing heads in turn (Figure 11.22b).

A multiplexed system for monitoring fluores-
cent dye concentration in water, via separate 600 m 
lengths of optical fiber to each sensing head, has 
been reported [60]. In this system, a mechanically 
scanned mirror system was used to inject light 
from an exciting laser sequentially into each sepa-
rate sensor head via separate fibers, the returning 
fluorescent light traveling through separate fibers 
to a common photomultiplier detector. This system 
was capable of monitoring fluorescent dye concen-
tration down to levels of 10−10 by weight in water.

Although usually used to address independent 
sensors, multiple fibers have been used to permit 
precision digital sensing in systems where each 
“bit” of binary-coded information is carried by 
a separate fiber. This technique has been used in 
simple position-encoding schemes, using binary-
coded discs of the type used in conventional optical 
shaft-angle encoders [61]. A more complex system 
has been described for the “digital” measurement 
of temperature, using a series of isothermal (i.e., 

all in close thermal contact) birefringent crys-
tals, each sensing crystal having a different length 
according to the significance of the desired order 
of the “bit” of binary-coded information [62]. The 
temperature-dependent birefringence of each is 
separately monitored via a polarization analyzer, 
which converts these changes in the birefringence 
into changes in the amplitude of the transmitted 
light, each with a different sinusoidal response to 
temperature. The separate outputs were combined 
to produce the equivalent of a binary word, which 
defined the temperature of the crystals.

11.4.3  Time-division multiplexing

The concept of TDM, in combination with high-
speed digital technology, has revolutionized mod-
ern-day communications. It is hardly surprising 
that it is also an attractive choice for multiplex-
ing sensors! The time differences between signal 
returns from each sensor, necessary for a TDM 
system, are usually achieved by arranging differ-
ing total optical propagation delays for the signals 
from each sensing element, using extra coils of 
fiber, whenever longer delays are needed. In addi-
tion, in order to distinguish, and separate, the sig-
nals from each sensor, it is necessary to modulate 
the light source with a temporally varying signal.

The simplest form of encoding, for ease of both 
modulation and demodulation, is to use a repeti-
tive pulse, having a short duration so that the set of 
returning differentially delayed pulses from each 
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sensor does not coincide at the detector. Also, it 
must have a pulse repetition rate that is low enough 
to allow each reflected pulse “echo” to return back 
from the most distant element of the sensing array 
before the first of the subsequent set of reflected 
pulses returns from the nearest sensing element.

One of the first multiplexing methods suggested 
for use with hydrophone sensor arrays was of this 
type [63]. One of their proposed methods is shown 
in Figure 11.23a. This used two parallel fiber-optic, 
cross-coupled, highways, the first to distribute a 
transmitted optical pulse and tap a portion of it 
into each transmissive (loss-modulation type) sen-
sor, and a second highway to collect signals from 
each individual sensor and guide the set of return-
ing pulses to the detector.

The second of their proposed arrangements 
used a single tapped highway, with reflective sen-
sors, each having a measurand-dependent reflec-
tion, connected to this highway with directional 
fiber couplers (Figure 11.23b). This array was 
interrogated using a conventional OTDR arrange-
ment, with a semiconductor laser source and an 
avalanche photodiode (APD) detector. The basic 
method of optical time-domain reflectometry, 
which we mentioned briefly in the chapter intro-
duction, was devised by Barnoski and Jensen [64] 
and researched further by Personick [65]. The con-
cept is depicted in Figure 11.24, in a configuration 
commonly used to monitor losses in optical fibers 
and reflections from discontinuities. It is based on 
an optical radar (or LIDAR) concept, where a short 
pulse of light is launched into a fiber waveguide 

and variations of backscattered light signal with 
time are monitored.

Usually, light from a pulsed semiconductor laser 
(or Q-switched fiber laser light source) is launched 
into a section of fiber via a directional coupler, 
which serves also to direct a portion of the back-
scattered light fraction, returning from the fiber 
on test, to a high-speed positive-intrinsic-negative 
field effect transistor or APD detector. The time of 
flight determines the distance, and the intensity 
variation normally indicates properties of the fiber 
under test (see lower curve of Figure 11.24). It has 
become a standard test-gear instrument for use by 
optical fiber engineers and researchers, to exam-
ine the continuity and attenuation of optical fibers, 
and observe reflections from fiber breaks, connec-
tors, or other discontinuities.

If used to interrogate multiplexed sensors, it 
is possible to measure variations in either the 
reflected power from, or the transmission loss in, 
each sensor element (distributed sensing will be 
discussed in more detail later). Desforges et  al. 
[66] have also reported experimental results with 
reflective sensors using an OTDR, but in their case 
the sensors were located at regions where the opti-
cal fibers are deliberately bent, to cause noninva-
sive coupling of light into and out of a continuous 
fiber to the reflective sensors.

The OTDR may also be used to monitor dis-
crete loss-modulation sensors, of the “microbend” 
type we discussed earlier, situated along the length 
of a continuous optical fiber. This technique has 
been proposed to monitor strain or deformation 
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in civil engineering structures [6,67,68] and for 
nondestructive testing of engineering composite 
materials [69]. However, care must be taken with 
such multiplexed arrangements if quantitative 
results are required, because such microbend sen-
sors cause severe mode conversion in multimode 
fibers, and the loss of each such sensor is strongly 
dependent on the mode excitation of the fiber 
immediately before the micro-bent section. Thus, 
when multimode fiber is used to interconnect and 
form an array of closely located sensors, there will, 
in general, be significant interelement cross talk in 
the response.

The main disadvantage of a simple pulsed 
source for addressing multiplexed arrays is the 
poor optical efficiency due to the low excitation 
duty cycle. This problem is exacerbated, either by 
the peak-power limitations of semiconductor light 
sources, or by the onset of nonlinear optical pro-
cesses in monomode fibers. A similar problem has, 
however, already been previously met, and dealt 

with, in radar systems, where it was also desired 
to distinguish differentially delayed signal returns 
without need for enormous transmitted power 
levels.* The radar technique most relevant to time-
division optical sensor multiplexing is that where 
the transmitted radio signal has a pulse-code 
intensity modulation envelope that has a 50% duty 
cycle and has an autocorrelation function cor-
responding to that of a periodic pulse train [70]. 
Simple cross-correlation of the detected signal, 
with differently phased versions of the code origi-
nally transmitted, can then be used to separate the 
pulses corresponding to the individual sensors, 
just as if a single pulse of much higher peak power 
were to be used.

* Anti-Stokes Raman light, at wavelengths shorter than 

the incident light, although normally very weak, can 

still have a useful intensity if it is measured at a wave-

length very close to the incident wavelength. It then 

often has less interference from fluorescence light.
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An alternative means of reducing the peak 
power requirements for the optical source (again 
one commonly used in radar systems) is to pro-
duce a temporally extended “chirp” signal from an 
electrical pulse, using a dispersive surface acoustic 
wave (SAW) filter, and to use this signal to modu-
late the intensity (amplitude) of the light source 
[63]. The detected return signal is then subjected 
to an inverse transformation, using a second SAW 
filter, thereby reconstituting a replica of the origi-
nally transmitted pulse from each reflected signal; 
the net result from a sensor array, with delays of 
different lengths, being a time-division multi-
plexed stream of pulses, similar to those which 
would be obtained without the SAW filters.

As mentioned earlier, the TDM technique is also 
attractive when used with interferometric sensors. 
If an optical heterodyne method is used, where the 
returning signal is mixed with a reference signal of 
shifted frequency, the amplitude of the returning 
signal will, provided it remains constant, have no 
effect on the phase of the resulting beat signal. Such 
sensors, therefore, will require no amplitude refer-
encing, as the output of the sensor is represented 
by the phase of the beat signal. A multiplexing 
scheme of this nature was first reported for hydro-
phone applications by Dakin et al. [71]. This partic-
ular implementation (Figure 11.25a) involved the 
launching of a consecutive pair of optical pulses, 
each having slightly different frequency, into a lin-
ear array of interferometric intrinsic fiber strain 
sensors, each joined by partially reflective splices. 
The intrinsic sensors are coils of monomode fiber, 
usually potted into polymer cylinders, to enhance 
their response to acoustic pressure waves. The ini-
tial optical pulses transmitted were consecutive, 
i.e., did not overlap in time, but the differential 
delay of returning pulses from adjacent splices 
gave rise to coincidence of the second pulse, from 
the nearer splice of a sensor element, with the first 
pulse, from the subsequent splice (Figure 11.25b).

Thus, with suitable pulse separation and dura-
tion, a time-division multiplexed stream of hetero-
dyne beat signals was obtained from the receiving 
detector, each heterodyne pulse corresponding to 
an element of the array, and carrying phase modu-
lation proportional to the changes in optical path 
length. These path length changes were a direct 
measure of the strains arising from insonification 
of the corresponding fiber hydrophone element. 
Phase demodulation of each time-demultiplexed 

channel yielded the acoustic signals, free from 
any dependence on the amplitudes of the reflected 
light signals. In a patented modification, the same 
research group [72] first showed that it is pos-
sible to compensate the unbalanced interferom-
eter arrangement using an optical loop of fiber 
as a “pre-delay,” thus balancing optical paths and 
greatly reducing the effects of undesirable phase 
noise that arise from frequency fluctuations of the 
source laser (see later Section 11.4.7 on frequency-
modulated carrier wave (FMCW) methods).

The attraction of such coherent heterodyne 
TDM approaches is the great sensitivity to even 
tiny phase changes that can be achieved using the 
coherent detection process and, secondly, the excel-
lent dynamic range that is possible using electronic 
phase demodulation of the intermediate frequency 
signal. The improvement in the detection process 
is greatest if a returning reflected signal is mixed 
with a strong local oscillator signal, derived at the 
monitoring station from the initial source [73]. The 
advantage of differential sensing of the distance 
between adjacent reflective splices, achieved by the 
method shown in Figure 11.25, may theoretically 
be retained if a three-wave mixing process is per-
formed [74]. Using this latter method, the beat sig-
nal between two weak received signals should be 
recoverable, after mixing with a strong local oscil-
lator signal on the detector.

Based on many of the concepts arising from 
those early publications, the field of marine acous-
tic sensing has been one of the major practical 
success stories in the field of optical fiber sensors. 
The applications are in two main areas, firstly for 
naval surveillance applications (all the usual ones 
of towed arrays, vehicle arrays and fixed sea bed 
arrays) and secondly for seismic surveys, where 
intense sound sources, often explosive ones, are 
used to investigate subsea rock strata for oil-
bearing features. It now appears very likely that 
optical fiber hydrophone sensor arrays, having 
a conveniently passive all-fiber “wet-end,” will 
completely take over from older technology using 
piezo-electric sensors. The latter require electrical 
preamplifiers, complex electrical wiring to elec-
tronic multiplexers, and a sophisticated electron-
ics communications system. Electrical systems 
are difficult to design and reliably maintain in a 
corrosive and conductive salt water environment. 
An excellent review of the subject has been given 
by Kersey in bibliography [7] (this chapter). An 
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advanced seabed sensor array system and a work-
ing sea test are described in papers by Nash et al. 
[75] and Cranch et al. [76].

11.4.4  Wavelength-division 
multiplexing

The use of wavelength-division multiplexing 
(WDM), unlike the alternatives of TDM and sub-
carrier frequency-division multiplexing (FDM) 
techniques, has the advantage that there is no 

theoretical loss penalty when compared with the 
single-fiber-per-sensor approach. The method 
involves guiding optical power to each sensor, 
and back to a corresponding sensor, via a route 
dependent on the wavelength designated for 
the interrogation of that particular channel (see 
Figure 11.26 for a very basic schematic). The path 
of light to each sensor is directed using WDM 
coupling components, similar to those used in 
communications systems. These components are 
in theory lossless, but will, in general, introduce 
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a small loss in practice (typically 1–3 dB for each 
pass), imposing, therefore, a very small penalty in 
an otherwise lossless multiplexing method.

Although the spectral width of the fiber trans-
mission “window” is potentially enormous, when 
compared with the very much lower informa-
tion rate theoretically required for telemetry, the 
potential of multichannel WDM was originally 
rather limited by practical difficulties in achiev-
ing sufficient selectivity in the WDM filters. This 
has changed dramatically with the excellent wave-
length routing components that have now been 
developed for multichannel WDM telecommuni-
cations systems. Using broadband LED or super-
luminescent fiber sources, or multichannel laser 
sources, the practical number of independent 
channels in the fiber window is now potentially 
very large. It is possible to use “spectral slicing” 
techniques with either LED [77] or superlumi-
nescent fiber sources [78]. This latter technique 
involves filtering out two or more separate narrow 
channels, from within the broad spectral linewidth 
of the LED (in this case for distributed sensing, 
but the basic concept is the same). The separation 
can be performed using narrow-band filters—a 
method that inevitably decreases the average sig-
nal in each channel by a factor at least in propor-
tion to the number of channels required.

Another method of achieving a large number of 
channels is to use a number of independent nar-
row-linewidth laser sources, which removes this 

inherent loss penalty, as modern WDM combin-
ers can, combine channels with zero loss in theory, 
and in practice they have close to 100% efficiency. 
Generally, the limit with lasers is set by practical 
considerations, such as the selectivity of channel 
filters, the availability, selection, and stabilization 
of laser sources, and the cost of a multilaser system 
of this nature. Again very dramatic developments 
in the light-sources (e.g., DFB fiber lasers) passive 
components (WDM splitters, add-drop multiplex-
ers, etc.) and many other sub-systems have been 
made to facilitate use of WDM in telecommunica-
tions applications, which paves the way for such 
methods in sensors.

The WDM approach was first used to permit the 
addressing of separate “bits” in a 10-bit digital sen-
sor, designed to measure a single physical param-
eter, in this case the angular position of a shaft in 
a fiber optic shaft angle encoder [79]. A broadband 
white light source in the transmitter/receiver ter-
minal launched light into the outgoing fiber to the 
sensor head (shaft angle encoder), and two diffrac-
tion gratings were used, the first one in the encoder, 
first to separate the white light from the outgoing 
fiber lead into 10 wavelength channels, and then 
to recombine the reflected code-carrying chan-
nels after intensity modulation of each “bit” by the 
coded disc. A second similar diffraction grating 
was used again in the decoder, to direct each of the 
returning signals, according to their wavelength, 
onto a separate detector of an array. The digital 
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encoder disc was a “Gray-coded” disc, as com-
monly used in conventional optical encoders, but 
in this version a different color was used to inter-
rogate each separate coded band on the encoder 
disc, hence allowing transmission through a single 
optical-fiber cable (or two-way send/return cable) 
by wavelength multiplexing.

The multichannel WDM approach has also 
been proposed to provide additional picture ele-
ments for remote imaging [80]. In this case, a 
diffraction grating system was again used in the 
sensor head to enable the spatial position of each 
pixel of a one-dimensional white-light image to 
be uniquely coded, according to its optical wave-
length, before transmission to a remote monitor 
station. At this point, the image is recreated, using 
a second diffraction grating to perform the inverse 
transformation. This way, one dimension of the 
two-dimensional image is divided according to 
wavelength. The other dimension can be divided 
easily using a one-dimensional array of separate 
fibers.

Now that WDM systems have become so widely 
accepted for fiber-optic communications systems, 
the practical capability of WDM systems to address 
large arrays sensors is becoming ever greater and yet 
more economically viable. It is applicable to many 
types of optical sensor, and there are now many key 
components for WDM routing, including multiline 
laser sources, and low-loss multichannel filters, grat-
ing filters, add-drop filters, to name but a few. An 
example of a multielement hydrophone array, using 
a combination of both TDM and WDM methods, 
has been presented by Vohra et al. [81].

11.4.5  Multiplexing of in-fiber Bragg 
gratings using TDM and WDM 
methods

In view of the importance of Bragg grating sen-
sors, it is appropriate to discuss how these sen-
sors can be multiplexed. In view of their narrow 
reflective spectrum, they readily lend themselves 
to WDM methods. Second, the ability to write 
them at any point in a fiber, with associated posi-
tion-dependent variations in the two-way optical 
delay from a pulsed light source to the sensors, 
according to their position, allows TDM to also 
be used. Space here does not permit a full discus-
sion of what is now a major research area, but the 

excellent review by Kersey et al. in the bibliogra-
phy [7] covers this area very extensively.

Some of the methods used to address multiple 
gratings, all situated in a single fiber cable, are 
listed below, many of which were of course men-
tioned in the earlier section describing how indi-
vidual gratings may be addressed:

 ● Use of broadband source launched into fiber and 
a spectrometer (CCD spectrometer or Fourier-
transform spectrometer) to interrogate the 
reflected spectrum (system as in Figure 11.12, 
but with multiple in-line Bragg gratings in the 
fiber).

 ● Use of a scanned narrow-band optical filter 
(e.g., conventional bulk-optic Fabry–Perot, all-
fiber Fabry–Perot, acousto-optic tunable filter, 
and scanned Bragg grating) in conjunction 
with a broadband source launched into fiber, 
and a detector to receive reflected light from 
arrays of in-fiber Bragg gratings. The filter may 
either be scanned to measure the peak reflec-
tivity of each grating in turn or with the aid of 
a feedback loop, may be locked on to track each 
grating in turn.

 ● Use of a mechanically-scanned (fiber is 
stretched with a lead-zinc-titanate (PZT) all-
fiber Michelson interferometer, followed by a 
single optical detector, to interrogate reflected 
signals from arrays of in-fiber Bragg gratings. 
Fourier transformation of the detected output 
signal is performed, in the same manner as 
used in the well-known Fourier transform 
spectrophotometer using a bulk-optics inter-
ferometer [82].

 ● Rare-earth-doped fiber laser, operating mul-
tiwavelength, using the Bragg gratings as end 
mirrors.

Both the review by Kersey (bibliography [7]) and 
another by Dakin and Volanthen [83] cover many 
of the pitfalls that have to be avoided to prevent 
undesirable measurement errors. Examples of 
potential problems include the following:

11.4.6  Subcarrier FDM

In point sensors, which are connected by separate 
fiber paths to a common detector, the technique of 
FDM of the intensity modulation waveform can 
be used, modulating the electrical signal to drive 
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a light source. Such a modulation may be used to 
facilitate separation of the outputs from individ-
ual channels in the detected signal. The simplest 
way of using the technique is the relatively trivial 
method of transmitting signals from separate light 
sources, each modulated by electrical signals of 
different frequency, via separate fibers to each of 
the sensor heads. The outputs may then be com-
bined (or added) into a common output fiber and 
detected on a common detector, yet still be separa-
ble by frequency-selective electrical channel filter-
ing. However, a more elegant FDM approach, using 
a single LED source, has been devised by workers 
at the University of Strathclyde in Glasgow [84]. 
This method, using a simple transmissive system, 
is shown in Figure 11.27a. The three subcarrier 
modulation signals add at the detector output, as 
shown in Figure 11.27b, with the resultant of their 
vector addition being dependent on their relative 
phase angles. These phase angles are a function 
firstly of the original phases of the transmitted 
envelope modulation and secondly of the different 
delays they experience in transmission through 
the optical network containing the point sensors.

The term FDM is generally used in optical com-
munications systems to imply systems in which 
an optical carrier is amplitude modulated by a 
composite electronic signal, consisting of a sum 
of modulated subcarrier signals with different fre-
quency channel allocations. In order to provide a 
more precise terminology, the prefix “subcarrier” 
has been inserted in the title of this section, but 
for the remainder of this review, the abbreviation 
FDM will, for convenience, be used to describe 
such systems.

These signals may be separated, first by employ-
ing multichannel phase-sensitive detectors on the 
detected optical signal (using the original applied 
modulation signals as electronic reference signals) 
and then by solving simple simultaneous equations 
(linear regression) on the resulting scalar quanti-
ties. This process allows removal of any cross talk 
terms from light that has passed through the sen-
sor heads of each other channel.

The above system has the advantage over TDM 
methods of having 100% duty cycle and using 
much simpler and slower electronics. For low-
frequency sensors, it should be easy to construct 
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with a low-noise bandwidth in each of the phase-
sensitive detection stages. However, although the 
electronics does not require a high-frequency 
response, care must be taken to ensure stability of 
electronic and optical delays, as serious cross talk 
could otherwise result.

11.4.7  The FMCW multiplexing 
scheme

This multiplexing method, like many of the preced-
ing techniques, was adapted from the radar field 
and has much in common with the FDM method 
discussed in the previous section. However, in 
this case, the RF subcarriers signals only actually 
appear at the optical detector, as a result of “beat-
ing” or “mixing” of optical waves, where difference 
frequency (heterodyne) signals are generated due 
to the “square-law” characteristics of optical detec-
tion. The transmitted signal in the FMCW method 
is an optical carrier wave, the frequency of which 
increases (or decreases) linearly for a period, T, after 
which time it flies back to its initial frequency, before 

repeating the process. When now the source is con-
nected to an interferometer with a differential path 
delay, the return signals on the detector differ by a 
frequency proportional to firstly the optical path 
difference they have experienced and secondly the 
frequency slew rate of the source (see Figure 11.28).

Such a system was first proposed in single sen-
sor form by Uttam and Culshaw [85], with a later 
description from Giles et  al. [86]. If the source is 
connected via a series of interferometers, each hav-
ing different delay paths [87], a series of RF car-
rier signals are produced at the detector by the 
heterodyne mixing process. The various sensor 
output signals may be isolated by electronically 
filtering out the corresponding frequencies. The 
sensor output signals may be represented by the 
phase, frequency or amplitude of the recovered RF 
signals, depending on the scale of the path length 
change (small path length changes are more read-
ily discernable as phase changes, large path length 
changes more conveniently as frequency changes) 
or the transmission changes occurring in the 
sensor.
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The technique of FMCW for sensor multi-
plexing suffers from several practical difficulties, 
when used with a large number of sensors. The 
main problems arise from the large number of 
optical paths, which can produce a background of 
unwanted signals, from both the expected sensor 
paths and additional stray paths due to multiple 
reflections [88]. Also, when it is desired to extract 
precise phase information from the method, 
problems may arise from nonlinearities in the 
laser frequency modulation ramp. Possible “pull-
ing” of the laser frequency by reinjection of retro-
reflected light can be avoided by use of an isolator, 
but a semiconductor laser usually has intrinsic 
nonlinearities in its frequency chirp response due 
to the complex internal optical and thermal laser 
time constants.

Other problems arise because the technique 
necessarily requires an unbalanced interfer-
ometer for it to operate, so will eventually have 
reduced fringe contrast as the path differences 
increase, due to the finite coherence length of the 
source. It also necessarily suffers signal degrada-
tion from phase-noise, due to random frequency 
fluctuations of the laser source from the ideal 
saw-tooth, as, unlike certain other methods [72] 
the phase noise cannot be passively compensated 
for by using balanced optical paths. Limits on the 
permissible path imbalances greatly reduce the 
range of heterodyne frequencies that may be allo-
cated for multiplexed sensors, a problem that may 
be exacerbated by nonlinearities in the frequency 
ramp and undesirable amplitude modulation of 
the source. However, despite some disadvantages, 
the FMCW technique is conceptually elegant and 
has the major advantage of being able to monitor 
steady-state changes of the length of an interfero-
metric sensor, simply from the absolute magni-
tude of the heterodyne frequency.

More recently, a variation of FMCW has been 
used for addressing hydrophone arrays. Here, it is 
used to generate a heterodyne carrier, and has been 
renamed the “phase-generated carrier” method. 
Rather than modulating the source directly, a fiber-
compatible PS, such as a mechanically strained 
(piezo-driven) coil, or an integrated optic FS can 
be used. These methods are discussed in detail in 
bibliography [1], vol 4, and in the excellent review 
by Kersey.

It should be pointed out that the FMCW 
method is not limited to situations in which the 

optical carrier is modulated. It has been shown 
by Mallalieu et al. [89] that FMCW may also be 
operated using a frequency-modulated subcarrier 
wave, rather than modulating the optical wave. 
This removes the need for both coherent sources 
and monomode fiber, and simplifies the optical 
system for sensors that do not require the use of 
optical interferometry, but because of the much 
lower frequency slew rates, will not normally 
achieve the phenomenal sensitivity to minute 
length changes that optical interferometry offers. 
It has excellent attractions for high-resolution 
interrogation of fibers, and improvements in the 
modulation of the source will be discussed again 
later in this chapter.

11.4.8  Coherence multiplexing

The technique of coherence multiplexing is an 
optical method, which is similar in concept to 
a technique used in spread-spectrum radio fre-
quency communications. A signal, with a super-
imposed random (or pseudorandom) modulation, 
may be demodulated to recover information by 
correlating the received signal with a similarly 
encoded random (or pseudorandom), but delayed 
reference signal. In sensing systems, a broadband 
source of short coherence length may be used as a 
transmitted signal, as such a source will, in gen-
eral, be subject to naturally occurring random 
phase or frequency excursions. If such a signal is 
guided via two equal, or near-equal, monomode 
fiber paths, then the signals suffer nearly equal 
delays, and have a strong correlation, provided the 
path difference is small compared with the coher-
ence length of the source. Under these conditions, 
high-contrast interference fringes can be observed 
if the output signals are mixed on a square-law 
detector. If, however, the paths differ by very much 
more than the coherence length of the source, the 
fringe contrast becomes close to zero.

The arrangement in Figure 11.29, first pro-
posed by Brooks et  al. [90], shows how several 
remote Mach–Zehnder interferometers may be 
independently addressed using the coherence 
multiplexing technique, provided the optical path 
length differences, l1 − l0, l2 − l0, and l1 − l2, are all 
much greater than the coherence length of the 
source. The sensing method is based on observ-
ing the fringe shifts, which occur as the path 
differences l1 − l0 and l2 − l0 in the sensors 1 and 
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2, are changed by small increments, Δ1 and Δ2, 
respectively. The changes are observed by inter-
ferometric comparison with the corresponding 
fixed lengths l1 − l0 and l2 − l0 in the receiver inter-
ferometers. Only close-matched paths give visible 
interference fringes.

As a means of separately interrogating the out-
puts from a small number of remote sensors, the 
method has attractions. However, as the number 
of sensors increases, the number of possible opti-
cal paths in the network, from source to detec-
tor, increases very dramatically and the use of a 
very short coherence length source, such as an 
LED, soon becomes necessary. This then presents 
extreme difficulty in achieving the very close path 
length equalization required, in order to ensure 
adequate fringe contrast, and results in a rather 
small dynamic range of measurement before 
fringe visibility is lost. Further practical disad-
vantages of the system are the need for each sen-
sor to have a unique path length difference (and 
hence, without careful design, a different sensi-
tivity) and the need for adequate stabilization of 
the receiver interferometers, to avoid undesirable 
errors due to drift or vibration in these reference 
interferometers.

In conclusion, therefore, it appears likely that, 
although elegant in conception, the method is 
less likely to find practical application in systems 
with more than perhaps 10 sensors, unless other 

multiplexing methods, such as WDM and TDM 
are also used.

A method for grating interrogation using 
coherence effects has been presented by Dakin 
et al. [91]. Here, a number of in-line Bragg-grating-
pair sensors are interrogated, in turn, using a 
scanned Michelson interferometer. Fringes are 
only observed when the path length of the interro-
gating Michelson interferometer matches the opti-
cal spacing of the Bragg gratings, and the rate of 
fringe crossing gives a measure of the wavelength 
of the gratings.

In the final section of this chapter, M Marcus 
will also give a detailed case study of work at 
Kodak on a white-light interferometer system for 
decoding multiple light paths in manufactured 
optical products. These have been used for assess-
ing the inter-element spacing and aspects such as 
focal lengths of production cameras.

11.4.9  Conventional sensors with an 
acoustic-sensing “fiberdyne” 
highway

As a final sensor multiplexing method, a hybrid 
technology will be described, which is really a 
noninvasive data collection highway. Its sen-
sor use would be for collecting data from arrays 
of conventional electrical sensors, using a 
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Figure 11.29 Schematic arrangement for coherence multiplexing, shown for the simplest case of 
separation of signals from only two remote Mach–Zehnder interferometric sensors.
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continuous optical fiber sensing highway. This 
highway is essentially a long, continuous, acous-
tic sensor, based on interferometric techniques, 
to which signals from electrical sensors could 
be coupled using piezoelectric transduction ele-
ments, held in close mechanical contact with the 
fiber or cable. In order to distinguish the sepa-
rate signals applied to the common highway, it is 
possible to allocate electrical subcarrier signals, 
of different frequency for each sensor, and allow 
the sensor output signals to modulate (intensity 
or angle modulation) these electrical carriers and 
impart information before they are applied to the 
piezoelectric transducers.

The original method, referred to as a “fiber-
dyne” system, was first devised and built by 
workers at UCL, London [92]. The first version 
(Figure 11.30a) used a Mach–Zehnder twin-fiber 
interferometer arrangement, in which one fiber 
acted as a passive reference arm and the second 

was used as the strain-sensitive highway, which 
was subjected to an acoustic inf luence from the 
piezoelectric transducers. The method was ini-
tially proposed as a wideband fiber highway and 
had a high sensitivity, but, without use of a PC, 
would be subject to polarization fading when 
used with a normal monomode fiber.

A later version, from the same research team, 
used a single multimode fiber and relied on varia-
tion of the “speckle” interference pattern emerging 
from the fiber, as the PZT transducer caused mode 
conversion in it (Figure 11.30b). This method had 
the advantage of not requiring a separate reference 
fiber, but, as a result of the complex beating pro-
cesses between many fiber modes, and the need for 
differential modulation of mode delays, it exhib-
ited a somewhat lower sensitivity. It had a greatly 
reduced optical energy efficiency, as only a frac-
tion of the speckle pattern was actually incident on 
the detector (otherwise only the total transmitted 
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power would be detected, and phase modulation 
would not change this) and there was a strong 
possibility that either multimode fading or polar-
ization fading could occur. The fading can only 
be prevented by arranging for diversity of phase, 
polarization and spatial arrangement of detect-
ing the speckle. This requires multiple detectors 
and possibly active electronics to select nonfading 
channels. Despite these problems associated with 
this first implementation [93,94], a sensor telem-
etry highway was constructed and tested. In this, 
a number of stations could be fed in, using a set of 
channels, with relatively low radio frequencies for 
the carrier signals (≈ 1 MHz). The channels had an 
even lower baseband-channel frequency (informa-
tion rate) of ≈ 10 kHz, which although low would 
be more than sufficient for many data collection 
requirements from sensors. This signal to highway 
coupling was carried out acoustically, as before, 
but, in these later systems, the acoustic waves were 
transmitted via the plastic protective sheathing of 
a fiber-optic highway cable, the reduction in cou-
pling efficiency giving rise to a reduced informa-
tion bandwidth.

An improved method has been devised (Figure 
11.30c), using a polarization-maintaining fiber, 
again with lateral acoustic excitation. If suitably 
aligned, this mechanical excitation has the effect 
of modulating the phase of one polarization 
mode, relative to that of the orthogonally polar-
ized mode, resulting in the modulation of the 
polarization of the transmitted light [95]. This 
method is more efficient in its use of the received 
optical energy, as there are only two polarization 
modes in the fiber, and, when these interfere on 
the detector, no optical energy is wasted and fad-
ing can occur provided the correct phase bias is 
maintained between the two received polariza-
tion modes (this phase bias can be changed by 
stretchers to set the quiescent operating condi-
tion at the quadrature, or maximum-slope point 
of the sinusoidal response of the polarimetric 
interferometer).

11.5  DISTRIBUTED OPTICAL FIBER 
SENSORS

We shall now discuss fully distributed sensing 
methods. Systems that permit the monitoring of 
not only the magnitude of a physical parameter or 

measurand, but also its variation along the length 
of a continuous uninterrupted optical fiber are par-
ticularly attractive, for both economic and logisti-
cal reasons. Distributed sensors not only allow a 
simple easily deployable sensing cable, where the 
communications link and sensor are one entity, but 
they also permit an easy and reliable comparison 
of a parameter at different points (the same inter-
rogator takes measurements at different points) 
and the sensor cable measures at every point along 
the length with no “dead spots.” This latter aspect 
is particularly important for safety related sensors 
(e.g., fire detectors or detectors for hazardous leaks 
of chemicals) and for sensors to detect intrusion 
through perimeters.

The simplest form of distributed sensor, the 
optical time domain reflectometer (OTDR) we dis-
cussed briefly earlier, has been in commercial use 
for many years as a measurement method for tele-
communications, and is commercially available 
from many manufacturers. However, in spite of the 
relatively early development of the OTDR concept, 
it was several years before its use for the distributed 
measurement of parameters external to the opti-
cal fiber was envisaged [96]. Rogers suggested, for 
the first time, a method for the measurement of the 
spatial distribution of magnetic and electric fields, 
pressure, and temperature, using OTDR concepts 
in conjunction with polarized light sources and 
polarization-sensitive receivers. More details of 
such sensors are given below.

11.5.1  Backscattered sensors using 
the OTDR concept (general 
introduction)

All the sensors discussed in this section make 
use of radar-type (more accurately, LIDAR-type) 
Rayleigh backscattering (or backward-traveling 
light from other inelastic light generating pro-
cesses, such as Raman, Brillouin or fluorescence) 
to make truly continuous measurements on 
unbroken optical fibers or fiber cables.

The basic method of optical time-domain 
reflectometry was, as described earlier (Section 
11.4.3, Figure 11.24) the first type of distributed 
optical fiber sensor. In view of its importance 
here, we shall firstly briefly review it and then give 
more details of the principle of operation. A pulsed 
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semiconductor laser is coupled into a section of 
fiber through a directional coupler, which serves 
also to couple the backscattered light fraction, 
captured and returned via the fiber on test, to the 
high-speed optical receiver.

In normal telecommunications fibers, the 
Rayleigh component of the scattered light repre-
sents well over 98% of the returning signal (except 
during the short time intervals when more intense 
specularly reflected pulses return from discrete 
discontinuities, such as connectors, air-spaced 
splices or distal fiber ends).

For uniform fibers, the detected temporally 
varying Rayleigh scattered power I(t) varies as the 
product of at least five important physical factors, 
all of which can either be chosen by appropriate 
design or component selection. These are first the 
launched energy, E0, second the scattering atten-
uation coefficient, αs, in the fiber, third the frac-
tion, S, of scattered light that is captured by the 
fiber in the return direction, fourth the inverse-
4th power λ−4 of the optical wavelength, λ, and 
finally the two-way optical attenuation factor, exp 
(∫α(x) dx), that occurs during propagation from 
the source to the scattering point and back to the 
detector:
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There are also a few other factors that are more 
difficult to change significantly, such as vg, the 
velocity of light in the guide, which has to be 
close to that of silica, as the doping levels are low, 
and the fixed numerical factor of 0.5. The fac-
tor S has a close to quadratic dependence on the 
numerical aperture of the fiber, and hence on the 
core/cladding index difference, so is higher for 
high numerical aperture (NA) multimode fibers. 
However, the significantly lower attenuation 
coefficient, a(x), in monomode fibers can become 
a more important advantage when very long 
lengths of fiber are probed, despite their much 
lower S value. The SNR of an OTDR reduces very 
rapidly as the distance resolution improves, as 
firstly much shorter pulses are needed (reducing 
the launched energy, E0) and secondly a high-
speed receiver has a wider noise bandwidth and 

usually a higher noise spectral density too, both 
conspiring to give far worse noise performance 
with short pulse excitation and fast detection*. 
Because the scattering coefficient in high-quality 
fibers does not usually vary significantly along 
the length, the method has proved extremely use-
ful for measuring spatial variations of fiber atten-
uation. However, if the geometry or numerical 
aperture of the fiber varies significantly, changes 
in the guidance properties of the fiber (primarily 
in the modal “V” number, that changes the num-
ber of allowable modes) will cause additional 
variations in the backscattered signature [97,98]. 
These workers showed, however, that variations 
may be at least partially compensated for, pro-
vided two separate OTDR signatures are taken 
from opposite ends of the same fiber. Clearly, this 
requires two instruments or a loop sensor with a 
two-way fiber switch.

In the following subsections, several sensing 
methods using OTDR, and variations based on 
various inelastic scattering and fluorescent meth-
ods, will be described.

11.5.2  Monitoring of variations in 
attenuation using OTDR

The original objective of the OTDR method was 
to examine attenuation variations in manu-
factured and installed lengths of optical fiber. 
One of the first suggestions that it may be pos-
sible to construct distributed sensors, using the 
attenuation characteristics observed was made 
by Theocharous [99], who proposed a method for 
the measurement of temperature. If an OTDR 
return signal is differentiated with respect to 
time and normalized by division by the instan-
taneous value of the signal, a measure of the 
fiber attenuation is obtained. If, therefore, a fiber 
with temperature-dependent attenuation is used, 
variations of temperature along the length may 
be monitored.

* It should be noted here that the radar field [70] is one 

from which numerous techniques, applicable to mul-

tiplexed and distributed optical sensors, have been 

drawn. This source of inspiration for optical sensor 

ideas will be referred to again later.
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The technique appears at first sight to be 
highly attractive, but a simple semiqualitative 
analysis suggests that the number of distance-
resolution elements is likely to be low. To measure 
the average temperature within each distance-
resolution element, an accurate loss measure-
ment is necessary, in order to determine the 
smaller temperature-dependent changes in loss. 
Because the OTDR return is usually rather noisy, 
a temperature-dependent loss of at least 1 dB in 
the resolution element (whatever its length) will 
probably be necessary, in order to accurately 
detect small changes, say of 1% (or 0.01 dB) in 
this loss. Thus, the round-trip attenuation in this 
example will be a loss of 2 dB for each resolution 
element, times the number of such elements, 
giving a likely limit to the number of measured 
resolution elements of perhaps ten, particularly 
bearing in mind the poorer SNR that will return 
from the later sections of fiber.

A comprehensive study of rare-earth-doped 
fibers, showing how they could be used to deter-
mine the line-averaged temperature over their 
length, was carried out by Quoi et al. [100]. Many 
different rare-earth fibers were considered, and the 
interesting concept of detecting light at two wave-
lengths, one where attenuation increased with 
temperature, and another where it decreased, was 
introduced as a means of compensating (by ratio-
ing the two detected signals) for losses in bends, 
splices or connectors.

Because of the attenuation problem over lon-
ger lengths that was discussed above, distributed 
sensing methods monitoring attenuation are most 
likely to have practical application for sensing using 
fibers or cables which have a low intrinsic loss, but 
which then suffer significantly increased attenua-
tion at just one point or small region due to some 
event it is desired to detect or locate. Examples of 
this are largely safety or security related, such as 
the detection (and location) of fire using a cable 
that might have high loss if it becomes hot. Several 
published applications for other applications will 
now be discussed below.

An early means of using OTDR monitored 
attenuation variations for distributed radiation 
dosimetry was presented by Gaebler and Braunig 
[12]. In this application, a short section of a fiber, 
which was exposed to ionizing radiation, suf-
fered excess attenuation, enabling simultaneous 

detection and location of the radiation exposure 
(see Figure 11.31). If used as a sensor for the moni-
toring of exposure over a short section of a more 
extensive overall length, the quiescent attenuation 
before radiation is merely that of a normal low-loss 
communication fiber, enabling the increased atten-
uation of the short exposed section to be measured 
with reasonable accuracy. The method would be 
attractive for detecting leaks of highly radioactive 
material, but silica fibers are rather insensitive, and 
a large part of the radiation-induced loss recovers 
quickly with time. Lead-glass fibers are more sensi-
tive, but have higher intrinsic losses.

Several other loss-modulation effects in fibers, 
which were discussed in the first part of this chapter, 
are also amenable to OTDR interrogation. The first 
of these is the plastic-clad silica fiber system (see ear-
lier Figure 11.6) of Pinchbeck and Kitchen [13] where 
the fiber showed increased attenuation when cooled, 
due to increase in the refractive index of the cladding 
polymer. Clearly, the OTDR offers the possibility of 
leak location, whereas that shown in Figure 11.6 can 
only offer detection of leaks, as it only permits simple 
detection of fiber loss (Figure 11.32).

The second we shall mention is the commer-
cially available “Herga” fiber cable (Figure 11.3), 
which exhibits high microbending loss when sub-
jected to lateral pressure, as a result of its novel 
spiral plastic sheathing arrangement. Figure 11.33 
shows a schematic of an OTDR-based distributed 
sensor, using a pressure sensing cable of this type.
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Figure 11.31 Schematic of a distributed radiation 
dosimeter, using radiation-sensitive fiber, with an 
OTDR to detect regions of increased loss. There 
is potential for leak-detection system for radioac-
tive materials.
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Sensors such as these have been proposed by Alan 
Harmer, of Battelle research, for use as a distributed 
sensor to detect intruders, by monitoring losses from 
pressure of the intruder’s foot on the cable.

The same system layout of Figure 11.33 can 
clearly be used with the water ingress sensor 
described earlier ([10,11], see also “Microbend sen-
sors” section and Figure 11.4), which is based on 
the same microbending concept, and indeed this 
sensor type was developed by the authors using 
an OTDR instrument to detect the changes. One 
useful application is to detect leakage of water in 

telecommunications ducts, as this can cause dam-
age to optical cables, particularly if it generates 
hydrogen, or if it freezes and breaks the fibers.

Another useful intrinsic loss mechanism that 
can be used is that of evanescent field absorption 
in the fiber cladding (Figure 11.34). Although, 
in principle, a bare unclad fiber could be used to 
detect absorbing material directly, this would 
easily be contaminated. It is sensible therefore to 
use a polymer cladding with suitable properties. 
Many polymer cladding materials will adsorb oil 
or other liquids and change their absorption [101] 
but if chemical indicators are available, and can be 
incorporated in the polymer, they can offer a more 
selective response to a desired target species. Blyler 
et al. [102] have made a sensor for measurement of 
ammonia using reactive cladding material.

It should be noted that it is not just absorption 
that may be used to form the basis of the sensor. 
The use of fluorescent coatings will be discussed 
later, after discussion of the use of other types of 
scattering processes in sensors.

11.5.3  Variations in Rayleigh 
backscatter characteristics

As already discussed, the use of OTDR to moni-
tor fiber attenuation depends on the constancy of 
the Rayleigh backscattering coefficient along the 
length of the fiber. However, this may vary signifi-
cantly in two basic ways, even in fibers of uniform 
geometry and composition. The first form of vari-
ability occurs in monomode fibers, using polarized 
illumination and polarization-sensitive detection. 
An arrangement as in Figure 11.24 is used, with 
a polarized light source, and now a polarization 
analyzer is used at the detection end. This diagnos-
tic method, known as polarization optical time-
domain reflectometry (POTDR), relies on the high 
degree of preservation of polarization exhibited 
by Rayleigh and Rayleigh–Gans scattered light in 
silica fibers, leaving the polarization changes that 
occur due to two-way propagation in the fiber itself 
to be observable.

The POTDR method was first suggested by 
Rogers [96], who pointed out its potential for dis-
tributed measurements of magnetic field (via 
Faraday rotation), electric field (via the Kerr qua-
dratic electro-optic effect), lateral pressure (via 
the elasto-optic effect) and temperature (via the 
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Figure 11.32 Schematic of a distributed leak-
detection system for cryogenic liquids, using 
PCS fiber, with an OTDR to detect regions of 
increased loss (see also Figure 11.6).
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Figure 11.33 Schematic of a distributed detec-
tion system for lateral pressure, arising, for 
example, from an intruder treading on cable. 
Sensor uses pressure-sensitive cable of the type 
shown in Figure 11.3, with an OTDR to detect 
regions of increased loss.
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temperature dependence of the elasto-optic effect). 
The first experimental measurements were reported 
by Hartog et al. [103], who used the technique for 
a distributed measurement of the intrinsic bire-
fringence of a monomode fiber, and Kim and Choi 
[104] who measured the birefringence induced by 
the bending of a wound fiber. Ross [105] carried 
out the first measurement of a variable external 
field, using the Faraday rotation of polarization as 

an indication of the magnetic field environment of 
the fiber. A comprehensive theoretical treatment of 
the POTDR method has been presented by Rogers 
[106].

On first consideration, the POTDR technique 
appears to be attractive for the measurement of 
a large number of parameters. However, its main 
drawback, as with many other potentially useful 
sensing methods, is the variety of parameters to 
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Figure 11.34 Schematic of a distributed chemical sensor system, using fiber with a reactive cladding 
that changes loss after exposure to the chemical. The structure of the fiber, the mode field pattern 
and the refractive index profile are shown in (a). Possibilities include permeation of a polymer clad-
ding, by, for example, oil leaks, affecting either the refractive index or absorption properties, or 
use of a cladding with a chemical indicator designed to be selective to a desired target chemical or 
chemical species. The OTDR response when detecting leaks is shown in (b).
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which it can respond, the sensitivity to strain and 
vibration being particularly troublesome when it 
is desired to measure other things. In addition, 
POTDR requires the use of monomode fibers, which 
can, when used with narrow linewidth laser sources, 
have particular problems due to coherent addition 
from multiple Rayleigh backscattering centers [107].

Moving on now from considering variations in 
the polarization of backscattered light, the scalar 
magnitude of the Rayleigh scattering coefficient 
may vary with temperature in some types of fiber. 
If so, a simple OTDR arrangement, now preferably 
without polarization sensitivity, can be used to 
perform distributed temperature measurements. 
Unfortunately, in normal vitreous fibers, of silica 
or multicomponent oxide glasses, the majority 
of backscattered energy arises from Rayleigh or 
Rayleigh–Gans scattering from frozen-in refrac-
tive index variations. These are tiny regions where 
high-temperature thermally induced density 
changes were “frozen” into the glass structure as 
it is cooled from the melt. As a result, once the 
glass has cooled, the scattered light intensity var-
ies very little with the temperature of the glass. In 
many normal room-temperature liquids, however, 
the scattering arises from real-time thermody-
namic fluctuations in the refractive index, which 
are dependent on the ambient temperature and, 
therefore, the scattering will now show a signifi-
cant temperature coefficient.

This effect has been exploited for distributed 
sensing of temperature, in the system described by 
Hartog and Payne [108]. Unfortunately, the use of 
liquid-filled fibers presents difficulties, which, at 
best, complicate the method and, under some cir-
cumstances, restrict its use:

1. The use of liquid-filled fibers is inconvenient 
because of the need for expansion reservoirs.

2. There are temperature range restrictions 
imposed by the freezing and boiling points of 
the liquid.

3. If the central region of a long length of such a 
fiber is rapidly cooled, it is possible to create 
voids by rapid thermal contraction, before 
pressure differentials can refill the tube against 
the resistance of viscous forces.

4. Impurities or dust particles may increase the 
scattering cross-section or increase the localized 
loss of the fiber, giving the appearance of false 
temperature variations in the OTDR return.

5. The numerical aperture of the liquid-filled fiber 
shows significant temperature dependence, 
generally reducing as the temperature is raised, 
allowing hot zones in particular, to affect the 
calibration of results further along the fiber. 
(In the absence of mode-conversion, this effect 
may be reduced by the use of mode filters).

However, despite the above potential drawbacks, 
which are not uncommon with initial ground-
breaking developments, the system worked well 
over moderate temperature ranges and was capa-
ble of monitoring the temperature distribution to 
≈0.2°C resolution, over several hundred meters 
of fiber, with a distance resolution of the order of 
2 m. This was a remarkable advance, considering 
that this was the first experimentally demonstrated 
temperature profile measuring method for use 
with optical fibers.

11.5.4  Distributed anti-Stokes Raman 
thermometry (DART)

If the spectral variation of backscattering from a 
germania-doped silica fiber is examined (Figure 
11.35), it may be seen that there is a strong cen-
tral line, primarily due to Rayleigh (or Rayleigh–
Gans) scattering, but which also contains a weaker 
(spectrally unresolved in Figure 11.12) contribu-
tion from Brillouin scattering. At each side of the 
central line, however, there are side-lobes due to 
Raman scattering. These may be used to detect 
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Figure 11.35 Typical spectrum of Raman back-
scattered light in germania-doped silica fiber 
(measured by N Ross, then at CERL).
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temperature profiles in conventional vitreous com-
munications fibers using modified Raman OTDR 
techniques [109,110].

A schematic of a basic Raman temperature sen-
sor system is shown in Figure 11.36. The system is 
essentially a dual-wavelength OTDR system, where 
a WDM filter is used to select out the two Raman 
bands and direct the signals to two detectors. The 
elastic Rayleigh scattering of the strong incident 
light signal (central peak in Figure 11.35) has to be 
removed in the filtering process. A signal processor 
averages the time-varying returns, and then takes 
the two separate OTDR results from each detec-
tor channel, divides the two signals coming from 
each selected point along the fiber to determine the 
Raman ratio, and hence determine the tempera-
ture at each point.

From standard texts on Raman scattering, the 
temperature-dependent ratio, R(θ), of the anti-
Stokes (higher-frequency band) and Stokes (lower 
frequency band) scattered intensity, at wave-
lengths, λa and λs, respectively, and assuming equal 
frequency separation from the central excitation 
laser line, is given by the relationship:

 R hc KT/ exp – / ,a s
4( )( ) ( )θ = λ λ ν

where h is Planck’s constant, c is the velocity of 
light in vacuo, K is Boltzmann’s constant, θ is the 
absolute temperature and v is the frequency of the 
incident light.

Therefore, in addition to the distance infor-
mation provided by the time delay of returning 
signals, a measurement of the ratio of Stokes and 
anti-Stokes backscattered light in a fiber can, in 
principle, provide an absolute indication of the 
temperature of the medium, irrespective of the 
light intensity, the launch conditions, the fiber 
geometry and even the composition of the fiber. 
In practice, however, a small correction will usu-
ally need to be made for the difference in the fiber 
attenuation between the Stokes and anti-Stokes 
wavelengths, and if convenient, it may be desired to 
use the dual-end measurement method discussed 
earlier to compensate for fiber nonuniformities.

The Raman technique appears to have only one 
significant practical drawback: that of a very weak 
return signal, the anti-Stokes Raman-scattered sig-
nal being between 20 and 30 dB weaker than the 
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Rayleigh signal, which itself is already typically 50 dB 
weaker than the incident light. In order to avoid an 
excessive signal averaging time, measurements have 
been taken using relatively high launched powers 
from pulsed lasers, and extensive signal process-
ing is performed to average the signals. In the first 
experimental demonstration of the method [109], 
a pulsed argon–ion laser was used in conjunction 
with an early telecommunications-grade 50/125 μm 
GRIN fiber. Dakin et al. [110] described subsequent 
results from a considerably more compact system, 
based on a far more practical and convenient semi-
conductor laser source. A result from an early com-
mercial prototype constructed by the group of A 
Hartog (previously at York Ltd) is shown in Figure 
11.37. Here the result has been normalized to remove 
the effects of fiber attenuation, and clearly shows the 
hot and cold regions of fiber.

Since those early results, the Raman OTDR 
system has reached commercial maturity, and is 
another success story in the field of fiber sensors. 
The system has been manufactured for several 
years by York sensors, by the Hartog group, which 
is now part of the large Schlumberger company, 
and in Japan Hitachi cable have demonstrated 
engineered systems. Most systems have the capa-
bility to address multiple channels via optical fiber 
switches, and can operate over many km of fiber. 
Significant signal gains have been made using 
Q-switched fiber lasers to launch more light, but 
there are launch-power limits in monomode fibers 
due to the onset of stimulated Raman processes. 
Major applications have included fire detection, 
oil-well logging, chemical process plant and fur-
nace measurements and in-line monitoring of high 

voltage cables and other electrical plant, although 
there clearly many more potential applications may 
become economically viable as costs become lower.

11.5.5  Time-domain fluorescence 
monitoring

The re-emission spectrum of most fluorescent 
materials generally exhibits a significant tempera-
ture variation. Thus, if an optical arrangement 
similar to that used in Figure 11.36 for Raman 
OTDR is constructed, with a laser exciting source 
as before, and with the detector filters now selected 
to examine regions of the fluorescent decay spec-
trum having the maximum possible differential 
temperature variation, a distributed temperature 
sensor should be possible. The potential attraction 
of the method, first proposed by Dakin [111], is that 
the fluorescent quantum efficiency may be many 
orders of magnitude higher than that for Raman 
scattering and higher doping levels may greatly 
enhance the signals in short distributed sensor sys-
tems. However, there remains a problem with the 
availability of suitable fibers.

Silica-based optical fibers, with rare-earth dop-
ants giving high fluorescent efficiency, have been 
prepared [112], but sensors using these give very 
poor distance resolution due to the long fluores-
cent lifetimes. It is possible to reduce fluorescent 
lifetime by using materials with increased cou-
pling to nonradiative processes, but this unfor-
tunately also reduces the fluorescent efficiency. 
Polymer fibers may perhaps offer more promise 
in short distance systems, as these may be doped 
with organic dye materials with an excellent 
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Figure 11.37 Early Raman temperature profile result, from York Ltd, United Kingdom.
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combination of high quantum efficiency (∼50% 
or better) and fluorescent lifetimes of the order of 
only a few nanoseconds.

Dakin and Pratt [113] made a theoretical com-
parison between distributed temperature sensors 
based on the techniques of temperature-dependent 
absorption, scattering, Raman scattering and fluo-
rescence. It was predicted that, although doping 
with strongly fluorescent materials will necessar-
ily increase the loss in an optical fiber, this should, 
for short distance operation, be more than offset by 
the much higher fluorescent light levels theoreti-
cally attainable. To make such sensors in practice, 
it will be necessary to obtain fibers having short-
lifetime fluorescent dopants showing the desired 
thermal variation.

Lieberman et al. [114] have reported a distrib-
uted chemical sensor for oxygen, using a fluores-
cent polymer cladding coating on a fiber that has 
its fluorescence efficiency quenched by oxygen. A 
low-index siloxane cladding, doped with a 9, 10-di-
phenylanthracene dye, was used. The evanescent 
field of the incident radiation coupled into the clad-
ding dye and excited the fluorescence, and the fluo-
rescence was coupled back, somewhat more weakly 
of course, by an inverse coupling process, to excite 
forward and backward guided modes of the fiber. 
Although a distributed sensor, in that continuous 
measurements over an extended length were taken, 
the method does not yet appear to have been used 
to determine the variation in oxygen concentra-
tion over the fiber length. Clearly, to do this, a dye 
with a short fluorescent lifetime would be neces-
sary, and, as with Raman OTDR, significant signal 
averaging would probably be necessary to detect 
the weakly coupled signals.

11.5.6  Distributed sensors using 
spontaneous backscattered 
Brillouin light

The Raman DART system described above has 
evolved to reach commercial maturity relatively 
quickly, primarily because of its basic optical sim-
plicity, its simple telecommunications components 
requirements, and because of its similarity to the 
already-mature conventional OTDR method. 
However, Raman signals are extremely weak com-
pared to Rayleigh elastically scattered light, so rel-
atively long electronic integration times (typically 

tens of seconds) are needed to achieve the neces-
sary SNR to realize temperature resolutions of 
1°C or better, particularly if it is intended to probe 
lengths of fiber above 5 km or so.

The total light level associated with spontane-
ous Brillouin scattering is typically two orders of 
magnitude stronger than that of Raman light, the 
only disadvantage being the very close frequency 
spacing of this light to the incident excitation line. 
Because Brillouin light occurs due to scattering 
from relatively low-energy acoustic phonons, the 
photon energy change is very small. An alterna-
tive simple classical physics viewpoint, which also 
predicts the correct optical frequency shift, is to 
consider that the scattering arises from thermody-
namically induced moving acoustic waves in the 
core of the glass, so they become Doppler shifted. 
The resulting frequency shift in the light is there-
fore much smaller than that for Raman scattering, 
being typically only of the order of 12 GHz, so very 
narrow band interferometric filters are necessary 
to perform optical separation. Suitable narrow-
band filters are interferometric filters. These may 
be of the Fabry–Perot type, all-fiber types, based 
on the Mach–Zehnder or Michelson configura-
tions, or equivalent interferometers in integrated 
optics form.

An alternative is to use coherent detection, het-
erodyning the Brillouin light with an optical local 
oscillator, suitably shifted from the incident laser 
to give a conveniently low beat frequency to pro-
cess electronically. A local oscillator with a very 
stable frequency offset can be derived by frequency 
shifting a portion of light from the main excita-
tion laser (pump laser). The signal at the detector 
is then a low frequency beat signal that exhibits 
a large fractional change for small changes in the 
Brillouin backscatter frequency. Once this fre-
quency separation has been performed, a number 
of very useful sensor types can be constructed. The 
method of Kurashima et al. [115,116] allowed accu-
rate determinations of distribution of mechanical 
strain in fibers from the Brillouin frequency shift. 
The heterodyning process makes it relatively easy 
to measure the Brillouin frequency shift, vB, which 
is a function of the fiber core refractive index, n, 
the acoustic velocity, vs, in the fiber core and the 
incident optical wavelength, λ:

 v nv .sB
–1= λ
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vB is typically of the order of 12 GHz, and, accord-
ing to various papers by Horiguchi et  al. [117–
120], varies with both temperature (typically of 
the order of 9.4 × 10−5 fractional change per degree 
kelvin) and strain (∼4.6Є change, where Є is the 
tensile longitudinal strain).

In addition to the frequency shift, a conve-
nient temperature-dependent intensity rela-
tionship that can be used [121] is the ratio of 
Rayleigh scattered intensity to total Brillouin 
intensity, or the Landau–Placzek ratio RL–P. 
For a single component glass, the ratio, RL–P, of 
Rayleigh scattered light to total Brillouin scat-
tered light is given by

 R T T v= / ( / –1),L–P f 0
2

Tρ β

where Tf is the fictive temperature of the glass, 
T is the absolute temperature, ρ0 is the density, v 
is the acoustic velocity and βT is the isothermal 
compressibility of the melt at the fictive tempera-
ture. Clearly, unlike the Raman ratio discussed 
before, this new ratio will depend strongly on the 
fiber core material properties, so renewal of a fiber 
by one of different type or composition is more 
likely to create the need for system re- calibration. 
However, because the SNR can be much higher 
in Brillouin systems, there is now scope for mea-
surement over a much longer range. A simple 
arrangement for measuring temperature using 
the Landau–Placzek ratio method [121] is shown 
in Figure 11.38.

Microwave-frequency heterodyning can be 
used to detect the frequency shift of the Brillouin 
light. The frequency shift, which is generally a 
stronger function of strain than temperature, 
can be monitored, and the intensity signals can 
be used as a more temperature-dependent quan-
tity, giving the possibility of distributed sensing 
of both strain and temperature. Maughan et  al. 
[122] carried out simultaneous measurements of 
both these quantities over 30 km of fiber. It was 
possible to measure distributed temperature pro-
files over a length of 57 km. A strain resolution of 
100 μ∈ was achieved, and a temperature resolu-
tion of 4 K.

More methods using spontaneous Brillouin scat-
tering with optical frequency domain processing 
will be discussed below. The alternative nonlinear 
process of stimulated Brillouin scattering will be 
discussed later, when systems involving interaction 
of counter-propagating light beams are described.

11.5.7  The optical frequency domain 
reflectometry technique

This distributed sensing method is essentially simi-
lar to the FMCW technique we discussed earlier 
as a multiplexing method. An FMCW system can 
be operated in OTDR-like backscattering mode in 
a continuous length of monomode fiber [123,124]. 
Now, a portion of the launched light signal, derived 
from the optical source with a fiber splitter, is added 
as a local oscillator, to coherently detect returning 
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signals, and a beat frequency is obtained which 
increases in frequency as a function of the distance 
to the point in the fiber from which the light was 
backscattered. If the detected beat signal is displayed 
on a conventional electronic spectrum analyzer, the 
detected power within each small frequency inter-
val represents the scattered light received from the 
section of fiber that is situated at a distance corre-
sponding to the frequency offset observed. As the 
frequency slew rate of current-ramp-driven semi-
conductor laser diodes may be very high (100 GHz 
s−1 is easily achievable) and the frequency resolution 
of commercial electronic spectrum analyzers is a 
few Hz or less, the technique can have a far supe-
rior distance resolution capability than conven-
tional OTDR methods. Kingsley and Davies [124] 
even suggested use of the technique for distributed 
measurements over the very small scales involved 
in integrated optical waveguide circuitry, where 
resolutions as low as a cm, or often much less, are 
required.

A major potential problem with optical fre-
quency domain reflectometry (OFDR) is the coher-
ence function of the source, which will modulate 
the received spectrum and therefore distort any 
spatial variation of scattering that it is desired to 
observe. Another approach to the problem uses, as 
with the FMCW method discussed earlier, a fre-
quency-modulated subcarrier to amplitude modu-
late the source [125]. This removes the problems 
due to source coherence, but presents a reduced 
resolution due to the lower frequency slew rate 
possible with electronic subcarrier systems.

The FMCW technique still shows limitations 
when it is desired to provide high sampling rate 
information, or to achieve a high spatial resolution 
of about cm order. The method we will describe 
next is an improvement on this basic method.

11.5.8  Application of the “synthesis 
of optical coherence function” 
method for high resolution 
distributed sensing, using 
elastic (Rayleigh) scattering

An alternative technique to synthesize interference 
characteristics arbitrarily, called the “synthesis of 
optical coherence function,” or SOCF for short, 
has been proposed and extensively developed by K 

Hotate of RCAST, Tokyo [126–128]. In this tech-
nique, the frequency of a laser light source, con-
nected to an unbalanced fiber interferometer, is 
modulated, using an appropriate electrical bias 
waveform, and the phase of a lightwave propagat-
ing in just one arm of the interferometer is also 
modulated synchronously with a similar wave-
form. With this method, any arbitrary shape of 
coherence function can be synthesized, hence set-
ting the amplitude of the interference fringe in the 
interferometer to be a function of the path length 
difference between a lightwave returning from 
the remote sensing point and that returning from 
another defined (reference) point.

In recent years, to assist with installation and 
maintenance of optical fiber subscriber networks, 
very precise measurements of the spatial distribu-
tion of reflective discontinuities (e.g., fiber breaks 
or connectors) are required. For applications such 
as monitoring repeater stations, it is desired to mea-
sure at a distance of several km, with typically a few 
centimeters or less spatial resolution, a specification 
far too difficult to achieve with conventional time-
domain methods. The standard FMCW sensing 
method described above, with its high spatial reso-
lution and wide dynamic range, could be a possible 
candidate, but its measurement time must be made 
much shorter than at present possible, as otherwise 
the optical phase noise arising from environmental 
fluctuation is a problem, particularly over a long fiber.

As a more viable alternative, a solution has been 
developed using the synthesis of optical coher-
ence function method [126,127,129]. Figure 11.39 
shows the experimental arrangement. A switch 
generates a series of wide optical pulses. The opti-
cal pulse forms a window to select and determine 
the desired “range gate,” or the boundaries of the 
chosen test region along the fiber under interro-
gation. This is because a pulse from the reference 
path can only overlap with a pulse from the path of 
the tested fiber when the two paths have nearly the 
same lengths. A coherence function having delta-
function-like peaks can be synthesized using the 
FM waveform shown in Figure 11.39.

The coherence function is synthesized, in such a 
way that, firstly, only one coherence peak can cor-
respond to the region under test, and, secondly, so 
that all other undesired periodical coherence peaks 
are masked by the time window. The desired peak 
position is then achieved by scanning, to modify the 
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phase modulation waveform. Consequently, the dis-
tribution of reflectivity within the narrow selected 
time/range window can be measured with excellent 
temporal, and hence spatial resolution. In order to 
measure in a new range gate or window, the refer-
ence delay is changed to select, and determine, this 
new region. An example of the reflectivity distribu-
tion obtained by this system is shown in Figure 11.40.

Two reflections from optical connectors, of 
magnitude around −30 dB, can be seen clearly, 
whereas a strong reflection from the far end of the 
fiber is completely suppressed by the pulse win-
dow. Even when measuring through 5 km of opti-
cal fiber, the spatial resolution can be as good as 
6 cm, using a range-gate region of 8 m. Clearly, this 
range gate can be moved to select and measure in 
any chosen region of fiber.

11.5.9  The transmissive FMCW 
method for disturbance 
location

The FMCW methods may be used to locate dis-
crete points where mode coupling in a fiber has 
occurred, provided the fiber is capable of support-
ing two modes (e.g., different polarization modes 
in a high birefringence fiber) having significantly 
different phase velocities. External disturbances, 
which cause cross-coupling from the initially 
excited single mode, will mix or beat on a suit-
able detection arrangement situated at the far end 
of the fiber. The beat signal will have a frequency 
dependent on the distance from the source, at 
which the coupling to the second mode has taken 
place.
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This approach, first suggested by Franks et  al. 
[130], is depicted in Figure 11.41. This particular 
implementation used a birefringent fiber, with all 
the transmitted signal energy being launched into 
only one of the two principal polarization modes 
of the fiber. The disturbance to be monitored was 
a lateral pressure on the fiber cable, which caused 
coupling of light into the orthogonal polarization 
mode.

A convenient attribute of the technique is that 
the relatively close velocity matching between the 
polarization modes, even when using the so-called 
high-birefringence fiber, allows FMCW techniques 

to be operated over lengths very much longer than 
the instantaneous coherence length of the source. 
Two potential difficulties exist with the method, 
however. Firstly, mechanical strains of certain 
critical magnitudes may cause coupling of power 
from one polarization mode to the other and then 
completely back again, resulting in no net beat sig-
nal. Secondly, disturbances that occur exactly in 
the direction along a fiber polarization axis will 
cause no mode coupling. Otherwise, except for 
these somewhat unlikely conditions, the technique 
appears a simple and elegant method of locating 
the position of lateral disturbances on a continu-
ous fiber, but is probably unsuited to measuring 
the magnitude of the disturbance.

11.5.10  Distributed sensing using a 
Sagnac loop interferometer

The use of Sagnac fiber-loop interferometers for 
detection of rotation has been discussed earlier. 
However, they can also be used to locate the longi-
tudinal position of a time-varying disturbance act-
ing at a noncentral location on their sensing loops 
[131,132].

The ability of this interferometer to locate the 
position of a time-varying disturbance relies on 
the counter-propagating nature of the light and 
the break in symmetry that the disturbance cre-
ates when perturbing the loop (see Figure 11.42, 
but please initially disregard the branching into 
the delay loop and to detector 2).

When a time-varying strain, ε(t), acts on a 
Sagnac loop of optical fiber, at a distance, z, from 
the center of the length of fiber forming the loop, 
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it perturbs the phase, ϕ(t) of the guided light. Due 
to the noncentral location of the disturbance, light 
travelling in one direction is phase-modulated 
before light traveling in the other. This results in 
a net phase difference, Δϕ(t, z), between the two 
returning counter-propagating wave trains, when 
they return to the detector and interfere, at the 
output of the loop. It was shown by Dakin et  al. 
[131,132] that, assuming a small slew rate, dϕ/dt, 
for the optical phase, then Δϕ(t, z) is given by

 d
t z

z

V

t

t
( , )

2 d
,

g

∆φ ∝ φ( )

where Vg is the group velocity of the guided light.
This, however, presents a problem, as we have 

a sensor response dependent on two unknowns, 
firstly the rate of change of the phase perturbation 
and, secondly, its position, relative to the center of 
the fiber forming the sensor loop. The initial solu-
tion, in the references above, was to separately mea-
sure the value of dϕ/dt. This was achieved using 
the delay loop in Figure 11.42, that the reader was 
asked to initially disregard when describing the 
Sagnac loop response. This additional loop enables 
a fraction of the light which had travelled in one 
direction around the Sagnac loop to be mixed with 
a suitably delayed portion of light derived from the 
same original source. This second delay loop was 

chosen to be of similar length as the Sagnac loop to 
that point, so that a second interferometer, in this 
case a balanced-path fiber Mach–Zehnder could 
be formed, the output of which was detected to 
derive a measure of the actual value dependent on 
the phase change ϕ. Differentiation of the derived 
value of ϕ (or, if the phase changes are large and 
fast enough, simple detection of the frequency of 
fringe crossing by connecting the detector to a 
frequency counter or rate meter) yields a value for 
dϕ/dt. This new disturbance location method was 
applied to detect, and locate, fast thermal changes 
acting at different points of a 200 m length of fiber.

Following this first Sagnac disturbance loca-
tion method, various new architectures using 
twin Sagnac configurations have been suggested, 
initially by Udd [133], followed by versions by 
Spammer et  al. [134–136], Ronnekleiv et  al. [137] 
and Fang [138]. All these avoided the need to accu-
rately balance two independent optical paths. Such 
arrangements effectively used two Sagnac loops, 
configured to share a common fiber sensing sec-
tion, but it was arranged, via several different opti-
cal routing means, that the optical path lengths 
of these two loops had different effective centers. 
These allowed two separate detector output val-
ues to be derived, now giving two response equa-
tions, and hence allowing calculation of the both 
of the two unknown quantities discussed earlier. 
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The attraction of such configurations is that now 
the two counterpropagating paths in each Sagnac 
loop have the inherent advantage of such interfer-
ometers, in that they are both intrinsically path 
balanced. In addition, the reference point for the 
center of the loop, where there is zero sensitivity, 
can conveniently be moved to lie outside the fiber 
sensing section if desired.

These new configurations were operated with 
either (wavelength multiplexed) twin-source con-
figurations or with other more intrinsically lossy 
arrangements using directional 3 dB couplers and 
twin detectors. (The minimum theoretical loss 
of a dual-Sagnac system using 3 dB couplers is 
18 dB in each Sagnac loop.) A recently reported 
method (Figure 11.43) by Russell and Dakin [78] 
has improved designs further, and for the first time 
allowed the use of a single source and single detec-
tor, using appropriate WDM routing components 
to “slice” the light from the source into two wave-
length bands, and route each band of light around 
different Sagnac loops, again with different effec-
tive optical path center positions, and the desired 
shared fiber sensing section.

Describing Figure 11.43, a broadband (low 
coherence) Er3+-doped fiber superluminescent 
source was spectrally sliced into two wavelength 
bands using wavelength-division multiplexers 
(WDMs). These routed the light along two, essen-
tially independent, Sagnac interferometer loops, 
one for each wavelength. The first Sagnac loop was 
defined by the bi-directional path ABCEFHI, read 

clockwise around the sensor. This circuit includes 
a fiber delay coil, C, a sensing fiber length, E, and 
a piezoelectric phase modulator, F. Similarly, the 
second Sagnac interferometer was defined by rout-
ing light bi-directionally around a path labeled 
ABDEGHI. This again includes a piezoelectric 
modulator, D, a common sensing fiber length, 
E, and a fiber delay loop, G. The effective centers 
of each of the sensor loops are offset (in opposite 
directions) by half of the path length in the delay 
coils labeled C and G. This ensured that each 
Sagnac gives a different response to a common 
perturbation, despite sharing a common fiber sec-
tion, allowing simultaneous evaluation of the posi-
tion of the disturbance, its amplitude and its rate 
of change.

Each Sagnac was phase-biased [139] with sinu-
soidal strain signals of different frequencies (f1 and 
f2), each being one of a set of natural eigenfrequen-
cies of the fiber loop. The bias frequencies (f1 and f2) 
were chosen such that the magnitude of their dif-
ference frequency |f1 − f2| was above the frequency 
range of the expected disturbance signals (i.e., the 
base-bandwidth of the output of the sensor). This 
phase bias allows both of the interferometers to 
share a common optical detector, as it provides 
amplitude-modulated carriers of a different fre-
quency for each signal generated by each Sagnac.

This system used data-acquisition hardware to 
sample the sensor outputs in real-time and a soft-
ware system which could be instructed to either (1) 
locate the three largest disturbances observed in 
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the frequency domain or (2) locate a disturbance 
of selected character, i.e., of a specific frequency 
or amplitude. The positions and the frequencies 
of each of the disturbances were then calculated 
and displayed. Using the system, it was possible 
to monitor sinusoidally varying phase distur-
bances of only 0.025 radian phase change ampli-
tude (∼1.3° optical phase change, or equivalent to 
a few nm fiber stretching) acting on a 40 km long 
sensing loop and locate them with 100 m position 
resolution.

11.5.11  Distributed sensing using a 
counter-propagating optical 
pump pulse

If an optical signal from a steady-state, or CW 
source is transmitted through a fiber to a detec-
tion system, the power level received will be 
dependent on the total attenuation in the fiber. If, 
however, an intense optical pulse is now launched 
into the optical fiber, in the opposite direction 
(see Figure 11.44), the intensity of the transmitted 
CW lightwave will now be affected by any optical 
gain processes. Such effects can arise from several 
possible nonlinear interactions with the pump.

The first report of such a system was presented 
by Farries and Rogers [140]. They used a pulse, from 
a NdYAG-pumped dye laser at 617 nm, to provide 
Raman gain in a continuous length of monomode 
fiber. The CW beam was a 633 nm signal from a 

helium–neon laser source. The Raman gain is very 
sensitive to polarization and therefore the arrange-
ment is capable of detection and location of lateral 
stresses in a fiber of low intrinsic birefringence, as 
these cause polarization mode conversion, hence 
modifying the degree of Raman gain.

The technique was a major advance, as it was 
the first of a class of sensors, but suffered, in its 
early form, from a number of practical disadvan-
tages. As often the case for a first laboratory form, 
it used rather large, and hence inconvenient, laser 
sources, and it is likely the results would have been 
critically dependent on the pump power level of 
the dye laser source. In addition, it would also be 
likely to suffer badly from undesirable polarization 
and other variations due to environmental factors 
such as bends in the fiber.

More recently, sensors using stimulated 
Brillouin scattering have been reported, one of 
the most significant being the Brillouin optical 
time-domain analysis (BOTDA) system devised 
by Horiguchi [117,118], which has since formed the 
basis of a number of systems for sensing strain in 
very long fibers, using more complex versions of 
the simple arrangement of Figure 11.44. This sen-
sor takes advantage of gain from the stimulated 
Brillouin scattering process. As with the spontane-
ous Brillouin scattering process mentioned earlier, 
the center line of the Brillouin gain curve is off-
set from the pump laser signal. Using a separate 
tunable laser (or more conveniently by deriving a 
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frequency-shifted signal from the one laser source) 
pump and probe beams can be arranged to be 
suitably offset in frequency, to not only ensure 
the desired Brillouin gain occurs, but also, by fre-
quency sweeping, actually measure the frequency 
of peak gain. Taking advantage of the time-depen-
dent nature of the signals when the pump is a short 
pulse, the distribution of Brillouin gain shift ver-
sus distance can be derived by a combination of 
sweeping the laser frequency offset and observing 
the temporal patterns.

11.5.12  Use of the “synthesis of the 
optical coherence function” 
method for distributed 
sensing by monitoring the 
gain process associated 
with stimulated Brillouin 
scattering (K Hotate, RCAST, 
University of Tokyo)

Distributed strain sensing based on Brillouin scat-
tering, as discussed earlier, is a promising technique 
for “smart materials” and “smart structures” appli-
cations, and sensor systems using Brillouin OTDR 
are already on the market. However, the technique 
developed so far has a spatial resolution limit of 
several meters. In smart structures applications, 

for example, in an aircraft’s wing, this limit would 
be a major disadvantage. The resolution limit of 
the conventional technique is a consequence of its 
pulse-based nature. An optical pulse for generat-
ing Brillouin gain has to be longer than the damp-
ing time of the acoustic wave. With shorter pulses, 
the Brillouin gain spectrum (BGS) broadens out, 
making it more difficult to determine precisely the 
frequency of the spectral peak. Because the typi-
cal value of the damping time is 25 ns, the practical 
limit for spatial resolution turns out to be typically 
about 1 m.

To circumvent the resolution limit, a new tech-
nique has been developed [128]. It is based on the 
control of the interference between the pump and 
probe lightwaves that excite stimulated Brillouin 
scattering (SBS). SBS requires interference between 
two counter-propagating lightwaves. In the tech-
nique, we control their coherence, so as to local-
ize the SBS at a specific position in an optical fiber, 
where their correlation is high.

Figure 11.45 shows the proposed system for mea-
suring the distribution of the BGS along an optical 
fiber. The light from a 1.55 μm frequency tunable 
distributed-feedback laser diode (DFB-LD) is split 
by a coupler, to provide light sources for the pump 
and probe lightwaves. Light from one output of the 
coupler is intensity modulated (chopped) at a radio 
frequency, using a LiNbO3 electro-optic modulator 
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(EOM), with an electrical drive signal. The output 
is amplified by an erbium-doped-fiber amplifier, 
and then launched into the fiber under test to serve 
as the optical pump (this is shifted in frequency by 
only a very small amount by its intensity modula-
tion). The other output is intensity modulated, at 
a much higher microwave frequency, v, by a sec-
ond LiNbO3 modulator, so that AM sidebands are 
generated around the incident lightwave of a fre-
quency v0. The lower sideband, at v0 − v, is used to 
serve as the probe beam and the unwanted residual 
sideband and carrier are eliminated by an opti-
cal filter. This probe beam propagates in the fiber 
under test, in the opposite direction to the pump, 
until it reaches the detector.

An important point is that the pump and the 
probe undergo identical frequency modulation, as 
they both arose from the laser diode source, and 
the system takes advantage of its capability to be 
frequency modulated directly, by changing its bias 
current. As a result, SBS occurs exclusively at the 
position of peak correlation, the only point where 
the two lightwaves are well correlated. The corre-
lation peak can be conveniently shifted along the 
fiber, simply by changing the FM frequency fm of 

the laser diode source. The increase in the probe 
power, resulting from Brillouin gain in the fiber, is 
detected synchronously using a lock-in amplifier. 
This was referenced using the electrical drive sig-
nal used to chop the pump intensity. We obtain the 
BGS by varying the frequency of the microwave 
signal used to generate the frequency shift in the 
probe signal. By repeating the BGS measurement 
over the appropriate range of different frequency 
drives, fm, to the FM, the BGS is obtained as a func-
tion of position along the fiber.

Application of the correlation-based Brillouin 
sensor has been investigated [128] for the mea-
surement of strain distribution in small-scale (few 
cm) material samples. The sample material, cho-
sen to demonstrate this in the laboratory, was a 
cylindrical acrylate-ring coil former, which could 
be stressed by side pressure to deform it. A single 
sensing coil of dispersion-shifted fiber was first 
wound around it, then bonded to it with epoxy 
cement (Figure 11.46a). The coil former could be 
deformed to an approximately oval cross-section 
to test the sensing system.

The frequency shift of the modulator was set to 
3.2 GHz, corresponding to a 1 cm spatial resolution 
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and the strain distributions for various levels, d, of 
ring deformations were measured. Figure 11.46b 
shows that, for small ring deformations, the exper-
imental results agreed well with the theoretical 
value (solid lines), but deviation from the theo-
retically expected value became greater at high 
deformation values. This is because the spatial res-
olution became insufficient to accurately trace out 
the step strain gradient at high deformation values. 
In this scheme [128] a reasonably high measure-
ment sampling rate, of several tens of Hz, was also 
been realized.

11.5.13  Distributed sensing to 
determine profiles of strain 
and temperature in long 
in-fiber Bragg gratings

As a final note on distributed sensing, it should 
be noted that there are several methods capable of 
resolving the effective peak reflective wavelength 
along a fiber Bragg grating, as a continuous func-
tion of position. Methods to produce very long fiber 
Bragg gratings have been discovered some years ago 
[141] and gratings of up to 1 m in length are now 
almost routinely manufactured, primarily intended 
for dispersion compensation in optical telecom-
munications systems. Methods to determine the 
variation of the peak reflective wavelength along 
the length of such gratings are available, making 
them highly attractive starting components for dis-
tributed sensors to measure in-fiber strain and/or 
temperature. Very high spatial resolution (typically 
0.1 mm) over distances up to 1m is possible, allow-
ing of the order of 104 sensing elements! The meth-
ods devised to address such gratings are now quite 
numerous and some are fairly complex, so only a 
brief outline will be given here.

Early methods made assumptions about the 
nature of the index modulation in the grating, 
in order to derive optical delay (two-way time of 
flight) information from the wavelength compo-
nents reflected [142] or to get wavelength from the 
delay [143]. Various means, such as tunable lasers 
have been used to determine the wavelength infor-
mation, and interferometric phase determination 
has been used to detect the time delay.

One attractive method of defining, more pre-
cisely, the distance to the measurement point in the 
grating is to use low coherence interferometry. This 

operates in a similar way to that of coherence mul-
tiplexing and to the distributed sensing methods 
described above. Volanthen et al. [144,145] used this 
method, where the long Bragg grating to be interro-
gated (initially a chirped one, 50 mm long was used) 
was in one arm of a Michelson interferometer, while 
the other arm contained a fixed-wavelength much-
shorter Bragg grating. The effective distance to the 
grating in this second fiber arm could be changed 
in length, using a fiber stretcher, to determine the 
position of good fringe visibility in the long Bragg 
grating in the other arm. The attraction of this 
method was that no prior knowledge of the grat-
ing wavelength versus distance profile was needed, 
and, unlike the earlier ones, the method could work 
with gratings that did not have a monotonic varia-
tion of wavelength with distance.

Some recent systems have used commercial 
coherence domain reflectometers, which conve-
niently contain an in-built swept Michelson inter-
ferometer, to determine the point in the long grating 
[146,147]. This grating can then be monitored at any 
point, at any one moment in time, with an external 
acousto-optic tunable filter, which allows the scan-
ning of interrogation wavelength. In these systems, 
an external optical amplifier was used to compen-
sate for fiber system losses by boosting the signal 
strength from the ELED source in the instrument. 
Such sensors may have useful applications for mon-
itoring strain distributions in complex mechanical 
components during factory testing, but are likely to 
remain rather costly and complex for many vehicu-
lar applications, such as aerospace monitoring. 

In vol III chapters 2,7,20, the more like recent 
technologies and applications for distributed opti-
cal fiber sensors will be expanded or showing the 
great potential for these technologies.

In the final section of this chapter, we discuss the 
development of applications of optical coherence 
tomography (OCT) and low coherence interferom-
etry in both medical and industrial applications.

11.6  APPLICATIONS OF OCT 
AND LOW-COHERENCE 
INTERFEROMETRY

As discussed in the OCT section of the fiber optic 
sensors for medical applications chapter, OCT has 
become an established medical imaging technique. 
By far its greatest commercial success has been in 
the field of ophthalmology. Today it is widely used, 
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for example, to obtain high-resolution images of 
both the anterior and posterior segments of the eye 
as well as measuring the depth of eye. Today OCT is 
being used as a test for glaucoma and to monitor its 
progression [148] and to provide detailed examina-
tion of the retina, which can, for example, provide 
a straightforward method of assessing macular 
degeneration [149], diabetic macula edema [150] 
and axonal integrity in multiple sclerosis, [151].

Besides ophthalmology, OCT has been clini-
cally demonstrated in a variety of other medical 
and surgical specialties, including gastroenterol-
ogy, dermatology, cardiology, oncology and den-
tistry among others. Today OCT is being used 
throughout the world to assess coronary artery 
disease and is being used to image and assess arte-
rial plaque, stents and scaffolds [152]. Quantitative 
screening for skin cancer is starting to occur using 
polarization sensitive OCT [153]. Recently OCT 
has been used intraoperatively during breast sur-
gery to characterize the lymph nodes and to locate 
tumor margins [154]. OCT is also being investi-
gated to assess the progress of dental caries and 
other structural changes in structure of teeth by 
observing changes in the scattering properties of 
the teeth over time [155]. Figure 11.47a shows a 
camera image of a sectioned tooth having dental 
caries in the region outlined by the black box and 
Figure 11.47b shows the corresponding OCT false 
color image obtained by scanning across the top of 
the tooth. The white region in Figure 11.1b corre-
sponds to the decay region in Figure 11.47a. Dental 
caries is shown to increase the scattering of a tooth 
and to penetrate to a much greater depth than in a 
normal tooth.

OCT and low coherence interferometry are 
becoming well accepted as a nondestructive test-
ing tool in a diverse set of industrial applications 
including tubing inner diameter, outer diameter 
and wall thickness measurements, single and mul-
tilayer material thickness and index of refraction 
measurements, medical device inspection includ-
ing balloons and catheters [156] and in the field 
of ophthalmic metrology to characterize contact 
and intraocular lenses [157,158]. Materials can 
range from semiconductor wafers, glasses and 
polymers. Fiber-optic probe-based OCT and low-
coherence interferometry (LCI) systems are readily 
adaptable to industrial environments and can be 
made to access and scan interiors of hard to reach 
surface and can operate in a number of hostile 

environments including radioactive, cryogenic or 
very hot. They are being used for both in-line and 
off-line process control applications. LCI with high 
speed data acquisition, analysis and submicron 
resolution with process feedback is being used to 
control manufacturing processes. LCI systems are 
also being used to determine stack layer thickness 
for cell phone displays and other large LCD and 
OLED displays [159] and have been used to evalu-
ate the layer structure and wedge angle distribu-
tion in head-up automotive windshields [160,161]. 
The following section shows details of a high reso-
lution low coherence interferometer that is used in 
process monitoring, inspection, and quality con-
trol applications in various fields.

11.6.1  Instrument design

The sensors described here are all variants of an 
interferometric sensor, based on a dual Michelson 
arrangement, having sub-micron distance accu-
racy for measuring optical distance. Several ver-
sions have been developed, for use in a variety of 
in-factory quality control and process monitoring 
applications. The basic system [162,163] includes 
both coherent and low-coherence light sources 
and employs the well-known optical configura-
tion of the optical autocorrelator. Light from the 
low-coherence light source is guided to the sam-
ple under test via a single-mode fiber. Light beam 
components, which are partially reflected from 
each of the optical interfaces in the sample, mix in 
the interferometer section, to give a fringe pattern 
that is dependent on the type of source used and on 
the various optical path differences. The detected 
response, as the interrogating interferometer is 
scanned in length, is used to determine sample-
dependent parameters, such as optical distances. 
When reflection occurs from input and exit sur-
faces, the optical thickness of sample can also be 
measured.

The instrument described is a dual Michelson 
arrangement in an autocorrelation mode as 
described in references [163–165] and a schematic 
of the instrument is shown in Figure 11.48. With 
reference to Figure 11.48, low coherence light from 
a superluminescent light emitting diode (SLED), 
having a center wavelength of ∼1310 nm and a 
bandwidth of ∼ 50 nm, passes through Port 1 and 
Port 2 of an optical circulator into a sample fiber. 
The light from the sample fiber passes through an 
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optical probe and is focused onto the sample under 
test. Light reflecting off of each optical interfaces of 
the sample passes back through the optical probe, 
back through the sample fiber, back through 
Port  2, and passes through Port 3 of the circula-
tor into an all-fiber dual Michelson interferometer. 
Before entering the interferometer, the light from 
a 1552 nm laser diode is combined with the low-
coherence light that was reflected back from the 
sample via wavelength division multiplexer WDM 

1. The combined laser and low coherence light 
passes through a 50/50 fiber coupler and is split 
into two beams. Each beam passes through a PZT 
fiber stretcher, and is reflected back through the 
fiber stretcher by a FRM.

During operation, voltage waveforms are 
applied to the pair of PZT fiber stretchers, 180° 
out of phase with each other. The voltage alter-
nately changes the path lengths of the pair of fiber 
stretchers in a push-pull configuration. The 2 
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beams of light at each wavelength, reflected from 
the Faraday Mirrors, interfere with each other as 
they are recombined at the 50/50 coupler. The com-
bined interfering reflected light is passed through a 
second wavelength division multiplexer (WDM 2) 
where it is separated into individual interfer-
ing beams, at 1552 and 1310 nm, respectively. The 
beams are then sent to respective photodiodes, 
which convert the interference signals to voltage 
levels as a function of time.

The 1310 nm interfering light passes through 
a 1310 nm photodiode and is preprocessed 
before A-D conversion. It is common practice 
to add balanced detectors and log amplifiers 
to increase the sensitivity of the measurement. 
The 1552 laser interferometer signal is sent to a 
zero-crossing detector, which is used to provide 
a uniform distance scale clock for acquiring the 
low coherence 1310 nm interference signal. The 
laser clock signal is used to trigger the A–D con-
version of the low coherence interference signal, 
ensuring that data is collected at constant dis-
tance intervals. Further details of operation and 
performance of the interferometer can be found 
in Reference [165].

Application-specific components of the system 
include the optical probes, optical switches, sam-
ple and probe transport mechanisms and the peak 

processing algorithms [166,167] used to provide 
sample information and user interfaces. Example 
applications include measurement of thickness, 
and thickness profiles, of polymer films [168], 
measurement of optical retardation in films [169], 
measurement of liquid thickness distributions 
on coating hoppers [163], the length calibration 
of optical cells, assessment of the focus of digital 
camera imagers [170,171], surface profile mea-
surements of films, wafers and imagers, head-up 
display (HUD) windshield assessment [160,161] 
and cell phone display integrity [159]. There are 
clearly many other potential uses of this versatile 
telemetry method.

For the low-coherence light source, interfer-
ence with visible fringes only occurs when the path 
lengths of the two arms in the interferometer are 
equal to within a few coherence lengths. In order 
for any interference to occur, light must of course 
be reflected back into the interferometer from the 
sample. This will occur due to Fresnel reflection at 
each optical interface in the sample. The distance 
between adjacent interference peaks is a measure 
of the optical thickness (group index of refraction, 
n, times the true physical thickness) of the sample 
material. In air layers, the distance between the two 
adjacent surfaces is approximately the thickness of 
the layer, as nair is very close to unity. Because the 
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instrument uses a stabilized laser light source to 
provide constant distance interval measurements, 
the instrument measures optical path distance, 
defined, in regions of media other than vacuum, as 
n times the physical thickness.

As mentioned above, the measurement configu-
ration of the interferometer is that of the optical 
autocorrelation mode, in which light reflecting 
from the sample is input to both arms of the 
Michelson interferometer. In the autocorrelation 
mode, light beams reflecting from the sample are 
made to interfere in a way that both arms of the 
interferometer see reflections from all of the opti-
cal interfaces in the sample (as an example the 
front and back surfaces of a film). As the path 
lengths of the coiled fibers in the interferometer are 
changed, a series of visible clusters of interference 
peaks are observed, indicating the optical path dif-
ferences between adjacent optical interfaces. The 
zero-path-difference, or self-correlation condition 
occurs at the point when the two path lengths of 
the Michelson interferometer become equal; in 
which case, all optical interfaces in the sample give 
strong visible interference fringes. The measured 
distance between the largest peak, corresponding 
to this zero path length difference, and the first 
set of adjacent peaks, is a measure of the shortest 
optical path difference in the sample. One major 
advantage of using the autocorrelation configura-
tion is that the interferometer can be located at any 
distance away from the sample interface, provided 
the fiber losses permit it. A system with the mea-
surement head located as far as 10 km from the 
interferometer has been demonstrated. It is also 
a common practice to have a reference reflection 
built into the probe so that the order of peaks in 
the observed interferogram are in the same order 
as the optical interfaces in the sample.

The system processor uses a peak-location 
analysis technique, to find the true center of the 
envelope of a cluster of interference fringes. This 
envelope is, to a first approximation, a cosine func-
tion, having a Gaussian intensity-modulation enve-
lope. Various peak location algorithms to find the 
true location of the interferogram peaks have been 
developed [171] including moment calculations, 
Gaussian-peak analysis and Fourier-phase-slope 
analysis [167]. When using a sampling distance 
interval of λ/4, they provide measurement repeat-
ability better than 10 nm, with samples having suf-
ficient separation between adjacent peaks. Once 

the peak locations are calculated, the appropriate 
distances relevant to the measurements being per-
formed must be computed. Distance calculations 
are noted and compared to defined acceptance 
ranges and thresholds.

We now review a sampling of applications of 
current interest to a variety of diverse fields.

11.6.2  Center thickness, sagittal 
depth, and refractive index 
measurements of contact 
lenses in solution

The refractive index of a lens is an important 
parameter in lens design. When designing a lens to 
have a specific refractive power, the index of refrac-
tion of the material affects the thickness and cur-
vature of the lens. Lens thickness is an extremely 
important parameter in the design of contact 
lenses and intraocular lenses. In soft contact lenses 
the index of refraction also changes as a function of 
hydration and it is important to measure them in 
their hydrated form. Recently LCI and OCT have 
been applied to the measurement of the index of 
refraction of soft contact lenses in solution.

The LCI measurement geometry is shown 
in Figure 11.49 for a contact lens mounted in 
a cuvette filled with saline solution. The opti-
cal probe is located above the cuvette and the 
measurement location is centered on the lens. 
The physical distance from the inner wall of the 
cuvette top to the inner wall of the cuvette bottom 
is do. The saline solution has an index of refrac-
tion ns. The LCI measurements are performed 
with the lens being centered over the optical 
probe of the LCI. The lens has physical thickness 
t l and the optical thickness nlt l is measured where 
nl is the refractive index of the lens. The physi-
cal sagittal depth or sag of the lens is defined as S 
and the optical distance nsS is measured. The top 
gap optical distance nsG is also measured during 
this step. Once the measurements are performed 
as shown in Figure 11.3, the lens can be removed 
from the cuvette without moving the cuvette so 
that nsdo can be measured at the same location. 
The solution is then removed from the cuvette 
without moving the cuvette to measure nado at the 
same location and calculating do using the known 
refractive index of air. Once do is measured then 
ns can be calculated along with S and G. The 
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thickness of the lens t l is then calculated from the 
relationship do − S − G and the index of refraction 
of the lens can then be calculated from the ratio of 
the measured optical thickness of the lens to the 
calculated thickness.

Figure 11.50 shows a sample LCI scan of the lens 
shown in Figure 11.49 measured at the center of the 
lens. Further details of the measurement procedure to 
measure index of refraction and center thickness are 
described in reference [157] along with the appropriate 
relationships. The developed procedure allows us to 
obtain measurement repeatability for group refractive 
index less than 1 × 10−3 for materials with thicknesses 
on the order of 100 μm, when measured in liquid. The 
measurement repeatability further improves for mea-
surements in air, or for thicker materials. Combining 
this measurement with a digital camera to determine 
the diameter of the lens allows one to also measure the 
base curve of the lens [158].

11.6.3  Automotive HUD windshield 
wedge angle and thickness 
assessment

Automotive windshields are comprised of laminated 
safety glass made from two layers of glass that are 
bonded together with one or more layers of polyvi-
nyl butyral (PVB). Most windshields are not simple 
flat structures, but include slight curvatures in both 
the horizontal and vertical dimensions. Many wind-
shields today include an acoustic layer to help elimi-
nate outside noise. HUD technology has recently 
become popular in automobiles as it creates inherent 
driver safety advantages by displaying critical infor-
mation directly in the driver’s line of sight, reduc-
ing eyes off road and accommodation time. This 
is accomplished using a system of relay optics and 
windshield reflection to generate a virtual image that 
appears to hover over the hood near the bumper. The 
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windshield is an integral optical component of the 
HUD system, but in a uniform thickness windshield, 
the windshield-air interface causes a double image 
ghost effect as a result of refractive index change, 
reducing HUD image clarity. It is common practice 
to add a small constant wedge angle to totally elimi-
nate the ghosting effect. However, this only works 
for the standard height driver and the appropriate 
wedge angle should change as a function of height of 
the driver due to changes in viewing angles between 
different drivers [161].

HUD windshields can be scanned over the sur-
face of the windshield with a handheld optical probe 
[160] attached to the autocorrelator instrument 
described above an example of which is shown in 
Figure 11.51. Figure 11.51a shows how the hand-
held fixture is used to measure the windshield of a 
2007 Chevrolet Corvette, equipped with a factory 
installed HUD system. The yellow line is the single 

mode optical fiber cable that connects the optical 
probe to the low coherence interferometer. Figure 
11.51b shows the thickness profile of each layer 
within the windshield. During the measurement, 
the probe is moved at an approximately constant 
velocity for the bottom to the top of the windshield, 
therefore the distance scale in the graph is approxi-
mate. It is observed that the PVB layer gets thicker 
as the probe moves from the bottom to the top of 
the windshield while the thickness of the glass layers 
remains constant. The change in the thickness of the 
PVB layer indicates presence of the wedge angle as 
required for HUD.

Figure 11.52 shows an interferometer single 
depth scan at a single measurement location of a 
five-layer acoustic windshield. The horizontal axis 
corresponds to the travel of the reference mirror 
of the interferometer. The peaks in the signal cor-
respond to the interferometric signal registered by 
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the detector as a function of interferometer scan 
depth. The signal has been demodulated and com-
pressed before it is plotted. The distance between 
the adjacent peaks is equal to the optical thickness 
of the corresponding layer. The five-layer wind-
shield contains an acoustic layer and an additional 
PVB layer, as compared to the three-layer wind-
shield shown in Figure 11.51. Figure 11.52b shows 
the cross-section of the windshield layers along 
with their corresponding refractive indices. The 
interfaces are numbered, with the number 1 inter-
face corresponding to the left-most signal peak on 
the interferometric graph of Figure 11.52a, while 
peak 6 corresponds to the right-most signal peak 
on Figure 11.52a.

Figure 11.53 shows layer thickness distribu-
tion of a five-layer windshield having a constant 
wedge angle over a portion of the windshield, 
located between 225 and 525 mm from the bot-
tom edge, where the thickness of the PVB and 
acoustic layers change linearly. This region of the 
windshield encompasses the viewing location of 
the HUD image for the nominal driver. During 
measurement the probe fixture was moved at a rate 
of 5 mm/s, resulting in 0.1mm spacing between 
 successive data points. The wedge angle of the 
combined acoustic and PVB layers was measured 
to be 0.588 mrad, as calculated from the slope of 
the best fit line for all the data points. The standard 
deviation of the wedge angle was calculated from 
the local slopes using sets of five adjacent locations 
to be 0.011 mrad.

11.6.4  Measurement of cell phone 
displays

The most common touchscreen technology used 
in cell phones is capacitive, an example of the layer 
structure is shown in Figure 11.54a. It is based on 
detecting the change in the capacitance between 
two arrays of electrodes, when the human finger 
approaches the surface of the screen. The touch 
module consists of two layers of electrodes encom-
passing an insulating layer (e.g., layer of glass), 
which acts as a spacer for the capacitor. The mod-
ule is placed on top of an LCD or OLED stack, and 
the overall system is protected by a cover glass (e.g., 
Gorilla glass). In order to attach different compo-
nents of the touchscreen together, manufacturers 
use a layer of adhesive. Unlike the thickness uni-
formity of the glass substrates, the uniformity of 
the adhesive layer is difficult to control. In the past, 
the nonuniformity of the layers was acceptable to 
touch-screen manufacturers. However, as the tech-
nology of touchscreens moves ahead at a high pace, 
manufacturers are experiencing more and more 
pressure to ensure that the layer stacks are uniform 
in order to improve image quality as well as the lon-
gevity and durability of their touchscreens [159].

Figure 11.54b shows the interferometric signal 
acquired for a smartphone touchscreen. The mul-
titude of peaks indicate numerous layers present 
under the surface—one can see the top cover glass, 
the substrates containing indium tin oxide (ITO) 
electrodes, the spacer between the electrodes, and 
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the adhesive layer between the touch module and 
the display. Below the adhesive layer (toward the 
right portion of the graph) are the polarizers and 
the layer containing thin film transistors (TFT). 
Some of the layers, such as the ITO and TFT, are 
much thinner than what the low-coherence inter-
ferometer is able to measure. In this case, the two 
interfaces of such thin layer appear as a single peak, 
and the measured thickness of the adjacent layers 
can therefore be slightly larger than the actual 
material. The numbered thickness regions are 
defined in Figure 11.54b along with their measured 
thicknesses. The same instrument can be adapted 
to generate a visual representation of cross-sec-
tional images during a scan along a line of a screen 
stack as described with respect to Figure 11.55.

Figure 11.55 shows the cross-sectional OCT 
images obtained for different model smartphones 
including Samsung Galaxy S3, S4 and S5, as well as 
two different generations of ipad. These cross-sections 
were  obtained while moving the optical probe in 
the middle of a screen, along the long dimension. 
The devices were lying flat, with the screens facing 
upward. The graphs match this orientation. The lines 
represent the interfaces between the inner layers, with 
the top line corresponding to the outer surface of the 
cover glass. The brightness of the lines corresponds 
to the reflectivity of the interfaces—the brighter the 
line, the more reflective is the surface. One can imme-
diately spot two principal differences between the 
scans. First, the scans for ipads clearly show inconsis-
tent adhesive layer thickness. Second, the thickness of 
the cover glass becomes thinner for more recent ver-
sions of the devices. It is consistent with the manu-
facturing trends for the display cover glass. Note, 

that because the ipad cross-sections were mapped 
by assuming that the top-most surface is flat, the lay-
ers beyond the adhesive layer appear to be deformed 
due the adhesive layer inconsistency. However, most 
likely both the touchscreen and the image display 
layers experience some sort of the deformation. The 
cross-sectional image can be reacquired by mapping 
the top surface with respect to a known flat surface in 
order to map out the deformations exactly.

11.6.5  Imager flatness assessment 
and simultaneous thickness, 
surface and index profiling

Surface profiling is an important aspect of many 
industrial processes. We describe here its applica-
tion to the measurement of flatness of large imag-
ers and wafers after being glued into a package. 
Here, a thick optical flat is placed above an imager 
that has been glued into a package or a large wafer. 
It is coupled to an XY scanning frame as shown 
in Figure 11.56a. The bottom surface of the opti-
cal flat becomes the reference surface in order to 
determine the flatness of the imager. Figure 11.56b 
shows the surface profile results, at a measure-
ment rate of 200 Hz, with the instrument set to 
take y-axis steps of 0.25 mm, as it is scanned at a 
rate of 50 mm s21 along the x-axis. The data are 
shown relative to the best reference plane and 
are inverted. It can be seen that this imager has 
a slightly convex surface, being bowed upwards 
by about 6 μm in the center. Profiles can also be 
obtained before, during and after curing of the 
imager into the package.
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We now discuss how we have extended the 
concept, to perform very rapid profiling of sev-
eral simultaneous properties of films, as they pass 
rapidly through the measurement cell shown in 
Figure 11.57. This optical cell design is used for 
simultaneous thickness, surface and (refractive) 
index profiling (SSTIP) of polymer films, glasses 
and semiconductor wafer materials [164]. In the 
cell shown in Figure 11.57 the sample is placed 
between a pair of thick optical flats and can be 
held flat. An XY scanning frame is located above 
the optical probe and the distance between the 
stationary optical flats as a function of position 
do can be measured and assumed to be invariant. 
Variations in the top gap distance d2 between the 
top glass optical flat and the sample as a function 
of position defines the top surface profile of the 
film sample. Likewise, variations in the bottom 

gap distance d1 between the bottom glass optical 
flat and the sample as a function of position defines 
the bottom surface profile of the film sample. The 
optical thickness of the film nt is also measured as 
a function of position. As in the contact lens case 
the thickness of the film as a function of position is 
calculated as t = do − d1 − d2 as a function of position 
and the film index of refraction is calculated as the 
measured optical thickness divided by the thick-
ness calculated at each measured location.

11.6.6  On-line coating thickness 
measurements

LCI and OCT can be used to assess coating hop-
per processes. They can be used to assess coating 
uniformity, and coating dynamics. They have been 
utilized to assess the time it takes a production 
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process to settle down and reach steady state after 
the production fluids are first introduced into the 
coating stations. Figure 11.58 shows a photograph 
of an eight adjustable optical probe mount fixture 
with two optical probes mounted on the probe 
mounts and installed on a production multilayer 
coating station. During operation the line of opti-
cal probes can be scanned across the width of the 
hopper to assess uniformity of all of the layers 
simultaneously.

Figure 11.59 shows data from a hopper purg-
ing experiment in which water was replaced with a 
coating solution. It is important to determine when 
the coating solution stabilizes to its desired final 
concentration and flow rate. The optical thickness 
of the coating solution flowing down each of the 
slots is measured as a function of time and the stabi-
lized thickness is noted. In no cases did it take more 
than 10 L of flow to reach the equilibrium thickness. 
Thus the 10-L point was used as the normalization 
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Figure 11.56 (a) Photograph of a testing arrangement for testing imager flatness. (b) 3-D map of 
imager surface for the imager shown in (a).
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point for the data. The plots show the normalized 
measured thickness or concentration as a function 
of total flow through the slots. Most of the slots and 
runs show very similar trends. When we lowered 

the flow rate from 4 to 2 L/min the fluid took longer 
to stabilize at its final equilibrium point.

This section has provided an overview of some 
industrial applications for OCT and LCI.

Figure 11.58 Photograph showing multiple probes for on-line assessment of liquid layer thickness 
during operation of a coating plant.
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11.7  CONCLUSIONS

This chapter has given an overview of the field of 
fiber sensors, starting with simple intensity types, 
then more complex interferometric ones. Designs 
for multiplexed and fully distributed sensors have 
been dealt with in considerable depth. The chap-
ter has concluded with an overview of various 
applications for low coherence interferometry and 
OCT which are being used in industrial process 
monitoring and control applications. Owing to the 
breadth of the subject, even this large chapter could 
not cover many concepts, so the authors apologize 
to any researchers if their work has been omitted. 
A comprehensive bibliography is given below in 
order to allow the reader to glean further details 
of this subject.

It has been shown that there are very many 
ways of sensing using optical fibers. Many sensors 
reported in scientific papers will retain only aca-
demic interest, but a few technologies are already 
making significant inroads into industrial, medi-
cal and military applications. The general trend, 
as with any relatively new technology, is first to 
fill niche markets, before costs can eventually be 
reduced to meet mass markets. Although more 
complex in nature, the use of techniques for 
achieving multiplexed and distributed sensors 
is increasing rapidly. It is difficult to general-
ize on preferred approaches, but the TDM and 
WDM methods of multiplexing, and OTDR-
type methods (including Raman, Brillouin and 
fluorescent variants) for distributed sensing have 
many advantages. The achievement of more sen-
sors per monitoring station, and the correspond-
ingly greater ease of making comparisons of the 
measurand value at each sensor head, is a factor 
likely to increase the practical use of optical sen-
sor systems. The major area requiring evolution 
of technology is the extension of these methods 
to address (and separate effectively!) several 
different physical parameters simultaneously 
on a common optical highway in an economic 
manner.

It will be interesting to observe which methods 
endure the passage of time to be developed into 
cost-effective and reliable system instrumentation. 
The factors in favor of optical sensor highways are 
the ever-decreasing cost of fiber cable and the dra-
matic improvements of cost and performance of 
optical components.
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12.1  INTRODUCTION—SENSING BY 
LASER RADAR (LIDAR)

12.1.1  Laser radar and laser 
properties

The myriad of modern applications for lasers 
includes the remote sensing and investigation 
of distant objects. When this work is conducted 
outdoors, at ranges of a few tens of metres to 
many hundreds of kilometres, the subject is usu-
ally called “laser radar”. It must be admitted that 
this is something of a misnomer—the term radar 
itself derives from “radio detection and ranging”, 
which was of course developed over 60 years ago 
for detection of aircraft by long-wavelength radio 
waves. However, we are presently considering the 
use of very much shorter wavelengths—that is, 
light waves in the visible and near-visible region. 
In consequence, the terms “lidar” for “light detec-
tion and ranging” and “ladar” for “laser detection 
and ranging” have also been introduced. While 
some attempts have been made to differentiate 
the usage of the three expressions “laser radar”, 
“lidar” and “ladar”, they are in fact generally used 
freely and interchangeably. However, one can do a 
great deal more than just “detect and range” with 
lasers. In consequence, two other terms are also 
used for more specific applications: laser Doppler 
velocimetry (LDV)—use of the Doppler prin-
ciple for remote velocity measurements, and dif-
ferential absorption by laser (DIAL)—chemical 
detection with lasers tuned on and off resonance 
absorption.

The principle of laser radar is of course very sim-
ple and straightforward. The laser beam is sent out 
from an optical transmitter towards the object of 
interest, often referred to as the “target”. The target 

will scatter light from the beam and some of this 
will be reflected back towards a receiver—usually 
placed adjacent to the transmitter and often indeed 
using the same optical arrangement set up as a 
transmitter/receiver. This scattered and reflected 
light will contain information about the target so 
that, after the light has been detected within the 
receiver and converted into an electrical signal, the 
information may be extracted. Lasers have many 
very desirable properties for use in remote sensing 
and these are summarized in Table 12.1. Many of 
these laser properties and the unique characteris-
tics of laser radiation are discussed at considerable 
length in other chapters of this volume, but it is 
worth noting a few points of particular relevance 
to remote sensing.

Many of the secondary characteristics derive 
from the primary characteristics; thus, precise 
focusing and pointing accuracy are due to good 
coherence properties and, combined with high 
brightness, can contribute enormous power den-
sity (it has been noted that, in certain high energy, 
exceptionally short-pulse lasers, the actual instan-
taneous power level may be greater than all the 
power stations of the world combined). Of particu-
lar value for lidar operation is the wide range of 
available lasers and wavelengths, extending from 
the near ultra-violet at wavelength λ ~ 0.3 μm up to 
the mid infra-red at λ ~ 12 μm. For outdoors, any 
laser system must of course be operated in a way 
that presents no hazard whatsoever to people or 
equipment in the locality. At wavelengths between 
~0.38 and ~1.5 μm, this necessitates careful control 
of the transmitted beam to ensure laser intensity 
levels remain below established thresholds (tak-
ing account of scintillation in the atmosphere; see, 
e.g., Reference [1]). In the so-called eye-safe regime 
(λ < 0.38 and > 1.5 μm), where radiation is at least 

Table 12.1 Laser properties

Primary characteristics High brightness
Good spatial coherence
Good temporal coherence

Secondary characteristics Wide range of available wavelength
Continuously tuneable in certain regions
Continuous wave (cw) and pulsed output
Great pointing accuracy
Precise focusing
Enormous power density
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not transmitted through to the retina, conditions 
are not quite so stringent. Thus, for many applica-
tions, operation with such eye-safe lasers has been 
preferred. This in fact has rather profound implica-
tions for the development of lidar technology and 
its broad division between the two classes of laser 
radar discussed in the following sections.

12.1.2  Remote sensing applications 
of laser radar

A list of actual and potential remote sensing appli-
cations for lasers is given in Table 12.2. For such a 
great range of tasks, a wide variety of principles, 
techniques and systems have been applied and 
developed; some of the more important aspects of 
these are outlined in the following two sections. 
Following such basic considerations, there are a 
number of possible ways of discussing their appli-
cation to remote-sensing problems; one could, for 
example, provide a categorization based on the 
lidar base from fixed or mobile ground platforms, 
from the air (by balloon or aircraft) or from a space 
craft. However, a categorization based on the field 
of application seems likely to be more informative. 
Accordingly, in the present report, lidar remote 

sensing is discussed under six separate head-
ings: atmospheric sensing; problems in aviation; 
chemical and pollution studies; military applica-
tions; geoscience; and measurements from space. 
Obviously, most of these individual topics overlap 
across several of the items listed in Table 12.2.

The present chapter deals with active remote 
sensing by laser. For an account of passive sens-
ing with thermal emission in the infrared, see, for 
example, Chapter 19 of Volume I. For a short list of 
further reading including books, reviews and com-
pendia of papers, see the Reference section at the 
end of this chapter.

12.2  SOME FUNDAMENTAL 
CONSIDERATIONS IN LASER 
RADAR

12.2.1  Basic principles and 
phenomena for remote 
sensing with lasers

Some of the basic principles and phenomena that 
may be utilized in laser radar are indicated in 
Table 12.3. The scattering of light from the target 
is of course fundamental to the technique and has 

Table 12.2 Some remote-sensing applications of laser radar

Wind measurement—meteorology, airfield and aircraft shear and turbulence warning, aircraft wake 
vortices

Atmospheric measurement—clouds, precipitation, aerosols (dust), temperature, pressure, dispersion
Chemical species, pollutant and gas detection
Airborne operation—avionics data, true airspeed, obstacle and terrain avoidance
Scene and object imaging with various discriminants—intensity, glint, polarization, frequency 

shift, etc.
Range and three-dimensional sizing, depth sounding
Vibrational analysis of surfaces and structures
Spaceborne measurements—cloud, atmospheric scattering, global wind field

Table 12.3 Some basic principles and phenomena for laser sensing

Light scattering: elastic, specular, diffuse, Mie, Rayleigh, Brillouin, Raman
Differential absorption
Fluorescence
Surface heating and vaporization
Light propagation (diffraction and speckle)
Doppler effect
Interference (interferometry; light mixing/beating/heterodyning)
Timing principle
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many possible forms. Of those noted, elastic (with-
out gross change of frequency), specular (mirror-
like) and diffuse (as from a rough surface) are 
terms relating to surface scattering. Mie refers to 
scattering from particles of size comparable with 
the wavelength λ. Rayleigh and Brillouin scatter-
ing arise from density fluctuations due to thermal 
effects at the surface and (more strongly) within 
the bulk of a material, whereas Raman scattering is 
re-radiation following changes of internal energy 
levels within individual molecules. Analysis of 
light scattering thus has the capability to provide 
physical information at many different levels.

Differential absorption, fluorescence and sur-
face heating/vaporization are generally specific 
to the target and may be used with an appropriate 
choice of laser wavelengths to provide chemical-
type information.

The available laser beam sizes and speckle 
effects of laser radiation are of course determined 
by well-established principles of optical propaga-
tion. In lidar work, the outgoing laser beam will 
usually be setup in the lowest order optical mode 
(TEMoo) with Gaussian (bell-shape) intensity dis-
tribution. At a distance z from the minimum beam 
waist diameter d0, the beam size is given by

 
D z d z d1 4 /2

0
2

0
2 2( )( ) = + λ π



  

(12.1)

This minimum beam size, d0, occurs where the 
beam is collimated (i.e., where the wave front is 
plane). As shown in Figure 12.1, in lidar operation, 
the laser may be transmitted in either one of two 
forms: as a focused beam on a nearby target (usu-
ally up to ~1 km) or as a collimated beam onto a 
distant target. In either case, from Equation 12.1, 
if 0 ≪ d(z) then

 d z( ) /z 0≈ λ π  (12.2)

and the angular divergence of the beam is given by

 d z z( )/ 4 / 1.27( /0)0≈ λ π = λ  (12.3)

From these expressions, it is easy to show that 
a 10 cm diameter beam (DT in Figure 12.1a) at 
λ = 10.6 μm may be brought to a focus of 0 = 1.36 cm 

at a range R of z = 100 m. Conversely, for a colli-
mated beam at the transmitter with DT = 0 = 10 cm 
(in Figure 12.1b) the beam size DF at 10 km range 
and λ = 10.6 μm would be 1.36 m. These values of 
beam diameter reduce very sharply with shorter 
wavelength λ (note the λ term in the numerator 
of Equation 12.2). However, the refractive effects 
of atmospheric turbulence are much greater at 
the shorter wavelength. These introduce optical 
aberration in the light path so that, in the lower 
atmosphere at least, it is difficult to focus the 
shorter-wavelength beams any more sharply than 
longer wavelengths (see Section 12.3.4 following). 
This, of course, no longer holds true high in the 
atmosphere or in space.

Figure 12.1c illustrates a laser beam of radius 
DR illuminating a rough surface that is shown as 
an assembly of small scatterers, which reflect the 
beam in all directions. Typically, at a distance R, 
the interference of the light from all these many 
scatterers will produce a random speckle pattern. 
The characteristic size Ds of these speckle blobs 
is given by a similar expression to Equation 12.2 
with

 ≈ λD R D· /s R  (12.4)

Thus, as the beam illuminating the target gets big-
ger, the speckle size decreases. The fluctuations of 
speckles, and their temporal and statistical char-
acteristics for moving targets, are a complex and 
fascinating topic and will be touched on in various 
sections of this report.

The next item in Table 12.3, the Doppler effect, 
is the well-known change in frequency of a wave 
from a moving object (as typified, for example, 
from a passing train whistle or a police siren). 
Exactly the same thing happens in the light radia-
tion scattered from a moving target. In back scat-
tering (i.e., that light scattered back towards the 
transmitter) the Doppler shift fD is given by

 = λf V2 /D R  (12.5)

This is illustrated in Figure 12.2a where VR, equal 
to Vcos θ, is the radial line-of-sight component of 
motion of the scattering target.

Laser radiation in the visible and near-visible 
region is, of course, of a very high frequency that 
cannot be followed by available detectors. Green 



12.2 Some fundamental considerations in laser radar 435

light of λ = 0.5 μm, for example, is of frequency 
f = 6 × 1014 Hz or 600 THz and from Equation 12.5 
the Doppler shift at λ = 0.5 μm due to a mov-
ing target with VR ≡ 1 ms−1 is only 4 × 106 Hz or 
4 MHz. Such a small shift may be measured with 
advanced classical spectroscopic techniques of 
high-resolution interferometry, employing, for 
example, Fabry–Perot etalon filters. However, the 
interference principle may also be employed to 
measure this Doppler shift as added to the much 
higher “carrier” frequency of the laser fL. Thus, if 
the shifted and unshifted beams in Figure 12.2b 
are superimposed at a detector, the electromag-
netic fields of the local oscillator beam at frequency 
fL and the scattered beam (from a moving target) of 

frequency (fL + fD) will beat or heterodyne together. 
In consequence, the detector will provide an oscil-
lating electrical signal iS at the difference frequency 
(fL + fD) − (fL) = fD, as described in the following 
section.

Finally, we consider the timing principle as 
indicated in Figure 12.2c. If a laser beam is trans-
mitted as a very short, sharp pulse of length Δtp, 
the measured time-of-flight tf to and from a target 
gives a measure of the range R and range resolu-
tion ΔR as

 R ct /2f=  (12.6a)

 R c t /2p∆ = ∆  (12.6b)
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Figure 12.1 Illustration of the focusing of laser beams and laser speckle. (a) Converging beam of diam-
eter DT transmitted from a lidar telescope and focusing to a diameter 0 at range R. (b) Collimated 
beam (with plane wavefront) DT propagating to a diameter DF at a distant range. (c) Laser speckles (of 
typical size ~Ds) due to a scattering from a rough surface illuminated with a laser beam of size DR.
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where c is the velocity of light (~3 × 108 ms−1). Thus, 
a 10 ns pulse system will readily provide a range res-
olution of 1.5 m, which may be adequate for many 
purposes; shorter pulses may be readily employed 
to provide centimetric precision or better.

12.2.2  Basic techniques: Incoherent 
direct-detection and coherent 
light-beating

For many applications, the scattered light from the 
target may be directed to a detector with no more 
than a simple optical filter to cut down most of the 

background light. However, for more advanced 
applications, as outlined briefly above and shown 
schematically in Figure 12.3, there are two basic 
lidar techniques for detection and spectral analysis 
of the scattered light field:

 ● Direct detection or optical/frequency domain 
spectroscopy in which the light field is oper-
ated on by optical elements prior to detection.

 ● Post-detection or time domain spectroscopy in 
which analysis is conducted after the light field 
is detected, often in conjunction with a coher-
ent heterodyne local oscillator beam.

fL

V

θ

fL

fL +  fD fL +  fD

fL Beam
splitter

(a)

(b)

(c)

“Target”

R

Lidar

Detector

iS ,  fD

tP

Figure 12.2 (a) Schematic of the Doppler frequency shift in light backscattered from a moving object. 
As shown, the line-of-sight velocity component is V cosθ and thus the Doppler shift is fD = 2V cosθ/λ. 
(b) Illustration of light beating or heterodyning by mixing the two beams at the surface of a detec-
tor which provides an oscillating electrical signal is at the difference frequency fD. (c) Schematic of 
a simple time-of-flight laser rangefinder. If the measured time delay to the target and back is tf the 
range R is ctf/2.
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The two techniques are thus different at a very fun-
damental level and have been extensively discussed 
(see, e.g., References [2,3]). In the older direct-
detection techniques, the beam may be operated 
on by various classical interferometric devices 
(two-beam: Michelson, Mach–Zehnder, etc.; mul-
tiple-beam: Fizeau, Fabry–Perot, Lummer–Gehrke 
plate, echelle, grating, etc.) to form a visibility 
curve or spectrum from which spectral informa-
tion may be derived. In post-detection, coherent 
heterodyne methods, the spectrum is formed (or 
equivalent information derived) by manipulation 
of the electrical signal as it emerges serially in time 
from the detector element.

For coherent operation with full mixing effi-
ciency, very good control of the local oscillator 
beam and scattered signal beam is required, with 
very precise matching of the wavefronts and optic 
axes. A fundamental characteristic of such an 
arrangement is that, in effect, the local oscillator 
beam selects just a single mode of the scattered 
radiation field. This ensures that the full speckle 
characteristics of the scattered radiation (ampli-
tude, frequency, phase), with all the dynamic and 
fluctuation parameters, are fully preserved in the 
measured electrical signal (in contrast with direct 
detection where these properties are necessarily 
smeared out by integration over a finite optical 
aperture). In essence, the coherent technique pro-
vides a measure of the vector sum of the amplitude 

of electromagnetic field, Ĕs, over the detector, 
whereas, in direct detection of the scalar sum of 
intensities, Es

2  is formed. The coherent beating 
technique thus provides an important and perhaps 
little appreciated spectroscopic tool; probability 
distributions, higher moments, autocorrelation 
functions, structure functions and fractal char-
acter may be investigated for different fields (see, 
e.g., Reference [4]) and there is wide application to 
many aspects and phenomena of laser physics.

Not surprisingly, the information transfer by 
these two different forms of operation on an elec-
tromagnetic field is very different. The most signif-
icant factor is the rate of photons detected within 
a single coherence area (an étendue of λ2) per unit 
band pass and, most particularly, the number of 
detections from one cell of phase space, equivalent 
to the number of counts per coherence time and 
usually called the photon degeneracy parameter δ. 
In coherent time-domain techniques operating on 
a single optical mode, the available etendue or light 
grasp is limited to λ2. On the other hand, in direct-
detection, interferometric methods, the optical fil-
ter acts directly on the light field and one measures 
the direct current component of the signal col-
lected in a beam of etendue U, which can be many 
times larger than λ2.

A summary comparison of the two techniques 
is given in Table 12.4. As will be seen in the follow-
ing sections, the basic choice of technique will be 

(a) Direct detection

Optical
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(b) Heterodyne detection

Optical
signal

Local
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Optical
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Photodetector
(rectifier)

Electrical
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Figure 12.3 Schematic of the two basic forms of laser radar showing the flow diagram of optical to 
electrical processing. Direct detection lidar in which the scattered light is collected by the receiver 
and passed directly via an optical filter to the detector. At high resolution, interferometric stability 
will be required in the optical filter. Coherent heterodyne lidar in which the scattered light is mixed 
with an optical local oscillator beam derived from the original laser as in Figure 12.2b. In this case, 
very precise, interferometric control and matching optic axes and wavefronts of the two beams are 
required as they beat together at the surface of the detector.
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dictated by the problem in hand and the most appro-
priate laser source for that problem. In broad terms, 
the large photon energy at shorter wavelengths 
means that detectors should be comparatively free 
of noise, so direct detection techniques may be pre-
ferred for λ ⊰ 1.5 μm. At longer wavelengths with 
heterodyne techniques, shot noise in the local oscil-
lator beam may be used to dominate thermal noise 
in the detector to provide quantum-limited detec-
tion of the signal beam. A more detailed evaluation 
of signal-to-noise ratio and measurement accuracy 
is provided in Section 12.3.3 following.

12.3  LIDAR TECHNOLOGY AND 
SYSTEMS

12.3.1  The building blocks of a lidar 
system

The basic elements of a laser radar are indicated in 
Figure 12.4. In the design of a system for any given 

task, there are many aspects to be considered and 
choices to be made. Immediately obvious factors 
include the nature of the target and the information 
required from it, the environment and type of plat-
form (ground, air or space) from which the lidar 
must operate and not least the available financial 
budget. Some of the vast range of technical con-
siderations and options are shown in Table 12.5. 
This list serves to establish both the intellectual 
challenge of laser radar and the diversity it offers 
of basic science, advanced technology and field 
measurement. In the present work, it is obviously 
not appropriate to consider all the various building 
blocks shown in Figure 12.4 and Table 12.5 in any 
detail. It is, however, worth outlining a number of 
issues. These include (1) propagation in the atmo-
sphere, the choice of lasers and the relative merits 
of working at various wavelengths; (2) basic ques-
tions of signal to noise and  calibration of lidars; 
and (3) some consideration of range resolution 
and optical and system design issues for operation 
from different platforms.

Table 12.4 Comparison of direct-detection and coherent techniques

Direct detection Coherent heterodyne

Scattered radiation optically manipulated before 
being passed to detector

Scattered radiation mixed (heterodyned) with 
coherent local oscillator beam

Measures scattered intensity in selected frequency 
intervals

Full phase, frequency and amplitude 
information available

Light may be collected in many optical modes Light collected in asingle optical mode 
Some relaxation of laser characteristics may be 

available (depending on frequency resolution 
required)

Laser requires to be of high spatial and 
spectral purity

Relatively simple optical arrangement of transmitter 
and receiver but interferometric stability required 
in analyzer

Very precise, stable, optical arrangement 
required to maintain wavefront matching of 
scattered and local oscillator beams

Quasi-noise free detection at shorter wavelengths; 
additional noise source at longer wavelengths

Detector noise at longer wavelengths may be 
advantageously dominated by the local 
oscillator shot noise

Laser Optics

Signal
processor

Propagation

Data
analyserDetectorOptical

control

Target

Information

Figure 12.4 The basic components of a laser radar. See text and Table 12.5 for an outline of the many 
technical considerations and options for the various components.
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12.3.2  Atmospheric transmission and 
choice of laser

For field operation at useful ranges, one generally 
requires a laser with good transmission through 
the atmosphere (although it may be noted that, for 
some operations, a lidar with limited sensing out to 
a few tens of metres, and which thereafter is rapidly 
absorbed, may be valuable). Figure 19.2 in Volume I 
shows a low-resolution spectrum of transmission in 
the atmosphere near ground level in clear weather. 
Only certain regions in this spectrum (known as 
“atmospheric windows”) can be used for remote 
sensing over extended ranges. As is obvious in 
Figure 19.2, Volume I, the absorption due to molecu-
lar components, primarily water vapour and carbon 
dioxide, in the atmosphere establishes three primary 
bands of good transmission: from the near-ultra vio-
let at ~0.3 μm through the visible region and up to 
~2.5 μm; 3–5 μm; and the longer-wavelength 8–13 μm 
region. Table 12.6 shows a brief list of lasers that may 
be used. At the shorter wavelengths, a vast range of 
lasers is available, including gas lasers (e.g., argon ion 
Ar+, helium–neon He–Ne, etc.), solid state (e.g., ruby, 
neodymium–yttrium aluminium garnet, Nd-YAG, 
etc.) and semi-conductor and fiber amplifier lasers.

The 3–5 μm range is less well served with CO 
and various He–Ne–Xe lasers and OPOs currently 
offering rather low efficiency in conversion of elec-
trical to optical laser power (so called “wall-plug” 
efficiency). In the 8–12 μm band, carbon dioxide 

CO2 lasers are widely used and offer both high effi-
ciency (often >10%) and a very wide tuning range 
over many possible molecular lasing transitions.

Selection of the laser type and most effective 
lidar for a given remote-sensing problem are obvi-
ously determined by a vast range of factors, some 
of which are indicated in Table 12.5 and further 
discussed in the following section. Any decision is 
often a matter of best engineering judgement and 
not susceptible of scientific “proof”. Over the years, 
considerable controversy has sparked between 
advocates of different lasers and systems; such 
arguments have usually generated rather more heat 
than light and on occasions have delayed progress.

12.3.3  Signal strength, signal-to-
noise and lidar calibration

The signal return power, collected by a laser radar 
from a large, solid, hard target (bigger than the 
laser beam), can be written as

 = ⋅ε π  ⋅ αP P A R T/ e R
R T

2 –2

 (12.7)

where PT is the transmitted power, e is the target 
reflectivity, A is the effective collection area of the 
lidar receiver and R is the range to the target from 
the lidar. Note that, if the target is small compared 
with the beam, the range dependence becomes 
1/R4. The atmospheric absorption coefficient for the 
operating wavelength is α and T is the transmission 

Table 12.5 Some technical considerations and options in the design of a coherent laser radar (see also 
Figure 12.4)

Laser Power level, pulsed/cw, wavelength, line stability, coherence, lifetime, mass, 
volume, power supply, cooling, etc.

Optics Size, uniaxal/biaxal, optical/mechanical precision, field of view, temperature 
effects, longterm stability, etc.

Optical control Scan patterns, speed, range discrimination, aiming, switchability, etc.
Propagation Attenuation, aberrations—turbulence, absorption, etc.
Target Scattering, signal strength, range, Doppler shift, signal fluctuations and 

statistics, speckle, coherence time, etc.
Detector Bandwidth, sensitivity, noise characteristics, cooling, etc.
Signal processor Frequency, integration times, repetition rate, thresholds, missed signals, false 

alarms, etc.
Data analyzer Parameters, integration times, repetition rate, thresholds, missed signals, false 

alarms, etc.
Information Range, velocity, bearing, elevation, character, signal strength, fluctuations, error 

rates, etc.
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of the lidar optics. For a direct detection lidar 
(Figure 12.3a), the effective collection aperture Adir 
is given by the area of the lidar-receiving telescope 
(and as dictated by the available etendue U of the 
analysing interferometer). However, for coherent 
lidar (Figure 12.3b, the situation is somewhat more 
complex, as discussed in Section 12.2.2. To a good 
approximation, with a well-adjusted system, the 
effective area of the collection aperture for a het-
erodyne system can be written as

 A A A A[1/ 1/ 1/ ]het SP LO AT
–1= + +  (12.8)

where ASP is the average area of a speckle element 
(Figure 12.1c) in the return field. The influence of the 
local oscillator and its spatial profile is incorporated 
by the ALO term. Atmospheric turbulence is incor-
porated by the AAT coherence area term. Turbulence 
effects will dominate, and the return signal will be 
greatly reduced, if AAT is smaller than the combina-
tion of the unperturbed speckle and local oscillator 
areas ASP and ALO. Physically, this means that, with 
reference to Figure 12.1c, the speckles have been 
broken up by the turbulence-induced refractive 
index fluctuations and are much reduced in size.

In a lidar experiment, the accuracy with which 
a parameter may be measured will be governed 
by the signal-to-noise ratio (SNR). This in turn is 
fundamentally constrained by the quantum nature 
of light and the number of photons in the signal. 
Thus, for an experiment lasting a time te with a 
signal power Ps and effective quantum efficiency 
of the detector of η, the mean number Ns of sig-
nal photons detected (each of energy hν where h is 
Planck’s constant and the angular frequency of the 
light ν is equal to 2πc/λ) will be given by

 N P h t( / )s s e= η ν  (12.9)

The SNR relations for direct and coherent detec-
tion are, in fact, rather different. With reduced 

spectral discrimination in direct detection, there 
is the possibility of collecting background light Nb 
(e.g., daylight) not related to the signal, and also a 
noise contribution Nd from the detector itself so 
that the average measured signal 〈Nm〉 is given by

 N N N Nm s b d= + +  (12.10)

From this, it might erroneously be supposed that 
the SNR would be given by NS/(Nb + Nd). This, 
however, provides no indication of the accuracy 
with which the signal can be measured, for which 
we need the fluctuations in these quantities. The 
magnitude of the root variance Ns is, in fact, for 
commonly met statistics, given by N S

1/2, with 
similar expression for background and detec-
tor noise. Thus, measurements of detector out-
put, with and without signal present, provide an 
SNRdir given by

=

= + + + +

= η ν + + + +

N N N N N N

t h P P P P P

SNR (measured signal)/ {sum of variances}

( )/[( ) ( )]

( P )/( ) [( ) ( )]

dir
1/2

s s b d d h
1/2

1/2
S e

1/2 1/2
s h d d b

1/2

 
 (12.11)

In the case where Ps ≫ Pb, Pd the SNR reduces to 
N S

1/2. In this case, the “noise” is truly “noise-in-sig-
nal”, as governed by the quantum nature of light 
detection.

In coherent heterodyne detection, due to the 
mixing of the local oscillator light field ELO and the 
signal light field ES, the detector provides an elec-
trical signal is proportional to their product so that

 i E Es LO s∝  (12.12)

Analysis shows that, in a well-adjusted system, the 
coherent SNRcoh in the power spectrum of the sig-
nal is given by

Table 12.6 Some of the lasers that may be employed for lidar work in the visible and near infrared

Gas lasers He–Ne 0.63 μmm; Ar+0.45–0.55 μmm; CO, He–Ne–Xe 3–5 μmm; CO2 9–12 μmm
Solid state Nd-YAG—1.06 mm (and frequency doubled 0.53 mm and frequency tripled 

0.35 mm); ruby 0.65 μmm; Tm, Ho: YAG: YLF 2–2.2 mm
Diode lasers 0.8–1.6 μm with power augmented in optical fiber amplifiers; distributed feedback 

(DFB) lasers 1.55 μmm
OPOs Optical parametric oscillators, tunable 3–5 μmm
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 P h B N BSNR / /c s s= η ν =  (12.13)

where η is the effective quantum efficiency of the 
detector and B is the operational frequency band-
width for the lidar system. It is supposed that the 
local oscillator has been arranged so that its own 
photon shot-noise is the dominant term above 
any contribution from even an inherently noisy 
detector. The bandwidth term B requires careful 
consideration. In the lidar signal processing, the 
instrumental bandwidth BI requires to be well 
matched to the frequency band Bs over which the 
signal is spread. If BI is set much greater than BS, 
the SNRcoh is unnecessarily diminished. If it is set 
much smaller, not all the signal photons are effec-
tively utilized.

The precision with which frequency measure-
ments (e.g., Doppler shifts) may be made can be 
analysed in terms of the Cramer–Rao relationship. 
For direct detection, interferometric spectroscopy, 
the Cramer–Rao relationship gives the limiting 
(standard deviation) accuracy δW, with which the 
centre of a Gaussian spectral line profile can be 
found, as

 W W N0.425 G S
1/2δ ≥ −

 (12.14)

where Ns is the total number of photocounts dis-
tributed across such a line profile of width WG 
(half width at height e 1/2− ). This is illustrated in 
Figure 12.5 by the lower line of slope −1/2, show-
ing attainable accuracy versus total photocount. 
These total photocounts may be accumulated by 
summation over many individual laser pulses and, 
as noted, across a collection aperture containing 
many optical modes (provided they lie within the 
allowable etendue of the interferometer).

For coherent heterodyne spectroscopy, the situ-
ation is very different (see, e.g., Reference [2]). The 
simple Cramer–Rao relationship of Equation 12.14 
needs to be multiplied by a complex term contain-
ing the photocount degeneracy δ. The effect of this 
is manifest in the upper curves of Figure 12.5 for 
accumulation of n = 1 and n = 100 laser pulses. As 
outlined in the previous section, the light signal 
must be collected within a single optical mode and 
for a low photocount the slope (for degeneracy δ < 
3.3) is close to −1 and the accuracy is best improved 
by increasing the laser energy per pulse. Only for a 
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Figure 12.5 Schematic of the standard deviation of Doppler frequency estimates as a function of the 
total effective photocount on log-log scales. Line (a) shows the direct detection Cramer–Rao limit 
with slope −1/2. Curve (b) is the heterodyne Cramer–Rao for n = 1 shot (i.e., pulses); note the slope of 
−1 at low photocount and tending to zero and saturation at high photocount. The arrow indicates the 
region of closest approach with photocount degeneracy δ ≈ 3.3. Curve (c) is the heterodyne Cramer–
Rao for n = 100 shot (i.e., pulses): this is a translation of curve (b) by a factor of 100 in effective photo-
count and a factor on (n)1/2 = 10 in standard deviation accuracy.
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higher photocount (δ > 3.3, deriving from stronger 
scattering) is the accuracy best improved by accu-
mulating over a number of pulses. There is thus a 
very clear difference in the design considerations 
for the two classes of lidars. For direct detection, 
the available laser energy may be spread without 
undue penalty over many pulses—the total effec-
tive photocount and accuracy depend only on the 
total energy transmitted (and proportionately scat-
tered). For coherent heterodyne spectroscopy, it is 
essential (at lower scattering levels) to make the 
energy per pulse as large as possible to ensure that 
δ is as large as possible.

Further examination of signal statistics, process-
ing, etc., is beyond the scope of the present chap-
ter. The subject rapidly becomes extremely complex 
with many highly specialized techniques. It is, 
however, worth considering the topic of calibra-
tion and performance (see, e.g., References [5–8]). 
Equations 12.7 and following relate the lidar signal 
to the lidar parameters. If any of these latter are in 
any way defective, e.g., poor optical transmission T, 
inefficient detector η, reduced laser power PT, etc., 
the system performance will be impaired. It is, in 
fact, often remarkably difficult to prove by abso-
lute calibration test of signal strength that a lidar 
system (particularly a coherent system) is working 
to its full potential. The principle of calibration is 
fairly straightforward; given a test target of well-
known scattering characteristics (with reliable ε in 
Equation 12.7) a SNRcalc is calculated for the lidar 
from all its individual, precisely-measured, parame-
ters (e.g., optical transmission of lenses, beam split-
ters detector quantum efficiency, etc.) as inserted 
into the lidar equations. This value is then com-
pared with that SNRobs which is actually observed at 
the output of the lidar signal processing. Any major 
discrepancy requires explanation and a search for 
defective elements, alignment and signal processing 
components. It is of course extremely important to 
conduct such an exercise; a 3 dB (factor of 2) loss in 
SNRobs for example would either require in compen-
sation a doubling of laser power or provide a range 
performance reduced by at least 30%.

12.3.4  Range resolution, optical and 
system design issues

For pulsed lidars, the range and range resolution 
are given by Equation 12.6a and b and the selec-
tion of time delay tf, length of laser pulse Δtp and 

the length of the timing interval Δtg (often called 
the “range gate”) in the signal-processing system. 
Pulse length and range gate are usually set to be 
rather similar for most effective operation. As 
noted in Section 12.2.1, a 10 ns pulse gives a range 
resolution of 1.5 m, which may provide adequate 
accuracy for range measurement on a solid distant 
object. For an extended target, such as the atmo-
sphere, measurements over successive volumes 
along the laser beam may be required, in which 
case, for example, a 1 μs pulse (and matched signal-
processing range gate) would give ~150 m resolu-
tion. In this case, measurements up to 15 km would 
require 100 equal range gates, each of equivalent 
length 150 m in the processing.

For direct detection, the signal strength has 
a range dependence given by Equation 12.7 and 
reduces as R−2 (supposing that all the transmitted 
energy is incident on the “target”). The correspond-
ing range dependence for the coherent heterodyne 
case was first evaluated in 1971 by Sonnenschein 
and Horrigan [9] (see also Reference [10]); it is 
implicit in Equation 12.8 but can be expressed 
more directly as

 ( ) ( )∝[ + λ ]S R F R A R F( , ) {1 / 1/ –1/ }2 2 2 –1

 (12.15)

where F is the range at which the lidar beam is set 
to focus and A is the effective area of the telescope 
radius (~ALO in Equation 12.8). This expression has 
some interesting implications; for a target at a given 
range R, the maximum signal is attained by focusing 
at the target and setting F equal to R. Thus, for solid 
targets (so-called “hard” targets with scattering from 
a solid surface) expected at various long ranges, the 
lidar would be set with the outgoing beam almost 
collimated; the R2 term dominates in the bracket on 
the left-hand side of Equation 12.14 and the range 
dependence (R−2) is the same as for direct detection. 
Similarly, for a short range, the signal strength will 
peak up at ranges R close to F. This is illustrated in 
Figure 12.6, where a representative value of (A/λ)2 
equal to 3 × 106 m2 has been used. This establishes 
the possibility of range selectivity with a continu-
ous wave laser beam and is particularly useful for 
measurements on an extended or diffuse source of 
scatterers, such as small particles in the atmosphere. 
In this case, the measured coherent signal derives 
most strongly from the focal region of the beam. 
This comes about because the scattered radiation 
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from this region is best matched in wave front to the 
local oscillator beam in the lidar. In consequence, it 
beats most efficiently with the local oscillator and 
provides the strongest signal. The curves shown 
in Figure 12.6 are representative of what may be 
achieved with a 10.6 μm coherent lidar with a 30 cm 
diameter transmitting/receiving telescope (with 
the outgoing laser beam and equivalent ALO of best 
diameter ~16 cm). The central probe volume is com-
monly defined as the region within which the signal 
is within 3 dB of its peak position: its half-length is 
written as ΔR3dB. Some manipulation of Equation 
12.15 with the approximations F ≈≫ ΔR gives:

 ∆ = ± λR F A( / )3dB
2

 (12.16)

Thus, at a focal setting of F = 100 m, a spatial reso-
lution of about ±6 m is produced. For such diffuse, 
extended targets, the total observed signal S will 
be determined by the integral over an appropriate 
range interval R1 to R2 given by

 
S P R S R F R( ) ( , )

R

R

1

2

∫∝ δ
 

(12.17)

where P(R) is the strength of scattering at range 
R. In a generally clear uniform atmosphere, P(R) 

over short ranges may be considered as constant, 
but obviously this is a very crude approximation in 
conditions of low cloud, layered fog or smoke [11].

Brief consideration of these equations indicates 
some of the complexity of comparing coherent 
lidar performance at different wavelengths. Thus, 
at shorter wavelength, the focal depth will be 
smaller and the spatial resolution will be greater; 
the total signal S is correspondingly reduced for the 
smaller ΔR. However, at shorter wavelength, the 
maximum useful size for the effective telescope 
diameter, D, is limited by refractive turbulence in 
the atmosphere (which destroys lateral coherence 
across the beam, thus reducing ASP; see Section 
12.2) and has an impact approximately propor-
tional to λ−6/5. Thus, if atmospheric conditions per-
mit, an effective telescope diameter of ~50 cm at 
10.6 μm wavelength would be reduced by a factor 
(10.6/2.06)6/5 [12] (for an extensive discussion with 
many references, see also Reference [13]) at 2.06 μm 
to only ~7.0 cm. Such a reduced collection aperture 
would provide both a weaker signal and poorer 
spatial resolution than the admittedly larger and 
more expensive telescope that could be used in 
these circumstances at the longer wavelength. Such 
wavelength comparisons may be extended to many 
other aspects of signal collection, processing and 
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Figure 12.6 The range sensitivity for a coherent lidar as given by Equation 12.14 with the (A/λ)2 terms 
equal to 3 × 106 m2, and for four values of the focus F = 80, 100, 120 and 140 m. Note how the sensitivity 
peaks up very strongly around the focal range F. This permits the possibility of useful range resolution 
with a continuous wave laser for measurements on an extended diffuse target such as aerosols in the 
atmosphere.
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measurement precision. Thus, in Equation 12.13, 
the instrumental bandwidth required to cover a 
given velocity interval is proportional to λ−1 (see 
Equation 12.5 for the Doppler shift) and altogether 
with the larger photon energy hν gives

 ∝ η ⋅λPSNRc s
2

 (12.18)

For a given laser power, the scattering Ps from most 
surfaces and aerosol particles increases at shorter 
wavelength. To give a signal-to-noise advantage at 
shorter wavelength, this rate of increase obviously 
needs to be greater than λ−2 to overcome the longer 
wavelength advantage of Equation 12.18.

Another point of comparison is the choice of 
pulse length Δtp. Fourier transform analysis of a 
short wave train gives a limiting frequency reso-
lution ΔfT ~ (Δtp)−1. Thus, a 1 μ pulse gives a line 
width of ~1 MHz. Comparing this with Equation 
12.5, such a line width would provide a velocity 
resolution ΔV given by

 ∆ = ∆ λ = λ ∆V f t( /2) (2 )p
–1

 (12.19)

Thus, at 2 μm, a pulse length of 1 μs would give a 
Fourier transform velocity resolution of ~1 ms−1, 
which increases to ~5 ms−1 at 10 μm. This poten-
tially provides a significant advantage to shorter 
wavelengths and also offers the possibility of 
achieving greater spatial resolution (with shorter 
pulses).

Further discussion is beyond the scope of the 
present article; wavelength and system compari-
sons are generally very difficult and rarely permit a 
clear cut “winner”. Selection of a lidar system for a 
given task usually requires consideration of many 
issues, often practical and logistical, as well as the 
technical options outlined in Table 12.5. As an 
example, the overriding constraints for an aircraft 

or military installation is likely to be the maximum 
optical aperture that can be accommodated in the 
structure, together with strict limits on mass, vol-
ume and available power budget.

12.4  LIDAR AND ATMOSPHERIC 
SENSING

12.4.1  Introduction: Atmospheric 
parameters and measurement

Some of the first demonstrations of lidar in the 
1970s were measurements of wind and cloud. The 
light scattered from a laser beam in a clear atmo-
sphere is primarily from air molecules (Rayleigh 
scattering) and from small airborne particles 
(dust, etc.), usually referred to as aerosol scattering. 
The strength of molecular scattering is approxi-
mately proportional to λ−4, whereas the wave-
length dependence of aerosol scattering typically 
lies between λ−1 and λ−2. Thus, molecular scattering 
is much stronger at shorter wavelengths (hence the 
blueness of the sky) and also increases relative to 
aerosol scattering. Perhaps the most obvious com-
mon example of the latter is the appearance of a 
shaft of sunlight between clouds.

Wind and atmospheric measurements are 
interesting and important for many reasons: to 
meteorology and climatology, for example, for 
the information they provide on the behavior of 
the atmosphere, to local studies of shear and tur-
bulence, including the planetary boundary layer 
and practical measurements for shipping, aviation 
and commerce. All these impact the four primary 
parameters of interest to the atmospheric physicist 
shown in Table 12.7.

Lidar studies make a contribution to all these 
areas and this is likely to increase in the future 
with advanced instruments operating remotely 
and from space.

Table 12.7 Primary atmospheric parameters

Structure Temperature, density and pressure as a function of altitude
Dynamics Circulation and motion at all scale sizes from global through synoptic 

to small local scale
Radiative properties Distribution, characteristics and structure of clouds and aerosols and 

their impact on solar, ground and atmospheric radiation
Chemical concentration Vertical structure and horizontal distribution of molecular species 

including minor constituents such as ozone, radicals and active 
molecules (Section 12.6)
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12.4.2  Scattering in the atmosphere

Over the past 30 years, considerable effort has been 
put into the measurements of scattering in the 
atmosphere in many different regions, seasons and 
wavelengths. A brief account of molecular, aerosol 
and cloud scattering data is presented as an essen-
tial preliminary, and a schematic of aerosol and 
molecular scattering is shown in Figure 12.7. First, 
it is worth noting the nomenclature β(θ, λ, z) m−1 
sr−1 that is commonly employed for the strength 
of atmospheric scattering. This expresses the frac-
tional amount of light that would be scattered from 
an incident light beam along a metre length of path 
(m−l) into the equivalent unit radian solid angle 
(sr−l) centred at scattering angle θ, at wavelength 
λ and at a height z in the atmosphere. Typically, 
this will often be abbreviated to β(π) as a general 
term for backscattering. It is also worth noting 
various lengthy publications devoted in whole or 
part to scattering in the atmosphere, including 
those by Scorer [14], Hinkley [15] (in particular the 
chapters by Zuev [16], Collis and Russell [17] and 
Inaba [18]), and also the Conference Publications 
of the biennial Coherent Laser Radar Meetings and 
International Laser Radar Conferences.

(a) Molecular scattering. Molecular scattering, 
in both theory and practice, has been extensively 
discussed over the years; see, for example, the early 
review of Fabelinski [19]. In the atmosphere, the 
strength of molecular scattering varies slowly, uni-
formly and predictably with altitude through the 
atmosphere. The exact exponent for wavelength 
scattering should be 4.09 instead of 4 to account for 

dispersion of the index of refraction of air. Taking 
the reference wavelength of λ0 = 1.06 μm and a 
reference height of zmol = 8000 m, the total back-
scattering contribution from the air molecules in 
the atmosphere at height z may be modeled by an 
exponentially decreasing function:

 β π λ = λ λz( , , ) 10 ( / ) e m srz
mol

–7
0

4.09 – /zmol –1 –1

 
 (12.20)

The molecular spectrum is quite different in the IR 
from what it is in the visible due to the contribution 
of collisional effects on the molecular scattering 
and hence the atmospheric pressure. At low densi-
ties (or pressure), molecules scatter independently, 
producing a single, near-Gaussian line shape, 
whereas at higher densities and longer wavelengths 
the central component, the so-called Rayleigh line, 
bisects the Mandlestam–Brillouin doublet due 
to scattering from moving density fluctuations 
(sound waves). Thus, a well-defined triplet struc-
ture prevails at near infrared (2 μm) and thermal 
infrared (10 μm) wavelengths, and appears to offer 
some opportunity for Doppler wind lidar (DWL) 
applications with coherent heterodyne techniques, 
as discussed by Rye [20].

Other molecular scattering phenomena include 
resonant scattering and Raman scattering. Both 
may be used for atomic and molecular species iden-
tification and concentration measurements of, for 
example, water vapour and ozone (and aerosol con-
centration) and study of atmospheric chemistry and 
dynamics in the atmosphere (see, e.g., References 
[18,21,22] and Section 12.6) in the atmosphere.

0to ± 200 MHz shift

Aerosol scattering

Molecular scattering
~2 GHZ FWHH

Daylight

vLaser frequency, v0 ~ 6 × 1014 Hz

Figure 12.7 Schematic of the light collected by a lidar operating in the visible region with compo-
nents due to aerosol scattering, molecular scattering and background daylight. The relative propor-
tion of these varies quite strongly with wavelength and height in the atmosphere. In the troposphere 
(up to ~10 km) and in the infrared at 10 μm aerosol scattering is generally dominant.
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(b) Aerosol scattering. The characteristics of 
aerosol scattering are very complex, depend-
ing on the chemical constitution of the particles, 
their size distribution, typical shape, etc. These 
are largely dictated by the previous history of the 
air mass. Contributory sources include mate-
rial blown up by winds and convected from the 
Earth’s surface (most dramatically, for example, 
the fine Saharan sand occasionally spread over 
Northern Europe and the loess soil from Central 
China which extends every spring as a plume into 
the Western Pacific). Other sources include volca-
nic eruption (e.g., El Chichon in Mexico in 1982 
and Mt Pinatubo in the Philippines in 1991), for-
est fires, salt spray from the sea surface, man-made 
pollutants and the constant rain of interplanetary 
material (manifest, for example, in shooting stars). 
It has been calculated that the eruption of Mt 
Pinatubo alone injected about 10 km3 of material 
in the form of fine dust into the stratosphere, with 
clear impact on the global climate for a few years 
thereafter. Typically, the particles most important 
for lidar scattering lie in the size range 0.1–10 μm 
diameter; larger particles settle out fairly quickly, 
while smaller ones scatter much less strongly.

The investigation of the nature, sources, transport 
and chemistry of atmospheric aerosol is assuming 
steadily greater importance in atmospheric science. 
Transport and dispersion models are an important 
component of the numerical modelling machinery 
applied to investigation in these areas, and are used 
to simulate the concentration and dilution (typically 
due to turbulence) of airborne material of all kinds. 
These activities include the modelling of air pollu-
tion and quality involving, for example, sulphur, 
nitrogen and photochemistry (see, e.g., References 
[23,24]). Increasingly sophisticated and accurate 
transport modelling is being used in studies of the 
source strength and background concentrations of 
radiatively active trace gases [25,26]. Operationally, 

the modelling of aerosol transports features in the 
simulation of the spread of volcanic ash, of critical 
importance to aviation [27], and pollution resulting 
from nuclear or major chemical accidents and con-
flagrations. International protocols are in place for 
the management of such emergencies and extensive 
collaborative work had been carried out on the test-
ing and intercomparison of transport and dispersion 
models (e.g., Reference [28]).

Transport of airborne pathogens, and biota in 
general, also require suitable transport and disper-
sion models, which have been applied to pollution 
problems, and the physics of atmospheric disper-
sion on all motion scales from street canyons to 
global diffusion [29]. A second area of aerosol and 
gaseous transport studies of pressing importance 
is concerned with the evolution of climate forcing 
and change, in which sulphate aerosol and volca-
nic effluent are just two of a range of airborne sub-
stances subject to intensive investigation, typically 
involving general circulation models.

There have now been an enormous number 
of lidar measurements of aerosol scattering with 
ground, airborne and space platforms. The wave-
length range covers the UV at ~0.35 μm to IR at 
10.6 μm with direct detection and heterodyne 
techniques (see, for example, Tables 12.8 and 12.9).

However, there are great problems in synthe-
sizing these into a database of global perspective, 
taking account of different wavelengths, regions, 
seasons, histories, sampling, etc., of the mea-
surements. Two extensive airborne programmes 
conducted in the late 1980s and early 1990s pro-
vide a broad base of knowledge at some of these 
wavelengths. These were the SABLE and GABLE 
programmes (South Atlantic/Global Atmospheric 
Backscatter Lidar Experiments) of the USAF 
Geophysics Laboratory and the then UK Royal 
Signals and Radar Establishment (subsequently 
the Defence Evaluation and Research Agency, 

Table 12.8 Recent papers on aerosol backscatter from lidar measurements 
over the range 0.35–1 μm

Ansmann et al. [30] Marenco et al. [38]
Barnes and Hofmann [31] McCormick et al. [39]
Browell et al. [32,33] Osborn et al. [40]
Cutten et al. [34] Parameswaren et al. [41]
Donovan et al. [35] Post et al. [42]
Hoff et al. [36] Shibata et al. [43]
Li et al. [37] Spinhirne et al. [44]
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Malvern) conducted across the North and South 
Atlantic, and the NASA-supported GLOBE 
(Global Backscatter Experiment) programme, 
which extended across the Pacific. These studies 
were conducted well after the El Chichon volcanic 
eruption of 1982 and prior to the Pinatubo erup-
tion of 1991. The data were thus accumulated in an 
historically “clean” atmospheric period, and may 
thus represent the lowest levels of backscattering. 
This concept of a “background mode” of atmo-
spheric backscattering had in fact been suggested 
by Rothermel et al. [47] from data drawn from two 
widely separated areas—over the UK and over the 
continental USA.

The measurements taken in the SABLE and 
GABLE trials with an airborne 10.6 μm cw lidar 

have been extensively analysed and discussed 
[56,57] and the median and upper/lower quartiles 
and deciles are shown in Figure 12.8. These appear 
to comprise the most comprehensive database cur-
rently available at 10.6 μm for the Atlantic region. 
The measurements amounted to nearly 200,000 
individual records of backscatter made during 80 
flights over the Atlantic in six different regions 
and/or seasons. They are put forward as a reason-
able measure of global backscatter under generally 
clean atmospheric conditions at 10.6 μm.

At 1.54 and 2 μm, validated data sets of β(π) 
were collected over the Pacific Ocean during the 
GLOBE II mission in spring of 1990 [44,70] and at 
2 μm over the continental US in 1995–1996 [71], 
respectively. Measurements at 0.35–1 μm have been 

Table 12.9 Principal centers for coherent lidar measurements of atmospheric backscatter β(π, 10 μm) 
and a selection of more recent references

NOAA Wave Propagation Laboratory (WPL), 
Boulder, CO

Groundbased, pulsed [45–48]

NASA Marshall Space Flight Center (MSFC), 
Huntsville, AL

Groundbased, pulsed 
Airborne, CW

[34,47–54]

USAF Geophysics Laboratory (GL), Hanscom 
AFB, MA

Groundbased, pulsed [55–58]

Jet Propulsion Laboratory (JPL), Pasadena, CA Groundbased, pulsed 
Airborne, pulsed

[54,59–63]

DERA (Malvern), UK—formerly RSRE Airborne CW to 16 km 
altitude

[47,48,55–57,64–67]

Several other smaller data bases, also SAGE 
extinction data

[39,68,69]
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Figure 12.8 Median, quartiles and deciles of backscatter coefficient versus altitude at 10.6 μm as 
measured across the tropical mid-latitude and northern Atlantic and presented as a reasonable global 
measure under atmospherically clean conditions.
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mainly directed to the estimation of the typical 
particle size in specific areas. However, measure-
ments made with the NASA/LITE (Lidar In-space 
Technology Experiment; see also Section 12.9.2) in 
September 1994 [72] have been able to document 
large areas of aerosol in the upper troposphere and 
stratosphere [73], and the transport of anthropo-
genically produced aerosols [36], Saharan dust [74] 
and biomass burning aerosols [32]. The measure-
ments were made at three different wavelengths: 
0.355, 0.532 and 1.064 μm. These three wave-
lengths were used to derive the aerosol and cloud 
characteristics.

Much effort has been put into the different com-
parison of backscattering at different wavelengths 
(see, e.g., References [34,51,66,67]). On the one 
hand, there are very few colocated and contem-
poraneous measurements of backscatter at differ-
ent wavelengths. On the other hand, calculations 
based on Mie scattering are critically dependent 
on the assumed aerosol size distributions, chemi-
cal constitutions and refractive indices. Generally, 
the atmospheric aerosol backscatter coefficient 
increases with decreasing wavelength. For a wave-
length range excluding anomalous refractive index 
changes, this dependence may be expressed by a 
power law:

 λ = β λ λ λ ςB z z( , ) ( , )( / )0 0  (12.21)

where β(λ0, z) is the backscatter coefficient at a cho-
sen wavelength λ0 and at a height z and where ς 
is the wavelength scaling exponent to derive back-
scatter at other wavelengths λ.

From the SABLE/GABLE data shown in Figure 
12.4, and comparison with other data including mod-
eled Mie scattering [75] and other measurements at 
shorter wavelengths (e.g., References [44,54,71]), the 
following expression for ς was derived:

 

ς < λ < µ =

β µ −

z

z

(0.35 2.1 m, )

0.24 log ( (10.6 m, )) 0.6210 0  (12.22)

This expression is considered valid for shorter 
wavelengths, in particular the range 0.35–2.1 μm 
and may be used to translate the SABLE/GABLE 
data at λ0 ≡ 10.6 μm. Just such a translation from 
10.6 μm is shown in Figure 12.9a and compares 
well with the measurements and other data at 

1.06 μm shown in Figure 12.9b. Another extensive 
and valuable investigation has been reported by 
Srivestava et al. [76].

Equation 12.22 must be used with caution. At 
9.1 μm, for example, the situation is rendered par-
ticularly complex by the well-known “resonance” 
in scattering due to the sharp changes in refrac-
tive index at this wavelength, particularly for 
ammonium sulphate; see, in particular, Figure 3 of 
Srivestava et al. [51]. In consequence, the backscat-
ter at 9.1 μ is generally greater than at 10.6 μm and 
the ς component in the scaling law increases more 
sharply than at shorter wavelengths. The following 
equation encapsulates such an increase:

 ς µ = β µ −z z(9.11 m, ) 1.25 log ( (10.6 m, )) 8.2510 0  
 (12.23)

A final example of aerosol backscatter measurement 
and comparable atmospheric trajectory analyses is 
shown in Figure 12.10. Air masses with notably dif-
ferent aerosol backscatter, measured at three levels, 
6.5, 8.25 and 10 km over the Arctic, originated over 
Europe, the United States and Canadian Arctic, 
respectively (from Reference [77]).

(c) Scattering from the Clouds. Clouds display 
large backscatter coefficient (with βc(π) ≈ 10−6 
to 10−2m−1 sr−l) and large extinction coefficient 
(α ≈ 10−5 to 10−1 m−1 sr−1). The strength of scatter-
ing may vary by several orders of magnitude at a 
given wavelength and may vary by one to several 
orders of magnitude for different cloud size distri-
butions and particle number density as a function 
of wavelength. Dense clouds strongly attenuate at 
laser wavelengths so lidar measurements cannot 
penetrate more than tens or hundreds of metres. 
However, holes are present in dense clouds at the 
small scale (on the order of 1–100 m) and results in 
so-called optical porosity. Such an optical porosity 
allows profiling of the atmosphere beyond dense 
clouds depending on the relative size of the lidar 
footprint and optical porosity (specifically on the 
probability density function of optical porosity). 
Lidar measurements at an angle close to nadir are 
favorable to reach the surface, although the prob-
ability of a clear line of sight through dense clouds 
does not decrease too much for angles not larger 
than 30–40° with respect to nadir. The only cloud 
type with an expectation of continuous lidar pen-
etration is cirrus. The typical thickness of cirrus 
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clouds is <1 km but on occasion thicknesses of up 
to 4 km have been observed. An analysis of prob-
ability of occurrence of layered cirrus has been 
discussed by Vaughan et al. [66] together with cal-
culations of the impact on spaceborne lidar opera-
tion. Backscatter and extinction coefficients have 
been calculated for water clouds using Mie theory 
or relevant approximations for spherical particles 
with a good accuracy (e.g., Reference [78]). This 
work has been conducted to derive the relevant 
relationships between microphysical parameters 
like liquid water content and optical parameters, 
i.e., β(π), α, k (e.g., References [79,80]). As shown 
in Table 12.10, backscatter coefficients for a given 

cloud type do not change sharply in the visible and 
near IR up to 1–2 μm, but are typically smaller by 
1–2 orders of magnitude and more variable in the 
10 μm region.

12.4.3  Wind and related 
measurement

1. Short range up to ~1 km
 Wind measurement may be conducted with 

both pulsed and continuous wave (cw) lasers. 
The former are typically used for ranges 
>~1 km and, with standard techniques of range 
gating, the range resolution is determined by 
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Figure 12.9 (a) Backscatter coefficient versus altitude at 1.06 μm as derived from Figure 12.8 (for 
10.6 μm) with the wavelength scaling of Equation 12.21. The background and enhanced NASA New 
Millennium Programme (NMP) profiles are also included for comparison (see text). (b) Backscatter 
coefficient versus altitude at 1.06 μm for the GLOBE II measurements over the Pacific. The back-
ground and enhanced NMP profiles are also included for comparison.
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the laser pulse length and signal processing. 
For a cw beam, the atmosphere of course pro-
vides an extended target with scattering at all 
distances. Nevertheless, as discussed in Section 
12.3.4, quite a sharp range resolution can be 

attained with a cw lidar by focusing the beam 
to give a peak sensitivity around the focal 
range F (Figure 12.6).

  An early measurement with a cw CO2 LDV 
lidar is shown in Figure 12.11. This record was 
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Figure 12.10 Flight 63 from Keflavik: altitude record of backscatter for the descent flying to the E 
along 71°N (in the region of 13°W) from 09.50 to 10.30 UTC on 17 May 1990. The strong scattering in 
the lower levels of the troposphere (< 9 km) shows a very strong narrow band centred at 8.25 km which 
was absent on other legs of the flight. There was a sharp temperature inversion at 11.5 km; in the 
lower strasphere the scattering peaked at ~14 km but was very weak in the band 12–13 km. Air mass 
back trajectories for 9 days computed over the release point 71°N, 13°W at 10.15 UTC (May 1990) for 
6.5, 8.25 and 10 km. Note the anticylonic loops and the remarkably different origins of the air masses 
for these trajectories from, respectively, Europe, the United States and the Arctic.

Table 12.10 Approximate values of extinction and backscatter coefficient of different cloud types in 
the ranges ~0.4–2 and ~10 μm (PSC—polar stratospheric cloud)

Cloud type

Backscatter coefficient Bc 
(m−1 sr−1) Extinction coefficient αc (m−1) altitude 

(km)< 2 μm Low 10 μm High < 2 μm Low 10 μm High

Cumulus 6.0 × 10−4 1 × 10−5 to 1 × 10−4 1.2 × 10−2 5 × 10 −3–30 ×10−3 2–10
Stratus 5.0 × 10−3 3 × 10−5 to 5 × 10−4 9 × 10−2 1 × 10−4–7 × 10−2 0.2–0.7
Alto-stratus 1.0 × 10−3 1 × 10−5 to 1 × 10−4 1.8 × 10−3 3 × 10−3–2 × 10−2 2–4.5
Cumulo-

nimbus
1.0 × 10−2 4 × 10−5 to 1 × 10−3 1.8 × 10 −1 1.5 × 10 −2–6 × 10−2 2–4

Cirrus 1.4 × 10−5 1 × 10−5 to 1 × 10−5 2 × 10−4 5 × 10−4–5 × 10−3 8–16
PSC 3.0 × 10−7 6 × 10−6
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made under rather gusty conditions on an 
airfield with the LDV pointed at an eleva-
tion angle of 30° into the prevailing wind; 
the Doppler spectrum was measured every 
12.8 ms. The Doppler shifted frequency of the 
strongest signal in the spectrum was con-
verted to an analogue voltage and displayed 
as a function of time. In Figure 12.11a, the 
wind component changed from 7 to 17 ms−1 
(from about 15 to 35 kt) over a period of about 
5 s. Greater fluctuations are apparent at the 
shorter range in Figure 12.11b due to greater 
wind turbulence at the lower height and the 
reduced spatial averaging and integration of 
the signal over the considerably shorter probe 
volume.

  Such a system provides a single line-of-sight 
wind-velocity component. However, simple 
extension of such equipment enables one to 
determine the wind field anywhere around 
the measuring station. The laser beam may be 
scanned in order to resolve various compo-
nents of the wind and several different scan 
patterns have been developed to suit particular 
measurement tasks. One of the simplest is to 
use a conical scan about a vertical axis. In this 
case, if the half-angle of the cone is φ (i.e., the 
angle of the lidar beam from vertical) and θsc is 
the beam direction in the horizontal plane, the 
measured line-of-sight wind component VM is 
given by

 θ θ ϕ= Φ+V V Vcos( – ) sin cosM H M sc V  
  (12.24)
 where VH and θH are the horizontal wind speed 

and bearing and VV is the vertical wind speed. 
Examination of this expression shows that, as 
the beam rotates around the cone, any vertical 
up/down draughts (usually small) contribute a 
constant term VvcosΦ and the horizontal com-
ponent varies with the cosine of (θH − θsc). This 
is readily demonstrated on a polar plot of VM (or 
equivalent Doppler shift), as shown by the mea-
surement example of Figure 12.12. As the beam 
rotates, the magnitude of VM traces out a figure-
of-eight plot, for which the main axis gives the 
horizontal wind bearing (at θsc equal to θH) and 
the amplitude gives the wind speed. For the 
example shown in Figure 12.9, the cw CO2 lidar 
beam was focused at five successive heights from 
25 to 250 m with three revolutions of the beam 
at each height. Each revolution was completed 
in 1 s with recording of 64 individual Doppler 
spectra. With less than 2 s to alter focus, the 
complete cycle of wind measurement from 25 to 
250 m may be completed in less than 25 s. Rapid 
analysis of the Doppler spectra, and fitting to 
Equation 12.24 to extract the wind parameters 
VH, θH and VV, may be carried out in real time. 
Figure 12.12 provides a clear example of changes 
of wind speed and direction with height and 
the data were acquired with a compact and 
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Figure 12.11 Records of strong gusts showing the line-of-sight wind component (derived from the 
dominant frequency in the Doppler spectrum) versus time. The CW CO2 lidar beam was pointed at an 
elevation angle of 30° and the probe volume was set at a range of (a) 400 m and (b) 100 m.t
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highly mobile equipment mounted in a Land 
Rover vehicle, which could make measure-
ments within 5 min of arrival at a site. Another 
example of measurement with a cw LDV is 
illustrated in Figure 12.13. The conical scan was 
set to examine the changes of wind speed typi-
cally experienced by the revolving blades of a 
wind power generator. Comparison with simple 
models of turbulence showed reasonable agree-
ment. Important questions of representativity 
and wind-velocity measurement errors for such 
systems have been considered experimentally 
and theoretically by Banakh et al. [81].

  Several ground-based cw systems have now 
been built worldwide, mostly employing CO2 
lasers with power output in the range 4–20 W. 
LDV systems based on shorter wavelengths, 
notably with cw diodes and fiber amplifiers 
in the 1.5 μm region, also offer much promise 

and are being developed for both monostatic 
and bistatic operation [82]. Such lidars should 
be compact, do not need detector cooling and 
incorporate fiber optic techniques for ease of 
assembly and precise wave-front matching. A 
recent example has been described by Karlsson 
et al. [83] and used to investigate signal statistics 
of particulate scattering in the atmosphere [82]. 
The non-Gaussian character with high SNR 
from single particles is dramatically different 
from the complex Gaussian scattering with mul-
tiparticles in the probe volume (see also work 
by Jarzembski et al. [84], who employed known 
particle sizes for lidar calibration).

  The many applications of cw LDV include 
wind-flow measurement around buildings, 
smoke plumes from power stations and wind 
measurement from an oil rig to compare with 
satellite observations of the sea surface. Another 
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Figure 12.12 Polar plots of wind component at heights recorded at night in relatively calm conditions 
with a conically scanned CW CO2 LDV. The wind strength (shown by the size of the figures-of-eight, 
with one scale division equal to 2 ms−1) increased steadily with height from ~3.5 ms−1 (25 m) to ~8 ms−1 
(250 m). A strong directional wind shear (shown by the axes of the wind plots) is also very obvious and 
amounts to ~36°. Data recorded with the compace, mobile DERA (Malvern LDV).
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potentially important application is towards 
wind-turbine power generation; Vaughan and 
Forrester [85] identified three specific local tasks 
in addition to the strategic benefits of a global 
wind measuring system (see Section 12.9.3).

 ● Site studies of local wind. Wind generators 
require to be optimally sited. Conventional 
techniques with mechanical anemometers on 
tall towers can be very expensive. LDV, with its 
speed and mobility, could have a role.

 ● Complex flow around wind generators. LDV 
offers a unique capability for rapid, non-intru-
sive measurement in quite small probe volumes 
within the complex flows generated by the 
turbine blades.

 ● Wind monitoring and gust warning. 
Measurements made by scanning up to 
hundreds of meters ahead (e.g., with LDVs 
mounted on the nacelle of the generator) would 
permit advance control of blade pitch for 
most efficient power extraction. In addition to 
routine gains in efficiency, such LDVs would 
also provide warning of occasional large gusts 
or turbulence; with appropriate blade control, 
the risk of consequent catastrophic damage to 
blades or gear-train would be reduced.

Other applications of cw LDV lidars for aviation 
(wake vortices, true airspeed, etc.) are outlined in 
Section 12.5 and military tasks in Section 12.7.5.

2. Longer range measurements
 Laser Doppler wind measurements at ranges 

typically greater than ~1 km have been under-
taken with several types of pulse lidar system:

 ● Coherent heterodyne at ~10 μm with CO2 lasers, 
~2.1 μm with Tm, Ho: YAG-YLF lasers, 1.55 μm 
with doped fiber amplifier lasers and 1.06 μm 
with Nd-YAG lasers. These all utilize aerosol 
scattering.

 ● Interferometric direct detection at 1.06, 0.53 and 
0.35 μm with Nd-YAG lasers, utilizing both 
aerosol and molecular scattering.

For completeness, one should also note non-Dop-
pler techniques, whereby time series of the strength 
of aerosol scattering from two beams of known 
separation may be compared (e.g., with correla-
tion techniques). The time of passage of a strong 
fluctuation from one to the other (e.g., with peak 
in the correlation function) provides a measure of 
the cross wind but has limited temporal and spatial 
resolution [86–88].

Prevailing
wind Scattering

volume

Scanner

BAO
tower

Lidar
system

Figure 12.13 Schematic diagram for LDV measurements of rotationally sampled winds from a scan-
ning mirror. The cone angle was fixed at 10° and the radius of the vertical measurement circle was 
varied by altering the beam focus. (From Hardesty, R. M. and Weber, B. F. J. Atmos. Oceanic Technol., 
4, 191–203, 1987.)
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Technology and application of coherent LDV have 
been well reviewed. For good frequency measure-
ment, the transmitted laser beam requires to have 
minimal change of frequency through the duration 
of the pulse. For CO2 lasers, the gas discharge con-
ditions that ensure such good chirp characteristics, 
including gas catalysis, plasma effects and laser-
induced media perturbation (LIMP), have been 
analysed by Willetts and Harris [89,90]. Practical 
use of heterodyne detectors, and attainment of good 
performance, has been considered by many authors; 
in one study, near ideal behavior with up to 13 dB 
local oscillators shot noise was demonstrated [91] 
(see also Reference [92]). Signal processing with 
different algorithms and procedures has also been 
extensively reviewed (e.g., see References [93–98]).

At the longer CO2 wavelengths, TEA lasers have 
typically given larger pulses (0.2–3 J) with p.r.f. 
0.1–10 Hz; for lower pulse energy (typically 1–10 mJ) 
and higher p.r.f, q switched and mini-MOPA lasers 
are employed. As an example at longer ranges and 
higher altitudes up to 10–20 km, the NOAA CO2 
lidar system has shown great reliability over many 
years. It has been used over widespread field cam-
paigns with measurements of convective out flows, 
thunderstorm microbursts [99], sea breeze, flow in 
complex terrain [100] and downslope windstorms 
[101], etc. A record of measurement within the 

Grand Canyon taken at two levels below the rim is 
shown in Figure 12.14. Differential flow along the 
bottom of the canyon established that, on occasion, 
pollutants entered from the southwest USA and con-
tributed to wintertime haze [102]. At shorter ranges, 
and particularly for weak winds in the boundary 
layer, smaller pulse systems have been widely devel-
oped and used (see, e.g., References [103,104]).

A particularly long-ranging, coherent system at 
1.06 μm was reported in 1993 by Hawley et al. [105], 
employing a 1 J energy Nd-YAG coherent lidar. 
With aerosol scattering augmented by Pinatubo 
volcanic material, lidar measurements in a conical 
scan to 26 km altitude were documented, as shown 
in Figure 12.15, in good agreement with rawin-
sonde wind speed. Coherent lidar at the eye-safe 
2 μm wavelengths has employed lasers with pulse 
energies, typically in the range 2–50 mJ. A  plan 
view of a 2 μm coherent system is illustrated in 
Figure 12.16. At the shorter wavelengths, range 
resolution may typically be 30–50 m (see Section 
12.3); measurements on a stationary hard target 
showed bias errors of −3.3 cm s−1 with standard 
deviation error 11 cm s−1 [103]. Performance of a 
2 μm coherent system was reviewed by Frehlich 
[106]. The compactness and potential for “turn-
key” operation are very favorable considerations 
and such systems are now commercially available. 
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Figure 12.14 Radial flow within the Grand Canyon at two levels −0.2 and −1.2 km height relative to the 
canyon rim measured by CO2 lidar. The shaded areas are night. Under the low wind (stagnant condi-
tions) of the first few days, the flow at the top of the canyon is opposite in direction to the flow at the 
bottom of the canyon. In stronger winds at the end of the period, the flows were in the same direction.
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above the Kennedy Space Centre Shuttle Landing Facility. The 1.06 μm lidar scanned at 20° off verti-
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Figure 12.16 Plan view of a 2 μm injection-seeded coherent lidar reviewer. (Hardesty, R. M. and 
Huffaker, R. M., Remote sensing of atmospheric wind velocities using solid state and CO2 coherent 
laser systems, Proc. IEEE @ 1996 IEEE.)
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A pulsed lidar system based on fiber optic technol-
ogy operating at 1–548 μ with an erbium doped 
fiber has recently been described by Pearson et al. 
[107]. Operation in both bistatic and monostatic 
antenna configurations was investigated.

In addition to wind measurement with such 
lidars, it is worth noting that the strength of aero-
sol scattering may also provide useful information. 
One proposal has, for example, suggested the early 
detection of forest fires from the increased scanning 
due to quite minor smoke plumes. A lidar beam 
scattering from an elevated platform could provide 
coverage and monitoring over quite large areas.

As discussed in Section 12.3, the design consid-
erations for direct detection, interferometric lidars 
are very different. In particular, the signal may be 
accumulated from many small laser pulses without 
undue penalty (see Figure 12.3) and across many 
optical modes. In addition, at shorter wavelengths, 
the molecular scattering is stronger and may be 
utilized. A number of different interferometric 
techniques have been developed:

1. Fringe imaging (also called “multi-channel”) 
with multi-beam interference fringes for both 
aerosol and molecular scattering using either 
Fabry–Perot or Fizeau interferometers.

2. Double edge (more strictly “dual channel”) 
with two pass-band Fabry–Perot filters set on 
either side of the scattered spectrum.

3. Visibility curve with two-beam interfer-
ence fringes formed in a Mach–Zehnder 
configuration.

Considerable controversy has been generated 
in the literature by the proponents of each tech-
nique. Theoretical calculations typically show cal-
culated performance within a factor of 2–3 of the 
Cramer–Rao limit (discussed in Section 12.3.2; see, 
e.g., Reference [108]). Several fringe imaging and 
double-edge systems have been built and measure-
ments made high into the atmosphere. The visibil-
ity curve (two-beam) technique is more recent but 
shows promising performance (see Reference [109]).

In the fringe imaging technique, the spectrum 
of the scattered light is imaged across a number of 
detector elements (typically 10–20). A high-res-
olution system is obviously required for analysis 
of the narrow aerosol return (see Figure 12.7) and 
the molecular spectrum is spread as a background 
noise across all the detector elements. The actual 

width of the aerosol signal is likely to be dominated 
by the laser line width itself. If this is of the order 
of 100 MHz (equivalent to ~20 ms−1 Doppler width 
at 355 nm wavelength) then the Cramer–Rao limit 
discussed in Section 12.3 shows that, for a mea-
surement accuracy of 1 ms−l, the minimum num-
ber of photons required is given by

 ≥ ηN T( ) (0.425) (20)p t
–1 2 2

 (12.25)

where ηTt is an overall instrumental efficiency 
made up of η-detector efficiency and Tt instrumen-
tal transmission. Supposing ηTt ≈ 0.05 at best gives 
a minimum input requirement at the receiving 
telescope of

 N 1.5 10 photonsp
3≥ ×  (12.26)

neglecting the impact of molecular background, 
daylight scattering, detector noise, etc. A lower 
resolution system for analysis of the much wider 
molecular Rayleigh line (of equivalent width ~600 
ms−1 at 355 nm) with similar assumptions would 
require a minimum of ~1.3 × 106 photons.

Several fringe imaging lidars have been built 
and deployed in field trials (see, e.g., References 
[110,111]). Operation has usually been at 532 nm 
with frequency doubled Nd-YAG lasers. A particu-
larly powerful system with 1.8 m diameter telescopes 
has been deployed at the ALOMAR Observatory 
(Andoya Rocket Range, Andenes, Northern 
Norway 69°N, 16°E). It has been used regularly for 
stratospheric wind measurements by day and night, 
through summer and winter (see Reference [112]).

In the double-edge technique, Doppler shifts 
are derived by calibration of the response function 
R given by

 R I I I I( – )/( )A B A B= +  (12.27)

where IA and IB are the measured signals pass-
ing through the two fixed filters A and B placed 
on either side of the scattered light spectrum, as 
shown in Figure 12.17. As the spectral line shifts 
in frequency, the relative magnitudes of IA and IB 
change. The fixed filters are formed by two Fabry–
Perot cavities of slightly different spacing. With 
suitably chosen frequency separation of the filters, 
operation on the molecular spectrum can be made 
relatively insensitive to the narrow band, often 
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highly variable, aerosol scattering at the centre. 
Precise calibration of R also needs to take account 
of the exact form of the broad molecular spectrum, 
which varies with temperature through the atmo-
sphere. Several double-edge systems have been 
built [113–115]; one of the first, that at Observatoire 
Haute Provence (OHP) in southern France, operat-
ing at 0.53 μm, has made extensive measurements 
into the lower stratosphere over several years [116].

A number of field trials comparing different 
LDV lidars have now been conducted. The VALID 
trial at OHP in July 1999 [120] brought together 
double-edge (0.53 μm), fringe imaging (0.53 μm) 
and heterodyne (2.1 and 10.6 μm) lidars for com-
parison with a microwave wind-profiler radar and 
balloon radiosondes. Forty-six data sets were accu-
mulated and generally showed good agreement 
with cross-correlation coefficients above 60%. 
For some specific meteorological cases (e.g., a jet 
stream), measurement discrepancies were readily 
explained. At a trial in September 2000 at Bartlett, 

New Hampshire, USA, a fringe imaging lidar 
(0.53 μm), a double edge lidar (aerosol channel at 
1.06 μm, molecular at 0.35 μm) and heterodyne 
lidar (1.06 μm) were deployed with microwave 
wind profiler and regular radiosonde launches. 
Generally reasonable agreement in a variety of 
atmospheric conditions was obtained.

12.4.4  Cloud measurement

Detailed knowledge of cloud parameters, as indi-
cated in Table 12.11, is important for three major 
applications: climatological studies, weather fore-
casting and local information, particularly in avia-
tion. In addition, knowledge of polar stratospheric 
clouds (PSCs) and their role in atmospheric 
chemo-dynamics, particularly for ozone destruc-
tion, is of great significance (see Section 12.6). 
Laser radar can be used to measure cloud height, 
vertical extent, structure, optical thickness, statis-
tical distribution, classification, presence of thin 
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Figure 12.17 Schematic of the double edge technique with two filters A and B set on either side of 
the broad molecular spectrum as utilised for scattering at 0.35 and 0.53 μm. The technique can also 
be applied to the relatively stronger aerosol channel at 1.06 μm with appropriately spaced filters at 
higher resolution.

Table 12.11 Application of cloud measurement data (height, structure, etc.)

Climatological studies Radiation balance
Global energy balance
Aqueous phase chemistry
Monitoring of polar stratospheric clouds and ozone studies

Weather forecasting Delineation of air mass discontinuities
Assessment of frontal or convective activity
Assimilation into numerical weather forecasting models, 

mesoscale, regional and global
Improved quality of humidity and temperature retrievals
Improvements in cloud vector winds and sea surface 

temperature
Local information Objective assessment of cloud base and cloud cover, 

particularly for aviation and airport operation

Precipitation and vertical visibility
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and subvisual cirrus, precipitation, etc., and many 
studies have been conducted (see, e.g., References 
[59,118–121]). Spaceborne lidar systems obviously 
have the potential to provide such information on a 
global scale, as illustrated, for example, in the dis-
cussion following the first such demonstration of 
the NASA LITE equipment [72].

For local measurements, ground-based systems 
have been extensively developed and are commer-
cially available. Relatively simple techniques with 
pulsed lasers are employed with direct detection of 
the scattered light along the beam in ranging inter-
vals of typically 100 ns (15 m equivalent). In fair 
weather and well-marked clouds, the basic cloud 
height measurement is a straightforward ranging 
task. Consideration does need to be given to the 
precise definition of “cloud height”—should it be 
the initial return from the lowest fluffs of cloud, 
the height of the steepest increase in backscatter 
or the height of maximum backscattered signal? 
In a typical commercial lidar ceilometer (e.g., the 
Vailsala CT25K), the processing algorithm selects 
a height in the region of peak backscatter—which 
corresponds to the height from which pilots can 
usually see the ground well.

In severe weather, the problem becomes much 
more difficult; stray signals will be evident from 
rain, snow, virga (precipitation out of cloud evapo-
rating before it reaches the ground), haze and fog. 
Quite complex algorithms have been developed to 
invert the measured backscatter profile to provide 
a credible vertical extinction coefficient profile. 
Thresholding criteria based on experience and 
extensive observations can then be applied to the 
latter to determine and classify a cloud presence. 
As mentioned, the Vaisala CT25K lidar ceilom-
eter is a robust, fully automated system based on 
a single lens, monostatic transmitter/receiver and 
an InGaAs pulsed diode laser operating at 905 nm. 
Measurements can be made from 0 to 25,000 ft 
(7.5 km) with 500 range gates and range resolution 
of 50 ft (15 m) in a programmable measurement 
cycle of 15–120 s.

This equipment has been further developed 
with partial funding by the European Space 
Agency and uses an array of four standard equip-
ments operated in synchrony. Above 1000 m, all 
four beams overlap so that every receiver collects 
scattered light from every transmitted beam. The 
increased SNR ensures that this more powerful 
equipment provides a measurement capability on 

cloud up to the 75,000 ft (21 km) altitude refer-
enced by the World Meteorological Organisation 
(WMO) in 1983 as the upper limit for cloud height 
observations.

12.5  LIDAR AND AVIATION

Following the demonstration of lidar measure-
ments in the atmosphere, the application of such 
techniques to problems in aviation was rapidly 
developed. Immediately obvious topics were mea-
surement of true airspeed, warning of wind shear 
and turbulence, calibration of pitot-static pressure-
differential probes and the potential hazards of 
aircraft wake vortices. For operation in aircraft, 
equipments must obviously be compact, reliable 
and robust to the environment of vibration and 
reduced pressure.

12.5.1  True airspeed, wind shear, 
turbulence and pressure error 
calibration

In the late 1970s, a number of airborne Doppler 
lidars were built. One of the earliest was quite a 
large-pulsed CO2 system designed to look for-
ward of the aircraft at ranges >5 km. One of the 
main aims, to establish whether the equipment 
could detect clear air turbulence at high levels in 
the atmosphere, was successfully demonstrated 
(see, e.g., References [49,103]). For measurements 
at shorter ranges, the Laser True Airspeed System 
(LATAS) was built at the Royal Signals and Radar 
Establishment (RSRE) in 1980 and flown in air-
craft of the Royal Aircraft Establishment (RAE). 
Figure 12.18 shows the installation of LATAS in 
the unpressurized nose of an HS125 executive jet-
type aircraft. The continuous wave CO2 laser gave a 
power output of ~3 W and the optics head was con-
tained in a well-insulated temperature-controlled 
enclosure. All controls were operated remotely 
from a console in the aircraft cabin. Figure 12.19 
shows a pair of typical spectra recorded at differ-
ent levels in the atmosphere; one shows increased 
levels of turbulence in the probe volume.

From the peak of such spectra, the true air-
speed of the aircraft (that is, the speed of the 
aircraft relative to the air it is moving in) can be 
determined with an absolute accuracy of typically 
better than 0.2 ms−l. Figure 12.20 shows a record 



12.5 Lidar and aviation 459

Figure 12.18 The Laser True Airspeed System (LATAS) installed in the unpressurized nose of an HS125 
aircraft. For flight, this was covered with a nose cone holding a germanium window through which the 
lidar beam emerged.

(a) (b)
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Figure 12.19 Typical Doppler spectra recorded in flight with the LATAS equipment at focal range of 
100 m with 25 ms experiment time: (a) height 5000 ft, the peak frequency corresponds to 225.2 kt; (b) 
height 960 ft, the mean frequency corresponds to 215.0 kt; note the broadened spectral width due to 
the turbulence of ~5 kt.
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Figure 12.20 True airspeed recorded against time. The top trace is the lidar data with sampling at 
25 s−1. The lower trace is the speed calculated from a pressure-differential gust probe mounted on 
a boom. Note the close correspondence of velocity structure. (From Keeler, R. J.et al., J. Atmos. 
Oceanic Technol., 4(1), 113–137, 1987.)
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of such measurements made at 25 s−1 in the atmo-
spheric boundary layer [122]. For these studies, 
the lidar was focused at a reduced range of 17 m 
(but sufficiently far enough to be away from any 
disturbance of the advancing aircraft) to give good 
comparison with a small, conventional, pressure-
differential gust probe mounted in a thin boom 
projecting ~1 m ahead of the aircraft. The air speed 
derived from the pressure-differential system is 
also shown in Figure 12.20. The small difference 
between the two airspeeds (about 3 ms−1) almost 
certainly arises from inaccurate correction of the 
pressure data, and provides the basis for calibrat-
ing such devices as discussed later. Closer exam-
ination of the data in Figure 12.20 shows a time 
offset of ~0.11 s (clearly corresponding to the 16 m 
forward look of the lidar), and excellent agreement 
of the detailed structure (and computed variances) 
for the two sets of data.

Although clear air turbulence at high level in 
the atmosphere is troubling to aircraft, with risk 
of injury to unbelted passengers and crew, few if 
any aircraft have been caused to crash. Low-level 
wind shear, on the other hand, often but not always 
associated with thunderstorm activity, has caused 
many serious accidents, notably with aircraft in 
landing or take-off phase. At this stage, aircraft 
have a low airspeed, typically ~120 kt (~60 ms−1). 
In the presence of wind shear, as the aircraft passes 
into a region of notably different wind speed, its 
lift may be greatly reduced. The pilot may have 
insufficient time to accelerate the aircraft up to 
sufficient airspeed to keep it aloft. Figure 12.21 
shows an early LATAS record of passage through a 
thunderstorm microburst during the Joint Airport 
Weather Studies (JAWS) trial in Colorado in 1982. 
In this case, the focal range was set 250–300 m 
ahead of the aircraft. The sensitivity extended out 
to 700–800 m and thus strong shear or turbulent 
structures entering the extended probe at longer 
range were evident. In Figure 12.21, the sequence 
of Doppler spectra in the lidar record showed a 
headwind that changed by over 40 kt (~20 ms−1) 
in about 5 s. There was an additional down draft 
of ~6 ms−1. Analysis of these measurements con-
tributed to the development of a descending 
vortex-ring model for thunderstorm microburst 
behavior, in contrast to the more usual vertical jet 
and outflow model. Simulations with the LATAS 
parameters have shown that the ~5–10 s warning 
of shear from a probe range of ~300–600 m could 

be useful if heeded promptly [123–125]. Wind 
shear and microbursts are dynamic phenomena; 
indeed, the simulations showed that there was 
significant advantage in controlling the aircraft 
(a medium-size passenger jet) using the airspeed 
measured ~300 m ahead, but increasing the dis-
tance to 600 m produced little further improve-
ment. Nevertheless, in terms of general operation, 
it would be useful to look at a greater range with 
pulsed systems and a number of airborne equip-
ments were built in NASA-supported programmes. 
Both CO2 10 μm and solid state 1 and 2 μm lidars 
were successfully demonstrated at ranges to ~3 km. 
Comparative performance in terms of range and 
velocity resolution, and atmospheric factors in dif-
ferent conditions of rain, high humidity, etc., were 
assessed [126].

While wind shear remains a severe problem, the 
widespread deployment of lidars in civil airliners 
nevertheless appears unlikely in the near future. 
Increased awareness of the meteorological fac-
tors that precipitate severe wind shear, combined 
with the warning from large powerful Terminal 
Doppler Weather Radars (TDWR) operating at 
major airports, provide improved confidence and 
safety in airport operation. Nevertheless, it may 
be remarked that lidar has a very strong capability 
to detect so-called “dry” microbursts (i.e., without 
associated rain) and is thus complementary to the 
high sensitivity of TDWR for conditions of rain 
and high humidity.

In an extensive development in France in the 
late 1980s, a CO2 10 μm cw lidar was similarly used 
for true airspeed measurement and flown in a heli-
copter and various transport and fighter aircraft. 
This was subsequently configured into a three-axis 
equipment called ALEV-3 by Sextant Avionique, 
as shown in Figure 12.22. This lidar has been used 
for air data calibration and aircraft certification in 
extensive flight tests of Airbus aircraft. With the 
beams focused at 70 m, the equipment gives a pre-
cise, real-time measurement of the airspeed vector 
and thus permits the calibration of static pressure 
and the angles of incidence and sideslip [127].

An advanced optical air data system (OADS) 
for measurements high in the atmosphere was 
built and flown in the early 1990s [128,129]. Good 
performance at ranges to a few tens of metres 
was obtained with a direct detection technique 
in which the velocity components were derived 
from the measured transit times of aerosols 
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Figure 12.21 Sequence of lidar spectra recorded at 0.5 s interval during aircraft passage through a 
thunderstorm microburst. Note the severe wind shear (40 kt, ~20 ms−1 in ~5 s) in the record.
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between light sheets. This programme is outlined 
in Chapter 18 of the present volume and used as an 
exemplar of optical engineering practice in a hos-
tile environment.

More recently, an airborne wind infrared 
Doppler lidar (WIND) has been developed in 
cooperation between CNRS and CNES in France 
and DLR-Munich in Germany [130]. In this lidar, 
built more for meteorological investigations and as 
a precursor for study of spaceborne systems, the 
TE-CO2 pulse laser operates at ~300 mJ pulse and 
4 or 10 Hz prf. Successful measurements from an 
altitude of 10 km, with downward conical scan-
ning at 30° from nadir, have been undertaken in 
international field campaigns since 1999 [131].

12.5.2  Aircraft wake vortices

In the process of generating lift (deriving from the 
pressure difference between the upper and lower 
surfaces of the wing aerofoil), all aircraft (including 
helicopters) create transverse rotational flow in the 
air that has passed over each wing. This rotational 
flow rapidly evolves into two powerful counter-
rotating vortices that extend as a pair of trailing 
ribbons behind the aircraft. The initial separation 
of the vortices is about 80% of the wing span; their 
rotational sense produces a strong downdraft in 
the region between them, and in free air they tend 
to sink at a rate of 1–2 ms−1 Their trajectory is, of 

course, largely determined by meteorological con-
ditions; on approach to the ground, the sink rate 
is reduced and the vortices tend to separate. An 
extensive assessment and bibliography of the then 
state of knowledge of wake vortices was given by 
Hallock in 1991 [132].

The existence of such wake vortices, some-
times rather dramatically referred to as “hori-
zontal tornados”, represents a potential hazard 
to following aircraft, particularly for smaller air-
craft following larger in the vicinity of airports 
on landing and take off. The Air Traffic Control 
System guards against this hazard by the appli-
cation of separation minima between all pairs 
of aircraft operating under Instrument Flight 
Rules. The larger and heavier the aircraft, the 
more powerful the vortex it creates and hence 
the separation distances depends on the types 
of aircraft (set into various weight categories) 
involved. Such separation minima provide a sig-
nificant constraint on airport capacity—it has 
been estimated, for example, that if they were 
not necessary the arrival capacity at Heathrow 
could be increased by up to five aircraft per hour. 
Obviously, the separations must be sufficiently 
large to ensure safety, but they should not be so 
excessively conservative as to unduly restrict the 
capacity of airports.

The characteristics of wake vortices—their for-
mation, evolution, persistence, trajectory, mode of 
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Figure 12.22 The ALEV-3 airborne lidar for air data calibration and aircraft certification. The opti-
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Morbieu, B. et al. ALEV3, a 3-axis CO2 CW anemometer for aircraft certification. Proceedings of 7th 
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decay, etc.—have been studied for many years. In 
particular, powerful techniques of computational 
fluid dynamics and large wind tunnel measure-
ments on reduced scale model aircraft provide 
information on the early stages of vortex forma-
tion and evolution. Recent water tank studies have 
extended this to the late stages. The positive and 
complementary features of lidar measurements are 
that they can be carried out on full-scale aircraft, 
in the real atmosphere and potentially at long dis-
tance (many 100 s of wing span) downstream of the 
generating aircraft and thus on fully mature and 
decaying vortices.

Wake vortices were, in fact, amongst the very 
first subjects of study by coherent laser radar. A 
demonstration of coherent 10 μm LDV measure-
ments with cw lidars was made in 1970 in a NASA-
sponsored programme. Subsequently, during the 

1970s and early 1980s, very extensive NASA-and 
Federal Aviation Agency (FAA)-funded inves-
tigations were made and helped to define vor-
tex separation standards [132]. In the 1980s, 
the German DLR Institute of Optoelectronic 
deployed a high-performance cw lidar at 
Frankfurt Airport between two parallel runways 
with the prime aim of examining the risk due 
to a cross wind possibly transporting vortices 
from one runway to the other [133]. The runway 
separation of 520 m is often too small for oper-
ating both runways independently with respect 
to wake vortices. Figure 12.23 shows a section of 
the vertical measurement plane with examples of 
vortices moving under the prevailing cross wind 
from one runway to the other. A number of such 
vortices show a steep ascent towards the paral-
lel runway. This bouncing effect may enhance the 
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hazard since the vortex will tend to pass near the 
altitude of approaching aircraft. This lidar work 
has contributed to the development of a strategy 
of operation for Frankfurt Airport in various 
cross wind conditions.

With increasing demand in the 1990s for avail-
able runways, it is clear that wake vortices and the 
required separation minima limit the capacity for 
the world’s busier airports. There has thus been 
increased interest recently in lidar measurements 
with NASA and FAA programmes in the USA, 
Civil Aviation Authority-funded programmes in 
the UK and EC-funded programmes in Europe. 

This includes 10 μm cw lidars with controlled 
tracking of vortex position and comparison with 
acoustic sensors and mechanical anemometers. In 
addition, short wavelength 1 and 2 μm pulse lidars 
have been used for longer ranges.

A schematic illustration of the flow field and 
velocity distribution for vortices is shown in 
Figure  12.24. The Doppler lidar spectra expected 
for a beam intersecting such a flow is somewhat 
complex due to the changing line-of-sight veloc-
ity component along the beam and the spatial 
weighting function of the lidar. The form gener-
ally expected is shown Figure 12.5, as calculated 
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Figure 12.24 Schematic of vortex flow and lidar spectra. (a) Cross section of a pair of rotating vorti-
ces. Two positions A and B of a lidar beam intersecting the left hand vortex at tangent positions t1 
and t2 are shown. (b) Approximate peak velocity profile V(r) along the line between the vortex cores. 
(c) Doppler spectra for the lidar beams at A and B. Analysis shows that scattering from the immediate 
tangent regions t1 and t2 give the peaks in spectra at Doppler frequency f(t1) and f(t2) equal to 2V(t1)/λ 
and to 2V(t2)/λ, respectively.
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by Constant et  al. [134]. Most importantly, scat-
tering from the immediate tangent region pro-
vides the highest frequency peak component in 
the spectra. The intensity of these peaks rapidly 
weakens as the beam gets closer to the vortex core. 
Nevertheless, with a lidar of adequate spatial and 
spectral resolution, their measurement provides a 

velocity profile through the vortices, as shown in 
the series of experimental spectra in Figure 12.25 
with a fixed pointing lidar. In these pictures, the 
spectra are plotted vertically and coded for inten-
sity as shown in the inset. The rapidly rising peak 
Doppler frequency on approach to the vortex core 
is very obvious.
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Figure 12.25 Doppler spectra (recorded at 25 s−1) from wake vortices carried by the prevailing cross 
wind through a static, upward looking lidar. Each spectrum is plotted vertically and color coded for 
amplitude as shown by the insert. The time after passage of the generating aircraft is shown on the 
horizontal scale; the Doppler frequency (left hand) and equivalent velocity component (right hand) are 
on the vertical scales. (a) Pair of vortices from a B757 aircraft (CAA 320133, 3 October 1995); lidar ele-
vation 90° and focal range 110 m. The cross wind was 4.9 ms−1note the very sharp profiles of the vor-
tices, rising close to the top of the scale, on either side of the cores. The downflow midway between 
the vortices is 7.4 ms−1. (b) Pair of vortices from a B747–200 aircraft (CAA 320068, 30 October 1995); 
lidar elevation 90° and focal range 115 m. The cross wind was 6.0 ms−1 and downdraft ~0.7 ms−1 Note 
the characteristic shape with broad, steadily rising profile up to ~12 ms−1 and then rounding over into 
a series of inversions. The corrected downflow Vv between the vortices is 7.78 ms−1.
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With the lidar beam scanning to the side, many 
successive intersections on vortices with the char-
acteristic cusp-like signatures may be obtained. 
Analysis of a record from Heathrow showed a 
very remarkable result in that the near-wing vor-
tex from a B-747 aircraft pursued the unusual path 
shown in Figure 12.26. After initially sinking to 
about 40 m above ground level, it subsequently rose 
and, at ~70 s, was back at the glide slope with essen-
tially undiminished strength. This is a good exam-
ple where the ATC separation standards worked 
well—the following aircraft passed through at 
~102 s, well after the vortex had moved away. The 
unusual character of this example must be empha-
sized; in the overwhelming majority of the nearly 
3000 lidar records at Heathrow, the vortices were 
rapidly convected away from the glide slope by the 
prevailing wind within 30–40 s.

Much quantitative data on vortex character, 
strength and longevity may be obtained from such 
lidar records. The strength of vortex circulation or 
vorticity Γ(r) in m2 s−1 is given by the expression

 rV r(r) 2 ( )Γ = π  (12.28)

where V(r) is the rotational speed at radius r. From 
Figure 12.25, values of vorticity for the B757 vortex 
of Γ(14.3 m) = 331 m2 s−1 (at mean age 16 s) and for 
the B747 of Γ (22.4 m) = 545 m2 s−1 (at mean age of 
17 s) are obtained, in reasonable agreement with 
expectation for these aircraft in landing configu-
ration. As a further example, from the scanned 
record for Figure 12.26, much detailed information 
may be extracted, including the values and changes 
of vorticity at different radii over the full observa-
tion period. The circulation Γ (13.5m) remained 
close to 510 m2 s−1 out to 70 s [135].

In recent years, study of aircraft wake vorti-
ces has further intensified; EC-supported pro-
grammes have been very fruitful in combining 
lidar studies with wind tunnel, water tank, 
catapult launching of models and computer 
fluid dynamics (CFD) investigations (see, e.g., 
Reference [136]). Pulse laser systems at 2 μm wave 
length and spatial resolution of ~50 m may also 
be used for localization and measurement of vor-
tices at ranges greater than ~1 km, as first dem-
onstrated by Hannon and Thomson [137]. Lidar 
studies include measurement of military-type 
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aircraft in Germany [138], report of measure-
ments at Dallas/Fort Worth airport [139] and 
at Heathrow [140,141]. Very recent collabora-
tive campaigns with several lidar systems, both 
CW and pulsed, have been held at European air-
fields. Precise comparisons of wind tunnel data 
with lidar measurements have been made [142], 
and observations reported of an unusual struc-
ture with a vortex within a vortex [143]. A recent 
paper considered the impact on helicopter han-
dling of vortex encounters using lidar data [144].

In summary, a broad view of the application 
of lidar to problems of aircraft wake vortices sug-
gest several principal areas. First, at the most basic 
level, there is the important contribution to fun-
damental knowledge of vortices—their forma-
tion, interaction, transport, decay and dissipation 
and comparison with data using other techniques. 
This potentially should input into detailed aircraft 
design (e.g., wing configuration, interaction of 
engine, flap and tip vortices, etc.) with develop-
ment of low vorticity vortices (lvv) or quickly dis-
sipating vortices (qdv). Such progress is important 
particularly for the very large transport aircraft 
now being developed (e.g., the Airbus A380). For 
airport operation, two types of capacity improve-
ment may be envisaged:

 ● Strategic: scheduled increase in arrival/depar-
ture slots. Increased knowledge of vortex decay 
and environmental interaction could lead to 
small capacity gains from refined separation 
standards. Even a few slots per day at a busy 
airport would be of great value.

 ● Tactical: considerable scope for local hour-
by-hour ATC decisions to reduce separations 
based on meteorological and lidar (LDV) 
information monitoring. Potentially large fuel 
savings and reduction of delays, particularly 
for aircraft in holding patterns, should be 
attainable.

This last point raises the question as to whether 
effective forms of routine monitoring by lidar 
could be developed to provide useful vortex advi-
sory systems for air traffic controllers. Any such 
airport advisory system must of course be cost-
effective to install and operate and hence the tech-
nology must above all be robust, reliable and easily 
maintained.

12.6  CHEMICAL, ENVIRONMENTAL 
AND POLLUTION STUDY

The three primary phenomena for detection 
and measurement of chemical species and their 
environment have been noted in Section 12.2: 
differential absorption, Raman scattering and 
fluorescence. Lidar techniques using these phe-
nomena have been widely developed for studies 
ranging from short range monitoring (~10–100 m) 
across, e.g., chemical plants to measurements high 
into the mesosphere even above 100 km altitude. 
Differential absorption lidars (DIAL) are available 
commercially and may be employed routinely for 
pollution monitoring across, e.g., industrial sites 
and cities. Many lidars have been incorporated in 
high flying, long-range aircraft and have provided 
vital information on atmospheric chemistry and 
dynamics, including analysis of polar ozone deple-
tion. The basis of the techniques with a few recent 
examples are outlined. Detailed accounts may be 
found in, e.g., References [18,21,22,33,97]. A con-
cise review of DIAL and Raman lidar for water 
vapour profile measurements has been given by 
Grant [145] with 133 references.

12.6.1  Differential absorption lidar 
(DIAL)

The simple principle of DIAL lidar is the com-
parison of the backscattered signal (from aerosols 
and molecules) for two laser beams traversing the 
same path; one beam is tuned to an absorption 
feature of the chemical species under study while 
the other beam is well off absorption. For a pulse 
lidar differential analysis of the two signals S0 
and Sff with highly developed retrieval algorithms 
[146] will provide a range resolved concentration 
density map of the absorbing chemical species. 
For some specialist applications, cw lasers oper-
ating on fixed paths to topographic targets or 
retroflectors can provide a path-integrated mea-
surement. This may be suitable for, e.g., 24-h sur-
veillance across a chemical processing plant with 
the beams successively traversing various sensi-
tive areas of processing reactors, storage tanks, 
etc. Such lidars can guard against any sudden cat-
astrophic escape of materials and contribute also 
to the detection of low level leaks with improved 
operating efficiency.
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A vast range of lasers have been used for DIAL 
equipments ranging in wavelength from near UV 
to mid-IR. Typically in the range 250–435 nm, spe-
cies such as toluene, benzene, SO2, NO2 and ozone 
can be detected with dye lasers or frequency dou-
bled or tripled light from, e.g., a Ti sapphire laser. 
Water vapour and molecular oxygen have absorp-
tion features with strong, well resolved lines in the 
near-IR in the region 720, 820 and 930 nm (water 
vapour) and 760 nm (oxygen). Dye lasers, tunable 
vibronic and solid-state lasers have been employed 
amongst others. The longer wavelengths 1–4.5 μm 
are well suited to detection of, e.g., methane, eth-
ane, hydrogen chloride, hydrogen sulphide, nitrous 
oxide and many hydrocarbons. Varying laser dyes 
with sum and frequency difference mixing in 
non-linear crystals provides tunable coverage of 
much of the range, together with tunable OPO 
lasers. In the range 9–12 μm, covered by CO2 laser 
wavelengths, there are many absorption features 
for hydrocarbons and various pollutant and toxic 
materials which can also be investigated by DIAL.

A schematic of a DIAL lidar is shown in Figure 
12.27; clearly, a basic technical requirement is 
the accurate positioning of the laser emissions 
with respect to the selected molecular absorption 
line (typically within 0.001 cm−1), with the laser 
line width narrower than the absorption feature. 
Separation of the scattered radiation at the two 
wavelengths (if transmitted simultaneously from 

two laser sources) may be achieved with narrow-
band filters. Otherwise, switching between the two 
“on” and “off” lines must be accomplished swiftly 
and precisely with typical pairs of pulses at > 10 Hz 
rate. Attainable accuracy for concentration mea-
surement depends on the parameters of the specific 
application, e.g., spatial and temporal resolution 
and the material under study. Typically detection 
limits below 10 ppb can be achieved with an accu-
racy of better than a few ppb. Measurements in 
the atmosphere for meteorological investigations 
have been widely developed. With molecular oxy-
gen as the absorber and operating in the wings of 
the absorption lines, surface pressure and pressure 
profile can be measured with an accuracy of order 
0.2%. Similarly, the temperature profile may be 
measured with an accuracy of typically better than 
1 K through the tropopause using highly excited 
vibration lines of molecular oxygen with appropri-
ate choice of emitted laser frequencies. Many inter-
comparisons and sensitivity analyses of different 
equipments have been made (see, e.g., References 
[147–149]).

For the shorter wavelengths, techniques of direct 
detection are employed with narrow-band opti-
cal filters for isolation of the required wavelengths 
and reduction of background. At longer wave-
lengths, heterodyne techniques have been inves-
tigated in order to improve SNR with inherently 
noisy detectors. The speckle-induced fluctuations 
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in such coherent systems require averaging, but use-
ful improvements in range performance with CO2 
DIAL systems have been demonstrated (see, e.g., 
References [150–152]). Speckle correlation and aver-
aging with two or more wavelengths for improved 
accuracy in DIAL have also been examined [153].

DIAL systems have now been used for many 
years in both fixed and mobile ground stations. 
An interesting comparison of results for two 
high-performance ozone DIAL lidars is shown in 
Figure 12.28 (from Reference [148]). A number of 
extensive campaigns have been conducted across 
European cities (e.g., Athens in 1994, Grenoble 
in 1999) bringing together a range of lidars and 
monitoring equipment for study of ozone smog 
and pollution episodes. Several large permanent 
ground stations (e.g., at Eureka in the Canadian 
High Arctic [35], at Alomar in northern Norway 
[112] and at OHP in southern France [154]) have 
been established for longer term monitoring of the 
atmosphere, often combining different lidar facili-
ties with DIAL, Rayleigh, Mie and Raman lidar 
detection channels.

Measurements from aircraft have been par-
ticularly notable, particularly in the combination 
of aerosol and DIAL lidars. In the winter of 1999–
2000, for example, the NASA Langley airborne 
equipment measured ozone at DIAL wavelengths 
301.6 and 310.9 nm and aerosols at 1064, 622 and 
311 nm, giving vertical profiles from 12 to 28 km 

across the wintertime Arctic vortex. Further valu-
able information on the interaction of PSCs and 
their implications for chemical depletion of O3 was 
obtained [22,33,155].

12.6.2  Raman lidar

Raman scattering provides an effective means for 
chemical species and aerosol measurement with 
lidar systems operating at shorter wavelengths to 
give the strongest scattering. Frequency doubled 
or tripled Nd-YAG lasers have been used; with an 
XeF examiner laser operating at 315 nm, Raman 
returns from O2 (371.5 nm), N2 (382.5 nm) and 
water vapour (402.8 nm) are created. Systems typi-
cally operate at several hundred Hz with 50–100 mJ 
per pulse, with collecting telescopes up to 1 m 
diameter and range resolution 20–100 m. The role 
of water vapour in atmospheric models for numer-
ical weather prediction (NWP), and as the lead-
ing greenhouse gas, is particularly important and 
Raman lidar measurements offer valuable infor-
mation (see, e.g., Reference [156]); a measurement 
example is shown in Figure 12.29 [157]. Calibration 
techniques for Raman lidar water vapour mea-
surements have been widely investigated (e.g., 
Reference [158]) using, for example, comparison 
with radiosondes providing local humidity data 
(see, e.g., Reference [159]) and pressure and tem-
perature data at cloud base with expected 100% 
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Figure 12.28 Comparison of the results for two ozone DIAL lidars spaced close together. The vertical 
arrows show the measurement day during the trial’s period [148].
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humidity (see, e.g., Reference [160]). Cloud liquid 
water content has also been an important study 
[161] for Raman lidar; liquid water has a broadened 
spectrum ~7 nm wide shifted about 5 nm from the 
narrow vapour return. Interference filters ~4 nm 
wide readily separate the two signals.

Another important application of Raman lidar 
has been in measuring aerosol extinction [162,163]. 
By measuring the Raman N2 signal at the shifted 
wavelength and the backscatter signal (molecular 
and aerosol) at the laser wavelength, the height-
resolved aerosol extinction σaer and the extinction 
to backscatter ratio σaer/β(π)aer can be determined 
(see, e.g., Reference [164]).

12.6.3  Fluorescence lidar

Fluorescence lidar can be applied in several areas: 
for detection and identification of organic and bio-
logical materials on surfaces (by land or water), 
for detection of fluorescent dye particles (FDP) 
released as tracers in the atmosphere and tempera-
ture and concentration measurement of atoms at 
very high altitudes.

For organic and biological materials, two diag-
nostics may be employed. First, the fluorescent 
wavelength edge above which (as the laser source is 

tuned to longer wavelengths) the material no longer 
exhibits fluorescence. Second, there is the charac-
teristic (usually quite broad band) spectrum of the 
fluorescence itself. The technique has been applied 
to pollution studies of, for example, oil spillages 
(accidental or deliberate) at sea with the possibility 
of large area, rapid surveillance by aircraft. Similarly 
the technique may be applied to biological studies 
of water—certain algae and simple life forms have 
characteristic fluorescence spectra. Early detection 
and identification can be achieved and monitoring 
of development as, for example, in the phenom-
enon of algae blooms. The use of FDP tracers in the 
atmosphere has been described by Uthe [165] (see 
also Reference [166]). Organic resin particles of ~2 
μm diameter containing a fluorescent orange dye 
have been used. In one example, a parcel released at 
2.3 km altitude was tracked (by airborne lidar) for 
over 8 h and 200 km passage [165].

The first lidar measurement of sodium high in 
the mesosphere was made as long ago as 1969. This 
region is in fact difficult to study by other tech-
niques, being inaccessible to balloons, aircraft and 
most satellites. It has many interesting features 
containing the coldest part of the atmosphere—the 
mesopause, metal layers formed by meteor ablation 
and polar mesospheric clouds (PMCs). Knowledge 
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of the temperature, density and their variability (as 
a function of season, latitude and solar cycle, etc.) 
is important for many geophysical phenomena. 
Several fluorescence lidar have been built variously 
operating at resonance wavelengths for Na, Ca, K 
and Fe. Typically, a range of dye lasers pumped by 
Nd-YAG have been used with pulse energies in the 
range 5–100 mJ at typically ~20 Hz. All solid-state 
generation of the Na D2 resonance line at 589 nm 
has also been achieved by sum-frequency mixing 
Nd-YAG 1064 and 1319 nm radiation with lithium 
niobate or triborate non-linear crystals.

For relative concentration measurements, direct 
detection may be employed with narrow band fil-
ters (typically ~1 nm) to reduce background light. 
It is also possible to simultaneously measure den-
sity and temperature and a number of techniques 
have been developed [167–169]. For sodium, two or 
more laser frequencies are transmitted in turn, one 
exactly at the peak of the Na D2 line and the other 
shifted 800 MHz by an acousto-optic modulator. 
The relative scattering at the two wavelengths gives 
a measurement of the temperature. An example 
of temperature and Na density profiles in the alti-
tude range 80–105 km is shown in Figure  12.30 
[170]. For iron, the technique relies on the tem-
perature dependence of the relative scattering for 
two closely spaced Fe atomic transitions at 372 and 
374 nm. These two lines originate on the lowest 

atomic ground state and an upper sub-ground 
state about 416 cm−1 higher; their population and 
hence the ratio of scattered light is determined by 
Maxwell–Boltzmann statistics in thermal equi-
librium. Generation of the required radiation 
has been achieved with independent, frequency-
doubled and injection-seeded pulsed alexandrite 
lasers. Several equipments, ground and airborne, 
have now been built for mesospheric studies with 
routine measurements over extended periods, 
and more concentrated trials for expected meteor 
showers. Figure 12.31 shows a record of such an 
event [171].

12.7  LIDAR AND MILITARY 
APPLICATIONS

Many think that in some way they 
(the Martians) are able to gener-
ate an intense heat in a chamber 
of practically absolute non-con-
ductivity. This intense heat they 
project in a parallel beam against 
any object they choose by means 
of a polished parabolic mirror of 
unknown composition…

H G Wells: The War of 
the Worlds (1898)
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Figure 12.30 Example of fluorescence lidar measurements of temperature and Na density high in the 
atmosphere [170].
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12.7.1  Introduction

In the popular mind, lasers probably represent the 
ultimate science fiction offensive weapon. After 
much media hype through the late 1980s, fueled by 
the United States’ Strategic Defence Initiative (pop-
ularly known as “Star Wars”), the injection of very 
large funding and remarkable computer graphics, 
it is true, for example, that a leading US defence 
company claimed in 1996 to be able to build an 
airborne laser cannon that would destroy enemy 
missiles at ranges of several 100 km. This perhaps 
neatly concludes the requirement, allegedly laid 
down in the 1930s by the British War Office to early 
proponents of radio waves, that their “death ray” 
should be capable of killing sheep at a few miles.

Just as such early studies led to radar and its 
enormously important impact on the Second 
World War, the remote sensing capabilities of lasers 
are now becoming increasingly important. In fact, 
it may be said that later sensing is one of the few 
truly new (non-nuclear) military techniques intro-
duced since the Second World War. Even modern 
thermal imaging and its immense capabilities had 
its genesis in the basic work and crude systems 
introduced in the late 1930s (see, e.g., R.V. Jones, 
Most Secret War, 1978).

In reviewing laser radar applied to military 
tasks, one can distinguish three successive phases. 
The first phase consists of relatively simple, direct-
detection methods for very successful range find-
ing, target marking and laser beacons employing 
near-IR ruby and Nd-YAG lasers. The non-eye-safe 
character of these laser systems gives problems of 

troop training in realistic conditions, and this has 
led in a second phase to the introduction of lon-
ger wavelength lasers such as CO2 and Ho-YLF for 
basically similar tasks. In these phases, the laser 
is not much more than a bright light source. The 
third phase, which employs both advanced direct-
detection and coherent techniques and exploits the 
full laser capabilities for wind measurement, target 
identification, chemical sensing, imaging, etc., is 
potentially of considerable military significance in 
the 21st century. Before outlining this work, how-
ever, it is worth reviewing the strengths and weak-
nesses of lidar in comparison with other military 
sensing technologies.

In many ways, lidar is very complementary to 
thermal imaging. In particular, CO2 lasers at 10 μm 
wavelengths lie in the middle of the 8–13 μm band of 
longer wavelength thermal imagers, and thus their 
atmospheric penetration and range performance is 
likely to be very similar. On the other hand, passive 
thermal imagers, with rapidly scanned multi-ele-
ment detectors, provide excellent surveillance over 
quite large fields of view. In contrast, lidar, with 
few or single-element detectors and the very pre-
cise pointing capabilities of a diffraction limited 
laser beam, seems better suited to detailed inter-
rogation and investigation of small regions iden-
tified as “interesting” by other means. Compared 
with longer wavelength centimetric radar, lidar 
has considerably poorer transmission, at least in 
the lower atmosphere, and thus most battlefield-
type tasks have been confined to tactical ranges of 
a few tens of kilometres at most. This, of course, 
no longer holds true high in the atmosphere, and it 
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12.7 Lidar and military applications 473

is also worth appreciating the limited penetration 
of millimetric radar through, for example, heavy 
rain (due to large scattering from millimetric-
size rain drops). Covertness is another important 
aspect; it is quite difficult for a potential target to 
detect that it is being illuminated with a compara-
tively low power, often short-pulse, laser beam, and 
much attention has been devoted to this. However, 
radar, unless used with great discretion, has been 
described as a beacon signalling to its adversary 
“here I am—come and hit me”. Finally, it is worth 
pointing to a few unique military capabilities of 
lidar; these include, for example, wind sensing, 
detection of very small “targets” such as wires and 
cables and remote chemical detection.

12.7.2  Range finding, target marking, 
velocimetry, etc.

Simple rangefinders based on short-pulse, flash-
lamp pumped, solid-state lasers (ruby, Nd-YAG) 
were amongst the first developments of military 

hardware. Using the elementary timing principle 
(Section 12.2.1, Figure 12.2c), very compact, robust 
and efficient (often battery-operated) systems were 
rapidly instituted at the infantry rifleman level, 
for tank rangefinders and also for aircraft opera-
tion. In a clear atmosphere, reliable operation over 
several kilometres range is easily obtained with a 
few metres accuracy corresponding to ~10 ns pulse 
length. In fog and smoke, longer-wavelength lasers 
generally have superior performance with the 
added advantage of eye safety. Over the years, very 
extensive studies have been carried out on relative 
effectiveness under varied conditions of humidity, 
fog, smoke, camouflage, target characteristics, etc., 
and laser ranging systems of many different levels 
of sophistication have been developed. For exam-
ple, scattering from a smoke-screen laid down in 
front of a target is likely to give a strong signal sim-
ilar to that from the obscured target itself (suppos-
ing that the laser beam can adequately penetrate 
the smoke). Logic that selects this later pulse sig-
nal from the target rather than the smoke signal is 
required (Figure 12.32a).

Smoke screen/fog

Laser

Laser

t t2 Time

(a)

(b) Signal

R1 R2

Figure 12.32 (a) Schematic of a laser rangefinder with signals from different ranges. Last-pulse logic 
is required to select the correct return from the target. (b) Schematic of guided missile homing on 
light scattered from the target marked by an incident laser beam.
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In the related technique of target marking, the 
selected target is illuminated with a laser. Scattered 
radiation may then be picked up by a lidar receiver 
housed in a guided bomb or missile and provides 
information that directs in onto the target (Figure 
12.32b). These methods showed their effectiveness 
in the 1970s in the Vietnam War; many unsuc-
cessful attempts had been made to destroy an 
important bridge by conventional bombing which 
was eventually knocked out first time by a laser-
guided device. More recently, the sophisticated 
development of such laser-guided missiles (LGMs) 
first impacted on the popular consciousness with 
extensive newsreel coverage of missiles apparently 
penetrating ventilation shafts, bunkers, etc., dur-
ing the 1991 Gulf War.

For rangefinding, the use of a short pulse is but 
one extreme of coding the transmitted radiation. 
Many other forms of code may be used to acquire 
range or equivalent time-delay information, just 
as in longer-wavelength radar. These include 
amplitude modulation (AM) with, for example, 
a pseudorandom on-off code; auto-correlation 

of the strength of the return signal with the AM 
code itself gives it a peak response at a time inter-
val tf corresponding to the range to the target and 
back. Alternatively, frequency modulation (FM) 
of the transmitted beam may be employed and 
has the potential advantage of providing Doppler 
velocimetry information about the target, as illus-
trated in Figure 12.33a with a linear chirp pulse 
of duration ∆tC and frequency modulation fC. The 
return signals of a stationary target and moving 
target (with negative Doppler shift fD) are shown. 
Signal-processing techniques of pulse compres-
sion ensure that the range resolution in this case 
is not determined by pulse length ∆tC, but rather 
by the rate of change of frequency (the chirp rate). 
Some compromise of range and Doppler fre-
quency resolution is required but, typically, 10 m 
range resolution and 1m s−1 velocity resolution 
has been demonstrated in reasonably compact 
coherent systems at ranges up to 10 km. The sign 
of the Doppler shift may be established by use of 
the successive up and down chirps, as illustrated 
in Figure 12.33a.
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Figure 12.33 Coding of laser beams for simultaneous range/Doppler measurement. (a) Up/down lin-
ear chirp pulses of duration ∆tc, separation ts and frequency modulation fc. (b) Frequency modulation 
of a continuous wave beam (FMCW). For a distant stationary target, the range is proportional to the 
frequency difference fd of the outgoing beam and return signal as shown.
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Frequency modulation of a continuous wave 
beam (FMCW) may also be used, as illustrated 
in Figure 12.33b. With the delayed return signal 
beating against the outgoing waveform as shown, 
simple spectral analysis gives a frequency shift 
proportional to the range to the distant (station-
ary) target. For a moving target, this splits into two 
frequencies separated by ±fD. In practice, careful 
consideration of the various parameters indicated 
in Figure 12.33b of FM, code length and the tar-
get properties of range, velocity, etc., are required, 
including the problem of range-Doppler ambiguity. 
Nevertheless, several systems have been developed 
demonstrating high performance for simultaneous 
measurement of range and target velocity.

12.7.3  Micro-doppler and vibrometry

The bulk motion of a distant object may provide 
useful military information, as is demonstrated 
in many combined rangefinders and Doppler 
velocimeters. In addition, the information due to 
very small movements and vibrations within an 
object may potentially be of value in both civil and 
military fields. For a simple surface vibrating sinu-
soidally with amplitude a and frequency fv, the dis-
placement a (sin 2πfvt) gives a peak speed of ±2πfv a. 
From Equation 12.5, the peak micro-Doppler shift 
rises to ±4πfva/λ; with typical values of a = 20 μm, 
fv = 200 Hz, the peak speed is ±5.03 × 10−2 m s−1 
and for λ = 10.6 μm the micro-Doppler shift is 
only ±9.51 kHz. Such a shift is readily detected 
(to provide the amplitude) but, more importantly, 
techniques of frequency demodulation may be 
employed to give the underlying vibrational fre-
quency fv The thrust of much recent work has been, 
on the one hand, to develop the lidar systems for 
such measurement (coping with objects which may 
also be in bulk motion) but, on the other hand, to 
establish how characteristic and reproducible the 
vibrational frequencies are from particular targets 
and whether they can provide a key to successful 
identification. It is well known, for example, that 
their precise blade rotational frequencies are spe-
cific to particular types of helicopter and provide 
a means of identification. In practice, the problem 
is extremely complex; within a vehicle, for exam-
ple, the driving frequencies originating at the pri-
mary power sources of engines, electrical motors, 
etc., are coupled through all manner of nonlinear 
mechanisms to the outside panels and frames, etc., 

from which the laser radiation is scattered. These 
outside surfaces are likely to have their own reso-
nant frequencies and are further influenced for a 
ground vehicle by the terrain—gravel, mud, tar-
mac, etc., over which it is proceeding. Nevertheless, 
some success is being achieved and has been dis-
cussed in open literature. At the very least, the state 
of readiness of distant vehicles and, for example, 
the difference between live, active tanks and dead, 
knocked-out tanks or decoys is detectable. As a 
further example, it should be possible to match the 
radar techniques of aircraft identification (from 
signals reflected from turbine blades within the 
jet engine itself) with lidar methods taking signals 
reflected from the outer airframe skin.

12.7.4  Target imaging

The military lidar capabilities discussed to date of 
range finding, velocimetry and vibrometry may be 
considered as useful sensing discriminants in the 
broader task of providing a target image. These and 
various other discriminants available by electro-
optic laser techniques are indicated in Table 12.12.

The point is that, while one is accustomed to 
interpreting visual grey-scale or color images, any 
discriminant that varies across a scene may be 
used to build an “image” of that scene. This may 
itself provide valuable information about an object 
(the “target”) and a means of picking it out against 
the background.

Of the nine discriminants listed, the first five 
all relate to various aspects of the target region 
reflectivity and the signal intensity as potentially 
measurable in either a direct detection or coher-
ent lidar. Under laser illumination, the scattering 
characteristics of different surfaces—vegetation, 
metal, paint, concrete, soil, grass, camouflage, 
etc.—vary quite widely under changing  conditions 
of illumination (angle of incidence, polarisation, 
wavelength, etc.), as indicated in Figure 12.34. 
The term “glint” refers to the very strong, almost 
retro-reflection, signal that may occur on succes-
sive reflections from smooth surfaces (e.g., around 
a window frame or wheel arch) and is very char-
acteristic of the presence of a man-made object as 
opposed to natural vegetation and soil. This is an 
extreme example of the difference of signal fluctu-
ations as a laser beam is moved over different sur-
faces, e.g., concrete or brick compared with grass.
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These and the other four discriminants listed 
in the table—range, bulk velocity, vibration and 
any amplitude modulation (indicative of moving 
machinery for example)—may be used to create 
and active “image” of the target region with suitable 
color coding, highlighting of significant regions, 
etc. The pixel size or spatial resolution in the image 
will be determined by the usual optical param-
eters—the diffraction limits and atmospheric 
refractive turbulence—and at 10 μm should pro-
vide a good match to co-located thermal imagers 
surveilling the passive scene. However, it is worth 
noting the prime military imperative of speed of 
measurement and the impact that has on optical 
scanning arrangements and the lidar dwell time on 
each pixel element. For passive imagers, whether 
thermal or visual, all pixel elements in the scene 

are radiating/reflecting energy simultaneously and 
the angle of view and overall speed of measure-
ment is ultimately determined by the number of 
individual elements (each viewing one pixel) that 
can be packed into the detector. With an active 
lidar system, maximum sensitivity is achieved by 
illuminating each pixel sequentially with the laser 
beam, making the measurement and moving on 
to the next pixel. Necessarily, this is likely to be a 
slower process and reinforces the utility of lidar 
for provision of unique information from detailed 
interrogation of small regions as opposed to large 
area surveillance. The alternative of floodlighting 
a region, across many pixels, with a high-power 
expanded laser may be feasible in some circum-
stances but obviously mitigates against low-cost, 
low-power requirement and covertness.

Table 12.12 Remote sensing discriminants for creating an image of the target region

Scattering reflectivity/intensity from strength of signal
Change of intensity at different wavelengths
Change of intensity at different polarizations
Occurrence of “glint” signals—high intensity retro-reflections
Statistical character of signal fluctuations
Range as set in different range intervals
Doppler frequency shift—bulk velocity
Micro-Doppler—frequency modulation (FM) vibrometry
Signal amplitude modulation (AM)
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Figure 12.34 Example of the active laser radar (10 μm) and passive thermal imager (8–12 μm) con-
trasts to be expected between various targets and standard background (supposed at 300 K) tem-
perature emissivity 0.999 and reflectivity ξ = 10−3). The large variation can be attributed to different 
angles of incidence, degree of moisture, etc. (From Steinvall, O. et al., SPIE 300, 104, 1981.)
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A number of lidar images are shown in Figure 
12.35 and illustrate the potential. As always, exten-
sive deployment into the armed forces requires 
that such systems are made cheap, compact, reli-
able and easy to operate and maintain.

12.7.5  Wind measurements: 
Rocketry, landing aids, ballistic 
air drops

As described in Section 12.4, rapid measurement 
of wind field with good spatial resolution at ranges 
between a few tens of metres to many kilometres is 
unique to laser radar. In consequence, it is not sur-
prising that such capabilities have been extensively 
explored for military tasks. An immediately obvi-
ous area is the impact of wind on accuracy of muni-
tions. Rockets, in particular during the early stages 
of flight, are travelling comparatively slowly and 
may be quite strongly influenced by the local wind 
conditions. For example, measurement of flow and 
downwash under helicopters has been measured by 
lidar in order to improve delivery point accuracy 
of rockets fired from such platforms. Very large 
ground-based rocket systems are also influenced 

by the wind; some attempt to allow for this may be 
made by applying a correction in the fire control 
system. Conventionally, this may be a forecast wind 
or from a distant radiosonde measurement, possi-
bly made several hours and tens of kilometres away. 
With the vagaries introduced by local terrain and 
natural wind fluctuations, the remaining uncertain-
ties may contribute appreciably to the budget error 
for the weapon. For example, a compact coherent 
CO2 lidar was developed in the late 1980s for the US 
Army Multiple Launch Rocket System (MLRS). The 
cw lidar would map the wind field at a distance of 
100 m and it was said it could be produced, in vol-
ume production, at a competitive cost.

The potential of wind measurement as a landing 
and take-off aid has also been described. This could 
assist the landing of helicopters and fixed-wing 
aircraft on ships with monitoring of the complex 
wind flows around the landing deck. Such sys-
tems could also provide real, full-scale measure-
ments around such structures and, together with 
wind tunnel testing and CFD modelling, assist in 
improved ship and platform design.

An airborne lidar system that profiles the wind 
field below the aircraft has recently been described. 

Figure 12.35 Range and reflectance imagery with a 1.047 μm direct detection lidar at 2 km, collected 
with the Hercules Corporation system. Much detail is lost in transcription from the original false color 
imagery. (Osche, G. R. and Young, D. S., Imaging laser-radar in the near and far infrared, Proc. IEEE @ 
1996 IEEE.)
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Parachute delivery of cargo and conventional bomb 
drops without guidance control are obviously much 
affected by the prevailing winds. If these are known, 
the release point can be adjusted to compensate. 
However, such information may not be available or 
easily attainable in remote or hostile locations. A 2 
μm lidar system based on a flashlamp-pumped Cr, 
Tm:YAG laser was built by Coherent Technologies 
and flown from the USAF Wright Laboratory. The 
Q-switched laser gave 50 mJ pulses at 7 Hz repetition 
rate and the system was easily installed in a C1411 
aircraft. The scanner mirror mounted on a wedge 
produced a 20° × 28° (half angle) elliptically coni-
cal scan pattern with minor axis along the aircraft’s 
longitudinal axis. Signal processing limited the first 
test in June 1995 to a range of 4.3 km, equivalent 
to a vertical distance of 3.8 km (15,000 ft) with the 
scan angles employed. Excellent agreement in the 
comparison of wind profiles measured with the air-
borne system, two ground-based lidars (one 2 μm 
and one CO2 10 μm) and a radiosonde was found. 
Further studies assisted in a high-altitude bombing 
test above 30,000 ft (8 km) by B-52 aircraft. Using a 
composite wind profile, the bombers could correct 
for the wind and substantially improve their drop 
accuracy.

12.7.6  Chemical detection

The DIAL technique described in Section 12.6 sug-
gests the possibility of detecting the poison gas 
and toxic nerve agent materials that might be used 
in chemical warfare (CW). The problem is that 
such materials may be chemically quite complex 
with rather broadband regions of absorption and 
transmission that makes positive discrimination 
and identification difficult. This contrasts with the 
detection of simple atmospheric constituents and 
pollutants with generally narrow absorption lines, 
as discussed in Section 12.6. In the latter case also, 
the lidar would usually be built with the aim of 
detecting certain well-defined chemical species; in 
practical operation, the equipment would be set to 
concentrate on very specific materials. In the mili-
tary case, however, a range of toxic materials might 
be present and the lidar must be capable of seek-
ing and detecting all of them without any prior 
indication of which is actually there. Nevertheless, 
the DIAL technique has been seriously examined 
and the US army at least has developed a CO2-
based chemical detection system. With isotopic 

lasers, the overall tuning range may extend from 
9.1 to ~11.8 μm, which offers a reasonable band of 
frequencies for discrimination in the longer-wave-
length region. Solid-state lasers based on non-lin-
ear optical materials may also offer broad tuning 
ranges in wavelengths up to ~5 μm.

Finally, it is worth noting that some attention 
has been given to the possible remote detection by 
lidar of materials used for biological warfare (BW). 
In this case, discrimination against similar materi-
als (pollens, spores, etc.) occurring naturally in the 
atmosphere would seem very difficult. However, it 
has been suggested that an airborne lidar search-
ing for anomalies and discontinuities in the atmo-
spheric aerosol scattering (Section 12.4) might 
provide an indication of the possible release of such 
BW material at several tens of kilometres range.

12.7.7  Terrain following and obstacle 
avoidance

Aircraft flying at moderately low level are extremely 
vulnerable to fast, agile missiles fired from the 
ground. One solution is to fly at even lower level 
to provide an adversary with less warning of 
approach. Such “nap-of-the-Earth” operation 
increases the obvious dangers of failing to clear the 
ground or flying into natural or man-made obsta-
cles. Laser radar with its capability for very rapid 
measurement, fine pointing and range resolution 
has the potential to provide a valuable navigation 
and obstacle warning aid, as illustrated in Figure 
12.36. Several lidar systems have been developed 
worldwide to explore this potential.

Figure 12.37 shows a terrain map generated 
by a CO2 lidar developed in France and flown on 
a Puma helicopter. In this case, the lidar was an 
FM/CW coherent system with the beam directed 
into a pair of rotating prisms that generated a scan-
ning rosette pattern. This pattern was composed of 
4000 dots or pixels, each one corresponding to a 
pulse from the signal processing. The maximum 
scanning rate was ~2.5 Hz. An Anglo-French tech-
nical demonstrator programme was developed 
with acronym CLARA (Compact Laser Airborne 
Radar). This advanced 10 μm pulse heterodyne sys-
tem was trialed on both a fixed-wing Tornado air-
craft and a Puma helicopter and followed the earlier 
LOCUS (Laser Obstacle and Cable Unmasking 
System) developed by two groups within the GEC 
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Marconi Company and flown on A6-E, HS748 and 
Tornado aircraft. As indicated in Figure 12.38, 
the technology to detect power cables and display 
them to the aircrew was demonstrated. In addition 
to the two primary roles of obstacle warning and 
terrain following, CLARA was also designed for 
targeting and true air speed measurement. A pod-
mounted configuration was adopted with complex 
optical scanner assembly to address several quite 
different modes of operation. Detection, classifica-
tion and real-time display of obstacles, including 
various cables, masts, buildings and trees, must 
be achieved in daylight, at night and in adverse 
weather. In order to ensure that suitable warnings 

continue to be provided when the aircraft is turn-
ing, a large field of regard, the size of which is gov-
erned by the flight envelope of the host aircraft, 
must be adopted for the sensor.

12.7.8  Star wars

In the original Strategic Defence Initiative (SDI), 
it was envisaged that lasers would have a central 
role, both as weapons for destroying enemy mis-
siles and as sensors of such missiles. An important 
aspect of such sensing is to distinguish between 
decoy missiles and those actually containing war-
heads. A  number of investigations in the United 

Uncharted obstacles

Figure 12.36 Potential obstacles in the path of a very low-flying aircraft that might be detected by a 
rapidly scanning laser radar.

Figure 12.37 A terrain map, 10 × 7 km generated by a scanning laser radar (coherent FMCW CO2) 
flown on a helicopter. (From Stephan, B. and Metivier, P., Active Infrared Syst. Technol., SPIE-806, 
110–118, 1987.)
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Figure 12.38 Taken from a video record made with the LOCUS CO2 pulse heterodyne lidar, showing the 
lidar returns from cables. Much of the detail is lost in reproduction. (From Hogg, G. M. et al., Conf. 
Proc., 563, 20, 1995.)

Argon laser

CO2

Receiver

Optical
FM

modulator
Narrow bandwidth

laser amplifier

Beam
multiplexer Long pulse

laser amplifier

Radar
control
room

Computer
building Frequency stable

Mo and Lo lasers

Wideband
laser amplifier

Figure 12.39 Artist’s conception of the Firepond wideband imaging laser radar at the Lincoln 
Laboratory. Laser beams are transmitted from a 1.23 m diameter mirror Coude telescope with central 
abscuration of 0.21 m. (Melngailis, I. et al., Laser component technology, Proc. IEEE @ 1996 IEEE.)
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States have been reported in the open literature of 
the technical problems of laser pointing, tracking 
and examining high-flying rockets and space vehi-
cles (see, e.g., Reference [172]). Figure 12.39 gives 
an artist’s conception of the large installation of 
the Firepond Laser Radar Research Facility of the 
Lincoln Laboratory where much of this work has 
been done. In this equipment, several laser radars, 
but principally a large CO2-pulsed coherent system, 
were used in a succession of long-range measure-
ments. In the early 1990s, the first range-Doppler 
images of orbiting satellites were collected at ranges 
of 800–1000 km and were later extended to 1500 km. 
The argon laser indicated in Figure 12.39 provided 
the source for a visible light tracker of reflections 
from the satellites. Two initial SDI experiments were 
conducted later in 1990. These FIREFLY experi-
ments were designed to investigate whether a laser 
radar could discriminate between a ballistic missile 
warhead and an inflatable decoy. In the tests shown 
schematically in Figure 12.40, a rocket was fired 
from the NASA Wallops Island Flight Facility sev-
eral hundred kilometres to the south, rising to an 
altitude of 560 km in a 750 s flight. Coherent CO2 
laser radar imaging was successfully conducted over 
the central 50 s of the flight at a maximum range of 
740 km. The prime target was a conical inflatable 

balloon made of carbon cloth. After approximately 
360 s from launch, this was ejected in a small canis-
ter, was subsequently inflated and then set spinning 
in different manoeuvres to present a variety of target 
views to the imaging laser radar.

A second series of tests with acronym FIREBIRD 
(Firepond Bus Imaging Radar Demonstration) had 
the more ambitious objectives of investigating 
laser radar discrimination and countermeasure 
techniques. A high-performance booster rocket 
was used to deploy a dozen targets for study by sev-
eral ground and airborne sensors along the east-
ern seaboard of the United States. These included 
passive IR sensors, UHF radars and optical sen-
sors as well as the Firepond laser radars which also 
incorporated a photon-counting Nd-YAG laser 
radar. Generally excellent results were reported 
and completed the investigation of laser radar 
discrimination techniques. The advanced electro-
optic techniques developed for this programme, 
including laser stabilization to the sub-Hertz level 
at high-power, precision coding of laser pulses, and 
sophisticated signal processing and analysis rep-
resent a remarkable tour de force. Demonstration 
of such precision tracking and imaging at over 
1000 km ranges constituted at least a significant 
milestone in the history of laser radar.

Firepond
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wallops
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400
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Figure 12.40 Schematic of the laser radar imaging during the SDI Firefly tests on missile detection in 
1990. (Melngailis, I. et al., Laser component technology, Proc. IEEE @ 1996 IEEE.)
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12.8  LIDAR AND GEOSCIENCE

For the present purposes, lidar as applied to geosci-
ence can be discussed in several broad areas: rela-
tively short-range measurements to the sea surface 
and sea bed (few tens to hundreds of metres); sea, 
earth and ice surface from aircraft at up to ~15 km 
and finally ranging at hundreds to thousands of 
kilometres to satellite (and lunar) retroreflectors 
for studies of crustal dynamics, etc. These areas are 
outlined in turn.

12.8.1  Airborne mapping of terrain 
and ocean shelf

Ranging to the Earth’s surface has been touched on 
in Section 12.7.7. Extensive studies with airborne 
systems have been conducted by several groups. 
Typical pulse energies of a few mJ with Nd-YAG 
lasers at 1.06 μm operating at up to a few hundred 
Hz have been employed. Figure 12.41 shows a block 
diagram of the lidar instrument developed at the 
Goddard Space Flight Centre [173] and mounted in 
a high-altitude aircraft; the position of the aircraft 
was measured to sub-metre accuracy by use of dif-
ferential GPS receivers. Typical footprint size, from 
the beam divergence of 2.5 mrad, amounted to 
~25 m at 10 km altitude. Problems of pulse waveform 
spreading and target signatures for such altimeters 

have been considered by several authors (see, e.g., 
References [174,175]). Reported investigations 
include study of crater form structures and observa-
tions of the Mount St. Helena Volcano [176,177].

Laser depth sounding and the performance 
of a Swedish system has been well reviewed by 
Steinvall et al. [178]. Several such lidars have been 
built worldwide, including, for example, in the USA 
[179], Australia [180] and also Canada, Russia and 
China. In typical operation from a helicopter, two 
pulsed laser beams are emitted simultaneously and 
scanned over the surface. The longer wavelength 
(usually 1.06 μm, Nd-YAG) is mostly reflected from 
the water surface whereas the shorter wavelength 
(green 0.53 μm, doubled Nd-YAG) better penetrates 
the water and may provide a return from the bottom 
layer. Such lidar bathymetry provides a most prom-
ising technique for high-density, rapid sounding of 
relatively shallow waters typically 1–50 m deep. In 
addition, its use can be established for other sens-
ing applications, as noted in Section  12.6.3—e.g., 
algae/chlorophyll monitoring and oil slick detection 
and classification. Operating from a helicopter also 
gives access to areas difficult for ships, e.g., around 
small islands, reefs and inlets. In addition, the rapid 
survey rate, typically 10–100 km2 h−1 depending on 
shot density, is particularly valuable.

In evaluation of performance, the prime ques-
tion is the depth penetration, as largely determined 

GPS

Digital
data

system
(MAC.II)

Optical
disk

Video
camera

Camac
electronics

Waveform
electronics

Ranging
electronics

Si
photodiode

Si APD

Diode-pumped
Nd: YAG laser

0.38 m DIAM. f/0.8
Diamond-turned

aluminum
parabola

Aircraft
Nadir port

1.06 µm Laser pulse

Start
pulse

Stop
pulse

70 mm
Pulse

camera

Loran

Roll and
Pitch
gyros

Vertical
accel

VCR

Time
code

Figure 12.41 Block diagram of the airborne laser radar built at Goddard Space Flight Centre [173].
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by water turbidity [181]. The maximum depth pen-
etration DMAX is given (see, e.g., Reference [178]) by

 D P Pln( */ )/2GMAX min=  (12.29)

with P* = S. ς/H2, where S is a system parameter 
(derived from laser power, receiver aperture and 
loss factors), ς is the reflectivity of the seabed and 
H the lidar platform altitude. Pmin is the minimum 
power for detection of the bottom of the sea (usu-
ally limited in daytime by solar background and 
at night by detector/electronic noise). The system 
attenuation G is a complex function of intrinsic 
water parameters—beam attenuation, scattering 
coefficients, etc. With typical lidar parameters, val-
ues of GDMAX ≈ 3–6 can be achieved. It should be 
noted that a large increase in system parameter S 
only gives a modest increase in depth performance 
DMAX due to the exponential attenuation expressed 
in Equation 12.29. Steinvall et  al. [178] gave the 
example of a factor 10 increase in S only adding to 
DMAX by ~4 m for G ≈ 0.3 m−1 [log 10/(2 × 0.3) ≈ 4].

Optical attenuation in sea water may be related 
to the Secchi disk depth Ds, which is the maximum 
depth at which a submerged white disk can be 
observed. Steinvall et al. [178] showed that values 
of Ds ≈ 10 m gave DMAX ~ 20–25 m, and Ds ≈ 30 m 
gave DMAX ~ 25–35 m for a state-of-the-art lidar 
bathymeter.

Other important factors limiting system perfor-
mance include strong winds (affecting helicopter 
flight path) and associated sea state (white and bro-
ken water reduces accuracy and beam penetration). 

Low-lying cloud and fog obviously inhibit perfor-
mance and the thin haze (often quite dense and 
sometimes called “sea smoke”) above the water may 
provide a false return for the surface itself. Within 
the water, narrow scattering layers and other inho-
mogeneities may also provide spurious returns.

Finally, the nature of the sea bed, i.e., dense veg-
etation, rocks and slopes, needs evaluation. Figure 
12.42 shows a schematic of a lidar return, as affected 
by these phenomena and requiring postprocessing 
and evaluation for extraction of water depth to the 
sea bed. An important consideration is the nadir 
angle of the scan, which would ideally be fixed to 
give constant slant range and angle. However, a full 
conical scan at fixed nadir provides inefficient cov-
erage with more and less dense regions. Various 
scan patterns have been developed; a modified 
semi-arc scan, part conical, ahead of the helicopter 
gives more uniform coverage. Typically 100–200 m 
swatch width is used with angle from nadir ~20°. 
For complete evaluation of the sea environment, 
lidar bathymetry provides a complementary tech-
nique to be combined with acoustic and direct 
mechanical methods of sampling.

12.8.2  Satellite and lunar ranging

The evolution, technology and utility of long- 
distance, high-precision (near millimetre) rang-
ing to retro-reflectors mounted on satellites (and 
the moon) has recently been well reviewed by 
Wood and Appleby [182]. The present brief out-
line draws heavily on their report. The concept of 
satellite laser ranging (SLR) to improve geodetic 
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Figure 12.42 Schematic of water and seabed scattered return signals: (a) haze or “sea smoke”, (b) 
surface return, (c) scattering layer, and (d) seabed return.
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information was first suggested by Plotkin [183]. It 
was considered that accuracies at the level of a few 
centimetres would be required to observe interest-
ing geophysical processes of the Earth’s crustal 
dynamics, etc. The first laser radar observations in 
the mid-1980s demonstrated metre-level precision 
and established the potential. Over the succeeding 
years, rapid developments of short-pulse lasers, 
sensitive detectors, dedicated satellites and accu-
rate computer-guided tracking now give precision 
approaching a few millimetres, with more than 30 
active SLR systems in a worldwide network.

For sub-centimetre precision, very short pulses 
are required. These are now provided by mode 
locking systems applied to Nd-YAG lasers giving 
a train of very narrow (typically ~30 ps) pulses, 
all equally spaced in an envelope several hun-
dred nanoseconds long. Frequency doubling is 
employed to take advantage of high quantum 
efficiency detectors at 0.53 μm in the green. The 
envelope is approximately Gaussian shaped; in 
practice, either the most energetic pulse alone may 
be transmitted or this together with all the follow-
ing ones. In the latter case, range ambiguity (attri-
bution of which signal return to which pulse) is not 
a problem since the pulses are separated spatially 
by 2–3 m, whereas the range accuracy is better than 
1 cm. Highly developed techniques are required for 
the elements of an SLR system and include

 ● Transmitter and receiver telescopes: they have 
been coaxial, separate co-mounted and, most 
recently, separate, individually mounted and 
controlled [184]. Very high precision, com-
puter-directed acquisition and scanning to 
follow the satellite path are required.

 ● Detectors: very precise timing of the incoming 
signal is required. Solid-state devices offer signif-
icant improvements over the photo-multipliers 
used in earlier systems. Single photon detection 
with low-energy systems is increasingly favored.

 ● Filters: very narrow, oven-controlled, spectral 
filters, typically 0.1–0.2 nm wide are employed 
to cut down sunlight for daytime operation.

 ● Retroreflectors: due to satellite motion, the 
onboard corner cube retroreflectors require to 
be slightly “defocused”. In order to ensure that 
the footprint of the reflected beam will cover the 
emitter/receiver station, one of the three mutu-
ally perpendicular surfaces is given a slight cur-
vature. Ideally, only one retroreflector would be 

mounted on the satellite but this gives problems 
of visibility from different directions. The ulti-
mate solution noted by Wood and Appleby [182] 
would be eight corner cubes joined at their apices 
to give reflections equivalent to a reflection from 
the centre of mass of the satellites.

 ● Satellites: the six dedicated geodetic satellites are 
typically small (~1 m diameter) and spherical, 
and placed in near-circular orbits at altitudes 
between 800 and 19,000 km. They are variously 
suited to different scientific tasks—low orbit: 
high-frequency gravity terms, ocean tides, etc.; 
higher orbit: crustal motion, Earth rotation, etc.

Several studies of accuracy and range corrections 
have been given (see, e.g., References [175,185]). 
The handbook article of Wood and Appleby [182] 
provides over 120 references to research articles in 
satellite laser ranging. One remarkable example 
was for the NASA LRS system based at Arequipa 
in Peru. This station was subject to a steady move-
ment of the underlying Nazca plate causing an 
ENE motion measured at about 10 mm per year. 
After the earthquake of June 2001, analysis of the 
dramatic shift in the data confirmed that the sta-
tion had moved ~0.5 m to the south west.

As to lunar ranging, a number of small arrays 
of retroreflectors were placed on the moon in the 
1960s and early 1970s. Four are in regular use with 
ranging from two trekking stations—at Mcdonald, 
Texas and Grasse in France. With the R−4 range 
dependence of signal, ranging to the Moon is vastly 
more challenging and large telescopes (0.75 and 
1.5m) and high-power pulses (~150 mJ) are required.

Several scientific tasks of astrometry can be 
undertaken, including accurate determination 
of the Earth and Moon via the tides. The Earth–
Moon distance is increasing by 3.8 cm per year and 
the Earth is slowing on its axis by an increase in 
the length of day of about 2 ms per century.

12.9  LIDAR IN SPACE

12.9.1  Introduction—Why lidar in 
space?

During the past 30 years, many passive imag-
ers and sounders have been placed in orbit for 
study of the Earth’s surface and atmosphere with 
capabilities extending across the visible, IR and 
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microwave spectral regions. Active sensing with 
radar systems has also been undertaken, with 
very high-performance scatterometer and imag-
ing radars carried on operational satellites such as 
ERS-2. Compared with ground-based or even air-
borne sensors of all types, the prime advantage of 
space lidar is the prospect of rapid global coverage, 
including data from otherwise totally inaccessible 
regions. Compared with other spaceborne sensors 
(both passive and active), lidar techniques provide 
certain unique measurement capabilities, such as 
cloud-top and boundary layer height and global 
wind fields. Other lidar capabilities (e.g., pressure, 
temperature and humidity and ranging/altimetry) 
have the potential to complement and extend exist-
ing methods and often provide improved height 
and spatial resolution, particularly compared with 
passive techniques.

Against this background, several national and 
international space agencies have initiated feasibil-
ity studies for lidars in space, culminating in sev-
eral reports, including LASA (Lidar Atmospheric 
Sounder and Altimeter), Earth Observing System 
Vol IId, NASA 1987; LAWS (Laser Atmospheric 
Wind Sounder), Earth Observing System Vol IIg, 
NASA 1987; BEST (Bilan Energetique du Systeme 
Tropical), CNES, France 1988; Laser Sounding 
from Space—Report of the ESA Technology 
Working Group on Space Laser Sounding and 
Ranging, ESA 1989. This latter report focused on 
four lidar systems considered good candidates for 
space deployment; an extract from its executive 
summary is shown in Table 12.13. During the past 
15 years, several evaluations of the detailed tech-
nology and logistics of space lidars for specific 
tasks have been funded by the space agencies. In 
addition, various of the critical subcomponents, 
such as lasers, optical arrangements, lag-angle 
correction, etc., have been studied and space- 
qualifiable prototypes constructed. Progress to 

actual space deployment, however, remains slow, 
with the exception of the NASA Lidar In-space 
Technology Experiment (LITE), which flew on 
the Space Shuttle Discovery in September 1994, 
and very recently the Geoscience Laser Altimetry 
System (GLAS) launched in 2003.

This and other steps towards spaceborne lidars 
are discussed in the following sections. Critical 
design factors for a space lidar obviously include 
the demands on spacecraft accommodation for 
mass, size, power, heat dissipation, cooling, point-
ing and vibrational stability, etc., all for operation 
in a realistic orbit. Performance factors include 
ultimate sensitivity limit to weak levels of scatter-
ing (largely determined by laser power and tele-
scope aperture) and the geometric terms of range 
resolution (influenced by laser-pulse length), beam 
footprint size (beam divergence and the need to 
keep light levels within eye safe limits—including 
observation by ground telescopes) and the separa-
tion of successive footprints (laser-pulse repetition 
frequency, beam scanning and spacecraft velocity).

12.9.2  Backscatter lidar and LITE

The science objectives and technology require-
ments of a spaceborne, direct-detection, backscat-
ter lidar were discussed in the LASA report listed 
above and also in a 1990 ESA report of the ATLID 
(Atmospheric Lidar) Consultancy Group. The latter 
in particular reviewed the potential for operational 
meteorology and environmental/climatological 
research. The atmospheric features that should be 
detectable from such an ATLID backscatter lidar 
are illustrated in Figure 12.43 drawn from the 
report. For weather forecasting (numerical weather 
prediction (NWP)), ATLID data should be of direct 
help with clouds, boundary layer height, air mass 
discontinuities and frontal/convective activity. For 
climate studies, the information on clouds and 

Table 12.13 The four candidate lidar systems for space considered by ESA in 1989

A simple backscatter lidar—for measurements of cloud-top height, cloud extent and optical 
properties, planetary boundary layer and tropopause height, aerosol distribution—with wide 
applications to meteorology and climatology

A differential absorption lidar (DIAL), providing high-vertical-resolution measurements of humidity, 
temperature and pressure

A wind-profiling lidar with the unique capability of improved weather forecasting and global dynamics
A ranging and altimeter lidar for very accurate measurements of surface features, including ground, 

sea and ice cap height for solid-earth studies
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Figure 12.43 Atmospheric features of clouds and aerosols detectable by a simple backscatter lidar 
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Figure 12.44 Functional diagram of the LITE system. Light at the three wavelengths was directed 
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ter and receiver system. (Winker, D. M. et al., An overview of LITE: NASA’s lidar in space technology 
experiment, Proc. IEEE @ 1996 IEEE.)
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aerosols and their effect on the Earth’s radiation 
balance should be a valuable contribution.

As planned (see, e.g., References [186,187]), 
the LITE provided a valuable demonstration of 
the enabling technologies for such operational 
systems. In the 12-day shuttle mission, the LITE 
instrument performance was excellent and a large 
volume of data was generated [72]. Figure 12.44 
shows a block diagram of the equipment, which 
was mounted on a Spacelab pallet. The flash-lamp-
pumped Nd-YAG laser operated in doubled and 
tripled frequency mode to give simultaneous out-
put pulses at 1.064, 0.532 and 0.355 μm. The pulse 
repetition rate was 10 s−1 and pulse width was 27 
ns. The beam footprint at the Earth’s surface varied 
between 290 m (0.355 μm) and 470 m (1.06 μm) and 
successive footprints were 740 m apart. The mass of 
the instrument was 990 kg and the average power 
consumption in lasing operation was 3.1 kW.

Two of the fascinating records from this instru-
ment are shown in Figures 12.45 and 12.46. These 
pictures provide some indication of the quality, 
depth and volume of information that could be 
available from an operational system, and indeed 
the extent of the signal processing, evaluation 

and transmission systems that would need to be 
set up to use it effectively. For meteorological and 
weather forecasting purposes, such information 
must of course be made available in good time to 
the operational centres.

12.9.3  Global wind field 
measurement by lidar

One of the earliest feasibility studies of a satellite-
borne lidar for global wind measurement was 
sponsored by the USAF Defence Meteorological 
Satellite Program. In the early 1980s, this was 
followed by a hardware definition study, con-
ducted by Lockheed, of a system given the acro-
nym WINDSAT (Windmeasuring Satellite); 
another title current at this time was WPLID for 
Wind Profiling Lidar (see, e.g., Reference [103]). 
These have been followed by the reports noted in 
Section 12.9.1, all of which considered large, multi- 
scanning (conical or several axes) lidars. More 
recently, the ESA Atmospheric Dynamics Mission: 
Reports for Mission Selection (1999) was presented 
to the European Earth Observation community at 
a meeting attended by over 300 participants. Of 
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the four candidate missions, ADM was selected as 
the second Core Mission to be implemented. The 
lidar studies indicate the degree of importance 
attached to global scale wind measurement deriv-
ing from the unique capabilities of a Doppler Wind 
Lidar (DWL) compared with other spaceborne 
methods. For example, low-level wind strength 
and direction may be derived from radar scatter-
ing from the sea surface where the wave height is 
largely determined by the surface wind. However, 
such low-level winds are not of the highest value 

for meteorological purposes. In the mid-levels, 
the winds derived from cloud-top motion are not 
always completely representative of the air motion 
in that region, and may also have some uncer-
tainty as to relevant altitude. For the ESA ADM, 
the observational requirements have been chosen 
as shown in Table 12.14 and led to selection of a 
relatively simple single-axis system for the first 
demonstrator mission. The most suitable lidar to 
realize these goals has been extensively discussed 
with three possible candidates: 
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Figure 12.46 The LITE system serendipitously passed directly over the eye of typhoon Melissa. 
Satellite photographs were obscured by thin cloud. Nevertheless, the lidar was able to penetrate this 
and make measurements within the eye-wall down to the surface. (From Barnes, J. E. and Hofmann, 
D. J., Geophys. Res. Lett., 24, 1923–1926, 1997.)

Table 12.14 Observational requirements of the ESA atmospheric dynamics mission

Observational requirements

PBL troposphere Stratosphere

Vertical domain (km) 0–2 2–16 16–20

Vertical resolution (km) 0.5 1.0 2.0
Horizontal domain Global

Number of profiles (h−1) >100

Profile separation (km) >200

Horizontal integration length (km) 50

Horizontal sub-sample length (km) 0.7–50

Accuracy (HLOS component) (ms−1) 1 2 3
Zero-wind bias (ms−1) 0.1

Windspeed slope error (%) 0.5

Data reliability (%) 95

Data availability (h) 3

Length of observation data set (yr) 3
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 (a) Coherent heterodyne, with CO2 gas lasers in 
the 10 um band (aerosol scattering).

 (b) Coherent heterodyne, with solid-state slab 
lasers in the 1–2 um band (aerosol scattering).

 (c) Incoherent direct detection, at ~0.3–0.5 um, 
and Fabry–Perot interferometer/edge technique 
analysis (aerosol and molecular scattering).

For the coherent systems, the laser beam must be 
transmitted in a collimated, single-mode beam. 
From a 400–500 km orbit, the beam size, or foot-
print, at the Earth’s surface would be of order 10 m, 
which rules out a non-eye-safe laser of wavelength 
less than ~1.5 μm. For the incoherent systems at 
shorter wavelength, the beam may be expanded to 
produce an enlarged footprint with energy density 
within eye-safe limits. For any system, the crucial 
questions derive from the backscattering character-
istics of the atmosphere that determine the primary 
Doppler signal, whether from aerosols or molecules.

As discussed in Section 12.4, molecular scat-
tering varies uniformly and predictably whereas 
aerosol scattering is highly variable with occa-
sional large increases due to volcanic activity 
(a  suggestion for augmenting the scattering lev-
els with a strategically placed device is shown in 
Figure 12.47). For both domains, a large, powerful 

lidar is required and may be quantified in terms of 
the necessary ED2, where E is the total laser pulse 
energy (Joules per individual measurement) and D 
is the collecting telescope diameter (metres). For 
successful measurement at lowest levels of atmo-
spheric scattering (both molecular and aerosol), 
analysis shows that ED2 requires to be greater than 
~100 Jm2. With D2 ~ 1, for the heterodyne systems 
the available energy is best utilized in large pulses, 
ideally > 10 J, whereas for direct detection lidars 
the energy may be distributed over many small 
pulses (see Section 12.3.4).

Extensive modelling of performance for space-
borne wind lidars has been conducted. Modeled 
performance for different levels of aerosol 
scattering—median, quartiles, deciles—correspond-
ing to the values shown in Figure 12.8 and for a 
coherent heterodyne lidar operating with the instru-
mental parameters listed is shown in Figure 12.48.

Most recently, for the ADM demonstrator, ESA 
has chosen a direct-detection interferometric lidar 
operating at 0.35 μm; the basic optical layout is 
shown in Figure 12.49. In a novel arrangement, 
the narrow band aerosol (Mie) scattering would be 
separately analysed by a Fizeau or possibly a two-
beam Michelson interferometer; the broadband 
molecular (Rayleigh) scattering, which is relatively 

Aladin : launch - 5 days ...

Really, Michael, you think
it’s enough to enhance β

Oh sure, Jean-Yves, we ought to
get an order of magnitude at least !

Aladin
GSE

Figure 12.47 A suggestion for augmenting aerosol scattering (β in the atmosphere to improve the 
performance of the spaceborne Doppler wind lidar (ALADIN). (Courtesy of Rodolphe Krawczyk, 1994.)
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stronger at these shorter wavelengths, would be 
analysed by a double-edge Fabry–Perot etalon. 
Suggested performance is shown in Figure 12.50 
with an accuracy better than 2 ms−1 up to 11 km 
altitude. An artist’s impression of this equipment 
in a satellite flying in a sun-synchronous polar orbit 
at an altitude of ~400 km is shown in Figure 12.51. 
Processing of the backscatter signals will provide 
about 3000 globally distributed wind profiles per 
day, above thick cloud or to the surface in clear air, 

at typically 200 km separation along the satellite 
track. Target date for launch is 2008.

12.9.4  Chemical, ranging and solid 
earth studies

As noted in Table 12.13, DIAL lidar is an obvi-
ous candidate for measurements into the atmo-
sphere from space (see, e.g., Reference [188]). The 
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problems, however, are formidable: two or more 
laser wavelengths for each chemical species under 
study (ozone, water vapour, greenhouse gases, etc.), 
compensations for the Doppler shifts in the beams 
due to the large spacecraft velocity (typically 15° off 
nadir ≡ 0.3 cm−1 shift), with the beams transmit-
ted simultaneously and co-axially to ensure return 
signals from the same elastic scatterers. Much 
study has been put into such active remote sensing 
from space and DIAL lidars will almost certainly 
be flown in the coming years. However, passive 
techniques over a wide range of wavelengths are 
providing much information. For example, in the 
NASA Earth Observing System (EOS), the Aura 
mission to study chemistry and dynamics of the 
troposphere and stratosphere, the instruments 
include sounders for measurement of thermal 
emission from the atmospheric limbs (microwave 

and high resolution) as well as nadir viewing imag-
ing spectrographs for ozone and trace gases.

Lidar for geoscience has been outlined in Section 
12.8. Early studies for space-borne systems were 
given by Cohen et al. [189] and Bufton [175]. Very 
recently, in February 2003, the Geoscience Laser 
Altimetry System (GLAS) on board the NASA Ice, 
Cloud and Land Elevation Satellite (ICE Sat) was 
activated. This mission is intended to accurately 
measure ice sheet mass balance, cloud and aerosol 
heights as well as land topography and vegetation 
characteristics. Initial test of the space-bound lidar 
altimeter system was validated with data from 
the global Laser Reference System (LRS) noted in 
Section 12.8. The lidar operates on Nd-YAG at 1.06 
μm; it is reported that the signal returns were as 
expected and the transmitted laser beam is very 
close to the bore sight.

Transmitter laser head (TLH)

Mie receiver

Telescope (TEL)

Detection front-
end units: optics
+ CCD (DFU)

Fizeau inter-
ferometer (FZE)

Double fabry–Perot
etalon (FPE)

Medium resolution
etalon (MRE)

Beam
expander
(BEX)

Spectral
separator (SSO)

Low resolution
etalon (LRE)

Optical relay (RLO)

Blocking filter
(IFL)

Calibration fibred
laser head

Polarization
beamsplitter (PSW)

Quarter-wave plate

Oscillator

Ampli

Rayleigh receiver

Figure 12.49 Optical arrangement for the ALADIN direct detection lidar for space-borne Doppler 
wind lidar. The aerosol (Mie) and molecular (Rayleigh) scattered signal are measured in the two sepa-
rate interferometer systems as shown.
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12.10  CONCLUSIONS

From the preceding papers cited, it should be 
clear that the past 30 years have seen remarkable 
advances in laser radar technology, applications 
and understanding. Much fine equipment has been 
installed in different centres worldwide and valu-
able, often unique, measurements not accessible 
by other techniques have been made. However, 
there have also been significant disappointments, 
particularly in the wider deployment of coherent 

lidar equipments and techniques. This final sec-
tion attempts a brief analysis of the situation and 
to draw some guidelines for the future.

Table 12.15 offers a crude summary comparison 
of the history and development of four remote-sens-
ing technologies. It is striking that, for microwave 
radar, thermal imaging and sodar, the first deploy-
ment (defined as use by non-specialist scientists and 
technicians) took place within ~15 years, followed 
by widespread deployment (e.g., equipments com-
mercially available off-shelf or bespoke) less than 
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Figure 12.51 Impression of the in-orbit configuration for aspace-borne Doppler wind lidar showing 
the telescope pointing down at, ~35° from nadir [196].
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10 years later. Examination of a radar supplier’s cat-
alogue with the dozens of different equipments, all 
available off-the-shelf, for many varied applications 
working over a large range of wavelengths provides 
a salutary example to the lidar scientist. Even closer 
is the astonishing growth in the optical technology 
and applications for the telecommunications indus-
try. However, for laser radar, apart from relatively 
simple tasks of military and civil ranging, target 
marking and possibly DIAL, widespread deploy-
ment has scarcely been achieved. The question is 
why should this be so? Are more advanced lidar 
systems perceived as too difficult, too expensive, 
unreliable, dangerous, too uncertain, etc.?

As scientists, we tend to believe the adage ‘build 
a better mousetrap and the world will beat a path to 
your door’. In the hard, commercial world, this is 
not true—a new technology has to be significantly 
superior to displace an older established one and 
is unlikely to do so if it is even marginally more 

expensive. Other relevant truisms that bear heavily 
on the planning, specification and design of equip-
ments include

(1) Defined as first use by non-specialist scien-
tists/technicians. (2) Defined as widely available 
off-shelf (or bespoke).

 ● The “best” is the enemy of the “good”.
 ● The devil is in the detail.
 ● Small is beautiful—but is it achievable?
 ● Multifunction usually means, literally, good for 

nothing.

Ignoring one or more of these is usually a recipe for 
disaster—as is very evident in a review conducted by 
the author (unpublished and probably unpublish-
able!) of nine “failed” projects. These were all large, 
expensive (equivalent of several million pound 
sterling or more) projects funded during the past 
25 years by civil and military agencies across Europe 

table 12.15 Comparison of remote sensing technologies

technology First research

First 
deployment 

(a)
Widespread 

deployment (b) Comment

Microwave radar ~1935 “kill a 
sheep at 2 
miles”

~1940–—military 
“needs a Ph.D. 
in every set”

>1942—aided by 
compact cavity 
magnetrons

Enormous variety of 
capabilities, 
application 
wavelengths, 
equipment, etc.

Thermal imaging 1930–1970 ~1975 ~1985 Widespread 
applications in civil 
and military domains

Active acoustic sensors 
(SODAR)

1960–1970 ~1975 ~1985 Slow, limited range, 
low resolution etc. 
BUT relatively cheap 
and simple

Direct detection lidar:
(a) temporal
(b) spectral

1965–1975
1970–1985

~1975
~1985

~1980
–

Military and civil 
ranging, target 
marking, cloud base, 
etc. Chemical 
detection (DIAL); 
limited Doppler 
applications

Coherent lidar 1970–1990 ~2000 – Enormous range of 
applications 
demonstrated. Why 
not taken up outside 
research?
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and the United States; all were intended to lead 
into wider development and even (in some cases) 
medium-scale production. The technical perfor-
mances of the prototypes in these projects ranged 
from poor to very good indeed. For those in the lat-
ter category, lack of ongoing success was basically 
due in one case to failure to sufficiently interest the 
end user (partly due to the inadequate data/display 
facilities available at the time) and, for the other, an 
alternative microwave radar technology was pre-
ferred. In at least two projects, the basic properties 
of the phenomenon under investigation were poorly 
researched and understood (scattering strength, 
spectral form, etc.) so the lidars, when built to the 
set specification, could not provide the required 
information. In two others, the performance speci-
fication became overly ambitious (the “best”) and 
multifunction leading to excessive size, complex-
ity and cost, and poor overall performance. Other 
projects were bedeviled by arguments between lidar 
scientists over the appropriate choice of laser, not 
helped by inflated and premature claims from laser 
theorists and manufacturers as to the achievable 
pulse energy, prf, reliability, etc. In one bad exam-
ple, basic principles of coherent operation were not 
properly appreciated at a high technical level, lead-
ing to poor decision making. From this brief history, 
a few more truisms may be drawn:

 ● A project will fail with too much technology 
“push” and not enough end user “pull”.

 ● Bad science and over-promoted technology will 
breed disaster—but good science and technol-
ogy will not necessarily win.

 ● Beware “technology jocks” bearing gifts.
 ● The commendation “more reliable” must mean 

“an in-depth engineering study of failure modes 
has been conducted” or it is worse than useless.

One may thus draw a few guidelines (see Section 
12.5 in the present volume for a much more com-
prehensive analysis): the good system and project 
development arises from a total holistic approach 
incorporating:

1. A good understanding of the measurement 
problem with a realistic specification for the 
lidar based on reliable, available component 
technology.

2. Good science/technology in the lidar design 
including

 ● Good fundamental science of direct detec-
tion/coherent lidar.

 ● Translation into simple, serviceable optical 
design.

 ● Proper study of engineering failure modes.
 ● Good signal processing.
 ● Good data analysis and display which 

provide
– Swift timely analysis
– Informative graphics
– And truly give the end user what he 

needs and can use
This, of course, raises various broader questions 
including, for example:

 ● Where is the basic lidar training? Few uni-
versities conduct research with coherent 
lidar, which seems a little puzzling, particu-
larly with the potential for laboratory-based 
physics applications of coherent heterodyne 
techniques.

 ● Is there an adequate, compact and referable 
body of knowledge? An enormous body of 
research publications and reviews exists, but a 
more pedagogic literature is perhaps lacking.

 ● How to involve and convince end-users? The 
bulk of lidar applications research is still done 
by lidar scientists who initially built demon-
strators but then developed an interest in, e.g., 
the applications to meteorology, atmospheric 
chemistry or wake vortices, etc., occasionally 
managing to interest colleagues more directly 
involved in these fields.

 ● This final point emphasizes that, without an 
enthusiastic body of such end-users (profes-
sional meteorologists, environmental scien-
tists, system engineers, etc.), who can envisage 
worthwhile application of a lidar to “their” 
problem, appreciable funding is not going to 
be forthcoming from the research councils and 
agencies or from industry.

Lest this be considered too downbeat, an assess-
ment of lidar must emphasize again some of the 
remarkable and unique achievements of laser radar 
over the past 30 years: contributions to flow mea-
surement, wind fields, atmospheric chemistry, 
ozone depletion, pollution dispersal, avionics, geo-
science, etc., even apart from more military-ori-
ented applications. Looking to the future, progress 
is likely to be rooted in:
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 ● Laser developments: particularly of high power 
and efficient, agile-frequency CO2 lasers, 
precisely specified off-the-shelf solid-state 2 
and 1 μm lasers, and diode and fiber amplifier 
lasers at ~1.5 μm with increased power and 
mode purity.

 ● Lidar construction: reduction in cost and 
complexity should flow from monolithic 
waveguide-type construction at 10 μm and, at 
shorter wavelengths, much use of fiber guiding, 
components and optical techniques borrowed 
from the communications industry.

 ● Detectors: very fast, high quantum efficiency 
(>80%), low-noise array detectors are becom-
ing available at visible and UV wavelengths. 
Extension to the near-IR would have great 
impact, as would uncooled heterodyne detec-
tors at 10 μm.

 ● Data analysis and display: the rapid, user-
friendly access to data coupled with graphic 
display of results now offered by modern com-
puting facilities provides a great advance for 
lidar studies and should always be budgeted for 
in a system programme.

Finally, it is worth noting the encouraging pros-
pects for global wind field measurements in the 
Atmospheric Dynamics Mission—ESA’s technol-
ogy demonstrator, due to be launched in 2008, and 
at the other extreme the potential development of 
small, low-cost LDVs for flow measurement ahead 
of, for example, wind-turbine generators.
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13
Optical information storage and 
recovery

SUSANNA ORLIC
Technische Universität Berlin

13.1  INTRODUCTION

Optical data storage has a long history dating back 
to the 1960s but, with the compact disk initially, it 
became relevant to the consumer and industry. The 
success of the early laser disk indicated the possi-
bility of data storage based on optical phenomena 
and materials as an alternative to magnetic stor-
age. Optical storage offers reliable and removable 
storage media with excellent robustness and archi-
val lifetime and very low cost. Today, optical disk 
technology covers a wide variety of applications 
ranging from content distribution to professional 
storage applications. One of the major application 
areas for optical storage disks is the secondary 

storage of computer data in personal computers 
(PCs) and computer networks. An optical storage 
system is a particularly attractive component of 
the data storage network because it provides fast 
data access times and fair storage capacities while 
serving as a link between different multimedia and 
computerized systems. Perhaps, the most enabling 
feature of optical storage is the removability of 
the storage medium that allows transportation 
and exchange of the stored information between 
desktop and laptop computers, audio, video play-
ers, and recorders. In contrast to the flying head 
of a hard disk drive, there are separations of a few 
millimeters between the recording surface and 
the optical “head,” although active servo systems 
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enable dynamic recording and readout from a 
rotating disk. Consequently, the medium can be 
removed and replaced with relatively loose toler-
ances allowing an optical disk to be handled in dif-
ferent drives.

The compact disk (CD) digital audio has been 
launched into the era of digital entertainment by 
Sony and Philips in 1982. CD has enjoyed unprec-
edented success and universal support among 
electronic companies and hardware manufactur-
ers. From its origin as the music storage medium 
for entertainment, CD has grown to encompass 
computer applications (CD-ROM), imaging appli-
cations (CD Photo), and video game applications 
(CD Video). The CD-ROM drives became standard 
in PCs and CD-ROMs enhanced the efficiency 
of distribution and use of software, games, and 
video. These read-only disks containing 680  MB 
of information can be mass replicated by injection 
molding in a few seconds, and they are virtually 
indestructible.

Significant advances in the enabling technolo-
gies constituting the compact disk make it pos-
sible to increase capacity in digital versatile disk 
(DVD) format with the ability to store an entire 
movie in high-quality digital video on a single 
disk. With the DVD, optical disk storage opens 
a new chapter for video and multimedia applica-
tions. Laser optics, thin film, and disk replication 
technologies have made considerable strides in 
the last decade. Digital coding and compression 
algorithms have become more sophisticated; inte-
grated circuits and drive mechanisms have also 
advanced. Furthermore, the intensive research 
on new optical materials and recording phenom-
ena has resulted in the development of new tech-
nologies. The CD-Recordable (CD-R), a recordable 
write-once system, and the CD-Rewritable (CD-
RW) drives and media have been introduced to the 
optical disk market. With its recordable formats, 
either for single recording or for expanded record-
ing capabilities as in the case of CD-RW, optical 
storage became an alternative to the established 
hard disk and floppy disk systems, which domi-
nated the data storage industry.

Versatility of optical storage is an additional 
feature of foremost importance for its applicabil-
ity. Optical recording allows read-only, write-once, 
and rewritable (erasable) data storage. Read-only 
optical disks or read-only memory (ROMs) are 
suitable for distribution of digital contents. In 

read-only technology, the information is written 
on a master disk that is then used for printing the 
embossed patterns onto a plastic substrate. The 
printing process allows for rapid, low-cost mass 
reproduction making optical disks the media of 
choice for distribution of digital data. The write-
once read-many (WORM) technology allows one 
to store permanently a large amount of data on a 
thin disk medium, to remove it, and to have fast 
access to it in any compatible optical drive system. 
Information stored on rewritable optical disks can 
be erased and rewritten many times. Present opti-
cal drives are designed to handle different media 
formats at the same time—the data stored on 
read-only, WORM, and rewritable media can be 
accessed all in one unit.

Optical information storage is based on laser–
material interaction for writing and reading. More 
general, data storage is the conversion of raw infor-
mation into physical changes in an appropriate 
recording medium. Data recovery is the recogni-
tion of the stored information from the storage-
induced changes. The physical processes applied 
to different storage technologies differ widely and 
define their performance limits and applicabil-
ity. In conventional technologies, optical storage 
relies on data recording on a rotating, disk-shaped 
medium while recovery is done by optical effects. 
Typically, a focused light beam is used to interact 
with the physical structure of the data stored on 
the disk. The interaction between the read beam 
and the medium can be due to a number of differ-
ent effects but it must modify some detectable light 
property. The light reflected from the medium is 
modulated by the stored data and is then directed 
to a photodetector that converts the optical signal 
into electronic signals. All conventional optical 
disk systems are based on the reflection mode but 
often use different recording and readout mecha-
nisms. There is a variety of optical effects and mate-
rials that have been investigated and employed in 
various approaches to realize an optical memory. 
Table 13.1 summarizes different recording mecha-
nisms and corresponding data structure for read-
out in well-established optical storage concepts.

Further advances in optical memories with 
high storage capacity up to terabyte require 
research on new photoactive materials exhibiting 
strong laser-induced changes of their optical prop-
erties. Such materials constitute a special class of 
nonlinear optical materials with optical properties 
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depending on the incident light intensity or energy. 
This chapter deals not only with the fundamentals 
of optical storage but also with novel approaches to 
higher performance storage.

13.2  OPTICAL DISK STORAGE 
TECHNOLOGIES

Removability of optical storage media is an attrac-
tive feature but this has made the standardizing 
efforts more complex compared with magnetic 
storage. Standardization in optical information 
storage was first accomplished with the appearance 
of CD creating the standards for CD Digital Audio 
format in 1982. Five years later, Sony and Philips 
announced the standard for CD storage of com-
puter data—the CD-ROM. The establishment of 
worldwide standards has made it possible to incor-
porate writing technologies into CD systems. The 
CD-R is functionally compatible with the standard 
CD-ROM, even though the reflectivity changes on 
a CD-R are induced by physical processes different 
from the interference effect at the printed grooves 
on a conventional CD.

Following the CD-R, CD-RW, the rewritable 
compact disk, has been introduced based on phase-
change technology. Here, the reflective layers have 
two states, which differ sufficiently in reflectivity 
to be read optically. Table 13.2 gives an overview 
of CD technologies starting with the CD audio 
that was modified to allow new applications and 

later advanced to exploit the new technologies with 
CD-R and CD-RW.

In general, an optical disk storage system con-
sists of a drive unit and a rotating disk medium 
containing the information. The optical compo-
nents are integrated within a small optical head 
allowing both optical recording and readout to be 
performed with the head positioned relatively far 
away from the storage medium, unlike magnetic 
hard drive heads. This allows the medium to be 
removable and effectively eliminates head crashes, 
increasing reliability. On the other hand, an opti-
cal head is heavier and leads to slower access times 
when compared to hard disk drives. The data 
recorded on an optical disk are organized in tracks 
that might be a single spiral or concentric rings 
spreading out along the radial direction.

In CD technologies, optical disks are either pre-
recorded or preformatted with continuous grooves 
or a discontinuous groove structure that is needed 
to position the optical head on the disk. A laser 
beam focused to a small spot is used for record-
ing and readout. Information is written bit-wise by 
modulating the properties of the recording mate-
rial under illumination. During retrieval, recorded 
bits are detected as changes in some optical prop-
erty of the light reflected from the disk. These 
changes might affect the amplitude, phase, or 
polarization of light, and are sensed by a detector 
in the optical head. The rotation of the disk as well 
as positioning of the pickup system is provided by a 

Table 13.1 Optical information storage: Recording mechanism 
and corresponding data structure in different approaches

recording mechanism Data storage/readout method

Print Surface grooves
Phase change Reflectivity change
Magneto-optic Polarization rotation
Photochromic Complex refractive index change
Photorefractive Refractive index grating

Table 13.2 Evolution of CD-based technologies from ROM to recordable 
and rewritable formats

Disk format recording technology

CD digital audio Read-only
CD extra, CD interactive CD-ROM, video CD Read-only
CD-R Write-once
CD-RW Rewritable
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drive motor. In addition, the optical head contains 
a servo system based on some sort of optoelectronic 
feedback that is necessary to control the position of 
the focused laser spot on a rotating disk.

The optical storage systems introduced first 
worked as write-once, read-many systems. The 
information is recorded on a WORM disk by 
applying the laser beam to change the reflectivity. 
On the first ablation type WORM disks, the write 
laser beam burns a hole or pit into a thin absorb-
ing layer, that is, deposited aluminum. In the early 
WORM systems, different lasers have been used 
for writing and reading. In a single laser system, 
the laser power is reduced for readout so that the 
recorded pits can be read by detecting the reflected 
energy. Following the ablation media, WORM 
disks with dye polymer media have been devel-
oped. Here, the laser beam induces a reflectivity 
change of dye polymer coating without material 
ablation. Rewritable storage has been first achieved 
in magneto-optical (MO) systems. The written 
information could be removed during an erase 
pass and thereby prepared for a new write cycle. 
To realize the MO systems, it was necessary to 
introduce new coating media and adapted optical 
systems. Consequently, there was no compatibility 
between WORM and MO storage media.

13.2.1  Compact disk technologies

The basic concept of an optical disk involves a 
reflecting layer modulated by the presence of pits 
that then switch the reflected signal by destruc-
tive interference. In a CD-ROM drive, the data are 
read out by projecting a focused laser spot on the 
rotating disk, then detecting the reflected light. 
The detected signal fluctuates with the presence 
or absence of pits along the track corresponding 
to the bit-wise stored information. Similarly, the 
recorded pits of CD-R and CD-RW are read out 
by detecting laser light reflected back from the 
disk. On the simple CD-ROM, the information is 
printed as quarter-wave surface steps leading to 
zero reflectivity by interference. Tracks consist of 
discontinuous grooves or pits that are separated 
by lands, whereby the pit length is determined 
by the bit content stored in it. The light reflected 
from the disk will, therefore, be modulated by the 
pits. Readout is done by destructive interference 
between the light reflected from the pit and the 
light reflected from the land. In this way, the data 

content represented by a pit sequence is translated 
into the reflectivity changes that occur when this 
sequence is exposed to the laser beam.

On a CD-ROM, pits are preformatted into 
the optical substrate (typically polycarbon-
ate) that is then coated with a high-ref lective 
alloy (e.g., aluminum or silver). The substrate 
itself entails the format that defines the physi-
cal structure of the data recorded on the disk. 
Present optical disk technologies use different 
recording mechanisms and are also based on 
different disk formats. In the simplest case such 
as CD or DVD-ROM, the disk comprises a static 
physical structure represented by pits. Other 
disk formats can be categorized in two types, 
one of which relies on continuous grooves, and 
the other on wobble marks. Different disk for-
mats also require different fabrication processes 
for mass production. The well-known mass pro-
duction technique originates from the CD-ROM 
technology and is based on disk replication by 
stamping out copies of a disk master. This origi-
nal disk is written using a short-wavelength 
laser that creates the pattern in a photoreac-
tive material. The typical mastering process is 
based on similar photolithographic techniques 
as applied in the semiconductor technology. 
Exposing the photoresist yields the pit struc-
ture, which allows for forming the so-called 
stamper. The final stamper comprises a metallic 
layer (usually nickel) with the inverted data pat-
tern structure, which is then used for mass disk 
replication. In the production of ROM disks, 
stamping is followed by only two additional 
steps—coating with a ref lective layer followed 
by a protective layer. In contrast, recordable and 
rewritable disks are more complex in structure 
as an optically active layer is needed for data 
recording. Depending on the technology, dif-
ferent materials and layer stack configurations 
have been developed to provide both the func-
tionality and compatibility.

On the write-once CD-R, the focused laser 
beam locally and permanently changes the com-
plex refractive index of an organic dye polymer 
layer (Figure 13.1). Readout is based on signal 
enhancement or decrease by optical interference 
effects in the multilayer structure. The specifica-
tion of the optical characteristics and thickness of 
the dye polymer layer allows the signal reflected 
from the reflective layer to be significantly 
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decreased by the optical change induced in 
the polymer layer. The reflectivity difference 
between recorded 1’s and 0’s of CD-R and simple 
CD-ROM media is similar, thus ensuring media 
interchangeability.

Rewritable optical storage is presently based 
on MO or phase-change (PC) media. The CD-RW 
drives and media introduced in 1997 by Philips 
represented a major breakthrough in optical disk 
storage. Using phase-change technology, the 
CD-RW systems allow disks to be written and 
rewritten many times over. CD-RW is, therefore, 
a medium of choice for both temporary and long-
term data storage.

The disk structure in the case of phase-change 
media is more complex than the simple three-
layer structure of a CD-ROM. The CD-RW disk 
consists of a grooved polycarbonate substrate 
onto which a stack of thin layers is sputtered, fol-
lowed by a protective lacquer (Figure 13.2). The 
phase-change or recording layer is sandwiched 
between two dielectric layers. These are typi-
cally zinc selenide–silicon dioxide (ZnS–SiO2) 
layers that provide thermal tuning of the record-
ing layer. The material for erasable phase-change 

recording is typically a Ge2Sb2Te5 alloy which is 
sputter deposited on a plastic substrate, with an 
undercoat and an overcoat of dielectric layers. 
Other phase-change materials such as PdTeOx, 
InSnSb, AgInSbTe, etc., are also in use for both 
write-once and rewritable media. In addition, the 
stack comprises an aluminum layer from which 
the laser beam is reflected. As the disk comes out 
of the sputtering machine, the recording layer is 
in an amorphous state. The disk is then put into 
an initializer, which heats up the phase-change 
layer to the point where it crystallizes. Prior to 
recording, the phase-change layer is polycrystal-
line in its original state.

The phase-change recording mechanism 
relies on the ref lectivity difference between 
dark amorphous zones and bright crystalline 
zones. For writing, a focused laser beam selec-
tively heats small areas of the phase-change 
material near or above its melting temperature, 
which is between 500°C and 700°C. Heating 
the liquid state is achieved in the area under 
the laser beam spot. If the material is then 
cooled sufficiently quickly, the random liquid 
state is “frozen-in” resulting in the amorphous 
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state. To erase the recorded data marks, the 
laser heats the phase-change layer to recrys-
tallize the material. Hereby, the temperature 
of the  phase-change layer is kept below the 
melting temperature but above the crystalliza-
tion temperature for  longer than the crystal-
lization time so that the atoms revert back to 
an ordered, crystalline state (Figure 13.3). The 
mark will become crystalline once again if the 
laser beam strikes the amorphous mark for suf-
ficient time. Subsequent rewriting is possible 
when the material reverts back to an ordered 
crystalline state. The amorphous and crystal-
line states have different values of refractive 
index which tune the ref lectivity of a multilayer 
stack. The recorded data can, therefore, be read 
out optically as ref lectivity change between 
the low-ref lective amorphous pits and high-
ref lective surrounding area. The phase-change 
process is reversible many thousands of times. 
Because the ref lectivity difference of a CD-RW 
is much lower than the 70% of a CD-ROM, the 
sensitivity of CD drives has to be increased to 
allow readout of CD-RW media. In recent years, 
significant improvements have been achieved in 
both rewritable media and drive performance to 
increase the recording speed and cyclability.

13.2.2  Digital versatile disk

Stimulated by the success of the CD, significant 
developments in many related fields have been 
undertaken resulting in further improvements. The 
large potential of accumulated R&D in that area 
made it possible to introduce the standard for the 
advanced DVD format. The basic structure of DVD-
ROM is similar to the conventional CD-ROM but 
many parameters have been refined or reinvented 
to increase the surface data density and thereby the 
storage capacity.

The surface data density on an optical disk is 
inversely related to the spot size of the address-
ing beam. By reducing the spot size of the focused 
laser beam, smaller pits can be resolved and the 
surface density increases. This can be achieved by 
shortening the wavelength of the laser light and/
or by increasing the numerical aperture (NA) of 
the optical system because the spot size is related 
to the wavelength divided by the NA. The specifi-
cation employed to expand DVD’s storage capac-
ity includes smaller pit dimensions, more closely 
spaced tracks and shorter wavelength lasers. Both 
the track pitch and the shortest pit length are 
nearly a half less than those of the CD (Figure 
13.4). The optical system has also been refined 
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with a higher NA lens, resulting in a more tightly 
focused laser beam. The simple single-layer DVD 
stores 4.7 GB per layer, which is seven times the 
storage capacity of the CD.

Improvements in the overall storage capacity per 
disk have been achieved in different DVD format 
extensions that use two layers or both sides of the 
disk. However, due to the presence of the reflective 
layer, the number of layers per disk side is strongly 
limited to two layers; one of them is semireflective 
and the other is high reflective. The optical signal 
degradation when the reading laser beam passes 
through the first, semireflective layer as well as 
crosstalk effects between the layers require two dis-
tinct wavelengths, that is, lasers, one for each layer. 
In general, dual-layer or double-sided configura-
tions can provide moderate increases in storage 
capacity but at the same time they require more 
complex and more expensive systems.

Dual-layer, single-sided DVD is developed as a 
two-layer structure with the total storage capacity 
of 8.5 GB. The first semireflective layer reflects 18%–
30% of the laser light, which is enough for the read-
out of the stored bits. With the transmitted light, the 
information from a highly reflective layer can also be 
read out. Gold was previously used as semireflective 
layer material, but new silicon layers as gold replace-
ment provide significantly reduced production costs. 
Double-sided dual-layer DVD promises 17  GB but 
the electronics for reading and decoding the multi-
layer DVDs becomes much more complicated. An 
overview of different multilayer DVD formats is 
given in Figure 13.5.

A similar two-layer structure is used in Super 
Audio CD, the new generation of digital audio 
media realized as a refined version of the CD 
audio to provide really high-fidelity playback. This 
is done by adding one semireflective layer to the 
conventional CD structure that contains high-
density information. A silicon-based high density 
layer is semireflective at 650  nm wavelength and 
has almost 100% transmittance at 780 nm, thereby 
allowing the standard CD laser light to be reflected 
from metallic reflective layer. With 650 nm wave-
length, the pits smaller than those on a standard 
CD can be readout, leading to an enhanced storage 
capacity of up to 4.7 GB.

In recent years, implementation of record-
able/rewriting technology in the DVD family has 
been the most serious challenge. Although, first 
recordable (DVD-R) and rewritable (DVD-RAM) 
products are available now, it is still not clear 
which format will become the standard DVD 
recording technology. Second generation record-
able DVD format boosts capacities from 2.6  GB 
per side to 4.7 GB. However, rewritable DVD for-
mats remain far away from achieving standards 
of compatibility, which have been the crucial 
issue for a successful introduction of CD-R and 
CD-RW. Three different DVD rewritable formats 
are presently competing for acceptance in the 
market place. The leading candidates to become 
the standard DVD recording technology—Sony’s 
DVD + RW and Pioneer’s DVD-RW—are incom-
patible so that the DVD family remains far away 
from CD harmony.
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Figure 13.4 Pit–land structure of the CD compared to the refined data structure of the DVD (Sony).
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13.2.3  Blu-ray disk

The implementation of blue-violet diode lasers in 
DVD systems leads to a further increase of storage 
density. In February 2002, nine electronics compa-
nies (Philips, Sony, Pioneer, and others) have estab-
lished the basic specification for a forthcoming 
optical disk video recording format called “Blu-ray 
Disk.” Blue generation optical disks store six times 
more data than DVD. Introduced as a new video 
format, Blu-ray Disk enables 27 GB to be stored on 
a single disk. With its third generation, the opti-
cal disk technology follows the development paths 
established in the evolutionary step from CD to 
DVD. The most important issue in the develop-
ment of Blu-ray was the availability of short-
wavelength semiconductor lasers. The significant 
wavelength reduction from 650  nm in DVD to 
405 nm in the new generation was enabled by the 
realization of gallium–nitride laser diodes emit-
ting blue-violet light at the short-wavelength end 
of the visible spectrum. First introduced by Nichia 
Chemical Corporation, a small chemical company 
in Japan, violet-emitting GaN diodes have found 
wide applications in light-emitting diode (LED)-
based systems. The invention of efficient blue LEDs 
was crucial in developing white light sources for 
illumination. The related research and develop-
ment achievements have been recognized by 2014 
Nobel Prize in Physics.

In addition to the wavelength reduction, the 
Blu-ray system comprises a high NA lens that 
focuses the blue-violet light of a Ga-N diode to an 
extremely small spot size. However, refinements 
of the pit-land structure only would not allow 
such high storage capacity. Sophisticated coding 
and error correction technology implemented in 
Blu-ray disk video recorders makes it possible to 
additionally enhance the storage capacity. With 
the blue generation, conventional optical storage 
is approaching physical limits beyond which the 
data-bearing pit-land structure may become too 
fine to still be detected.

13.2.4  MO disks

MO disks were the first rewritable storage media, 
available on the market since the beginning of the 
1990s. MO disks are mainly used in professional 
data processing but with lower costs per megabyte, 
new applications are being opened. For consumer-
oriented applications, the minidisk, an MO disk in 
the 2.5 in. format was introduced as mini portable 
audio medium. In the last years, the MO disk tech-
nology has been advanced continuously further to 
allow improved storage capacity and read/write 
performance.

Data storage in MO disks is based on opto-
thermic magnetic effects. Information is stored 
as a magnetized state of the magneto-optic layer 
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and will be read out as polarization change of the 
laser beam using the Kerr effect. The MO layer 
that stored the information as corresponding 
magnetized state is protected from oxidation by 
two dielectric barrier layers (SiN) (Figure 13.6). 
Together with the reflective layer, the barriers 
ensure an optical signal enhancement. Presently, 
all commercially available MO disks are based 
on an amorphous terbium–iron–cobalt magnetic 
alloy. This material belongs to a class of materials 
known as the rare earth–transition metal alloys.

For the recording of binary data, the MO layer 
is heated by the laser spot above the Curie tempera-
ture where its magnetic orientation is dissipated. 
When this spot cools, the new magnetic orienta-
tion is set by the magnetic head corresponding to 
the “0” and “1” of the digital signal (Figure 13.7). 
During readout, the polarization of the read beam 
is rotated, thereby detecting the recorded bits.

The MO media rotate the polarization vector of 
the incident beam upon reflection. This is known as 
the polar MO Kerr effect. The sense of polarization 
rotation is dependent on the state of magnetization 
of the medium. Thus, when the magnetization is 
pointing up, for example, the polarization rotation 
is clockwise, whereas downmagnetized domains 
rotate the polarization counterclockwise. The polar 
Kerr effect provides the mechanism for readout 
in MO disk data storage. Typical materials used 
today impart about 0.5° polarization rotation to 
the linearly polarized incident light. But, given the 
extremely low levels of noise in these media, the 
small Kerr signal nonetheless provides a sufficient 
signal-to-noise ratio for reliable readout. The media 
of MO recording are amorphous. Lack of crystallin-
ity in these media makes their reflectivity extremely 
uniform, thereby reducing the fluctuations of the 
read signal as well as level of noise in readout.
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Figure 13.6 Structure of an MO disk.
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Figure 13.7 Left: Recording of an MO disk. The pit mark is formed by heating the MO layer with a 
focused laser light. Right: Readout of an MO disk. The data are read out by the polarization change of 
the read beam.
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To rewrite an MO disk, all previously recorded 
bits must be erased before new data can be 
recorded. This requires either a recorder with two 
lasers (one to erase and one to record) or longer 
recording times in a single laser system because 
the laser must erase the data in the first rotation 
and then record the new data in the second one. 
Alternatively, one can start with an erased track, 
apply a reverse-magnetizing DC magnetic field to 
the region of the interest, and modulate the laser 
power to record the information along the track. 
This is known as the laser power modulation 
recording (or light intensity modulation—LIM) 
scheme. The laser power modulation does not 
allow direct overwrite of the preexisting data on 
the track unless a more complex media structure is 
employed. Exchange-coupled magnetic multilayer 
structure allows LIM direct overwrite in MO sys-
tems. In such systems, the top and bottom layers 
are exchange coupled together so that switching 
one layer would make the other layer to switch, 
too. The top and bottom layers have perpendicular 
magnetic anisotropy and are separated by an inter-
mediate layer, which is in-plane magnetized and 
aimed to ease the transition between the top and 
bottom layers. In an LIM direct overwrite scheme, 
the recorded domains collapse under a laser beam 
spot of moderate power. A high-power beam is used 
to create the domains through the whole thickness 
of the multilayer stack. The recorded domains are 

read out by a low-power beam, which do not dis-
turb them so that only a laser beam of moderate 
power can erase prerecorded marks. Erasure is 
very similar to writing, in that it uses the heat gen-
erated from the laser beam and requires assistance 
from an externally applied magnetic field to decide 
the direction of magnetization after cooling down. 
This method is simplified in a minidisk recorder 
based on a magnetic field modulation overwrite 
system. Here, the new data are written immedi-
ately over the previous data. Writing is achieved 
by a continuous-wave laser beam and a modulated 
magnetic field.

MO disks are currently available in 3.52 in 
 single-sided and 5.25 in double-sided formats with 
storage capacities up to 640 MB or 2.6 GB, respec-
tively. Storage densities of MO media are being 
substantially increased using new advanced tech-
nologies like magnetic super resolution (MSR) and 
near-field recording (NFR). Doubling of storage 
capacity is expected for the first MO disks based on 
MSR. Further advances resulting from MSR allow 
storage capacities of up to 10 GB for 5.25 in. disks.

On MO disks, information is written by heat-
ing the recording material with the write laser 
beam. The stored data are retrieved by reflect-
ing the read laser beam from the structured disk 
whereby the optical resolution is limited by dif-
fraction. By using the MSR process, it is possible 
to write bits smaller than the laser spot, that is, 

Recorded bits
Laser spot

Laser beam
Temperature

MO disk

Magnetic material is reversed
above this temperature

Figure 13.8 MSR. The temperature profile of a focused laser beam is used to create smaller pits than 
the laser spot.



13.3 Optical disk storage system 515

below the optical diffraction limits. This method 
is based on specific magnetic properties of the 
“rare earth/transition metal” materials, which 
evolved as storage material for MO recording. The 
write process is the same as writing on conven-
tional MO disks but the recorded bits are smaller 
than the laser spot. This becomes possible by using 
the temperature profile induced by the laser spot 
in a recording material (Figure 13.8). The bits are 
written only within the central area of the laser 
spot where the magnetic material is reversed by its 
high temperature. The advantage of MSR is that 
the minimum mark length readable in an MSR 
system is shorter than any that are readable in 
conventional systems.

Comparing phase-change and MO technolo-
gies, one can find several advantages and dis-
advantages for each. For a number of reasons, 
phase-change recording appears to be the ideal 
solution for rewritable optical storage of informa-
tion. CD-RW drives are simpler than MO drives, 
because they do not need magnets to create exter-
nal magnetic fields, and because there is no need for 
sensitive polarization-detecting optics in CD-RW 
readout. Phase-change readout makes a profit from 
the reflectivity difference between crystalline and 
amorphous states which is large enough to provide 
much higher signals than the relatively weak MO 
effect. On the other hand, repeated melting, crys-
tallization, and amorphization of phase-change 
media results in material segregation, formation 
of submicron areas that remain crystalline, stress 
buildup, etc. These factors might reduce data reli-
ability and cyclability of the phase-change media. 
MO disks are guaranteed to sustain over 106 read/
write/erase cycles while the corresponding figure 
for phase-change media is typically one to two 
orders of magnitude lower. The maximum temper-
ature reached in MO media during recording and 
erasure is typically around 300°C, as compared to 
600°C in PC media. The lower temperatures and 
the fact that magnetization reversal does not pro-
duce material fatigue provide the longer life and 
better cyclability of the MO media.

13.3  OPTICAL DISK STORAGE 
SYSTEM

In conventional, well-established technologies, 
an optical storage system consists of a drive unit 
and a storage medium, which is usually a rotating 

disk. The disk storage medium and the laser pickup 
head are rotated and positioned through a drive 
motor. In general, optical disks are preformatted by 
grooves and lands that define the so-called tracks 
on a disk. A track represents an area along which 
the information is stored; an optical disk consists 
of a number of tracks that may be concentric rings 
of a certain track width separated by a land area. 
The separation between two neighboring tracks is 
the so-called track pitch. Typical track spacing on 
existing optical disks are on the order of micron. In 
the simplest recording scheme, pit marks of equal 
length are created along the track (either recorded 
or stamped) while the presence or absence of these 
marks corresponds to binary digits 0 and 1. Tracks 
might be physically existent prior to the recording 
or created by prerecorded data marks themselves.

On a read-only medium, for example, CD audio 
disk, quarter-wave deep pits are stamped into 
an optical disk substrate and then coated with a 
reflective layer to provide the readout by interfer-
ence effects in the reflection configuration. In this 
case, pit marks define their tracks that are discon-
tinuous grooves consisting of pits separated by 
lands. The length of both pits and lands within a 
track is defined by the encoded bit stream stored 
within that area. Tracks are necessary to enable 
the positioning of the optical head that accesses 
the information on the disk and to guide the laser 
beam during readout. In case of recordable media, 
the disk is typically pregrooved, that is, continu-
ous grooves are printed, etched, or molded onto 
the substrate to define preexisting tracks. The 
grooves represent tracks and are separated by 
lands. The information is recorded along the tracks 
that can be either concentric rings or a single spi-
ral. Alternatively, the lands may also be used for 
recording—in this case, adjacent tracks are sepa-
rated by grooves. Moreover, land-groove record-
ing, that is, recording in both land and groove 
areas, has been introduced in DVD technology to 
increase storage density by a more efficient usage of 
the available storage area.

All optical components needed for record-
ing and retrieval of information are integrated in 
an optical pickup system or simply optical head. 
Today’s optical heads are small, compact, and 
highly optimized systems that fly close to the disk 
surface. The optical head must be able to rapidly 
access any position on the disk for error-free recov-
ery. Depending on the disk technology, the optical 
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head might have different architectures but the 
basic configuration is the same for all present sys-
tems. Usually, the head comprises a laser diode, a 
collimator lens, an objective lens, a polarizing beam 
splitter, a quarter-wave plate, and the detector sys-
tem. A typical setup for an optical disk system is 
shown in Figure 13.9 [1]. A linearly polarized laser 
beam is emitted by the laser diode. The collimator 
reduces the divergence and collimates the beam, 
which then passes through a polarizing beam 
splitter and a quarter-wave plate. The quarter-
wave plate circularly polarizes the incident beam, 
which is then focused onto the disk by an objec-
tive lens that also collects the light reflected back 
from the disk. For recording, a focused laser beam 
generates a small spot within the active material to 
induce some kind of optically detectable changes. 
The recorded bit marks will then change the phase, 
amplitude, or polarization of the readout beam. 
The total reflected light is therefore modulated by 
the presence of pits—the light fractions reflected 
from the pits and the light fractions reflected from 
the land interfere destructively and modulate the 
data signal according to the stored information. 
The beam reflected back from the disk again passes 
through the objective lens and becomes recolli-
mated afterward. The quarter-wave plate converts 
the circular polarization of the reflected beam to 
a linear one with the direction perpendicular to 
that of the incident beam. In this way, the incident, 
readout beam, and the reflected, signal beam can 

be separated by the polarizing beam splitter, which 
directs the reflected light to the data detector. The 
detection system produces the data or readout sig-
nal but also optoelectronic signals needed for auto-
matic focusing and track following. Specific servo 
systems are required to control the position of the 
optical head with respect to the tracks on the disk. 
Additional peripheral electronic units are used for 
functional drive control, data reconstruction, and 
encoding/decoding.

An optical disk storage system is characterized 
by several functional quantities that specify its per-
formance in terms of capacity and speed. Typical 
parameters are storage capacity, access time, data 
transfer rate, and cost. The storage capacity is 
determined by the areal density of the stored infor-
mation and the geometrical dimensions of the disk 
medium, that is, available storage area. The areal 
density characterizes the efficiency of a system in 
using the storage area and is a direct function of 
the spot size and/or the minimum dimension of a 
stored bit mark. It is typically given in units of 
gigabits per square inch or bits per square micron. 
The areal density is limited by the optical resolu-
tion of the laser pickup, that is, by the minimum 
dimensions of data marks that still can be detected 
by the optical system. The NA of the objective lens 
and the wavelength of the laser used for record-
ing and readout determine the diffraction-limited 
spot size and therefore the data density but further 
factors also have to be taken into account such as 
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Figure 13.9 Basic configuration of an optical disk system.
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track density and linear bit density. The track den-
sity (tracks/in.) expresses how close to each other 
neighboring tracks on the disk can be arranged. 
The linear bit density (bits/in.) is a metric for the 
spacing between optical transitions along a track.

Other parameters of interest are access time 
and data transfer rate, which characterize how fast 
the information stored on the disk can be accessed 
and read out. The access time depends primarily 
on the speed with which the optical head can move 
over tracks to access a given storage location on 
the disk. The data rate is a metric for recording and 
readout speed and it depends on the linear bit den-
sity and the rotational speed of the drive. The data 
rate becomes important when large data files, for 
example, images or video files, have to be stored or 
retrieved. Different paths to higher data rates have 
been proposed in CD/DVD technology including, 
for example, recording/readout by multiple beams, 
that is, usage of several laser pickup systems simul-
taneously. The laser beam power available for writ-
ing and reading, and the speed of the servo system 
controlling the optical head position are some of 
the parameters that limit the data transfer rate.

13.3.1  The objective

The objective lens in an optical disk system must be 
designed to correct for spherical aberration, which 
is due to the substrate thickness. Current optical 
disk systems use molded glass lenses to focus the 
laser beam to a diffraction-limited spot. There are 
several advantages of the molded lens which is 
typically a single aspheric lens over conventional 
objective lenses made up of multiple elements. 
These advantages result from the molding process 
itself which is much better suited to mass fabrica-
tion. Furthermore, the working distance, that is, 
air spacing between the objective lens and the disk 
surface, of a molded lens is larger, which simplifies 
the design and function of the head in a removable-
media optical system. Also, the molded lens mass 
is lower than a conventional lens, which reduces 
actuator forces needed for automatic focusing and 
track following within the servo system.

In order to achieve ultimately small spots on 
the reflecting data layer, the objective lens must 
have fairly large NA, and it must be free from 
aberrations. Hereby, the NA of a lens is defined by 
NA = n × sinθ, where θ is the half angle closed by 
the cone of the focused laser beam. The diameter of 

the diffraction-limited focused spot is then given 
by the ratio of the wavelength of the laser beam, 
and the NA of the objective lens, that is, dspot ≈ λ0 /
NA, where λ0 is the vacuum wavelength of the 
laser beam. It becomes clear from the above rela-
tion that higher NAs are desirable if smaller spots 
and therefore higher storage densities are to be 
achieved. The smaller the spot of the readout beam, 
the smaller data marks can be resolved. The areal 
data storage density depends directly on the spot 
size and according to the above equation, it can be 
increased by reducing the wavelength and/or by 
increasing the NA. In practice, both approaches 
encounter limitations and also require adaptations 
and advances in a number of constituting tech-
nologies. The most important aspect in achieving 
greater storage densities by reducing the wave-
length is the availability of short-wavelength lasers.

Reducing the spot size by increasing the NA 
will also reduce the focal range of the laser beam, 
the so-called depth of focus. The focal range can be 
estimated by the Rayleigh length of the laser beam 
and is therefore proportional to λ/NA2, which 
means that the higher NA, the smaller will be the 
depth of focus. That clearly limits NA as an opti-
cal storage system is capable of handling the focus 
error only within this range. Other tolerances such 
as those for the disk tilt and the substrate thick-
ness are also limited by NA and have to be con-
sidered in designing the objective lens. Presently, 
the NA of objectives used in CD technology is 0.45, 
which has been increased to 0.6 in DVD systems to 
achieve higher storage capacity. A further increase 
of NA would require far-reaching adaptations in 
both the disk configuration and optical system 
to provide that the diffraction-limited focus will 
be maintained with the desired accuracy on the 
reflective data layer.

13.3.2  The laser

Optical storage of information became first prac-
tically possible with the invention of laser. Rapid 
developments in the field of laser systems have 
supported the technological realization of existing 
optical storage systems. In general, lasers are used 
in all optical technologies for data recording and 
often also for data recovery. The ultimate prem-
ises for light sources in optical storage systems are 
small size, stability, long lifetime, and inexpensive 
mass production. The optical drive so as we know 
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it became therefore possible first with the estab-
lishment of laser diodes. Conventional optical 
disk systems, such as CD, DVD, and MO, rely all 
on semiconductor laser diodes as their source of 
light. The diode laser technology has been the key 
enabling technology for optical storage while the 
success of CD consumer products (CD audio and 
CD-ROM in PCs) has pushed the diode laser to the 
best-selling laser products of all time. Compared to 
other laser types, the laser diode has many advan-
tages with regard to the requirements defined by 
the design and functionality of an optical head. In 
general, the optical head contains one laser diode 
that provides light for recording, reading, and 
erasing (given in rewritable systems only). Each of 
these functions sets specific requirements on the 
light source.

Optical data storage systems for mainstream 
applications such as computer and entertain-
ment need compact and cheap lasers that can be 
with ease integrated in low-weight optical heads 
and small, low-cost drives. In addition, specific 
requirements of optical data storage concern the 
wavelength of emitted light, optical power avail-
able for writing, reading and erasing, modulation, 
and life time of the laser diode which should exceed 
several thousand hours. The wavelength of light 
used to write and read bit marks is crucial for the 
optical resolution of the pickup system and, conse-
quently, for the areal storage density. The shorter 
the wavelength the smaller bits can be resolved and 
the higher areal storage density can be achieved. 
Stimulated by the success of CD and later DVD, 
extensive research and industrial development 
efforts have been undertaken in past decades to 
satisfy demand for short-wavelength laser diodes 
with sufficient optical power for the operation in 
optical drives.

The power requirement for diode lasers in opti-
cal disk systems varies from several milliwatts 
for retrieval of stored information to several tens 
of milliwatts for data recording. The laser output 
radiation is modulated directly by modulating the 
input electrical current. The fast modulation of 
laser radiation is perhaps the most important char-
acteristic of laser diodes for optical recording. Laser 
diodes can be modulated to GHz frequencies with 
rise and fall times of less than 1 ns. For read-only 
applications, low-power lasers with approximately 
5–10 mW optical power can be used. In contrast, 
for recordable and rewritable media, more power 

is needed because the laser beam has to induce 
almost instantaneously detectable changes in the 
recording material. For example, amorphous pit 
marks on a CD-RW are thermally induced by a 
pulsed laser beam with an optical power of either 
50 or 60 mW.

Another requirement concerns the spatial 
coherence and single transverse mode operation 
as the laser beam has to be focused to the dif-
fraction limit. The laser cavity must be a single-
mode waveguide over its operating power range 
to provide wave fronts that are needed to achieve 
ultimately required small spots. The longitudi-
nal mode stability has not been a requirement up 
to now so that laser diodes incorporated in the 
present optical heads typically operate in several 
longitudinal modes. Otherwise, a single longitu-
dinal mode operation might become important 
in reducing undesired wavelength fluctuations. 
Fluctuation of both intensity and wavelength is 
one of the characteristics of diode lasers. Although 
intensity fluctuations reduce the signal-to-noise 
ratio of the readout process and generate noise in 
the servo signals, wavelength fluctuations set addi-
tional requirements on achromatic design of opti-
cal components.

The wavelengths of optical data storage have 
been continuously reduced since the introduc-
tion of the first laser disk systems, which started 
at 830 nm. CD audio and early CD-ROM systems 
rely on infrared diodes at 780 nm while moderate 
power lasers at 680 nm are used in CD-R and MO 
products, and also in computer drives. The DVD-
ROM standard relies on red-emitting diodes at 635 
and 650  nm. The wavelength reduction has been 
one of the crucial factors for the sevenfold increase 
in storage capacity from CD to DVD (Figure 13.10). 
A shorter wavelength laser would support a higher 
storage density as shorter wavelength light can be 
focused to a smaller spot at the diffraction limit. As 
the diameter of a focused laser spot is proportional 
to its wavelength, the reduction of the wavelength 
will lead to the reduction of the spot size by the 
same factor, and consequently, to an increase of the 
storage density by the square of that factor.

Recent developments in the field of III–V 
semiconductor diode lasers allow for an almost 
revolutionary transition from the red to the blue-
violet spectral range. Enormous advances have 
been achieved by incorporating short-wavelength 
blue-violet diode lasers in optical storage systems. 
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Blue-violet and ultraviolet diode lasers operating 
in the range of 370–430 nm have been first devel-
oped by Nichia Chemicals Corporation in Japan 
and introduced to the market in 1999. Announced 
as high-density DVD, the Blu-ray standard is based 
on a 50 mW blue-violet diode laser. By adopting a 
405  nm laser, the “blue” optical disk technology 
minimizes its beam spot size by increasing the 
NA to 0.85. On the other hand, such an extremely 
sharply focused laser beam is characterized by a 
very small focus depth. Therefore, the substrate 
becomes also extremely thin with a thickness of 
0.1 mm only so that the disk must be protected 
from outer influences and damages by a cartridge. 
Both issues, short wavelength and high NA, allow 
for reducing the pit size to approximately 0.2 μm, 
and the tracking pitch to 0.32 μm, almost half of 
that of a regular red DVD. All these refinements 
and improvements together push the DVD tech-
nology up to 27 GB high-density recording.

13.3.3  The servo system

Readout in optical storage relies on data recon-
struction from a disk rotating with a several thou-
sand rotations per minute. To provide a faithful 
retrieval of the stored data, the laser beam must 
be focused exactly on the disk track and then 
maintained accurately within it during the entire 
readout process. Typical tolerances in optical disk 
systems are 1 μm for positioning of the focus in 
the reflective data layer, and one-tenth of micron 
for focus positioning on the track center. The axial 
and radial runout of an optical disk are two or 
three order of magnitudes larger than these allow-
able focus positioning errors. The optical drive, 

therefore, requires a servo system to compensate 
the radial and vertical runout of the disk as it spins 
and to provide submicron focus and track-locking 
schemes. The servo system is a closed-loop opto-
electro-mechanical system, which couples optical 
position detectors to high bandwidth actuators to 
actively follow the disk rotation. Consequently, the 
servo control in an optical disk system involves 
accurate and continuous focus position error sens-
ing and sophisticated feedback mechanisms that 
dynamically convert the detected error signals in 
corresponding actuator movements.

The task of actuators within the servo system is 
to correct and to control the position of the focus-
ing optics, that is, objective lens. A typical objec-
tive lens has an NA of 0.45 or higher to create a 
focused beam spot smaller than 1 μm. In addi-
tion, the focused beam has a focus depth, which 
is only a fraction of a micron. On the other hand, 
a rapidly rotating disk has a tendency to wobble in 
and out of its ideal position in the optical drive. 
There is a variety of reasons that may cause such 
wobble effects, some of them are imperfections in 
the disk construction, substrates that are not ide-
ally flat, other manufacturing errors in both disks 
and drives, disk tilt, and eccentricity, etc. In the 
ideal case, the disk mounted in a drive would be 
perfectly centered, and sufficiently flat to maintain 
an ideal perpendicular position with respect to the 
rotation axis at all times. Deviations up to ±100 μm 
in both vertical and radial directions usually occur 
during the disk rotation in an optical drive.

The task of the servo system is twofold: First of 
all, the laser beam spot focused into the reflective 
layer of the disk must remain within the depth of 
focus, and second, the focused spot must remain 

Blu-ray

NA = 0.85
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400 nm 500 nm 600 nm 700 nm

NA = 0.6 NA = 0.45

DVD CD

Figure 13.10 The increase in storage density from CD to DVD has been primarily achieved by decreas-
ing the bit dimension but also by reducing the tracks spacing, by using shorter wavelength lasers and 
higher NA optics. At the same time, the substrate thickness has been reduced from 1.2 mm on a CD 
to 0.6 mm on a DVD, whereas a Blu-ray disk comprises a protective layer of 0.1 mm thickness only.
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within a submicron-sized track while the disk 
rotates and wobbles in and out of both focus and 
track. The mechanism to maintain the laser spot 
on the disk within the focus depth is called auto-
matic focusing and it is aimed to compensate ver-
tical runout of the disk. In addition, automatic 
tracking servo is needed to maintain the position 
of the focused spot within a particular track—the 
mechanism is called automatic track following. 
In the ideal case, tracks are perfectly circular and 
concentric, and the disk is perfectly centered on 
the rotation axis. In practice, the eccentricity of 
both the tracks and disk creates demand for active 
track following mechanisms that compensate wob-
ble effects and enable the laser beam spot to follow 
the track.

13.3.3.1  AUTOMATIC FOCUSING

Current optical drives rely on several different 
methods that provide the feedback mechanisms, 
that is, error signals that drive the focus servo sys-
tem. The objective lens is mounted in a voice coil 
actuator with a bandwidth of several kilohertz, and 
the feedback mechanism is used to position the lens 
relative to the rotating disk in such a way as to main-
tain focus at all time. The basic premise is that an 
appropriate error signal is generated which is then 

fed back to the voice coil actuator for maintaining 
focus automatically. Depending on the detection 
scheme, various techniques have been proposed 
to generate the focus error signal (FES). The signal 
needed for the closed servo loop is usually derived 
from the light that is reflected from the disk. Several 
techniques use a field lens that creates a secondary 
focused spot; deviations from optimum focus are 
then analyzed by observing that secondary spot. 
The field lens, which might be a spherical, ring-toric, 
or astigmatic lens is placed after the objective lens in 
order to focus the light reflected back from the disk. 
The shape, size, and position of the focused spot 
depend on the position of the disk relative to the in-
focus plane. Changes in the secondary spot caused 
by the off-focus status of the disk are detected via 
a photodetector and transformed into an electronic 
signal that contains the feedback information for 
the focus servo system.

A very popular mechanism for automatic focus-
ing relies on the astigmatic lens detection method. 
The most of current optical disk systems use an 
astigmatic servo sensor that comprises an astig-
matic lens having two different focal lengths along 
orthogonal axes, and a quad detector. Figure 13.11 
shows a diagram of the astigmatic focus-error 
detection system used in many practical devices. 
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Figure 13.11 Astigmatic focus-error detection system.
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The light beam returned from the disk and colli-
mated by the objective lens might be convergent or 
divergent, dependent on position of the disk rela-
tive to the plane of best focus. The reflected beam 
passes an astigmatic lens, which normally focuses 
the incident light beam to a circularly symmetric 
spot halfway between its focal planes. In the best, 
in-focus case, a quad detector placed at this plane 
receives equal amounts of light on its four quad-
rants. In contrast, when the disk is out of focus, the 
astigmatic lens will create an elongated spot on the 
detector so that individual quadrants will be illu-
minated differently and, consequently, they will 
create different electronic signals (Figure  13.12). 
Depending on the sign of defocus, this elongated 
spot may preferentially illuminate quadrants A 
and C or quadrants B and D of the detector. A 
bipolar FES can be then derived as the difference 
between diagonal quadrants, that is,

 
FES ( + ) ( + )A C B D

A B C D
.∝ −

+ + +

13.3.3.2  AUTOMATIC TRACK FOLLOWING

The information is recorded on an optical disk 
either around a series of concentric circular tracks 
or on a continuous spiral. Manufacturing errors 
and disk eccentricities caused by mounting errors 
or thermal expansion of the substrate, for exam-
ple, will cause a given track to wobble in and out 
of position as the disk spins. Typically, a given 
track might be as much as ±100 μm away from its 
intended position at any given time. The focused 

spot is only about 1 μm across and cannot be at 
the right place at all times. An automatic tracking 
scheme is, therefore, desired. The feedback signal 
for controlling the position of the objective lens 
within the tracking coil is again provided by the 
return beam itself. The four segments of the detec-
tor are combined in different ways for FES and 
track error signal (TES). Several mechanisms for 
automatic track following have been proposed and 
applied in commercial devices.

The push–pull tracking mechanism relies on 
the presence of either grooves or a trackful of data 
on the media. In the case of CD and CD-ROM, 
the data are prestamped along a spiral on the sub-
strate, and the sequence of data marks along the 
spiral represents a sort of discontinuous groove 
structure. Writable media such as CD-R, MO, and 
PC require a tracking mechanism distinct from 
the data pattern, because prior to data recording, 
the write head must be able to follow the track 
before it can record anything. Once the data are 
recorded, the system will have a choice to follow 
either the original tracking mechanism or the 
recorded data pattern. Continuous grooves are the 
usual form of preexisting tracks on optical media. 
A typical groove is a fraction of a micron wide and 
one-eighth of the wavelength deep. As long as the 
focused beam is centered on a track, diffraction of 
light from the adjacent grooves will be symmetric. 
The symmetry of the reflected beam, as sensed by 
a quad detector in the return path, would produce 
a zero error signal (Figure 13.13). However, when 
the focused spot moves away from the center of 
the track, an asymmetry appears in the intensity 
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Figure 13.12 Four-quadrant-detector combined with an astigmatic lens is used in optical disk  systems 
for both automatic focusing and track following. Control electronic signals are generated by an 
appropriate combination of the signals from four detector segments.



522 Optical information storage and recovery

pattern at the detector. The difference signal is suf-
ficient to return the focused spot to the center of 
the track. The TES is thus generated by the quad 
detector according to

 
TES ( + ) ( + )A B C D

A B C D
.∝ −

+ + +

In read-only media, where continuous grooves are 
not present, another method of tracking is applied, 
the so-called three-beam method. The laser beam 
is divided into three beams, one of which repre-
sents the main spot and follows the track under 
consideration, while the other two are focused on 
adjacent tracks, immediately before and after the 
addressed track. Consequently, three detectors are 
necessary for position error sensing. Any move-
ment of the central beam away from its desired 
position will cause an increase in the signal from 
one of the outriggers and, simultaneously, a 
decrease in the signal from the other outrigger. A 
comparison of the two outrigger signals provides 
the information for the track-following servo.

In another possible tracking scheme, the so-
called sampled servo scheme, a set of discrete 
pairs of marks is placed on the media at regular 
intervals. The wobble marks indicate the trans-
versal boundaries of a track. Such marks might be 
embossed or written by a laser beam within the 
formatting procedure. These marks are slightly 
offset from the track center in opposite directions, 
so that the reflected light first indicates the arrival 
of one and then of the other wobble mark. The TES 

is generated as the difference between the signals 
detected from each wobble mark. Depending on 
the spot position on the track, one of these two 
pulses of reflected light may be stronger than the 
other, thus indicating the direction of track error. 
The sample servo technique is often used in record-
able media systems including both write-once and 
rewritable media.

In contrast, present DVD systems rely on the 
differential phase detection technique that is based 
on diffraction of the focused spot from the edges of 
data marks. If the spot is focused offtrack, the light 
reflected from the disk will show an asymmetric 
intensity distribution each time the spot strikes a 
mark edge. The intensity pattern rotates when the 
spot travels along the data mark and this rotation is 
then sensed by a quad detector that generates cor-
responding TESs.

13.3.4  Data coding and processing

An important step in storing digital data is encod-
ing of the bit stream to be stored prior to recording, 
and, consequently, decoding of the readout sig-
nal after its conversion into digital form. Hereby, 
digital data are extracted from the analog signal 
obtained by the data detector. In a digital storage 
system, the input is typically a stream of binary 
data, that is, binary digits 1 and 0, which has to be 
recorded onto a storage medium in such a way as to 
provide reliable and error-free recovery. The stor-
age system is requested to record the data, to store 
it, and to reconstruct it faithfully upon request. 

Optical
grooved

disk

Beam splitter

Objective lens

Quad detector

A + B

C – D

Figure 13.13 TES generated by push–pull method.
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The digital data are first converted into analog sig-
nals and then stored as a stream of data marks cor-
respondingly modulated and embedded into the 
recording format. For retrieval, the original digital 
data are extracted from the analog signal that is 
collected by the optical head via the data detector. 
From the user input to the recovered output, the 
data will undergo several steps of electronic pro-
cessing including analog/digital conversion, equal-
ization, and filtering of the playback signal, error 
correction and modular coding, data synchroniza-
tion, and organization within the recording chan-
nel, etc. [2].

Within the storage system, not only a recording 
unit is incorporated but also additional electron-
ics units or subsystems that perform diverse steps 
in data processing from input to output after the 
stored data have been reconstructed by the opti-
cal read head. There are a variety of error sources 
that can cause errors in retrieval of information 
from a rapidly rotating optical disk. Some of them 
are related to the dynamic operation regime with 
the data structure reduced to the limit where the 
readout signal can only just be separated from the 
system noise. Also, media imperfections, defects, 
damages, etc., lead to errors in reconstruction 
of information sequences stored at the affected 
locations. To retrieve the data faithfully, all sorts 
of errors must be eliminated or compensated by 
appropriate error correction techniques. Therefore, 
the binary input data (user data) undergo several 
steps of encoding and modulation prior to being 
recorded on the storage medium.

The encoding process involves several measures 
against diverse error sources but it also entails 

other features that simplify the data  processing 
and recovery. The flow of the data stream in an 
optical storage system is depicted in Figure 13.14. 
Binary user data are subjected to two encod-
ing processes prior to recording on the storage 
medium: error-correction coding (ECC) and mod-
ulation or recording coding. The encoding process 
includes typically one or more ECC steps followed 
by a modulation coding step where appropriate 
features are incorporated into the bit pattern. The 
ECC step is designed to protect the data against 
random and burst errors, and the modulation step 
organizes the data to be stored so as to maximize 
the storage density and reliability. In the ECC step 
additional bits, the so-called check bits, are gener-
ated and added to the stream of user data in order 
to create an appropriate level of redundancy in the 
overall bit sequence. Both the source data and the 
data emerging from the first (ECC) encoder are 
unconstrained, that is, a randomly selected bit in 
the data stream may be either a “1” or a “0” with 
equal probability and arbitrarily long sequences of 
all “ones” and “zeros” may appear.

In addition to the error correction, binary 
sequences are encoded by a modulation cod-
ing whereby the bit-patterns to be recorded are 
expanded by certain additional features. These 
enable the generation of a clocking signal for 
the electronic waveform and also provide more 
efficient usage of the storage area available on 
the disk. The modulation step involves mapping 
of small blocks from the error-correction coded 
sequence into larger blocks known as modulation 
code words. The data emerging after the modula-
tion encoding step are usually d, k constrained, 
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Figure 13.14 Channel data flow in an optical storage system.
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that is, binary sequences are constrained in such a 
way that there must be at least d but no more that 
k zeros between two ones. Each binary segment 
consists therefore of a one that is followed by at 
least d but no more than k zeros. The data encoded 
in such a way is run-length limited (RLL) and it 
is referred to as channel data because it becomes 
then converted into electrical waveforms used 
to control the recording process. The CD opti-
cal disk technologies rely on a block modula-
tion code known as eight-to-fourteen modulation 
(EFM) that expands blocks containing 8 data bits 
to 14-bit channel blocks. This modulation code is 
also applied in DVD systems in its advanced ver-
sion, known as EFMPlus.

During retrieval, the RLL channel data are 
reconstructed by the detector and processed by 
a modulation decoder which gives the error- 
correction coded binary data as output. The 
modulation decoder must correctly determine 
the logical ECC code word boundaries within the 
stream of channel data to enable subsequent ECC 
decoding to take place. The ECC decoder processes 
the data leaving the demodulator to detect and cor-
rect any data error type for that it is designed to 
recognize and eliminate. Optical storage systems 
use typically Reed–Solomon (RS) codes for ECC. 
These are block codes, that is, encoded data consist 
of code words, or blocks, that contain a fixed num-
ber of bits. Encoding entails organizing the blocks 
of binary data into a succession of multibit symbols 
called information symbols, computing a number 
of additional symbols (of the same length) called 
parity checks and appending the parity checks to 
the information symbol to form a code word. RS 
codes employed in optical data storage systems 
use eight-bit information symbols, that is, they are 
designed to operate on bytes instead of bits. An RS 
code will correct up to a certain number of errone-
ous symbols in a given code word, and for correct-
ing a specific number of erroneous bytes, it needs 
twice as many parity check bytes. For example, one 
of the two ECC used in CD audio systems is the RS 
code, which can correct up to 2 bytes of error in a 
24-byte-long block of user data, with the addition 
of four parity bytes.

Information to be recorded on a disk is orga-
nized into uniformly sized blocks. Each of these 
blocks is written onto a portion of the storage 
medium that is referred to as a sector. Each track 
on the disk is then divided into a number of sectors 

that contain the user data and any ECC parity 
information related to it, that is, calculated from 
it. Several different track formats find application 
in practical systems. As mentioned before, tracks 
can be realized either as concentric rings or a sin-
gle continuous spiral whereby optical disks usually 
rely on the spiral format. For digital data storage, 
each track consists of sectors that are defined as 
small segments containing a single block of data. 
Spiral tracks are more suitable for writing of large 
data files without interruption while concentric 
rings better support multiple operation mode 
when different operations such as write, erase, 
verify, etc., are performed simultaneously in differ-
ent tracks. The block of digital data stored within 
a sector has a fixed length, which is usually either 
512 or 1024 bytes. Each sector has its own address, 
the so-called header that specifies the storage loca-
tion of a given sector on the disk.

The storage location is given by the track num-
ber and azimuthal position in the track at which 
the sector will be written. The information that 
constitutes a sector is usually written onto the 
medium in two parts. The first part of the sector 
is the sector header, which consists of special pat-
terns known as sector marks together with sector 
address data. The headers of all sectors are prere-
corded, that is, they are placed on the disk either 
when it is manufactured or when it is formatted for 
use. The additional space used by the codes and by 
the header within each sector constitutes the over-
head, which may take between 10% and 30% of 
disk’s raw capacity depending on application.

Prior to retrieving the data from the recorded 
storage medium, the optical detection head must 
access the medium and find the data that are 
requested by the storage system controller. The 
optical head must move to a particular radial posi-
tion on the disk and it must find the track and 
sector that contain the requested data. Especially, 
in the case of removable disk drives, the system 
checks other important information about the 
disk, for example, the sector size being used on 
the disk, the amplitude and polarity of signals 
obtained from prerecorded sectors and headers, 
etc. For reliable recording and readout, the design 
of a storage medium implements a defined record-
ing format. The written data are embedded in this 
format, which entails certain system information 
to be prerecorded at specific locations on the disk. 
The recording format also provides that the user 
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data are written in its appropriate sector type at 
particular locations on the disk.

To conform to the recording format, the physi-
cal structure of the data to be stored on the disk 
must satisfy several requirements. In Figure 13.15, 
two possible schemes for conversion of binary 
sequences into electrical waveforms are illus-
trated. In the so-called non-return-to-zero (NRZ) 
scheme, each bit is allotted one unit of time during 
which the voltage is either high or low, depend-
ing on whether the bit is 1 or 0. In the ideal case, 
recording with an NRZ waveform will result in 
identical marks that have the same length propor-
tional to one channel bit time. Neighboring data 
marks can have different center-to-center spacings, 
whereby the center of a mark represents a channel 
binary “one.” The modified version of this scheme 
known as NRZI (non-return-to-zero-inverted) 
conforms much better to the EFM as here a 1 cor-
responds to a transition while a 0 is represented 

by no transitions at all. An NRZI waveform will 
induce data marks and intervening spaces that 
have variable discrete lengths. Here, the appear-
ance of a binary “one” corresponds to an edge of a 
recorded mark and both the mark length and the 
spacing between two successive marks are given by 
the number of binary “zeros” between two ones. 
Using such a scheme, a single data mark can con-
tain more bits than only one as in a simple coding 
scheme where each pit is allotted one bit.

In summary, the optical resolution limit, 
known as the “Abbe barrier,” has dictated prog-
ress and development among three generations of 
 optical disk technology. The approach to higher 
data densities was straightforward—reducing the 
size of data marks by shortening the wavelength 
and by increasing the NA. Table 13.3 summarizes 
the optical specification, physical data structure, 
and storage performance of three optical disk stan-
dards. In its third generation, based on a 405 nm 
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Figure 13.15 NRZ (left) and NRZI (right) conversion of binary sequences into electronic wave fronts.

Table 13.3 Three generations optical disk technology: optical specification, physical data structure, and 
storage performance

CD DVD Blu-ray

Wavelength 780 nm 650 nm 405 nm
NA 0.45 0.6 0.85
Minimum pit size 0.83 μm 0.4 μm 200 nm
Minimum mark length 0.83 μm 0.4 μm 150 nm
Track pitch 1.6 μm 0.74 μm 320 nm
Storage density 1 bit/ μm2 5 bits/μm2 20 bits/μm2

Data rate 1 Mbps 5 Mbps 50–200 Mbps
Storage capacity 700 MB 4.7 GB 27 GB
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laser, optical disk storage definitively encounters 
the physical limits imposed by diffraction of light. 
Meanwhile, new techniques that use more than the 
surface of a flat disk are under investigation.

13.4  NOVEL APPROACHES IN 
OPTICAL STORAGE

The acceleration of processor speeds and the evo-
lution of new multimedia and Internet applica-
tions are creating an almost insatiable demand for 
high-performance data storage solutions. Storage 
requirements are growing at an exponential rate 
encouraged by immense technological advances, 
which have been achieved in recent decades. 
An ever-increasing amount of digital informa-
tion is to be stored online, near-line, and off-line 
combining magnetic, MO, and optical systems. 
Rapidly growing demands are distributed through 
the data storage hierarchy, where diverse tech-
nologies are combined in complimentary way to 
satisfy specific requirements in different applica-
tion environments. The usual computer applica-
tions are served mainly by hard disk drives but 
emerging consumer applications that combine 
audio, video, 3D image, and computer data files 
are creating an important category with sub-
stantially different requirements. Optical disk 
technology has established itself as a mainstream 
product provider for audio, video, and computer 

storage. The extraordinary success of recordable 
and rewritable disk formats based on CD and 
DVD technology has opened new prospects but 
also new requirements. Advanced storage of digi-
tal contents requires both higher storage capacity 
and fast data transfer. Although the optical disk 
technology with its three generations satisfy stor-
age demands of the entertainment and content 
distribution industry, novel application areas 
make essentially new technologies necessary.

In the future, optical data storage is expected to 
follow two directions to improve capacity and per-
formance of disks that are currently available. The 
straightforward way predicts the further increase 
of the areal storage density by surpassing the limit 
imposed by the diffraction of light. Storage tech-
nologies that use only the surface of a medium 
for writing and reading are constrained to this 
direction. On the other hand, optical information 
storage uses laser–material interaction effects for 
recording and retrieval so that an entire spectrum 
of different optical phenomena can be applied to 
realize an optical memory. Developments in the 
field of nonlinear optical materials that exhibit 
strong laser-induced changes of their optical prop-
erties enable various novel approaches to become 
practically realizable. Using nonlinear optical 
effects, advanced technological solutions for opti-
cal storage may take advantage of new spatial and 
spectral dimensions (Figure 13.16).
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Figure 13.16 Novel approaches in optical storage to overcome the limitations of the surface  storage 
by pits in CD/DVD as well as MO disk technology, including optical storage beyond the resolution 
limit by NFR and SIL, frequency-/time-domain optical storage by spectral hole burning and  photon 
echo memories, multilayer storage within transparent materials—two-photon and fluorescent 
 memories, page-oriented holographic memories, and bit-oriented microholographic disk.
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13.4.1  Beyond the resolution limit

The traditional approach for increasing the areal 
density that has driven progress in data stor-
age is to decrease the bit size. In optical storage, 
the attainable data density is largely determined 
by the size of the focused laser spot. A power-
ful way to surpass the density limit imposed by 
the diffraction of light in optical data storage 
is the usage of near-field optical recording. The 
creation and detection of pit marks smaller than 
predicted by the diffraction barrier can be real-
ized by numerous near-field optical techniques. 
For conventional optical systems, the achiev-
able spot size governed by the diffraction law 
is ∝λ/2NA. The resolution limit, known as the 
“Abbe barrier,” was empirically discovered and 
named for the German physicist, Dr. Ernst Abbe, 
best known for his work in optics in the 1860s.

Recent progress in near-field optics has 
resulted in effective spot sizes smaller than 1/20 
of the wavelength of light. To achieve such a high 
resolution, an aperture smaller than the resolu-
tion limit is placed between the light source and 
the medium. Light passing the aperture consists 
of propagating and evanescent waves; the smaller 
the aperture, the larger the fraction of evanescent 
field. The evanescent wave intensity decreases 
exponentially outside of the aperture; therefore, 
when the aperture-to-sample distance decreases, 
the evanescent power increases, and the resolution 
improves. If the aperture-to-medium distance is 
much less than the wavelength, the resolution will 
be determined by the aperture size rather than by 
the diffraction limit. Diverse techniques for near-
field optical recording have been proposed mak-
ing readout of subwavelength structures  possible. 
However, a serious disadvantage for most of NFR 
techniques using small aperture is low optical 
efficiency. Although near-field optical recording 
can provide extraordinarily high areal densities, 
it is difficult to satisfy requirements on high data 
transfer while maintaining a working spacing of 
less than a wavelength.

Scanning near-field optical microscopy 
(SNOM) makes it possible to overcome the dif-
fraction limit of conventional far-field optical sys-
tems by placing the pickup head very near (about 
50  nm above) the media. In near-field micros-
copy, optical resolution beyond the diffraction 

limit is achieved by scanning a surface with the 
evanescent field behind a nanometer aperture. 
A small distance is necessary because the light 
field is confined only in the near field of the aper-
ture. The technique can produce spots as small as 
40 nm in diameter and conceptually can achieve 
areal densities in the order of 100 GB in.−2. SNOM 
technology provides high areal densities but until 
now readout speed is low because the scanning 
process is very slow due to the small light power 
behind the aperture. Furthermore, the probe 
must be in near contact with the medium, mak-
ing it difficult to prevent head crashes and support 
removable media. Another technique uses a met-
alized tapered optical fiber, in the end of which 
is a small aperture [3]. The tip of a fiber, which 
is smaller than the wavelength of the recording 
light, is positioned within 10 nm to the sample. 
This approach has been already used to write and 
detect 60 nm diameter MO domains. However, 
the tapered fiber approach also suffers from very 
low optical efficiency.

A technique that might solve the trade-off 
between an extremely high resolution and practi-
cal system implementation is based on the solid 
immersion lens (SIL). The principle of the SIL is 
that by focusing light inside a high refractive index 
glass where the propagation speed is slow, the spot 
size can be reduced below the minimum achievable 
spot size in air [4,5]. The SIL reduces the actual spot 
size by both refracting the light rays at the sphere 
surface and by having an increased index of refrac-
tion within the lens. The hemispherical glass of 
refractive index n receives the rays of light at nor-
mal incidence to its surface (Figure 13.17). These 
are focused at the center of the hemisphere to form 
a diffraction-limited spot that is smaller by a factor 
n compared to what would have been in the absence 
of the SIL. That becomes obvious if we consider the 
minimum achievable spot size which is given by

 
d

n
0.61
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min
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θ

where θ is the aperture angle of the focusing lens. The 
SIL allows the aperture angle to be increased also. An 
increase of NA from 0.6 is typical for conventional 
optical disk systems to 0.95, and a refractive index 
change from 1.0 to 2.2 would result in a spot size of 
0.2 μm at the flat surface of a SIL for light at 670 nm.
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Although SILs cannot produce spot sizes 
as small as tip fiber apertures can, they have 
the advantage of a substantially higher optical 
throughput. Another advantage is that an SIL 
can be with ease integrated in any conventional 
system configuration as an addition to the objec-
tive lens. The application of the SIL also requires 
an extremely short working distance of the lens 
to the recording layer—about 100  nm—as well 
as a very thin protective layer. Flying heads as 
in hard disk storage can be used to provide such 
a distance, which is maintained over a disk that 
rotates rapidly. The SIL combined with short-
wavelength lasers should enable the technique 
to reach areal densities of more than 10 GB in.−2. 
To date, implementations of NFR with SIL are 
planned in MO storage. The first NFR products 
announced will have a storage capacity of 20 GB 
per disk.

13.4.2  Frequency-/time-domain 
optical storage

Looking for solutions to overcome the restrictions 
of two-dimensional optical storage systems, vari-
ous approaches have been explored that use one 
further dimension in spatial, spectral, or time 
domain. Novel technologies, such as holographic 
storage, two-photon or fluorescent memories, per-
sistent spectral hole burning (PSHB), photon echo 
memories, etc., are at various stages of develop-
ment. Opening a new dimension in addition to 
the two-dimensional surface of a storage medium, 
they have the potential to improve tremendously 
both capacity and data transfer rates of optical 
storage systems.

Frequency- or time-domain optical storage 
techniques adhere to two-dimensional media but 
open one additional dimension in frequency or 
time domain. PSHB takes a step ahead of one-
bit-per-spot memories, allowing multiple bits to 
be written, erased, and rewritten in a single loca-
tion. High densities become possible because the 
diffraction limit does not limit PSHB memories to 
the recording of a single bit per spot, as it does in 
conventional optical data storage. In a PSHB mate-
rial, it is possible to discriminate many different 
spectral addresses within a single λ3 volume.

Frequency-domain optical storage based on 
PSHB involves burning “holes” in a material’s 
absorption band [6,7]. The ideal material has 
many narrow, individual absorption lines that 
form a broad absorption band. Practical record-
ing in PSHB media may be done as an extension of 
conventional holography with the difference that, 
instead of a single wavelength, a large number of 
independent spectral channels may be used. This 
number ranges from 104 to more than 107, depend-
ing on the material. For writing information, a 
frequency-tunable laser is focused on a single spot 
scanning down in wavelength to induce transition 
from one stable state to another in an absorbing 
center. As a result, there will be holes at certain 
frequencies that correspond to the presence of the 
written bits. PSHB using the frequency domain 
promises storage densities up to 103 bits  μm−2, 
which could be achieved with 103 absorbing cen-
ters, that is, spectral holes per diffraction limited 
laser spot.

Another PSHB storage method, the so-called 
photon echo optical memories, is based on time-
domain storage [8,9]. Time-domain hole burning 
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Figure 13.17 SIL for near-field optical storage. The light is focused internally in a semispherical lens 
onto the flat surface.
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also uses spectral holes for data storage, but relies 
on coherent optical transient phenomena. Time-
domain storage is realized by illuminating an 
inhomogeneously broadened material by two 
temporally separated resonant optical pulses. The 
first (reference) pulse creates an optical coherence 
in the material. The second pulse is temporally 
encoded with data and interferes with the optical 
coherence created by the reference pulse resulting 
in a frequency-dependent population grating. The 
recorded information is read out by illuminating 
the storage material with a read pulse (identical 
to the reference pulse) which generates a coherent 
optical signal having the same temporal profile as 
the data pulse.

The maximum number of bits that can be stored 
in a single spot using PSHB is given by the ratio 
of the inhomogeneous Δω1, and homogenous 
Δωh, absorption line width of the storage material. 
This ratio can range up to 107 in some materials. 
Because of the large number of frequency channels 
available, high storage densities may be possible 
with reasonable laser spot sizes. Even though both 
of these methods have advantage of increased stor-
age density (≥Mbit/laser spot), their application 
capability is significantly limited by the operating 
temperatures which should be kept extremely low 
around liquid helium temperature. In particular, 
present research efforts concentrate on achieving 
room temperature hole burning with novel materi-
als, but there are still a number of technical chal-
lenges to overcome before PSHB becomes viable 
for data storage.

13.5  THREE-DIMENSIONAL 
OPTICAL INFORMATION 
STORAGE

In the present optical storage systems, one- 
dimensional serial information is stored in a two-
dimensional medium. In three-dimensional optical 
memories, three independent coordinates specify 
the location of information. Multilayer [10–14], 
holographic [15–17], microholographic [18–23], and 
multidimensional [24–26] approaches are expected 
to exploit the entire volume of a storage medium. 
In addition to the spatial dimensions, optical mul-
tiplexing techniques allow superimposing multiple 
states that differ in wavelength, angle of incidence, 
phase, or polarization.

Optical storage in the form of holographic 
 volume gratings has been investigated during the 
past three decades as a straightforward approach 
to realize three-dimensional high-density mem-
ories. Beside diverse holographic techniques, 
alternative solutions for three-dimensional opti-
cal memories are also under investigation. These 
include the extension of present disk systems to a 
layered format but also various new concepts of 
multilayer optical memories. In this case, the third 
dimension is introduced by recording the data in 
multiple layers through the thickness of a volumet-
ric storage medium.

13.5.1  Multilayer optical information 
storage

The simplest way to use the third dimension of a 
storage medium is multilayer storage. Using mul-
tiple data layers instead of one, the overall storage 
capacity will grow linearly with the number of 
layers. Multilayer recording is a simple approach 
to higher density in optical data storage. Storing 
the data in multiple layers the third dimension of 
a disk, its depth, becomes useable for the optical 
disk technology and the overall data capacity lin-
early grows with the number of layers. A standard 
optical drive can easily address different depth 
positions while confocal filtering widely reduces 
interlayer cross talk. The success of dual-layer 
DVD-ROM has attracted interest but in conven-
tional optical systems based on readout from the 
reflective layer, the multilayer approach has only a 
moderate potential to increase the storage capac-
ity. It implies the costly production of multiple 
layer disks with rapidly decreasing tilt and flatness 
tolerances. Also there is a fundamental physical 
trade-off between the recording layer reflection (to 
generate the readout signal generation) and trans-
mission (to optically access each data layer of a 
multilayer stack). The number of layers per side of 
a disk is limited strongly by higher optical power 
requirements, interlayer cross talk, and aberrations 
that appear while focusing on several layers at dif-
ferent depths simultaneously.

Optical recording in many layers primarily 
requires a homogeneous, low-absorption record-
ing material while reflection mode is favored for 
confocal implementations of a standard opti-
cal pickup. Combined with other recording 
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techniques, multilayer approach can become more 
attractive. In the case of two-photon or fluorescent 
memories that use transparent materials as storage 
media, the number of layers can become very large. 
Such quasi-three-dimensional optical memories 
use the volume of a storage medium by recording 
the data as binary planes stacked in three dimen-
sions. The data are stored by discrete bits in the 
plane, but also through the volume (Figure 13.18).

Following the experimental advances in media 
and system concepts made in the last years, optical 
recording by two-photon excitation in photochro-
mic as well as photorefractive media became very 
attractive as an alternative for three-dimensional 
optical memories. The modulation of the record-
ing material is usually localized by using focused 
Gaussian beams. The laser beam induces a photo-
chemical change in the focal range. Selectivity in 
addressing individual bit locations, that is, volume 
elements, is typically increased by nonlinearities of 
the laser–material interaction. Diverse nonlinear 
optical effects can be used for recording but the 
requirement for strong multiphoton absorption 
limits their practicability. Typical media sensitiv-
ity requires a strong laser-driven photon injection 
to initiate a chemical change in the medium. Upon 
excitation, a photochemical reaction leads to a 
permanent or reversible change in photochromic 
compounds of the medium. Chemical mechanisms 
such as photobleaching, photoisomerization, 
polymerization, and decomposition, have been 

investigated for nonlinear optical recording. 
Depending on the photochemical reaction, the 
optically detectable change allow for permanent, 
reversible or “gray scale” recording where multiple 
gray levels can be addressed in a single data mark 
volume element.

Among nonlinear optical phenomena, two- 
photon absorption is particularly an attractive 
effect for multilayered optical recording. Two-
photon excitation refers to the simultaneous 
absorption of two photons, whereby the excitation 
rate for this process is proportional to the square 
of the writing light intensity. Therefore, the excita-
tion remains confined to the focal volume corre-
sponding to the intensity distribution of a focused 
Gaussian beam. The basis of a two-photon record-
ing system is the simultaneous absorption of two 
photons whose combined energy is equal to the 
energy difference between initial and final states of 
the recording material. This simultaneous absorp-
tion results in a structural phase transition that is 
reversible and detectable by measuring the fluo-
rescence of the material. The read beam is unab-
sorbed and passes through the unwritten areas of 
the material while the recorded data marks will 
cause the absorption of the readout beam exciting 
the fluorescence at a longer wavelength.

A variety of materials have been proposed 
for two-photon recording. The most important 
material requirements concern the photochro-
mism, that is, the ability to change the chemical 
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Figure 13.18 3D optical data storage disk. The disk medium is highly transparent so that the laser 
light can address many layers of information. Nonlinearity in the optical medium response localize 
the light–matter interaction to the high-intensity focal region.



13.5 Three-dimensional optical information storage 531

structure under light excitation, fluorescence in 
one of two chemical states, stability of both states 
at room temperature, etc. Although two-photon 
excitation is the strongest multiphoton absorption 
mechanisms, it is still a very weak optical effect. 
Therefore, research efforts focus on chromophore 
components possessing high cross section for 
 two-photon absorption.

A typical system involves two beams that are 
called data beam and address beam as shown in 
Figure 13.19. The data beam at 532  nm is modu-
lated with a spatial light modulator (SLM) and 
focused at a particular plane within the medium. 
The addressing beam at 1064 nm provides the sec-
ond photon required for the two-photon excita-
tion. The data are written in the overlap region of 
the two beams and then read out by fluorescence 
when excited by single photons absorbed within 
the written bit volume. Hereby, the data beam is 
blocked and the read beam at 532  nm is focused 
to reconstruct the selected data page within the 
volume. The readout plane is then imaged onto a 
charge-coupled device (CCD). The spot size is lim-
ited by the recording wavelengths through diffrac-
tion. The approach promises not only ultra-high 
effective areal density but also parallel access to the 
stored data [27,28].

Besides the necessity for relatively high excita-
tion energy, another critical issue in the realization 
of fluorescence-based multilayer memories is opti-
cal selectivity of readout. The read beam addressing 
an individual data mark simultaneously illuminates 
many other bits located at different layers. The read 

beam light interaction with the medium can  alternate 
or completely erase the written data. In addition, 
the mostly linear interaction involves a number of 
data marks and contaminates the readout. Optical 
 resolution in 3D can be achieved by nonlinearity 
(e.g., two-photon microscopy) or by spatial filter-
ing of the response (e.g., confocal laser microscopy). 
Detection of refractive index differences between the 
written marks and surrounding medium provides 
nondestructive readout but requires costly equip-
ment such as phase-contrast microscope or confocal 
reflection microscope. Alternatively, nondestructiv-
ity can be achieved by using different absorption 
bands for recording and reading.

Advances in material science and technology 
allow the design and development of novel mate-
rials for optical recording. Tailored fabrication 
of nanostructured optical materials enables new 
recording and readout techniques. Based on mul-
tilayer memory concept, five-dimensional opti-
cal storage has been demonstrated in a recording 
material consisting of a plastic layer doped with 
plasmonic gold nanorods [26]. The longitudinal 
surface plasmon resonance (SPR) of gold nanorods 
is exploited to achieve a wavelength and polar-
ization selectivity, whereas multilayer recording 
allows addressing three spatial dimensions. The 
readout mechanism is SPR mediated two-photon 
luminescence, which exhibits a high wavelength 
and angular selectivity necessary for crosstalk free 
readout.

Beside two-photon excited fluorescence, further 
optical techniques have successfully been used for 
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Figure 13.19 3D two-photon multilayer recording. 2D binary data planes recorded by  two-photon 
absorption are stacked in the depth of a transparent storage medium. Readout relies on 
 laser-excited fluorescence.
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3D multilayer data storage. These include micro-
holography and 3D submicron-resolved structur-
ing of the medium by high-intensity laser pulses.

13.5.2  Holographic data storage

Three-dimensional optical information storage by 
volume holograms has been proposed first in 1963. 
One of the unique characteristics of optical volume 
storage is the very high bit packing density that can 
be attained. The ultimate upper limit of the stor-
age density in three-dimensional storage media is 
of the order of 1/λ3, compared with 1/λ2 for surface 
of two-dimensional optical storage media. This 
results in 1012–1013 bits cm−3, although the practical 
limit set by other parameters of the optical system 
and by the constraints of the recording material 
may be lower than this.

Three-dimensional optical storage systems may 
generally be classified as bit oriented and page ori-
ented. In holographic page-oriented memories, 
the information associated with stored bits is dis-
tributed throughout the whole volume of the stor-
age medium. In bit-oriented memories, each bit 
occupies a specific location in three-dimensional 
space. Various approaches to realize a three-
dimensional optical memory by bit-oriented stor-
age have already been presented not only including 
holographic but also nonholographic. Such storage 
methods are based in general on a point-like or 
bit-by-bit three-dimensional recording by creating 
small data marks within the medium. Hereby, data 
marks represent single bits and are defined by large 
contrast in some optical property of the storage 
material. Using a nonlinear optical response of the 
material, the optical interaction can be confined to 
a focal volume. With a diffraction-limited, focused 
light beam, the physical size of bits can become as 
small as the wavelength of the laser beam in all 
three dimensions. Owing to the submicrometer or 
dimensions of a single bit, bit-oriented optical data 
storage requires very strict tolerances for the focus-
ing optics and recording alignment.

In contrast to three-dimensional multilay-
ered optical memories, in holographic storage, 
the information is recorded through volume. 
Recording is accomplished by interfering two 
coherent laser beams, the information-bearing 
signal beam and the reference or address beam. 
The resulting intensity pattern is then stored in a 
photosensitive material by inducing a grating-like 

modulation of its optical properties such as refrac-
tive index or absorption coefficient. The data are 
reconstructed by diffracting the address beam at 
the induced grating. A unique characteristics of 
thick holographic gratings is the Bragg selectiv-
ity, which allows many holograms to be stored 
overlapping by applying appropriate multiplexing 
methods. Compared to the conventional recording 
schemes, multiplexed optical recording provides 
an entirely new approach to higher information 
densities. Multiple individually addressable holo-
graphic gratings can be stored in the same volume, 
representing multiplexed data bits or pages.

13.5.3  Page-oriented holographic 
memories

Holographic memories usually store and recall the 
data in page format, that is, as two-dimensional bit 
arrays, which offers the way to realize high data 
rates and fast access. Combined with multiplex-
ing, the inherent parallelism of holographic stor-
age can provide a huge increase in both capacity 
and speed. For more than 30 years, holography has 
been considered as a storage approach that can 
change standards and prospects for optical storage 
media in a revolutionary manner. Depending on 
a number of supporting technologies, holographic 
memories became realizable with advances in pho-
tonics technology, particularly with improvements 
in liquid crystal modulators, CCDs, semiconduc-
tor detectors, and laser sources. Ongoing research 
efforts have led to impressive advances [17]. The 
first completed working platforms demonstrated 
high storage densities of more than 300 bits/μm2, 
but they are still far from commercialization.

In contrast to the conventional optical record-
ing where an individual data bit is stored as 
localized change in some optical property of two-
dimensional storage media, holographic recording 
allows to store the data page-wise in the volume 
of the material. Instead of storing one single bit at 
each location, large data pages can be recorded and 
read out at once. The information to be stored is 
first digitized and then loaded onto an SLM as a 
two-dimensional pattern of binary ones and zeros. 
The SLM imprints that binary data page to the sig-
nal beam. The data are recorded by intersecting the 
signal beam with a reference beam inside the stor-
age medium (Figure 13.20). The three-dimensional 
interference pattern induces a corresponding 
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spatial modulation of the refractive index of the 
recording material. Consequently, the data are 
stored as a refractive index grating representing a 
phase volume hologram.

As in page-oriented holographic storage, each 
data bit is distributed in three dimensions through 
the recording medium, there is no direct correla-
tion between the data bit and a single volume ele-
ment in the recorded structure. The stored data are 
retrieved by introducing the same reference beam 
used to record it, and read out by projecting the 
reconstructed signal beam onto the output detec-
tor array for optic-to-electronic conversion.

Due to the Bragg selectivity of holographic vol-
ume gratings, it is possible to store several holo-
grams overlapping in the same volume element 
by either changing the angle or the wavelength 
of the reference beam. Such overlapping record-
ing of multiple holograms in one single position 
is referred to as holographic multiplexing. In a 
multiplexing scheme, holographic structures are 
mixed together whereby the Bragg effect allows 
retrieval of an individual data page while minimiz-
ing cross talk from other pages stored in the same 
volume. The diffraction efficiency varies according 
to the mismatches in angle or wavelength between 
recording and readout. Deviations from the Bragg 

condition lead to a rapid decrease in diffraction 
efficiency, which makes a selective reconstruction 
of multiple holographic gratings possible.

Various multiplexing methods have been pro-
posed in diverse holographic storage systems. 
Wavelength and angle multiplexing result directly 
from the Bragg-selective character of thick volume 
holograms. The addressing mechanism here is the 
wavelength or angle of incidence of the reference 
beam. Both methods allow many holograms to 
be recorded in the same position but their practi-
cal impact is limited. Angle multiplexing requires 
complex optics, and the crucial component for 
efficient wavelength multiplexing is a laser light 
source that should be tunable in a sufficiently 
wide range. Such lasers are available but complex 
so that a significant increase of storage density by 
wavelength multiplexing only is difficult to realize 
in practical systems. New methods such as peris-
trophic or shift multiplexing have been developed 
for holographic storage systems which use a disk-
shaped medium instead of a photorefractive crys-
tal cube. Peristrophic multiplexing is based on the 
rotation of the plane wave reference beam around 
the optical axis; during the readout, the recon-
structed holograms follow the motion of the refer-
ence beam. The address of an individual hologram 
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Figure 13.20 Page-oriented holographic storage. A two-dimensional data pattern created by SLM 
is stored by interfering signal and reference beam to record the hologram. One whole page is 
 written at once, many pages overlap in the same volume. One page from many is read out with the 
 corresponding reference beam.
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is the relative rotational position of the storage 
medium. Shift multiplexing relies on a spherical 
wave as the reference beam while the signal beam 
is still a plane wave. Such spherical holograms can 
be shifted relative to the reference and stored next 
to another with a shift distance below 10 μm. The 
relative displacements are small enough that holo-
grams in subsequent locations overlap significantly.

Volume holography is a powerful approach 
for  digital storage systems with high densities 
(≥100  bits/μm2) and fast transfer rate (≥Gbitps). 
However, the practical realization of holographic 
memories suffers from the lack of suitable storage 
media. Both the performance and viability of sys-
tems under development are significantly limited 
by the characteristics of the available materials. To 
date, the requirement of adequate storage materi-
als has been one of the most crucial aspects in the 
development of holographic memories. Indeed, 
there are very rigorous demands on storage materi-
als, which should be satisfied to realize holographic 
memories as competitive, reliable optical storage 
systems of improved performance. The search for 
an optimum material to be used in holographic 
data storage does not appear to be finished yet. An 
ideal recording material should be of high optical 
quality, it should be able to hold the recorded data 
for a long time, and, for commercial applications 
and should be very reliable and not too expensive. 
Considering the physical processes, one can define 
a number of parameters to be controlled. The most 
important for the viability of holographic storage 
are high resolution (>3000 lines/mm), high pho-
tosensitivity, large dynamic range (i.e., diffrac-
tion efficiency of multiplexed data pages), archival 
storage time, low absorption, and low scatter. In 
particular, a large dynamic range of the storage 
material is necessary to allow multiplex recording 
of many holograms in the same volume.

Many kinds of materials have been investigated 
as holographic storage media. With sufficient 
material development efforts, the necessary opti-
cal quality has been achieved for both inorganic 
photorefractive crystals and organic photopolymer 
media. Photorefractive crystals such as lithium 
niobate, barium titanate, and strontium barium 
titanate were used previously in holographic sys-
tems. In the last years, a new class of photosensi-
tive polymers has been introduced to satisfy the 
demand on adequate materials for holographic 
storage. Depending on the recording material, 

different optical system architectures have been 
developed for holographic memories. Holographic 
storage media can be classified in two categories: 
thin photosensitive organic media and thick inor-
ganic photorefractive crystals. Thin media (a few 
hundreds micrometers thick) are most sui for 
transmission type architecture using a variety of 
shift or phase multiplexing techniques, while angu-
lar multiplexing in various modifications is usually 
applied in thick media (about centimeter thick). 
Typical system architecture in this case is based on 
the 90° geometry, whereas thin phototable poly-
mer layers are often used in a disk-based configu-
ration. In this concept, digital holographic pages 
are stored on a disk-shaped medium and organized 
in tracks similar to those on conventional optical 
disks. The disk can rotate continuously and it can 
also move across tracks to allow the optical head 
to access the entire area of the medium. The stor-
age medium is typically an organic photopolymer 
layer  sandwiched between two glass plates.

13.5.4  Bit-oriented holographic 
storage

An alternative to page-oriented holographic 
memories is three-dimensional, bit-oriented opti-
cal storage on a holographic disk medium. The 
microholographic approach combines the bit-
wise storage of CD/DVD and holographic volume 
recording, which makes it possible to advance the 
capabilities of conventional disk technologies by 
implementing spatial and wavelength multiplexing 
[18,19]. Microholography expands surface storage 
into three dimensions by storing the data as micro-
scopic volume gratings instead of pits. Holographic 
recording is realized within a system that is in its 
main features very similar to the recordable CD 
or DVD systems. The technology provides volume 
storage of information while the areal structure of 
the stored data remains comparable with pits on a 
DVD. The microholographic storage concept ben-
efits from both technologies: The bit-oriented stor-
age allows for using many solutions of the highly 
developed CD/DVD technology. In addition, holo-
graphic recording offers a path to overcome the 
limitations of this technology, which are related to 
its two-dimensional nature.

In contrast to binary page-wise holographic 
data storage, the microholographic approach 



13.5 Three-dimensional optical information storage 535

capitalizes on its fundamental compatibility with 
the established optical disk technology. The data 
are stored holographically in three dimensions but 
bit-wise in tracks and layers similar to those of a 
standard optical disk. The reflectivity of a photo-
sensitive material, typically a holographic record-
ing photopolymer, is locally varied by recording 
submicron-sized reflection gratings. Cross talk, 
typical in page-wise recording, is eliminated by the 
bit-wise nature of the recording and readout pro-
cess: At any point in time, the focused light beam 
illuminates only one microholographic bit feature. 
Multiplexing techniques open additional paths 
to storage densities beyond the resolution limit 
imposed on 2D optical data storage.

For data recording, microscopic reflection grat-
ings are holographically induced to vary the reflec-
tivity of the disk by diffraction (Figure 13.21). The 
laser beam is focused into the photosensitive layer 
and reflected back with the mirror. The interfer-
ence pattern of the incident and reflected beam 
induces a grating-like modulation of the refractive 
index of the storage medium. To retrieve the stored 
data, the original signal beam is reconstructed by 
reflection of the read beam at the induced grat-
ings. Recording with sharply focused laser beams 
results in localized volume storage. The micrograt-
ings can be packed very densely and arranged in 
tracks similar to those on a CD. When the disk 
is rotating, microgratings of variable length are 
induced dynamically whereby grating fringes are 
extended in the motion direction.

The storage system (Figure 13.22) is very similar 
to the conventional optical drives: A focused laser 
beam is used for writing and reading, the data are 
stored bit-wise in tracks on the rotating disk, and 
similar systems for automatic focusing and track 
following are needed to control the position of the 
laser beam focus on the rotating disk. All these 
common aspects simplify the practical realization 
of the microholographic system as many compo-
nents developed for the CD/DVD technology can 
be directly used or adapted for this purpose. The 
main difference here is the reflecting unit under-
neath the disk that is needed for writing. During 
readout, this unit, in the simplest realization an 
aspherical mirror, can be tilted or removed so that 
only reflection from the gratings will be detected.

The physical structure of the stored data is simi-
lar to the pit-land structure on a CD/DVD as stripe-
shaped microgratings are written dynamically 

while the grating length corresponds to a coded 
bitstream. Multiplexing is integrated parallel into 
the coding scheme in order to maximize writing 
and reading speed. Each wavelength/layer  channel 
corresponds to standard data channels in CD/DVD 
systems so that recording and error- correction 
code algorithms evolved in conventional tech-
nologies can be implemented. Being fundamen-
tally a matching of the optical disk technology 
and holographic volume recording, the microho-
lographic approach concomitantly offers reflective 
bit features and confocal optical pickup design, as 
well. In addition, photopolymer materials used as 
recording media allow a simple disk design with 
a monolithic photopolymer layer sandwiched 
between two substrates. Photopolymers developed 
for holographic storage possess the characteristics 
essential for multilayer recording including large 
thickness of up to 1 mm, low absorption for writ-
ing, sufficient refractive index change, and negli-
gible absorption for reading.

Multilayer recording is a simple method of spa-
tial multiplexing that relies on the depth localiza-
tion and selectivity of holographic microgratings. 
Although multilayer recording in conventional 
optical disk technology requires a stack of physi-
cally distinct layers, the microholographic method 
allows a simple disk design consisting of a single 
homogeneous photopolymer layer. As photopoly-
mers are substantially optically transparent, many 
microholographic layers can be stored through the 
depth of a disk. Starting from data densities com-
parable to DVD or Blu-ray, the microholographic 
multilayer approach targets the terabyte capacity 
range. At the same time, it allows a cost-effective 
and downward compatible technology imple-
mentation as the drive system has most optical 
and optoelectronic components in common with 
a standard optical drive. Multiple data layers are 
addressed by simple confocal movement to differ-
ent depths within the photopolymer layer.

In addition to multilayer recording, the appli-
cation of wavelength multiplexing would allow a 
linear increase of the storage density and also of 
the write/read rate with the number of wavelength 
used. Wavelength multiplexing can be realized by 
simultaneous recording of several gratings in the 
same position with write beams of different wave-
lengths. In this case, a complex periodical grating 
structure is induced that contains all single-color 
gratings. Due to the wavelength selectivity, each 
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Figure 13.21 Microholographic recording in retroreflector configuration. (Top) The optical recording 
configuration is based on a single beam path: The “second” write beam is created by retroreflection 
to fully overlap with the incident write beam. Two identical objectives with high NA are adjusted to 
image the focal points of the incident and reflected beam at the same storage location. The grating 
formation takes place in the joint focal region of the two beams when a photosensitive polymer is 
exposed to their interference. (Middle) The interference pattern is plotted in the logarithmic scale to 
display the wave fronts. (Bottom) Driven by the linearity of the photoresponse, the index  modulation 
mirrors the intensity distribution. With the given optical specification for high-density recording in 
the violet spectral range (λ = 405 nm, NA = 0.75), microgratings effectively consist of less than 10 
 grating fringes.
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laser beam with a certain wavelength detects only 
the corresponding grating during readout. The 
data rate is increased since all bits contained in 
one multiplex grating can be recorded and read in 
parallel.

The experimental results show that resolution-
limited optical storage is also possible in 3D with 
submicron-sized volume gratings representing 
individual bit features [23]. The storage perfor-
mance is governed by the interaction between 
the focused laser beam and photopolymer mate-
rial. The micrometer-scaled depth localization of 
microgratings is the basis for multilayer recording. 
Depth multiplexing of microgratings recorded has 
been demonstrated by recording up to 75 layers 
spaced by 4 μm [29]. These recordings achieved 
without any SA compensation evidence the poten-
tial of microholographic data storage to capital-
ize on multilayer recording for data capacities far 
beyond the state of the art. Furthermore, manu-
facturing technology can provide low-cost, remov-
able media, and downward compatible systems. 
The key issues in the design and development of 
the optical system are 3D microlocalization of 
recording, selectivity, and sensitivity of readout. 

Much research fails to recognize the importance 
and implications of the storage medium for sys-
tem design. The microholographic disks may be 
successful as removable storage media that satisfy 
high-capacity demands in specific areas including 
data banks, archiving and security systems, image 
processing, and multimedia applications.

13.6  POTENTIAL IMPACT OF 
NOVEL TECHNOLOGIES

Optical systems for recording and retrieval of 
digital information represent a rapidly developing 
field with a huge potential to encompass entirely 
new applications and to provide solutions to prob-
lems arising from these applications. Continuous 
advances and discoveries in related technologies, 
devices, and materials have opened an entire spec-
trum of optical effects and materials that can be 
used to provide writing and reading mechanisms 
in an optical data storage system.

Trends toward rewritability and higher stor-
age capacity have moved optical storage into 
competition with high-end magnetic storage. The 
key difference between these two technologies is 
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Figure 13.22 Optical write/read system for multilayer microholographic data storage. Essential 
 features of the optical configuration primarily are single-beam path, diffraction-limited high-NA 
 focusing, retroreflection, and confocal filtering.
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the removability of optical media but also their 
 excellent robustness, archival lifetime, and very 
low cost. An additional advantage of optical tech-
nology is the stability of written data, a feature that 
makes optical media suitable for archival lifetimes. 
An optical disk can be removed after recording 
and read out in any compatible drive which enables 
data storage separately from the main computer 
system or network. Typical applications range 
from archival storage, including software distri-
bution, digital photographs and imaging, movies, 
and other video materials.

For archival storage, many disks are organized 
in an optical library system capable of storing and 
managing large amounts of data. Library systems 
are usually constructed as jukeboxes compris-
ing hundreds of disks to provide high capacities 
for long-term storage. An important advantage of 
optical archiving systems is that the data are stored 
off-line, which releases computers or networks but 
also provides data security and retrieval even if the 
network is irreparably destroyed. Optical systems 
are already widely accepted in enterprise and insti-
tutional storage with applications ranging from 
extending existing server capacities to publish-
ing and image storage. One of the most important 
applications for optical archival storage is docu-
ment and image management—where documents 
and images such as receipts, X-rays, photographs, 
and other records are stored in the digital form on 
optical disks. Plurality of disks is then arranged in 
a database to facilitate rapid retrieval.

Optical disk technology across three genera-
tions has brought optical data storage to perfection 
at the physical limits of resolution and diffraction. 
CD, DVD, and Blu-ray rely on identical record-
ing and readout processes while the differences 
originate from the format specifications. Despite 
impressive advances and continuous increases in 
storage density, the existing bit-wise, serial-access 
optical storage is far away from realizing the full 
potential of optical technology. With opening 
computer applications such as three-dimensional 
imaging, video mail and server applications 
including, for example, digital libraries, satellite 
imagery, medical document, and image archiving, 
optical storage should ensure capacities exceeding 
a terabyte per disk. Numerous techniques pro-
vide the ability to achieve high storage capacities 
by a more effective use of the volume of a storage 
medium and/or by taking advantage of additional 

degrees of freedom such as the recording/reading 
wavelength. Moreover, the inherent parallelism of 
optics offers the possibility to record and retrieve 
large data files with extremely high data rates com-
pared to those achievable by electronics.

Three-dimensional optical storage by volume 
holography or two-photon recording hold prom-
ises for high-capacity, high-speed systems. In 
addition, microholographic disks or fluorescent 
multilayer disks that store the data bit-wise as 
length-coded marks can also satisfy the require-
ments for downward compatibility and low-cost 
media. Figure 13.23 gives a comparison of storage 
densities achievable in different technologies. A 
crucial aspect for the reliability of all these sys-
tems is the storage material itself. Many types of 
materials have been investigated in recent years 
as optical storage media including inorganic pho-
torefractive crystals, organic photopolymers, and 
biological systems such as protein bacteriorho-
dopsin or DNA polymers. Progress in the last 
couple of years has been impressive, particularly 
in the field of photosensitive polymers that offer 
a wide variety of possible recording mechanisms 
including both write-once and rewritable media. 
In particular, a new class of photopolymer materi-
als has been introduced for holographic storage. 
Optimization and further development of photo-
sensitive polymeric media will be key to the suc-
cess of this and other advanced optical storage 
technologies.

Page-oriented holographic memories hold the 
top of the table, promising terabyte devices and 
Gbit/s data rates, but it is questionable if they 
would be able to compete with the existing opti-
cal disks in daily life. Holographic storage can 
find important niche applications in professional 
storage, backup and archiving systems, and data 
banks, where large data files have to be stored and 
recalled with fast access. The possibility of asso-
ciative retrieval enables holographic memories to 
be used as data search engines, that is, content-
addressable database servers or large web servers.

In small end-user systems, the requirements 
will rather be governed by the convergence of 
entertainment and computing. From this point 
of view, bit-oriented optical storage offers more 
realistic solutions for the next generation. With 
the availability of adequate storage media, the 
microholographic disk technology might provide 
the successor to the blue DVD generation. The 
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recording technique can improve performance 
significantly, reaching with ease the threshold of 
100 GB per disk. Such advanced optical disks are 
asked for many applications and are particularly 
attractive for three-dimensional high-definition 
imaging, video and multimedia storage.

Although recent advances toward commercial 
devices are impressive, it remains to be seen which 
technology will be successful in providing the next 
generation optical storage media. A wide variety 
of materials as well as recording and readout tech-
niques are under development. The requirements 
of foremost importance in  optical information 
storage are high performance in terms of capacity 
and data rates, removability, and compatibility. The 
demand on downward compatibility is to ensure 
the use of universal drives, but also reliability 
and low-cost media. Meeting these requirements 
simultaneously is a major  challenge to develop-
ers of novel  optical  technologies. Competition 
combined with an immense market potential and 
appetite for  storage keeps the field exciting.
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14
Optical information processing
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14.1  INTRODUCTION AND 
HISTORICAL BACKGROUND

Optical technology has been developed for highly 
effective transport of information, either as very 
high speed temporal streams, e.g., in optical 
fibers or in free-space, or as in high-frame-rate 
two-dimensional (2D) image displays. There is, 
therefore, interest in performing routing, signal-
processing and computing functions directly on 

such optical data streams. The development of 
various optical modulation, display, and storage 
techniques allows the investigation of process-
ing concepts. The attraction of optical process-
ing techniques is the promise for parallel routing 
and processing of data in the multiple dimensions 
of space, time, and wavelength at possible optical 
data rates. For example, in the temporal domain a 
1 nm wide optical band at a wavelength of 1500 nm 
has a bandwidth of approximately 100 GHz, 
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and temporal light  modulators with 100 GHz 
 bandwidth have also been demonstrated for optical 
fiber systems [1,2]. However, notional  optical pro-
cessing techniques can be envisioned that  handle 
many such narrow-wavelength bands in parallel, 
and also operate in a combined  spatiotemporal 
domain. Employing all domains simultaneously, it 
is theoretically possible to perform  spatiotemporal 
routing and processing at an enormously high 
throughput in the four dimensions x, y, t, and λ. 
Throughput of 1014 samples/s would result from 
simple examples based on feasible modulation and 
display capabilities. In one case a 100 GHz tempo-
ral modulators can be combined with wavelength-
selective devices to provide several hundred 1 nm 
wide channels at the operating wavelengths of 
existing photodetectors and light sources. A sec-
ond example would consider that 2D spatial light 
 modulator (SLM) devices can be constructed to 
have >107 pixels/frame (see Chapter 6) and that 
material developments allow optical frame update 
rates on the order of 1 MHz [3]. Unfortunately, 
although an optical processor operates on data in 
optical form, it is presently not possible to equate 
these maximal modulation and display rates to 
the expected information-processing throughput 
rates of such processors. There are penalties on the 
throughput due to necessary data pre-processing 
and post-processing in any information-process-
ing system. These include the need to format and 
condition the input data to a processor, to com-
pensate for shortcomings of any analogue signals 
(e.g., nonuniformities in space and time), and 
perhaps most importantly, to examine the proces-
sor’s output data and extract the useful informa-
tion. The latter is often an iterative process and 
requires fusion with other data processing results. 
An optical processor’s speed advantage  could 
be largely negated unless all processing opera-
tions can be performed at speeds commensurate 
with modulation and  display rates. Thus, equally 
important considerations are the need to identify 
those operations that can be effectively performed 
 optically, and the need to develop optical process-
ing architectures  that minimize the penalties on 
 optical throughput. Because of these consider-
ations optical  information-processing approaches 
have covered a wide range of topics. Therefore, 
we first provide a brief review of the various par-
adigms  that have been investigated in optical 
processing.

14.1.1  Analogue optical processing

In the oldest paradigm, optical data in analogue 
form can be manipulated to perform useful func-
tions. The classic implementation of an analogue 
spatiotemporal processing function is the use of a 
simple lens to produce, at the back focal plane of a 
lens, the complex Fourier transform (both phase 
and amplitude) of optical data at the front focal 
plane [4]. In the most common and simplest con-
figuration, shown in Figure 14.1 a one-dimensional 
(1D) object with complex transmission,

 = πt x a x j x( ) ( ) exp[– 2 b( )]0 0 0  (14.1)

where a and b are the amplitude and phase value 
at pixel location x0, is positioned at a distance d in 
front of a lens of focal length f1. Illuminating the 
object with coherent light of wavelength λ, one 
obtains at one focal length distance behind the lens 
the amplitude distribution [4]
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where L is the spatial extent of t(xo), A is a constant, 
and the subscripts 0 and f are used to denote the 
object and output space, respectively. When

 f d1 =  (14.3)
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t(x0)

x0

d

xf
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Figure 14.1 Optical arrangement for Fourier 
transformation with a single lens.
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aside from the finite spatial limits of the integral, a 
Fourier transform of t(x0) results (to within a con-
stant multiplicative factor). The 1D example given 
in Equation 14.2 employs a cylindrical lens. Use of 
a spherical lens results in a 2D Fourier transform, 
but since the x and y variables in the exponen-
tial term of the Fourier transform are separable, 
a spherical lens can be used even for the 1D data 
in Figure 14.1. Alternative lens configurations can 
produce the Fourier transform but require two 
instead of one lens, or produce the correct ampli-
tude of the Fourier transform but with a curved 
phase front [4].

The core idea of Fourier transformation by 
a lens is the basis for many demonstrations of 
single-function optical processors. Electro-optic 
and acousto-optic modulation devices have been 
developed for optical input and output at the focal 
planes. To exploit this powerful concept, other 
mathematical integral transforms have often been 
re-cast as Fourier transformation problems, in 
particular the matched filter operation, or equiva-
lently the correlation integral

 ∫τ = + τR s t s t t( ) ( ) ( )d .1 2
*

 (14.4a)

According to the convolution theorem, Equation 
14.4a is mathematically equivalent to the Fourier 
transform of the product of the instantaneous 
Fourier transforms of the two signals, S1(ω) and 
S2*(ω), i.e.,

 ∫τ = ω ω ωτ ω∗R S S j( ) ( ) ( )exp( )d .1 2  
(14.4b)

Alternative transform kernels to the Fourier 
Transform have been developed, and implemented 
using computer-generated holograms rather than 
lenses [5]. Processing applications involving mas-
sive amounts of linear processing have been suc-
cessfully addressed with prototype analogue 
signal-processing systems that perform temporal 
spectral analysis [6] and correlation [7,8]. However, 
the optical processing performed in these systems 
implementations are linear operations involving 
only multiplication and addition. These analogue 
processors therefore address an application niche 
in signal processing, and because they are ana-
logue, must contend with accuracy and dynamic 

range concerns. Single-purpose analogue com-
putation engines, described in the references, 
have been embedded into conventional electronic 
processing systems to accelerate specific signal-
processing tasks, but not to perform general com-
putations. It has often been the case that insertion 
of such engines leads to bottlenecks due to the opti-
cal-to-electronic and electronic-to-optical conver-
sions, and the incompatibility of optical processor 
speeds with electronic computer limits such as 
memory access time. An approach that potentially 
relieves these bottlenecks involves “all-optical” 
systems whereby several analogue optical process-
ing modules are cascaded, either via free-space or 
guided-wave optical paths or interconnections. At 
the end of the processing cascade the output data 
rate is presumably reduced to a manageable band-
width for high-speed electronics. However, one 
problem with all-optical schemes is the need to 
store intermediate processor results and to access 
memory for subsequent processing. Advanced 
optical memories could be employed to enable all-
optical schemes. Section 14.2.4.3.3 and Chapter 
3.4 discuss advanced optical storage concepts such 
as page-oriented memories and holographic 3D 
memories, using SLMs and materials such as pho-
torefractives, as described in Section 14.2.3.2.

14.1.2  Numerical optical processing

To obtain more general applicability of analogue 
optical processors, various encoding techniques 
have been investigated to improve the dynamic 
range and accuracy of such processors, and to 
overcome limitations of a processor that performs 
only multiplication and addition. Logarithmic 
encoding has been employed to compress dynamic 
range requirements into a smaller analogue volt-
age range, and to address the difficulty of per-
forming the division operation optically, i.e., by 
converting division to an addition/subtraction 
problem. Numerical optical processing for poten-
tial implementation of an optical computer has 
also been considered. Approaches such as resi-
due arithmetic [9] and digital multiplication by 
analogue convolution (DMAC) [10,11] have been 
explored extensively. However, all such approaches 
involve many nonlinear, logic operations that 
have to be performed optically to avoid numer-
ous conversions between the optical and electrical 
domains. Consequently, many all-optical (optical 
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IN, optical OUT) switch devices have been inves-
tigated, for performing logic operations, such as 
nonlinear Fabry–Perot etalons and the self-electro-
optic effect device (SEED) which is based on the 
quantum-confined Stark effect [12]. Significantly 
reduced power consumption in performing these 
nonlinear operations has been achieved with SEED 
devices [13] compared to early switches. However, 
no approach has, to date, resulted in an optical 
numerical computer competitive with electronic 
numerical computers. Fundamental arguments 
have been forwarded about the disadvantages of 
performing numerical operations optically, such as 
the large minimum-power requirement to perform 
nonlinear operations optically compared to elec-
tronically, even with SEED devices [14], the limits 
on integration density in such processors due to 
lower limits on the size of optical processors due to 
the wavelength of light [15], and the lower signal-
to-noise of optical signals compared to electrical 
signals because the fundamental shot-noise power 
limit of optical signals is larger (for the same band-
width) than the Johnson (or thermal) noise limit 
for electrical signals.

14.1.3  Optical interconnections/
optics in computers

An alternative paradigm for optical implementa-
tion of computational algorithms (vice the more 
familiar arithmetic formulation) is to recast par-
ticular signal and image processing algorithms 
in terms of routing of optical data among various 
nodes according to a particular interconnection 
scheme and with various weighting factors for data 
that recombine at nodes. This paradigm is similar 
to that used in neural-net formulations of process-
ing problems [16]. The data nodes are “neurons”. 
At these nodes only multiplication and addition 
are required, the former for applying weighting 
factors, and the latter at the recombination nodes, 
respectively. A simple threshold operation at the 
recombination node(s) residing at the output plane 
is often required. The advantage of using optics to 
perform the routing function is based on the free-
space propagation characteristics of optical beams. 
Different optical channels (at reasonable power 
levels, so nonlinear effects can be ignored) can be 
routed in free space without interfering. Unlike 
physical wires, optical channels can overlap within 
the same space.

A data-routing paradigm can be used to 
describe the basic Fourier transform operation 
by a lens or a hologram, as has been described 
above and illustrated in Figure 14.1. The Fourier 
Transform is effected as a global optical “inter-
connection”; the interconnections are global since 
every input datum (or pixel) is connected to every 
output (transform) datum, and the input weight-
ing factors are the amplitude and phase values at 
the pixel locations at front focal plane. A more 
general formulation involves both global and non-
global interconnection, such as in neural-network 
formulations where layers of “neurons”, or simple 
processors that perform addition and multiplica-
tion of data, are interconnected. The multiplicative 
weighting factors applied at various neurons can 
be adaptively adjusted to solve signal-and image-
processing problems [16]. Optics has been explored 
for implementation of specific neural net algo-
rithms [17,18]. The dynamic range and accuracy 
requirement for the additions and multiplications 
in neural net algorithms is generally not high, and 
therefore can be performed adequately with ana-
logue data in an optical implementation. However, 
while optics has potential to implement massively 
parallel neural networks that might be difficult for 
electronic implementation, the maturity of neural 
network theory at this time has not yet progressed 
to the point where neural processor performance 
is limited by the size and interconnectivity pos-
sible with electronically implemented neural nets. 
Hence, the intrinsically large optical interconnec-
tion capability is not yet needed. Therefore, the 
alternate development of optical routing and pro-
cessing capabilities has been towards enhancing 
the capabilities of computers and telecommuni-
cation networks (see Chapter 2). All-optical digi-
tal switching fabrics for interconnection of large 
fiber-optic networks have been addressed with 
arrays of SEED devices [19] that provide the logic 
operations needed for switching. While switching 
fabrics have been successfully demonstrated [20], 
the scale of fiber-optic telecommunication switch-
ing needs have not yet called for such ultra-high-
bandwidth fabrics. Hence, optical interconnection 
has concentrated on use with within electronic 
computers, vice optical computing, and towards 
interconnecting large arrays of sensors and their 
associated electronic processors.

One avenue of research for using optics 
in computers has been to explore simply the 
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interconnection among and within all-electronic 
computing elements in conventional and novel 
multiprocessor architectures. A second avenue 
has been to optically perform necessary switch-
ing, routing, and pre-processing operations for 
individual fiber links and networks of comput-
ing elements. Many investigations have addressed 
advanced concepts for interconnection and storage 
to implement novel multiprocessor and networked 
computing architectures [21]. Expectations have 
been driven by the fact that optical communica-
tions and optical storage have been the two most 
successful commercial optical technologies. 
However, these commercial technologies usually 
function exactly as in corresponding electronic 
subsystems. Therefore, significant research is 
required to adapt commercial technologies to fully 
exploit the interconnect potential of optics.

Optical interconnection schemes for comput-
ers range from computer-to-computer, box-to-box, 
card-to-card backplane, and finally chip-to-chip 
within a circuit card. The first of these already exists 
in several forms commercially; hence, research has 
concentrated on the latter applications. Guided-
wave (also known as lightwave) interconnections 
are used for high throughput, low power and low 
bit error rate. The application is generally in novel 
multiprocessor computer configurations that focus 
on reducing or eliminating bottlenecks in conven-
tional computers such as relating to memory access 
time. Free-space optical interconnections can be 
used advantageously as the number of processors 
increases, and they allow three-dimensional (3D) 
multiprocessor configurations [22]. For circuit-
card and chip interconnections free-space opti-
cal beams do not have the limitations of physical 
wires, so circuit cards and elements may be laid out 
with more degrees of freedom.

14.1.4  Interconnection processing/
in-fiber processing

In addition to interconnecting network nodes 
for computer or communication networks, one 
can consider processing data residing within the 
interconnect path. Such processing is generally 
feasible only for fiber or guided-wave intercon-
nections. The data may be either in digital or 
analogue form, the former for conventional digi-
tal computer and telecommunication systems, 
and the latter for arrays of fiber-optic sensors. 

While the type of processing will vary depend-
ing on the nature of the optical fiber systems, the 
processing load can be expected to scale with the 
bandwidth of the data conveyed. With optical 
modulation rates now in excess of 100 GHz (see 
Section 4.2.1), commensurate processing speeds 
are required. Faster processing will allow more 
flexibility and capability in fiber systems, such as 
routing and switching a larger number of digital 
data channels. Use of conventional all-electronic 
approaches imposes a need to perform optical- to-
electronic and electronic-to-optical conversions. 
Such conversions add complexity, and high-speed 
electronics will tend to be power hungry and may 
not provide the throughput required, e.g., due to 
electronic processor latencies. Hence, it is attrac-
tive to perform processing directly on the optical 
data stream at the transmission rate, e.g., in-fiber 
processing (see Section 14.2.4.3.3). The possibility 
of manipulating the information stream within 
an optical fiber has been made possible by (1) the 
development of optical fiber amplifiers, (2) the 
capability to build long fiber delay lines needed for 
short-duration buffer storage and for implementa-
tion of tapped delay lines, and (3) fiber couplers for 
tapping into delay lines and forming devices such 
as interferometers.

High-bandwidth digital and analogue data on 
fiber interconnects are often comprised of a large 
number of lower-bandwidth channels. There is 
need to multiplex and de-multiplex these channels. 
Digital systems may eventually require optical 
implementation of functions now performed elec-
tronically; these include clock recovery and read-
ing of packet headers to enable packet switching 
and routing. However, if optical de- multiplexing 
is possible, electronic means for clock recov-
ery will  usually be available at the lower channel 
bandwidths. Routing of de- multiplexed channels 
requires reading of digital packet header infor-
mation. As has been noted above, it has been dif-
ficult for optics to implement a digital computer; 
thus it is presently difficult to optically perform the 
logic needed to read packet headers and perform 
packet switching. However, it appears attractive 
to optically switch/rout high-bandwidth, fully- 
multiplexed, light streams, since these can usually 
be switched at rates much lower than the data band-
width, and therefore avoids optical-to- electronic 
conversion at the signal bandwidth. Optical fiber 
networks (see Chapter 2) also can possess unique 
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characteristics that require corresponding new 
processing functions. A major unique aspect is 
the wavelength-division multiplexing (WDM) 
capability of most optical networks, which then 
requires functions such as wavelength selection 
and amplitude equalization among all the wave-
length channels in a WDM system.

Optical processing involving any of the vari-
ous paradigms described above is practical only 
if materials and technology exist to construct 
devices that effectively implement the desired 
processing operations. The early literature gen-
erally showed architecture developments that 
required device performance exceeding capa-
bilities at the time. Experience has shown that 
the former must work in conjunction with the 
development of the latter. Therefore, in the fol-
lowing we describe materials and devices that 
have been important to the development of opti-
cal processing techniques. Specific applications 
are described immediately after descriptions of 
device performance.

14.2  OPTICAL DEVICES AND 
PROCESSING APPLICATIONS

The needs in optical processing for optical modu-
lation, display, storage and routing are shared with 
many applications, covered in other chapters in 
this Handbook (see Chapters 6, and 13). However, 
optical processors must not only efficiently modu-
late information onto optical beams, but must also 
rapidly manipulate the optical data to perform 
useful information processing. The needs for large 
temporal bandwidths and high-frame-rate 1D and 
2D spatiotemporal optical modulation are clear, 
and are covered in Sections 14.2.1, 14.2.2 and 14.2.4 
respectively, below. In addition, wavelength multi-
plexing can be performed in conjunction with both 
temporal and spatiotemporal processing, and vari-
ous wavelengths can be selected or rejected out of 
either temporal or multidimensional data streams. 
Various wavelength-processing techniques are dis-
cussed in Section 14.2.3.

14.2.1  Temporal modulation and 
processing

Processing rate can be maximized via either 
increase in single-channel modulation rate or 
increase in number of modulated channels. 

High-speed single-channel modulation can be 
done either by direct modulation of a semicon-
ductor laser/light emitting diode (LED) or by 
using modulation devices external to the laser. 
The latter affords more flexibility to address 
a range of applications, although it is bulkier 
than the former. The former is attractive for 
their  simplicity and high electrical-to-optical 
efficiency. However, modulated LED output 
power is limited, and there is a theoretical limit 
of  approximately 30 GHz for high-bandwidth 
modulation with laser diodes, due to relaxation 
oscillations of charge carrier density in the laser 
cavity [23].

Temporal modulation with external devices 
achieve the highest speeds and lowest power in 
optically-guided lightwave structures such as fiber 
and channel waveguides. Either phase or intensity 
modulation devices can be employed.

The basic guided-wave structures for external 
phase modulation are the channel waveguide 
and the waveguide splitter where a channel 
waveguide branches out into two guides in 
the form of a “Y”. Two waveguide splitters can 
be  combined to form the guided-wave version 
Mach–Zehnder interferometer, as shown in 
Figure 14.2. Application of a voltage, V, across a 
channel waveguide fabricated in an electro-optic 
material such as LiNbO3 will alter the optical path 
length, or equivalently, the phase of light passing 
through the waveguide due to the electro-optic 
effect [24]. If desired, the phase-modulated light 
can be converted to intensity-modulated light 
by using the guided-wave Mach–Zehnder and, 
most commonly, modulating the light in one of 
the two guides. High-speed modulation requires 
the voltage signal to be applied to a transmission 
line running parallel to the optical waveguide. 
The  transmission line, which replaces the elec-
trodes in Figure 14.2, is designed so the instan-
taneous voltage signal of the transmission line 
travels at close to the same velocity as the guided 
optical wave, greatly increasing modulation 
efficiency. This design approach has produced 
 intensity-modulation devices with speeds and 
bandwidths of up to 100 GHz at less than 6 V 
drive signal [2].

The Mach–Zehnder modulator can be used 
for analogue intensity modulation. The output 
intensity as a function of V is a nonlinear but well-
known function:
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 = ± π πI I V V/ 1 {sin ( / )},1 0  (14.5)

where Vπ is the voltage to induce a π phase shift in 
the light beam, I0 is the incident light beam inten-
sity and I1 is the output intensity. The sine-squared 
function can lead to spurious responses in a broad-
band signal. The production of spurious third-
order signals can be seen from a Taylor-series 
expansion of the modulated quadrature-point 
signal

 ± π πV t V1 sin( ( )/ )

As

 

V t V

V t V
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{(1/6)( ( )/ ) higher order terms}.3

± π

± π ±

π

π  (14.6)

Hence, if there are two frequency components f1 
and f2 in the broad band signal, third-order inter-
modulation signals at 2f1 − f2 and 2f2 − f1 will appear 
within the band [25]. The effects of the sine-squared 
transfer function can be minimized by operating 
two Mach–Zehnder interferometers in parallel or 
back-to-back [26,27], but generally at an increase 
of optical insertion loss.

Fiber-optic versions of a Mach–Zehnder inter-
ferometer can be constructed, as shown in Figure 
14.3a. Fused fiber couplers are at both ends of the 
interferometer legs to split and recombine the light 
beams from the single-mode fiber. Since silica 
fiber is not an electro-optic material, an additional 
component such as a piezoelectric cylinder is used 
to impose phase shifts onto the light in one leg 

(Figure 14.3a) by increasing/decreasing the length 
of the fiber. Use of a piezoelectric element maxi-
mizes the possible phase change; however, it also 
limits the modulation speed of such devices.

Intensity modulation can be achieved using elec-
troabsorption in III–V materials such as GaAs and 
its ternary and quaternary compounds with In, Al, 
and P [28]. In electroabsorption the optical density 
of materials whose bandgap is closely matched to a 
laser wavelength changes with applied voltage. In 
a device such as the electro-optic Mach–Zehnder 
device, the modulation voltage changes the optical 
density (imaginary part of the index of refraction), 
vice the optical phase (real part of the refractive 
index) as described above. Use of multiple quan-
tum-well (MQW) materials, with an engineered 
exciton-line band edge, allows devices with faster 
operation at lower voltages and with higher signal-
to-noise than the classical Franz–Keldysh effect in 
materials like bulk GaAs. MQW devices consist of a 
stack of ultra-thin, ~10-nm thick, layers of an alter-
nating composition of III–V materials. Alternating 
layers of GaAs and AlGaAs are used for modula-
tion at 850 nm wavelength. Alternating layers of 
quaternary materials such as InAlGaAs/InGaAs 
are used for operation at 1550 nm. Excitons pro-
duced by illumination of the MQW material have 
a much sharper and narrower exciton-absorption 
band than in bulk non- quantum-well material. 
Application of the electric field moves the exciton 
absorption line towards the red, causing change 
in the absorption at a fixed laser wavelength. 
Maximum optical contrast requires operation at 
the specific wavelength close to that of the bound 
exciton line in the MQW structure. The contrast 
change can also be greatly increased by placing the 
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Figure 14.2 Guided-wave Mach-Zehnder interferometer.
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MQW stack within a Fabry–Perot cavity [29], so 
the incident light makes multiple passes through 
the stack. For maximum modulation speed a 
transmission line electrode must be used to main-
tain synchronism between the modulating signal 
and the optical signal, as described above for the 
Mach–Zehnder phase modulator. Since the modu-
lation is due to shifting of a band edge, the modu-
lation is highly nonlinear with respect to drive 
voltage. Hence, this type of modulator has been 
primarily used for digital modulation.

It is important to remember that speed, linear-
ity, and efficiency are not the only parameters that 
need to be considered for temporal modulators. 
Other parameters that can be important include 
the capability to handle high optical power, and 
the device response to variables in the optical beam 
properties such as polarization state and wave-
length. Hence, while the discussion above has con-
centrated on guided-wave devices, depending on 

application one may need to consider slower and 
larger temporal modulators such as acousto-optic 
devices and micro-mechanical devices such as 
described in Sections 14.2.2.1 and 14.2.2.2 below.

14.2.1.1  TEMPORAL PROCESSING 
APPLICATIONS IN FIBER OPTIC 
SYSTEMS

14.2.1.1.1  Microwave optics and 
beamforming

Mach–Zehnder waveguide interferometer devices 
are crucial in the area of microwave optics. The 
most basic goal in microwave optics is trans-
mission of high-bandwidth analogue signals. 
Microwave signals are modulated onto an opti-
cal carrier for transmission by a fiber-optic line; 
the advantage of optical transmission is the lower 
size and weight compared to the use of electrical 
transmission lines and microwave waveguides. 
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Figure 14.3 In-fiber optical processing functions: (a) Phase shifting in a Mach–Zehnder device con-
structed with fused fiber couplers, (b) frequency mixing of two signals f(ω) and g(ω), (c) switching of 
optical signal between two fiber channels, (d) spectral filtering using fiber Fabry–Perot or Bragg grat-
ing devices, (e) time filtering of a temporal signal using a probe beam at wavelength λp.
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However, care must be taken in order to maximize 
analogue dynamic range, such as by minimizing 
third-order intermodulation signals, as discussed 
above for Equations 14.5 and 14.6. Areas of appli-
cation for microwave-optic transmission include

 ● Antenna remoting for radar and communica-
tions systems, to minimize the weight of trans-
mission lines when antennas must be at some 
distance from the receiver/transmitter, such as 
at the top of a mast

 ● In wireless networks, for feed lines from base 
stations to the cellular-network antennas

In addition to signal transmission, coherent opti-
cal devices can be constructed for antenna-array 
applications such as beamforming. In simplest 
terms, beamforming is the maximization of the 
transmit power of an array of antennas (for a 
transmitting array, or receive power for a receiv-
ing array) at particular look angles and frequen-
cies. Minimization of receive sensitivity can also 
be an objective for rejection of spatially distrib-
uted interference. Maximization/minimization 
of transmit/receive power can be achieved by 
applying the correct phases to the antenna signals 
to produce constructive/destructive interference 
in the desired directions. For microwave-optic 
devices, the optical phases can be adjusted to pro-
duce the desired beams. The attraction of opti-
cal beamforming at microwave frequencies is the 
present difficulty in performing the necessary 
operations digitally at this high frequency range. 
To illustrate the beamforming operation we con-
sider the simple case of a 1D linear array of N 
equally-spaced antenna elements. These elements 
can be either transmitters or receivers of a micro-
wave signal at frequency f0.

The phase difference of the signals from/by 
adjacent array elements at look angle a measured 
from the perpendicular to the line connecting the 
array elements is

 π αj f d vexp[ 2 ( sin )/( )]0

where d is the array-element spacing, and v is the 
signal velocity. The phase shift at the nth element 
relative to the first is therefore

 π αj f nd vexp[ 2 ( sin )/( )]0

If the signal strengths at the antenna elements xn 
are sampled at a given instant of time and summed, 
one obtains (with wavelength λ = f0/v)
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(14.7)

To obtain signal gain, each term must be multiplied 
by a phase factor. For reasons soon to be apparent, 
the phase factor is chosen as

 j nk Nexp[– 2 / ]π  

The new summation is

∑= π α λ − π
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which is maximized when the exponential factors 
in every term cancel to produce unity, i.e., when

 k Nd vsin /( )= α

The quantity k is thus a phase corresponding to a 
beam at look angle α. The choice of phase factor 
for producing the beam bk is be seen to be equiva-
lent to a spatial discrete Fourier transform (DFT) 
operation on the signal samples received from/by 
the transmit/receive array, respectively.

The above beamforming example applies best 
to a continuous-wave signal with small fractional 
bandwidth centered at microwave frequency f0. 
If the microwave signal is short, e.g., an impulse 
function, as commonly for radar, the above beam-
forming algorithm is not optimum, since the signal 
has large fractional bandwidth Δf/f0. In this large 
bandwidth case, time delays rather than phase 
shifts need to be applied to the array elements to 
produce a beam B(t).
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where τn is the delay applied to the nth element 
in an array of size N, and an is a weighting func-
tion for shaping the angular characteristics of the 
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beam, e.g., half-intensity mainlobe width and sid-
elobe levels [30]. The required time delays between 
adjacent elements is given by

 d v– sin / .n n1 ( )τ τ = α+  (14.10)

A fiber delay line for each array element can be 
used to implement the required delays, but this 
approach lacks the flexibility to easily change the 
beam direction. A novel alternate approach is to 
use different optical wavelengths for signal trans-
mission to each array element. The wavelength-
dispersion characteristics of the optical fiber, 
where different wavelengths will have different 
time delays over the same length of fiber [31], then 
contribute to the time delays between adjacent 
array elements.

The 1D example generalizes to unequal spac-
ings between array elements and to 2D arrays in a 
straightforward manner.

14.2.1.1.2  Optical sensors
The Mach–Zehnder device, either fiber or wave-
guide version, is also an important class of device 
for sensors (see Chapter 11). For example, one leg 
of a fiber Mach–Zehnder is coated with a material 
that will change the length of the fiber in response 
to a specific external stimulus such as stress/strain, 
temperature, magnetic field, etc. Both the wave-
guide and fiber-optic Mach–Zehnder interferom-
eters can perform a number of temporal operations 
on the optical signal: phase shifting (Figure 14.3a), 
mixing of a modulated signal with another (Figure 
14.3b—note that the modulated input signal must 
be applied with a bias), switching of the polarity of 
signals (Figure 14.3c), spectral filtering using either 
a fiber Fabry–Perot or a Bragg grating (Figure 
14.3d), and sampling or time filtering of high-band-
width signals (Figure 14.3e). Note the necessity for 
optical amplification, and its implementation in the 
optical domain with fiber amplifiers, as shown in 
Figure 14.3e, where the fiber is doped with material 
such as erbium and the probe beam can also acti-
vate the amplification. When a similar fiber-optic 
Mach–Zehnder is used for demultiplexing and 
demodulation of sensor array data, higher accuracy 
is achieved because of compensation for the non-
linear (1 + sine) transfer characteristic of a single 
Mach–Zehnder device, as already discussed above 
for Equations 14.5 and 14.6.

14.2.1.1.3  Optical interconnect for 
computers

Parallel high bandwidth optical channels, either 
guided-wave or fiber-optic, have been explored 
for optical interconnection applications [32], 
thereby multiplying the throughput rates that can 
be achieved on a single channel. However, simple 
aggregation of a multiplicity of single-channel 
optical-link hardware quickly becomes impracti-
cal, especially in applications where volume and 
power must be limited, e.g., within a computer. 
Fiber-optic “ribbon” cabling, consisting of a num-
ber of closely spaced fibers, is thus usually chosen 
to interconnect a number of high-speed proces-
sors or boards. Challenges in producing such opti-
cal interconnect hardware include the monolithic 
integration of arrays of lasers, modulators, and 
detectors. Achieving the requisite density for laser 
arrays that can be coupled to fibers has necessi-
tated the development of vertical-cavity surface-
emitting laser arrays (VCSELs) with low power 
threshold for lasing and high electrical-to-optical 
efficiency [33]. The required laser efficiency has 
been achieved through use of quantum well mate-
rials that reduce the number of allowed excited 
states that must be optically pumped [34].

14.2.1.1.4  Wavelength processing in 
fiber optic systems

WDM technology has been a major development 
in optical fiber telecommunications systems. 
Figure 14.3d illustrates how wavelength chan-
nels can be passed or rejected using, respectively, 
fiber devices such as the fiber Fabry–Perot filter, a 
mechanical device (Chapter 8.5), and fiber Bragg 
gratings, refractive index gratings written perpen-
dicular to the long dimension of the fiber via the 
photorefractive effect. While WDM technology 
is primarily used in long-haul telecommunica-
tions to increase capacity without commensurate 
increase in physical plant, WDM technology can 
also be applied to short distance optical intercon-
nects to provide an additional degree of freedom. 
For example, in ribbon fiber interconnects, each 
fiber can have a separate wavelength. The wave-
length of a channel can be used as an  identifier 
for data routing, reducing the need, or even 
avoiding the need to read the packet header (a dif-
ficulty for optics mentioned in Section 14.1.4). A 
key enabler of WDM optical interconnects is the 
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monolithic multiple wavelength surface emitting 
laser array [33], which provides either a unique 
wavelength for each laser, or fewer but redundant 
wavelengths.

14.2.1.2  FREE-SPACE OPTICAL APPLICATION

Nonguided-wave temporal modulators can be 
applied to free-space communications, distributed 
computing architectures, laser radar, and laser 
designators. In the latter the use of high band-
width coding is often needed for increased detec-
tion margin or range, using correlation methods, 
mathematically described in Section 14.2.2.1. For 
free-space optical communications bulk electro-
optic modulators often require high drive powers 
and have low contrast. However, a novel quantum-
well modulator device holds promise for both 
high speed and high contrast [35]. The modula-
tor is positioned on the entry/exit facet of a corner 
cube retro-reflector. Electrical signals applied to 
the retro-reflector result in modulation of an inci-
dent laser beam. Data rates of up to 10 Mbps over 
several meters at bit error rates of 10–6 have been 
demonstrated; the approach has the potential for 
hundreds of megabits/second at power consump-
tions below 100 mW. Use of two retro-reflectors 
allows a two-way link to be established.

14.2.2  One-dimensional spatial light 
modulators and applications

14.2.2.1  ACOUSTO-OPTIC DEVICES

Optical modulation of data in a 1D spatial format 
allows parallel processing of blocks of temporal 
data. The most effective 1D light modulators have 
been acousto-optic, and this technology has played 
an important role in the demonstration of opti-
cal processing architectures. The basic construc-
tion of an acousto-optic device is shown in Figure 
14.4. A high-bandwidth rf drive signal is applied 
to an acoustic, piezoelectric, transducer that has 
been bonded to one end of the acousto-optic cell, 
using acoustic impedance-matching materials. The 
resultant acoustic wave is a replica of the rf drive 
signal. The rarefactions and compressions of the 
acoustic wave produce corresponding refractive-
index changes due to the elasto-optic effect. The 
cell thus contains a travelling phase grating cor-
responding to the acoustic wave. The main features 
of acousto-optic diffraction important to optical 
processing are now summarized.

 ● The maximum diffraction efficiency, into 
a single order, occurs when the difference 
between the momentum vectors of the incident 
and diffracted light is equal to the acoustic-
wave momentum vector. For an isotropic mate-
rial momentum matching occurs when light is 
incident to the acoustic wavefront at the Bragg 
angle θB, defined by

 n f nvsin /( ) (2 )Bθ = λ Λ = λ  (14.11)

  where Λ, f, and v are the acoustic-wave wave-
length, frequency and velocity, respectively, λ is 
the optical wavelength of the monochromatic 
incident light, and n is the index of refraction 
of the medium at λ. To diffract light predomi-
nantly into only a single diffraction order one 
must examine the quantity Q,
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  For Q > 7, analysis shows that the first dif-
fraction order contains >90% of the diffracted 
light [36].

 ● The diffraction efficiency is given by a nonlin-
ear sine-squared relationship, that arises from 
considering the diffracted (I1) and undiffracted 
(I0) light as two modes of a coupled mode 
system [37].
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Figure 14.4 Construction of acousto-optic cell 
and Bragg cell geometry for data multiplication.
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  where Prf is the rf drive power, L/H is the ratio 
of width-to-height for the acoustic transducer, 
C0 and Crf are constants, and M2 is a figure-of-
merit for diffraction efficiency that depends 
only on material parameters, and is given by

 M n p v( )/( )2
6 2 3= ρ  (14.13)

  where n is the refractive index, p is the elasto-
optic coefficient, p is the density and v is the 
acoustic velocity of the material. The sine-
squared relationship, Equation 14.12, leads 
to similar considerations as for the Mach–
Zehnder devices discussed earlier, Equation 
14.5, such as limitation on wideband dynamic 
range due to third-order intermodulation 
products. Also, I1/I0 less than 3% in order for 
the relationship between I1 and Prf to be linear 
to better than 1%.

Extensive literature exists on materials and design 
of acousto-optic devices [38,39]. The figure-of 
merit M2, Equation 14.12, provides guidance on 
choice of optimum AO device material, especially 
dependence on refractive index n. Device develop-
ment has converged on LiNbO3 for operation at 
high frequencies and modest time-bandwidth (up 
to 4 GHz, ~100 TBW), TeO2 for lower frequency 
application but large time-bandwidth (<100 MHz, 
several thousand TBW), and GaP for intermediate 
bandwidths and time-bandwidths (up to 1 GHz, 
several hundred TBW) [6].

The major aspects of acousto-optic devices are 
summarized below:

 ● For the isotropic case, the diffracted light is 
deflected by an angle 2θB. The more general 
nonisotropic diffraction case is shown in 
Figure 14.5, compared with the isotropic case. 
In this nonisotropic case, the incident light is 
polarized as an extraordinary ray with momen-
tum vector K i

e  and the diffracted light is of 
opposite polarization from that of the incident 
light, K d

0
. The angular relationship among the 

incident and diffracted light beams and the 
acoustic vector ka is determined by the necessity 
for each beam to reside on its respective optical-
index ellipsoid, and is shown in Figure 14.5.

 ● The information in the cell is constantly 
updated due to the travelling wave nature of 

the acoustic signal. If the cell is driven by an 
electrical signal r(t), the information displayed 
along the cell direction, x, is given by r(t − x/v), 
as shown in Figure 14.4.

 ● Complex (both amplitude and phase) data on 
an incident light beam, s(x, t), that spatially 
fills the cell aperture will be diffracted by the 
acoustic grating and therefore contain the 
product of s(x, t) and the complex data on the 
acoustic wave, r(t − x/v). The amount of spatial 
data contained on the modulated beam is 
equivalent to the number of resolvable deflec-
tion position for the optical beam and is the so-
called time-bandwidth (TBW) product, equal 
to the product of the length of the cell, in units 
of time, and the temporal bandwidth of the 
drive signal [8]. This result is easily derivable 
from Equation 14.11 and the angular optical-
diffraction limit due to the finite spatial extent 
of the incident light beam.

 ● If the continual temporal update of data in the 
cell, represented by r(t − x/v), is not desired, 
a short pulse of light can be used to “freeze 
frame” the instantaneous contents of the cell. 
Alternatively, the incident light beam can be 
focused into a small diameter spot within the 
cell, resulting in a temporal modulator [40]; 
the bandwidth of such a temporal modula-
tor is determined by the traversal time of 
the acoustic wave through the spot of light, 
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geometry.
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and initiation of modulation is determined 
by the delay caused by transit of the acoustic 
wave from the transducer to the optical spot 
location.

 ● The center frequency of the diffracted light is 
shifted relative to the incident light frequency 
by the carrier frequency of the acoustic signal. 
The frequency shift arises from energy and 
momentum conservation considerations in dif-
fraction by a moving grating. Either frequency 
upshift or downshift is possible, depending on 
the momentum direction of the incident light 
relative to the acoustic beam momentum direc-
tion. Acousto-optic diffraction is an important 
means of producing small frequency shifts 
onto the ~100 THz optical carrier.

14.2.2.1.1  Multi-dimensional devices 
using acousto-optics

To better exploit the two spatial dimensions of 
optics, acousto-optic devices have been extended 
to 2D architectures either by, constructing an array 
of 1D devices in a single crystal, or by constructing 
a device with acoustic transducers on orthogonal 
edges of a crystal. In either of these approaches a 
large, high quality crystal is required. For multi-
channel acousto-optic devices, a large number of 
channels is desirable, but in the absence of electri-
cal crosstalk, the major fundamental limitation is 
acoustic diffraction. Acoustic diffraction depends 
not only on the dimensions of the transducer, but 
also on material. Ideally, the near-field acoustic 
wavefront is planar over the aperture of the trans-
ducer, and diffraction effects are observed in the 
far-field. Hence, it is desirable to maintain a near-
field condition over as long a propagation distance 

as possible. In an isotropic medium, the transition 
from near to far field occurs at a distance from the 
transducer of approximately

 D H L/82=  (14.14)

where H is the vertical dimension of the transducer 
and L is the acoustic wavelength. However, for an 
anisotropic medium, D can be increased by an 
additional factor of c = (1 − 2b)−1. The quantity b is 
the coefficient of the q2 term in a power series rep-
resentation of the acoustic slowness surface [41],

 K q K bq dq( ) (1 L )a a a a
2

a
4= + + + …  (14.15)

where qa is the acoustic-wave direction relative to 
the normal to the transducer. For shear mode TeO2 
the quantity c is 0.02 so that the acoustic spreading 
is very rapid. Because of the severe acoustic spread-
ing in shear mode TeO2, multichannel devices have 
been constructed only of longitudinal mode TeO2 
where the spreading factor c is 2. A 32-channel 
TeO2 device at a center frequency of 250 MHz has 
been demonstrated [42,43].

The second 2D approach uses orthogonally-
propagating acoustic waves. Using two separate 
1D cells orthogonal to each other, a set of anamor-
phic optics passes light from one cell to the other, 
where the data in the first cell are focused and 
passes through every point on the second cell. This 
scheme is illustrated in Figure 14.6. A much more 
compact alternative to individual 1D devices is to 
employ a single large square crystal with transduc-
ers along two edge facets and light propagating 
perpendicular to the square aperture. However, 
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Figure 14.6 Triple-product processor using orthogonal acousto-optic Bragg cells.



554 Optical information processing

this approach is feasible only in cubic materials. 
TeO2 satisfies this criterion, and shear-mode TeO2 
devices have been demonstrated. However, if the 
two acoustic waves propagate within the same vol-
ume of crystal, nonlinear mixing of the signals will 
occur at lower power levels; this is particularly true 
for TeO2, which exhibits acoustic nonlinearities at 
relatively low power levels. Thus, devices are made 
with the acoustic transducers offset from each 
other along the optical-beam direction. The trans-
ducer dimension along the optical path and the 
offset distance must be minimized to prevent loss 
of resolution or to avoid use of optics with large 
depth of focus.

14.2.2.1.2  Acousto-optic applications
Analogue processors
One-dimensional processing. The most basic appli-
cation of the acousto-optic cell is to place informa-
tion at the front focal plane of a Fourier Transform 
lens. The spatial spectrum of the travelling wave 
is then displayed at the back focal plane. Since 
acousto-optic devices have been constructed into 
the microwave frequency range, up to 4 GHz [6], 
an rf spectrum analyzer may be constructed as 
shown in Figure 14.7. A collimated optical beam 
with intensity profile a(x) illuminates an acousto-
optic cell P1 that is driven by the signal s(t). The 
signal s(t) must first be mixed with a carrier sig-
nal cos (2πfct) to produce the drive signal f(t) at the 
acoustic frequency fc. The complex spectrum of f(t) 
appears at the back focal plane P2 of the Fourier 
transform lens. The spectral components with fre-
quency upshift are represented by F+(α, t), and with 

frequency downshift by F−(α, t). The Bragg dif-
fraction geometry determines whether F+ or F− is 
displayed. The number of resolvable spectral posi-
tions is equal to the TBW product, as described 
above. The spectral update rate is approximately 
equal to the length of the illuminated portion of 
the Bragg cell, typically in the sub-microsecond to 
ten-microsecond range. The photodetector array 
at the back focal plane must therefore have corre-
sponding output frame rate. The spectral informa-
tion must also be measured with high fidelity and 
dynamic range, placing additional demands on the 
dynamic range performance of the photodetector 
array [44]. For a power spectrum analyzer only the 
amplitude A(α) is measured by square-law photo-
detector elements. If the phase information must 
be preserved, each photodetector element must 
be illuminated with a reference optical beam and 
the bandwidth of each element must support the 
difference frequency between signal and reference 
beam.

The back focal plane information of a spectrum 
analyzer can be cascaded into a second Fourier 
Transform lens, producing an optical image of the 
spatial information. Such an optical image can be 
multiplied with another information array by locat-
ing a second acousto-optic cell at the image plane, as 
shown in Figure 14.8. The travelling-wave nature of 
the acoustic-cell data has been advantageously used 
to implement the correlation integral, Equation 
14.4. A final lens performs the Fourier Transform of 
the product of the functions shown in Figure 14.8, 
and the output of a small detector at the center of the 
back focal plane is the correlation integral
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Figure 14.7 Acousto-optical spectrum analyzer.
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∫∫= + − = −R t f t x v s t x v x f u s u t u( ) ( / ) ( / )d ( ) ( 2 )d .

 (14.16)

The arrangement of Figure 14.8 has been used 
to perform high-speed correlation according to 
Equation 14.16 [7]. The integration can be thought 
of as performed by the focusing action of the 
lens, hence the correlation architecture is termed 
“space-integrating”. Processing of a long-duration 
signal with the space-integrating architecture 
requires formatting of input data into frames of 
size, or length (when inserted into the cell), less 
than that of the illuminated portions of the cells. 
This formatting adds to the burden for high speed 
pre-processing in this processor.

An alternative to spatial integration using 
a lens, as shown in Figures 14.7 and 14.8, is to 
employ time-integration in the photodetection 
process [45]. The product terms within the kernel 
of integral transforms such as Equations 14.4 and 
14.16 can be obtained by successive diffraction by 
acousto-optic cells of modulated light. The dura-
tion of signals is not limited by the size of the cells 
and photodetector array, but by the feasible inte-
gration time. The photodetector array does not 
need to be read until its charge capacity is reached, 
and digitization of the output allows further signal 
integration time. Output data rates in these “time-
integrating” architectures are much lower than 
with the space-integrating architectures. However, 
only a small fraction of the resultant correlation 
function is produced, and some a priori knowledge 
of the location of the region of interest is required. 
Otherwise, the amount of output data does not 
decrease.

Multi-dimensional processing. A multiplic-
ity of 1D spectrum analyzer and correlation pro-
cessors can be implemented in parallel using the 

multichannel acousto-optic devices described in 
Section 14.2.2.1.1. The main application of these 
multi-channel processors is to process data from 
arrays of sensors. Array functions are performed 
in addition to the 1D analysis; these functions 
include

 ● Direction-finding in conjunction with spec-
tral analysis [44] using an array of rf receive 
antennas. Each array element drives a sepa-
rate channel of a multi-channel acousto-optic 
device where the acoustic transducers are 
relatively spaced exactly as for the array anten-
nas. By coherently illuminating the multiplicity 
of channels, the phase differences among the 
various channels result in additional deflection 
orthogonal to the spectrum-analysis direction 
that provides information on the angle-of-
arrival of the signal at the antenna array.

 ● Generalized multi-dimensional array beam-
forming [46]. The acousto-optical channels 
impose phase factors or time delays on array 
signals to produce directional transmit or 
receive beams, using a straightforward exten-
sion of the formalism described in Section 
14.2.1.1 for a 1D array.

A more general extension of Fourier transform 
processing into two dimensions using acousto-
optic input devices has been explored. With the 
orthogonal-cell arrangement shown in Figure 14.6, 
one can perform (1) 2D beam deflection in free 
space, for applications such as optical interconnec-
tion and raster addressing in displays, and (2) 2D 
processing where the processing kernel consists of 
two 1D factors. For the latter, the two orthogonal 
acousto-optic devices are combined with a tempo-
rally-modulated light source and a 2D integrating 
photodetector array to produce what is known as a 
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Figure 14.8 Space-integrating acousto-optical correlator.
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triple-product processor (TPP) [47]. As illustrated 
in Figure 14.6, the time-integrating version of the 
TPP output has the form

  
g u u f t f t u f t u t( , ) ( ) ( ) ( )d

kT

1 2 1 2 1 3 2

0

∫= + +
 

(14.17)

where u1 and u2 are the coordinates of the output 
plane, T is the maximum integration time of the 
product signal onto the 2D photodetector array, 
and k is a constant ≤1 depending on the duration of 
the input signals. By employing various functions 
f1, f2, and f3, the TPP, Equation 14.17, can imple-
ment a number of important signal-processing 
operations at extremely high speed:

 ● Time-frequency transformation, such as 
Ambiguity processing (also known as range-
Doppler processing) in radar and sonar [48]. 
The product of the functions f1(t) and f2(t + u1) 
constitute the cross-correlation kernel, as in 
Equation 14.4, to provide range determina-
tion. Function f3 is the Fourier phase factor for 
compensating for any Doppler effects on the 
cross-correlation function, thereby resulting in 
the 2D ambiguity surface. Additional 2D time-
frequency transforms that can be performed 
with the TPP include the Wigner function, 
instantaneous power spectrum, and cyclosta-
tionary function [46].

 ● Fourier transformation of very large 1D blocks 
of data in 2D format, also known as folded 
spectrum analysis [47]. Since each cell of the 
TPP can have TBW of about 1000, a signal can 
be spectrally analyzed into approximately one 
million narrow frequency bins.

 ● Matrix operations [49]. Matrix operations are 
employed, not for numerical processing, but 
to allow use of linear algebraic techniques to 
formulate an optical implementation of vari-
ous signal-processing operations for the TPP. 
For example, analogue multiplication of three 
matrices has been implemented by cascading 
the TPP into a 2D SLM (covered in Section 
14.2.4). In particular, the triple-matrix prod-
uct allows the implementation of similarity 
transforms to be performed; these transforms, 
which diagonalize an input matrix, perform 
the important data-reduction function that 

permits lower-bandwidth results to be passed 
to subsequent processing.

 ● Synthetic aperture radar (SAR) image forma-
tion [50]. SAR image formation is historically 
important as one of the first successful applica-
tions of optical signal processing. The original 
processors as input film onto which the radar 
return signals were written. For near-real time 
image formation the film can be replaced by 
a 2D SLM (discussed in Section 14.2.4 and 
Chapter 6). However, the use of acousto-optic 
cells allows more-rapid generation of SAR 
imagery over either film or present 2D SLMs. 
The original method where the radar return 
signals were written onto film and the devel-
oped film used as the input into an optical sys-
tem. The ability to use 1D acousto-optic cells to 
produce 2D SAR imagery follows from recog-
nition that the SAR image-formation equation 
is separable into factors involving integration 
over only the range variable η, followed by inte-
gration over only the azimuth variable ξ The 
equation governing the formation of an image 
point at coordinates (x, y) is given by

 

g x y
f j D y

j D y x

,
{ ( , )exp[ ( / )( ) ]d }

exp[ ( / ( ))( ) ]d

AA
1

2

2
2

0

2

0

1

∫∫( ) = η ξ π λ η+ η

π λ ξ+ ξ

 (14.18)

  where f(η, ξ) represents the signal from point 
reflector on the ground, and D1 and D2(y) are 
parameters or functions related to signal cur-
vature (SAR systems transmit a train of short 
impulses; the resultant radar returns are chirp, 
or quadratic phase functions, but the chirp 
rates are different for the η and ξ directions). 
In the limits of integration A1 is proportional 
to the integrated number of radar pulses in 
the azimuth direction, and A2 determines the 
duration of the radar pulse train in the range 
dimension.

The analogue processors described in this sec-
tion have found only niche application to date. 
However, a number of prototype acousto-optical 
processors have exhibited some advantageous 
features. The advantages generally lie in the size, 
weight and power consumption advantages over 
a comparable all-electronic implementation of 
equivalent processing power. For example, analogue 
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data multiplication using acousto-optic technol-
ogy at eight-bit precision can have a 350 × power 
consumption advantage over digital multipli-
ers [51]. Specific examples of compact processors 
include a 6 in.3 rf spectrum analyzer [6], and a SAR 
image-formation processor in <1 ft3 [52]. But the 
need for significant high speed pre-and post-pro-
cessing electronics (as described in Sections 14.1 
and 14.1.1) results in significant disincentive to 
use optical processing unless the size, weight and 
power advantages are paramount. Without such 
advantages even the early use of optics for SAR 
image formation has been largely replaced with 
digital electronic processing. An added measure 
of advantage could be obtained for optical proces-
sors if many of the electronic functions can be per-
formed optically or if, at the output of an optical 
processor, the amount of data for subsequent elec-
tronic processing can be reduced. If a data-reduc-
tion algorithm can be implemented, such as the 
similarity transform mentioned above, one would 
not need to read out an entire 2D array or could 
use a linear array; however, this situation is clearly 
specific only to a special class of data processing. 
An alternative is to construct a “smart” photode-
tector array that selects only the region of interest 
for readout, such as a local peak [15]. Increasing 
the variety of operations that can be performed 
opto-electronically would also allow intelligent 
algorithms to be implemented. Many all-electronic 
approaches can be intelligently formulated to 
reduce the computation load required for a given 
processing task; use of the fast Fourier transform 
(FFT) algorithm to greatly reduce computation 
in digital electronic processing is an example that 
cannot yet be duplicated in optics.

14.2.2.2  ONE-DIMENSIONAL ELECTRO-
OPTIC MODULATOR AND 
APPLICATIONS

An electro-optic modulator is a potential alterna-
tive to the acousto-optic device. A phase diffrac-
tion grating is produced by the electro-optic effect 
rather than a pressure wave. Such modulators con-
structed of LiNbO3 have been demonstrated for 
high-speed printing applications [53,54]. However, 
in the most common configuration the electro-
optic modulator requires many parallel addressing 
lines. Hence, there is significant difficulty in gen-
erating a multiplicity of phase gratings. Further, 
significant effort is required to format data for 

parallel addressing. However, careful design of 
the electrical addressing (the intrinsic speed of the 
electro-optic effect can be sub-picosecond) can 
result in a device that creates a grating much more 
rapidly than acousto-optic devices. An alternative 
approach to parallel electrodes is to use a high-
speed shift register to address the electro-optic 
material. This approach is architecturally similar 
to that of acousto-optics. Use of a shift register has 
advantages such as capability to vary clocking rate.

14.2.2.3  ONE-DIMENSIONAL MECHANICAL 
MODULATORS AND APPLICATION

Spatial modulation can be performed using micro-
electromechanical structures (MEMS). Devices 
are constructed entirely of silicon for both the 
addressing circuitry and the modulation struc-
ture. The micromechanical modulator design con-
sist of support structures and cantilevered beams 
[55] or torsion beams extending from the struc-
tures; these are all fabricated out of silicon by an 
etching process [56]. A silicon circuit below the 
micromechanical structure provides addressing 
and activation voltages that deflect the structure. 
The deflection changes the angular position of the 
reflected light beam, producing intensity modula-
tion in the readout system. The early devices were 
called deformable membrane devices (DMDs), and 
this terminology persists although no longer lim-
ited to the original membrane MEMS approach.

The importance of MEMS devices has been in 
their application to all-optical switching for fiber-
optic telecommunication systems, where switch 
speed is not important. The advantage is that the 
data remain in optical form during the switching 
operation.

14.2.3  Wavelength processing

The bandwidth of optics can be exploited more 
fully by using a broad band of the optical spectrum 
and by subdividing an optical signal into many 
narrow-wavelength data channels and processing 
each channel individually. Processing in the wave-
length dimension has already been introduced in 
Section 14.2.1.2 with respect to the importance 
of WDM fiber-optic systems. However, process-
ing in the wavelength dimension can be applied 
to both temporal and multi-dimensional data. 
Wavelength-selective acousto-optic and electro-
optic devices can be applied to spectroscopic 
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systems, to channelize temporal data, and to per-
form 1D, 2D and 3D imagery analysis and display.

14.2.3.1  ACOUSTO-OPTICS

The separation of a broadband optical signal into 
narrow wavelength channels can be performed 
using acousto-optics. Many optical modulators are 
sensitive to the wavelength of operation. However, 
acousto-optic modulators are unique in that, with-
out a large degree of modification, they can be 
used as flexible elements that can select a number 
of wavelengths simultaneously. The phase gratings 
produced by the acoustic wave will, as any grating, 
select out specific wavelengths at the appropriate 
angle of incidence for Bragg interaction. The grat-
ing period, corresponding to specific wavelength 
to be selected, is generated by driving the acousto-
optic device with the appropriate rf frequency 
according to Equation 14.6. This spectral filtering 
action is notable in that by driving the device with 
a composite rf signal a multiplicity of wavelengths 
may be selected simultaneously, unlike optical 
glass and interference filters and resonant tunable 
structures such as Fabry–Perot cavities.

The resolving power of a grating,

 R /= ∆λ λ

is equal to the number of grating lines. Hence, for 
an acousto-optic tunable filter (AOTF), depending 
on whether the incident optical beam is parallel or 
perpendicular to the grating lines, the resolving 
power is then

 R D R L/ or / , respectively= Λ = Λ  (14.19)

where D is the extent of the illuminated region 
(parallel case, beam transverse to the acoustic 
wave) and L is the length over which the optical 
and acoustic wave overlap (perpendicular case, 
beam collinear with the acoustic wave).

AOTFs generally operate in the anisotropic dif-
fraction mode, as shown in Figure 14.5, so that the 
filtered output light is orthogonally polarized to 
the input, i.e., the input beam must also be polar-
ized to allow high contrast isolation between input 
and output optical beams by using crossed polar-
ization. Good AOTF design for high spectral reso-
lution must maximize

 R L n /( )= ∆ λ

where Δn is the maximum difference in refrac-
tive indices for the birefringent material [57]. The 
rf frequencies required for specific wavelengths 
is governed by phase matching conditions for 
anisotropic diffraction [41,58]. Popular materials 
for AOTFs are LiNbO3 and TeO2 for the visible to 
mid-wave IR, Tl3AsSe3 for near-to long-wave IR, 
and quartz (SiO2) and MgF for the UV. Both bulk 
and integrated-optic devices are possible. The lat-
ter are naturally compatible with optical fiber, and 
utilize the polarization anisotropy in thin-film 
optical waveguides in addition to material anisot-
ropy [59].

The major opportunity for AOTF in informa-
tion-processing applications is in their potential 
employment in WDM techniques and systems. 
For conventional fiber optic systems guided-wave 
AOTFs have been developed to filter the various 
WDM channels at moderate, microsecond, speeds 
[59]. However, significant interest has been gener-
ated in the use of AOTFs to flatten power across 
the WDM spectral band in long-distance commu-
nications networks. Since the erbium-doped fiber 
amplifiers used in long-distance networks do not 
amplify uniformly across the WDM band, and 
networks need to be dynamically reconfigurable, a 
rapid means is required to pre-condition the chan-
nel powers such that all channel power levels are 
always equal following the fiber amplifier, allowing 
proper functioning of the WDM network [60]. In 
the future, just as in fiber-optic communications, 
developments in optical interconnections are 
expected to encompass WDM techniques. AOTFs 
presently represent a viable wavelength switch for 
initial development.

The multiple-wavelength capability of AOTFs 
allows numerous other applications including

 ● Color generation and correction in multi-
dimensional laser displays [61], such as for laser 
light shows. 3D displays systems have been 
developed using the rapid wavelength tunabil-
ity and scanning capability of acousto-optic 
devices in conjunction with commensurate 
optical-beam scanning within a 3D medium 
such as with a rapidly spinning turbine blade.

 ● Scene imaging in many spectral bands, i.e., 
creation of image “cubes” for multi- and 
hyperspectral techniques for remote sensing 
in commercial, astronomical, and military 
applications.
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 ● Wavelength-selective microscopic probing for 
research in biological processes, such as by 
selectively quenching fluorescence in biological 
samples with specific wavelengths [62].

Some of the present development issues in the use 
of AOTFs include, materials and devices for opera-
tion further into the UV and IR bands, power 
requirements due to the necessity for the rf drive, 
spectral sidelobe levels which limit channel selec-
tivity in WDM networks, and imaging quality 
through AOTF devices. Finally, the Bragg diffrac-
tion requirement often limits the angular accep-
tance angle for imaging, and the use of rectilinear 
shapes for the AOTF can introduce astigmatism 
into the imaging system.

14.2.3.2  ELECTRO-OPTICS

Electro-optic devices can produce phase gratings 
analogous to those in acousto-optic devices, as 
previously mentioned in Section 14.2.2.2. Electro-
optic devices have also been considered for wave-
length filtering. By laying an array of electrodes 
onto a guided-wave structure, optical wavelength 
filtering can be performed analogous to the 
integrated-optic. However, it is desirable to have 
devices that are faster than either the electro-optic 
and acousto-optic devices discussed so far. One 
approach is to employ a bulk device with volume 
holograms as the wavelength-sensitive element.

Volume diffraction gratings can be produced 
optically in a number of materials using the photore-
fractive effect [63,64]. The photorefractive effect is a 
manifestation of the electro-optic effect on a micro-
scopic scale. Internal space-charge electric fields, 
Esc, arise from photocharge generation, followed 
by separation of the charges via photoconduction 
(transport of charge from illuminated to unillumi-
nated regions) or via application of an external field, 
Edc. Gratings are produced from an interference pat-
tern obtained with two intersecting coherent optical 
beams. However, a rapid means is needed for either 
changing the grating period or changing to a differ-
ent grating. Presently, sub-microsecond photorefrac-
tive processes are possible in quantum-well materials 
[3], but packet switching requires even faster speeds.

A recent development, entitled electrohologra-
phy has potential to achieve nanosecond switching 
[65]. The quadratic electro-optic effect is used in 
paraelectric crystals such as KTaxNb1−xO3 (KTN). 
In addition to a space-charge field Esc, a dc field, 

Edc, is applied, leading to a cross term Esc £dc. Until 
Edc is applied, the information contained in the 
hologram is latent, the diffracted light contain-
ing only bias (E2

dc) and unipolar (E2
sc) terms. In 

principle, such switchable gratings would allow 
processing operations required in packet switches 
(e.g., multicasting, power management, data moni-
toring) to be performed at close to the data bit rate, 
entirely in the optical domain.

14.2.4  Two-dimensional spatial light 
modulators

2D SLMs are the most critical devices required for 
full and efficient exploitation of the inherent paral-
lel-processing and interconnection capabilities of 
optics. As discussed above, and shown in Figure 
14.6, 1D acousto-optic devices have successfully 
performed a number of important 2D signal- 
processing operations. However, that approach 
will work only for problems that can be separated 
into two 1D factors. Many image processing opera-
tions cannot be so factored.

Although Chapter 6 discusses SLM devices and 
technology, this section reviews necessary and 
desired performance characteristics for information 
processing. Devices will be cited without repeating 
descriptions already provided in Chapter 6. We first 
briefly review the major types of SLM.

14.2.4.1  TWO-DIMENSIONAL SLM DEVICES 
CATEGORIES

The first level of categorization is whether the 
device is electrically-addressed (E-SLM) or opti-
cally-addressed (O-SLM). The next level of catego-
rization is by modulation mechanism or material. 
Within each category both O-SLMs and E-SLMs 
are possible.

 ● Electro-optic. These use traditional linear 
electro-optic materials such as LiNbO3, KD*P, 
and bismuth silicon oxide, and quadratic 
electro-optic material such as PLZT. There is 
usually a strong trade-off between frame rate 
and resolution.

 ● Liquid crystal. There are two major classes.
 ● Twisted nematics, as used in commercial 

displays. Large arrays are available (~107 
pixels), but frame rate is limited by the 
natural relaxation time of the liquid crys-
tal, of the order of 10 ms.



560 Optical information processing

 ● Ferroelectric liquid crystals (FLCs) possess 
a permanent electric dipole. Both write and 
erase speed can be increased in proportion 
to drive signal level. Frame rate can there-
fore be high, limited by addressing cir-
cuitry. The most mature devices are binary 
contrast only. Analogue devices with large 
grey-scale capability are less mature

 ● MQW structures. These devices employ the 
quantum confined Stark effect in stacks of 
ultra-thin, ~ 10-nm thick, layers of III-V mate-
rials, generally of an alternating composition. 
Quantum well materials have intrinsically very 
fast response times, and have been described 
in Section 14.2.1. Large 2D arrays with high-
speed readout have been produced. Monolithic 
integration with III-V, e.g., GaAs, electronic 
circuitry is a desired goal. However, integration 
with silicon circuitry is more common.

 ● MEMS. Previously introduced in Section 
14.2.2.3, large 2D arrays have been developed, 
e.g., >750 × 500 pixels for display purposes, 
but the DMD has generally fewer pixels but 
higher frame rate. These are strictly E-SLMs 
and therefore the addressing circuitry limits 
the frame rate. However, MEMS arrays can be 
constructed of silicon, so the modulator and 
addressing circuitry can be monolithically 
integrated.

14.2.4.2  SLM FUNCTIONS AND GOALS FOR 
OPTICAL PROCESSING

A large variety of SLM devices were categorized 
in Section 14.2.4.1. However, to understand the 
desired functioning of an SLM a general construct 
can be used, describing an SLM as a “sandwich” 
of structures (Figure 14.9): a modulating mate-
rial between control and conversion structures. 
The conversion structures handle the input to and 
output from the SLM, the “write” beam and the 
“read” beam, respectively, and may consist of pho-
tosensitive material for an O-SLM, or an array of 
electrodes for an E-SLM. The control structure is 
the third port of this “three-port” device. Figure 
14.9 can be used to illustrate the variants of SLMs 
and the basic functions they provide for optical 
processing:

 ● Electrical-to-optical transduction. The write 
image is in electrical form, e.g., the SLM input 
is via an electron beam, as in a cathode-ray 

tube display, or via write lines on an electrical 
circuit. The input information is modulated 
onto an optical read beam (no read image 
data).

 ● Optical-to-electrical transduction. If the write 
image is in optical form, there is no read image, 
and the Modulated Output is electrical, then 
the SLM acts as a classical photodetector array.

 ● Light conversion. The write image may be on 
an optical beam of either incoherent light or 
coherent light of a particular wavelength. The 
read image is a readout beam of coherent light 
of another wavelength onto which the write 
image is modulated to produce an optical 
modulated output beam. For incoherent optical 
input, the image data is converted from inco-
herent to coherent light; in the coherent input 
case the image data can be converted from 
one wavelength to another. Additionally, the 
polarization state of the output can be changed 
relative to the input polarization.

 ● Imagery projection. The write image data may 
be either electrical or optical. If the read image 
is a readout beam, an optical beam of suf-
ficient intensity then that beam may be used 
for projection display of the write image data 
modulated onto it.

 ● Image processing. An SLM can be used as an 
input and processing device for image-pro-
cessing systems that perform operations such 
as transformations (e.g., Fourier transform), 
image correlation, nonlinear operations such 
as thresholding and level slicing, and linear 

Write
image

Read
image

Photoconductor

Modulated
output image

Modulating material

Vb

Figure 14.9 Generic sandwich construction for a 
2D SLM.
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re-mapping of images. The write image data 
may be either electrical or optical. The read 
image and the modulated output can then 
be either optical or electrical, respectively 
(depending on the write image). Some image 
processing may be performed first by the SLM, 
but the modulated output will be into either a 
further optical or electronic image-processing 
system.

 ● Image amplification. The read image is a 
readout beam that is modulated to produce an 
optical modulated output. The optical power in 
the read beam may be larger than in the write 
beam, or the SLM can amplify the write beam 
signal.

 ● Analogue multiplication, addition and subtrac-
tion of data arrays. Data on the write beam can 
interact with data on the read beam using any 
of a variety of mechanisms to perform these 
operations.

 ● Storage of data arrays. The modulating mate-
rial may retain the information impressed onto 
it for some time. During the retention time a 
modulated output is obtained. If the SLM is 
optically read out, the modulating material is 
an optical memory.

 ● Input-to-output isolation and gain element for 
2D data arrays, akin to a transistor for 1D tem-
poral data. This three-port behavior is particu-
larly important for optical interconnection and 
cascading optical elements in an all-optical 
architecture, since with a three-port device the 
modulated output levels are independent of the 
strength of the write image signal.

 ● Analogue phase conjugator for adaptive optical 
systems. Write and read images and modulated 
output are all optical; the SLM performs the 
phase conjugation operation.

For optical information processing systems utiliz-
ing 2D SLMs to be effective, SLM devices need to 
exhibit a minimum throughput (frame rate times 
pixels/frame) on par with that already demon-
strated with acousto-optic devices, roughly 109 
samples/s. However, this level of throughput can 
be partitioned between frame rate and frame size, 
as in the following two examples.

 ● A liquid crystal display of 107 pixels and 30 
frames/s would approach the 109 samples/s 
goal.

 ● MQW modulator with 6.5 × 104 pixels (256 × 
256 device) at 105 frames/s would exceed the 
goal. Such a modulator would likely be opti-
cally addressed, to avoid use of ultra-high 
speed electronic addressing circuits.

Depending on application it is likely that 109  pixels/
frame would be desirable for processing of large 
images, and >103 framing rate would be needed for 
applications such as 3D displays and rapid search 
of volume holographic databases (see  Section 
14.2.4.3.3). In addition to these two parameters, 
additional requirements are

 ● Large dynamic range and good image quality. 
A uniform 1000:1 contrast ratio would satisfy 
most requirements.

 ● Low power consumption. A power consumption 
figure of merit would have units of mW cm−2 
kHz−1. This figure of merit would relate also 
to the size and resolution of the SLM. To keep 
power consumption low for a given number of 
pixels, the size of the pixels needs to be mini-
mized. Pixellation corresponding to 50 line 
pairs/mm, easily within the state-of-the-art of 
most fabrication technologies, would minimize 
the focal length of the optics needed for relay-
ing information to/from the SLM, and overall 
minimize optical system size and power.

 ● Data storage time. Flexibility to address a vari-
ety of applications (Section 14.2.4.3) is desir-
able, e.g., a fast frame rate SLM with storage 
times of seconds to almost indefinite. It may be 
necessary to keep the same data displayed in an 
SLM indefinitely as one rapidly processes imag-
ery or searches databases. Another example, 
would be where the SLM responds to slowly-
changing phenomena, such as environmental 
conditions, in an adaptive optics application.

At the extreme, the data are time invariant; except 
for write-time considerations, use of film as an 
SLM would be acceptable. Time-invariant applica-
tions include feature extractors and fixed filters for 
image processing.

14.2.4.3  APPLICATIONS OF 2D SLM DEVICES

14.2.4.3.1  Image processing
Next to the use of optical processing in syn-
thetic aperture radar image formation, the 2D 
optical processor with the longest history is the 
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Fourier-transform based image correlator. This 
processor has arguably seen the most develop-
ment over a number of years, with interest for 
high speed automatic target recognition systems. 
But performance has been determined by available 
SLM devices and photodetector arrays. Because 
of a lower requirement on space-bandwidth than 
alternate architectures, and ability to use direct 
phase encoding for the input and filter function, 
the preferred correlator architecture is a modifica-
tion of the arrangement for temporal correlation, 
Figure 14.8. Known as the VanderLugt correlator, 
2D SLMs are used at the input image plane f(x, y) 
and the Fourier-filter plane, and a 2D photodetec-
tor is used to output the correlation function (at 
the location of the second acousto-optic cell in 
Figure 14.8, and the last lens and point photodetec-
tor are eliminated). Correlation of one image f(x, y) 
with another s(x, y) is performed as multiplication 
in Fourier space followed by inverse Fourier trans-
formation. The key to use of this architecture is the 
scheme for encoding both phase and amplitude of 
the Fourier-plane filter onto an SLM device or film 
[66]. Variants of the VanderLugt filter have been 
explored to match the capabilities of existing SLMs 
and to improve throughput. These variants gener-
ally take advantage of the well-known fact in signal 
processing that clipping the amplitude of a signal 
does not greatly degrade the detection margin in 
the correlation process, only a 1 dB penalty typi-
cally. Hence, binary amplitude Fourier filters have 
been used. A further extension has been to addi-
tionally binarize the phase values in the filter, i.e., a 
binary phase only filter where the amplitude trans-
mittances of ±1 correspond to phase shifts of 0 and 
π. Various high-frame-rate SLMs with limited or 
no grey scale capability are therefore viable can-
didates for a high-speed correlation system such 
as the FLC SLM, the DMD SLM, and the electro-
optic PLZT-on-silicon SLM. A compact correla-
tor operating at 500 Hz using FLC technology has 
been packaged in a volume of 0.6ʹ ×1.0ʹ × 0.4ʹ [15].

Many issues in producing viable optical proces-
sors have been addressed for optical correlators. 
The performance and size of an optical correlator 
is found to depend on SLM pixel pitch and size, 
and device flatness and uniformity. For example, 
the level of detail of the Fourier-plane filter will 
increase with number of pixels in the SLM and 
thus increase the ability to differentiate among 
various objects. Also, the correlator system size 

scales linearly with the number of pixels and qua-
dratically with pixel pitch [15]. Thus, smaller pixel 
pitch in larger more-uniform frames are needed. 
However, equally important are the performance 
parameters of the photodetector array. Since it is 
often only necessary to detect the location of the 
peak of the correlation function, many proposals 
have been made for smart photodetector arrays 
that can report correlation results as peak/no 
peak at rates commensurate with the SLM rate. If 
peak detection is insufficient for the application, 
then faster image processing will be required to 
extract correlation plane features. Whether such 
processing can be done in another stage of pro-
cessing remains a future challenge. Unless many 
of these issues are addressed, optical systems 
will remain noncompetitive with all-electronic 
implementations.

Adaptive techniques are a way to improve the 
performance of optical processing systems, and 
SLM technology can been applied to such tech-
niques. One technique is to perform phase con-
jugation on an optical wavefront to restore the 
wavefront to its original state by removing aber-
rations and distortions introduced by the environ-
ment or imperfections in an optical system. Phase 
conjugation requires the storage of detailed inter-
ference fringe patterns produced by the aberrated 
wavefront and an unaberrated reference beam. 
A  phase-conjugate mirror can be implemented 
with an SLM constructed of a photorefractive 
material [67]. Progress to date has centered on 
development of the required material parameters. 
High speed of response and efficiency are required 
from the photorefractive material. Photorefractive 
quantum-well material is capable of sub-microsec-
ond response, and the efficiency has been increased 
by constructing pixels consisting of etalons [3]. 
Phase conjugate efficiency of 100% with high net 
gain has been achieved with polymer photorefrac-
tive materials [68].

14.2.4.3.2  Optical interconnection
Free-space: crossbar switch. Free-space optical 
interconnection can be described in matrix for-
mulation that is easily related to capabilities in 
optical systems. Consider an array of optical input 
and output data channels, such as fiber-optic. If the 
array of input channels is represented as a vector 
u, any element or combination of elements can be 
routed to any element of the output array or vector 
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v using an appropriately constructed matrix M in 
the equation

 v Mu=  (14.20)

SLMs are needed in this concept because of several 
desirable characteristics they can provide. First, 
when interconnecting among a number of differ-
ent communications channels an SLM provides 
isolation between input and outputs. Second, the 
routing process is naturally lossy, because each 
 element of v must fan out onto a row of M. Optical-
to-optical SLMs can then provide the amplifica-
tion gain to compensate for these optical losses.

14.2.4.3.3  Optical storage
Effective processing systems need to have access 
to memory. It is natural to explore possible use 
of optical processing hardware with optical stor-
age technology. One function of an SLM is stor-
age of data, as noted in Section 14.2.4.2. An SLM 
can store the results from one stage of process-
ing, and present those results to the next stage. 
However, the amount of information that can be 
stored on an SLM is limited to the number of pix-
els in the device. Optical devices that store large 
amounts of data are, however, of interest in optical 
information processing, e.g., large databases may 
need to be accessed rapidly and repeatedly, such as 
for cross-correlation. Conventional high-density 
optical storage technology has been reviewed in 
Chapter 13. However, conventional optical disk 
storage technology has not been found useful for 
optical processing without significant modification 
or additional electronics. One nonconventional 
approach stores a library of analogue holograms 
on a rotating photopolymer disk for subsequent 
correlation. Large numbers of holograms can be 
stored on a single disk, and rapid scanning of the 
library is possible with standard mechanical rotary 
drives. Another disk approach is to store conven-
tional digital data in a 2D page format. Such holo-
graphic disk systems have been demonstrated that 
perform at 1 Gbit s−1 sustained and 10 Gbits s−1 
peak transfer rates; along with the holography, is 
electronic processing that includes data modula-
tion coding, interleaving, and error correction to a 
bit error rate of 10−3 [69].

Volume holographic storage has a more natu-
ral optical interface using 2D SLMs to transfer 
data from previous and to subsequent stages of 

2D optical processing. Volume storage also would 
have a much higher storage capacity than disk, 
with a theoretical storage limit of ~10 Tbits cm−3 
(~volume/λ3 where λ is approximately the small-
est linear dimension for storing one bit). In com-
parison, present single-layer optical disks have areal 
storage density of 15 Gbit s−2, which can be extended 
with multilayer disks, the increase depending on the 
number of layers and the laser wavelength. Among 
the issues in cascaded optical SLM and storage 
elements is rapid addressing of and access to data 
arrays, and the proper registration of data arrays. 
The latter issue has been addressed with electronic 
postprocessing techniques [70].

14.3  SUMMARY

The area of optical information processing has 
explored many avenues of research. Areas of appli-
cation are still developing, mainly as devices capa-
bilities increase and new capabilities emerge. Many 
lessons have been learned on the proper applica-
tion of optical capabilities.

 ● Using optics for general numeric computations 
is not presently desirable, because many of 
the digital operations are intrinsically nonlin-
ear. Necessary nonlinear optical devices are 
still large compared to electronic integrated 
circuits, and also inefficient, i.e., power hungry. 
This does not mean the architectures that 
have been developed are without value. Such 
architectures were developed mainly to cleverly 
exploit the parallel-processing capabilities of 
optics, and may be applicable to building spe-
cialized processors [71].

 ● The advent of optical communications has led 
to a near-term processing application for fiber-
optic interconnects between high-performance 
electronic digital processors and sensor arrays, 
whereby simple operations are performed on 
the optical data within fibers, such as multi-
plexing/demultiplexing and signal condition-
ing. Fiber interconnects are a straightforward 
insertion of optics, mainly to address input–
output data-bandwidth bottlenecks that can 
occur with high-speed digital processing 
elements. But developments in fiber-optic 
technology have important implications for 
optical processing; these include the develop-
ment of wavelength diversity techniques, and 
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of all-optical techniques, presently used to 
cascade fiber-optical subsystems in a network 
to avoid costly conversions between the optical 
and electrical domains. However, with fiber 
optics the full free-space 3D interconnection 
capability of optics is not fully exploited. Full 
exploitation of free-space 3D interconnection 
technology will require the use of wavelength 
diversity and all-optical techniques employing 
cascaded 2D SLMs. There will also be concur-
rent development of novel multi-processor 
computing architectures. Candidate archi-
tectures are likely to involve neural network 
parallel-distributed-processing concepts, where 
the interconnection scheme can be integral to 
the processing.

 ● Analogue optical signal processors, particu-
larly for Fourier-transform-based operations 
such as spectral analysis and correlation, have 
been developed because they can perform 
linear operations, at a given rate, in imple-
mentations with smaller size-weight-power 
product than all-electronic implementations. 
Avoidance of power-hungry analogue-to-
digital conversion by processing directly in 
the analogue domain and concentrating on 
applications in the microwave-frequency 
region make such processors a true comple-
ment to digital processors. Most development 
of compact systems has been done with 1D 
acousto-optic modulators, due to the matu-
rity of acousto-optic technology. However, 
the highest performance should be obtained 
using 2D SLMs addressing intrinsically 2D 
problems such as pattern recognition and 3D 
optical interconnection. Use of wavelength-
diversity techniques should further increase 
performance. Various 2D SLMs are capable of 
implementing functions needed for all-optical 
architectures, especially optical amplification, 
data storage, and data thresholding. All-optical 
systems are needed to address the fundamental 
problem with present analogue processors, by 
optically performing the present electronic 
pre-and post-processing of data into/out of 
optical processors. Such processing includes 
dynamic range re-scaling and data format-
ting, various nonlinear operations, and signal 
amplification and data encoding schemes. 
These needs can be met potentially with devel-
opments in optical-to-optical SLMs, adaptive 

optics, and volume holography. Throughput 
improvements of 2D devices are still required, 
since present throughput rates are lower than 
for the acousto-optic devices. Hence, initial 
implementations may still be restricted to 1D 
and quasi-multi-dimensional architectures.

A feasible vision for the future for all application 
areas therefore involves all-optical architectures. 
Optical device technology exists for implementing 
subsystems that perform optical input, processing, 
and storage functions. The challenge is to develop 
efficient information and data flow between such 
subsystems in the optical implementations of pre-
and post-processing functions that are done elec-
tronically for present optical systems.
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15.1  INTRODUCTION

Optical spectroscopy is an invaluable tool for the 
characterization of many physical and chemical 
components and processes. It can provide complex 
and quantitative data and use it to precisely charac-
terize a wide variety of physical objects or chemical 
analytes. Instruments can not only achieve much 
higher spectral resolution compared to eyes, but 
can also cover a much wider wavelength range and, 
if desired, even provide time- or distance-resolved 
results. A major advantage of optical methods of 
analysis is that they are usually nondestructive, 
noninvasive, and quick in operation. In optical spec-
troscopy, electromagnetic radiation in the range 
of 1012–1015 Hz is most commonly used, covering 
infrared (IR), visible (VIS), and ultraviolet (UV) 
radiation. Optoelectronic devices detect the interac-
tions of this electromagnetic radiation with matter.

This section will review the main methods of 
spectroscopy, concentrating mainly on covering 
general concepts of spectroscopy and introduce 
the technology behind some applications being 
covered in later chapters.

The passage of electromagnetic radiation can be 
influenced by matter in processes such as refrac-
tion, polarization change, specular reflection, 
scattering, or absorbance [1]. In most cases, the 
magnitude of these effects depends significantly 
on optical wavelength or photon energy.

The technique of absorbance spectroscopy, 
or spectrophotometry, monitors attenuation of 
a beam of light by matter and is one of the most 
commonly applied methods in spectrometry, par-
ticularly in the IR, VIS, and UV regions.

Measurement of light lost from a beam due 
to scattering (nephelometry or turbidity mea-
surement) [2] is also often used. Apart from the 
more common light-scattering mechanisms, vis. 
Rayleigh [3], Rayleigh–Gans, Mie and geometric 
scattering, other elastic scattering (i.e., scattering 
with no change of wavelength) can arise due to the 
effects of diffraction from periodic structures (i.e., 
like X-ray scattering in crystals).

Inelastic scattering involves a change in opti-
cal wavelength (change in photon energy occurs 
inversely) and can arise, for example, in Raman [4] 
or Brillouin scattering, where a photon– phonon 
interaction process occurs.

After absorption of light, matter can dissipate 
the absorbed energy by several means, for example 
from an excited electronic state to lower vibra-
tional or rotational states, i.e., to produce phonons 
or heat. The absorbed radiation can also be rera-
diated, resulting in luminescence behavior (this 
behavior can be subdivided into fluorescence and 
phosphorescence). In addition, after excitation 
with particularly energetic particles, matter can 
reemit strong radiation, a behavior made use of 
X-ray emission spectroscopy and atom emission 
spectroscopy.

In some cases (for example, in flames), ther-
mally excited electrons in the hot gaseous materi-
als can exhibit direct radiation of light by energy 
transitions from the excited states.

In addition to those that were discussed 
in Volume  I, Chapter 1 (Introduction to 
Optoelectronics), processes relevant to spectros-
copy will be briefly reviewed below [5–8]. The 
focus of this discussion will be particularly on 
the UV/VIS/NIR spectral region, especially when 
we describe quantitative aspects. The theoreti-
cal principles of atomic states and dispersion will 
be discussed, ending with some description of 
photophysics and aspects of  polarization states in 
waveguides. Furthermore important spectroscopic 
methods and types of spectrometers will be men-
tioned together with a brief description of some 
interesting case studies of optical sensor systems.

15.2  THEORETICAL PRINCIPLES

15.2.1  Properties of electromagnetic 
radiation

Electromagnetic radiation is characterized by 
its amplitude, frequency, state-of-polarization, 
phase, and in the case of modulated light, the time 
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dependence of its amplitude, phase, or frequency. 
Depending on the physical effects to be described, 
electromagnetic radiation can best be considered 
as either a particle or a wave, a behavior called de 
Broglie dualism. The choice of the wave descrip-
tion, however, is best used to understand inter-
ference and refraction effects [9,10]. The impact 
momentum, p, is proportional to the inverse of 
the wavelength, λ, of the radiation according to 
Equation 15.1:

 
p

h
.=

λ  
(15.1)

This can be given, in terms of effective mass (kg), 
m, and velocity (ms−1), v, by

 p mv ,=  (15.2)

where p is the momentum (kg m s−1), and h is 
Planck’s constant = 6.63 × 10−34   J s. Propagation of 
electromagnetic radiation can be explained by the 
well-known Maxwell’s equations, which predict 
that, in a propagating E–M wave, the electric and 
the magnetic field vectors lie perpendicular to each 
other and are perpendicular to the direction of 
propagation (see Figure 15.1). Considering the par-
ticulate (or quantized) nature of the light, the radi-
ation is composed of a stream of photons and the 
energy of each is proportional to the frequency in 
the wave model, so is therefore reciprocally depen-
dent on the optical wavelength (see Equation 15.3).

 
E hv

hc
hc .�= =

λ
= ν

 
(15.3)

Here, c = 3 × 108 m s−1 is the velocity of light in vac-
uum, and �ν is the wave number in cm−1.

There is a distinct lack of standardization in 
the units most spectroscopists use, depending 
on the field they work in. The unit of optical fre-
quency that is most commonly used by scientists 
working in the IR region or using Raman scat-
tering is the wave number. In the field of highly 
energetic radiation, eV (electron volts) is usually 
used. In the UV, VIS, and NIR wavelength range, 
most scientists use units of wavelength, λ, in nm, 
or, in the IR, units in μm. Yet again, many of 
these are not S.I. units, reflecting the fact that the 
reasons for the choice of the different units were 
historical in nature. 

The approximate order-of-magnitude ranges 
of wavelength, frequency, wave number, and pho-
ton energy that correspond to a number of differ-
ent types of electromagnetic radiation are shown 
in Table 15.1 and Figure 15.2. The typical type of 
interaction that each type of electromagnetic radi-
ation might have with matter is also shown, but 
this will be discussed later. As can be seen, the fre-
quency and wavelength scales are logarithmic in 
the table, in order to cover a very wide range.

Electromagnetic radiation in the UV, visible, 
and IR wavelength range is especially interesting in 
spectroscopy. For this reason, this particular spec-
tral range has been “zoomed out” in Figure 15.2 
and we have indicated the colors associated with 
the different parts of the visible spectrum. In the 
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Figure 15.1 Electrical fields of a Hertz dipole. 
These are perpendicular to both the magnetic 
field and to the direction of propagation of the 
electromagnetic radiation (a). The time depen-
dence of the electric field distribution is given 
in (b). The polar diagram of radiated intensity 
(power) is shown in (c).
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Table 15.1 Spectral regions of electromagnetic radiation, giving the approximate order of magnitude of relevant wavelengths, frequencies, wave 
numbers and energies, plus indications of typical interactions that particular type of radiation might have with matter

Spectroscopic 
technique

approximate 
order of the 

wavelength (nm)

approximate 
order of the 

frequency (s−1)

approximate 
order of the wave 

number (cm−1)

approximate magnitude of 
energy (in various units)

type of interaction
(kcal 

mol−1)
(kJ 

mol−1) (eV)

Nuclear magnetic 
resonance (NMR) 
0.1–10 m

1010 3 × 107 103 3 × 10−6 1.2 × 10−5 1.2 × 10−7 Excitation of magnetic 
transitions of nuclei 
(spin > . 0)

Electron spin 
resonance (ESR) 
0.1–10 cm

108 3 × 109 10−1 3 × 10−4 1.2 × 10−3 1.2 × 10−5 Excitation of unpaired 
electrons

Microwaves 
0.1–10 cm

106 3 × 1011 10 3 × 10−2 1.2 × 10−3 Excitation of rotation of 
molecules

IR 0.78–103 μm, 
3000–106 nm

104 3 × 1013 103 3 12 1.2 × 10−1 Absorption by excitation of 
molecular vibrations. Raman 
scattering

VIS 380–780 nm, 
UV 200–400 nm, 
UVU 100–200 nm

102 3 × 1015 105 3 × 102 1.2 × 103 12 × 104 Excitation of electronic 
transitions, emission and 
atomic absorption 
processes. Raman scattering

X-rays 0.01–10 nm 1 3 × 1017 107 3 × 104 1.2 × 105 1.2 × 103 Excitation and transitions of 
electrons involving inner-
orbit energy levels

Moessbauer 100 
keV, γ absorption

10−2 3 × 1019 109 3 × 106 1.2 × 107 1.2 × 105 Resonant absorption by nuclei

γ radiation, >1 MeV 10−4 3 × 1021 1011 3 × 108 1.2 × 109 1.2 × 107 Nuclei transformation
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case of simple absorption photometry, a transmis-
sion measurement is taken at only one wavelength 
(i.e., monochromatic light is used), but in more 
general spectrophotometry, a transmission spec-
trum is usually measured over a wider wavelength 
range, involving perhaps a superposition of many 
rotational, vibrational, and electronic interactions.

15.2.2  Interaction between radiation 
and matter

15.2.2.1  DISPERSION

The most usual and important interaction with 
matter for use in spectroscopy involves the electric 
field vector. The periodic change in the electric field 
vector of an incident E–M wave can cause either a 
new orientation of a molecule or a displacement of 
electrical charges in a dielectric medium (matter). 
Both of these result in electrical polarization of 
the matter, the so-called dielectric effect process. 
If there is any variation of this effect with optical 
wavelength or frequency, the effect is called dis-
persion [9], as it changes the velocity of the wave, 
depending on its wavelength.

Radiation induces a type of Hertz dipole in 
a dielectric material, and if this material is not 
optically homogenous with its surroundings, it 
can result in radiation, or scattering, into the sur-
roundings. The charge displacement in a dielectric 

by an electromagnetic wave can be explained in 
terms of a simple harmonic oscillator model, where 
an alternating dipole is induced in each molecule 
or microregion of the material. The total effect is 
proportional to the number of molecules or mac-
romolecular particles affected, i.e., polarization is 
a volume-based (colligative) quantity.

This Hertz dipole oscillates at the excitation fre-
quency of the radiation and behaves like a radia-
tion source, emitting radiation most strongly in a 
direction perpendicular to the direction of polar-
ization, as was shown earlier in Figure 15.1c. When 
propagating through matter, the radiation main-
tains its frequency, because of the conservation of 
photon energy hv, but decreases in wavelength and 
velocity. The velocity of propagation within matter 
is inversely proportional to the refractive index, n, 
given by the ratio between the electric field vectors 
of the radiation propagating in vacuum and matter:

 
n

E

E

(vac)

(mat)
.

�
�=

 
(15.4)

According to Maxwell’s equation, the square of the 
optical refractive index (i.e., the value of refrac-
tive index in the optical range of the dispersion 
curve) is equivalent to the dielectric constant, 
which, in turn, can conveniently be described 
mathematically in terms of an equation with real 
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Figure 15.2 Depiction of the full electromagnetic spectrum of radiation.
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and imaginary parts. This latter parameter can 
be graphically depicted, as shown in Figure 15.3. 
The imaginary part corresponds to absorption (or, 
more rarely, optical gain) in the medium.

In addition to polarization of matter, as occurs 
with scattering, absorption of light can also occur. 
Except in condensed matter (i.e., solids or liquids 
where spectral broadening occurs due to degen-
eracy of energy levels), absorption is usually not of 
a broadband nature, i.e., it often occurs at specific 
wavelengths. For many materials, e.g., liquids in the 
microwave region, a reorientation and a relaxation 
effect can be observed, which changes the effective 
dielectric constants and causes absorption.

A resonance (caused by displacement of charges) 
can typically be observed in the IR (vibration) and 
UV/VIS (electronic transition) spectral regions. 
This causes strong absorption bands (i.e., a larger 
imaginary part of the dielectric constant). In the 
case of gases, rotational resonance is also observ-
able at microwave frequencies.

To summarize the above, two fundamental 
types of interaction between electric fields and 
dielectric matter can therefore occur: the first is 
scattering and the second is absorption (or, more 
rarely, optical gain). These will both be discussed 

in more detail in the following sections and we 
shall start with the case of scattering where no 
absorption occurs and light energy is conserved. 
In contrast, inelastic scattering (Raman) will be 
discussed later.

15.2.2.2  SCATTERING

15.2.2.2.1  Scattering from single 
particles

Within molecules, charges may either be sym-
metrically (nonpolar) distributed or they may have 
an asymmetric distribution, making the molecule 
polar in nature. In nonpolar molecules, the nuclei 
and the electron density distribution have the same 
center of charge distribution. However, in an elec-
trical field, positive and negative centers can be 
displaced relative to each other, forming a Hertz 
dipole acting as an electromagnetic transmitter.

The excited system behaves elastically, emit-
ting energy directly from a nonresonant state 
(sometimes called a virtual state), with no energy 
absorbed. Even the smallest of molecules show 
such scattering effects, but, for such Rayleigh scat-
tering (scattering by molecules or particles hav-
ing a diameter of order of λ/10 or less), the effect 

Orientation
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Figure 15.3 Depiction of optical dispersion, showing the real (refraction) and imaginary part (absorp-
tion) of dielectric constant versus frequency on a logarithmic scale. The lower curve shows various 
absorption bands.
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is usually very small, as the intensity of scattered 
radiation increases in proportion to the sixth 
power of the length of the induced Hertz dipole 
[3,11]. For these small particles, the intensity of the 
radiation varies as the fourth power of the incident 
optical frequency (if the particle has low optical 
dispersion) and the light is scattered at essentially 
the same frequency as the incident beam. It is this 
strong dependence on wavelength that causes 
white light from the sun to be scattered mainly at 
short wavelengths, giving the blue appearance of 
sky on a clear day or the aurora/afterglow.

The radial distribution of scattered radiation 
depends, in general, on the state of polarization of 
incident radiation, on the shape of the particle or 
molecule, its dimensions and on the wavelength of 
scattered radiation. Thus, the following effects can 
be observed:

 ● An isotropic particle with a diameter smaller 
than λ/10, forms with polarized incident radia-
tion a scattered intensity distribution (polar 
diagram) as shown in Figure 15.4a. Maximum 
energy is emitted in a direction perpendicular 
to the axis of the dipole, but zero energy is 
scattered in a direction along the axis of the 
dipole.

 ● Many very small particles (<λ/10) have some 
anisotropy (e.g., randomly oriented, needle-
like, or egg-shaped particles) and so exhibit 
many induced Hertz dipoles at different angles 
(depending on the orientation). Then, even for 
incident polarized light, the polar diagram of 
the scattering is no longer as in Figure 15.4a, 
but has a new shape as in Figure 15.4b, and 
there is now a nonzero scattering intensity 
along the direction of polarization of the 
incident light. This phenomenon is known as 
depolarization of scattering.

 ● Randomly polarized (or unpolarized) radia-
tion generates a set of random Hertz dipoles, 
whereby the intensity of radiation in the 
forward or backward direction is unchanged, 
but the radiation field at other angles (e.g., at 
90°) is a superposition of the wavelets from all 
these different polarizations, with of course the 
contribution falling to zero whenever the inci-
dent polarization (or the induced Hertz dipole 
axis) is in the direction of observation. This 
gives a polar diagram with the greatest scat-
tered intensity in the forward and backward 

directions, but with half that intensity in a 
direction at right angles to the direction of 
incident radiation (see Figure 15.4c).

 ● If we now consider slightly larger particles (e.g., 
being of the same order as, or even larger than, 
the optical wavelength), but ones where the 
particle refractive index is very close to that of 
the surrounding medium, the behavior differs 
again. In this case, scattering occurs from 
many small points at different locations within 
each particle, yet the shape of the incident wave 
front remains essentially unchanged during 
passage through the particle. Then the excita-
tion light has a phase that is dependent on the 
distance through the particle (Rayleigh Gans 

(a)

(b) (d)

(c)

Figure 15.4 Polar diagrams for various cases of 
Rayleigh and Mie scattering. The horizontal arrow 
shows the direction of incident light. Where 
the incident light is plane polarized, the vertical 
arrow indicates the polarization direction. The 
inclined arrow shows a scattered light direction 
and the intersection with the outer surface indi-
cates the scattered intensity at this angle. The 
top left figure (a) shows classical Rayleigh scat-
tering, with small particles, where a Hertz dipole 
is induced along the polarization direction. The 
bottom left figure (b) shows the same when the 
particles are small, but have a small degree of 
anisotropy. The top right figure (c) shows the 
case for small particles with randomly polarized 
(or unpolarized) incident light. The bottom right 
figure (d) depicts a typical Mie scattering polar 
diagram for larger particles.
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scattering condition). Interference between all 
the scattered wavelets from different positions 
will clearly influence the more complex radia-
tion pattern, so, to obtain the far-field polar 
diagram, the Rayleigh scattering intensity from 
each has to be multiplied by a weighting func-
tion, which depends on the geometrical form of 
the particle (comparable to Mie scattering) [3]. 
If the scattering center or molecule is much 
larger and of significantly higher refractive 
index compared with its surroundings, then 
more than one center of scattering within 
the molecules will arise. However, the greater 
refractive index difference may now be enough 
to cause relative phase delays and even refrac-
tion of incident light, giving rise to significant 
wave front distortion. Thus, there is a phase 
shift, and in extreme cases, even a change in 
direction of the transmitted light, relative to 
light outside the particle. Under these con-
ditions, the so-called Mie scattering [3,11] 
occurs. As with Rayleigh–Gans scattering, the 
scattered intensity distribution is determined 
by the interference of many scattered wavelets 
from different sites in the particle, but the 
situation is now far more complex as the phase 
of excitation of each point can no longer be so 
easily determined. The polar diagram is, there-
fore, generally complex and usually has many 
scattering lobes (see Figure 15.4d).

Thus, the intensity distribution and interference 
pattern contain information regarding the size 
and the shape of the molecules [3]. It is worth 
mentioning briefly that there is a further type of 
scattering, from very large, but optically homoge-
neous particles (raindrops are a typical example), 
several orders of magnitude greater than the wave-
length of the light, where the scattering can be 
considered solely in terms of simple ray tracing, 
assuming Fresnel refraction and reflection at the 
optical interfaces. This form of scattering, which is 
observed in rainbows, is known as Fresnel or geo-
metric scattering.

15.2.2.2.2  Scattering from multiple 
particles

Scattering from multiple particles depends strongly 
on whether the light is incoherent (broadband) or 
coherent (narrowband). If the light is incoherent, 
scattered power from each of the particles can 

simply be summed to give an overall polar far-field 
scattered intensity that is similar to that from one 
of the particles, but this is only if not too many 
strongly scattering particles are present. If the 
population density of scattering particles becomes 
very high (as can occur, for example, in milk or in 
white paints), then the light may suffer strong mul-
tiscattering paths, i.e., substantial secondary, ter-
tiary, or even higher order scattering occurs before 
light from the first excitation (illumination) point 
can reach the observation point. A medium that 
causes significant light to be lost by scattering from 
a direct optical beam passing through it is called a 
turbid medium.

If an ensemble of particles is excited with highly 
coherent light (e.g., monochromatic laser light), 
the behavior is very different. Now the scattering 
from every small particle, or from every part of a 
larger particle, results in a monochromatic scat-
tered wavelet being reemitted from each. Thus, at 
the point of remote observation, the electric fields 
of all these coherent wavelets will add coherently. 
This results in constructive, destructive, or inter-
mediate levels of interference, depending on the 
relative phase of the light from the particles, which, 
in turn, depends on their relative positions relative 
to both the incident beam and to the direction or 
point of observation. These effects cause the famil-
iar “speckle” effect when light from a visible laser 
is first scattered from a diffusely scattering object, 
such as a turbid liquid, or from a rough surface.

In a solid material, or particle in solid sus-
pension, the positions of the particles may be 
reasonably stable, so then true elastic scattering 
occurs and a relatively fixed speckle pattern can 
be observed in the far-field scattering diagram, 
provided, of course, that no significant mechani-
cal movement, vibrations, or thermal expansions 
occur. In fluid (gas or liquid) suspensions, how-
ever, the particle will generally undergo more sig-
nificant and rapid movements due to Brownian 
motion, convection or turbulence, so the speckle 
pattern will move continuously with time. Because 
of the small Doppler shifts, the light scattering can 
be described as quasi-elastic. This time-dependent 
scattering behavior, which has come to prominence 
since the 1970s, can be used to deduce certain use-
ful parameters, such as particle size information, 
using a method called photon correlation spec-
troscopy (PCS). The light scattered from a mono-
chromatic laser beam interferes at the detector 
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and gives rise to intensity changes (or to changes 
in photon-arrival-time statistics), which can, with 
knowledge of the temperature and viscosity of 
the fluid in which the particles are suspended, be 
related to the hydrodynamic radius of the particles 
using the Stokes–Einstein equation. The method 
works best with single-size (monodisperse) parti-
cles, but more complex correlation functions, from 
suspensions of two or even three particle types/
sizes, can still be inverted using Laplace transfor-
mation to obtain useful information.

15.2.2.3  REFLECTION

Reflection usually describes the process where a light 
beam is reradiated back into the incident medium 
at a boundary. If only single particles (or random 
ensembles of such particles) are present in gases 
or liquids, they can be considered to be disconti-
nuities that will cause diffuse light scattering, as we 
discussed earlier. However, if atoms and molecules 
are in very highly ordered arrays, as is the case in 
flat surface layers of solid matter (especially crystals 
and metals, but even in some amorphous materials, 
such as glasses, having only small-scale disorder), 
then the many Hertz dipoles can show constructive 
interference in preferred directions. This gives rise 
to directional or specular reflection at these solid 
surfaces, as seen, for example, on silvered-glass mir-
rors. This results in reflection at the same (yet oppo-
site) angle to the normal to the surface as the initial 
or incident radiation [9,13]. If the reflection occurs 
due to refractive index differences (Fresnel reflec-
tion), then the amplitude of this reflectance depends 
on the refractive indices of both the media. For the 
simplest case of normal incidence and nonabsorb-
ing media, the reflection is described by a simplified 
form of the Fresnel equation:
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If the reflection occurs at a polished metal sur-
face, then the resulting more complete reflection 
can be predicted by Maxwell’s equations, treating 
the metal as a conductive medium. If the metal is 
assumed to be a perfect electrical conductor, then 
the reflection is theoretically predicted both by 
Maxwell’s equations and by simple conservation 
of energy considerations to be 100%. For nonper-
fect conductors, the reflection is <100%, and the 

radiation actually extends within the material to 
a depth called the “skin depth.” The reflection can 
therefore be used to determine the material prop-
erties of the metal.

15.2.2.4  REFRACTION

Refraction describes the effect of a boundary 
between two optical materials on a light beam 
passing through it. Radiation incident at an angle 
α on the interface between media with different 
refractive indices (n1 and n2) is refracted at an 
angle β, where, according to Snell’s law:

 n nsin sin .1 2α = β  (15.6)

Radiation, initially incident in a lower refractive 
index medium, is refracted toward the normal 
to the surface, so the angle of refraction becomes 
smaller, whereas in the opposite direction it is 
refracted away from the normal.

15.2.2.4.1  Total internal reflection and 
evanescent field

Equation 15.6 suggests there is a critical angle at 
which the angle of refraction is 90°. If the angle 
of incidence increases further, then total internal 
reflection occurs, a behavior only possible when 
light in an optically dense medium strikes an 
interface with a less dense medium. If the incident 
angle is greater than the critical angle, a simple 
explanation suggests radiation does not exit the 
denser medium, but is reflected back into this 
medium, as in Figure 15.5. This effect has become 

Iλ(0)
Iλ

R

Iλ(d)

n1 < n2

α > β

α

n1

n2

β
β crit

Figure 15.5 Behavior of light incident on a 
dielectric interface, demonstrating refraction and 
total internal reflection.
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very important in recent years for optical or fiber-
optical waveguides (see Chapters 1 and 7).

We shall now move on to consider inelastic 
processes, where either light energy is lost totally 
or where some light is reemitted with a change in 
photon energy.

15.2.2.5  ABSORPTION (THE LESS COMMON 
OPPOSITE OF THIS IS OPTICAL 
GAIN)

Absorption is a loss of light in a material, involv-
ing an internal energy exchange, resulting in the 
destruction of a photon. Optical gain is the oppo-
site of this, where a light beam gains energy when 
traveling through a medium. Both mechanisms 
usually take place only at specific wavelengths, 
corresponding to a defined transition between 
two energy states. Such a transition occurs when 
the  natural frequency of charge displacement 
in the material is in resonance with the frequency 
of the incident radiation. We shall mainly concen-
trate on absorption in the following discussion.

Absorption involves a process that leads to a new 
excited (either stable or metastable) energy state in 
the material. In the case of electronic transitions 
in an atom, this involves creation of a new electron 
density distribution. In the case of molecules, it is 
possible instead to excite a new resonant, vibra-
tional or rotational, mode of the molecule (possibly 
in addition to electronic transition). An electronic 
transition, from the highest occupied molecular 
orbital (HOMO) to the lowest unoccupied molecu-
lar orbital (LUMO), as described mathematically 
by Equation 15.3, is demonstrated in Figure 15.6. 
Note in Figure 15.6, the phases of the orbitals are 
also given, in order to explain the symmetry of the 
orbitals, which causes specific transitions shown 

by single, double, or triple arrows. These demon-
strate the differences in intensity of the transition. 
According to transition rules, only transitions 
between even and odd states are permitted.

These HOMO and LUMO states correspond to 
bonding or antibonding orbitals [12]. The energy 
required for the transition is provided by the radia-
tion and the process is known as (induced) absorp-
tion. Within this absorption band, anomalous 
dispersion is often observed (i.e., the refractive 
index increases with wavelength). Depending on 
the molecular environment and possible pathways 
of deactivation (see Table 15.2), the new excited state 
can exist for a time varying over the wide range of 
10−13 to 10−3 s. From the Schrodinger equation, the 
corresponding energy states can be calculated as a 
set of eigenvalues, by using the electronic, vibra-
tional, and rotational eigenfunctions and inserting 
the boundary conditions that are appropriate to 
the molecular structure. The relevant energy lev-
els or states in the UV/VIS spectral region usually 
correspond to electronic levels, whereas in the IR 
area they correspond to the energies of molecular 
vibrational modes.

15.2.2.5.1  Energy level diagrams
In Figure 15.7, a Jablonski energy level diagram for 
a typical organic molecule is depicted. It shows the 
energy levels and allowable transitions. It shows 
both electronic and vibrational states, but rota-
tional states have been omitted to keep the dia-
gram simple. At room temperature, most of the 
molecules are resting in the lowest electronic and 
vibrational state, so resonance absorption usually 
takes place to various excited higher level vibra-
tional levels or electronic states. To illustrate these, 
to the right of this energy level diagram, three 
types of resulting intensity spectra [absorbance 
(A), fluorescence (F), and phosphorescence (P)] are 
shown as a function of wave number.

The relative strengths of absorptions depend on 
the momentum of the transitions and are deter-
mined by a set of spectroscopic selection rules. 
Radiative transitions requiring a change of elec-
tron spin are not allowed and, in organic mole-
cules, a normal ground state has a singlet property. 
Thus, a normal absorption spectrum is for a transi-
tion from S0 to S1. Such a transition occurs within 
a very short time, typically ~10−15 s. Usually, only 
the first excited electronic state is important in 
spectroscopy because all higher states have very 
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Figure 15.6 Bonding and antibonding orbitals 
(HOMO, LUMO) and their transition possibilities.
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short lifetimes (relaxation times). For organic mol-
ecules, usually paired spins are present (singlet 
states), whereas in inorganic transition metal com-
plexes the ground state can be a triplet and other 
states with a large number of unpaired electrons 
may occur according to Hund’s rule. An impor-
tant example of a triplet ground state molecule is 
oxygen.

15.2.2.5.2  Electronic chromophores
Unlike the case for IR spectra, where vibrational 
bands are very useful for the analysis of compo-
nents, or of functional groups, the occupancy of, 
and energy between, the electronic levels (i.e., those 

which usually give rise to UV/VIS spectra) does 
not depend so much on the molecular structure or 
on interactions with the matrix. However, chang-
ing the electronic ground or excited states can lead 
to a shift in the relative position of the electronic 
level or to a change in the degree of polarization. 
In general, UV/VIS spectra are less easily used to 
characterize chemical components. However, in 
some specific cases, for example, steroids, incre-
mental rules can be determined that allow both 
determination of, and discrimination between, 
some of these molecules.

Various transitions between electronic and 
vibrational levels are shown in the energy level 

Table 15.2 Possible deactivation process from the vibrational ground state of the first excited singlet 
state

Process type abbreviation Name of process Process description

Radiationless 
transition

Te Thermal 
equilibration

Relaxation from a high vibrational level 
within the present electronic state. 
Lifetime depends on matrix.

Inner deactivation (transfer of energy in 
torsional vibrations).

Ic Internal conversion Isoelectronic transition within the same 
energy level system from the vibrational 
ground state of a higher electronic state 
into the very high energy vibrational state 
of a lower electronic state.

Isc Intersystem crossing, 
intercombination

Isoelectronic transition into another energy 
level system (S ↔ T), usually from the 
vibrational ground state in the 
electronically excited state; respective 
radiative transition is forbidden because of 
the spin inversion prohibition (except for 
heavy nuclei). Therefore, phosphorescence 
is a “forbidden” process.

Spontaneous 
emission as 
a radiative 
process

F Fluorescence Without spin inversion from, e.g., S1–S0 
(provided that lifetime of the 
electronically excited state is 10−8 s) within 
singlet system.

Photochemical 
reactions

P Phosphorescence Out of triplet into singlet system (provided 
that lifetime is 10−3 s) very low probability, 
only possible at low temperatures or in a 
matrix photo-induced reaction starting 
from the S1 term leading to ionization, 
cleavage, or in a bimolecular step to a 
new compound or an isomer (trans–cis), 
provided that lifetime in excited state is 
relatively long.
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diagram in Figure 15.7. The following abbrevia-
tions are used: rd (radiationless transition), IC 
(isoenergetic internal conversion within one elec-
tronic term scheme), ISC (isoelectronic intersys-
tem crossing between term schemes). Depending 
on the electronic states involved, these transitions 
are called σσ*, ππ*, or nπ* transitions (see Figure 
15.6). In aromatic compounds, electron-attracting 
or electron-repelling components, such as func-
tional groups in the ortho-, para-, or meta-posi-
tions of an aromatic ring, can affect these energy 
levels, and they may also be changed by solvent 
effects or with pH changes.

15.2.2.5.3  Linewidth and line 
broadening effects

Although the basic absorption process occurs at 
discrete wavelengths, there are many mechanisms 
that can effectively broaden the effective absorp-
tion line [7]:

 ● Velocity or movement effects, causing trans-
lational Doppler shifts: They are usually only 
important for gas absorption lines. Single-
direction wavelength shifts of this nature will 
always occur in any fluids that are moving 
rapidly (e.g., fast-moving gas jets), but the most 
usual effect is due to the rapid movement of gas 

molecules, which is defined by well-known gas 
laws and of course depends strongly on the gas 
temperature.

 ● Rotations of the molecule: They can occur 
according to the number of degrees of freedom 
of the molecule and will cause a set of discrete 
energy (frequency) shifts, depending on the 
quantized rotational levels.

 ● Interactions with other atoms in a molecule: 
Such interactions increase, for example, the 
number of degrees of freedom of vibrational 
and rotational transitions (e.g., number of pos-
sible modes of vibration), so molecules con-
taining more than about six atoms usually tend 
to lack a fine-line absorption band structure.

 ● Interaction with other atoms or molecules by 
collisions: A simple gas with atoms or mol-
ecules having a fine line absorption structure at 
low pressure will exhibit increasingly broader 
lines as pressure is increased. This is due to an 
effect called collision broadening or pressure 
broadening and is due to the additional energy 
levels that arise due to collisions. If the pres-
sure is increased sufficiently, any closely spaced 
sets (manifolds) of narrow absorption lines will 
eventually merge into a continuous absorp-
tion band, just as occurs in condensed phases 
(liquids and solids).
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Figure 15.7 Jablonski energy level diagram, showing electronic and vibrational energy levels, and the 
resulting spectra for different transitions and pathways of deactivation.
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 ● Interaction with nearby atoms or molecules via 
electric field effects (ligand fields): Eventually, 
in the condensed state, the absorption is 
almost invariably of a broadband nature. 
This is because the large number of possible 
energy levels in absorbing bands can produce 
a near continuum. Electronic energy levels, for 
example, are affected by the electronic fields 
of nearby molecules, a phenomenon known as 
ligand field interaction.

15.2.2.5.4  Bandshifts of electronic levels
Apart from line broadening, line shifts can occur. 
As shown in Figure 15.8, the ππ* and nπ* transi-
tions are influenced differently by polar solvents. If 
a cyclohexane solvent is replaced by methanol, the 
polarity increases considerably and, accordingly, 
the ππ* band is red shifted by several nanometers, 
a so-called bathochromic effect, and the nπ* band 
is shifted to the blue (hypsochromic). Such band-
shifts can be used to obtain information regarding 
the properties of the energy levels and transitions. 
A change in intensity of the absorption band is 
described as either hyperchromic or hypochromic, 
respectively, depending on whether there is an 
increase or decrease in intensity.

15.2.2.5.5  Quantifying absorption levels 
in media

The power, P(λ), transmitted through a sample in a 
small wavelength interval at a center wavelength λ, 
is given by Lambert’s law:

 P P( ) ( )exp[– ( ) ],0 �λ = λ α λ  (15.7)

where P0(λ) is the power entering the sample in this 
wavelength interval, α(λ) is the attenuation coef-
ficient of the material at wavelength λ, and ℓ is the 
optical path length through the sample to the point 
at which P(λ) is measured. This is only true for 
homogeneous nonturbid, nonfluorescent samples. 
The sample can be said to have a transmission T(λ), 
at the wavelength λ, where

 T I I( ) / .out 0λ =  (15.8)

The transmission, T, is given by 0 ≤ T ≤ 1; or 
T*100% in percent transmission. Alternatively, 
the sample can be said to have an absorbance 
A(λ), where

 

A T I I

P P

( ) log [1/ ( )] log ( / )

log [ ( )/ ( )] 0.43 ( ) .

10 10 0 out

10 0 �

λ = λ =

= λ λ = α λ  (15.9)

The factor 0.43, which is the numerical value of 
log(e), has to be included to account for the use of 
log10 for decadic absorbance calculations, whereas 
natural (to base e) exponents are normally used for 
attenuation coefficients.

An absorbance of 1 therefore implies only 10% 
transmission. One should take care in the use of 
the term “absorbance,” as defined above and as 
measured by most instruments, as this term seems 
to suggest the optical loss is only due to absorption, 
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Figure 15.8 Illustration of band shifts caused by polar solvents.
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whereas, in cases of turbid samples, it might actu-
ally arise from a combination of absorption and 
scattering (and reflection at boundaries of cuvettes). 
According to the Lambert–Beer–Bouguer law, the 
value of A for an absorbing analyte is given by

 A I I MCLlog( / ) ,0= =  (15.10)

where M is the (decadic) molar extinction coef-
ficient, C is the molar concentration, and L is the 
optical path length.

With merely measuring the intensity when using 
broadband radiation, there is a deviation from the 
above law whenever the absorption varies with 
wavelength. Thus, to avoid errors in calibration and/
or absorption coefficient measurement, monochro-
matic radiation has to be used. Even at single wave-
lengths, however, the law has the wrong dependence 
on concentration if there is clustering or association 
of molecules or if a concentration-dependent or a 
pH-dependent chemical change occurs.

15.2.2.5.6  Frustrated total internal 
reflection, evanescent field 
absorption

In contrast to what is usually taught in classi-
cal optics, total internal reflection is not really 
“total” [12] at the interface between the media. A 
fuller examination, using either classical geomet-
ric optics or quantum optics, predicts that part of 
the radiation will penetrate the interface and then, 
for a certain distance, be guided outside the opti-
cally denser medium, leading to a lateral shift in 
the apparent point of reflection from the interface. 
This field that extends into the less dense medium 
is called the evanescent field. In the medium hav-
ing the lower refractive index, it decreases expo-
nentially away from the interface.

Any absorbing medium within an evanescent-
field penetration depth, d, of this field, can absorb 
the radiation and result in an attenuation of the 
otherwise total reflectance. The value of d (mea-
sured from the interface) is given by Equation 15.11:

 
d

n n2 sin
.

2
2 2

2 1
2

= λ
π Θ –  

(15.11)

This penetration depth is typically of order of 
half the wavelength of guided radiation. Thus, 

absorption of the evanescent wave will reduce 
the intensity of the otherwise “totally inter-
nally reflected” light via this electric field vector 
coupling.

This effect is called frustrated total inter-
nal reflection. It can be made practical use of 
for measurement of highly absorbing samples, 
which may absorb (or scatter) far too much 
light to be able to measure them by traditional 
methods. For example, complex samples such as 
paints, foodstuffs, or biological materials, which 
might absorb or scatter light very strongly, can 
be analyzed for their strongly absorbing com-
ponents by placing them in contact with a high-
index glass plate and measuring the internally 
reflected light.

15.2.2.6  FLUORESCENCE

Fluorescence is an inelastic energy relaxation pro-
cess, which can follow after absorption of light in 
a material. In most materials, absorption of light 
(i.e., energy loss from a photon) merely causes heat-
ing of the absorbing material, with all the absorbed 
energy being converted to internal kinetic energy 
(e.g., to excite molecular vibrations or phonons). 
However, in some materials, only part of the 
energy of an optically excited state is dissipated as 
heat. Accordingly, one or more photons of lower 
energy than the incident one are radiated. The flu-
orescence therefore has lower photon energy (so is 
usually emitted at a longer wavelength) than that 
of the incident light (this is called a Stokes process). 
The emission of light by fluorescence has no pre-
ferred direction and is said to be omnidirectional. 
It is also randomly polarized. Of course, a single 
photon fluorescent event must, by its nature, have 
the direction and polarization of the single pho-
ton emitted, but over a period of time the average 
reradiated energy from many such events is omni-
directional and so fluorescent light is randomly 
polarized. This aspect of fluorescence can be used, 
apart from wavelength and temporal persistence 
(decay lifetime, after pulsed illumination) dif-
ferences, to distinguish it from Rayleigh and/or 
Raman scattered light, which is usually strongly 
polarized.

Fluorescence detection is a valuable tech-
nique in chemical sensing where it can be used 
to directly monitor certain fluorescent chemicals 
(e.g., polyaromatic hydrocarbons, mineral oil, and 
fluorescein tracer dye). However, by deliberately 
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introducing reactive fluorophores to act as a more-
efficient chemical indicator, it can also be used to 
monitor reactions or reagents having no fluores-
cence. These are too numerous to cover here, as 
optical techniques have been used [14]. Many of the 
optical sensing applications of these are covered 
in detail in the proceedings of a series of interna-
tional “Europt(r)ode” congresses. There is also an 
excellent textbook “Optical Sensors,” edited by R. 
Narayanaswamy and O.S. Wolfbeis [15].

15.2.2.7  CHEMILUMINESCENCE AND 
BIOLUMINESCENCE

Fluorescent light can arise as the result of chemical 
reactions, an effect known as chemiluminescence. 
The reaction must be of a type to leave electrons 
in excited states that can then decay radiatively, 
usually with the emission of visible photons. Such 
reactions are now very commonly seen in the 
plastic-tube-enclosed chemical “light sticks” that 
children are often given, but which also have more 
serious uses for emergency lighting or as a distress 
signal at sea or in mountains. These lights operate 
by breaking chemical-filled ampules, enabling the 
reactants to mix and produce the light by a chemi-
luminescent reaction.

A compound commonly used to produce 
green light is called luminol (C8H7N3O2), which is 
known by several other chemical names, includ-
ing 5-amino-2,3-dihydro-1,4-phthalazine-dione. 
When luminol is added to a basic solution of oxi-
dizing compounds, such as perborate, permanga-
nate, hyperchlorite, iodine, or hydrogen peroxide, 
in the presence of a metallic-ion catalyst, such as 
iron, manganese, copper, nickel, or cobalt, it under-
goes an oxidation reaction to produce excited elec-
tronic states, which decay to give green light. The 
strongest response is usually seen with hydrogen 
peroxide, but very low concentrations of oxidizing 
agents such as ozone, chlorine, and nitrogen diox-
ide can also be measured. Numerous biochemicals 
can also cause a light-emitting reaction and hence 
be detected.

Nature has, however, used chemilumines-
cence long before man, involving a phenomenon 
known as bioluminescence, where the chemicals 
are generated within biological organisms. Well-
known examples of this include the light from 
glowworms and fireflies and the dull glow aris-
ing from the bioluminescence of myriads of tiny 
organisms seen in agitated seawater, for example, 

in the wake of boats. Many deep-sea creatures 
use bioluminescence, either to make themselves 
visible or to confuse prey. The reactions are 
essentially of the same type as that with luminol, 
except that the origin of the chemicals is from 
biological reactions.

15.2.2.8  RAMAN SPECTROSCOPY

Raman spectroscopy [16] relies on a form of inelas-
tic scattering, where the periodic electric field 
of the incident radiation again induces a dipole 
moment in a material, but, in this case, there is an 
interaction with material vibrations, or phonons, 
resulting in a change of photon energy. The effect 
depends on the polarizability α of the bond, at the 
equilibrium internuclear distance and on the varia-
tion of this distance, x according to Equation 15.12 
below. This equation has three terms—the first 
represents the elastic Rayleigh scattering (scatter-
ing at the same frequency as the incident radiation: 
00 transition).

 x
x .0

αα = α + ∂
∂





  

(15.12)

In the equation below, there are polarizability 
terms that have the effect of reducing or increas-
ing the reradiated frequency, compared with that 
of the incident light, by an amount equal to the 
molecular vibrational or/and rotational frequency. 
This causes so-called Stokes (downward) and anti-
Stokes (upward) shifts in the reradiated optical fre-
quency. This light is referred to as Raman scattered 
light.
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The coupling of vibrational eigenfrequencies (v1) of 
the scattering molecule to the exciting frequency 
(v0) is sometimes called a photon–phonon interac-
tion process.

Raman spectroscopy occurs with selection rules 
that are different to those for normal vibrational-
absorption IR spectroscopy. Because of this, many 
users regard analysis by Raman scattering and by 
conventional absorption-based IR spectroscopy to 
be complementary techniques. This can be very 
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convenient, but unfortunately, the Raman scatter-
ing intensity is very weak, even when compared 
with Rayleigh scattering. Despite this, however, 
with the advent of many high-power lasers, it is in 
many cases now a preferred technique. Not only is 
it relatively free of problems that can arise due to 
turbidity or scattering from amorphous solids, it is 
now far more easy to achieve with low-cost visible 
or NIR semiconductor lasers, allowing compact 
instrumentation which has drastically improved 
in recent years [17].

15.2.2.9  MULTIPHOTON SPECTROSCOPIC 
PROCESSES

Apart from the simple processes described above, 
there are many light absorbing and/or re-emission 
processes that involve more than one photon. It 
is beyond the present text to discuss multiphoton 
spectroscopy, but it is worth making a few short 
comments. Examples include two-photon absorp-
tion, where it requires simultaneous involvement 
of two photons to excite an absorbing level (is very 
unlikely to occur, therefore a weak effect) or where 
the first photon excites the molecule to a meta-
stable level and then the second photon excites it 
to a higher level from this intermediate level. Of 
course, many photons can be involved if an appro-
priate set of metastable levels is present.

We have also hardly discussed an optical gain 
process, which is the mathematical opposite of 
absorption. This occurs in media which have elec-
tronic levels which have already been excited, often 
by light injection. This is rarely used in spectros-
copy, apart from an intercavity measurements 
within lasers, but the process is often outside the 
gain region anyway, so will not be discussed fur-
ther here.

15.3  SPECTROSCOPIC METHODS 
AND INSTRUMENTATION

Instrumentation has always been a very fast 
developing field, so only the basic methods will 
be discussed. The interested reader should con-
sult specialist texts for more details of instrument 
design and manufacturers data for the latest per-
formance figures. The fastest developing com-
ponent areas are those of (1) low-noise detector 
arrays, both 1-D and 2-D (two-dimensional) types, 
and (2) compact high-power semiconductor laser 
sources for Raman and fluorescence excitation, 

where performances are now achieved that were 
barely conceivable only 10 years ago.

Just as an example of these, to illustrate the type 
of components needed, a compact fiber- compatible 
spectrometer source and detection unit with a 
broadband source and concave diffraction grating 
is shown in Figure 15.9. In most cases, xenon or 
halogen lamps are a convenient source of broad-
band white light, which (often with the help of a 
rear reflector, to aid launch efficiency) is coupled 
into a fiber optic guide and then directed to the 
measurement probe. Here, transmitted or reflected 
light is collected and, via the coupler, guided back 
to a miniaturized spectrometer, which contains the 
diffraction grating and a photodiode array, such as 
a charge-coupled device (CCD) detector chip.

15.3.1  Spectrometer components

15.3.1.1  LIGHT SOURCES

Whenever an intense monochromatic light 
source or an intense light source that can be 
scanned over a small spectral range is required, 
the source of choice is nearly always a laser. This 
is clearly the optimum type of source for PCS or 
for Raman spectroscopy, as a monochromatic 
source is required. However, broadband sources, 
such as incandescent lamps, are desired for most 
full-spectrum spectrophotometry, as intense nar-
rowband sources, such as lasers or low-pressure 
mercury lamps, either cannot be used for observ-
ing spectral variations over such a wide range or so 
many would be needed to cover the range that they 
would be prohibitively expensive.

Fiber optics

Light source

Diode array

Figure 15.9 Spectrometer detection unit for 
reflectometric measurements, containing a white 
light source and a CCD camera. (A mirror is used 
in the light source to increase launch efficiency 
by imaging the filament on itself to “fill in” gaps 
in the filament.)
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Because most types of incandescent light 
sources were discussed in detail in Chapter 3, we 
shall cover only the most interesting spectral fea-
tures of these broader band radiation sources, in 
particular types covering the important UV/VIS/
NIR spectral regions. Tungsten lamps are low-
cost and stable sources, which give a useful output 
over the VIS/NIR region (0.4–3.0 μm). Electrically 
heated thermal sources, such as Nernst emitters or 
modern variants, are usually used to cover the IR 
region beyond 3 μm.

High-pressure arc and discharge lamps are 
attractive sources in the visible and UV, as they 
can provide the desired broad spectral emission, 
but with significantly higher spectral intensity 
than tungsten lamps. In the visible and near IR 
region, the low cost and stable output of tungsten 
sources often means they are the preferred source. 
If operated at slightly reduced voltage, their life-
time is excellent, too. However, discharge lamps 
are far more effective sources than tungsten in the 
blue and violet regions and are far better in the 
UV region. Thus, the type of discharge lamp most 
often used to cover these regions in commercial 
spectrophotometers is the deuterium lamp, as this 
is the source that can provide the desired broad-
band performance at shorter optical wavelengths. 
Figure 15.10 provides a simple comparison of dis-
charge lamps.

It is worth mentioning one more broadband 
source, the xenon flashlamp, that is very useful 

for spectroscopy. The output spectrum of it is, of 
course, very similar to that of the xenon arc lamp 
shown above. However, because it is only operated 
in short pulses and at a very low duty cycle (maybe 
a 100 μS flash every 0.01 s), it can be driven at very 
high current density without destroying the elec-
trodes. This provides an even brighter source than 
the continuously operated arc-lamp version, albeit 
for very short “on” periods. These lamp sources 
also cover the UV, VIS, and part of the NIR spec-
trum. They are not only very compact and have low 
average power consumption, but can also provide 
a high peak energy output. This can give an optical 
signal at the detector that may be orders of mag-
nitude higher than the thermal noise threshold of 
many optical receivers. They can, therefore, be used 
with optical systems, such as fluorimeters, where 
large energy losses often occur, yet still provide a 
good signal/noise ratio at the detector. Because of 
their pulsed output, they are also well suited for 
fluorescence lifetime measurements, provided the 
measured lifetimes are longer than the decay time 
of light output from the pulsed lamp.

15.3.1.2  COMPONENTS FOR OPTICAL 
DISPERSION (WAVELENGTH 
SEPARATION AND FILTERING)

15.3.1.2.1  Prisms
Many older spectrometers used prisms constructed 
of optical glass or vitreous silica. These exhibit 
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a change of refractive index with wavelength, 
thereby giving wavelength dependent refraction, 
as shown in Figure 15.11. Collimating the input 
light and refocusing onto a slit behind the prism, it 
is possible to filter out “monochromatic” radiation.

In the UV, vitreous silica prisms are still occa-
sionally used as wavelength dispersion elements, 
since they transmit well and and their dispersion 
is higher in this region than in the visible, but, 
even despite this, prisms are now rarely used in 
spectrometers. Because the prism material must 
be transparent and have a significant optical dis-
persion, greater problems with material selection 
arise in the mid-IR, so this was the historical rea-
son why diffraction gratings were first used in this 
wavelength region.

15.3.1.2.2  Diffraction gratings
Diffraction gratings are based on coherent inter-
ference of light after reflection from, or refraction 
through, an optical plate with multiple paral-
lel grooves. The dispersion of a grating depends 
on the spacing of the grooves, according to the 
well-known Bragg condition that describes the 
diffraction angle, i.e., the angle at which there is 
constructive interference of the diffracted light. In 
the more common reflective diffraction gratings, 
the surface has parallel grooves, of a “saw-tooth” 
cross-section, and these grooves have reflective 
surfaces. Apart from a high surface reflectivity, 

the angle of the “saw-tooth” cross-section of the 
grooves to the plane of the surface is important to 
achieve good diffraction efficiency. The angle of 
the groove profile is called the blaze angle and this 
defines a blaze wavelength at which the diffracted 
power is maximized at the desired diffraction 
angle. The blaze angle can be chosen to maximize 
diffraction for the first order or for a higher order 
if desired (see Figure 15.12) [10].

Diffraction gratings were initially machined 
directly in a material that acted as the mirror 
reflector, and the greater ease of making gratings 
that had a greater intergroove spacing, mean-
ing machining tolerances were less difficult, was 
another historical reason why gratings were first 
made for the IR region.

Most diffraction gratings are now made by one 
of two different processes. The first process, to 
make “replica” gratings, involves pressing (mold-
ing) of an epoxy-resin-coated glass substrate 
against a ruled (or “master”) grating that has been 
previously coated with an aluminum or gold film, 
with pretreatment to ensure this film will “release” 
easily from the surface of the master when the 
epoxy has set and the two substrates are separated. 
This process duplicates the contours when the rep-
lica grating substrate, with the reflective metal film 
now attached to the outer surface of the resin, is 
pulled away from the master. The other production 
process, which is becoming ever more sophisti-
cated, is to use photolithography to etch a grating 
in the material. The regular spacing is achieved by 
exposing photoresist using two converging paral-
lel light beams to give a regular set of parallel and 
equally spaced interference fringes. These grat-
ings can now be made by exposing the resist and 
etching the substrate in small steps, in a way that 
allows control of the blaze angle. These are called 
holographic gratings, because of the interference, 
or holography process that is used to expose the 
photoresist.

15.3.1.2.3  Optical detectors
Optical detectors and their associated amplifiers 
have been discussed in considerable detail in ear-
lier sections, so there is no need to discuss them at 
length here. However, it is useful to comment that 
the most common single-element detectors used in 
wavelength-scanned spectrophotometers include 
photomultipliers (mainly for the UV range, below 
400 nm), silicon photodiodes (VIS and NIR range 

Length of base b

Incident
ray

Blue

Red

Exit slit

I

α1
α1–β1

α2–β2

φ

φ

φ

ϑ

Figure 15.11 Dispersion using a prism: radiation 
incident on the prism is refracted and partially 
dispersed as it is deflected in ϕ direction toward 
the base of the prism. An exit slit selects the 
wavelength from the “rainbow” of radiation. 
Usually, the red wavelength is less refracted than 
the blue one.



15.3 Spectroscopic methods and instrumentation 587

from 400 to 1000 nm), and photoconductive detec-
tors (usually to cover above 1000 nm wavelength 
range). IR detectors are often cooled, using ther-
moelectric Peltier devices or mechanical thermal-
cycle engines, to improve their inherently worse 
noise performance.

15.3.1.2.4  Optical detector arrays
Detector arrays are most commonly used in the 
visible and NIR region, primarily based on silicon 
(400–1050 nm) or GaInAs (500–1800 nm). One of 
the simplest approaches is to use a linear array of 

discrete photodiodes, each with its own separate 
preamplifier. However, it is more common in the 
silicon (400–1050 nm) wavelength range to use 
self-scanned arrays.

Advances in silicon CCD and other forms of 
self-scanned detector arrays have been tremen-
dous in recent years, initially driven by develop-
ments for camera technology, but with better 
performances being achieved for low-light-level 
cameras or for scientific uses (e.g., spectros-
copy and astronomy). Individual pixel noise lev-
els are now getting down to levels of below 0.01 
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photoelectrons per second in the most advanced 
cooled scientific versions. All of these types of 
low-noise self-scanned detectors effectively store 
photoelectrons (in the capacitor formed by the 
individual detector diode elements) until they are 
electronically scanned out in the read-out pro-
cess. Note that detectors and detector arrays were 
reviewed extensively in earlier sections.

15.3.2  Hardware instrumentation for 
spectroscopy

15.3.2.1  SPECTROMETERS: INSTRUMENTS 
FOR MEASURING OPTICAL 
INTENSITY, AS A FUNCTION OF 
WAVELENGTH

A spectrometer consists of a dispersive element, 
most commonly a diffraction grating, as described 
above, and a detection system. The latter is, most 
commonly, a silicon self-scanned CCD array (or a 
similar alternative), whenever visible or NIR (400–
1050 nm) measurements are taken.

The signal to noise of the spectral analysis and 
detection part of spectrometers is often enhanced 
by various optoelectronic means. One of the most 
common methods for VIS/NIR use is to employ 
multielement self-scanned detector arrays with 
a fixed-grating light-dispersing system, as was 
shown in Figure 15.9 above.

A large proportion of these low-noise self-
scanned arrays are 2-D types, with n × m detec-
tors with up to several million elements, or pixels. 
Such 2-D arrays are clearly needed for cameras, for 
either low-light level terrestrial or astronomical 
use, and they offer an attractive advantage for use 
in spectroscopy, allowing use of a technique called 
spectral imaging. If light that passes through an 
input slit of a spectrometer is dispersed by, for 
example, a diffraction grating, and then is focused, 
or “imaged,” onto such a 2-D detector, light from 
each part of the input slit will produce its own 
individual spectrum or “rainbow” image on this 
detector. This offers the possibility of measur-
ing, independently, the spectrum of light that has 
entered at each point along the length of the input 
slit. The method therefore has the attractive prop-
erty of measuring, simultaneously, the spectrum 
at many separate points on the input slit. There 
are many real-world applications of this. One, in 

the field of fiber-remoted spectroscopy, is to allow 
multiplexing of light exiting from many optical 
fibers held in the focal plane of the spectrometer. 
Each of these can be positioned in line, just as the 
single fiber in Figure 15.9, but now, using a 2-D 
detector array in the output focal plane, a simulta-
neous measurement of the spectrum of light from 
each fiber can be performed. This is then called an 
imaging spectrometer.

15.3.2.1.1  Alternatives to detector 
arrays

A common alternative to array technology, partic-
ularly in the mid- and far-IR region, is to use some 
form of transform system, with a scanned optical 
filter, having a complex multiwavelength charac-
teristic. Then, the temporal changes in the detected 
signal are electronically decoded to recover the 
spectrum. Such methods will be discussed in more 
detail in a later section.

15.3.2.2  THE SPECTROPHOTOMETER, 
AN INSTRUMENT TO MEASURE 
TRANSMISSION OR ABSORBANCE

Measurement of transmission loss usually involves 
the determination of light lost directly from a col-
limated light beam. This is normally performed 
in an instrument called a spectrophotometer. The 
result is usually required as a function of optical 
wavelength. The instrument normally includes a 
broadband light source, precise collimation optics 
to form the measurement beam or beams, some 
form of tunable optical filter to select the wave-
lengths measured, and finally a detector. This 
combination then allows transmission loss versus 
optical wavelength to be observed.

In the past, spectrophotometers were nearly 
always dual-beam instruments. In these, light from 
the source was split into two beams, which were 
alternately directed, first through a measurement 
sample path, where materials to be measured were 
placed, and then, via a reference optical path that 
contained no sample. This configuration allowed 
comparison (by signal division) of the transmis-
sion of each path, free of any intensity or spectral 
variations in the light source, or any spectral varia-
tions in the detector or in the collimation and fil-
tering optics.

Many modern instruments are stable enough 
to first scan the wavelength range to take a 
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wavelength-dependent intensity measurement 
without a sample in the beam, store the result on a 
PC and then rescan with the sample now inserted. 
Simple signal division, using the PC, then gives the 
transmission of the sample.

15.3.2.3  INDIRECT MEASUREMENT OF 
ABSORPTION USING FRUSTRATED 
INTERNAL REFLECTION METHODS

As mentioned above, frustrated internal reflec-
tion methods are useful for the measurement of 
highly absorbing samples, which may absorb (or 
scatter) far too much light to be able to measure 
them by traditional methods. For example, com-
plex samples such as foodstuffs or biological mate-
rials, which might scatter light very strongly, can 
still be analyzed to detect strongly absorbing spe-
cies, by placing them in contact with a high index 
glass plate and measuring the internally reflected 
light. Such a plate, with suitable coupling optics, is 
a common inclusion in the sets of optional attach-
ments that can be purchased for use with com-
mercial spectrophotometers. This evanescent field 
can be used for various measurements, as demon-
strated in Figure 15.13.

Another characteristic of this evanescent field 
is that fluorescent materials or fluorophores close 
to the interface can absorb this evanescent field 
radiation and induce fluorescence. The evanescent 
field can be used to monitor effects very close to the 
interface because absorption clearly cannot take 
place beyond the penetration depth, so no fluoro-
phores in the bulk are monitored.

15.3.2.4  MEASUREMENT OF INDIRECT 
EFFECTS OF ABSORPTION: 
PHOTOTHERMAL AND 
PHOTOACOUSTIC SPECTROSCOPY

Photothermal spectroscopy is a means of detecting 
or monitoring the absorption of materials, usually 
liquids or gases, by observing the resulting heat. 
The idea is that an intensity-modulated intense 
light source is used to illuminate the sample and 
this raises its temperature when light energy is 
lost from the beam. An intense laser beam is most 
commonly used. It first heats the fluid and then 
becomes deflected by the transverse variation of 
refractive index that occurs when the resulting 
heated region induces convection currents. Such 
currents give rise to thermal gradients. In addition, 
thermal-lensing effects can occur, which cause 
variation of beam diameter after passing through 
the fluid, because there is a higher temperature rise 
along the central axis of the beam.

Whichever method is used, the resulting deflec-
tions or beam diameter changes can be observed 
on optical detectors, often by enhancing the sensi-
tivity to changes in the beam position or diameter 
by using lenses and spatial filters.

Photoacoustic spectroscopy is a special case of 
photothermal spectroscopy, where the light from 
an intense source, again usually a laser, is inten-
sity modulated, for example, with a pulse, step or 
sinusoidal waveform, and the resulting changes in 
thermal expansion due to the heating are observed, 
usually with a traditional acoustic microphone. 
Gases have low specific heats and large expansion 

Refraction

Evanescent field

Surface plasmon resonance

Au

Total internal reflection fluorescence

Attenuated total reflectance

Specular reflectance
Total reflection
above critical angle

Θ2

Θ2

Θ1

Θ1>Θ2

n1<n2

Θcrit

n1

n2

Iλ
R

Iλ(0)

Iλ(0)

Iλ(d)

Figure 15.13 Illustration of the evanescent field caused by “total internal reflection.” It can be partially 
absorbed (attenuated total reflection) or can excite fluorescence and surface plasmon resonance.



590 Spectroscopic analysis

coefficients, so these are relatively easy to detect 
by this method. The light source can also be swept 
in optical frequency (or a broadband source can 
be passed through a swept optical filter) to allow 
spectral variations over an absorption line, or over 
a wider spectral region, to be observed.

A major advantage of the method for the mea-
surement of liquids is that it can be used with tur-
bid samples, for example, liquids containing small 
bubbles, or a suspension of nonabsorbing scatter-
ing particles, in a gas or liquid. In a conventional 
spectrometer, it is clearly not normally possible 
to distinguish between the light lost from the col-
limated beam due to elastic scattering (turbidity) 
and the light lost due to absorption.

15.3.2.4.1  Monitoring of 
chemiluminescence

In order to detect chemiluminescence and mea-
sure this weak luminol green light, it is best to use 
a photomultiplier, with some form of light-reflect-
ing cavity (light-integrating chamber) to ensure 
most of the light hits the sensitive photocathode. 
Because photomultipliers have good green-light 
sensitivity and can even detect single photon 
events in the darkened state, very low concentra-
tions of oxidizing agents can be measured, includ-
ing hazardous oxidizing gases such as ozone, 
chlorine, and nitrogen dioxide. Numerous bio-
chemicals can also cause a light-emitting reaction 
and hence be detected. Chemiluminescence is the 
basis of a number of commercial chemical sensors 
for important biochemicals.

A particularly useful reaction for law enforce-
ment is the one that luminol has with blood, 
enabling crime scenes to be sprayed with this 
compound and then be viewed in the dark, when 
telltale glows appear wherever traces of blood are 
present, but here low-level camera detection is the 
simplest method. 

15.3.2.5  INSTRUMENTATION FOR 
FLUORESCENCE SPECTROSCOPY

Fluorescence spectroscopy involves illumina-
tion of a sample with a monochromatic or filtered 
light source and observing the reradiated signal, 
which is almost invariably at a longer wavelength 
than the incident light. Light is either measured 
perpendicular to the incident optical axis, or for 
more sensitive detection, by collecting light emit-
ted over wider angles with an integrating sphere. 

It is common to observe either the fluorescence 
spectrum or the fluorescent decay curve, following 
pulsed excitation from a pulsed source. The latter is 
usually a pulsed laser or filtered light from a xenon 
flashlamp.

For fluorescence spectra, the most common 
method is to use a modified spectrophotometer 
where part of the omnidirectional fluorescent light 
is observed instead of the transmitted light. This 
can be done either with a dedicated instrument, or 
using a standard commercial spectrophotometer 
instrument fitted with a fluorescence attachment, 
which has appropriate optics to gather fluorescent 
light. There is no need to modulate the light source 
for this measurement, unless this is needed to 
allow lock-in (phase sensitive) detection methods 
to remove signals from unmodulated background 
light. When performing these measurements, con-
siderable care has to be taken with the following 
filter-related aspects:

 ● Removal of any longer wavelength “side-band” 
light from the light source, which could be 
elastically scattered in the sample or the instru-
ment and mistaken for fluorescence.

 ● Very careful filtering of the “fluorescent” light 
signal to remove any “cross talk” from elasti-
cally scattered source light.

The first aspect of source light filtering is less of a 
problem when using laser sources, although semi-
conductor lasers can have some residual sponta-
neous-emission component at longer wavelengths 
and gas or ion lasers can have residual light from 
the plasma discharge. Particular care is needed 
with incandescent, arc lamp, or xenon flash-
lamp sources, with their broadband emission. In 
a commercial spectrophotometer instrument or 
a dedicated instrument (spectrofluorimeter), the 
built-in grating spectrometer acts as a very good 
filter, provided “stray light” levels are low, and also 
has the advantage that the excitation wavelength 
can be tuned if desired. Additional rejection of 
long wavelength light is usually done with “short-
pass” dichroic multilayer edge filters. The problem 
of removing elastically scattered source light from 
the “fluorescent” light signal can be solved in sev-
eral ways. Narrowband dielectric laser mirrors 
make excellent rejection filters in transmission 
mode, as these can be designed with a reflectivity of 
99.9% or higher. Dichroic long-pass edge filters are 
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also now available with excellent performance. In 
addition, there is a wide range of long-pass optical 
glass filters, which have semiconductor-band-edge 
type transmission behavior, commonly having 
short-wavelength (i.e., shorter than the band edge) 
absorbance as high as 106 in a 2 mm thick filter. 
Care must be taken with these, however, as many 
of these fluoresce at longer wavelengths, so the first 
filtering stage is preferably done with a dielectric 
filter. Note that these filtering problems are even 
more acute for Raman scattering, so will be dis-
cussed further in the section below.

When it is desired to examine fluorescent 
lifetimes, the severity of the filtering problem 
is reduced by several orders of magnitude as the 
pulsed incident source will usually be no longer 
emitting by the time the intensity-decay curve 
of the consecutive fluorescence is now observed. 
However, strong light pulses can upset many sen-
sitive detection systems or associated electronics 
for a short time after the pulse, so even here some 
degree of filtering is still desirable to remove light 
at the incident wavelength, and some source filter-
ing may be necessary, too, if there is a spontaneous 
light decay occurring in the laser source itself.

When measuring fluorescent lifetime, a fast 
detector may be needed. Fluorescent decay is com-
monly in the form of an exponentially decaying 
curve, but lifetimes can typically vary from days, 
in the case of phosphorescence, to less than nano-
seconds (important examples of samples having 
decay times in nanoseconds are the organic dyes 
often used in dye laser systems and some semi-
conductor samples having short excited state 
lifetimes). When measuring very fast fluorescent 
decays, it is common to use photon counting sys-
tems using photomultiplier (PMT) detectors. These 
have the advantage of high internal gain of the ini-
tial photoelectrons, so the input noise level of even 
a fast electronic preamplifier is easily exceeded. 
Also, as the desired detection time is reduced by 
using a fast PMT and amplifier, the effective peak 
current represented by a given size “bunch” of 
electrons, which will arrive at the anode from a 
single-photon event, actually increases as the time 
interval, over which it is measured, reduces (cur-
rent = charge/time). Thus, using fast photon count-
ing technology, where each photon count is fed 
into sets of digital registers according to its time 
of arrival, very fast fluorescent decay curves can 
be measured. It is now becoming more common 

to design photon counting systems with avalanche 
photodiode detectors, which are operated in a so-
called “Geiger” mode, where the incoming photon 
causes a full (but reversible, after the bias voltage is 
reapplied) conductive “breakdown” of the reverse-
biased detector diode.

If there is more than one fluorophore or more 
than one fluorescent decay process occurring, the 
decay make take the form of a bi- or multiexponen-
tial decay curve, equivalent to linear addition of 
two or more exponentially decaying functions. In 
simple cases, these can be separated with software, 
but in some cases appropriate choice of excitation 
wavelength may help to isolate individual curves in 
mixtures of fluorophores.

Another common way of measuring fluores-
cence lifetime is to intensity modulate the source 
with a periodic waveform, usually a sinusoidal or 
square-wave signal, and observe the phase delay in 
the fluorescent signal intensity waveform, relative 
to that of the incident signal. This is commonly 
done using an electronic system, which can multi-
ply the detected fluorescence signal by an electronic 
signal analog to the incident-intensity waveform, 
and then averages the product over a set time inter-
val. If desired, more than one multiplication can 
be performed, using reference signals of different 
phases. Such an electronic detector system has sev-
eral names, which include vector voltmeter, lock-
in amplifier, or phase-sensitive detector. It not only 
allows for excellent signal averaging to be done to 
improve signal/noise, but also enables the phase 
difference between the two signals to be measured. 
The advantage is that cheaper, simpler detectors, 
such as silicon photodiodes, can now be used, as 
the illumination duty cycle is improved (to 50%, 
in the case of square-wave modulation), which 
helps to improve the signal-to-noise ratio, but the 
disadvantage is that the shape of the decay curve 
cannot be seen. Another significant disadvantage 
is that the system now requires much better optical 
filtering, as any residual optical cross talk, where 
elastically scattered light from the source might 
be detected, will alter the effective phase of the 
detected “fluorescent” signal.

An important feature is that fluorescence detec-
tion can be performed with highly scattering 
samples, such as roughly cut or even powdered 
materials, and can be used to analyze the surface of 
translucent materials, as a clear transparent sample 
is not required. Also, as the transmitted light level 
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is not measured, very little sample preparation 
is needed. Another minor advantage is that the 
slightly shorter excitation wavelength means it can 
be focused on a slightly smaller diffraction-limited 
spot, enabling its use in fluorescence microscopes 
which excite the specimen via reasonably conven-
tional optics. These advantages apply even more 
to Raman spectroscopy, which will be dealt with 
below, so they will be repeated again there for 
greater emphasis.

A particular problem with fluorescence detec-
tion is that many common materials will fluo-
resce, particularly if illuminated with UV light. 
These include, starting with particularly trouble-
some examples, organic dyes, compounds of rare-
earth metals, chlorophyll, ruby, long-pass optical 
absorption filters, mineral oils, human sweat, 
many adhesives and even some optical glasses. 
Another problem can be that a high intensity exci-
tation source may cause photodegradation.

15.3.2.6  INSTRUMENTATION FOR RAMAN 
SPECTROSCOPY

Raman spectroscopy can use conventional optical 
materials with low-cost semiconductor lasers and 
high-performance cooled-CCD detector arrays. A 
major advantage is that it can be used with highly 
scattering samples, such as roughly cut or even 
powdered and amorphous materials, and can even 
analyze the surface of apparently opaque materi-
als. Obviously, a clear transparent sample is not 
required, as the transmitted light level is not mea-
sured, so very little sample preparation is needed. 
Another major advantage is the short excitation 
wavelength that means it can be focused on a 
smaller diffraction-limited spot, enabling its use 
in Raman microscopes, which excite the specimen 
via reasonably conventional optics and allow a spa-
tial resolution that would be impossible with direct 
IR excitation. Confocal microscopy is also possible 
using Raman methods.

Raman spectroscopy requires a focused laser 
source to excite the very weak Raman scattering 
and a highly sensitive spectrometer to detect the 
very weak scattered light. The sample is illuminated 
with laser light, and the Raman scattered light is 
collected and often presented in terms of its power 
spectrum in wave numbers. Even in clear samples, 
such as optical glasses, which are only very weak 
Rayleigh scatterers, the Raman light intensity is 
usually several orders of magnitude even below 

that from this elastic scattering. A major part of the 
problem was that highly scattering samples, such 
as cut materials or powders, can have elastic scat-
tering levels 5 or more orders of magnitude higher 
than clear samples. Thus, it is necessary to separate 
out the very much stronger elastic scattering that 
can occur at the same wavelength as that of the 
incident laser light, and which might be between 5 
and 9 orders of magnitude higher. The wavelength 
filtering to achieve separation usually requires at 
least two or maybe three stages of optical filtering 
to recover the desired Raman light. In the early days 
of Raman instrumentation, it was common practice 
to use rather large double or triple monochromators 
(i.e., two or three cascaded grating spectrometers). 
Second generation Raman systems reduced the 
problem by directing the light though a holographic 
Raman-notch filter, which is a compact optical filter 
designed just to reject a very narrowband of light, 
centered at the incident laser wavelength. It was 
easier to construct this compact component using 
low-fluorescence materials, thereby easing the prob-
lem of further separation in the dispersive spec-
trometers. With such a filter present in the detection 
system, a single spectrometer could be used, saving 
both space and cost. However, at the same time, 
another modern technology emerged in the form 
of greatly improved self-scanned silicon detector 
arrays, having very low noise and high quantum 
efficiency and being capable of providing even bet-
ter low-light performance than photomultipliers on 
each tiny pixel in the array. This has allowed a com-
pact state-of-the-art detector array to be placed in 
the output focal plane of a single monochromator, 
eliminating the need for a narrow output slit that 
rejected most of the light and now allowing all the 
wavelength components of the Raman spectrum 
wavelengths to be measured at the same time.

A more recent alternative to the Raman notch 
filter is the use of dichroic band edge filters. These 
interference filters, made in the usual way with 
a stack of dielectric layers on glass, have a long-
wavelength pass characteristic that removes not 
only the undesirable elastically scattered light, but 
also the anti-Stokes Raman light. These new filters 
are highly effective, of relatively low cost, but far 
more stable than the previously used polymeric 
holographic ones used for notch filters. A minor 
disadvantage is the removal of the anti-Stokes sig-
nals, but as these are not used in over 90% of appli-
cations, this is not a major disadvantage.
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The most troublesome residual problem with 
Raman systems is, as it always has been, that of 
undesirable background signals due to fluores-
cence. Fortunately, using NIR laser illumination, 
typically at 800 nm wavelength or above, goes a 
long way toward reducing the background fluo-
rescence of most common materials and contami-
nants, so helps to make up for the weaker Raman 
signal when using longer wavelength excitation. 
There are also various signal subtraction meth-
ods that can be used. These can, for example, 
take advantage of the polarization dependence of 
Raman or of the temporal decay behavior of flu-
orescence, but these are beyond the scope of this 
introductory text. 

All the above developments have given many 
orders of magnitude improvement in the spectrom-
eter and detection system, to a situation where now 
Raman scattering is often a preferred technique to 
absorption spectroscopy. It is beyond the scope of 
this text to go into detail on other techniques for 
enhancing Raman signals, but it is useful to men-
tion two briefly. The first is resonance Raman scat-
tering, where the excitation wavelength is close to 
an absorption line of the material to be monitored. 
The second is surface-enhanced Raman spectros-
copy (SERS), where the use of a metal surface, or 
a surface covered with metal particles, can greatly 
enhance the signal from Raman scattering. A few 
materials, such as silver or silver particles, are 
highly effective for this. Both of the above meth-
ods can enhance the Raman signal by between 4 
and 8 orders of magnitude, depending on condi-
tions. Being a surface effect, however, the SERS 
method is clearly very sensitive to surface prepa-
ration conditions and to subsequent treatment or 
contamination.

15.3.2.7  INSTRUMENTATION FOR PHOTON 
CORRELATION SPECTROSCOPY

The use of PCS for particle detection was discussed 
earlier. It is particularly useful for determination of 
particle size, over a range of a few nm to a few μm, 
simply by measuring scattered signals. Very small 
particles will undergo fast random movements as 
molecular collisions move them about (Brownian 
motion). In a conventional instrument, a polarized 
monochromatic TEM00 laser beam is usually used 
to illuminate the sample by focusing on a narrow 
beam waist, and a fixed detector is used to observe 
the scattered light from the beam-waist area. The 

laser source must be stable better than a small frac-
tion of 1% and usually has a power of a few mW. 
Originally gas lasers were used, but now compact 
semiconductor lasers are replacing them.

A single spatial mode (single “speckle”) in the 
far field will exhibit more rapid intensity changes 
with small scattering particles present compared 
to larger particles at the same conditions. In order 
to detect the changes of phase, the scattered light is 
traditionally imaged through a very small hole act-
ing as a spatial filter, in order to provide the great-
est intensity modulation index (greatest fractional 
change in optical intensity as the optical phase 
changes). Clearly, a large detector without any pin-
hole aperture is unsuitable, as it would average the 
light from many interference points, and so would 
result in a smaller modulation index.

For successful operation, entire optics must 
be very clean, and additional opaque baffles are 
often used to reduce stray light. Samples must be 
prepared very carefully to avoid highly scattering 
large dust particles or bubbles, and clearly particle 
aggregation (clustering) must be avoided.

Following optical detection of the intensity 
changes, electrical spectral analysis (frequency 
analysis) of the signal scattered, for example, at 90°, 
could potentially yield valuable information on 
particle size, with smaller particles giving higher 
intensity modulation frequencies. Unfortunately, 
very small particles also scatter very weakly and, to 
act as an effective spatial filter, the receiving aper-
ture has to be very small. As a result, the received 
photon flux is usually very low, sometimes only a 
few photons per second, making frequency analysis 
of a very noisy (random photon event) signal much 
more difficult. A preferred alternative method 
more suitable for use at low photon flux levels is 
the use of a method called PCS. Here, instead of 
analyzing the frequency of detected signals, the 
times of arrival of many individual photon pulses 
are correlated. The decay time of what, for mono-
disperse (single-size) particles, is usually an expo-
nentially decaying correlation function, can be 
derived using digital correlator systems. As stated 
earlier, this can, with knowledge of the tempera-
ture and viscosity of the fluid in which the parti-
cles are suspended, be related to the hydrodynamic 
radius of the particles using the Stokes–Einstein 
equation. The method works best with single-size 
(monodisperse) particles, but more complex corre-
lation functions from suspensions of two or even 
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three particle types/sizes can be inverted using the 
Laplace transformation.

The photon correlation method works well at 
these very low light flux levels, but requires the 
use of single photon counting detectors, such as 
photomultipliers or silicon avalanche photodiodes 
(APDs). Significant developments have been made 
to actively quench APD photon counters that are 
operated in avalanche mode, at very high reverse 
bias, to allow fast recovery from their photon-
induced breakdown and be ready to detect a subse-
quent photon. This allows instrumentation to take 
advantage of their superior quantum efficiency in 
the NIR [18].

Other developments have been to design fast 
correlators to process the photon count signals 
and recover particle size information. PCS can 
typically achieve an accuracy of order 0.5% in par-
ticle size on monodisperse samples. With more 
sophisticated signal processing, it is possible, pro-
vided conditions are suitable, to derive estimates 
of particle size distribution, polydispersity, molec-
ular weight estimates (using Svedberg’s equation), 
rotational diffusion behavior and particle shape, 
and many other parameters. The greatest practical 
problem is usually when large particles are pres-
ent, either as an undesirable contaminant or as an 
inevitable feature of the sample to be monitored, as 
scattering from just a few large particles can often 
be intense enough to totally dominate the weak 
signals from many much smaller ones.

15.3.2.8  MEASUREMENT WITH OPTICAL 
FIBER OPTIC LEADS

Generally, if used efficiently, optical fiber leads 
offer tremendous advantages. First, expensive 
instrumentation can stay in a safe laboratory envi-
ronment, free from risk of damage from chemicals, 
weather, or careless handling. Second, the remote 
measurement probe can be very small, robust, and 
immune to chemical attack. Third, there is no need 
to transport chemicals or other samples to the 
instrument, so real-time online measurements are 
possible with no risk to personnel.

15.3.2.8.1  In-fiber light delivery and 
collection for transmission 
measurements

Transmission (and hence absorption or turbid-
ity) measurements can be most easily achieved 
over optical fiber paths by using a commercial 

spectrophotometer with specially designed exten-
sion leads. Typically, they have a unit that fits into 
the cell compartment of a standard instrument, 
with a first (focusing) lens that takes the collimated 
light that would normally pass through the sample 
chamber and focuses it instead into a large-core-
diameter (usually >200 μm) optical fiber down-
lead. A second lens that recollimates light, that has 
returned back from the sample area (via the return 
fiber lead), is used to reform a low-divergence beam 
suitable for passage back into the detection section 
of the instrument.

There is also a remote measurement cell in the 
sample probe, connected to the remote end of both 
these fiber leads. In this remote sample area, a first 
lens collimates light (coming from the spectrom-
eter, via the down-lead) into a local interrogation 
beam. This beam passes through the remote mea-
surement cell, after which a second lens collects 
the light and refocuses it into the fiber return lead 
going to the spectrometer instrument. Such opti-
cal transformations lead to inevitable losses of 
optical power (due to reflections, aberrations and 
misalignments) of typically 10–20 dB (equivalent 
to losing 1–2 units of absorbance in the measure-
ment range). However, most modern spectropho-
tometer instruments have a typical dynamic range 
of >50 dB, so this optical loss is a price that many 
users are prepared to pay in order to achieve a use-
ful remote measurement capability.

It should be noted that the optical power losses 
usually occur mainly due to misalignments and 
the imperfections of the focusing and recollima-
tion optics, plus Fresnel reflection losses at inter-
faces, rather than arising from fiber transmission 
losses. If suitably collimated beams were to be 
available in the instrument, if large core diameter 
fibers could be used to connect to and from the 
probe, and if the entire optics, including fiber ends, 
could be antireflection coated, there should really 
be very little loss penalty. There are many other 
probe head designs that are possible. The simplest 
design, for use with measurement samples showing 
very strong absorption, is simply to have a probe 
that holds the ends of the down-lead and return 
fiber in axial alignment, facing each other across a 
small measurement gap, where the sample is then 
allowed to enter. Losses are low for fiber end spac-
ing of the same order as the fiber diameter or less, 
but rapidly increase with larger gaps. The probe is 
far easier to miniaturize and to handle if the fiber 



15.3 Spectroscopic methods and instrumentation 595

down-lead and return lead are sheathed, in parallel 
alignment, in one cable. Use of such a cable can be 
accommodated using a right-angled prism or other 
retroreflecting device to deflect the beam in the 
probe tip through the desired 180° that allows it to 
first leave the outgoing fiber, pass through a sample 
and then enter the return fiber. Use of a directional 
fiber coupler at the instrument end allows use of 
a single fiber, but then any residual retroreflection 
from the fiber end will be present as a cross talk 
signal, adding light signal components that have 
not passed through the medium.

Clearly, there are many variants of such opti-
cal probes, some involving more complex optics 
(e.g., multipass probes), some constructed from 
more exotic materials to withstand corrosive 
chemicals. A very simple option that has often 
been used with such single fiber probes for moni-
toring the transmission of chemical indicators, 
is to dissolve the indicator in a polymer that is 
permeable to the chemical to be detected and 
also incorporate strongly scattering particles in 
the polymer. When a small piece of such a poly-
mer is formed on the fiber end, the particles give 
rise to strong backscattered light, and the return 
fiber guides a portion of this to the detection sys-
tem. This backscatter light had of course to pass 
through the indicator polymer in its path to and 
from each scattering particle, so the returning 
light is subject to spectral filtering by the indica-
tor. Although this is a very lossy arrangement, it 
is extremely cheap and simple and has formed the 
basis of many chemical sensors, for example ones 
using pH indicators.

15.3.2.8.2  In-fiber light delivery 
and collection for Raman 
scattering and fluorescence

Raman scattering and fluorescence can also be 
measured via fiber leads, but the use of fibers 
causes far more loss of light due to the wide-angle 
reradiation patterns characteristic of both meth-
ods. However, the potential value of these meth-
ods, particularly of Raman scattering, for chemical 
sensing has encouraged workers to persevere to get 
useful performance, despite the low return light 
levels achieved with fiber-coupled systems. Both 
these mechanisms involve excitation of a sample 
with light, usually at a wavelength shorter than the 
scattered light to be observed; the reemitted light is 
then collected and narrowband filtered.

The loss due to launching of the excitation 
laser light into a fiber is usually negligible with 
Raman, as narrow-line laser sources are used, but 
ultimately the launch power limit may be set by 
nonlinear processes or, in the case of large-core 
multimode fibers, by optical damage thresholds. 
Similar excitation can be used for low-level fluo-
rescence monitoring, provided no photobleaching 
or other photodegradation of the monitored sub-
stance can occur at high illumination intensity. 
The main potential loss is therefore that of light 
collection. The additional loss due to collection of 
Raman light via optical fibers is at least a factor of 
90 greater than when using conventional optics, 
thus making the already low light levels about 2 
orders of magnitude worse. Despite this, a number 
of fiber-remoted Raman chemical sensor probes 
are appearing as commercial items.

15.3.2.8.3  Evanescent field methods 
of in-fiber light delivery and 
collection: Frustrated total 
internal reflection

Frustrated internal reflection measurements are 
clearly attractive for use with multimode optical 
fibers, as the guidance in the fiber depends on such 
internal reflections. As stated already, total internal 
reflectance is often not total. One marked depar-
ture from traditional school teaching occurs dur-
ing reflection at curved interfaces, where light can, 
under certain circumstances, be lost by radiation 
into the less dense medium, even when the angle 
of incidence is above the well-known critical angle. 
This occurs in multimode optical fibers if light is 
launched to excite skew rays, provided the light is 
launched at an angle to the fiber axis that is too 
large to expect guidance by total internal reflec-
tion, assuming rays were passing through the fiber 
axis. Thus, even if the actual angle of incidence on 
the fiber core–cladding interface for these skew 
rays is greater than the calculated critical angle, 
light will be lost into the cladding to form what are 
called leaky rays.

However, even with light incident on flat sur-
faces, so assuming no leaky rays are possible, there 
is always a small penetration of light into the less 
dense medium. Another aspect that is not nor-
mally taught in elementary optical texts is that the 
reflected light beam, although being reflected at 
the same angle to the normal as the incident light, 
undergoes a lateral shift in the direction of the 
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interface plane between the two media. It is said to 
suffer a so-called Goos–Hänchen shift (this is like 
a displacement of the “point” of reflection at the 
interface). A fuller examination, using either clas-
sical geometric optics or quantum optics, predicts 
that part of the radiation, the evanescent field, pen-
etrates the interface and then, for a certain distance, 
is guided outside the optically denser medium, lead-
ing, when it returns, to a lateral shift in the apparent 
point of reflection from the interface.

The concept of the evanescent field, which 
decreases exponentially away from the interface 
in the medium having the lower refractive index, 
was introduced earlier. This evanescent field can be 
used for various fiber-based experiments, as shown 
in Figure 15.13.

As stated earlier, material or molecules within 
a penetration depth, d, of this field can absorb the 
radiation and result in an attenuated total reflec-
tance. The absorption can be enhanced further 
using thin metal layers on the fiber to cause evanes-
cent field enhancement due to plasmon resonance. 
This effect will be discussed in more detail later. 
Another application of this evanescent field is that 
fluorescent materials or fluorophores close to the 
interface can absorb this evanescent field radiation 
and induce fluorescence. The evanescent field can 
be used to monitor effects very close to the inter-
face because absorption clearly cannot take place 
beyond the penetration depth, so no fluorophores 
in the bulk are monitored.

15.3.2.8.4  In-fiber light delivery and 
collection for PCS

In PCS systems, monomode fibers are very well 
suited for both delivery and collection of light. 
A single-mode optical fiber not only makes an 
excellent delivery medium for a beam launched 
efficiently from a gas or semiconductor laser, but 
it can also form a near-ideal single-spatial-mode 
optical filter to replace the conventional pinhole 
used for traditional systems. The PCS technique 
is, therefore, easily adaptable to perform remote 
measurement with optical fibers. There is very little 
penalty in using optical fibers, as the lasers can be 
launched with high efficiency, and because a fiber-
based single-spatial-mode receiving filter will not 
lose any more light energy than the alternative of a 
tiny hole in a metal plate. The fiber, in fact, makes a 
near-ideal spatial mode filter.

15.3.2.9  SPECIALIZED OPTOELECTRONICS 
AND SIGNAL PROCESSING 
METHODS FOR SPECTROSCOPY

This section will look at specialized spectroscopic 
methods such as scanned filters, modern fixed 
detector arrays, and use of Hadamard and Fourier 
transform signal processing methods. In simple 
dispersive spectrometer instruments, the desired 
selection of optical wavelength or frequency is 
achieved by monochromators using a prism or 
diffraction grating, with the necessary collima-
tion and refocusing optics. The spectrum is then 
recorded sequentially in time as the frequency or 
wavelength of the light transmitted by the filter is 
scanned.

Another possibility, discussed in this section, 
is to use various parallel multiplexing techniques 
where all wavelengths are monitored at the same 
time. There are two generic lines of development 
that have gained success in recent years.

The first of these, which has already been men-
tioned above, is simply to use multiple detectors, 
either a discrete-multielement photodiode array 
with separate amplifiers, or a self-scanned CCD 
detector array. Both of these enable the parallel 
detection of all wavelengths, and thus a more effi-
cient use of the available light. These components 
were discussed above.

The second generic approach is to pass the light 
through a more complex multiwavelength optical 
filter, which is capable of passing many wavelengths 
at once, but where the spectral transmission varies 
as it is scanned with time. Light then impinges on 
a single optical detector and finally the transmit-
ted spectrum is decoded by applying mathematical 
algorithms to the observed temporal variations in 
the detected signal as the complex filter is scanned. 
Two common variations of this so-called trans-
form approach are used, first, the Hadamard, and 
second, the Fourier method. Both methods have 
the advantage of parallel multiplexing, thereby 
achieving a so-called Fellget advantage [19]. Both 
methods also have the additional advantage of 
high optical “throughput” [20], since instead of a 
single narrow slit a large area (normally a circular 
hole) is used, allowing far more light to enter.

In both of these transform methods, math-
ematical analysis is used to decode the tempo-
ral modulation pattern of optical signals arising 
from superposition of radiation at many different 
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wavelengths. In the Hadamard spectrometer, an 
encoded mask with a transmissive (or reflective) 
pattern of markings is positioned in the focal 
exit plane of a normal dispersive spectrometer, 
and then a mathematical transformation called 
the Hadamard matrix is applied to the detected 
signal. The coded mask usually has a fine-detail 
binary orthogonal code on it, forming a pattern 
of elements like 010010100110111001010 such that 
the detected transmitted (or reflected) signal var-
ies with the position of this mask [21]. Using the 
Hadamard matrix to perform the desired math-
ematical transform, the transmitted spectrum can 
be reconstructed from the detected modulation 
of light.

Fourier transform spectrometers require a filter 
having a sinusoidal variation of optical transmis-
sion, which can have its spectral period (wave-
length or frequency between successive peaks in 
transmission) modulated with time in a defined 
manner. All two-path optical interferometers, as 
their path difference is varied with time, conve-
niently demonstrate the desired sinusoidal trans-
mission changes which are a natural consequence 
of the interference process. The most convenient 
form of this to use in instruments is the Michelson 
interferometer configuration [22,23].

The simplest way to estimate how a Fourier 
transform spectrometer operates is to first con-
sider what will happen with monochromatic light 
(e.g., single-frequency laser). Here, if the path dif-
ference of the interferometer is increased linearly 
with time, the intensity transmitted by the inter-
ferometer will vary in a purely sinusoidal manner 
with time, i.e., the output from the optical detec-
tor will be a single electronic frequency. Any more 
complex optical spectra can be considered to be 
composed of a superposition of many such pure 
optical frequencies, and each of these single-fre-
quency components will generate a pure electronic 
frequency or tone, and so will give its own unique 
electronic signature. The temporal signal from the 
detector will be composed of a linear superposition 
of all such signals. Decoding of such an electronic 
signal to recover all such single-frequency sinu-
soidal signal components is a standard problem 
in electronic spectrum analyzers, and the well-
known solution is that of Fourier analysis; hence, 
the use of the words Fourier transform spectrom-
eter to describe its optical equivalent.

In all of these transform methods, the instan-
taneous condition of the complex optical filter is 
known from the position of the interferometer 
(Fourier method) or the coded mask (Hadamard 
method), thus allowing decoding of detected sig-
nals to produce the desired spectral output.

15.3.2.10  COMPARISON OF PROCESSING 
METHODS

Before finishing this section, it is instructive to dis-
cuss the relative strengths and weaknesses of each 
approach. In fundamental signal to noise ratio 
terms, it is preferable to use dispersive optics with 
a fully parallel array detector as, for example, used 
to great advantage in modern CCD array spectrom-
eters. Unfortunately, such high-performance detec-
tor arrays are only available in the visible and NIR 
region, as detector technology for other regions is 
not yet as well commercialized [24]. Because of this, 
there is far greater use of Fourier transform methods 
in the mid- and far-IR regions, where it is only nec-
essary to have one (often cooled) high-performance 
single detector. The Hadamard and Fourier meth-
ods gain advantage over using a single detector with 
a scanned narrowband filter, as more wavelengths 
are transmitted through the filter at any one time, 
and a greater optical throughput can be used in the 
optical system. The Fourier transform method has 
a further advantage, however, when high spectral 
resolution is desired, as it is difficult, particularly in 
the IR region, to make detector arrays with a small 
enough spacing to resolve very closely spaced wave-
length, which would otherwise need very large dis-
persive spectrometers to achieve high resolution.

15.4  CASE STUDIES OF RESEARCH 
INTO OTHER SPECTROSCOPIC 
METHODS

In recent years, an increasing number of applica-
tions of optical sensors has been published. Many 
optical techniques using either fluorophore-labeled 
samples or applying direct optical detection have 
been investigated and well covered in the literature 
[1,25,26]. The direct optical methods can be classi-
fied according to whether they use refractometric 
or reflectometric principles. As discussed above, 
the first relies on the behavior of the evanescent 
field. Several types have been commercialized. The 
best known type is the BiaCore [27] using surface 



598 Spectroscopic analysis

plasmon resonance. Several examples of refracto-
metric methods are listed briefly below:

 ● An early method for refractive index monitor-
ing, by Lukosz [28], was to embed a grating on 
the surface of a slab (rectangular cross section) 
waveguide, with the sensor taking advantage of 
the modification of the Bragg grating condi-
tion when the index of the external medium 
changed. The original concept has since been 
modified by many scientists. Read-out from the 
sensor can be conveniently performed using a 
CCD sensor array [29].

 ● Another approach used a prism coupler, 
which is a common means of coupling light 
into slab waveguides. This technique is also 
sometimes called a “resonant mirror” method. 
A layer of lower refractive index is arranged 
as a buffer layer between the prism and the 
waveguide. An incident beam (polarized at 
45° to the normal in the plane of incidence) is 
reflected at the base of the prism in a manner 
dependent on the wavelength, the angle of 
incidence, and the optical properties of both 
the prism and the waveguide. The incident 
beam can excite TE (transversal electric) and/
or TM (transversal magnetic) modes of the 
waveguide and the modes of the waveguide 
can recouple back into the prism, resulting in 
a phase shift relative to the directly reflected 
beam. Because both propagating modes 
(TE and TM) travel with different veloci-
ties within the waveguide and are differently 
influenced by the refractivity of the medium 
in the evanescent field region [30], the plane 
of polarization of the output light is in general 
elliptical, with a polarization state depend-
ing on the relative phase delay. The process is 
similar to the polarization changes that occur 
in a birefringent crystal.

 ● Direct interferometers, i.e., ones not making 
use of polarization changes, are also interest-
ing and are useful arrangements for interroga-
tion of refractive index. In a commonly used 
configuration, radiation is guided via two arms 
of a Mach–Zehnder interferometer [31], and 
one of the arms is covered by a sensing layer 
(polymer, biomolecular recognition layer). 
Guided radiation propagates within these two 
arms with different phase velocities, result-
ing in a phase shift that, after interferometric 

superposition at the coupling junction, can 
be measured as an intensity change, which 
is now dependent on the refractive index 
of the medium in contact with the recogni-
tion layer. Another possible configuration is 
the well-known Young interferometer [32] 
arrangement. Instead of recombining the two 
waveguides in the planar layer, the two beams 
are now focused to one plane only, using a 
cylindrical lens, and directed onto a CCD array 
where they form an interference pattern.

 ● One of the now most commonly used methods, 
surface plasmon resonance, involves enhancing 
the evanescent field intensity using thin metal 
films coated on the surface of a dielectric. The 
surface plasmons (electrons) in the metal film 
coating can be excited by the guided wave in 
the waveguide. The excitation depends on the 
refractive index of the medium on top of the 
metal film and varies dramatically near the 
resonance condition, as the intensity of the 
radiation propagating in the waveguide is sub-
stantially reduced by the stronger resonance 
coupling [33]. It can be used as a detection 
principle, either directly, using light propagat-
ing through the waveguide, or indirectly, using 
a prism coupled to the waveguide structure. 
Originally, the concept of surface plasmon res-
onance was introduced to the scientific com-
munity by Kretschmann [34] and Raether [35].

In addition to the above examples of interrogation 
principles, many other approaches have been pub-
lished [36–38] and recently reviewed [1].

Apart from refractometry, reflectometry is 
frequently used in sensing. It often relies on mul-
tiple reflections and usually involves white light 
interferometry (similar to the Fabry–Perot) to 
give a wavelength-dependent or filtering action. 
For many decades, ellipsometry has been used to 
examine the properties of thin film layers. As men-
tioned above, reflection and refraction takes place 
at each interface between media of different refrac-
tive index. The partially reflected beams from the 
interfaces at each side of a layer will superimpose 
and exhibit interference. The intensity of reflection 
depends on the wavelength, the angle of incidence 
of radiation, the refractive index of the layer, and 
the physical thickness of this layer. In ellipsometry 
[39,40], polarized light is used and thus the refrac-
tive index and the physical thickness of the layer 
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can be determined separately. In normal reflec-
tometry, no polarization state is selected, resulting 
in a very simple, robust and easy-to-use method 
for monitoring effects in these layers, conveniently 
having negligible temperature dependence [37]. 
The reason is an opposite behavior of refractive 
index and of the thickness of the layer in depen-
dence on temperature which compensate. Gases 
or liquids can be measured applying interference 
reflectometry. It has the combined advantages of 
small cell volume and the possibility of remotely 
monitoring interference effects in the cell via fiber 
optic leads.

15.5  CONCLUSIONS

We have now completed our introduction to the 
subject of spectroscopy, specifically to give a sim-
ple overview to nonspecialist readers. Of course, 
this area is so complex, it can fill large specialist 
textbooks, so it is hoped that the reader will for-
give the inevitable omissions. We have given a 
short introduction to the basic theory, a brief prac-
tical overview of components and instruments, 
and finally we have introduced a few examples of 
recent research areas, mainly using fiber optics. 
Clearly, the interested reader can gain more 
insight into this fascinating subject from more-
voluminous specialist textbooks, many of which 
have been mentioned in the references and further 
reading.
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16.1  INTRODUCTION

Photovoltaics (PV) is about to celebrate 70 years 
of its existence in the modern era. Photochemical 
reactions that can produce energy from sunlight 
have been known for over 160 years [1] and pho-
tosensitive semiconductor devices were discov-
ered in the second half of the nineteenth century 
[2,3]. However, it was not until the 1950s that 
the first practical solar cell was developed at Bell 
Laboratories in New Jersey [4].

Solar cells soon found applications in supply-
ing electrical power to the first satellites. The first 
practical terrestrial systems followed in the 1970s. 
Their economic viability was restricted to what is 
now referred to as remote applications in isolated 
locations, including powering of radio repeater 
stations, control and measurement devices, and 
cathodic protection equipment for oil and gas 
lines. As costs fell, PV systems started to be eco-
nomically feasible to provide power to the large 

number of people who did not have (or, in the 
foreseeable future, were unlikely to have) access to 
mains electricity.

Since the oil crises in the 1970s, solar  electricity 
has been increasingly advocated as an alternative 
to conventional electricity supplies, which, in 
most countries, depended on fossil fuels. The first 
larger scale (utility) PV power plants started to be 
built in the United States and Europe during the 
1980s.

In the last decade of the twentieth century, solar 
cell integration into roofs and facades of domes-
tic and commercial buildings became widespread, 
enabling a new and attractive distributed form 
of power generation (see Table 16.1). In the early 
stages, economic viability often required govern-
ment subsidies, but continued price reduction has 
led to a boom in PV production and increased 
attractiveness of this form of energy generation, 
with a market growth of more than 40% per year 
between 2000 and 2014.
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Solar cells capable of generating more than 
38 GW were installed in 2014, providing electricity 
for applications of all scales, ranging from  milliwatts 
to megawatts (Figure 16.1). This chapter aims to 
give an overview of this rapidly growing industry, 
with an outline of the device and system aspects of 
the field. The basic principles of solar cell operation 
are described in Section 16.2 along with an exami-
nation of the fundamental constraints on solar cell 

efficiency. Section 16.3 reviews current PV technolo-
gies covering crystalline-silicon, thin-film, organic, 
and hybrid solar cell types. The integration of these 
into PV systems is briefly discussed in Section 16.4, 
with a short overview of the design and principal 
features of stand-alone and grid-connected systems.

Please note, however, that there is a special section 
on PV applications in Chapter 24 “Applications of 
electricity generation by solar panels” in Volume III.

16.2  PRINCIPLES OF SOLAR CELL 
OPERATION

From an engineering point of view, the solar cell 
can be considered as a semiconductor diode, con-
nected in parallel with a current source, which is 
the photogenerated current Il (Figure 16.2). This 
argument yields the Shockley ideal solar cell 
equation
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kT
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(16.1)

where I0 is the dark saturation current of the diode, 
q is the electron charge, V is the voltage at the 
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Figure 16.1 World annual production of solar cells (yearly and cumulative) and the market segmenta-
tion in Europe in 2013. (Data Adapted from Masson, G. et al., Global market outlook for photovoltaics 
2014–2018, EPIA, p. 17, 2014.)

Table 16.1 The growth of PV applications

1950s First modern solar cells appeared
1960s Solar cells become the main source 

of electric power for satellites
1970s First use for remote industrial 

applications on the ground
1980s Solar cells used in rural electrification 

and water pumping; first grid-
connected systems

1990s Major expansion in the use of 
building-integrated systems

2000s PV installed capacity grows in 
average at over 40%/year

2014 PV installed capacity reaches over 
1% of total global electricity 
demand
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terminals of the solar cell, k is the Boltzmann con-
stant, and T is the absolute temperature. The solar 
cell characteristic is shown in Figure 16.3, depict-
ing also the relevant parameters Isc, Voc, and Pmax. 
The short-circuit current Isc produced by this ideal 
solar cell is equal to the light generated current Il.

The open-circuit voltage Voc is given by
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(16.2)

It is customary to define a “fill factor” that is 
used to calculate the power produced by the cell at 
the maximum power point Pmax:
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(16.3)

To describe practical devices, a diode “ideal-
ity” factor n is sometimes introduced as a coef-
ficient of the thermal voltage kT in the exponent 
of Equation  16.1. A second diode with n = 2 can 
also be added, as well as series and parallel resis-
tances to improve the agreement of equations with 
measured data. More complex circuits can also be 
used, mainly during the R&D phase to help opti-
mize device structure aimed at achieving higher 
efficiency and stability [6].

Constraints to solar cell efficiency imposed by 
fundamental physical laws have been reviewed 
on a number of occasions [7–12]. The best known 
of these, the “Shockley–Queisser detailed bal-
ance limit” is briefly reviewed in this section. 
This limit reflects the fact that the solar cell is a 
quantum energy converter, which is not subject 
to some of the usual constraints normally appli-
cable to the conversion of heat to mechanical 
work. Notwithstanding this, we shall see that the 
 thermodynamic Carnot factor does appear in a 
subtle way.

Before the efficiency of a solar cell can be dis-
cussed, a common standard of solar radiation has 
to be agreed upon. Workers in the area of terres-
trial solar cells and systems use the most com-
monly accepted standard, which represents a good 
compromise between convenience and observa-
tion: solar spectrum at air mass (AM) 1.5, normal-
ized to a total energy flux density of 1 kWm−2 [13]. 
The value of 1 kWm−2 for the total irradiance is 
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Figure 16.2 Simplified equivalent circuit of an 
ideal solar cell (internal resistances not shown).
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Figure 16.3 I–V characteristic of a solar cell. The power generated at the maximum power point Pmax is 
equal to the area of the maximum power rectangle.
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particularly convenient for the  system design (see 
Section 16.4) and, together with the cell tempera-
ture of 25oC, corresponds to the usual conditions 
for the calibration of terrestrial solar cells and 
modules. The rated solar cell output at the maxi-
mum power point under these standard test condi-
tions is usually known as “watt peak” (Wp).

Space solar cells and systems operate under 
broadband extraterrestrial (AM0) radiation, and 
this spectrum is therefore used for their calibra-
tion [14]. The total irradiance, equal to the average 
solar irradiance immediately outside the earth’s 
atmosphere, is called the solar constant S. The 
commonly accepted value of S is now 1.367 kWm−2.

Theoretical calculations are often based on a 
third definition of solar radiation: the radiation of 
a black body that agrees with the observed AM0 
irradiance, giving the appropriate temperature of 
solar radiation Ts= 5767 K [15]. To complicate mat-
ters further, some calculations use a less accurate 
but more convenient value of Ts= 6000 K. A geo-
metrical factor fω is introduced to allow for the size 
of the solar disk as perceived from the earth:
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where RS is the radius of the sun, RSE is the mean 
distance between the sun and the earth, and 
ωS=  6.85 × 10−5 sr is the solid angle subtended 

by the sun. The spectra that correspond to these 
different types of solar radiation are shown in 
Figure 16.4.

In the calculation of their detailed balance limit, 
Shockley and Queisser [11] used the black body 
photon flux (δϕ) on earth received by a planar sur-
face of unit area in a frequency interval δν, equal to
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where h is the Planck constant and c is the speed 
of light. An ideal solar cell made from a semicon-
ductor with bandgap Eg absorbs all photons with 
frequency ν > νg = Eg/h and each such photon gives 
rise to an electron in the external circuit. The 
short-circuit current density is then
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A similar approach can be used to obtain the dark 
saturation current density J0, but now the black 
body radiation (which completely surrounds the 
cell) is at the ambient temperature T:
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Note that there is an extra factor of 2 included 
to account for the fact that the black body radia-
tion at ambient temperature is emitted from twice 
the cell area (i.e., from the front and back of the 
cell). The open-circuit voltage can now be deter-
mined from Equations 16.6 and 16.7 with the aid of 
Equation 16.2. The maximum solar cell efficiency 
thus obtained depends only on the bandgap of the 
semiconductor from which the solar cell is made 
(Figure 16.5).

Higher power generation for a given semicon-
ductor area can be obtained if solar radiation is 
“concentrated” by means of lenses or mirrors, and 
higher cell conversion efficiency can be obtained 
if several semiconductors with different bandgaps 
are used to convert different parts of the spectrum. 
The former situation is shown in Figure 16.5 by 
assuming that the cell is completely surrounded by 
the source of the black body radiation (i.e., by set-
ting fω= 1). The combination of different semicon-
ductors to make “tandem cells” is discussed later 
in this chapter.

Other methods to calculate the solar efficiency 
for a single-gap cell include arguments based on 
thermodynamic principles, which underline the 
observation that, near the open circuit, the solar 
cell behaves as an ideal thermodynamic engine 
with Carnot efficiency [16]. Using a simplified 

two-level model, Baruch et al. [10] showed that 
the maximum open-circuit voltage produced by a 
solar cell made from a semiconductor with band-
gap Eg can be approximated by the expression:
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The first term in Equation 16.8 is the bandgap 
energy in eV multiplied by the Carnot efficiency, 
and the second term gives the reduction in Voc on 
account of the spread of the solar black body radia-
tion on earth. A factor of two has been added in the 
denominator of the second term, in keeping with 
a similar term in Equation 16.7. A closer agree-
ment between the methods of Baruch et al. [10] 
and Shockley and Queisser [11] can be obtained by 
adding a term kT q T T/ ln /S( )  to the right-hand side 
of Equation 16.8 that takes into account the fact 
that conversion occurs in semiconductor bands 
rather than in a two-level system [17]. Figures 16.6 
and 16.7 compare the theoretical values of the 
short-circuit current and open-circuit voltage with 
data for the best solar cells to date from different 
materials.

The ideal solar cell efficiencies discussed ear-
lier refer to single-junction semiconductor devices 
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whose principal efficiency limitations are due to the 
inability of the semiconductor to absorb photons 
of energy lower than the bandgap, and to the fact 
that a part of the energy of above-bandgap photons 
is inevitably lost as heat. To overcome these limita-
tions, one can form a tandem cell by stacking two 
or more cells on top of each other, each converting 
its own part of the spectrum. Devices of this form, 

which are now available commercially, include 
high-efficiency solar cells for satellites from 
Spectrolab or SolAero Technologies in the United 
States and thin-film amorphous silicon or silicon/
germanium double- or triple junction tandem 
cells. The tandem cell technology may, in princi-
ple, increase efficiency to 42% (55% under concen-
trated sunlight) for a double-tandem structure, or 
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to 86.8% in the limit of an infinite number of cells 
[8,18]. In 2015, the certified efficiency of an experi-
mental four-junction cell reached 46% under con-
centrated sunlight.

Further improvements are possible by a variety 
of means that has recently been referred to as “third 
generation” technology [19]. These ideas involve, for 
example, the creation of more than one electron–
hole pair from the higher energy incident photons—
in other words, achieving quantum efficiencies in 
excess of unity. This use of “impact ionization” to 
improve the cell efficiency was first proposed by 
Landsberg et al. [20].

Kolodinski et al. [21] demonstrated the feasibil-
ity of this approach but a working solar cell has yet 
to be developed. Other theoretical third-generation 
concepts invoke hot electrons [22,23], or the use of 
impurities [24,25], or intermediate bands [26,27] to 
attempt to utilize the below-bandgap light. Quantum 
wells have also been suggested as a means of improv-
ing efficiency [28,29]. (Nelson [30] gives a review of 
this field.) A thermodynamic efficiency limit for this 
general form of solar energy converter is known as 
the Landsberg efficiency [31,32].

16.3  CURRENT SOLAR CELL 
TECHNOLOGIES

At the time of publication, the PV market is domi-
nated by crystalline silicon, in the single crystal 
or multicrystalline form (Figure 16.8). Thin-film 

technologies still accounted for only about 10% 
of the global market in 2013, despite significant 
growth in volume. There is also a fast growing mar-
ket, albeit from a very small base, for terrestrial 
applications of solar cells using concentrator sys-
tems that can make use of expensive high-efficiency 
solar cells, of a type previously only used exten-
sively in the space technology domain.

Space solar cells are not included in Figure 16.8 as 
their production is much smaller in generated energy, 
even though, because of high cost, they are not insig-
nificant in terms of financial turnover. Although 
similar in structure, the main requirements on solar 
cells used to power satellites in space differ substan-
tially from their terrestrial counterparts. The primary 
drivers for space cells are the power output for a given 
size and weight (but, most importantly, the power-to-
weight ratio) and, for many applications, the require-
ment for good radiation resistance. The latter factor is 
the main reason for the predominant n-on-p configu-
ration of current silicon solar cells, since the p-type 
base, where most of the power is generated, is more 
radiation resistant than the n-type material.

The principal effect of particle radiation on the 
solar cell arises from the change in minority-carrier 
lifetime and the resultant reduction in the diffu-
sion length. Over recent years, whenever there is a 
requirement for high efficiency and radiation toler-
ance, the balance has swayed in favor of GaAs cells, 
sometimes in the form of a double-junction struc-
ture based on GaInP/GaAs. Indium  phosphide 
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Figure 16.8 Market share of different PV technologies (Kost, C., Mayer, J. N., Thomsen, J. et al., Levelized 
Cost of Electricity Renewable Energy Technologies, Fraunhofer ISE, Freiburg, Germany, 2013.)
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cells have been suggested for use in harsh radiation 
environments as their radiation resistance is par-
ticularly high, due to partial annealing of radiation 
damage under illumination [33].

16.3.1  Crystalline silicon

At the time of publication, a typical  monocrystalline 
silicon solar cell module in production has an effi-
ciency between 15% and 18%, usually slightly less 
for cells made from multicrystalline material. Cells 
are typically made by phosphorus diffusion of the 
top layer (emitter) into a p-type wafer, with screen-
printed metal contacts and a thin layer of antire-
flection coating (arc; Figure 16.9) [34]. Photons, 
absorbed mainly in the base of the cell, create elec-
tron–hole pairs. These are separated by the electric 
field of the junction (Figure 16.10a). The principal 
efficiency losses incurred in such a cell are shown 
in Figure 16.11.

Improvements to the basic structure can be 
made by texturing the top surface to reduce opti-
cal reflection. In combination with an optically 
reflecting back surface, this can be used to produce 
a significant degree of light trapping to offset the 
poor optical absorption of silicon. Surfaces can be 
passivated to reduce surface recombination, and 
p+ diffusion can be used to create a back-surface 
field (a barrier to minority-carrier transport) and 

reduce recombination near the back surface. Laser-
grooved buried-contact technology, invented by 
Martin Green at the University of New South Wales 
in Australia and utilized by the BP Solar “Saturn” 
cells, reduces shading by top surface metallization 
and pushes up the efficiency of production cells 
close to 18%. In the laboratory, the top silicon solar 
cell efficiency has now exceeded 25%—about 80% 
of the theoretical maximum for single-junction 
devices. Two high-efficiency structures that have 
achieved record conversion efficiencies are shown 
in Figure  16.12. The Stanford cell, with both sets 
of contacts at the rear to avoid shading, is intended 
for operation under concentrated sunlight. The 
highest efficiency silicon-based solar cell (Sanyo/ 
Panasonic HIT cell, with efficiency 25.6%) uses a 
back contacted heterojunction of crystalline and 
amorphous silicon.

Silicon is an indirect-gap material, and the low 
absorption coefficient necessitates relatively thick 
devices to make good use of the available sunlight 
(Figure 16.13). This is most easily achieved by a 
wafer-based technology. The major part of crystal-
line silicon cell production involves cutting wafers 
from monocrystalline or multicrystalline ingots. 
To reduce costs, there has been a push toward thin-
ner and thinner silicon wafers, from over 300 μm in 
the late 1990s to around 200 μm a decade later. The 
trend is expected to continue as reliable production 
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Figure 16.9 Structure of a typical crystalline silicon solar cell in production today.
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and handling technologies for even thinner wafers 
become available.

To avoid the kerf loss (amount of material lost 
during the cutting process), a number of companies 
(including ASE, Evergreen Solar, and Ebarra) are 
turning to “non-ingot” wafer technologies such as 
dendritic or edge-defined film growth [37]. Other 
fabrication methods that use less silicon include 
the growth of thin crystalline silicon solar cells 
deposited on a ceramic substrate, as demonstrated 
by Astropower. Since the early days of PV, however, 
there has been a substantial effort directed toward 
finding a cheap replacement material for crystal-
line silicon—for a semiconductor with good opti-
cal properties that can be deposited as a thin film 
to reduce the material requirements.
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Figure 16.10 (a) A schematic diagram of the band 
structure and operation of a crystalline silicon 
solar cell. Most minority carriers are generated in 
the p-type base, and must diffuse to the junction 
(arrow 1) before charge separation (arrow 2). (b) 
In a typical amorphous silicon p–i–n structure, 
electron–hole pairs are generated in the space 
charge region where the built-in field aids carrier 
collection. (c) The band structure of a Cu(InGa)
Se2 solar cell (After Rau, U. and Schock, H. W., 
Cu(In, Ga)Se2 Solar Cells Clean Electricity from 
Photovoltaics, World Scientific, Singapore, 2001.)
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Figure 16.11 Principal efficiency losses in a 
commercial 100 × 100 mm crystalline silicon 
solar cell, compared with those for the pas-
sivated emitter rear, locally diffused solar cell 
(PERL) (in brackets, see Figure 16.12). Notes: 
1. See Equation 16.8. Losses due to dilution of 
solar radiation (the second term) are absent 
under maximum concentration of sunlight. 2. 
Surface and volume recombination in the base, 
emitter, and junction regions. 3. Principally 
free-carrier absorption. 4. Collection efficiency 
is limited mainly by recombination in the base 
and emitter (After Boes, E. C. and Luque, 
A., Photovoltaic Concentrator Technology 
Renewable Energy: Sources for Fuels and 
Electricity, Earthscan, London, 1993.)
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16.3.2  Thin-film solar cells

The origin of thin-film solar cells dates back to 
the same year as crystalline silicon solar cells 
[38]. Commercial production of the first thin-film 
devices had to await the development of hydroge-
nated amorphous silicon (a-Si) in the second half 
of the 1970s. Unfortunately, the discovery of an 
amorphous Si solar cell degradation mechanism 
associated with light-induced metastable changes 
in the properties of hydrogenated amorphous 
 silicon (the Staebler–Wronski effect [49]), repre-
sented a major setback to the new technology, and 
most a-Si solar cells produced today require some 
measures to reduce its impact.

The present single junction a-Si cells (used 
principally to power commercial products such as 

watches and calculators) are invariably based on 
p–i–n or n–i–p technology. The incorporation of 
the intrinsic layer serves to enhance carrier collec-
tion since most electron–hole pairs are generated in 
a region where electric field assists their separation 
(Figure 16.10b). The manufacture involves first the 
deposition of a layer of tin oxide on glass to act as 
a transparent front contact. The p–i–n cell is then 
formed by depositing a p-layer of  boron-doped 
silicon (or silicon/silicon carbide alloy), intrinsic 
silicon, the phosphorus-doped n-layer, and finally 
a metal back contact. Tandem a-Si cells, which are 
increasingly more common, sometimes also incor-
porate a-Si/a-Ge layers to optimize the bandgap. 
Other structures involve a combination of micro-
crystalline/amorphous silicon solar cells, as mar-
keted by Sharp and Kaneka Solar Energy.

Other thin-film solar cell technologies based 
on compound semiconductors—cadmium tellu-
ride (CdTe) and copper indium gallium disellenide 
(CIGS) or its derivatives—have been overtaking a-Si 
in terms of commercial importance and, in 2013, 
CIGS production was more than twice that of a-Si.

CdTe cells are usually manufactured in the 
form of CdTe/CdS heterojunctions. They present a 
direct transition bandgap of 1.51 eV, which allows 
the use of very thin films, and have achieved certi-
fied module efficiency of >18% in 2015, with best 
research cells reaching 21.5%. At the time of writ-
ing, the major company developing CdTe products 
is First Solar who has installed millions of CdTe 
modules in one of the largest PV power plants in 
the World, Topaz, in the United States.

The other main compound semiconductor 
that is being used in commercial production of 
solar cells is CIGS. It forms a chalcopyrite crystal 
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structure and the bandgap can be optimized by 
controlling the amount of gallium in the struc-
ture, CuInxGa(1−x)Se2. Optimized structures have 
achieved research cell efficiencies of 21.7%. The 
band structure of a typical CIGS solar cell, based 
on a CdS/Cu(InGa)Se2 heterostructure, is shown in 
Figure 16.10c. There is also much interest in other 
types of compound semiconductors that do not use 
scarce elements (i.e., In), such as compounds that 
form kesterite structure (e.g., Cu2ZnSnS4), that 
have shown laboratory cell efficiencies of 12%.

An advantage of thin-film solar cells over the 
wafer-based technologies lies not only in the lower 
material requirements but also in the possibility 
of integrated module manufacture. Alternating 
layers can be deposited and laser scribed with an 
offset in such a way that a series connection of cells 
is produced without mechanical handling of indi-
vidual cells (Figure 16.14). The major drawback of 
thin-film technologies in the past has been lower 
efficiencies combined often with stability problems 
(e.g., due to moisture). The recent increase in pro-
duction and the growing efficiency seem to indicate 
that thin films are ready for large-scale installa-
tions, as demonstrated by its use in the Topaz solar 
farm. It remains to be seen if this will be sufficient 
to increase market share that has stagnated in the 
last years, despite large overall market growth.

16.3.3  Organic and hybrid solar cells

The search for new cost-effective materials includes 
the development of devices where the PV energy 
conversion is carried out by molecules instead of 
traditional semiconductor structures. In the early 
1990s, Michael Grätzel and colleagues at the Ecole 

Polytechnique Fédérale de Lausanne demon-
strated dye-sensitized solar cell (DSSC) architec-
ture where a Ru-based molecular dye both absorbs 
the light and participates in charge separation. 
In effect, the monomolecular dye layer “pumps” 
electrons from one electrode (liquid electrolyte) 
to the other (solid titanium dioxide). The use of 
mesostructured nanocrystalline titanium oxide 
particles coated by the dye ensures high optical 
absorption: virtually all light within the spectral 
range of the dye is absorbed by a coating not more 
than few angstroms thin. Laboratory cell efficien-
cies of over 10% were quickly achieved; however, 
the presence of a liquid electrolyte combined with 
serious stability issues severely affected indus-
trialization of this technology. Several attempts 
were made to substitute the liquid electrolyte with 
a solid-state material but often lead to lower effi-
ciencies. Recently, many companies and research 
groups have been changing focus from DSSCs to 
the recently discovered perovskite solar cells.

The light absorbing element in hybrid organic–
inorganic Perovskite solar cells are crystals with an 
ABC3 structure, where A is an organic cation, B a 
metal cation, and C a halide anion. They were intro-
duced as sensitizers in solid-state DSSC configura-
tions but soon it became clear that high efficiencies 
can be achieved in a thin-film configuration. It has 
shown the fastest growth in device efficiency of any 
PV technology to date and in 2014, certified lab 
efficiencies of >20% were demonstrated. It is still 
too early to determine if such technology will ever 
become commercially viable. Advantages include 
the potential for low temperature processing and 
even for solution-based manufacturing, which 
could mean low production costs and fast energy 
payback time. However, early results indicate sig-
nificant stability issues (e.g., due to moisture). 
Additionally, the most efficient perovskites use Pb 
in the structure, which could lead to regulatory 
challenges when dealing with end-of-life and dis-
posal of the products. Alternative lead-free com-
binations are being investigated and, with further 
research, it is likely that improvements in stability 
should be achieved.

Another area of interest is that of truly molecu-
lar solar cells. Both polymer and small organic mol-
ecules have been used as active ultrathin layers in 
solar cells. These materials are direct bandgap semi-
conductors with extremely high absorption coef-
ficients; therefore, only a few hundred nanometer 

Glass substrate

Transparent front contact
Solar cell material

Metal back 
contact

Figure 16.14 A schematic diagram of an inte-
grally interconnected module [47].
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thick layers are needed to absorb all light. A typi-
cal organic photovoltaic (OPV) is formed by two 
materials, one electron donor and one electron 
acceptor, somewhat mimicking a p–n junction. 
However, in OPV, the pair of charges (exciton) 
generated upon illumination is strongly bound 
and will not generate free charges unless charge 
transfer takes place at the heterojunction. That, 
combined with a very short exciton lifetime and 
low charge-carrier mobility, puts restrictions on 
device architecture [50]. At the time of writing, 
the preferred device configuration uses a blend 
of donor and acceptor materials to form an ultra-
thin film (~100–200 nm) with an interpenetrating 
network of phase domains (in order to maximize 
donor–acceptor interface area and, therefore, max-
imize charge generation) (Figure 16.15). This active 
layer is sandwiched between two electrodes, one 
of which is typically a transparent oxide, such as 
indium tin oxide. Between the active layer and the 
electrode, typically an interlayer is used to improve 
charge collection and avoid interdiffusion of spe-
cies. Modules are monolithically integrated, simi-
larly to thin-film PV modules. Note however, in 
contrast to silicon PV, OPV is not one single tech-
nology and device structure. Thousands of active 
molecules, interlayer materials, and combinations 
of these have been under investigation and each 
reported breakthrough in efficiency is typically 
achieved with a new material.

Significant industrial development has taken 
place since 2010 and, in 2014, Toshiba announced 
the first certified OPV module efficiency of 8.7%, 
while the cell efficiencies are reported between 11% 
and 12%. Despite the efficiency being significantly 
lower than that of c-Si, OPV provides a series of 
potential advantages that could lead to market 

entry in niche applications. The first advantage is 
related to low temperature and potential for fast 
roll-to-roll manufacturing via printing or coat-
ing, which enables direct coating onto flexible sub-
strates such as plastic, thin metal sheets, and even 
paper. This should allow very low production costs 
and very short energy payback time. Other charac-
teristics are lightweight and easy customizability, 
which should allow easy integration into consumer 
products. For example, in 2015, Heliatek and 
RECKLI announced an OPV solar concrete wall 
installation in their headquarters in Germany. One 
major drawback of OPV technology has been the 
limited lifetime that has hindered the use of flex-
ible products. Recent advances in intrinsic stability 
and improved barrier layers have led to significant 
improvements in demonstrated stability in field 
trials. There is much to look forward to if knowl-
edge from the booming organic light-emitting 
diodes industry can be used to bring OPV closer 
to the market.

16.4  ISSUES IN SYSTEM DESIGN

For practical use, solar cells are laminated and 
encapsulated to form PV modules. These are 
then combined into arrays, and interconnected 
with other electrical and electronic compo-
nents—for example, batteries, charge regulators, 
and  inverters—to form a PV system. A number 
of issues need to be resolved before an optimum 
system design is achieved. These issues include the 
choice between a flat plate or concentrating sys-
tem, and the required array configuration (fixed 
tilt or tracking). Answers to these questions will 
vary depending on the solar radiation at the site 
of the installation. Specific issues also relate to 

Solar cell material (OPV) or perovskite 

Electrode (Metal or transparent conducting oxide)

Electrode (metal or transparent conducting oxide)

Substrate (Glass, plastic, metal...)

Interlayer (Selective charge transport)

Interlayer (Selective charge transport)

Figure 16.15 A schematic generic diagram of the typical organic solar cell or perovskite planar het-
erojunction solar cell today.
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whether the system is to be connected to the utility 
supply (the “grid”) or is intended for stand-alone 
operation.

The available solar radiation, of course, varies 
from day to day, season to season, and depends 
on the geographical location. One can, however, 
obtain an estimate for the mean daily irradiation 
(solar energy received by a unit area in one day), 
averaged over the surface of the globe. To this end, 
we note that the total energy flux incident on the 
earth is equal to the solar constant S multiplied by 
the area of the disk presented to the sun’s radiation 
by the earth. The average flux incident on a unit 
surface area is then obtained by dividing this num-
ber by the total surface area of the earth. Making 
allowance for 30% of the incident radiation being 
scattered and reflected into space, the average daily 
solar radiation Gd on the ground is equal to
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where RE is the radius of the earth, which was 
introduced in Section 16.2. The value should be 
compared with the observed values. Figure 16.16 
shows the daily solar radiation on a horizontal 
plane for four locations ranging from the humid 
equatorial regions to northern Europe. The solar 
radiation is highest in the continental desert areas 
around latitude 25–30°N and 25–30°S, and falls 
off toward the equator because of the clouds, and 

toward the poles because of low solar elevation. 
Equatorial regions experience little seasonal varia-
tion, in contrast with higher latitudes where the 
summer/winter ratios are large.

Most PV arrays are installed at fixed tilt and, 
wherever possible, oriented toward the equator. 
The optimum tilt angle is usually determined by 
the nature of the application. Arrays that are to 
provide maximum generation over the year (e.g., 
many grid-connected systems) should be inclined 
at an angle equal to the latitude of the site. Stand-
alone systems that are to operate during the winter 
months have arrays inclined at a steeper angle of 
latitude +15°. If power is required mainly in sum-
mer (e.g., for water pumping and irrigation), the 
guide inclination is latitude −15°.

The amount of solar energy captured can be 
increased if the modules track the sun. Full two-
axis tracking, for example, will increase the annual 
energy available by over 30% over a nontracking 
array fixed at the angle of latitude (Figure 16.17)—
at the expense, however, of increased complexity. 
Single-axis tracking is simpler but yields a smaller 
gain. Tracking is particularly important in systems 
that use concentrated sunlight. These systems can 
partially offset the high cost of solar cells by the use 
of inexpensive optical elements (mirrors or lenses). 
However, the cells then usually need to be cooled 
and it should also be borne in mind that only direct 
(beam) solar radiation can be concentrated to a sig-
nificant degree, thus reducing the available energy 
input. This effectively restricts the application of 
concentrator systems to regions with clear skies.
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There is a considerable difference between the 
designs of stand-alone and grid-connected sys-
tems. Much of the difference stems from the fact 
that the design of stand-alone systems endeavors 
to make the most of the available solar radiation. 
This consideration is less important when util-
ity supply is available, but the grid connection 
imposes its own particular constraints that must 
be allowed for in the system design.

16.4.1  Stand-alone systems

The various applications of PV systems in iso-
lated locations have been mentioned briefly in 
Section 16.1 and more examples are given in Chapter 
24 “Applications of electricity generation by solar 
panels” in Volume III. The diversity of uses leads to 
different requirements on the system and different 
system specifications. An important parameter that 
reflects the nature of the application is the required 
security of supply. Telecommunication and systems 
used for marine signals, for example, need to oper-
ate at a very high level of reliability. In other applica-
tions, the user may be able to tolerate lower reliability 
in return for a lower system cost [40]. These consid-
erations have an important bearing on how large PV 

array and how large energy storage (battery) need to 
be installed, in other words, on system sizing.

Among the variety of sizing techniques, sizing 
based on energy balance provides a simple and pop-
ular technique that is often used in practice. It gives 
a simple estimate of the PV array necessary to sup-
ply a required load, based on an average daily solar 
irradiation at the site of the installation, available 
now for many locations in the world. Choosing the 
month with the lowest irradiation (e.g., December 
in northerly latitudes) and the value appropriate to 
the inclined panel, the energy balance equation can 
then be found with the use of data in Figure 16.16:

 
WArray size in

Daily energy consumption

Daily solar raditaion
p( ) =

 (16.10)

Equation 16.10 specifies how many PV modules 
need to be installed to supply the load under aver-
age conditions of solar irradiation. The battery size 
is then estimated “from experience”—the rule of 
thumb recommends, for example, installing three 
days of storage in tropical locations, five days in 
southern Europe and ten days or more in the United 
Kingdom. As an illustration, Table 16.2 shows the 
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size of the PV array needed to generate 1 MWh per 
year in different locations around the world.

Although easy to use, the sizing method based 
on energy balance does not give an indication of 
how the PV system will operate under fluctuating 
solar radiation. In particular, it does not predict 
the reliability of energy supply. The relationship 
between the reliability of supply and sizing is 
illustrated well by the random walk method [41]. 
The method consists of treating the possible states 
of charge of the battery as discrete numbers, 
which are then identified as sites for a random 
walk. Each day, the system makes a step in the 
random walk depending on solar radiation: one 
step up if it is “sunny” and one step down if it is 
“cloudy.” The magnitudes of these steps and prob-
abilities of weather being “sunny” or “cloudy” are 
determined from the solar radiation data and the 
daily load. When the random walker resides in 
the top state, the battery is fully charged; when 
it is in the bottom state, the battery is completely 
discharged and the load is disconnected. The cal-
culations are carried out by assuming that, after a 
certain time, the random walker reaches a steady 
state. The loss of load probability (LLP) is then 
equated to the probability of the random walker 
residing in the lowest state. Bucciarelli [42] sub-
sequently extended this method to allow for cor-
relation between solar radiation on different days. 
For a given LLP, the result can be expressed in the 
form of a sizing curve: a functional dependence 
of the array size on the battery size from which 
the least-cost system can easily be determined 
(Figure 16.18). These and other more complex siz-
ing techniques have been summarized in more 
detail by Gordon [43].

16.4.2  Grid-connected systems

Grid-connected systems have grown considerably 
in number since the early 1990s spurred by gov-
ernment “feed-in tariffs” in a number of coun-
tries, led initially by Switzerland and followed by 
more substantial programs in Germany, Japan, 
California, and Spain. One feature that affects 
the system design is the need for compliance with 
the relevant technical guidelines to ensure that the 
grid connection is safe; the exported power must 
also be of sufficient quality and without adverse 
effects on other users of the network. Although a 
common set of international standards is still some 
way off, it is probably fair to say that the funda-
mental issues have been identified—partly through 
the work of the Task 5 of the International Energy 
Agency. In a number of countries, the required 
statutory guidelines have now been produced: in 
the United Kingdom, for example, the relevant 
Engineering Recommendation G77 was published 
in 2000 and some updated recommendations in 
2012 (Engineering Recommendation G83/2). An 
example of the requirements imposed on the grid 
interface of a PV system by the utility is shown in 
Table 16.3.

Many of the grid connection issues are not 
unique to PV. They arise from the difficulties in 
trying to accommodate “embedded” or distributed 
generators in an electricity supply system designed 
around large central power stations. It is likely 
that many of these features of grid connection 
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Figure 16.18 The sizing curve, representing 
the locus of PV system configurations with the 
same reliability of energy supply. The least-cost 
system can be found by a simple geometrical 
construction.

Table 16.2 Area and nominal power of a PV array, 
facing south and inclined at latitude angle, needed 
to produce 1 MWh of electricity per year at 
different locations, for two-module efficiencies h

Location
Nominal array 
power (kWp)

Module area (m2)

η= 15% η= 10%

Sahara 
desert

0.41 2.7 4.1

Almeria, 
Spain

0.53 3.5 5.3

London 1.04 6.9 10.4
Vietnam 0.65 4.4 6.5
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will undergo a review as electricity distribution 
networks evolve to absorb a higher proportion of 
embedded generation: wind farms, cogeneration 
(or CHP) units, or other local energy sources. The 
electricity supply system in 20 or 30 years’ time 
might be quite different from now, and new and 
innovative integration schemes will be needed 
to ensure optimum integration. PV generators 
are likely to benefit from these changes, particu-
larly from the recent advances in the technology 
of small domestic size cogeneration units (micro-
CHP) that have a good seasonal synergy with the 
energy supply from solar sources, and can share 
the cost of the grid interface.

An example of how elegant architecture can 
be combined with forward looking engineering 
is offered by the Mont Cenis Energy Academy at 
Herne-Sodingen (Figure 16.19). This solar-cell clad 
glass envelope at the site of a former coal mine pro-
vides a controlled Mediterranean microclimate 
that is powered partly by 1 MWp PV array and 
partly by two cogeneration units fueled by  methane 
released from the disused mine. To ensure a good 
integration into the local electricity supply, the 
generators are complemented by a 1.2 MWh bat-
tery bank. In addition to the Academy, the scheme 
also exports electricity and heat to 250 units in 
a nearby housing estate and a local hospital. The 
Mont Cenis Academy is a fine flag carrier for PV 
and new energy engineering—without a doubt, 
similar schemes will become more prolific as PV 
and energy efficient solutions become the accepted 
norm over the next few decades.

16.5  CONCLUSIONS

PV technology has come a long way since the 
first solar-powered satellites in the late 1950s. 
Based today mainly on crystalline silicon, new 
approaches that utilize thin-film technologies and 
molecular materials are beginning to make their 
mark in commercial production. If the current rate 
of growth continues, a combination of distributed 
solar power systems with large PV farms will sup-
ply a significant part of our energy needs during 
the early part of this new millennium. One can 
foresee a bright future for this new, clean energy 
source.
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Figure 16.19 The Mont Cenis Academy at Herne-Sodingen.

Table 16.3 A summary of principal requirements 
on the grid interface of PV generators, covered 
in the UK engineering recommendation G77

Function reference

Protection
General IEC 255
Under/over voltage UK guidelinesa

Under/over frequency UK guidelinesa

Loss of mains Specific for PV

Supply quality
Harmonics BS and ENb

Voltage flicker BS and ENb

Electromagnetic 
compatibility

BS and ENb

DC injection UK guidelinesa

Safety
Earthing BSc

a Covered by existing UK guidelines for parallel con-
nection of embedded generators.

b Covered by existing British standard and European 
norm.

c Covered by existing British standard.
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17
Optical nano- and microactuation

GEORGE K. KNOPF
University of Western Ontario

17.1  INTRODUCTION

Nano- and microactuators are very small material 
structures and mechanisms that perform mechani-
cal work in response to external stimuli. The size 
of these devices can range from a few molecules to 
several hundred microns. The mechanical action 
produced by the actuating structure is able to gen-
erate tiny displacements or induce microforces 
on the surrounding medium (Knopf 2006, 2012; 
Tabib-Azar 1998). Examples of microscale actua-
tors include cantilever beams, microbridges, flex-
ible diaphragms, torsional mirrors, shape memory 
wires and strips, and expansive polymer gels. These 
miniature devices may exploit mechanical prin-
ciples similar to much larger analogous systems or 
merely involve the subtle expansive and contractive 
characteristics of environmentally sensitive metals 
and polymers. In contrast, nanoactuators are often 
assembled from small groups of interconnected 
molecules that move in unison under an external 

energy source. Molecular motor proteins found in 
living cells are an example of nanoactuators capable 
of producing piconewton (pN) forces (Kang et al. 
2009; Li and Tan 2001; Setou et al. 2000; Vale 2003).

Different nano- and microactuation methods 
will take advantage of mechanical, electrostatic, 
piezoelectric, magnetic, thermal, fluidic, acoustic, 
chemical, biological, or optical principles. Although 
optical actuators may be one of the least studied, in 
the world of the very very small (Feynman 1960) 
optically driven transducers provide a number 
of interesting features and design opportunities. 
These actuators can be created to either directly or 
indirectly transform the light energy into structural 
movement (Knopf 2006, 2012; Tabib-Azar 1998). 
Direct optical methods use the photons to interact 
with the photosensitive properties of the actuator 
material in order to initiate mechanical displace-
ment. One example of direct optical microactua-
tion occurs when photoresponsive shape memory 
polymers (SMPs) (Jiang et al. 2006) are physically 
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deformed by exposing the material to ultraviolet 
(UV) radiation. On the other hand, indirect opti-
cal methods exploit the ability of light to generate 
heat when the focused beam strikes the material 
surface and influences the thermal properties of 
nearby gases, fluids, and solids. One application 
of this concept is to use a focused light source to 
heat a liquid (e.g., Freon 113) that transforms into 
a gas and expands sufficiently to deform a very 
thin mechanically flexible diaphragm (Mizoguchi 
et al. 1992). The remote optical heating of liquids 
in Lab-on-a-Chip (LOC) devices also represents a 
novel approach to move fluid along a microchannel 
(Weinert and Braun 2009; Weinert et al. 2009) or 
mix adjacent streams of liquids (Shiu et  al. 2010) 
prior to chemical analysis.

At the nano- and microscale optically driven 
devices have important advantages over conven-
tional microelectromechanical systems because 
streams of photons provide both the energy into 
the system and the control signal used to regu-
late the actuator response. Optical actuators can 
be created to operate under different properties 
of light such as intensity, wavelength, phase, and 
polarization characteristics. Many of these light-
driven mechanisms are also free from small elec-
trical current leakage, resistive heat dissipation, 
and mechanical friction forces that may signifi-
cantly reduce performance and efficiency.

The fundamental operating principles and 
unique attributes of a wide variety of light- 
activated nano- and microactuators are explored 
in this chapter. The discussion begins with a brief 
look at how light can exert pressure on mechani-
cal structures and even levitate artificial micro-
objects. Section 17.3 introduces light-driven 
nanomotors comprised of single protein or DNA 
molecules that are able to switch between states 
causing the mechanism to shrink and expand like 
an inchworm. Several direct methods of optical 
actuation that take advantage of newly engineered 
photoresponsive materials are examined in Section 
17.4. Some of these materials are able to alter their 
shape, bend, or expand in volume when exposed to 
specific wavelengths of light. Other direct optical 
methods are also introduced using photon-gener-
ated electrons to alter the electrostatic pressure on a 
microcantilever beam and that induce mechanical 
deformation. Indirect optical actuation methods, 
caused by the photothermal interactions arising 
from light striking a material surface, is described 

in Section 17.5. The principles of light material 
interactions are discussed and applications involv-
ing diaphragm actuators and light-driven micro-
flows are introduced. In addition, examples of 
temperature-induced phase transformation of sol-
ids and photothermal vibrations of optical wave-
guides for mechanical actuation are presented. In 
all cases, light is used to initiate movement and 
control the actuating mechanism that performs 
work. Finally, a summary of light-driven actuation 
and future opportunities for exploiting this tech-
nology is provided in Section 17.6.

17.2  FORCES GENERATED BY LIGHT

In the late 1800s, the Scottish mathematical physi-
cist James Maxwell (1873) predicted that it could 
be theoretically possible to generate measurable 
forces using a source of light. However, it was not 
until the dawn of the 20th century when Russian 
physicist Pyotr Lebedev (1901) experimentally 
confirmed Maxwell’s prediction. For many years, 
Lebedev’s observations were treated as minor sci-
entific curiosities that would have little influence 
or impact on practical engineering applications. 
Although perceived to be impractical, the possi-
bilities of using light to drive machines have con-
tinued to inspire the imagination of numerous 
science fiction writers for more than a century.

Recent advances in precision instrumentation 
and a deeper understanding of material science 
have opened doors not envisioned by Maxwell or 
Lebedev. The modern tools for scientific investiga-
tion have enabled a broad spectrum of scientists 
and engineers from around the globe to explore the 
micron and submicron worlds where electromag-
netic radiation plays a dominant factor in chang-
ing the behavior of certain materials. In other 
words, in the world of the very very small light does 
matter. Through advanced material engineering 
and clever design, the properties of light (radia-
tion pressure, intensity, wavelength, phase) can be 
transformed into small, yet meaningful, mechani-
cal pressure, force, and displacement.

In general, electromagnetic radiation from a 
focused light source will exert a small amount of 
pressure upon any exposed surface. The radiation 
pressure absorbed by that surface can be described 
as the power flux density divided by the speed of 
light. The driving force generated by light radia-
tion pressure is based on the transfer of photons. 
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The photons have no mass but carry energy at the 
speed of light. The momentum, pph, of each photon 
in a light beam is the result of this energy (Ashkin 
2000; Steen 1998; Steen and Mazumder 2010) and 
can be given by

 
p

h

c
ph = υ

 
(17.1)

where h is the Planck’s constant (6.63 × 10−34Js), c is 
the speed of light in a vacuum (~2.99 × 108m/s), and 
υ is the optical frequency related to the wavelength 
(λ) of the light source by 

 
cυ =
λ  

(17.2)

The optical forces arising from this light–material 
interaction are the result of the exchange of 
momentum between the incident photons and 
irradiated object (Jonáš and Zemánek 2008). 
A focused light beam with power of P will gen-
erate P h( )υ  photons per second. The force 
acting on the structure is equal to the change-in-
momentum per unit time, p td dTotal( ) . If a light 
beam strikes a surface that absorbs 100% of the 
photons per second then corresponding force on 
the structure is
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Alternatively, the principle of conservation of 
momentum (Ashkin 2000) states that if the same 
stream of photons strikes a highly polished mirror 
surface then all the photons are reflected straight 
back. As a consequence, the total change-in-
momentum per second doubles the force acting on 
the structure, that is

  
F

p

t

P

h

h

c

P

c

d

d

2
2mirror

Total=






 =

υ








υ





 =

 
(17.3b)

A single-focused laser beam will, however, only 
produce a very weak force. For example, a single 
1 mW diode laser pointer pen will generate a 
force in the range of a pN. Therefore, to suspend 
a small solid object, such as a coin, in the air it 
would be necessary to use 109 similar pen lasers 
all pointed at the same spot on the object’s surface 

(Tang 2009). Increasing the power of the light 
source 109 times will result in an equivalent kW 
laser with sufficient energy to ablate or vaporize 
the coin surface (depending on beam spot size). 
Although such tiny forces are not able to suspend 
or move large objects, this perceived weakness can 
be turned into an engineering strength if the goal 
is to manipulate solid objects that weigh only few 
pictograms or move microliters of liquid. At this 
scale, optics can be used to shape and redirect 
light beams to strike the object surface at precise 
locations (Knopf 2012).

The optical gradient forces necessary to hold and 
induce micro-object movement were first explored 
more than four decades ago. In the early 1970s, 
Ashkin (1970) developed a single-beam gradient 
force optical trap based on the principle that a 
laser beam brought into sharp focus will generate 
a restoring force that can pull particles into that 
focus. The generated force is the result of the elas-
tic scattering of laser photons by the particle such 
that the object alters the direction of the photon 
momentum without absorbing any of the beam 
energy. The basic operating principle of an opti-
cal trap is that light carries momentum in the 
direction of propagation that is proportional to 
its energy. Any change in the direction of the light 
rays arising from either reflection or refraction will 
produce a change in the momentum. If the object 
in the trap bends the light rays and changes the 
momentum of the light, then the object under-
goes an equal and opposite change in momentum. 
The momentum transfer gives rise to a force act-
ing on the object. In a typical setup, Figure 17.1, 
the incoming laser light has a Gaussian intensity 
profile that is brighter in the center of the beam 
than at the edges. When the light interacts with 
the object, the rays are bent according to the laws 
of reflection and refraction. The sum of the forces 
from all light rays in the beam can be divided into 
scattering (fs) and gradient (fg) components. The 
scattering force (fs) points in the direction of the 
incident light, whereas the gradient force (fg) arises 
from the gradient intensity profile pointing toward 
the center of the beam. The gradient force is the 
restoring force that pulls the object into the beam 
center. If the contribution to the scattering force of 
the refracted rays is larger than that of the reflected 
rays, then a restoring force is also created along the 
incident light direction and a stable optical trap is 
formed.



622 Optical nano- and microactuation

In his seminal work, Ashkin was able to experi-
mentally observe the forced acceleration of freely 
suspended particles by radiation pressure from a 
continuous wave (CW) visible laser beam. Based on 
this observation, he was also able to lift and levi-
tate a very small glass sphere (Ashkin 1970). A later 
experiment with his colleague Dziedzic (Ashkin 
and Dziedzic 1971, 1980) showed that it was pos-
sible to trap a glass sphere in a vertical laser. The 
concept of optical trapping and tweezing (Dholakia 
and Reece 2006; Dienerowitz et  al. 2008, Kröner 
et al 2007; Nieminen et al. 2006) has more recently 
been applied to a variety of scientific areas includ-
ing colloidal dynamics, statistical mechanics, cell 

biology, and nanomanipulation. In the late 1990s, 
Higurashi et al. (1997) demonstrated how carefully 
shaped fluorinated polyimide micro-objects with 
a 6–7.5 μm cross-sectional radius can be rotated 
using Ashkin’s method of optical trapping and 
tweezing. In this series of experiments, applying 
radiation forces near the focal point were used to 
reposition and rotate the micro-object about the 
laser beam axis.

Over the past decade, Shoji Maruo and his col-
leagues at the Yokohama National University 
(Maruo and Inoue 2007; Maruo 2008, 2012) devel-
oped a large variety of light-driven micromachines 
based on the concept of an optical trap. Polymeric 
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Figure 17.1 The light–particle interactions that occur in a focused Gaussian laser beam during 
transverse and axial optical trapping. (a) The light refracted through a transparent object with a high 
refractive index produces an optical force that is balanced when the object reaches the beam cen-
ter. (b) The electromagnetic field of the light causes the object to act as an induced dipole, which is 
drawn into the beam focus where its energy is minimized. (Reprinted from Nanotoday, 1, Dholakia, 
K. and Reece, P., Optical micromanipulation takes hold, 18–27, Copyright 2006, with permission from 
Elsevier.)
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microstructures such as microgears (Figure 17.2) 
were fabricated using two-photon microstereo-
lithography techniques and driven by a circular 
scanning laser beam. During operation, the gear 
is optically trapped when the laser beam is focused 
on the center of the tooth. However, if the focus is 
moved slightly to one side of the gear tooth cen-
ter then the net radiation pressure will produce an 
external force on the tooth moving it toward the 
focus. In this manner, a circular scanning laser 
beam was used to rotate the microgear and vari-
ous motion patterns were generated by modifying 
the beam trajectory. In addition to driving gears, 
it is also possible to use optical tweezing to con-
trol multiple micromanipulators. For example, the 
polymeric three-hand micromanipulator shown in 
Figure 17.3 was developed by the research team to 
grasp and manipulate tiny objects. The manipulator 
arms were driven sequentially using a single laser 
beam and a time-divided laser scanning method 
(Maruo 2008). By optimizing the repetition rate 
(~100 Hz) between trajectories, it was possible to 
handle the 5 μm diameter glass microbead.

The 3D microfabrication technology was also 
used by the Yokohama researchers to create an 
optically driven microfluidic pump. The micro-
pump was comprised of two interlocked spinning 
9 μm diameter rotors that could regulate the liquid 
flow in a microfluidic channel (Maruo 2008, 2012). 
Each individual rotor had two lobes and was held 
within the microchannel by a stationary shaft. A 
tightly focused laser beam was then used to cre-
ate forces necessary to drive the micropump. Once 
more, the pumping mechanism was controlled 
by changing the trajectory of the scanning beam. 
The velocity of tracer particles added to the fluid 
was observed and determined to be 0.2–0.7 μm/s, 
which was directly proportional to the rotation 
speed of the rotors. An optically driven micro-
pump that used only a single-disk microrotor was 
later introduced by Maruo and his colleagues. In 
this particular design, the single 10 μm diameter 
disk rotor had three columns as targets for the 
optical trap. In addition, the shaft had been elimi-
nated by confining the disk to a U-shaped micro-
channel. The laser beam was focused on the center 
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Figure 17.2 A circular scanning laser beam is used to optically drive a polymeric microgear as shown 
in (a). The gear is trapped (b) when the beam is focused on the center of the tooth causing the radia-
tion pressure exerted on the microstructure to be balanced. If the focus is moved slightly to the 
side of the gear tooth (c), then the net radiation pressure is directed to the focus creating an exter-
nal force. (With kind permission from Springer Science+Business Media: Nano-and Micromaterials, 
Optically driven micromachines for biochip application, 2008, 291–309, Maruo, S., Figure 12.9.)
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column in an effort to hold the rotating disk with-
out the need for a mechanical shaft. Experiments 
by the Yokohama researchers showed that the flow 
velocity is proportional to the rotational speed of 
the microrotor.

Expanding on these concepts, researchers at 
MIT (Tang 2009) were able to perform nanoma-
nipulation on a microchip using gradient optical 
forces. Specifically, the researchers showed it was 
possible to generate a gradient force in the pN range 
that was sufficient to activate a nanoscale oscillator. 
The investigated device was constructed from two 
parallel optical waveguides and required a light 
source at a known frequency (Li et al. 2008, 2009; 
Tang 2009). Hong X. Tang (2009) and his team at 
Yale continued this work and produced oscilla-
tions using only one single-mode waveguide. The 
net force was generated by creating an asymmetri-
cal optical field around the free-standing single-
mode waveguide. A measureable transverse force 
exists on the waveguide because the guided light 
is evanescently coupled to the dielectric substrate. 
In this configuration, both the effective refractive 
index and the force on the waveguide depend on 
the separation distance between the waveguide 
and substrate. The calculations by Li et al. (2008) 
show that as the separation is reduced from 500 to 
50 nm, the magnitude of the optical force increases 
from 0.1 to 8 pN μm−1 mW−1. Although these trans-
verse gradient optical forces are very small, this 

basic principle can be used to throw switches in 
silicon optical circuits (Tang 2009) and to develop 
nanomechanical beam resonators embedded in a 
photonic circuit with an on-chip interferometer for 
displacement sensing (Li et al. 2008, 2009).

17.3  PHOTON-DRIVEN 
NANOACTUATORS

Nanoactuators are pN force-generating structures 
constructed from several independent molecules 
to several thousand interconnect molecules func-
tioning as a single system under an external energy 
source. An example commonly found in biology is 
a molecular nanomotor comprised of DNA mol-
ecules or a single protein. The DNA nanomotors are 
able to switch between intramolecular tetraplex and 
intermolecular duplex states by alternating through 
DNA hybridization and strand exchange reactions 
causing the motor to shrink and expand like an 
inchworm (Kang et al. 2009; Li and Tan 2001). From 
an engineering perspective, these molecular devices 
can be exploited for developing novel methods in 
drug delivery, biochip design, and even nanoscale 
manufacturing.

Kang et al. (2009) describes a light-driven single-
molecule DNA hairpin-structured nanomotor 
that utilizes a photosensitive azobenzene molecule 
to induce movement (Figure 17.4). Azobenzene 
undergoes a reversible cis–trans isomerism when 

Figure 17.3 Optical microscopic images of three-hand micromanipulators grasping a 5 μm diameter 
microglass bead. By optimizing the repetition rate (∼100 Hz) between trajectories, it is possible to handle 
the microbead. (With kind permission from Springer Science+Business Media: Nano-and Micromaterials, 
Optically driven micromachines for biochip application, 2008, 291–309, Maruo, S., Figure 12.16.)
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exposed to alternating UV and visible radiation. 
Note that the term cis means “on the same side” 
and trans means “on the other side.” When azo-
benzene is linked to other molecules then the 
switching mechanism can cause a relatively large 
dimensional change in the functionalized material. 
By controlling the azobenzene moieties integrated 
on the DNA bases in the hairpin’s duplex stem seg-
ment, it is possible to modify the dehybridization 
(open) and hybridization (closed) state of a hairpin 
structure and control movement. Since the open–
close cycle of the hairpin molecule exhibits revers-
ible extension and contraction behavior, it can be 
identified as a nanomotor. The photoregulation of 
this simple system is concentration-independent 
and, therefore, suitable for fabricating high-density 
molecular motors.

The notion of a molecular photoswitch has 
also been used to control the movement of living 
microorganisms. Neil Branda and colleagues at 
Simon Fraser University (Al-Atar et al. 2009; Boyer 
et al. 2010; Carling et al. 2009) have demonstrated 
that the light-induced reactions of photoresponsive 
dithienylethene can be used to trigger paralysis in 
the transparent nemotode worm, Caenorhabditis 
elegans. The C. elegans neotodes are fed a “ring-
open” mixture of bipyridinium dithienylethene 
and a buffer containing 10% dimethlsulfoxide 

and exposed to a UV light (365 nm) for 2 min. The 
shorter UV wavelength radiation causes the dith-
ienylethene photoswitch to undergo a ring-closing 
reaction that immobilizes the organism and turns 
it blue. These researchers further demonstrated 
that the paralyzed C. elegans worms could be 
reanimated and returned to their original color-
less state by exposing the organism to visible light 
(> 490 nm) for 20 min. This was possible because 
the visible light triggered the reverse reaction in 
the photoswitch by producing the ring-open iso-
mer. Although the intent of Branda and his fellow 
researchers was not to create an optically driven 
nanoactuator, they were exploiting light to regulate 
the movement of a biological organism to perform 
a simple directed task. This study and its possible 
extension to in vivo drug delivery are of particu-
lar interest to researchers who are developing new 
actuation technologies for biomedical applications 
(Al-Atar et al. 2009; Carling et al. 2009).

17.4  PHOTOMECHANICAL 
RESPONSE OF MATERIALS

Since the early 1990s, a large variety of materi-
als have been investigated that exhibit optical-to-
mechanical energy conversion properties. These 
materials include light-induced shape-changing 
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Figure 17.4 An illustration of the photoswitchable single-DNA nanomotor. The basic nanomotor com-
ponents are a hairpin backbone, photosensitive azobenzene molecules, and fluorophore/quencher 
pair for signaling motor movement. The average size of hairpin structure is L1, and the average size of 
extended molecules based on persistence length of a single DNA strand is L2. The single-DNA nano-
motor exhibits a CLOSE state when exposed to visible irradiation and an OPEN state with irradiated 
by UV light. (Reprinted with permission from Kang, H. et al., Nano Letters, 9(7): 2690–2696. Copyright 
2009, American Chemical Society.)
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polymers (Jiang et  al. 2006; Mitzutani et  al. 
2008), shape-changing liquid crystal elastomers 
(LCEs; Finkelmann et  al. 2001; Tabiryan et  al. 
2005; van Oosten et  al. 2007, 2009; Warner and 
Terentjev 1996, 2003; Yu et  al. 2003), photostric-
tive materials that take advantage of photovoltaic 
and inverse piezoelectric effects (Morikawa and 
Nakada 1997; Poosanass et al. 2000; Uchino 1990, 
2012), photomechanical actuators with charge-
induced surfaces (Datskos et  al. 1998; Lagowski 
et al. 1975; Suski et al. 1990), chalcogenide glasses 
(ChGs) influenced by mechanical polarization 
effects (Krecmer et al. 1997; Stuchlik et al. 2001), 
and photomechanical actuation of carbon nano-
tubes (CNTs) (Kroerner et al. 2004; Liu et al. 2009; 
Piegari et  al. 2002; Verissimo-Alves et  al. 2001; 
Zhang and Iijima 1999). The functional behavior 
of several types of light-driven materials is sum-
marized below. These categories are based on the 
underlying photomechanical response behavior 
and include shape-changing polymers, ferroelec-
tric materials exhibiting photorestrictive effects, 
electrostatic structures mediated by photogen-
erated electrons, and light-induced elastic CNTs.

17.4.1  Shape-changing polymers

A variety of polymeric gels and polymer films have 
been developed that exhibit relatively large dis-
placements when exposed to light radiation. For 
example, hydrogels are fluid-filled polymeric net-
works that can undergo dramatic volume changes 
when exposed to an environmental stimulus such 
as a change in surrounding temperature, pH, elec-
tric field, specific ion concentration, and light. This 
unique ability to generate relatively large actua-
tion dynamics and specificity of the triggering 
mechanisms has made smart hydrogels the prefer-
able candidate for the core sensing and actuation 
transducers in a variety of microsystem technolo-
gies (Al-Aribe et al. 2012; Knopf 2012; Knopf and 
Al-Aribe 2012). Poly(N-iso-propyl acrylamide) 
(PNIPAM) with triphenylmethane leuco deriva-
tives is a UV light responsive hydrogel that swells 
when exposed to UV radiation and shrinks back 
to the original shape when the light is removed 
(Hirasa 1993). The swelling of the hydrogel is 
caused by an increase in osmotic pressure within 
the gels due to ionization reactions and ion-pair 
formation initiated by the UV irradiation. It is 
also possible to create hydrogels that respond to 

visible light by introducing trisodium salt of cop-
per chlorophyllin into the PNIPAM gel. The swell-
ing behavior of these thermosensitive gels are 
linked to the increase in temperature arising from 
the absorption of light energy. Some PNIPAM gels 
have also been observed to undergo very slow vol-
ume changes under radiation exposure even when 
no photosensitive molecules are attached to the 
macromolecules (Hirasa 1993).

An alternative approach is to create hydrogel 
microstructures that are responsive to specific 
wavelengths of light. To accomplish this Sershen 
et  al. (2005) introduced an optomechanically 
responsive nanocomposite hydrogel that under-
goes pronounced and reversible changes in shape 
when exposed to different wavelengths of light. 
The materials are composites of a thermally 
responsive polymer (PNIPAM with a 95:5 como-
nomer ratio) and nanoparticles that have distinct 
optical absorption profiles. Duff and Baiker (1993) 
used gold colloids, while Oldenburg et  al. (1998) 
used gold nanoshells, with an 110 nm diameter 
silica core and 10 nm thick gold shell, for similar 
purposes. The composites were formed by mix-
ing the nanoparticles with the monomer solution 
thereby trapping the particles within the hydrogel 
matrix after polymerization. These nanocomposite 
materials responded to different wavelengths of 
light. Sershen et  al. (2005) further demonstrated 
the independent control of two valves along the 
T-junction as shown in Figure  17.5. One valve is 
constructed from gold–colloid nanocomposite 
hydrogel and the other is gold–nanoshell nano-
composite hydrogel. The channels are 100 μm wide. 
The entire device is illuminated with 1.6 W/cm2, 
532 nm (green) light source. The gold–colloid valve 
opened while the nanoshell valve remained closed. 
However, when the device is illuminated with 
2.7 W/cm2, 832 nm (near infrared) light then the 
opposite response was observed. In both cases, the 
valves opened within 5 s.

In order to respond directly to light, shape-
transforming solid polymer films must often con-
tain photosensitive fillers (Jiang et al. 2006) such as 
triphenylmethane leuco derivatives that undergo 
photoinduced ionic dissociation, photoreactive 
molecules (e.g., cinnamates), and photoisomeriz-
able molecules (e.g., azobenzenes). For example, 
the triphenylmethane leuco derivatives will dis-
sociated into ion pairs under UV illumination and 
recombine under dark conditions when the light is 
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extinguished. If the triphenylmethane leuco deriva-
tives are embedded in a nonrigid solid-state polymer 
or gel then the reversible variation of electrostatic 
repulsion between the photogenerated charges can 
induce expansion and contraction in the polymer. 
Cinnamate-type groups can also be used to create 
light responsive SMPs because these photochemi-
cally reactive molecules form photoreversible cova-
lent cross-links in the material. The most common 
photosensitive molecules are azobenzenes because 
these molecules switch reversibly from the cis or 
trans conformation states when exposed to light of a 
predetermined wavelength (Finkelmann et al. 2001; 
Jiang et al. 2006; Warner and Terentjev 1996). If the 
azobenzene groups are linked to macromolecules 
then the light-driven switch can cause relatively 
large changes in the polymeric material.

Some researchers have explored how nem-
atic LCEs can be used to create photoresponsive 
SMPs. The term nematic refers to molecules that 
tend to align in loose parallel lines. For nematic 
LCEs containing azobenzene groups, the light-
induced reaction from trans → cis isomerization 
of the azobenzene units produces the movement 
of the liquid crystal (LC) domains and subse-
quently causes the collapse of the alignment order 
producing a significant contraction. Studies have 
also shown that the bending direction of certain 
LCE films can be controlled by applying linearly 
polarized light (Tabiryan et  al. 2005; Yu et  al. 
2003). In these cases, the incident light is largely 
absorbed by the surface layer of the polymer film 

because of the strong absorption by the azoben-
zene moieties.

Light intensity, wavelength, and the length 
of time that a LCE sample is irradiated will all 
impact the extent and speed of shape recovery. The 
response times of nematic elastomers is slow but 
can be improved by either decreasing the thick-
ness of the polymer film or increasing the light 
intensity (Yu et al. 2003). LCEs obtain their unique 
shape-changing properties from the interrelation-
ship between the elastic properties of the polymer 
networks and the ordering of the mesogenic liquid 
crystalline moieties. As a result, nematic LCEs are 
able to change their shape by up to 400% over a rela-
tively narrow temperature interval straddling their 
nematic–isotropic (N–I) transition temperature. 
Finkelmann et al. (2001) found that at a tempera-
ture of 60oC, the fractional contraction of nematic 
elastomers was as large as 22%. Yu et  al. (2003) 
demonstrated that the large bending of a single film 
of LC network containing an azobenzene chromo-
phore can be produced by UV light. Tabiryan et al. 
(2005) reported a reversible bidirectional bending 
of the azo-LC polymer by switching the polariza-
tion of the light beam between orthogonal direc-
tions. For these samples, both the magnitude and 
sign of photoinduced deformation were controlled 
by the polarization state of the light beam.

Yamada et al. (2008) performed a series of tests 
on a laminated structure composed of a LCE layer 
and a flexible plastic sheet in an effort to study the 
mechanical forces generated on the composite film 

(a) (b)

Figure 17.5 Two light-activated nanocomposite hydrogel valves inserted at a T-junction in a micro-
fluidic chip where one valve is made of an Au–nanoshell composite (left) and the other Au–colloid 
composite (right). The channels are 100 μm wide. (a) When the T-junction is illuminated with green 
light (532 nm, 1.6 W/cm2), the Au–colloid valve opened while the nanoshell valve remained closed. 
(b) However, when the device was illuminated with near-infrared light (832 nm, 2.7 W/cm2), the 
 opposite response was observed. (Sershen, S. R. et al. Independent optical control of microfluidic 
valves formed from optomechanically responsive nanocomposite hydrogels. Advanced Materials, 
2005, 17, 1366–1368. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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when exposed to UV light radiation. In these tests, 
both ends of the film were rigidly clamped and the 
film was then loaded with a force of 44 mN at 30°C. 
Although a single-layer LCE layer was experimen-
tally shown to be brittle and crack at high intensi-
ties due to low mechanical strength, the composite 
film was able to generate significant forces without 
breakage. The researchers also used the laminated 
LCE film as a plastic belt attached to a pulley sys-
tem (Figure 17.6) to create a light-driven motor that 
directly converted light energy into rotation. The 
pulleys of the system rotate by exposing the top of 
the belt to UV light while irradiating the bottom 
side with visible light. The simultaneous contrac-
tion and expansion forces at different regions along 
the long axis of the belt induce rotation in the pul-
leys and enabled them to move continuously.

Van Oosten et al. (2008) investigated the revers-
ible nonlinear response of photostimulated LC 
polymer by looking at the bending action of a pla-
nar uniaxially aligned film. When exposed to laser 
light (351 nm) from one direction, the LC film would 
rapidly bend toward the light source (Figure 17.7). 
After a period of prolonged exposure, the film ini-
tially relaxes and then curves in the opposite direc-
tion over time. The speed of the transformation 
was experimentally found to increase as the LC 
film uncurls because of the unbending sample will 
be exposed to more direct light. The artificial cilia 
were similar to the natural cilia found in parame-
cia in that it may produce a flapping, asymmetrical 
motion causing the surrounding liquid to flow. The 
asymmetric motion was the result of a backward 
stroke different from the forward stroke, which had 
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Figure 17.6 A light-driven motor with a plastic belt constructed from LCE-laminated film. The basic 
motor design and relationship between the rotation direction and UV irradiation positions are illus-
trated in (a). The diameter of the larger left pulley is 10 mm and the smaller right is 3 mm. The LCE 
plastic belt is 36 mm × 5.5 mm. The time series of images in (b) show the rotation profiles of the LCE-
laminated film induced by 366 nm, 240 mW/cm2 UV irradiation and >500 nm, 120 mW/cm2 visible light. 
(Yamada, M. et al. Photomobile polymer materials: Towards light-driven plastic motors. Angewandte 
Chemie International Edition. 2008, 47, 4986–4988. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.)
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been introduced into the LC azobenzene artificial 
cilia by temporally varying the intensity and wave-
length of the light over the microactuator surface. 
The researchers envisioned that this simple bending 
principle could be used to create light-driven arti-
ficial cilia that function as a microfluidic mixer or 
pump (van Oosten et al. 2009).

17.4.2  Photostrictive ferroelectric 
materials

When irradiated by light, various ferroelectric 
materials (Uchino 1990) will generate mechanical 
strain that can produce observable movements and 
measureable microforces. The photostrictive prop-
erties of these materials are the result of combined 
photovoltaic and the converse piezoelectric effects 
(Poosanaas et al. 2000). The photovoltaic property 
causes the ferroelectric material to generate volt-
ages in the kV/cm range when irradiated, while 

the converse piezoelectric effect causes the same 
material structure to simultaneously expand or 
contract. The most commonly used piezoelectric 
materials are the lanthanum-doped lead zirconate 
titanate (PLZT) ceramics. The photostriction prop-
erties of these PLZT ceramics are almost instanta-
neous when exposed to light and, therefore, have 
been used to develop a number of rapid response 
optical microactuators, relays, and photon-driven 
micromachines (Uchino 1990, 2012).

A bimorph-type optical actuator created by 
Morikawa and Nakada (1997) was able to pro-
duce displacements of several hundred microns. 
The light-driven microcantilever beam was con-
structed from a pair of adhesively bonded PLZT 
ceramic elements oriented in opposite polar-
ized directions. When the upper PLZT element 
in the cantilever device was illuminated by a UV 
light source, the element stretched in the polar-
ized direction, while the lower nonradiated PLZT 
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Figure 17.7 Photostimulated bending of light-driven LC actuators driven by the isomerization of 
azobenzene is illustrated in (a). The top row of images show the response of the LC film oriented with 
Side A toward the 351 nm, 150 mW/cm2 laser light. The bottom row is the same LC film actuator with 
Side B oriented toward the laser light. (b) The bending radius (1/R) of the sample as it is exposed 
to light for both Side A () and Side B (*). (Reprinted with permission from Van Oosten, C. L. et al. 
Macromolecules 41: 8592–8596. Copyright 2008, American Chemical Society.)
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element did not expand. Since the two PLZT ele-
ments were connected to a common electrode and 
the lower nonexpanding element was oriented in 
the opposite polarized direction of the top, the 
lower element would experience a negative volt-
age and correspondingly contract due to the same 
piezoelectric phenomena. The combined effect of 
the two PLZT ceramic elements was a significant 
downward displacement of the microcantilever 
beam. By switching the illumination to the bot-
tom element, it was possible to drive the cantilever 
beam upward.

A similar photomechanical effect has also been 
used by Suski et  al. (1990) to produce photostim-
ulated vibrations in silicon (Si) microcantilever 
beams that were covered in a thin polycrystalline 
ZnO film. Earlier studies (Gatos and Lagowski 
1973; Lagowski and Gatos 1972; Lagowski et  al. 
1975) had shown that thin crystals of polar (non-
centrosymmetric) semiconductors can exhibit 
piezoelectric properties by light-induced elec-
tronic transitions. The photomechanical response 
arises from the depopulation and population of 
surface states by sub-bandgap illumination while 
the overall number of bulk free carriers remains 
the same (Suski et  al. 1990). The barrier height 
of the depleted layer can also change under these 
illumination conditions resulting in surface stress 
variations. When the light source is modulated, 
the barrier height will vary according to the fluc-
tuations in photon intensity producing surface 
stresses with the same frequency. Consequently, 
it is possible to create resonant vibrations in the 
silicon (Si) microcantilever beam by optically 
altering the frequency of the surface barrier so 
that it closely matches the natural frequency of 
the beam (Lagowski et al. 1975; Suski et al. 1990). 
The observed photomechanical effect is consistent 
with the surface piezoelectric phenomenon where 
the external stress applied to polar semiconductors 
leads to a modification of the surface barrier height 
and causes pronounced changes in contact poten-
tial difference (Lagowski et al. 1975).

Suski et al. (1990) demonstrated the photome-
chanical effect in the early 1990s by fabricating 
a 10 mm × 1.5 mm × 50 μm Si/SiO2/ZnO micro-
cantilever beam and activating it using an argon 
laser (520 nm). The microcantilever resonated at 
a frequency of ~350 Hz with a maximum deflec-
tion of 160 nm under 130 μW of light power. The 
photostimulated effect was also observed in bulk 

semiconductor materials where the photon energy 
irradiating on the Si microcantilever was above 
the bandgap. As the photons become absorbed in 
the semiconductor material the free electrons are 
excited and move from the valance band into con-
duction band (CB) leaving holes in the lattice. The 
movement of electrons creates local mechanical 
strain in the material.

Another photomechanical effect has been 
observed in ChG when the material absorbs polar-
ized light (Stuchlik et  al. 2001, 2004). Reversible 
photoinduced anisotropy was the first reported by 
Krecmer et al. (1997) who showed that when a thin 
amorphous film of As50Se50 deposited on a clamped 
atomic force microscope cantilever was exposed to 
polarized irradiation it would exhibit reversible 
nanocontraction movement. To demonstrate the 
effect, the research team performed measurements 
on a 200 μm cantilever beam with a thickness of 
0.6 μm. The surface of the beam was covered with a 
thin 250 nm As50Se50 film. When exposed to polar-
ized light, the beam bent approximately ±1 μm 
(Stuchlik et al. 2001). Upon irradiation with polar-
ized light, a very small movement in the ChG was 
measured parallel to the direction of the electric 
field of the light and a very small expansion was 
also observed along the axis orthogonal to the elec-
tric field.

Poly(vinylidene difluoride) (PVDF) is another 
ferroelectric polymer with both pyroelectric and 
piezoelectric properties that can be optically 
driven (Mizutani et  al. 2008). When the temper-
ature of the PVDF material is increased through 
light irradiation, it causes a piezoelectric effect 
to occur and the material mechanically deforms. 
Mizutani et  al. (2008) further demonstrated how 
a strip of PVDF could be used to create a small leg 
for a light-driven microrobot (Figure 17.8). In this 
case, one surface of the PVDF film was coated with 
a thin silver (Ag) electrode. When irradiated with 
a He–Ne laser, the PVDF cantilever generated an 
electric field by means of the pyroelectric effect. 
The thickness of the PVDF cantilever was 28 μm 
and the Ag electrode was 6 μm thick. The pyroelec-
tric effect produced by the PVDF-generated con-
duction electrons that were dispersed on the Ag 
electrode. The electric field in the cross section of 
the PVDF film induced the inverse piezeoelectric 
effect that caused the microcantilever leg to bend 
toward the light. In these experiments, a 10 mW 
irradiation was used to move the microcantilever 
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250 μm in 0.5 ms. The velocities were 33.3 μm/s at 
1 Hz and 76.7 μm/s at 2 Hz.

17.4.3  Electrostatic pressure 
mediated by photogenerated 
electrons

A “warped capacitor” microactuator that uses pho-
togenerated electrons to change the electrostatic 
pressure on a thin silicon (Si) microcantilever beam 
was introduced by Tabib-Azar and his colleagues 
in 1990 (Tabib-Azar 1990; Tabib-Azar and Leane 
1990; Tabib-Azar et al. 1992; Tabib-Azar 1998). The 
parallel plate capacitor consists of the thin P+ silicon 
microcantilever beam attached to a glass substrate 
insulator and suspended over a gold (Au) ground 
plate. Photogenerated electrons occur when the Au 
ground plate is exposed to a light source with suffi-
cient energy. The photoelectrons travel through the 
air gap to the deformable microcantilever beam, 
reducing the charge on the capacitor, and causing 
the cantilever to bend. The capacitance (C) of the 
flat parallel plates is given by the expression
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where k is relative permittivity of the dielectric 
material between the plates (k ≈1 for air), ε0 is the 
free-space permittivity (8.854 × 10−12 F/m), b and 
L are the width and length of the cantilever beam, 
respectively, A is the surface area of the parallel 

plate capacitor, and d is the distance between 
the cantilever beam and the ground plane. From 
the definition of capacitance, the unit Farad (F) 
is equal to C/V. A bias current must be used in 
order to make the microbeam capacitor function 
effectively as a microactuator. A separate voltage 
source, V0, through a resistor is connected across 
the capacitor to form the bias current (Figure 
17.9).

If the change in capacitance as the cantilever 
beam deforms is neglected, the steady-state deflec-
tion at the end of the microbeam can be described 
in terms of the charge on the capacitor. However, 
the cantilever beam will bend in a stable manner 
up to the threshold of spontaneous collapse (Tabib-
Azar 1998) given by
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which is a function of the Young’s modulus (Y) and 
the thickness of the cantilever beam (b). The fast-
est time that it can smoothly traverse this distance 
is approximately equal to the period of the funda-
mental mode of free vibration.

Tabib-Azar (1998) constructed a microactua-
tor that uses a 600 × 50 × 1 μm3 cantilever beam 
with a gap of 12 μm to demonstrate this concept. 
A bias voltage of 6 V and optical power less than 
0.1 mW/cm2 was used to move the cantilever 
4 μm in approximately 0.1 ms. The light-controlled 
actuation is possible by charging the capacitor 
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Figure 17.8 Photograph of the optically driven PVDF leg actuator (a) and the displacement of 
the leg for two different frequencies (1 Hz and 2 Hz) (b). (With kind permission from Springer 
Science+Business Media: Optical Review, Optically driven actuators using poly (vinylidene difluoride), 
15, 2008, 162–165. Mizutani, Y. et al., Figures 6 and 7.)
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with a current from the battery circuit. A contin-
uous photon flux, i ,Φ < η  where η is the quan-
tum efficiency, short circuits the capacitor more 
slowly than the battery charges it, causing a charge 
buildup which closes the plates. A photon flux 

iΦ > η causes an opposing photocurrent greater 
than the charging current. The net charge then 
decreases, and the capacitor plates relax open. In 
this manner, the light source is not the primary 
source of energy to the actuating system rather it is 
sufficient to enable the action by pushing the cur-
rent level above a threshold.

17.4.4  Light-induced elastic CNTs

CNTs are a relatively new class of one-dimensional 
carbon nanomaterials that have extraordinary 
mechanical, electrical, and thermal properties 
(Iijima 1991; Sun and Li 2007). The Young’s modu-
lus of a CNT is over 1 TPa and the tensile strength 
is approximately 200 GPa. The thermal conduc-
tivity can be as high as 3000 W/mK. Cylindrical 
single-walled carbon nanotubes (SWCNTs) have 
relatively small diameters (~0.4 nm) and based on 
their structure can be either metallic or semicon-
ducting. Studies in the late 1990s suggest that the 
structure distortion caused by the van der Waals 

forces can modify the electronic structure of the 
CNT and influence both the mechanical and opti-
cal properties of SWCNT bundles.

Light-induced elastic responses from SWCNT 
bundles and fibrous networks were first reported 
by Zhang and Iijima (1999). These research-
ers observed the elastic movement of bundles of 
~20–50 μm long SWCNT filaments when exposed 
to visible light. The electrostatic interaction of the 
SWCNT bundles was believed to be the cause of 
the elastic filament behavior. The authors con-
cluded that the effect was the result of photovol-
taic or light-induced thermoelectric effect related 
to the modification of electronic structure during 
the bundle formation. The orientation and align-
ment of highly anisotropic CNTs has also been 
shown to be an important factor in determining 
the photomechanical properties. Liu et al. (2009) 
studied the effects of CNT alignment on the pho-
toconductivity of thin films and showed that a 
high degree of nanotube orientation can improve 
the power conversion efficiency ~10%. In addition, 
films containing partially oriented CNTs pro-
duced faster response times and attained a higher 
internal photon to electron power conversion 
efficiency than the film made up of nonoriented 
nanotubes.
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Figure 17.9 The basic design of the electrostatic “warped capacitor” microactuator originally investi-
gated by Tabib-Azar (1998). Photogenerated electrons occur when the gold ground plate is exposed 
to light with sufficient energy. The photoelectrons across the air gap and reduction in the charge on 
the parallel plate capacitor cause the microcantilever to bend.
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Polymer CNT and nanocomposites have been 
receiving a great deal of attention in recent years 
because of enhanced mechanical properties and 
their unique electrical and thermal properties. 
One of the earliest material-based systems was a 
CNT-filled thermoplastic elastomer (Morthane) 
nanocomposite introduced by Kroerner et  al. 
(2004). Morthane is a linear, hydroxyl termi-
nated polyester polyurethane that exhibits a low 
glass transition temperature (Tg = −45°C), near-
ambient melting temperature of the soft-segment 
crystallites (Tm, s = 48°C), and exhibits huge strain-
induced deformations (~700%). Significant defor-
mations at room temperature (Tg < Troom < Tm, s) 
causes the flexible polymer segments to crystallize. 
The crystallization process forms physical cross-
links, which prevent the polymer from undergoing 
strain recovery when the applied stress is removed. 
Subsequent heating and melting of the strain-
induced soft-segment crystallites releases the con-
strained polymer chains forcing the material to 
revert back to its stress-free shape. The researchers 
were able to deform the composite Morthane mate-
rial by 300%, exerting ~19 J to lift 60 g weight more 
than 3 cm with a force of approximately 588 N.

More recently, Panchapakesan and his col-
leagues (Lu and Panchapakesan 2006, 2007) 
exploited CNTs to create strain-induced crystal-
lization for SMPs. Shape memory is the ability of 
the polymeric material to reversibly recover inelas-
tic strain energy when exposed to specific envi-
ronmental stimuli. The strain energy is captured 
in the material through a reversible morphology 
change induced by shape deformation or by the 
suppression of molecular relaxation. Molecular 
relaxation occurs in SMPs when the material is 
quenched through the glass transition or crystal-
lization temperature for the SMP. For most cases, 
the material is able to recover the original shape 
when the temperature is raised above the critical 
thermal transition.

17.5  PHOTOTHERMAL 
INTERACTION WITH 
MATERIALS

A number of optical actuators have been designed 
that exploit the ability of light to generate heat and, 
thereby, directly influence the thermal properties 
of surrounding gases, liquids, and solids. A focused 
light source can be used to produce sufficient heat 

energy that can introduce thermo viscous effects 
(Hockaday and Waters 1990), transform a con-
fined liquid into a pressurized gas (Hale et al. 1988, 
1990; Hockaday and Waters 1990; McKenzie and 
Clark 1992; McKenzie et al. 1995; Mizoguchi et al. 
1992; Tabib-Azar 1998), drive microflows (Shiu 
et al. 2007; Weinert and Braun 2008), initiate tem-
perature induced phase transformation of solids 
(Okamura et al. 2009; Okamura 2012; Yoshizawa 
et  al. 2001), or create photothermal vibrations in 
fiber optic waveguides (Inaba et al. 1995; Jankovic 
et al. 2004; Otani et al. 2001).

Most engineering applications utilize lasers as 
the light source because the light rays from a CW 
or pulsed lasers travel in the same direction (unidi-
rectional), are monochromatic (single wavelength), 
and are coherent (all rays are in-phase). When a 
stream of photons from a laser is projected onto a 
solid surface, the interaction may result in illumi-
nation, light reflection, energy absorption, thermal 
and thermodynamic changes, melting, vapor-
ization, or plasma effects (Steen 1998; Steen and 
Mazumder 2010). The precise nature of the inter-
action depends on the optical power of the laser, 
duration of exposure, reflective and absorption 
properties of the target surface, thermal properties 
of the exposed material, and local environmen-
tal conditions. The absorption properties of the 
target surface determine how efficiently the pho-
ton energy is transferred into the material. This is 
dependent on the material’s absorption coefficient 
(relates to the amount of optical energy transferred 
per unit depth), reflectivity (if 100% reflective then 
no light is absorbed), and material surface finish 
(smooth or rough).

The laser light striking a nonmirrored surface 
will produce a measureable localized thermal 
change in the material. Irradiance (E) is a measure 
of the incident laser power per unit area (W/cm2 or 
W/m2) and can be given as

 
E

P

A
,=

 
(17.6)

where P is the power of the laser source in watts 
(W) and A is the area of the beam spot in (m2). 
The amount of energy delivered to an object sur-
face is, therefore, a function of the beam diameter 
where a smaller beam diameter produces a higher 
irradiance and, thereby, greater amount of energy 
striking the material. For example, a 2 kW laser 
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focused to a 0.2 mm diameter beam produces 
an irradiance of 6.3 × 1010 W/m2 (Steen 1998). In 
other words, a kW laser with a small beam size 
will vaporize an element in a fraction of a mil-
lisecond and, therefore, a concentrated (focused) 
light beam can be used as a powerful “heat source” 
in the microworld.

Applying laser light to the material heating 
process also requires a basic understanding of the 
thermal properties of the target material (Steen 
1998; Steen and Mazumder 2010). Thermally con-
ductive, insulating, and semiconducting materials 
all behave differently when exposed to a focused, 
highly concentrated light beam. Since no energy 
bandgap exists between the valence and conduc-
tion bands of a thermally conductive material, a 
large amount of the electrons in the CB can eas-
ily absorb the photon energy. These CB electrons 
transfer their energy to the material through 
electron–lattice collisions. With very low energy 
from a laser, the photons are easily absorbed by 
conductors and the acquired energy is turned to 
heat. In contrast, the large bandgaps cause the 
insulator materials to have essentially no CB elec-
trons and, therefore, exhibit no thermal conduc-
tion. A large energy bandgap in the material will 
require a significant amount of energy from the 
laser for photon absorption. The thermal behav-
ior of semiconductors is between conductors (e.g., 
metals) and insulators. A very small bandgap 
exists between the conduction and valence bands 
for semiconductor materials and the energy can 
be transferred fairly easily between the CB and the 
lattice structure. However, the amount of energy 
necessary from the laser for photons to be absorbed 
by the material is greater than conductive metals.

Thermal properties also determine how the 
heat energy delivered by the laser will flow into the 
target material. Important engineering properties 
include thermal conductivity and thermal diffusiv-
ity. Thermal conductivity describes how fast the 
heat flows through the material whereas thermal 
diffusivity reflects how fast the material will con-
duct the thermal energy. The heat flow through 
a material depends on the thermal conductiv-
ity (k) and on the specific heat (ch) of a material. 
Thermal diffusivity (α) tells us how fast materi-
als will accept/conduct thermal energy and can 
be used to approximate the depth that heat will 
travel per pulse (with time t) through the material. 
Materials with a low value for thermal diffusivity, 

such as stainless steel and some nickel alloys, will 
limit the penetration depth into the material. Note 
that the heat flow is dependent on the specific heat 
of a material as it is used to determine the rate of 
change of temperature.

Laser intensity and pulse duration also influ-
ence heat penetration in a material. For some 
metals like stainless steel that have low thermal 
diffusivity, a lower-powered laser with a long pulse 
is used. In contrast, for metals such as copper that 
have a high thermal diffusivity, a higher power laser 
with shorter pulses to overcome the losses can be 
used. In addition to conductivity and diffusivity, 
the thermodynamic properties relate to the amount 
of energy required to heat, melt, or vaporize the 
material. This depends upon the target material’s 
density, heat capacity, melting and vaporization 
temperatures, and the latent heats of fusion and 
vaporization (Steen 1998). Heat capacity is a mea-
sureable physical quantity related to heat, mass, 
and change in temperature. A basic understand-
ing and appreciation of light material interaction 
is necessary for designing viable optically driven 
microactuators based on the photothermal effects.

17.5.1  Light-driven diaphragms

Many indirect optical microactuators take advan-
tage of the heat generated by the light source 
to create the desired force or pressure to move 
the actuator structure (Hale et  al. 1988, 1990; 
Hockaday and Waters 1990; McKenzie and Clark 
1992; McKenzie et al. 1995). When a simple gas is 
heated, it expands according to the ideal gas law

 G nRT ,vρ =  (17.7)

where ρ is the gas pressure, Gv is the gas volume, 
n is the number of moles, R is the gas constant 
(0.0821 L atm/mol K), and T is the absolute tem-
perature. Equation 17.7 states that a fluid in a con-
fined space will expand and increase the pressure 
exerted on the walls of the enclosed structure as 
the temperature increases. The pressure in the 
enclosure may be sufficient to mechanically deform 
one of the walls if it is constructed from a flex-
ible membrane. As the membrane, or diaphragm, 
expands under pressure, it produces the desired 
deflection, δ, and performs the desired mechanical 
work. The displacement produced by a diaphragm 
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microactuator at the center from its equilibrium 
position, δ, can be described as (Tabib-Azar 1998),
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where L is the length, σ0 is the residual stress, 
Y 1( )− γ  is the biaxial modulus, and b is the thick-

ness of the diaphragm. The dimensionless param-
eters a1, a2, and f(γ) depend on the geometry of 
the diaphragm. Tabib-Azar (1998) describes a 
square diaphragm given as a1 = 3.04, a2 = 1.37, and 
f(γ) = 1.075 − 0.292γ. These microfabricated flow 
controllers have speeds of 21 ms in air flow and 67 
ms in oil flow, with sensitivities of 304 Pa/mW and 
75 Pa/mW, respectively.

Mizoguchi et  al. (1992) used this same simple 
concept to create a micropump that included an 
array of five closed diaphragm-actuated devices 
called microcells as shown in Figure 17.10. Each 
microcell consisted of a predeflected 800 × 800 μm 
square membrane that was micromachined in 
0.25 mm3 of silicon and filled with Freon 113, a liq-
uid with a boiling point of approximately 47.5°C. 
A carbon wool absorber was placed inside the cell 
to convert the incident light from the optic fiber 
into heat. The microcell exhibited a relatively large 
deflection, approximately 35 μm, when the cell’s 
content was heated and the Freon 113 undergone a 
phase change from liquid to a gas. The fluid being 

transported by the pump is fed into a flow channel 
between the glass plate and deflecting membrane 
using very small harmonic movements. The har-
monic order of the membrane’s deflection deter-
mines the fluid flow rate and direction. The small 
quantities of Freon in each cell allowed relatively 
low optical powers to be used to change liquid to 
gas, giving the large membrane deflections needed 
to operate the pump. The microcell was fabricated 
and operated by a laser source with no more than 
10 mW. The micropump achieved a head pres-
sure of approximately 30 mmag and flow rate of 
30 nL/cycle.

17.5.2  Light-driven microflows

The miniaturization and integration of various 
analytical laboratory processes on a single plat-
form is a key design requirement for microfluidic 
and LOC devices used for medicine and envi-
ronmental monitoring (Dittrich and Manz 2006; 
Eijkel and van den Berg 2005). The reduction in 
physical size of these functional components has 
increased the speed of analysis, lowered operating 
costs due to the consumption of small quantities 
of reagents, and enabled novel system designs that 
avoid biological sample cross-contamination.

One of the most critical components on the 
microsystem platform is the microfluidic mixer. 
Efficient mixing of chemicals and biological sub-
stances in order to create the desired reactions is 

Pumped
fluid

Light
sequence

(a) (b)

Light
Heat absorber
(carbon wool)

Diaphragm

Glass plate

Fluidic flow
through gap

Freon
113

Figure 17.10 An illustration of a simple light-driven micropump composed of five microcells 
(Mizoguchi 1992). Each microcell has a carbon wool absorber sealed in a chamber filled with liquid 
Freon 113 (boiling temperature ~47.5°C). The light delivered through the optic fiber is used to heat 
the absorber and, thereby, raise the temperature of Freon 113. The phase change from liquid to an 
expanding gas forces the diaphragm to deflect upward and push the working fluid that resides in the 
gap between the flexible membrane and rigid glass plate.
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an essential step in preparing samples for analy-
sis. The typical mechanism for mixing fluids in 
the larger macroworld is to create turbulent flows 
at high Reynold’s numbers. In the microdomain, 
however, mixing liquids becomes more difficult 
because laminar flow dominates. As a consequence, 
the much slower process of molecular diffusion 
becomes the primary mixing mechanism (Hessel 
et al. 2005; Nguyen and Wu 2005). To improve the 
mixing rate over shorter length microchannels, 
researchers have developed a variety of micro-
mixer designs (Nguyen and Wereley 2002). Passive 
mixers do not require external power sources and, 
typically, use specially designed microfluidic chan-
nel microstructures to improve the overall mixing 
rate. T-and Y-micromixers are the simplest passive 
micromixer designs for combining two adjacent 
streams of liquid (Kamholz et  al 1999; Kamholz 
and Yagar 2002). Unfortunately, a relatively long 
microchannel is required because the mixing 
mechanism is completely depended on the molec-
ular diffusion rate. In contrast, active micromixers 
use an external energy source to create distur-
bances in liquid streams to improve mixing rates.

Weinert and Braun (2008) developed a light 
pump approach for active mixing that moves liquid 
through LOC devices. The authors demonstrate how 
small volumes of fluid could be optically pumped 
along a predefined path of a moving warm spot that 
was created using an infrared laser. The repetitive 
motion of the laser beam is used to remotely drive 2D 
microflows of liquid with a resolution of 2 μm. The 
experiments produced pumping speeds of 150 μm/s 
with a maximum 10°C temperature increase at the 
localized light spot. The study also confirmed that 
the fluid motion was the result of the dynamic ther-
mal expansion in the gradient of liquid viscosity. The 
viscosity of the liquid at the light spot is reduced by 
an increase in local temperature, resulting in a bro-
ken symmetry between the thermal expansion and 
thermal contraction in the front and wake of the 
spot. Consequently, the fluid is observed to move in 
an opposite direction to the movement of the heated 
spot because of this asymmetric thermal expansion 
at the spot front with respect to the corresponding 
asymmetric thermal contraction in the wake.

In comparison, pressure-driven microfluid-
ics will operate at significantly faster flow speeds. 
However, to achieve these flow speeds, it is neces-
sary to incorporate millimeter-sized interfacial 
connections to the outside of the pumps. The light 

pump approach enables highly localized fluid 
actuation. Since the pump pattern is program-
mable in real time, it can be adapted to a variety 
of geometric patterns. Interestingly, the light pump 
based on thermoviscous expansion can be used to 
move fluids through an unstructured environment 
(Weinert and Braun 2009; Weinert et al. 2009). In 
this work, an infrared laser was used to melt liquid 
channels into a sheet of ice. Since the entire chan-
nel was not melted at once, the liquid would rapidly 
refreeze behind the laser spot. The repetition of the 
laser spot motion with high frequencies enabled the 
water to undergo a series of melting and freezing 
cycles, thereby increasing the velocity of the pump-
ing action. As the warm spot formed by the laser 
was  moved through a thin ice sheet, the ice  was 
observed to thaw at the front of the spot while simul-
taneously freezing in the wake. The solid ice bound-
aries confine the liquid flow such that the movement 
is from the back of the molten spot to the  front. 
The pumping action was performed with a repeti-
tion rate of f = 650Hz and a chamber temperature 
of To = −10°C (Weinert et al. 2009). With densities 
φwater = 1000 kg/m3 and φice = 917 kg/m3, the pump 
velocity is vpump = 9.5 mm/s. Experimentally, the 
authors were able to measure the pump velocity at 
11 mm/s. The length of the molten spot depends on 
the temperature of the ice sheet. At low ice tempera-
tures, only a short molten spot is formed. At higher 
ice temperatures, the molten spot can reach lengths 
beyond 500 μm with the pump velocity exceeding 
50 mm/s.

From a design perspective, the light pump 
approach implemented on “ice sheets” as intro-
duced by Weinert and Braun (2009) does not 
require separate valves to switch between pump 
paths, thereby significantly reducing the hard-
ware necessary for the LOC devices. Further, the 
approach to fluid transport does not require pre-
fabricated channel walls to define the fluid motion 
path or permit external pressure control to drive 
flow. In other words, it is possible to locally drive 
fluids without structural changes to the substrate, 
eliminating some of the steps in microfabrication.

17.5.3  Temperature-induced shape-
changing metal alloys

The photothermal effect arising from light striking 
a solid material can also be used generate measure-
able forces (Okamura et al. 2009; Okamura 2012; 
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Yoshizawa et  al. 2001). Shape memory alloys 
(SMAs) such as 50/50 nickel–titanium (Ni–Ti) 
and 50/50 gold–cadmium (Au–Cd) are a group 
of metal alloys that experience a discontinuous 
change in their physical structure near their crys-
talline phase transformation temperature. The 
dimensional change arising from this phenom-
enon is significantly greater than the linear vol-
ume change that occurs under the normal thermal 
expansion. Further, the phase transformation tem-
perature can be often modified by varying the alloy 
composition.

The SMA Ni–Ti is commonly used to transform 
thermal energy into mechanical work (Gilbertson 
1993). The mechanism for microactuation is the 
forward and reverse martensite-to-austenite 
phase transformations that occur as Ni–Ti mate-
rial is heated and cooled. The transformation pro-
duces a hysteresis effect where the temperature 
at which the material undergoes a phase change 
during heating is different from the temperature 
that causes the same material to return to the 
martensite state during cooling. The alloy can 
be formed into a wire or strip at high tempera-
tures when it resides in an austenite condition. 
Increasing the temperature applied to a preloaded 
Ni–Ti wire, originally at ambient temperature, 
will cause the material to undergo a phase trans-
formation and move the position of the attached 
load a distance of approximately 4% of the overall 
wire length. In other words, the small force cre-
ated during the contraction period can be used to 
perform mechanical work. The reduction in the 
wire length can be recovered by cooling the mate-
rial back to ambient temperature. The number of 
times the Ni–Ti material can exhibit the shape 
memory effect is dependent upon the amount 
of strain, and consequently, the total distance 
through which the wire is displaced. The amount 
of wire deflection is also a function of the initial 
force applied. Thicker wires will generate greater 
forces but require more heat and longer cooling 
time. For example, a 200 μm Ni–Ti wire produces 
4× the force (~ 5.8 N) than a 100 μm wire but takes 
5.5× as long (~2.2 s) to cool down once heating has 
ceased (Gilbertson 1993).

Although SMA materials exhibit unique and 
useful design characteristics such as large power/
weight ratio, small size, cleanness, and silent actu-
ation, the successful application of the material 
has been limited to a small number of actuation 

devices that produce small linear displacements 
(Okamura et al. 2009; Okamura 2012; Yoshizawa 
et  al. 2001). Okamura et  al. (2009) investigated 
a number of different pretensioned light-driven 
SMA actuators for grasping and manipulating 
macroscopic-sized objects. One effective design 
was a simple torsion spring with the arm extensions 
formed into a tweezer as shown in Figure  17.11. 
The 50 μm Ni-Ti wire wrapped around the arms 
provided the compression to close the end tip and 
the spring provided the necessary bias force to 
return the SMA back to its original length after 
cooling. In this work, a 1.0 W Argon-ion laser 
was used to heat the actuating wire. However, the 
design challenge is to find an efficient method to 
optically heat a very thin wire.

17.5.4  Photothermal vibration of 
optical fibers

Inaba et al. (1995) investigated how the photother-
mal vibration of the quartz core of an optical fiber 
by laser light can be used to construct a vibration-
type transducer. The microcantilever beam in this 
design was the quartz core of the fiber and fabri-
cated by etching the clad layer from the optical 
fiber tip. The resonance frequency is dependent 
upon the physical qualities of the cantilever such 
as size, material density, and Young’s modulus. The 
effect is also partially dependent upon the density 
of the gas or liquid, which surrounds the cantile-
ver because the resonance shapeness of the beam 
is a function of the viscosity coefficient for the gas 
or liquid. The resonance frequency for the micro-
cantilever was observed to decrease from 16.69 to 
16.59 kHz with an increase in pressure from 1 to 
100 Pa, and a reduction in the resonance sharpness 
with an increase in pressure from 100 Pa to 10 kPa 
(Inaba et al. 1995).

Based on the concept of photothermal vibra-
tion, Otani et al. (2001) proposed a dynamic optical 
actuator that was driven solely by light. The device 
is a walking miniature robot constructed from 
three optical fibers, which represent legs, attached 
to a base. Each fiber was cut for a bevel and the sur-
face was painted black so that it could absorb light 
and convert it to heat. The photothermal effect 
occurred in response to a flashed incident beam 
onto one side of the optical fiber leg. The flashing 
light source with a constant cycle time produced a 
stretch vibration on the tip of the fiber that enabled 
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it to operate like a flat spring. The authors also 
experimentally demonstrated that the diameter 
of the fiber has a direct influence on the amount 
of deformation. It was observed that a 10 mm long 
fiber with a diameter of 250 μm would deform by 
30 μm, whereas a 1000 μm diameter fiber of the 
same length would deform by as much as 50 μm. 
Furthermore, Otani et al. (2001) studied the effect 
of fiber length on the amount of displacement 
generated. A 1-mm-long fiber with a diameter of 
250  μm was found to deform 10 μm, whereas a 
15 mm fiber of the same diameter deformed 90 μm.

In the microrobot design, the optical fiber 
became bent due to the thermal expansion that 
occurred on the beveled side of the fiber when 
the light was turned on. If the light is turned off, 
it returns to its original shape. The switching fre-
quency of the 12.1 mW HeCd laser (442 nm) was 
4 Hz. The light was delivered to an individual opti-
cal fiber by a mirror and object lens mounted on 
a moving stage that followed the movement of 
the photothermal actuator. The size of the optical 

actuated walking robot was 3 mm × 10 mm and 
moved 2.3 mm at 25 μm per second using a pulsat-
ing light source.

A micromanipulator based on the photother-
mal bending effect experienced by a beveled opti-
cal fiber was described in a paper by Jankovic et al. 
(2004). The micromanipulator design incorporated 
four fingers, two bendable fibers for actively grasp-
ing small objects and two stationary fibers to pro-
vide structural support while holding the object 
as shown in Figure 17.12. Each finger was a 1 mm 
diameter acrylic optic fiber with a 25 mm beveled 
edge near the tip. The beveled edge as coated with 
a thin layer of black paint where the thickness has 
a measurable impact on the amount of tip deflec-
tion. A light beam, from a 150 W halogen illumina-
tor, was directed into the fixed end of the sculpted 
optic fiber causing the tip at the free end to deflect 
by approximately 50 μm. Several experiments were 
conducted to demonstrate that this simple micro-
gripper is able to grasp, hold, and release a variety 
of small metal screws and ball bearings.

(a)

Movement
of tip

Ni–Ti wire Laser
light

Torsion
spring

Austenitic structure
(shortened length when
heated)

d

d–∆d

L ∆L

(b) Pull force

Bias force
provided by
torsion spring

Martensitic structure
(deformed by bias force
when cooled)

Figure 17.11 A schematic drawing of a light-driven tweezer originally proposed by Okamura et al. 
(2009) for grasping small objects (a). The SMA actuator is based on the crystalline structure transfor-
mation of the Ni–Ti alloy as it is heated laser light and cooled (b). The torsion spring provides the bias 
force that extends the Ni–Ti wire when cooled.
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17.6  SUMMARY

The fundamental aspects and unique character-
istics of light-driven actuators were discussed in 
this chapter. In general, nano- and microscale 
actuator technologies evolved rapidly in the past 
decade because of unprecedented advances in 
innovative materials, new fabrication processes, 
and a multidisciplinary approach to product and 
process design. These optically powered devices 
are typically small remotely activated transduc-
ers that transform the spectral, intensity, or phase 
properties of light into very small structural dis-
placements and forces. Radiation pressure and 
optical gradient forces have been used to manip-
ulate minuscule objects, whereas the spectral 
properties of light have changed the mechanical 
behavior of various stimulus responsive poly-
mers. Alternatively, optically driven photothermal 
effects have been used to heat liquids and gases in 
an effort to increase the fluid pressure acting on a 
flexible diaphragm. Many of these induced effects 
are not readily observable with the human eye and 

may not appear to be significant in the larger more 
familiar world, but within the micro- and nanodo-
main of the very very small these light-driven 
mechanisms become viable solutions.

As predicated by Richard Feynman in his 1959 
lecture to the American Physical Society at Caltech, 
“There’s Plenty of Room at the Bottom” (Feynman 
1960), the world of the very small will play a sig-
nificant role in future technology innovations. The 
future, he believed, lies in “manipulating and con-
trolling things on a small scale” (Feynman 1960). 
With respect to light, a tightly focused beam pro-
vides a highly versatile precision tool for reaching 
out and manipulating tiny cells, or providing a 
feathered touch to rearrange molecules, or creat-
ing the gentle forces necessary to drive a submicron 
motor. Specific wavelengths of electromagnetic 
radiation can also induce physical changes in the 
shape of preformed photoresponsive polymers and 
gels. The smaller the polymer structure, the faster 
and more pronounced the observed reaction to the 
incident light. These light-induced shape-changing 
materials can be exploited by creative engineers 
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Figure 17.12 A micromanipulator based on the photothermal bending effect of optical fibers as 
described by Jankovic et al. (2004). The device consists of two bendable fingers and two stationary 
fingers.
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to develop embedded mechanisms for regulating 
microfluidic flow or manipulating solid objects in 
Feynman’s world of the very small. An interesting 
illustration of exploiting the unique characteristics 
of photoresponsive materials is the light-driven 
single-molecule DNA hairpin-structured nanomo-
tor introduced by Kang et al. (2009). The nanomotor 
incorporates photoisomerizable azobenzene mol-
ecules that enable the DNA structure to undergo a 
reversible light-controlled switching operation.
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18.1  INTRODUCTION

To create great paintings, an artist not only needs 
a magnificent vision but must also know how to 
stretch canvas and mix paint. This chapter dis-
cusses practical skills for the design and imple-
mentation of optoelectronic systems. Because art 
has no agreed boundaries, technical depth may 
appear inconsistent, with items perhaps appear-
ing trivial to one reader being useful insights for 
another and vice versa. A specific optoelectronic 
system is chosen as an example to provide conti-
nuity while illustrating many techniques.

Departing from the more formal style of oth-
ers, this chapter stresses practicalities, examples 
from painfully acquired experience, and methods 
of reducing risk. Ideas both familiar and less com-
mon are offered to permit the reader, at whatever 
level, to explore beyond the obvious, and to antici-
pate problems that may otherwise compromise 
success. While earlier chapters give depth and 
essential numerical specificity, practical arts are 
predominantly hints, recipes, and general guide-
lines. This chapter attempts to offer useful ideas to 
the beginner, while including sufficient subtleties 
to interest those with extensive experience.

The need for specifications and definitions of 
success (Section 18.2), understanding require-
ments (Section 18.3), and modeling (Section 18.4) 
apply generally. Practicalities of design, planning, 
and organizational discipline (Section 18.5) are 
important to the success of any complex optical 
and electronic endeavor. Rather than repeating 
quantitative details readily available elsewhere, 
emphasis is given to properties and things that 
go wrong at system design and component levels, 
with some ideas of how to avoid or recover from 
them (Section 18.6). Later sections introduce test-
ing (Section 18.7), some effects of hostile environ-
ments (Section 18.8), checklists (Section 18.9), 
aphorisms (Section 18.10), and a further reading 
list selected for its practicality.

18.2  SPECIFICATIONS

Optoelectronic programs can be put at risk by insuf-
ficient definition of the problem, the environment, 
the constraints, and/or the available tools. A domi-
nant precursor to success in the art of optoelec-
tronics is therefore to get a comprehensive written 
specification. Introducing our example, we quote as 

Table 18.1 the abbreviated target specification for an 
optical air data system (OADS), intended to replace 
the pneumatic system currently in the control loop 
of intrinsically unstable high-performance aircraft, 
to allow operation closer to the limits of the flight 
envelope than otherwise possible. Outputs are air-
craft speed and attitude with respect to the ambi-
ent air, whose temperature and pressure were also 
required but provided by an independent optical 
system.

The following sections exemplify methods used 
to meet these specifications and how success may 
be defined. Table 18.2 shows a hierarchy of success, 
enhanced by proper specifications, top-down con-
ceptual design, and control of risk. Available com-
ponents and circumstances may occasionally force 
bottom-up modifications.

18.3  REQUIREMENTS

The art of practical optoelectronics is about com-
bining components, whose specifications we 
believe are plausible, into instruments and systems 
to solve problems for which we will be rewarded. At 
least four main factors are necessary: motivation, 
specifications, aptitude, and components. First, 
because optoelectronics is a challenging discipline, 
motivation must be sufficient, usually personal sat-
isfaction or even financial gain. Second, we must 
demand explicit specifications and accept implicit 
boundary conditions, over both of which we have 
only limited control. Third, aptitude enhances the 
ability to create and configure an effective system. 
Frequently appearing as experience, it guides the 
designer and prevents unnecessary innovation. 
Fourth, the choice of components is based upon 
optimization of complex interrelationships of what 
is available, and what quoted claims are trust-
worthy. Possible consequences of the omission 
of one or more of these four factors are shown in 
Figure 18.1. The practicality of any optoelectronic 
system also depends strongly on the control of risk, 
and the optimization of many complex interac-
tions, not all of which may be fully understood or 
can be wholly controlled.

Supplementary to these requirements, but at 
least as important for success, is time, money, and a 
champion. Even with ample resources, things take 
time, but neither time nor money will be enough 
unless someone has made the personal commit-
ment to succeed. Occasional digressions into areas 



18.3 Requirements 649

less susceptible to scientific analysis are intended 
to help distinguish what is important from what is 
not, because much risk lies here.

Earlier chapters of this book give precise 
numerical facts about optical, electronic, and 
mechanical components, subsystems, and behav-
iors. Many are complex, interactive, and frequently 

counterintuitive, typically more so in optics than 
in electronics. Familiarity with these subtleties is 
necessary, as is studying what others have done, 
and why, and whether these led to success or inge-
niously redefined failure.

Almost all measurements and systems for which 
optoelectronics is conventionally used may be 

Table 18.1 Optical air data system specifications

Performance
Speed (true air) 15–1500 ms−1 ± 0.1 ms−1

Pitch (angle of attack) +25 to −10°arc ±0.1°arc
Yaw (angle of sideslip) ±22.5°arc ± 0.1°arc
Update rate 40 Hz 64 Hz preferred
Pressure (altitude) −500 m to 16 km ±8 m (higher preferred)
Temperature (amb.) −70°C to 50°C Unspecified (best)

Environment
Altitude Ground to 25 km 37 km preferred
Temperature −70°C to 140°C Local ambient
Acceleration −3 to +12 g Peak
Ambient light Darkness to sun stare Darkness to 1.5 kW m−2

Sensed particle radius 0.2 μm and larger <0.12 μm preferred
Particle concentration <1 m−1 to dense cloud

Physical
Throw 1.2 m More preferred
Weight <50 kg Less preferred
Lifetime 100 000 h MTBF
Final cost <$100 k each >1000 units
Power consumption <1 kW 28 V ± 50% (noisy)
Other

Performance must be acceptable with naturally occurring particles anywhere in the 
global atmosphere in all weathers.

The system must be 'eye-safe' and 'stealthy'.

Table 18.2 Hierarchy of success

Ideal All specifications are met
Adequate Specifications are met and performance confirmed after acceptable 

modification
Incomplete Not all specifications are met, but useful information and diagnostic data are 

recovered
Malfunction The system produces no useful scientific results, but diagnostic data are 

recovered
Failure No science is recovered and the system diagnostics do not indicate what 

went wrong
Catastrophe The system destroys itself; we have no idea why
Disaster The system destroys itself, causing collateral damage to the facilities and 

possibly personnel
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described as instrumentally assisted observation 
of a phenomenon. Ideally, the phenomenon can be 
controlled, where it essentially becomes part of the 
system. It may however only be probed with neg-
ligible perturbation, as with the OADS example, 
or merely observed passively as in astronomy. The 
challenge is to create a specified instrument or 
experiment to enhance quantitative knowledge of 
the phenomenon, confirm existing wisdom, and 
perhaps suggest new ideas.

18.4  MODELING

Making an optoelectronic system to the custom-
er’s satisfaction demands that specifications and 
requirements are understood. An initial approach 
may be to construct a mental model of a possible 
system, from concept through design, assembly, 
testing, operation, and interpretation of the output. 
Table 18.3 lists eight major functions of the initial 
thought experiment. At each design level new tasks 
are spun off, although questions are asked and 
answered to permit continuation of the planning 
and design sequence.

Eliminating or solving problems uncovered 
while addressing these items frequently redirects 
attention. For example, maintaining adequate 
temperature stability for OADS originally seemed 
impossible. Combining air circulation and heat 
pipes offered a possible if inelegant solution per-
mitting design progress to continue, and although 
this might have been acceptable, the final choice to 
circulate a temperature stabilized liquid through 
a sealed labyrinth held temperatures with 0.5°C, 
maintaining optical alignment and electronic 
performance. Eliminating such obstacles as early 
as possible reduces redesigns, which get more dif-
ficult and expensive the later their necessity is 
accepted. The thinking process implicit in Table 
18.3 depends strongly upon feedback to achieve 
performance satisfactory to the customer and con-
sistent with available resources.

Figure 18.2 maps a possible design sequence, 
where arrows represent potential information 
flow upon which changes may be contingent. 
The starting point is the customer’s specification. 
If this appears infeasible or even unreasonably 
demanding, for example by violating the laws of 

Table 18.3 Functions of a model

 1. Quantification of the physics and phenomenology

 2. Verification of compatibility of specifications and constraints

 3. Understanding quantitative interactions between parameters

 4. Optimization of architecture, design configuration, and components

 5. Prediction of ideal performance possible with the planned design

 6. Prediction of performance deterioration when implementation is not ideal

 7. Diagnosis of anomalies anticipated during construction, testing, and use

 8. Reduction of risk and enhancement of confidence

Motivation

Specifications

High risk Empty hopeDelay

Futility Success Chaos Aptitude

No hopeInactionDreams

Components

Figure 18.1 Venn diagram of success factors.
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physics or similarly extreme constraints, early and 
amicable negotiations can yield great advantages 
in simplicity, cost, and timeliness—less com-
monly in performance. Quantitative examination 
of the proposed physics and phenomenology ① 
may confirm acceptability or demand changes. 
For OADS, the 3-D velocity was calculated from 
the measured transit times of naturally occurring 
particles crossing each of three inclined pairs 

of parallel light sheets projected 1.2 m from the 
optical unit looking sideways from the aircraft. 
Pressure, altitude, and temperature were obtained 
from simultaneous pulsed measurements of total 
elastic scattering and fluorescence of molecular 
oxygen over a common volume of air outside 
the boundary layer of the vehicle. Simple calcu-
lations ② with tests for scientific plausibility and 
technical capability can confirm that nothing 

Customer
Change

something

Study

Study

Find
alternative

Questions

Calculations

Design
architecture

and interfaces

Questions

One or more

Choose
parts

Predict ideal
performance

Anticipate real
performance
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customer

Notify
customer

Proceed with
caution

Accept

OK
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problems
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Serious
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Figure 18.2 Operation of design model.
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silly is being planned ③. Plausible and self-con-
sistent numerical criteria, which for OADS were 
difficult but not infeasible, may then allow a pre-
liminary ④ design. The projection of 8 mm light 
sheets with a near diffraction limited full width 
to e−2 intensity of 70 μm, separated by 11.2 mm, 
looked reasonable, but required transit time mea-
surements accurate to 10−4, challenging but not 
impossible—see below. External and internal 
interfaces with a coherent logical and structural 
architecture (Figure 18.3) iterate to a self-con-
sistent set of available parts ④, again. Clear and 
unambiguous names for each module help to 
avoid confusion among participants. Defined 
hardware and software modules must be isomor-
phic, with each other and also with the necessary 
functions and interfaces to allow testing and pos-
sible remediation. Within this structure an ideal 
performance can be predicted ⑤. Independent 
knowledge, measurements, and/or testing allow 
consideration of effects of ageing, deterioration 
during use, or even failure of parts or subsystems 
to anticipate likely real performance ⑥. In critical 
applications where single point failure cannot be 
tolerated, initial choices for system architecture 
may require adaptation. Expanding the rigor of 
preliminary thoughts and testing at this level may 
show detrimental problems ⑦, requiring more 
serious remediation. For OADS, the pressure 
and temperature system (PATS) technology was 

changed from the originally planned differential 
absorption to Schumann–Runge fluorescence of 
O2 because of installation constraints. However, 
tedious and expensive preliminary modeling 
might appear, it is incomparably cheaper than 
later fixes, even should these prove possible ⑧. 
Design errors are better corrected on paper or the 
more modern electronic equivalent documents 
than in hardware components or computer code. 
Three outcomes from this exercise may be (1) no 
obvious problems, (2) problems with reasonable 
remedies, or (3) problems requiring negotiation 
with, or at least reporting to, the customer. Such 
a sequence of increasingly demanding analytical 
processes for OADS identified five major risks: 
(1) Would there be enough particles everywhere 
in the atmosphere? (2) Is the velocity measure-
ment geometry acceptable? (3) Can the system 
be calibrated? (4) Is everything stable enough? 
(5) Would PATS work? In the event enough par-
ticles were found everywhere flown, the velocity 
measurements were sufficiently accurate—more 
so than systems used to calibrate them, stability 
was just acceptable, and PATS performance was 
marginal. Ironically the major risk was not tech-
nical, and the program, of which OADS was but 
a tiny fraction, was cancelled by the customer’s 
customer for wholly unconnected reasons.

However, rather than insisting that everything 
be modeled it is often more sensible to evaluate 
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Figure 18.3 OADS system components.
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where effort is most wisely spent in terms of the 
overall requirements of the customer. Run-away 
costs, or late delivery, can be just as serious as an 
inadequate instrument.

18.5  DESIGN

Design, like art, is a creative process involving 
flashes of insight. However, the first practical step in 
building a cathedral is pounding rocks into a ditch, 
and in this sense the preparation of foundations is 
an important, if a less apparently rewarding, precur-
sor of more detailed design work. Using appropriate 
tools for design planning amply repays the effort; 
examples follow. A more colloquial style is adopted 
here to lighten the overwhelming complexity that 
can be engendered by rigorously performing the 
following tasks for which a fairly logical sequence is 
established below, and followed later in Section 18.6.

A top-down design methodology helps to assure 
that specifications can and will be met. Important 
aspects of the system, although initially existing only 
in imagination, can be solidified into pathways along 
which the physical construction can later proceed. 
Nine ideas introduced in Table 18.4 are expanded in 
the following paragraphs. General program manage-
ment and design activities must often be augmented 
for specific systems by special software packages for 
optical design, signal analysis optimization, com-
puter aided design (CAD), and finite element analy-
sis (FEA) for mechanical and thermal optimization.

18.5.1  Riding-the-ray

Riding-the-ray tracks information-bearing pho-
tons, later transformed into electrons, through 
successive components. Examining the effects 
of each component, including the phenomenon, 

from generation of photons to the recovery of 
the numerical and graphical representations of 
the final measurement, can explore the proper-
ties of many devices in the system. This approach 
is particularly useful for examining the effects of 
aberrations, polarization, spatial and temporal 
coherence, optical power budget, pointing stabil-
ity, alignment criteria, and various other com-
ponent-related properties. Where there is more 
than one optical path, each may be analyzed 
independently or in various combinations. This 
approach is the essence of ray tracing, estimating 
aberrations and ghosts. It may also show unan-
ticipated effects.

18.5.2  Assembly methods

In addition to describing the structure, design 
must specify how the system may be constructed, 
how it will be aligned, and the alignment main-
tained. For example, mechanical support may 
be (1) fixed by design and manufacture, (2) ini-
tially adjustable over a specified range and then 
locked, or (3) dynamically compensated during 
operation. In mass production, where adjust-
ments are neither necessary nor permitted, 
functionality may be compromised to accommo-
date manufacturing tolerances. A more versatile 
design avoids such performance reduction at the 
expense of increased complexity. The extreme is 
to have everything adjustable, with ranges and 
sensitivities sufficient to accommodate almost 
any manufacturing imperfection. This can be a 
dangerous and unwise choice. A better solution 
optimizes reasonably tight manufacturing toler-
ances with a few well-chosen adjustments, whose 
ranges are best limited to the smallest neces-
sary. Each adjustment should be independent 

Table 18.4 Tools and purposes

 1. Riding-the-ray Analyze all optical components

 2. Assembly methods Provide adequately sensitive adjustments and criteria

 3. Calibration Build trust in the planned measurements

 4. Operation Use and experience the virtual system

 5. Risk reduction Consider the unknowns, and the unknown unknowns

 6. Signal estimation Predict signal, noise, accuracy, precision, and errors

 7. Information retrieval Simulate signal processing and information recovery

 8. Interfaces Estimate power, environment, and communication needs

 9. Management Track status, changes, costs, and consequences
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and appropriately sensitive. After meeting a clear 
criterion of acceptability, each should be locked, 
and not be susceptible to residual creep. If such 
stability is impossible, perhaps because of chang-
ing external conditions, then adjustments may 
be driven by a closed-loop feedback system con-
trolled by a prespecified algorithm to an estab-
lished alignment or performance criterion. The 
most likely candidate for real time control is tem-
perature stabilization, but other adverse effects 
may be similarly mitigated.

Table 18.5 summarizes guidelines for mount-
ing and aligning the chosen components, with 
specific techniques given later (Section 18.6.3). For 
any particular system, some line items may appear 
either obvious or too detailed. It is important to 
know which, and to assign effort intentionally, 
rather than by crisis intervention.

Every intentional, or even accidental, vari-
able should be reviewed in the light of Table 18.5. 
Listing all variables allows the definition of accept-
ability criteria for each alignment. Early attention 
to surprises that often emerge from this exercise 
greatly enhances assurance of success.

18.5.3  Calibration

Although calibration is often necessary to assure 
the desired accuracy of measurements, it may be 
simplified by careful manufacture, by ingenious 
choice of parameters, or by specifying measure-
ments of more stable output quantities, such as 
time and frequency, rather than intensity or volt-
age. If possible, the reported measurement should 
be independent of quantities that are difficult to 
measure or guarantee constant, such as luminance, 
wave front flatness, stray light, noise level, and oth-
ers. Table 18.6 suggests a sequence of informal 
questions to which proper answers can improve 
confidence.

Calibration implies that the system is both stable 
and well characterized and that its initial behavior is 
understood and close to what is intended. Residual 
disparities are assigned numerical values to correct 
or compensate measurements, possibly even while 
the instrument is operating. Implicit in calibration 
is the planning of methods to test the system for 
efficacy, performance, reliability, constancy, and 
other properties discussed in Section 18.7.

Table 18.5 Adjustments and alignments

available adjustments
Provide independent control for each variable
Arrange suitable sensitivity of adjustment
Assure that every adjustment may be rigidly locked

alignment criteria
Agree a definition of acceptable alignment
Specify a quantitative criterion for its achievement

Completion
Confirm that the alignment criterion is finally met
Mark the final position and document all activities and observations

Table 18.6 Calibration and characterization

Do the numerical results mean what they seem to mean?
What precision can be expected, or achieved?
What accuracy can be expected, or achieved?
What evidence links the current results to previously known results?
Can errors be bounded using comparisons of known and measured data?
Do the measurements depend exclusively on the phenomenon of interest?
If not, what other effects must be allowed for?
Can these effects be measured and the data corrected?
If not, can the errors be otherwise bounded or some compensation performed?
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18.5.4  Operation

Anticipating what instructions may be necessary 
and what responses are expected from an operator 
is desirable. A proper balance between automatic 
operation and user intervention can accommodate 
unforeseen situations, without making routine 
tasks so complex that they invite errors. Routine 
operation should be automatic, perhaps run by 
prewritten scripts, requiring user intervention 
only if something unexpected arises. If results or 
monitored quantities differ from expectations, the 
operator can request additional diagnostic displays, 
preempt a script in favor of a new one, make changes 
to existing commands, or take over progressively 
more complete control of the system. This hierarchy 
of increasingly operator-intensive actions must be 
fairly robust to operator errors induced by fatigue 
or stress caused, for example, by something unex-
pected. Even if the operator must assume complete 
control, with increased risk of mistakes, online error 
checking can prevent incompatible instructions.

18.5.5  Risk reduction

Table 18.7 lists five main areas of risk, although 
optoelectronics carries special types of risk with 
each element potentially leading to further ques-
tions. Experience helps identify critical areas, and 
often a barely remembered thought about some 
device or approach can intimate something that 
has perhaps been neglected, at future peril.

One great risk may be not staying aware of what 
is wanted, perhaps by misunderstanding the cus-
tomer’s original desire or intention, or even a change 
of priorities during design and/or development. 
Sharing risk with the customer by frequent timely 
exchanges of current status information, thoughts, 
feelings, concerns, intuitions, and expectations 

enhances the probability of a mutually successful 
outcome. Rarely, will a customer become impatient 
with such attention, but neglect of personal relation-
ships and communication is a sure way to fail. Of 
particular hazard in optoelectronics is suboptimiza-
tion, achieving flawless performance in areas with 
which one is most familiar, while less well under-
stood areas receive less, or perhaps even inadequate, 
attention. The following paragraphs address areas of 
risk not always stressed in optoelectronics texts, but 
critical nevertheless.

Ideal and real component behaviors may differ. 
Buying or borrowing critical parts for early testing 
increases confidence. Design reviews are vital and 
once a design is accepted, changes should be evo-
lutionary rather than revolutionary, with ripple-
through effects reduced by the early definition of 
modularity and interfaces.

Testing to limit functional risk can only be 
complete when physical hardware exists, too late 
for conceptual and design changes without great 
inconvenience. However, components, software 
and hardware modules, and supporting structures 
can be independently tested as soon as they are 
available. To be effective, testing requires a clear 
definition of what is expected, a valid criterion for 
its manifestation, and quantitative documentation 
of how and to what extent this is observed.

Robustness to external conditions, misuse, and 
misunderstanding is necessary once control of the 
system passes to a user who may typically have dif-
ferent attitudes and capabilities from those of the 
designer. The term foolproof is probably optimistic—
fools are more creative than can be imagined.

Complexity increases the technical risk of not 
performing as wished, or of doing inadvertently 
something neither expected nor understood. 
Having fewer parts increases the chance of success. 
The least trustworthy components are complex or 

Table 18.7 Risk areas

Customer Are there enough timely, frequent, and honest exchanges?
Resources Are planned schedule, funding, personnel, and expertise available?
Technical Is the physics right to show the desired effects?

Will the experiment design allow proper measurements?

Is the system implementation acceptable in all areas?

Implementation Can what is designed be built?
Can adequacy be confirmed by well-specified testing?

Deployment Will it stay that way during all conditions of use?
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nonstandard parts for which little prior experience 
exists. Using common commercially available parts 
where possible, even with some slight performance 
compromise, is often recommended. Although this 
might apply particularly to optics and/or mounts, 
commercial mounting assemblies for optics may be 
intended for environments different from the cur-
rent need, and some commitment to modification, 
such as adding locking screws, must be accepted. 
An almost trivial example of simplification is the 
specification of screw sizes. As far as practicable, 
the screws should be the same type and size; that 
way the ability to find the right wrench is much 
enhanced, especially if you buy many of that size. 
The ideal of toolless assembly and maintenance is 
rarely achievable in optoelectronics.

In optics, common sense is often corrected by 
experience, and optical designs that seem accept-
able on paper, or even in the laboratory, can fail in 
use in various subtle ways. Time and effort devoted 
to anticipating failure modes is better directed to 
the more likely ones, identified seemingly only by 
painfully acquired experience. Here, design for 
graceful degradation can permit remedial action 
before complete failure. Time invested with sup-
pliers before committing to final design, parts, or 
assembly methods is never wasted.

Although durability is not always a direct con-
cern, many optoelectronic systems are so diverse 
and complex that it is well to build them as 
though they must last forever, or at least for much 
longer than the specification demands. Three 
approaches may be useful: (1) design the system 
to tolerate all anticipated conditions, (2) preserve 
the system from unplanned conditions that could 
cause deterioration, and (3) arrange continuous 
or frequent monitoring to assure that no relevant 
parameter is, or has been, outside its permissible 
range.

An optoelectronic system should be robust 
to any change in conditions within its specifica-
tion. This has sometimes been called hardening, 
which is commonly used with three meanings, 
the robustness of (1) the design, (2) the resultant 
instrument, and (3) the ability to operate without 
serious deterioration in radiation environments. 
Even allegedly benign conditions can have haz-
ards. From experience, the author once expected 
to lose one or two digital camera charge coupled 
device (CCD) pixels to radiation damage on every 
long-haul commercial airline flight until the 

technology of substituting less vulnerable com-
plementary metal–oxide–semiconductor (CMOS) 
sensors became almost universally adopted.

Although rarely in the specifications, a robust 
design not only establishes initial operation, but 
also accommodates inevitable later changes. 
Design quality is enhanced by having experienced 
people review it for potential weaknesses before 
commitment to procurement and manufacture. 
Reviewers are best selected from those who are 
skeptical that it can be made to work at all, and are 
looking for justification of their prejudice. Heeding 
their observations and improving the objects 
of their concern improves the robustness of the 
design to many unquantifiable properties of real 
life. Four aspects merit review: (1) general concept, 
(2) interface and layout drawings, (3) design frozen 
prior to commitment to hardware, and (4)  soft-
ware responsible for the operational experience of 
the user. Once testing is begun, the only permit-
ted design changes should be those demanded by 
problems uncovered by or during that testing.

18.5.6  Signal estimation

Quantitative estimates of expected system proper-
ties can be obtained by representing each compo-
nent by a cell on a spreadsheet, entering a plausible 
estimate of the power or signal properties at that 
point, from source to detection, allowing for all 
the plausible or possible effects. Following columns 
contain best-case and worst-case approximations 
that may raise confidence, suggest remedial action, 
or demand redesign. This technique can identify 
potential problems arising from many sources, 
from stray light to amplifiers or subsequent pro-
cessing. Commonly, modern optoelectronic sys-
tems make at least two sequential transitions: 
optical radiation to analog electrical signals, and 
digitization of the analog signal. Unless the system 
is based upon individual photon detections that 
are in some sense already digital, converting from 
analog to digital transmission as close to the detec-
tor as practicable minimizes further increase of 
noise from parasitic and transfer effects.

18.5.6.1  OPTICAL NOISE SOURCES

However good, detectors and electronics can never 
recover properties of the optical signal lost or 
diluted by unintended effects. Examples vary from 
a mismatched aperture to windows that deteriorate 
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or get dirty, but can be improved by care and atten-
tion to component choice, environment, and oper-
ating methods. Stray light from various internal 
and/or external sources can dilute the optical sig-
nal. Most commercially available lens and optical 
design programs have the facility to analyze ghosts, 
which although reducible by multilayer antireflec-
tion coatings, may still be detrimental in laser-
based systems. With high power pulsed lasers even 
ghost reflections can focus enough of the beam to 
cause ionization along the optical path or perma-
nent damage if the focus is near or within a com-
ponent. Cleanliness is always essential. Although 
superpolishing is sometimes recommended, it is 
expensive and parts require special handling.

Internal flare can be improved by machining 
fine annular grooves with a matt black coating on 
all enclosing barrels. Conventional optical stops 
may be augmented by a few well-placed discs 
with internal knife-edges to reduce stray light. 
Despite potential external attractiveness, shiny 
or polished surfaces should be avoided internally, 
substituting surface finishes such as black anod-
izing for matt aluminum, and various other oxi-
dation processes for materials such as brass or 
steel. Black plastic shrouds also help reduce reflec-
tions and flare, and enclosing the light path often 
suppresses convection, an occasional source of 
image degradation where density gradients occur. 
Carbon-based matt black paints can be useful and 
cobalt oxide pigments survive and stay black at 
high temperatures.

The advent of lasers as illumination sources has 
introduced the phenomenon of cavity feedback, 
which is less rare than its cause might suggest. 
Even a tiny percentage of light fed back coherently 
into the laser cavity can destabilize cavity gain and 
hence the output intensity or mode shape. Even a 
minutely fluctuating feedback from optical com-
ponents can be significantly amplified in the reso-
nator to become a serious instability. Sensitivity to 
mechanical or thermal instabilities becomes more 
serious as the instrument is better aligned, or con-
tains surfaces conjugate with the laser output face. 
For example, when launching the laser beam into 
a single-mode fiber, the best match of numeri-
cal aperture, focus, and centering is also the most 
likely condition for laser destabilization. Tilting the 
input face sometime helps, but wedging is better. 
The opposite end of the single-mode fiber is also 
conjugate, and if the fiber is shorter than the laser 

coherence length, or a near multiple of the beat 
length between close modes if more than one is 
stimulated, then this also will make the laser flicker.

18.5.6.2  DETECTION AND NOISE

Currently the only directly detectable property of 
an electromagnetic field at optical frequencies is 
its intensity, although techniques such as coherent 
mixing can visualize phase, and spectral character-
istics can be derived via various dispersive or non-
dispersive optical processes. Square-law detectors 
measure light intensity in one of three regimes: (1) 
low intensity, where quantum properties  prevail, 
(2) high light levels, with classically continuous 
intensity levels, and (3) a “gray” area between, 
where observed behavior depends on the power 
level and detector type. Noise effects differ signifi-
cantly between regimes, easily estimated by noting 
that a green photon has energy of about 4e−19 J, giv-
ing about 2.5e18 photons s−1 in a 1 W beam.

Detectors capable of resolving individual pho-
tons often show defects such as after-pulsing, 
fluctuating sensitivity, and photoelectron pulse 
pile-up, which can distort the statistics upon which 
information depends. If these effects are reduced 
to be negligible, the detector output at sufficiently 
low light levels, and/or high bandwidths, consists 
of a series of amplified photoelectron pulses. Even 
if many photons are missed because of reduced 
quantum efficiency, the statistics can remain an 
unbiased estimate of incident intensity, usually as 
modifications to the Poisson distributed arrival 
times from an unmodulated coherent source. 
Noise sources in the detector itself, the following 
amplifier(s), and resistive loads, usually become 
significant only in the classical regime. Certain 
types of detector, such as photomultipliers (PMTs) 
and avalanche photodiodes (APDs) in the Geiger 
mode, have enough internal gain to produce a 
discriminable electrical pulse from each released 
photoelectron. The statistical fluctuation, com-
monly called shot noise, which increases as the 
square root of the optical signal power, is an effect 
of quantization of the optical field, and thus is not 
really noise at all. For detectors of lesser capability 
internal noise forces approach to the gray area.

For sufficiently high light levels, particularly for 
restricted bandwidth systems, the dominant noise 
in a uniform level signal is the shot noise, typically 
approaching Gaussian statistics, and although the 
signal-to-noise ratio (SNR) improves, the actual 
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noise increases with the square root of the power 
and the system bandwidth.

The optical power incident upon a detector 
is proportional to the square of the electric field, 
whereas photon noise typically depends on the 
square root of optical power or the electric field 
itself. In later circuitry, the electrical power is typi-
cally described by the product of the current gen-
erated by the incident light and the voltage across 
a load, becoming the fourth power of the electric 
field. A transimpedance amplifier, presenting a 
high input impedance to the detector with a low 
impedance to following devices, can provide wide-
bandwidth high-gain linear amplification with-
out seriously worsening the noise inherent in the 
signal.

After optical detection, electronic condition-
ing using pulse-height or time discriminators 
as photon counting circuits, or box-car analyz-
ers and lock-in amplifiers to average repetitive 
signals, can extract a signal seemingly buried in 
noise. Further improvements may be possible 
using auxiliary timing or other information that 
is either independently known or can be derived 
from the signal. Techniques such as photon cor-
relation can make good use of the photon arrival 
statistics, using information a light beam carries 
in the intervals between successive detected pho-
tons. For OADS, this permitted accurate speed 
measurements from correlated pairs of pulses as 
particles crossed two parallel sheets, whether the 
pulses were from individual or clusters of scat-
tered photons, from particles of <0.2 μm radius up 
to snowflakes.

Many real experiments fall between photon 
resolved and classical, and measurements are 
required where noise is a combination of statisti-
cal effects, whose relative importance depends 
on properties of the optics and detectors, as well 
as the phenomenon of interest. In this regime it is 
essential to consider all sources of noise, the rela-
tive importance of each, and their effect on the 
accuracy of the measurements. Simple calculations 
supplementing answers to carefully worded ques-
tions to device manufacturers improve confidence.

For single-photon detection, the signal is, in 
some sense, already digital, allowing various 
ingenious time dependent pulse processing tech-
niques to examine the information encoded as 
variable intervals between one-bit level changes. 
Processing methods available here can be complex, 

as intimated by the information in the further read-
ing list. Where detection yields an analog signal, 
transformation to a digital form is preferable before 
further signal manipulation. An analog-to-digital 
converter (ADC) produces a sequence of multi-bit 
words, immediately exploitable by digital proces-
sors. Transformation of an optical measurement to 
a usable digital signal usually demands low-noise 
linear amplification, DC offset control, and suffi-
cient resolution for acceptable quantization noise, 
arising from the number of discrete levels, 256 with 
8 bits, 4096 with 12 bits. Only for an extremely 
noise-free input or a large dynamic range is a 16-bit 
ADC or higher occasionally justified. Where suit-
able averaging is possible, quantization noise can be 
reduced by adding known noise to provide random 
jitter between discrete levels, a technique originally 
used in RADAR. Most ADCs tend to be power 
hungry, and careful choice is necessary for applica-
tions where power is scarce, such as from batteries 
or in spacecraft. Noise specifications in 2-D arrays, 
such as CCDs or addressable CMOS arrays, can be 
less optimistic than at first apparent. Cooling can 
reduce the readout noise that dominates for CCDs, 
but excessive cooling can reduce sensitivity. All 
relevant properties of any detector must be well 
understood before committing to its use.

18.5.7  Information retrieval

Two important questions are “What is to be 
inferred from the measured optical signal?” and 
“How is the inference to be drawn?” Relating the 
value of the quantity to be measured to the detected 
light is not always obvious, as the subject and study 
of inverse problems attests.

Care is taken to optimize the signal in terms of 
intrinsic or additive noise, nonlinearity, overrang-
ing, etc. It is convenient to distinguish ‘signal and 
data processing’ from ‘information retrieval’. The 
former is typically intended to manipulate, rear-
range, and/or often selectively reduce raw numeri-
cal data. The latter, is weighted toward extracting 
the values of the required quantities, and their 
boundaries, accuracy, precision, constraints, and 
even significance. Its final aspects are to present 
these values to the user in an easily understood 
form, and to archive all pertinent information and 
provenance in a format that may be accessed for as 
long as it may be required.
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18.5.7.1  SIGNAL AND DATA PROCESSING

Signal and data processing may include precursor 
analog manipulation, and the later rearrangement of 
one or more rich 1-D raw data streams into a more 
useful form. Whether from a single-point detector, 
or serially accessed pixelated sensor array, the data 
stream must typically be processed to emphasize the 
required measurement over irrelevant factors. Figure 
18.4 is a symbolic diagram of the Weiner–Khintchine 
relationship linking the conservative Fourier trans-
form (horizontal) with the selective discard of data 
(vertically down). Although both routes from upper 
left to lower right are mathematically identical, prac-
tically the route via correlation can be preferable 
because unwanted data are discarded sooner.

Conservative transformation may make data 
more intelligible, whereas selective discard of the 
irrelevant may improve recovery of useful informa-
tion. For the illustrative example of OADS, the analog 
APD pulse from each particle transit was processed 
by automatic gain control and dynamically matched 
filtering. Successive subsamples of each pulse were 
digitized and buffered by a first-in–first-out (FIFO) 
memory with conditional exclusion of digital sam-
ples not part of any useful pulse, obviating the need 
to process information-free noise between pulses. 
The FIFO was drained and processed to produce an 
amplitude and interpolated time for each probable 
particle transit, as a discriminated event. Infeasible 
sequences were removed by a conditional editor, 
again reducing processing load. A table of transit 
time pair probabilities, analogous to a correlogram, 
was accumulated in random access memory (RAM). 
Particles not crossing both sheets contribute a noise 
floor, while useful transits give a clear peak, whose 
centroid is parabolically interpolated to better than 
the 5 ns resolution available from the time tagging of 
pulses. This sequence of processes, combined with 
the parallel sheet geometry and its control, achieved 

the 1 part in 104 accuracy demanded here, but not 
usually accepted as possible with conventional opti-
cal anemometry. Accuracy was also aided by the 
absence of residual turbulence since the instrument 
was moved through relatively undisturbed air in 
which are embedded near stationary particles.

Several processes must often be performed 
sequentially, and choices between real-time and 
off-line processing can be the subtle. If either the 
data input rate or the processing overhead vary sig-
nificantly, then asynchronous interfacing with local 
buffering or even storage can be appropriate (Section 
18.6.6). OADS used the FIFO to tolerate wildly fluc-
tuating input pulse rates, dual port RAM to accumu-
late correlograms, and conditional peak finding so 
that interrogation by the aircraft bus always accessed 
the most current measurement. Unless the mea-
surements are required in real time, or with as little 
latency as possible, more accurate or comprehensive 
information may often be recovered by complete 
recording of the raw data streams, with sufficient dig-
itization rate and bit depth, for later off-line process-
ing, perhaps by several different techniques or even 
including information from independent sources.

Estimating computing resources predicts bot-
tlenecks to be alleviated by appropriate hardware. 
Machine architecture is tailored to provide sequen-
tial, pipelined, or parallel task execution, and assign-
ment of the various synchronous or asynchronous 
tasks. However, the cost, risk, and suitability of avail-
able software can force hardware choices.

Many systems rapidly generate enormous num-
bers of data as one or more signal streams too rich 
to be recorded in real time as suggested above. 
Examples are a laser-based velocity sensor applied 
to a wind tunnel, an industrial flame, a ship’s wake 
at sea, transonic flow, or inside an aeroengine. 
While waiting for hardware performance capa-
bilities to catch up with the ever more demanding 
ideal of raw data archiving, techniques such as cor-
relation can compress the incoming event stream, 
selectively discarding only that which is less inter-
esting, in this case, relative phase information. 
Where tens of thousands of correlograms may be 
acquired, often at great expense, a balance must be 
established between archiving all that could later be 
necessary and a reasonable storage expense, in time, 
money, or hardware resources. As a minimum, data 
as raw as possible, together with all system health 
and status monitors, should be stored and backed 
up as comprehensively as can be arranged.
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Figure 18.4 Weiner–Khintchine relationship.
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Built and flown between 1989 and 1993, OADS 
acquired six incoming data streams each at 20 
Mbytes s−1 to be processed by various dynamic and 
conditional discriminators to give three simultane-
ous channels, each of forty 32-bit correlograms per 
second with sub nanosecond delay time discrimi-
nation, for each typically 2-h flight costing several 
hundred thousand US$ (1993). This system used all 
of the techniques outlined above, and indeed many 
more. Data processing choices of how to display 
updates to the experimenter for real-time inspec-
tion and system control during research and devel-
opment were also extensively different from those 
necessary for a final deployable system.

18.5.7.2  INFORMATION RETRIEVAL

Although distinguishing between data and informa-
tion may seem merely philosophical, it can help to 
establish hardware requirements, and both usability 
and intelligibility of the reported numbers. Although 
some systems are passive, perhaps even with data 
only available after the experiment, others may yield 
a real-time indication permitting user intervention, 
or possible redirection of the experiment.

By information retrieval is implied the recovery 
of the measurement in a format for archiving, with 
experiment provenance and monitors, and which 
is also immediately accessible to the observer. This 
implies that the presentation is meaningful to a 
human, important when real-time control or inter-
vention may be necessary, or where proper experi-
ment progress must be monitored or confirmed.

18.5.7.3  SOFTWARE

For any instrument or system involving optoelec-
tronic disciplines, an organizational methodology 
is necessary to make it all play together. Functional 
and structural design must be augmented by a 
software specification as early and as complete as 
possible. Without such discipline, a monster is cre-
ated, a hostage to fortune, later to move out of con-
trol into cost overruns, chaos, and disillusionment.

Typically with optoelectronic instrumenta-
tion, signal and data processing and informa-
tion retrieval will require software, as will the 
user interface, with its control, monitoring, and 
archiving needs. Software must be modular, test-
able, and appropriate for the planned hardware, 
although more usually nowadays the hardware is 
chosen on the basis of computing capabilities and 

resources demanded by software, which becomes 
more expensive and less flexible than hardware.

18.5.8  Interfaces

One critical area in any optoelectronic activity is 
the establishment and comprehensive definition 
of external and internal interfaces. Each interface 
must be compatible with both the elements that 
it is intended to connect. Isomorphic mapping of 
software and hardware modules (Section 18.4 and 
Figure 18.3) introduced the need for ideas expanded 
in Table 18.8, without which testing and diagnos-
tic analysis are made more difficult. An initial top-
down design process is attractive, although it may 
often be necessary to accommodate bottom-up 
changes driven by available components, modules, 
subsystems or blocks of reusable software or code.

Accurate definition of all interfaces is impera-
tive. Even, or perhaps especially, when other crite-
ria may superficially appear to be more important 
in the establishment of system architecture, it is 
essential to resolve priorities to create consistent 
structure. Interface definitions start with a con-
nectivity map of the proposed system, includ-
ing its interaction with the outside world (e.g., 
Figure 18.3), proceed via required functionality, 
ultimately to details of actual wires or numeri-
cal quantities to be exchanged, and the formats to 
which they are constrained.

The importance of these documents centers 
upon their practical use. Interface drawings are 
best as portable files in a format that can be read 
by everyone interested, and printed at least once 
as hard copy on a paper that will accept bold red 
marks, for peer or final review. The existence of 
interface diagrams as working documents, spread 
upon a conference table or a videoconference 
screen for examination and critical discussion, 
can greatly enhance the effectiveness of the final 
system, instrument, measurement, or scientific 
understanding obtained from its use.

Commitment of definitions of interfaces and 
connectivity to a formal document improves con-
fidence that the system can perform its intended 
task, often suggesting simplifications and more 
logical ways of doing things, but more importantly 
defining modular boundaries. The specification 
of every module allows each part of the system 
to be tested independently of others, an ability 
whose importance cannot be stressed too highly. 
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A second advantage is that critical components may 
be tested as soon as they become available, without 
waiting for everything else to arrive, not only for 
functionality, which is mostly reasonable for com-
mercially purchased parts, but more importantly 
for fitness and agreement with expectations.

Within the larger context of the initially specified 
environment of the system, Table 18.8 lists six gen-
eral types of interface or definable structure. During 
design, each must be described down to a level suf-
ficiently detailed to prevent inevitable later changes 
from rippling through the system with unantici-
pated effects. A hierarchy of mapped and docu-
mented interfaces reduces later problems, although 
some interference is to be expected between the 
tabulated items, expanded somewhat below.

18.5.8.1  OPERATOR INTERFACE

The highest level, and in many cases the only one 
visible to the operator, includes the appearance 
of the system, the user friendliness of the avail-
able commands, the methods of reporting and 
displaying the required measurements, either 
in real time or recalled from archive, the confi-
dence given by suitable values of health and status 
monitors, and a method of deciding what to do if 

something unexpected occurs. Despite the obvi-
ousness of this, many user interfaces could be bet-
ter designed. Past examples were once exemplified 
by the arcane programming of video recorders. 
Even the continuing quest to make user inter-
faces more intuitive, especially as devices have an 
increasingly extended functionality, is threatened 
by lack of standardization and a distressing need 
to learn a new “operating system” for every new 
device, once the prerogative of the engineering 
world but now as universal as telephones, refrig-
erators, transport and entertainment. Typical 
optoelectronic instruments are complicated and 
are required to make difficult measurements. As 
far as possible the operator should be protected 
from this complexity, but nevertheless have 
immediate access to more detailed information 
should anything unexpected occur. Successful 
operation should need minimal or preferably no 
intervention, presenting measurements succinctly 
and intelligibly, with a comforting status indica-
tion that everything is within its design range. If 
more control is desired, then it is available imme-
diately on interrupt, which need not pause data 
acquisition, but only make more information or 
control available to the operator. This includes the 

Table 18.8 Interface maps

1. Operator interface
Command, control, access, reports, displays, archiving

2. Modularity
Block diagram and naming of functions, hardware, software structures

3. Information flow
 Control, data, health and status monitoring, communication, formats, timing 
protocols, archive, retrieval

4. Power and wiring
Input power availability, conditioning, connections

Internal power supplies: average and peak voltages and currents, acceptable noise,

cross-modulation limits

Wires: type, gauge, insulation, color

Connectors: type, gender, shells, cable harnesses; runs, and makeup

5. Optical train
Power, wavelength, spectrum and bandwidth, polarization, acceptable aberrations,

spatial and temporal coherence, noise, sources of stray light, ghosts

6. Physical structure
Mechanical: hardware systems and mounting structure, detail drawing index, 

assembly methods and sequence, available adjustments, alignment criteria

Thermal: sources, sinks, pathways, effects, stability
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ability to request more detailed monitoring of any 
function, to modify the existing control scripts, 
to recall archived data for comparison, and above 
all to have sufficient feedback to know what is 
going on either as a result of operator instruc-
tion or unanticipated factors. It can be expensive 
and embarrassing to have an experiment yield a 
record that is either unintelligible or has uncer-
tain provenance.

18.5.8.2  MODULARITY

Most purchased optoelectronic parts or subsys-
tems already have well defined interfaces. Even if 
they are not always the most convenient, it may 
be better to accommodate something that already 
exists. This can save time and reduce risk, but 
conversely much design effort may be consumed 
exploiting standard components and interfaces in 
a system being designed to satisfy unique needs.

The system overview document should be a 
connected block diagram where each block is 
labeled by function, hardware name, and software 
requirement, as an expansion of Figure 18.3. On a 
yet more detailed view of this same diagram will be 
labeled the types of interconnectivity representing 
module control, information flow, health and sta-
tus monitors, and supplied power. Even at the sys-
tem level not all blocks need have all connections, 
and as the same discipline is applied to lower lev-
els of modularity down to individual components, 
the connections per component will become fewer, 
simpler, and more specific. At the lowest levels of 
the functional hierarchy, many components will 
be passive. For example a lens, even though passive 
and appearing first in item 5 in Table 18.8, must be 
included in item 6, so that a later drawing may be 
created to specify its physical mounting structure 
and alignment requirements.

At each level the specifications of interfaces with 
the real world environment are again reviewed, 
understood, confirmed, and fully documented.

18.5.8.3  INFORMATION FLOW

Interface drawings for control, information flow, 
and health and status monitors are powerful tools. 
The thought devoted to creating these diagrams 
becomes the design work necessary to assure the 
complete and proper functionality of the final sys-
tem. This is also a valuable method of checking 
internal consistency, and raising concerns that may 

even require customer choices. The optical part of 
this can specify everything about the radiation, 
the optical train, and optical components. For the 
electronic parts, except for standard communica-
tion interfaces, the actual wires that carry different 
types of information should be clearly identified to 
avoid confusion. Three separable overlays of con-
nectivity are useful, (1) the command and control 
information passed to modules and components, 
(2) the health and status information returned 
from modules and components, and (3) signals, 
which also include the light, pertaining to the 
desired parametric measurements. In addition to 
their separate functions, the first two types allow 
closed loop control where this is desirable.

Active components have command and control 
capabilities with responses and properties moni-
tored as often as necessary. Optical signals typi-
cally end at the detector, transforming to electrical 
signals, and thence to numerical signals for inter-
pretation and archive, with inspection possible at 
various intermediate positions. Wherever possible, 
information exchange should be via standard-
ized interfaces of which many are available to be 
selected according to the application. The five stan-
dardized communication layers of physical, data 
link, network, transport, and application should 
be understood, with special care necessary for real-
time instruments.

18.5.8.4  POWER AND WIRING

Power supplies deteriorate or fail in various ways, 
devolving from improper specification or perfor-
mance all the way to poor mounting or inadequate 
cooling. A connector can be the wrong gender, 
sometimes the wrong connector, occasionally even 
with the wrong number of pins, and the actual 
voltages delivered in service may be anybody’s 
guess. Careful specification of input power avail-
ability, instrument requirements, and bounding 
conditions can mitigate such mishaps. Auxiliary 
aspects must not be taken for granted—for exam-
ple the occasional need for a trickle current to 
sustain settings—and are better discovered early 
to prevent the interconnect wiring from declining 
from a traceable color coded minimal set into a 
rat’s nest of post-assembly fixes.

Voltages and currents to various parts of the 
system may be quantified on the power interface 
diagram. Conditioning the supplied voltage and 
minimizing noise is the main function of a power 
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supply, of which there will frequently be more than 
one. Each must accommodate maximum currents 
under all operational combinations and must be 
stable, with adequate freedom from noise, either 
intrinsic or introduced by switching or operation 
of some other part of the system. Where several 
power supplies are involved, they may interfere 
with each other to introduce mysterious noise 
properties whose spurious cross-modulation 
signals can masquerade as legitimate measured 
effects until properly diagnosed. Problems trace-
able to power supplies are not rare (Section 18.6.7).

Specification of wire gauge, type, insulation, 
color, and especially connectors should be consis-
tent throughout the system, but will probably be 
compromised in purchased subassemblies. Heat-
shrink insulation of each termination may be desir-
able, but does prevent electrical probing. Choosing 
the appropriate gauge, type, and insulation is obvi-
ous, and specifying an appropriately consistent 
color coding is extremely useful. The author once 
had the opportunity to diagnose a cross-modulation 
problem within a customer’s power supply where 
well over 230 wires supplied more than 54 different 
subassemblies from seven different types of alleg-
edly independent power supply connected in par-
allel to the same aircraft bus. The compact wiring 
looms were tightly laced. Every wire was unlabeled, 
16-gauge, Teflon coated, and white.

Specifying connectors at the top level of mod-
ularity, subsequently percolating down to every 
component for which electrical connectivity is 
required, as early as possible, prevents much pain 
later. Many connectors have long delivery times, 
and early definition of the type and gender of con-
nectors, and the length and construction of cable 
harnesses, is valuable.

18.5.8.5  OPTICAL TRAIN

The experiment in Section 18.5.1 implicitly creates 
the interface diagram for all optical paths, and this 
evolves into formal documentation of power bud-
get, wavelength spectrum and bandwidth, polar-
ization, spatial and temporal coherence, noise, 
acceptable aberrations, sources of stray light, 
ghosts, and many other properties. In fact these 
may not all appear explicitly on the interface dia-
gram, but are included here since a rethinking of 
these properties in the context of interfaces and 
compatibilities almost always identifies previously 
unconsidered items.

While poorly understood or excessive aber-
rations can seriously compromise performance, 
effort can be wasted reducing aberrations more 
than necessary. Monochromatic wave front or 
ray aberrations can be generally represented by 
a polynomial expression of increasing order in 
aperture, field angle and azimuth and their prod-
ucts. The five third-order Seidel aberrations not 
correctable by a focal shift are primary spherical 
aberration, coma, astigmatism, field curvature, 
and distortion. Occasionally higher orders must 
be considered. Chromatic aberrations must also be 
considered in multiwavelength systems. Unless the 
system demands special devices with exotic opti-
mizations, good-quality components optimized 
for general use should be examined for suitability.

With many modern components, tolerancing is 
of more interest for performance prediction than 
correction, although as with ghost analyses it merits 
sufficient consideration to justify its subsequent dis-
missal. Where optical or physical path length is at a 
premium, substantial gains may be realized by fold-
ing the path. Although this may also improve rigid-
ity and general robustness, there may be hidden 
penalties in design costs, performance, and flare.

Because in recent years, smaller, brighter, and 
more coherent optical sources have become com-
monplace, calculations based upon Gaussian 
beam behavior are often necessary, and the appro-
priate diagram and formulae are repeated here. 
Figure  18.5 and the inset box show the relation-
ships of the beam radius and wave front radius of 
curvature at a distance z from a Gaussian source of 
e−2 intensity radius w0, with the asymptotic approx-
imations in the far field. For a converging lens of 
focal length f at distance z0 from the effective waist 
of the source, the remaining two equations give the 
aberration-free waist position and radius.

R1R0

Rz

wzw0 w1

w

z0 z1

f

Figure 18.5 Gaussian beam parameters.
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18.5.8.6  PHYSICAL STRUCTURE

Mechanical layout drawings are necessary for 
optical component mounting, later detailed by 
a draughtsman for a machinist to make. Mostly 
now these processes may be automated by CAD 
systems and optical design software easing the 
more tedious tasks of the designer and allowing 
semiautomated extensions to thermo-physical 
behavior, mechanical rigidity, strength, align-
ment retention and many other necessary features 
of any optical system. Beyond these capabilities 
and specifically for optoelectronic systems they 
can quantify ranges of necessary adjustments, 
confirmation of adjustment orthogonality, with 
appropriate locking techniques, establish a ther-
mal interface map, including sources and sinks, 
effects of conduction, convection, and radiation 
on the heat budget and temperature distribu-
tion. Thermal effects can compromise success, 
and show different behavior in service from that 
expected during design or noted during assem-
bly, testing, calibration, and evaluation. In the 

absence of gravity, for example, convection is 
suppressed, and under different operating condi-
tions very different thermal distributions can be 
expected, perhaps changing calibration or caus-
ing irreversible effects. Gradual drift from ther-
mal cycling is common but not always suspected 
in its early stages. Beyond these automated capa-
bilities lies the necessity to apply personal expe-
rience to assure that the design has not included 
some ridiculous feature as a result of an unsus-
pected error or omission. If experience suggest 
that “it does not feel right, then it probably is 
not,” whatever the beautifully produced auto-
mated design might suggest.

Occasionally an optoelectronic system is so 
complex that a FEA of the mechanical structure 
is a good investment, permitting mechanical 
and thermal loads to be simulated throughout 
any environmental range. Although design pro-
grams are increasingly able to interface with 
each other, the inclusion of all aspects necessary 
to guarantee a successful system remains far 
from trivial. Occasionally, creating a supposedly 
effective design can consume too many of the 
available resources, and may be better assured by 
modularization, testing and frequent empirical 
closure.

18.5.9  Management and 
documentation

An individual scientist or engineer responsible 
for creating a simple optoelectronic device can 
occasionally track everything well enough to 
retain control using only a notebook and memory. 
However, this is rarely sufficient. The notebook 
is essential, and will likely evolve into a design 
document in electronic format. Four things are 
emphasized: that documentation should (1) be 
subject to configuration control from the first 
keystroke, (2) be backed up frequently and at 
more than one site, (3) be in a portable format 
that can be read by everyone who needs it, and (4) 
not become unreadable with time, either because 
it is stored on obsolete media, or because the 
generating software is no longer available. Few 
can now read 5¼ in. floppy disks, once a useful 
standard. 3½ in. disks rapidly followed them, 
and CDs and DVDs became as quaint as vinyl 
records. Whatever medium is chosen for archive 
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one can guarantee that it will have a finite life, 
sometimes quite short. Even in comprehensive 
corporate networks, programs used to create 
and store information, particularly drawings, 
become obsolete surprisingly quickly, and trans-
lators disappear. Fortunately, server farms and 
the distributed “cloud” claim to overcome these 
problems, but be suspiciously cautious for at least 
two reasons, (1) there is so much growth of stored 
information that it may be impossible to find the 
source, and (2) decoding the information may 
become infeasible.

Documentation is key to success, whether by 
allowing design reviews to preempt problems, 
or by providing the necessary audit trail to diag-
nose and fix them. Table 18.9 suggests documents 
that support the success of the program and the 
measurements.

The minimum program plan is that which, in 
addition to its technical merit, will satisfy the 
customer about cost and schedule. Full-service 
project management software is usual for general 
programs, but for optoelectronic activities and 
systems the match is rarely perfect, representing 
overkill in some areas and under-specification in 
others. A simple spreadsheet can be a valuable 
tool for keeping track of optoelectronic system 
development. For example, the first column can 
contain the nonorthogonal set of all components, 
activities, and concerns, followed by exemplary 
column headings such as specifications, source, 
supplier, address, universal resource locator 
(URL), phone, name of personal contact, cost, 
order date, promised delivery date, status, actual 
delivery date, tests to be performed, test results, 
assembly status, problems, comments, contin-
gency plans, second sources, alternatives, mys-
teries, and more as design and implementation 
progress. More still will be added during build-
ing, testing and evaluation. This spreadsheet is 

a convenient place to keep current information, 
which might otherwise be spread among many 
people, documents, mailrooms, desks, file draw-
ers, memories, and wastebaskets.

Configuration control assures that informa-
tion is current. Editing an obsolete file, repeating 
a task already completed, misplacing an unla-
beled lens, or machining a part from a drawing 
that was changed in review but not sent to the 
machine shop, wastes resources that may not 
easily be replaced. Of particular concern is that 
purchased parts are often not exactly what the 
catalogue offered, and ripple-through effects can 
only be minimized by good configuration con-
trol. Everyone involved needs the most current 
information.

Comprehensive and powerful documents are 
wasted unless people have access to them, can read 
them, can understand them, and will act upon 
them. File portability and file backups are mostly 
handled by modern computer networks, but a poor 
choice of commercial software or unfamiliar mod-
eling program can inhibit dissemination of, and 
access to, necessary information.

The primary responsibility for a design docu-
ment is that of the technical champion who has 
assumed personal responsibility for satisfying the 
customer. Although in covering all levels from 
overview to the smallest detail, it can seem diffi-
cult to create and maintain, the power in compre-
hensive understanding of the final system justifies 
the investment. A convenient sequence of chapters 
might be (1) introduction and physical principles, 
(2) specifications, (3) system architecture, (4) 
interfaces, (5) performance modeling and predic-
tion, (6) module function and physical descrip-
tions (several chapters), (7) software, (8) testing 
and calibration, (9) power supplies, (10) table of all 
 relevant and known numerical values, (11) method 
of   contacting suppliers or other expert sources, 

Table 18.9 Documentation

Program plan Cost and schedule plan, tracking of all activities
Configuration control What documentation is current, and where to find it
Interface specifications Modularity, information flow, monitoring, power
File backup All documents immune to loss from single-point failure
File portability All documents readable by all, now and in the future
Design document A single source for all current data
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(12)  reasons for design choices, and why alterna-
tives were rejected, (13) log of evolutionary changes, 
(14) unresolved mysteries, and (15) several specific 
technical appendices. If this document is brought 
into existence at the beginning of the optoelec-
tronic project and maintained merely by ordered 
accretion of all pertinent information, then it will 
prove invaluable. Abstracted sections can become 
the final report, comprehensive provenance for a 
scientific publication, the operator’s handbook, the 
service manual, the diagnostic methodology, the 
platform for evolutionary improvements, and a 
delight to the customer.

18.6  COMPONENTS

Planning and design prepare the way for the choice 
and acquisition of components. In optoelectron-
ics, the design process naturally iterates with what 
is available, and the loop between design and 
component choice is always tight. Components 
improve almost daily and innovations can some-
times solve problems considered challenging at 
the beginning. This is often magnified by a steep 
learning curve, where the uncertainty of initial 
unfamiliarity gives way to confidence as knowl-
edge increases.

While Section 18.5 is too brief to include all 
design concerns, this section addressing physical 
components must be even less comprehensive and 
current. Deterioration of relevance with time is 
exacerbated because quantities, qualities, nature, 
and even functional principles of the compo-
nents available to the scientist or engineer practic-
ing optoelectronics evolve almost daily. To avoid 
becoming even more outdated than is unfortu-
nately inevitable, rather than current device speci-
fications, this section emphasizes questions and 
classes of properties that may perhaps continue to 
be relevant for the future.

Component choices are often guided by famil-
iarity, cost, and/or common sense, any of which 
can be disastrous. Typically in any optoelectronics-
based activity the cost of the components, however 
high it may appear, is largely irrelevant compared 
with the total program cost. Buy the best and cry 
only once. In optoelectronics, and often optics 
in general, the common sense approach is often 
derailed by the intrinsically counterintuitive nature 
of the subject. Even after many years of familiarity, 
what should be a naturally obvious improvement 

can often makes things worse. Conversely a less 
familiar component may seem attractive, if expen-
sive. Rather than basing a choice on the manufac-
turer’s recommendation, a better technique is to 
talk with someone who has used that component, 
ask the vendor for a demonstration, or borrow one 
and try it. Of course in some cases final choices 
may depend upon what we already have, or can get, 
or think we understand. Pragmatic examination of 
every aspect, reaffirming the validity of even well-
formalized beliefs, carries high dividends. Check 
every assumption; check it again.

18.6.1  Light sources

In a passive experiment, the phenomenon provides 
photons from which information is to be extracted. 
In active experiments using light to probe or inten-
tionally stimulate a phenomenon of interest, the 
light source must have known, constant, and well-
understood properties. The performance of the 
source may depend on properties of its final envi-
ronment not necessarily suspected when the equip-
ment is characterized in the laboratory. Where 
many types of light source are available, the sim-
plest device satisfying the requirements is usually 
the best. Lasers have high intrinsic luminance, a 
desirable property for most applications, but where 
coherence is either not required or even undesir-
able, a superluminescent diode may be better. Light 
emitting diodes (LEDs), cheap and available over 
a wide range of wavelengths, may be adequate. 
Increasing source power alone improves the signal 
less often than might be wished, and accidental 
modification of the probed phenomenon by a poor 
choice of light source is not impossible.

18.6.1.1  TYPE OF SOURCE

The light source must have sufficient power and 
be stable under all likely conditions. Its properties 
must be matched to the system. Spatial coherence, 
implying the capability for good optical beam con-
trol, is usually desirable, whereas temporal coher-
ence, essential for applications such as holography 
and interferometry, in others can be a serious dis-
advantage, giving rise to unwanted fringes or signal 
fluctuations unrelated to the measurement. Often 
not all the desirable properties may be available 
from a specific light source, and a trade-off may be 
necessary between, power, wavelength, coherence, 
polarization, modes, and their distribution and 
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stabilities. The availability of a commercial product 
may even dominate the trade-off. Occasions where 
a thermal source is best are becoming less common 
with the increasing availability of many other ways 
to generate light, from innovative discharge lamps 
such as microwave excited sodium, through room 
temperature solid-state sources whose properties 
may be well specified over an increasingly wide 
range, to ingeniously contrived quantum-well 
emitters, and many more available both now and 
in the unpredictable future. Although much signif-
icant optical knowledge was gained with sunlight 
or wax candles, new principles of light production 
and photonic materials continue to drive the opti-
cal arts at an ever-increasing pace.

For OADS each of six thin sheets of light was 
imaged from a 1W GaAlAs laser at 812 nm with 
20 adjacent 1 μm × 3 μm emitters on the same die, 
with weak coupling to give constant output phase 
with a longitudinal intensity uniformity better 
than 20%. This was in the 1980s—the world moves 
on at an ever increasing pace. Keeping up is dif-
ficult but essential.

18.6.1.2  WAVELENGTH

Optimum wavelength is often an early consider-
ation. The choice is rarely trivial since both the phe-
nomenon and the optical system can force complex 
trade-offs. The spreadsheet technique introduced 
earlier to predict signals and noise levels can also 
be used to optimize wavelength, or indeed, any 
aspect of the system, by setting up a figure-of-merit 
involving all the parameters considered important 
and exploring the effects of various values, avail-
able components, and plausible changes.

18.6.1.3  POWER AND STABILITY

Since optical power must be both sufficient and 
stable, it is highly desirable to either monitor the 
intensity (Section 18.7.1) or better still use the 
monitor signal to stabilize the power with a suit-
able closed-loop controller. Despite manufactur-
ers’ claims, it is essential to characterize the source 
under the conditions of anticipated use, including 
ambient temperature and changes, power supply 
modulations, drifts and transients, mechanical 
vibrations and shocks, contamination, and age-
ing of construction materials. Although visual 
confirmation of spatial properties of the source, 
enhanced by special techniques if it is outside the 
visible spectrum, is often adequate, it is sometimes 

desirable to quantify the spatial distribution and 
transverse mode structure by a beam profiler or 
by image capture and analysis, requiring an addi-
tional 2-D sensor. If direction of polarization or 
longitudinal mode structure, particularly their 
effects on coherence, for example, can change the 
measurement, then these too must be monitored 
and/or controlled.

Beam-pointing stability is particularly impor-
tant in optical systems with high magnification or 
with strict directional requirements. A sufficient 
change of laser beam pointing direction can seri-
ously compromise launching into a fiber, spatial 
uniformity of illumination, position of a measure-
ment volume, or receiver alignment. Experimental 
quantification of effects increases confidence. 
Diode lasers typically must be temperature stabi-
lized to retain power, wavelength, mode structure 
and pointing stability, with residual stabilization 
of polarization purity and orientation particularly 
important when launching into single-mode and/
or polarization-maintaining fibers. The OADS 
lasers exhibited a negative wavelength dependence 
on temperature of about 0.3 nm °C−1 and all six 
were kept near the center of the 3.5 nm full-width 
half-maximum (FWHM) narrowband filter, also 
temperature stabilized. Because each laser was 
slightly different the base temperature of each was 
individually controlled differently to give the same 
wavelength. A better technique would have been to 
use six slightly different wavelengths and six sepa-
rate filters to reduce signals from particles crossing 
other channels. The potential advantage was con-
sidered but outweighed by the necessary increase 
of size and physical complexity.

18.6.2  Optics

The term “optics” conventionally describes the 
components whereby light is transmitted between 
source and detector via the phenomenon of inter-
est. Wavelength is conserved in the most common 
cases, but inelastic processes such as fluorescence, 
or other nonlinear effects, change wavelength in 
complex ways. Optical components include lenses, 
beam splitters, polarizers, fiber-optics, graded-
index devices, coatings, stops, filters, attenuators, 
acousto-optic, Faraday or Kerr effect devices, 
windows, transparent adhesives, holographic ele-
ments, photonic devices and structures, and many 
others. The choice from so many components 
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should always be the minimum set of the simplest 
parts that will meet the specification. Avoid mov-
ing parts; avoid unusual or nonstandard parts; 
where possible, avoid parts. While the usual goal 
is to transmit as much light as possible that carries 
useful information, the reduction of flare can be 
as or more important, because excessive flare can 
mask desired effects and also consume bandwidth 
or processing resources. The optical properties 
of the system are crucial, for once information is 
lost it can never be recovered. Even if it is merely 
swamped recovery may be impracticable.

18.6.2.1  LENSES AND OTHER 
COMPONENTS

Competing criteria affect the choice of optical 
components. These include maximum trans-
mission at the wavelength of interest, control of 
aberrations, implying not only reduction but also 
exploitation such as apodization, surface place-
ment and curvature, and treatments designed to 
reduce unwanted scattering and reflections such as 
ghosts and flare. However good a standard design, 
it must be evaluated for each application, and any 
sufficiently innovative requirement may demand 
special consideration. A particular example of this 
is to think that zoom lenses, whose compromises 
seem adequate for photography, might be appli-
cable to optoelectronic instruments. Despite the 
tempting cost and apparent versatility the results 
are often disappointing and sometimes disastrous, 
because of the complexity and unsatisfactory com-
promises introduced to solve a problem not present 
in the system of interest.

Sometimes an unconventional component may 
promise, or even deliver, great rewards. However, 
excess attention to the improvement may hide 
shortcomings not apparent with a more conven-
tional approach. All that may be said about lenses 
applies to flatware such as mirrors and prisms, or 
a variety of more complex and unusual compo-
nents such as diffractive or holographic optics, 
nonimaging concentrators, or other less common 
devices and techniques that may yet solve a spe-
cific problem effectively. Smaller components have 
better mechanical integrity and are less prone to 
distortion with mounting and conditions of use, 
but they can be more expensive and difficult to 
handle, and are more prone to impaired proper-
ties close to the edges. Even with well-made optics 
it is good to have the component at least 10%–20% 

bigger than the active dimension. For Gaussian 
beams an operational aperture radius of at least 
twice the e−2 intensity contour of the beam is 
highly recommended to avoid intensity profile or 
wave front structure changes. For conventional 
optical systems the presence of implicit apertures 
forced by component clear dimensions or edge 
imperfections may introduce effects in addition 
to, and different from, the intentionally designed 
stops. Vignetting, intensity roll-off with radius, 
can impair imaging systems. Attempt at com-
pensation in software by radial gain scaling can 
reduce the usable dynamic range of the sensor and 
increase the effective noise.

18.6.2.2  STRAY LIGHT

Reducing stray light is a black art. For monostatic 
systems, where common optics illuminate the phe-
nomenon and receive the returned light, control of 
stray light is always a challenge. Finding all sources 
of flare demands a full design understanding of 
the optical geometry and component properties, 
which can still yield surprises. For bistatic systems 
the problem is alleviated by physical separation of 
illuminating and receiving optical trains, but even 
here high multiple-order reflections and scattering 
in any common parts, such as windows, can con-
tribute unwanted scattered light comparable to the 
often extremely low signal from which information 
must be extracted.

Stray light from sources external to the instru-
ment may often be reduced by baffles, optical laby-
rinths, stops, and/or filters. Spectral control using 
narrowband or sharp-edged filters usually requires 
a collimated beam, even for such as the temperature-
tunable and no-longer fashionable Christiansen 
filter, where a cell contains transparent liquid and 
powder with different dispersion curves intersect-
ing at the transmission wavelength. OADS used a 
temperature-tuned dielectric stack in a well col-
limated beam. If necessary, spatial and spectral 
methods may be augmented by temporal methods, 
such as a modulated source with phase-sensitive 
detection. This can vary from simple ac coupling 
with a tuned or lock-in amplifier, with phase-locked 
or frequency-locked loop capabilities, to driving 
the source with a pseudorandom code generator 
and correlating it with the detector output. Where 
flare does not have the same time characteristics as 
the signal, many orders of magnitude of rejection 
become possible, and in the last case range-gating 
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is an additional bonus. Modern solid-state sources, 
for whose physical properties a nanosecond is a 
long time, especially permit these techniques and 
the associated improvement of SNR.

Internal flare is often more difficult to suppress, 
but is amenable to the usual techniques of high-
quality components, properly chosen and applied 
coatings, cleanliness, stops, and the choice of sur-
face shapes. A tunnel diagram can help understand 
systems with reflective components, where the 
optical system is unfolded about each reflection, 
and all possible stray light paths become straight 
lines. This is good for minimizing ghost reflections 
and finding where best to put stops and baffles, and 
quantitatively augments the powerful technique of 
actually looking down the system from the detec-
tor end. This visual assessment of the system often 
finds sources of stray light, particularly in systems 
designed for visible wavelengths, where the dark-
adapted human eye is almost as sensitive as typi-
cal detectors. Even looking through systems not 
designed for the visible wavelengths can still warn 
of unexpected consequences.

Ray-tracing programs extend the tunnel dia-
gram concept, allowing for surface curvatures dis-
torting the tunnel. Almost all offer ghost analyses, 
and in many cases help to identify sources of stray 
light and allow its reduction by proper choice and 
placement of stops, for example. Optimization is 
less obvious than software designers might sug-
gest and there is no substitute for thorough optical 
knowledge and experience. Using optical design 
programs without having a realistic expectation 
for what the result should look like can be danger-
ous. It is easy to mis-set a single variable, and pro-
duce a design that may be a poor optimization or 
even nonfunctional. One aspect of the art is that if 
something ‘feels’ wrong, then it probably is. For the 
150 mm diameter receiver common to all six chan-
nels of OADS, quite elaborate spatial and spectral 
restriction was essential to discriminate against 
direct sunlight.

18.6.2.3  COATINGS

Coatings are applied to most optical components 
to minimize surface reflection, to confer spectral 
selectivity, or even to protect. Using multiple lay-
ers improves efficiency and antireflection effective-
ness but can increase scatter. The trade-off depends 
upon a calculated figure-of-merit for the chosen 

system. Well-chosen coatings can increase the 
nongeometrical aspects of light gathering power, 
reduce ghosts and increase SNR, particularly in 
monostatic systems. Conversely, they can increase 
scatter, reduce SNR(,) and/or be sensitive to angle. 
Optical coatings are sometimes more fragile than 
the base material, preventing cleaning, but con-
versely can sometimes be chemically or physically 
protective. Less commonly considered coatings, 
for example, electrically heated indium tin oxide, 
decrease transmission but may prevent worse 
damage from condensation, as with a cool window 
in a condensing environment. Where surfaces are 
superpolished, coatings require extra quality con-
trol and handling to avoid worsening the expen-
sively achieved improvement.

18.6.2.4  WINDOWS

Preservation of optical access with clean, undam-
aged, birefringence-free windows is often man-
datory, but is rarely trivial. Windows and optical 
access in general can be ruined by local melting, 
stress cracking, surface crazing, ablation, thermo-
phoretic deposition, condensation damage, defects 
induced by the phenomenon, improper mounting, 
or even by physical accidents. Occasional manual 
or automatic cleaning may be essential, as may 
cooling to avoid deterioration, or heating to avoid 
condensation. Table 18.10 suggests some factors of 
interest when specifying optical access, but other 
techniques are sometimes necessary, for example a 
high-pressure gas curtain or liquid film may some-
times be superior to a solid material as a window 
to protect the instrument from the phenomenon 
or its environment. Sacrificial membranes can be 
occasionally or continually replaced, such as those 
to prevent spalling damage in laser machining. 
Transmission losses arise both from bulk properties 
and from surface effects. Temperature dependence 
of bulk absorption effects, stress birefringence or 
mechanical variability are determined exclusively 
by the material and specified accordingly. Surface 
properties including adsorption are more variable 
and less well controlled. Good material, polish-
ing, coating, and the assurance of their constancy 
are the best ways to reduce attenuation, scatter-
ing, polarization effects, and changes with time. 
Superpolishing under liquid reduces scattering 
from surface defects, but later coating or improper 
handling may compromise this. A trade-off must be 
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made between scatter, reflectance, and vulnerability 
to damage, as it is often impractical to achieve the 
best of all three simultaneously.

Transmission through one or more windows 
must not unacceptably change intensity, wave 
front curvature, polarization, wavelength distri-
bution, nor introduce scattering or detrimental 
reflections during operation. Note, for example, 
that in an uncollimated beam even a perfectly flat 
plate has aberrations.

If requirements are either mutually exclusive or 
demand an expensive material, then double win-
dows with an intervening balancing medium some-
times offer a cheaper and more practical solution. 
For example, simultaneous exposure to extreme 
pressure and temperature is possible using a thin 
magnesium oxide window exposed to the heat, fol-
lowed by a cooled gas at high pressure, and a sub-
sequent thick float glass window. Edge polishing 
and annealing reduce mechanical stress-raising 
weak points. Support and sealing are best distrib-
uted over one or more faces with a suitable material 
that retains its flexibility. Elastic materials are good 
for repeated cycling over temperatures tolerated by 
the material. Annealed copper is good for one time 
sealing, and reasonable temperature cycling. For 
higher temperatures and cycling ranges, internally 
pressurized stainless steel bellows work well, as do 
thermally compensated materials. For many appli-
cations an adhesive with slight residual elasticity 
is good, but a rigid ledge may be better to support 
mechanical load, provided that stress is acceptably 
distributed. Thermal as well as physical shock can 
break materials.

More expensive and exotic materials are not 
necessarily better. For example, specific condi-
tions in a flame chamber test rig broke all its sap-
phire windows immediately. Short of spares, time 
and money I had a local spectacle lens maker cut 
replacement windows from a piece of float glass. 

Surprisingly, a simple set of these cheap windows 
survived through the several month test program.

18.6.2.5  OPTICAL FIBERS

Optical fibers are commonly used both to transmit 
information, and to sense various physical proper-
ties as a technique for measurement. Because these 
capabilities are mutually exclusive, optical fibers 
are less easy to optimize for any given applica-
tion than might be expected. Most investment has 
been funded by telecommunication requirements 
in the 1.3–1.5 μm wavelength region. Although 
this knowledge and experience has wide utility in 
optoelectronics, the properties of interest, either 
required or accidentally exhibited, are not always 
well controlled nor characterized, since they are 
not necessarily those of most concern to the man-
ufacturers. Great care is essential in examining 
the properties affecting the specific application. 
Table  18.11 lists a few questions best answered 
before commitment to a specific optical fiber.

Optical fibers essentially transmit intensity 
alone, but extremely complex effects can alter the 
relationship between input and output so that the 
fibers act like intricate optical systems, behaving 
both as integrated optics, and also capable of appli-
cations, such as amplification, formerly occupied 
by electronics. The existence of photonic band-
gaps and special optical properties, derived from 
physical structure on the order of the wavelength 
or even much less, has an increasingly wide field of 
potential applications.

Transmission of information is possible in many 
ways, including simple intensity, polarization, 
wavelength or frequency division multiplexing, 
solitons, and individual photons. Two applications 
of fibers are common, as a sensor, requiring that 
the output shall depend uniquely on the sensed 
quantity, and as a channel, requiring that the out-
put shall indicate only the required properties of 

Table 18.10 Window properties

Material Transmissivity, suitability, availability, preparation, cost
Physical Strength, hardness, damage resistance, distortion
Optical Refractive index, homogeneity, aberrations, surface finish, birefringence
Coatings Effectiveness, durability, scatter, cleaning capability
Mechanical Thickness, width, shape, stress, strain, retention, sealing
Thermal Expansion, conductivity, ablation, cooling, heating, embrittlement
Stability Change of state, etching, chemical or biological attack, crazing, ageing
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the input. In the second case, filtering using prior 
knowledge can improve the signal. For example, a 
single-mode fiber of sufficient length to attenuate 
cladding modes can operate as an excellent spatial 
filter. Since a typical single-mode fiber remains sin-
gle mode over a factor of two in wavelength, inject-
ing the output from a superluminescent diode gives 
an excellent temporally incoherent point source, an 
important device once only available as an inferior 
approximation. Replacing the source with a laser 
permits retention of temporal coherence and again 
gives a versatile point source with small mass to 
align accurately. In the latter case, however, earlier 
comments must be augmented, and the fiber may 
have to be terminated with a wedged face to prevent 
coherent reflections from generating instability in 
the laser cavity or elsewhere, since the fiber can 
act as a sensitive Fabry–Perot interferometer. An 
inclined face changes fiber emission geometry from 
circular to slightly elliptical, with a pointing direc-
tion no longer parallel to the fiber axis. Dome pol-
ishing the fiber end can also mitigate detrimental 
effects of back-reflections, and facilitates compres-
sion coupling, but sometimes has other limitations.

Launching into a single-mode optical fiber 
requires matching convergence angle or numerical 
aperture and waist size to preserve the Lagrange 
invariant, the product of aperture, field angle and 
refractive index, similar to the Abbé sine condi-
tion or the brightness theorem, which determines 

the highest possible freedom from loss of light 
gathering power (étendue). It is rarely possible to 
meet this condition totally, even with accurate and 
stable alignment, and birefringence and polar-
ization properties of fiber and other components 
may worsen it further. Once light is launched into 
an optical fiber, it is not desirable to let it out and 
then try to relaunch it—the power loss is always 
worse than expected. Contamination of end-faces 
exposed to an open atmosphere can massively 
reduce the amount and quality of transmitted 
power, or even destroy the component. Emergent 
power density near the fiber face for one transmit-
ted watt of green light can be 1011 W m−2, eight 
orders of magnitude greater than sunlight. This 
may be sufficient to attract dust by thermophoresis, 
causing enough local heating to craze or ablate the 
fiber material. Such problems are easily recognized. 
Output damage is identified by the appearance of 
Airy-type rings or other intensity structure within 
the ideally Gaussian output beam in the far field. 
Input damage causes only loss of power. Optical 
fibers are typically fragile, requiring one or more 
tough concentric sheaths outside the cladding for 
protection. Their use also demands high-precision 
mechanical designs and mounts, typically to sub-
micron and microradian tolerances. Even standard 
connectors for single-mode optical fibers have 
complex and exacting requirements, and transmis-
sion efficiency can fall with each reconnection.

Table 18.11 Optical fiber questions

Is single- or multimode fiber necessary?
Which of many fiber types is optimal, or even adequate?
What materials are appropriate and available?
Are transmission losses acceptable? And will they remain so?
Does transmitted or external hard radiation cause deterioration?
Should the fiber maintain, select, or control polarization? How?
How is injection mode-matching to be established and maintained?
Is the fiber sheath opaque to ambient light? Does it matter?
Must cladding modes be suppressed? If so, how?
Can properties of the fiber introduce signal fluctuations?
Does high light intensity induce nonlinear effects or cause damage?
Will the fiber be properly sensitive to the measured properties?
Will the fiber be properly insensitive to ambient properties?
What adhesives are usable or necessary for construction?
How shall terminations be arranged, aligned, and controlled?
How do vibration, bending stress, temperature, and ageing affect performance?
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Transmitting high optical power, especially 
through single-mode fibers, requires careful speci-
fication of fiber material, such as a germanium-
free core that will not form color centers, and 
special optical adhesives that do not denature. 
Transmission may reduce with exposure to high 
transmitted power or cosmic or other radiation, 
micro-cracking with vibration or under sus-
tained strain from too small a bend radius, or 
inadequate physical support. Unless intentionally 
exploited, sensitivity to external effects is detri-
mental. Microphonics may sometimes be reduced 
by special care with alignment, and sometimes 
not, depending on fiber and environment, either of 
which may be insufficiently well specified. The only 
way to assure adequate performance is by testing a 
sample of the specific optical fiber from the batch 
available.

The conjugacy of end faces of coherently bun-
dled fibers allows imaging of relatively inaccessible 
situations from body cavities to turbine blades. 
However, beware of the potentially ambiguous 
meaning of ‘coherent’ as applied to fibers. A coher-
ent bundle is a loom of fibers whose ends map spa-
tially so that an image may be transmitted—like 
the naturally occurring mineral ulexite, whereas 
a coherent fiber typically conserves spatial and/
or temporal coherence of the light. Optical fibers 
based upon coherent constraint of the propagating 
modes, by step or graded refractive index control 
in regions of a few microns diameter, are distin-
guished from incoherent optical light guides, typi-
cally with step index confinement within a few tens 
of microns up to millimeters in solid material or 
liquid-filled tubes.

A special case is the GRaded INdex (GRIN) lens 
exploiting the radial control of refractive index to 
perform the operation of miniature lenses, using 
the techniques of optical fibers. Control of refrac-
tive index gradient in fibers may also inhibit dis-
persion and increase bandwidth. In a step-index 
single-mode fiber an evanescent wave extends 
into the cladding material. Ambient conditions 
may be sensed by their effect on this evanescent 
wave, and hence on the propagated intensity or 
polarization. This same sensitivity manifests as 
detrimental effects for pure transmission, where 
bending radius, temperature changes, stress micro-
cracking, vestigial inhomogeneity from irregular 
sleeking near the core–cladding interface, and 
other manufacturing imperfections can give rise 

to a range of curious effects only fully appreciated 
by exhaustive empirical testing. Polarization rota-
tion, temporal fluctuations over a wide range of 
frequencies from seconds to months, and cladding 
mode coupling are all possible. Used with GRIN 
lenses that exhibit residual birefringence, the fiber 
can behave as a temperature dependent wave plate. 
Sometimes fluctuating light leaks are visible where 
the sheath is not opaque. Even with polarization-
maintaining fiber, using bow-tie stress birefrin-
gence or elliptical cores, a slight error in launch 
orientation can yield large and unexpected sensi-
tivity to fiber environment, and not necessarily in 
a predictable way. Polarization preservation where 
one of the two orthogonal axes is attenuated gives 
a purer polarization output, but occasionally at the 
expense of intensity instability. As fiber manufac-
turing control and methods of characterization 
improve, many of these effects may be reduced, 
or at least their sources better understood and 
avoided. Meanwhile specification for a given appli-
cation must allow for experience specific to the 
individual fiber type, manufacturer, and indeed 
the production batch. Six 1.2 mm diameter clad 
quartz fibers were used in OADS as light pipes fol-
lowing a single chrome etched field stop to direct 
each of the six sheet images to its own APD.

18.6.3  Physical mounting

Physical mounting of components must maintain 
correct position without stress or distortion. To 
avoid stress concentration, support must spread 
the load either by flexible media or sprung clamp-
ing. The hole, slot and plane mount, with gravity 
or light spring loading, provides kinematic loca-
tion but cannot be locked without over-constraint. 
It is thus useful for exact relocation, for example 
of a hologram for reconstruction, or a component 
that must be removed and then replaced exactly, 
but is not robust and is typically confined to the 
vibration-isolated stable table of a temperature 
controlled laboratory. Even in that environ-
ment, where optics are mounted on posts, the 
posts should be as short as possible with the larg-
est possible diameter. Where a mount is fixed to 
a supporting metering structure with screws, the 
component face should be dished to provide the 
largest footprint, and controlled locking torque 
specified to constrain distortion. While the meter-
ing structure may be as simple as a flat table with 
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tapped holes or magnetic clamps for greater ver-
satility, for specialized instruments it may be a 
complex casting, machined frame, or composite 
assembly of diverse elements. The retention of 
its physical properties, especially dimension and 
rigidity, is important. In OADS the necessary 
beam pointing stability of <5 μ rad was achieved 
by a metering structure of low-expansion stainless 
steel, with weight and rigidity optimized by FEA 
of the complete structure, isothermalized by eth-
ylene glycol circulating in labyrinthine manifolds. 
Each laser was precisely located in one of the six 
circularly symmetric transmitter lens assemblies 
with five lockable adjustments, two tilt, two trans-
verse, and one focus. Each completed transmitter 
assembly was directed to the correct point in space 
by rotation in a hollow spherical bearing near the 
output nodal plane, using one rotation and two 
more tilt adjustments. Alignments were made in a 
set sequence to meet specified criteria. The adjust-
ments were locked by screws to a specified torque 
and all critical sliding or pressure points encapsu-
lated in rigid adhesive. Most applications require 
neither this precision nor its associated complexity.

Whether in benign or more demanding envi-
ronments, there is a trade-off between the rigidity 
of accurate placement and available adjustment to 
accommodate changing conditions. Active control 
is complex, to be avoided if possible, but some-
times essential. Large or fragile components may 
be held in a sine wave mount, a perforated annu-
lus of elastomer. To seal and/or distribute stress, 
O-ring seals or well-chosen flexible adhesives often 
suffice. Metal clamps are hazardous unless appro-
priately sprung. Where no movement of the com-
ponent can be tolerated, rigid sealing may exploit 
materials with graduated properties to distribute 
the stress.

Ideally, optical mounts must be robust and 
rigid, without affecting the optical properties. For 
materials with optical activity or birefringence 
induced by stress, this can be confirmed by view-
ing the component between crossed polarizers, 
often an instructive test, with surprising results if 
applied, for example, to spectacle lenses. For high-
quality components even small mounting stress 
can introduce aberrations, and rigid retention for 
high performance competes with more flexible 
location for field survival.

Adhesives are common in optical packaging, 
from component retention to optical function. 

Several popular transparent epoxy-based materi-
als can be cured by ultraviolet exposure; others 
require two components, a catalyst, heating or time 
to reach the required state. When used for reten-
tion, the final mechanical properties dominate, but 
when adhesives are in the optical path more careful 
choice is advisable. Transparency is usually neces-
sary, and this may be compromised in use by age-
ing, nonoptical radiation, stress cracking, change 
of polymer properties, crystallization, or high 
light level. The last is especially relevant where, for 
example, an illuminator has a GRIN lens glued to 
a single-mode fiber.

18.6.4  Detectors

Ideally, any square-law detector yields an electri-
cal signal corresponding to incident intensity, 
manifest in the semiclassical approximation as 
successive quantizations, which may not be resolv-
able. For sufficiently low light levels, an appro-
priate detector reports a given fraction, based on 
quantum efficiency, of individual photon arrivals, 
missing some but ideally not changing the arrival 
statistics. As the light level increases, this becomes 
a semicontinuous signal whose shot noise increases 
with the intensity, approximately as the square 
root of the equivalent number of photon arrivals, 
improving SNR. An audible analogy of this might 
be hail on the metal roof of a noisy workshop. This 
is true for a single-point detector such as a PMT 
or APD or for one pixel of a CCD, CMOS or other 
array. Criteria for optimizing detector type assume 
different relative importance depending on the 
application. For photon correlation, the ideal is a 
single-point detector free from dead time, after-
pulsing, pulse pile-up, internal correlations, and 
with a sensitivity and quantum efficiency as high 
as practicable, to produce single resolvable pulses 
from every field quantization, with no trigger-
ing events from any other source. This may be 
approached quite closely for high-energy ultravio-
let quanta with a rubidium telluride photocathode, 
as with OADS pressure and temperature sensing. 
For red photons, both energy and cathode sensitiv-
ity fall, allowing more false triggers and impairing 
the correspondence of pulse statistics with those 
of the optical field. Single-photon performance is 
approached with reverse biased silicon APDs in 
the Geiger mode. To obtain highly accurate mea-
surements of high intensity at low bandwidth, the 



674 The art of practical optoelectronic systems

criteria may shift from shot noise intrinsic to the 
signal to other sources such as Johnson noise from 
the load resistor or preamplifier, and keeping the 
noise low moves from optical to electronics design 
expertise. Cooling the detector and its electronics 
below a certain temperature often helps with noise, 
more so where the detector relies upon absorbed 
energy as with a thermopile or bolometer.

For single-channel detectors, PMTs are fast 
and can have huge sensitive areas, with the pen-
alty of being physically large and requiring high 
voltages for the accelerating grids. However they 
offer amplification of many orders of magnitude 
up to thousands of amperes per watt, without add-
ing excess noise to the original quantum realiza-
tion variance. Wavelength sensitivity typically 
falls from mediocre (~25%) in the blue and green 
to rather poor (~1%–4%) in the red, although 
newer implementations claim significant improve-
ment. APDs have much better quantum effi-
ciency (~90%) in the red, and are physically small. 
Although their noise figure can be as low as 10−14 
W Hz−1/2, when stably cooled to around 0°C, they 
also require a moderately high (~ 200+ V) and 
stable voltage to achieve a gain from a few to a few 
tens of amperes per watt. The sensitive area is often 
inconveniently small (<1 mm2) with a longer dead 
time than PMTs. Lower-performance bulk detec-
tors of various materials are often cheaper, and 
may be adequate for less demanding applications. 
Operating in either photovoltaic or photocon-
ductive modes without intrinsic gain, their noise 
typically increases with surface area and tempera-
ture. Most detectors are fairly robust to optical 
overload, but take varying times to recover. For 
example, a PMT will typically recover its sensitiv-
ity lost from transient optical overload as soon as 
the dynode decoupling capacitor chain recharges, 
but to recover its noise characteristics may take 
several days in darkness with full voltage applied. 
APDs flip into an avalanche overload state if the 
optical input exceeds a level not much larger than 
the average, but are not damaged if the current is 
externally limited. Recovery after the removal of 
excess light can be quite rapid, but must sometimes 
be encouraged by the temporary complete removal 
of the reverse bias voltage. Thus both PMT and 
APD detectors can be protected by self-limiting 
mechanisms, and are not necessarily permanently 
damaged until the optical input melts the sensing 

or amplifying material. This is also true for con-
ventional bulk material sensors, although, without 
limiting the electrical current, thermal runaway 
can cause permanent damage.

Array detectors operate on similar photoelec-
tric mechanisms but store charge locally for an 
equivalent exposure time. CCDs read the charge 
out serially via a “bucket brigade,” which is a major 
source of noise at low light level. Individual pixels 
rarely have uniform sensitivity and a calibration 
table is desirable for quantitative work. Ageing and 
radiation damage also change the characteristics 
of individual pixels, demanding calibration and 
update of lookup tables. Types of array detector 
are available with different characteristics such 
as pixel size and shape, dead space between pixels 
(fill-factor), well depth (how much charge can be 
stored at an individual pixel site without nonlin-
ear effects), readout speed and method, and even 
manufacturing technology. For example, CMOS 
requires less power and can be constructed so that 
each pixel may be separately addressed, clocked, 
and amplified. This conditional interrogation can 
greatly increase the dynamic range of the array, 
because those pixels that are more brightly illumi-
nated may be read out more rapidly, accumulat-
ing the total from each pixel in external memory. 
Pixels in the darker areas are merely read less fre-
quently or even at the end of the image acquisition 
time. In this mode, low pixel crosstalk is essential. 
Although excessive cooling can cause a CCD to 
stop functioning, the effect on a CMOS detector is 
desirably to reduce the noise. Typically, the output 
is read as a filtered analog signal to an ADC, either 
on or close to the detector chip. Although the digi-
tization noise might appear to be no more than the 
inverse of the number of bits, real devices rarely 
perform this well and a bit or two of additional 
noise is common. Claims for the relative merits 
of each type of device change frequently and for 
any application it is important to understand how 
the manufacturer’s claims relate to the proposed 
experiment.

The art here is to choose a detector that seems 
appropriate and become as familiar with it as 
possible, including how best to drive and control 
it, how to compensate for its shortcomings, and 
what its limitations dictate for the accuracy of the 
experiment and the quantitative validity of the 
conclusions.
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18.6.5  Miscellaneous observations

Light gathering power can easily fall below the 
upper limit set by the Lagrange invariant unless 
the numerical aperture is matched everywhere. 
Errors can occur readily when coupling single- to 
multimode fibers, or at the entrance to a detector, 
under the impression that an alignment criterion 
may be relaxed. Typically the receiving optics, col-
lecting light scattered from the probed phenom-
enon, is merely a photon-bucket, but this does not 
necessarily mean that aberrations can be tolerated; 
for example, the proper performance of a field 
stop may rely upon its high-definition image at 
some other location. Aperture stops may be simi-
larly critical. The performance of dielectric stack 
narrowband filters is typically compromised in a 
poorly collimated beam.

A given specification may be met and imple-
mented by many different candidate components, 
devices and the phenomena upon which they 
rely. New techniques and innovative devices are 
constantly becoming available. Naturally occur-
ring materials are now being augmented by arti-
ficial structures, including sequences of differently 
doped layers, physically and/or chemically con-
trolled photonic bandgaps, and many other ways 
of spatially or temporally manipulating light from 
classical to quantum domains. The formerly popu-
lar division of experiments was into classical, where 
the signal is assumed to be continuous analog with 
additive noise, and “photon resolved,” where all the 
information is contained in the intervals between 
photon arrivals, assuming monochromatic light, 
but with device limitations such as dead time, pulse 
pile-up—endemic with Poisson statistics—and 
other limitations. This separation represents rare 
extremes, and increasingly the interesting typically 
low-light-level experiments are in the “gray” area 
between the two, demanding a more carefully con-
sideration of the nature of the signal and how best 
to use it to measure the phenomenon of interest. 
New manufacturing methods, extending beyond 
chemical vapor deposition and molecular beam 
epitaxy, are being introduced. Although fashion, 
implying ready availability and perhaps low cost, 
favors the new, many older ideas also have merit. 
Having at least heard of as many obscure or archaic 
devices and techniques as possible can be very use-
ful, where old ideas may find renewed application 

because of other perhaps unrelated advances. For 
example, etching diffraction gratings from laser 
created fringes exceeds the capability of the once 
necessary complex and precise mechanical ruling 
engines. A broad knowledge of natural history is 
beneficial, since many subtle optical and electronic 
ideas have been common in nature for millions of 
years. For example, the Bayer mask used to obtain 
color information from sensor arrays with mono-
chromatic pixels, without too serious a resolution 
penalty is similar to the implementation of color 
vision in the pigeon by color masking of retinal 
cones. The eye of Anableps has bifocal lenses to give 
clear images above and below the water surfaces 
it favors. Contraction of a cat’s pupil to a slit per-
mits a larger dynamic intensity range than a circle 
would, without impairing the motion sensitivity of 
an already fovea-deprived organ. However, other 
than as examples, such details are beyond the pres-
ent discussion of arts and ideas to enhance success.

18.6.6  Electronics

The transition from detected photons to sen-
sible information is mostly performed by elec-
tronic devices, starting with amplification, via 
digitization, signal processing, and data reduc-
tion, to retrieval of information for archive and/
or presentation as a human-readable display. The 
hardware implementation of ideas introduced in 
Section 18.5.7 has expanded to once unimaginable 
capabilities. Since this trend seems likely to con-
tinue, a discussion of specific devices is less use-
ful than brief comments about general techniques, 
although even those become more comprehensive 
with each passing publication. An important trend 
is that optical techniques and devices are increas-
ingly able to perform tasks once exclusive to elec-
tronics, from the extreme example of optical fiber 
replacing copper wire, to the integration of optical 
components with architectures formerly used only 
for electronic integrated circuits. The discipline 
of photonics parallels that of electronics, exploit-
ing nanostructures with capabilities as yet barely 
imagined.

Once the detector has responded in whatever 
terms are available, the transition to a digital for-
mat should follow as soon as possible, usually via a 
pulse discriminator or ADC. Although in principle 
the same bandwidth product of data throughput 
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may be represented as a rapidly varying 1-bit sig-
nal or as a less frequently updated multi-bit word, 
available hardware often suggests an optimal oper-
ation between these two extremes.

For real time systems where the input is syn-
chronized with an independent activity, bottle-
necks impose undesirable limits, and techniques 
such as dedicated hardware with a real-time oper-
ating system may be necessary, perhaps demand-
ing low-level coding and testing, even with integer 
arithmetic and/or bit-sliced architecture. However, 
hardware devices change so rapidly that a once 
clever way to overcome a specific limitation can 
become an irrelevant complication. It seems that 
advances in hardware may shift risk areas toward 
increasingly complex software. However, that has 
not always been so and situations change quickly. 
All recent choices made to achieve system func-
tion are susceptible to critical review in the light of 
innovations. Sadly, past experience may be a detri-
ment here.

Where delayed throughput is allowed, asyn-
chronization can be achieved by a FIFO buffer, 
through single-or dual-port RAM, to hard disk 
files in a suitable format for later access, depend-
ing upon the required buffering and accumula-
tion rates. More than one asynchronous interface 
may be needed to retain clean modularity in 
some complex systems, and to complete specified 
tasks within the time available. Hardware choices 
vary widely, from application specific or very 
high-speed integrated circuits (ASIC or VHSIC), 
through digital signal processors (DSPs), via field 
programmable gate arrays (FPGAs), to generalized 
multicore serial microprocessors. Each has its pros 
and cons. ASICs and VHSICs are fast, expensive 
and inflexible. DSPs are fast, versatile, and typi-
cally externally preprogrammed. FPGAs can be 
slower, but are dynamically, even conditionally, 
reconfigurable. Graphics processors, developed 
for online gaming, can off-load many of the more 
calculation-intensive tasks to enhance perfor-
mance. Microprocessors are completely versatile, 
but with the most common operating systems may 
not be able to process signals in real time because 
of intrinsic and uncontrolled task timing, preclud-
ing interrupt driven actions. Real-time operating 
systems mitigate this, but application software is 
less readily available. At each stage of the process-
ing one wishes to have fewer data to handle, but 
can perhaps tolerate more complex processing 

algorithms. Hardware and software tools evolve 
rapidly. They become faster, more powerful, and 
more versatile, but also more complex, more dif-
ficult to use, and often have reduced backward 
compatibility.

Processing algorithms and hardware must 
be optimized as a system, retaining modularity 
and testability. Analysis is based on information 
intrinsic to the signal, but can be augmented by 
supplementary data to extend the limits of what 
information can be extracted, and the boundaries 
of attainable resolution and accuracy. Exploitation 
of independent auxiliary data, or any of a wide 
range of mathematical and/or statistical tech-
niques, such as maximum entropy, analytic con-
tinuation, and super-resolution, may improve 
results. Understanding the output is not always 
trivial and iteration between the design concepts 
in Section 18.5.7, and the hardware choices here, 
may be necessary and can be challenging, par-
ticularly where the physics and phenomenology 
of the available measurement make extracting the 
required information an “inverse problem” with 
all its pitfalls of multiple values, measure theory 
errors, nonlinearities and numerical instabilities.

For OADS, the 200 MHz raw signal was 
dynamically scaled and filtered before the ADC, 
followed by discrimination and conditional edit-
ing implemented in discrete components prior to 
loading into the FIFO, subsequently accessed by 
a TMS320C25 DSP, using scaled integer arithme-
tic with a real-time operating system. Its program 
was downloaded on initialization, permitting easy 
upgrades during development, and later evolu-
tion of function. For example, velocity, pressure 
and temperature were reported during twenty-
four 1–2 hour flights of the F-16B aircraft in 1990. 
Velocity and particle properties were measured 
during later research flights on F-104 and SR-71 
aircraft, with final emphasis changed towards 
particle size and concentration measurements on 
some final DC-8 flights.

18.6.7  Power supplies

Without sufficient attention, power supplies can 
be a high risk item. Not only can they fail, but 
they may also induce into the signal instabilities, 
correlated fluctuations, noise in one or more fre-
quency bands, and inconstancy with input volt-
age, temperature, load, and/or ambient conditions. 
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Although these are mitigated by careful design, 
specifications must be confirmed by testing, cali-
bration, characterization and monitoring of any 
artifacts in the light source or signal. For thermal 
sources, inertia prevents significant fluctuations 
faster than a few tens of kilohertz, but solid-state 
sources can have sub-nanosecond fluctuations. 
Accordingly, great care must be given to the power 
supplies driving the light sources, detectors, and 
sensitive electronics. Although nontrivial, feed-
back stabilization should always be considered 
and may often be necessary. Note also that while 
a single power supply may perform acceptably, 
simultaneous operation of several even apparently 
unrelated supplies in the field environment may be 
susceptible to greatly worsened noise performance.

18.7  TESTING AND CALIBRATION

Much can be learned from just looking at the sys-
tem and phenomenon, and even incidental obser-
vations may indicate unexpected behavior, whose 
rectification builds confidence in subsequent 
measurements and the validity of conclusions. 
Components should be rigorously tested as soon as 
available. Curious effects are often noticed near the 
limit of awareness, and although they may be nei-
ther repeatable nor completely understood, their 
dismissal as insignificant may invite later catas-
trophe. Table 18.12 augments Table 18.6 suggest-
ing further questions whose proper answers may 
improve confidence.

No amount of testing can ever prove that soft-
ware is infallible. The likelihood of unknown 
error is high. Good designs allow upload of new 
code modules to correct anomalies found in test-
ing, permitting analysis and rectification before 
damage occurs. Power supplies must not only be 
tested as individual units in isolation, but also in 
their final operational configuration. It is well to 
impose test conditions outside those expected, and 
for longer periods, logging all relevant parameters 
with higher accuracy than seems necessary. It is 

important to examine these test results in various 
graphical formats and actually think about what 
trends might mean. Surprisingly many failures 
have origins in data measurable, or even measured, 
long before, but neither understood nor even prop-
erly examined.

Tests should simulate operation as closely as 
possible. In OADS as a subset of system testing, the 
lasers could be independently modulated and the 
response of each APD to its own and other chan-
nels examined for various targets. Complete test 
documentation allows later insights about why the 
results are not identical with what was expected—
they never are—and can allow compensation or 
correction to improve the measurements or per-
formance, or at least to predict the boundaries of 
accuracy.

Calibration is based on knowledge gained by 
testing. Quantitative characterization may permit 
adjustment of output values to reflect their input 
origins during operation, or to correct measure-
ments later. The two aspects of calibration are the 
quantitative aptitude of the apparatus for its design 
purpose, and the traceability of the recovered 
information to required properties of the exam-
ined phenomenon.

For OADS, the only important physical calibra-
tion was the separation and parallelism of the sheet 
pairs, performed by exposing a dimensionally sta-
ble sensitive film to the illuminated pattern at sev-
eral axial stations and using a traveling microscope 
to measure the geometry.

18.7.1  General health and status 
monitoring

Extensive monitoring is desirable. Power on system 
(or self) test (POST), and routines to exercise the 
equipment as it approaches operational status, are 
conventionally provided, but should be augmented 
by health and status monitors for all quantities that 
could affect performance or the values of retrieved 
measurements. Monitored values should be 

Table 18.12 Testing and calibration

Initial function Does everything work as planned? Does it meet design expectations?
Anomalies What do unexpected observations mean?
Deterioration In a simulated environment, does it get worse at an acceptable rate?
Contingencies How is less-than-ideal operation to be accommodated? How is the 

unexpected to be handled?
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recorded as a time-logged data stream at whatever 
rate is appropriate for the parameter concerned. 
Table 18.13 lists examples of usefully monitored 
quantities with supplementary notes following.

For temperature, pressure, and thermal con-
trols, a readout rate of 1 Hz is mostly adequate. 
Power supplies require either a more rapid readout, 
or a separate assessment of root mean square (rms) 
fluctuation, noise, crest factor, or other warning of 
unexpected operational noise or transient spikes. 
If the illumination intensity can fluctuate on a tim-
escale shorter than the inverse monitoring rate, 
then additional properties should be assessed, as 
with power supplies, above. Most serious may be 
fluctuations and drifts on a timescale similar to 
that of the detector or camera exposure or read-
out, but not necessarily in phase. This can lead to 
quite subtle effects in later processing or, for 2-D 
sensing, picture-to-picture variations, and moiré; 
or other patterns in single pictures. If such obvious 
effects persist despite design approaches intended 
to remove them, then the bad data may be rejected 
later only at the cost of efficiency, if they may be 
rejected at all. However, small attendant changes 
in SNR in the detector signal or picture are not 
so easily discovered nor compensated. Indeed, 
these effects may be almost impossible to compen-
sate, so it is important during design and testing 
to eliminate or at least reduce problems associ-
ated with the interactive effects of power supplies 
and the devices they drive. For example, calibra-
tion may change if only parts of a multifunction 
apparatus are currently activated, and this must be 
reported in the health and status archive attached 
to the provenance file for the specific experiment. 
Monitoring helps support claims for the validity of 
measurements.

Many internal systems merit stabilization by 
negative feedback, with the loop signal monitored. 
It is relatively cheap and easy to characterize such 
behavior. Experimental data may be only poorly 
understood without at least a time record of rms 
and peak-to-peak fluctuations, together with the 
amplitude and phase, or even power spectrum of 
the light source noise and drift.

18.8  HOSTILE ENVIRONMENTS

Optoelectronics can be challenging enough even 
in benign conditions. Hostile environments that 
threaten success are of two kinds, hostile to the 
instrumentation, and hostile to the observer. These 
include all aspects of the measuring process during 
operation, and the program that brings the mea-
suring device to the current situation.

In the first class, conditions such as extremes 
of temperature, pressure, radiation, acceleration, 
vibration, shock, chemical attack, electromagnetic 
fields, noise, power source fluctuations, cosmic 
radiation and perhaps other specific conditions 
lead to potentially less than satisfactory results. 
Even if the system is designed to undergo grace-
ful degradation, successive levels of deterioration 
may include (1) loss of calibration leading to poor 
or untrustworthy measurements, (2) loss of func-
tion, preventing any measurements, (3) destruc-
tion of the instrument, or finally (4) collateral 
damage, implying that the instrument is not only 
destroyed but also causes associated damage that 
may be much greater. The loss of a $1.5b Mars mis-
sion because the same type of vulnerable compo-
nent was used in all three of the triply redundant 
timing circuits was a sad example of instantaneous 
and unexpected failure.

Table 18.13 Candidate health and status monitors

ISO date, time, and all experimental provenance
Power supply input and output voltages and currents
Illumination level and stability of the light source(s)
A sampling of temperatures throughout the apparatus
Internal pressure, humidity, and other vapor pressures
Electrical and thermal control voltages and currents
Fluid pressure, temperatures, flow rates, leaks
Loop signal in negative feedback stabilization wherever used
Independent views of the phenomenon and instrument (video cameras)
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Three aspects of environments hostile to the 
designer of the system are (1) not enough money, 
(2) not enough time, and (3) not having a cham-
pion. Although the first two are common and 
obvious, the last is the most serious. To make 
anything happen takes someone dedicated to 
its successful completion. During instrument 
deployment the observer may also be exposed 
to hostile environments, such as extremes of 
temperature, pressure, vibration, acceleration, 
radiation, noise, antagonism, unreasonable 
expectations, or stress.

Four classes of hostility merit consideration 
during the design of the instrument or methods for 
its deployment and use. These are where (1) con-
ditions in the phenomenon are extreme, (2) access 
may be constrained, (3) the instrument is exposed 
to an extreme environment, and (4) the observer is 
under difficult or stressful conditions. Table 18.14 
introduces a few of the ideal properties whose con-
sideration may improve success.

Obvious though they may appear, warnings in 
Table 18.15 can apply in benign as well as hostile 
environments and may apply to the instrument or 
to the operator, or both.

Outdoor or field installations are often exposed 
to diurnal temperature cycling or steep tempera-
ture gradients, whether in use or not. Direct or 
reflected sunlight, rainwater, and unsuspected 
fixed or pulsed magnetic fields can introduce 

problems. Exposure to moisture or high humid-
ity can age optical surfaces and dielectric coatings, 
also possibly causing fungus buildup or other bio-
logically driven damage surprisingly rapidly. Any 
one of these is easily averted or accommodated: 
avoiding them all, and also the unanticipated ones, 
can be challenging.

In summary, optoelectronic measurements in 
hostile environments are difficult. Analysis and 
thoughtful design mitigate risk. Planning graceful 
degradation, anticipating the unknown unknowns, 
talking honestly and often with the customer, and 
having plenty of money, time, support, and good 
luck are all beneficial.

18.9  CHECKLISTS

Table 18.16 lists some component properties 
deserving examination, followed by Table 18.17 
stressing environmental aspects.

18.9.1  Analyzing unwanted effects

Any part of a system or its environmental expo-
sure may have unanticipated effects on any other 
part, and to minimize later surprises a useful 
technique is to create a spreadsheet whose first 
column contains all possible affective proper-
ties and whose first row contains all aspects that 
could suffer effects. Examples of both properties 

Table 18.14 Ideal properties

Simple, low technology Easy to understand
Rigid, robust, small Resistant to damage
Modular, reliable, cheap Easy to diagnose and fix
Automated by default Reduces operator mistakes
Low power demand Stays cool, widely applicable
Calibrated, verified Constant and trustworthy
Tested, characterized Known and understood

Table 18.15 Warnings

Chemical attack ruins Noise reduces capability
Gravity changes disturb Hard radiation damages
Vibration changes things Power supplies fail
Electromagnetic radiation gives errors Windows get dirty
Stress reduces performance Software crashes
Temperature drifts misalign Pressure distorts
Changes affect things unexpectedly Fluids leak
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Table 18.16 Component considerations

Optical radiation source

Type Thermal, laser, diode, flash, arc, discharge, synchrotron, fluorescence, 
phosphorescence, explosion, biological, others

Geometry Size, 2- and 3-D beam shape, divergence, pointing, spatial coherence
Wavelength X-ray, far and near ultraviolet, visible, near and far infrared
Spectrum Bandwidth, distribution, temporal coherence, tuning
Intensity Intrinsic luminance, brightness, spatial and temporal stability, noise
Power Efficiency, electrical and thermal stabilization, cooling
Polarization Type, orientation, degree
Stability Frequency, pointing, intensity, beam shape

Optical components
Lenses Type, material, design, specification, compromises, speed, resolution, 

surface finish, tolerances, handling and mounting
Beam splitters Flatness, thickness, multiple reflection, parallelism
Filters Bandwidth, tuning, edge roll-off, efficiency, reflections, absorption
Aberrations Seidel, chromatic, higher order
Geometry Complexity, aperture, stops, vignetting
Refraction Refractive index, angular dependence of reflection, dispersion
Materials Birefringence, transmissivity, homogeneity, strength, chemical stability
Coatings Complexity, efficiency, materials, durability, scatter

Optical system
Mechanical Design, rigidity, robustness, beam control, adjustments (and ranges)
Alignment Methods, sequence, sensitivity, criteria, stability, locking, interactions
Polarization Necessity, preservation, type (“S," “P," circular or elliptical)

Detectors
Type Array, line, single point, static (e.g., film), dynamic (e.g., electronic)
Principle Photoelectric effect, permanent or reversible chemical change, thermal 

or mechanical effect
Mechanical Sensitive area, packaging, thermal stabilization, protection
Detection Capabilities, quantum efficiency, sensitivity, gain, noise
Speed Dead time, read rate, fatigue, recovery time
Noise Shot, dark, amplifier, statistical, after-pulsing

Table 18.17 Environmental considerations

Mechanical Vibration, shock, g-loads, rigidity, static and dynamic stresses, strength, materials, 
construction, pressure, extraneous damage, weight, size, cost

Thermal Heat, cold, static/dynamic gradients, changes, distortion, misalignment, insulation, 
control

Radiation Internal and external stray light, stops, filters, surface treatments
Aero-optics Variable refractive distortions of wave front
Noise Electromagnetic or radio frequency interference (EMI, RFI), grounding, hardening, 

screening, isolation, spurious signals, power supplies
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and components are given in Table 18.18. In the 
body of the spreadsheet, a manual entry is made 
into each and every cell to verify that any mutual 
effects between row and column heading have 
been considered. Effects here include any possible 
interaction or sensitivity, which may then be quan-
tified, or less tangible warnings, such as excessive 
complexity. The exercise may trigger a memory of 
a similar or analogous situation with good or bad 
former outcome. The cell entry creates an audit 
trail later to become a powerful diagnostic tool. If 
you think this is a tedious and unnecessary exer-
cise, try fixing things later. Most entries will indi-
cate that there is no cross effect. Other possible 
entries are that the effect has been considered and 
is acceptable or that the effect has been analyzed 
and remedial action taken, as indicated by a trace-
able reference. Perhaps most seriously, and a major 
justification for this exercise, is that an effect is 
found to be likely but unknown, requiring further 
effort directed either towards its understanding 
and rectification, or its quantitative inclusion in 
the risk analysis.

Table 18.18 is not intended to be exhaustive, but 
merely contains an exemplary set of possible sub-
ject items to be reduced, refined and/or augmented 
according to the specific optoelectronic system.

As an example, a reduction in ambient pressure 
once seriously compromised the behavior of an 
argon ion laser. With the reduced refractive index 
of the lower-pressure air, the emission angle from 
the Brewster windows inside the cavity changed 
sufficiently to detune the resonator. Unexpectedly, 
retuning did not restore the power since the new 
direction in the cavity passed through a slightly 
thicker section of the wavelength selection prism, 
also intracavity. Even though the increase in 
absorptive attenuation was slight, the many passes 
within the resonator substantially reduced the 
cavity gain. The first lesson is that reduced ambi-
ent pressure changed the pointing direction and 
power in a way that was not immediately recover-
able by realigning the cavity—the prism also had 
to be physically displaced. The second lesson is that 
since such ion lasers are no longer in common use, 
the first lesson is largely irrelevant. The real lesson 
therefore is that a situation must be examined in 
greater depth and with more imagination than 
might at first seem necessary.

In a working career thousands of such examples 
appear, but using the cross-reference effects matrix 
postulated above can improve the probability of 
creating a working design with minimal evolution-
ary iterations.

Table 18.18 Possible effects matrix

Examples of properties Aberrations, absorption, adjustments, ageing, alignment, blooming, 
breaking, calibration, changes, charging, chemistry, collimation, 
constancy, corrosion, cost, damage, design, detectivity, dimensions, 
dispersion, distortions, durability, efficiency, electromagnetic 
interference, errors, external stray light, field, flare, friction, fungal 
growth, ghosts, g-loads, ground loops, hard radiation, heat sources and 
sinks, insulation, internal stray light, isolation, Lagrange invariant, 
mounting methods, noise, nonlinear effects, optical feedback, 
outgassing, packaging, pointing, polarization, positioning, pressure, 
quality, quantum efficiency, quantum statistics, radio-frequency 
interference, reflections, refractions, rigidity, robustness, screening, 
sensitivity to everything, shock, signal and data formats, size, 
specifications, spectrum, stability, static and dynamic stresses, stiction, 
strength, temperature, testing, thermal gradients, transmission, 
vibration, vignetting, weight

Examples of components Adhesives, apertures, baffles, beam splitters, bearings, coatings, 
construction, detectors, electronics, Faraday and Kerr effect devices, 
fibers, filters, GRINs, health monitors, lenses, light sources, materials, 
mounts, locking, moving parts, polarizers, power supplies, software, 
stops, structures, surface treatments, thermal control, windows
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Table 18.19 Design homilies

• Software and power supplies give more trouble and consume more resources than can possibly be 
imagined; plan not to be disappointed by this

• Performance and ruggedization are better achieved by good initial design than by any number of 
later attempts at remediation

• Underspecified science leads to impossible engineering
• Communication, error checking, and conflict resolution are equally applicable to systems, 

hardware, software, scientists, engineers, managers, and customers who provide the funds
• Knowledge alone is not sufficient ... choosing people with proper experience is essential
• Configuration control from the start, where design evolves most rapidly, may prevent errors; 

unconscious neglect makes later disasters almost inevitable
• A top-down straw-man design, starting at system level, and percolating down to isolate any area of 

uncertainty, is desirable as soon as possible
• Hardware and software must be modular, and should map isomorphically
• Optical, mechanical, interconnection, and functional layouts must be available early
• Everything is made of India rubber—nothing is truly rigid
• The Internet is an extremely valuable source of ideas and information; however, since content is not 

typically peer reviewed, it must be independently corroborated
• Fifty hours in the lab will easily save 1 h in the library
• Simplicity is a worthy goal, but oversimplification can invite problems
• Innovation is only acceptable where no possible method currently exists
• Quality is meeting the specifications
• If in doubt, make it stout, out of things you know about

Table 18.20 Attitude homilies

• Talk to the customer
• Intend the excellence of your design
• Be honest, pragmatic, and courageous
• Study how others have approached and solved similar problems
• Test potential solutions and guidelines for relevance to your purposes
• Understand why something was done the way it was done, before committing to doing it 

differently
• Seek advice, comments, and recommendations; detractors are especially creative, and will be most 

helpful, if somewhat indirectly
• Consider all guidance carefully: suspect that which does not fit with intuition
• Never trust opinion, however informed, without supporting evidence
• If you are being brilliantly innovative, think about it harder, and insist others check it
• Question everything; analyze and understand the answers
• Check every assumption; check it again
• Historical reasons can vary from wise cautionary guidelines to unexamined prejudice
• Distinguish between intelligent compromises and short cuts; there are no short cuts
• Avoid moving parts; avoid nonstandard parts; if possible, avoid parts
• Buy the best and cry only once
• Hope is not a strategy
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18.10  HOMILIES FROM 
EXPERIENCE

Many lessons may be encapsulated in aphorisms, 
whose illusion of triviality belies the pain associ-
ated with truly apprehending their significance. 
As light relief, two tables give examples of maxims 
encapsulating arts acquired by bitter experience. 
Table 18.19 passively addresses system design issues, 
whereas Table 18.20 advances less scientifically 
tractable ideas and attitudes whose comprehension 
helps to reduce risk. These more psychologically 
based concepts are cautiously offered to mitigate 
the anguish incurred by those with the temerity to 
embark upon optoelectronic projects.
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in-depth study of one or more aspects of optoelec-
tronics, which is either useful of itself or presents 
a method or analogy of more general application. 
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2D SLM, 560f
2-fiber SONET UPSR (SDH SNCP) 

network, 43f
3D microfabrication technology, 

623
3R regenerator structure, 89
4-fiber SONET BLSR (SDH 

MS-SPRing) network, 
42, 43f

40G WDM systems, 26–29
1980s communication, 4
2001: A Space Odyssey, 137

a

Abbe barrier, 525, 527
Aberration, 252, 254, 517
Absorbance, 581
Absorption, 578–582

chemical optical fiber sensors, 
365–368

measurement, 589–590
media quantification, 581–582
solar cells, 608, 610f

Access networks, 47–62
dense wavelength multiplexing, 

56
passive optical networks 

(PONs), 47–54
Accumulation, noise, 12–13
Acoustic-sensing fiberdyne 

systems, 390–392, 391f
Acoustic signal detection, 377
Acousto-optical correlator, 555f
Acousto-optical spectrum analyzer, 

554f

Acousto-optics
Bragg cells, 553f
cell, 551f
deflectors, 333–334, 334f
effect, 246f
spatial light modulators, 226, 

245–247, 551–557
tunable filters, 558–559
wavelength processing, 558–559

AC, see Alternating current
Active acoustic sensors (SODAR), 

493t
Active laser radar, 476f
Active matrix addressing, 168f

and thin film transistors, 
165–171

Active matrix displays, 277–281, 
279f, 282, 282f

Active matrix OLED (AMOLED), 
279

Active remote sensing, 433
ACTS PRISMA, 59
Actuators, servo systems, 519–520
Adaptive optical corrections, 

252, 254
Address display-period separation 

(ADS), 131
detailed waveform for, 131f

Adjustment systems, 654t
ADS, see Address display-period 

separation
Advanced sub-block feasibility/

viability, 86–90
Aerosol scattering, 446–448, 456, 

485–487, 489, 489–490f, 
491f

Aerospace, 458–467, 477–478, 
482–483

Airborne mapping, 482–483
Air data systems, 460, 648, 649t, 

650–652
Air drops, 477–478
Airspeed, 458–462
ALEV-3, remote sensing, 460, 462f
Alignment layer, 153
Alignment systems, 654t
ALIS technology, see Alternate 

lighting of surfaces 
technology

All-optical networks, 84–85, 89–90, 
91

Alternate lighting of surfaces 
(ALIS), 129–130

Alternating current (AC), 124–127
Alternating polarization (AP), 37
Altimeter lidar, 485t
Alt–Pleshko multiplexing limit, 172
AMOLED, see Active matrix OLED
Amplification/amplifiers

bandwidth, 26–27
camera technology, 103
communication links, 8–9
noise, 10–11
optical transmission, 9–10, 

12–13
span, 9–10

Amplified spontaneous emission 
(ASE), 10–13

Amplitude modulation/modulators 
(AM), 474

AM, see Amplitude modulation/
modulators
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Analog ferroelectric liquid crystal 
modes, 208–209

antiferroelectric liquid crystals, 
209

deformed helix mode 
ferroelectric liquid 
crystal, 209

electroclinic effect, 209
N*-SMC*, 208–209

Analogue optical processing, 
542–543

Analogue processors, 554–557
Anamorphic lenses, 338f
Angular disparity, 295, 295f
Angular divergence, 434
Anisotropic Bragg diffraction 

geometry, 552f
Anisotropic properties, in LCDs, 

142–145
Anode, 285
Anthraquinone, 149
Antibonding, 578f
Antiferroelectric liquid crystals, 

209
Anti-Stokes Raman thermometry, 

397–399
AO Bragg cell, 246t
Aperture, 116, 117f, 556
AP, see Alternating polarization
Architecture

access networks, 47–62
amplified communication links, 

8–9
networks, 33–64
repeaterless systems, 9

Arrayed waveguide grating router 
(AWGR), 41

Arrays
bubble cross-connect, 251
scanners/scanning, 335
thin-film micro-mirror, 240

Array-waveguide gratings (AWG), 
46–47

AR, see Augmented reality
Art of design/implementation, 

647–683
ASE, see Amplified spontaneous 

emission
Ashkin, A., 622
Assembly methods, systems, 

653–654

Astigmatic focus-error detection 
system, 520f

Astigmatic lens, 520–521
Atmospheric remote optical 

sensing, 439, 444–458, 
469

ATM PON, 50–53
Attenuation, 393–395
Augmented reality (AR), 206
Auto-correlation, 411, 413f
Automatic focusing, 520–521
Automatic track following, 520, 

521–522
Automotive windshields, 415–417, 

416f
Auto-stereoscopic systems, 

300–301, 311, 312f
Aviation, 458–467, 477–478
AWGR, see Arrayed waveguide 

grating router
AWG, see Array-waveguide gratings
Axially symmetric microcell (ASM) 

mode LCD, 196
Azimuthal position, 524
Azobenzenes, 627
Azo-moiety, 149

B

Backbone networks, 81–91
cost approach, 92–93
market introduction, 92–93
multiplexed architectures, 73

Backplane, 284–285
Backscattering, 392–393, 400–401, 

445, 447–448, 485–487
Backward-pumped Raman fiber 

amplifiers, 24–25
Ballistic air drops, 477–478
Bandshifts, 581
Band structure, 609f, 611
Bandwidth, 26–27

amplification, 26–27
Bathymetry, 482
Beamforming, 548–550, 555
Beam index cathode ray tubes, 119, 

120f
Beam-riding configuration, 324
Beam size, 434
Bearer services, 47–48, 48t
Benes switching matrix, 39–40, 40f

BER, see Bit error rate
Biaxiality, 188
Binary sequence encoding, 

522–526
Binocular depth cues, 295–296
Binocular vision, 295f, 298
Biochemical spatial light 

modulators, 251–252
Biological warfare (BW), 478
Bioluminescence, 583
Birefringence, 146

electrically controlled mode, 
155–161, 159f, 160f

Bistability, in LCDs, 200
Bistable cholesterics, 198–199, 199f
Bistable nematic LCDs and ZBD, 

199–203
Bistable twisted nematic (BTN) 

mode, 200
Bit error probability (BER), 20–21
Bit error rate (BER), 10–13, 20
Bit-oriented holographic storage, 

534–537
Bitrates, 47–48, 48t
Bit stream encoding, 522–526
Blocking target types, 100–101
Blue phase TFT displays, 209–211, 

210f, 211f
Blu-ray Disk, 512
Bonding, 578f
Boogie board, 198
Boojum, 203
“Bookshelf” geometry, 188
Bragg cell geometry, 551f
Bragg diffraction, 551–553
Bragg gratings

coherence interferometric 
sensors, 410

distributed optical fiber sensors, 
410

fixed-channel OADMs, 45
intensity-based optical fiber 

sensors, 361
multiplexed optical fiber 

sensors, 386
Bragg-selectivity, 532–533
Bragg wavelength, 361
Braun, K.F., 113
Breaking camouflage, 298
Brightness, 299
Brillouin backscattering, 400–401
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Brillouin scattering, 400–401, 
408–410

BTN mode, see Bistable twisted 
nematic mode

Bubble cross-connect arrays, 251
Burn-in, 283

OLED aging and, 273–274
Bursts, 83
BW, see Biological warfare

C

Caenorhabditis elegans 
neotodes, 625

Calibration
lidar, 439–442
pressure error, 458–462
systems, 654, 677–678

Cameras, 97–110, 99f
CCD, 101–102
imaging, 97, 101–102

Camera tube, 97–110, 99f
appearance of ultrahigh-

sensitivity HARP, 105f
basic configuration and 

operating principle 
of, 98

injection and blocking types 
of targets, 100–101

types of scanning electron 
beam systems, 100

development of HARP camera 
tubes

basic structure of targets for 
practical use, 105

current–voltage 
characteristics, 104

experimental details, 
103–104

investigation of high 
sensitivity and high 
picture quality imaging 
devices, 102–103

origin and operating 
principle of, 104–105

target types and 
amplification effects, 103

evolution of HARP camera 
tubes, 105–106

focusing and deflection system 
of, 100f

principal characteristics of 
ultrahigh sensitivity 
HARP camera tube

and applications, 108–110
lag characteristics, 107
noise, 107–108
resolution characteristics, 

107
sensitivity, 106
spectral response 

characteristics, 107
ultrahigh sensitivity 

photoconductive camera 
tube, 101–102

Canon, 174f
monitor, 189

Capacitance, 270–271
charging, 276–277

Capacity
fiber-coax networks, 57, 58f
fiber-wireless networks, 56
multiwavelength networks, 56
transmission lines, 22–23

Carbon dioxide lasers, 453, 458, 
460, 462, 468, 472

Carbon nanotubes (CNTs), 626
Case studies, spectroscopy, 597–599
Cathode

additional metallization, 288
cathode materials, 287–288
processing, 288

Cathode ray tubes (CRTs), 
113–121

beam index, 119, 120f
color, 116–118
contrast, 118
flat, 119
monochrome, 115
projection, 115–116, 116f
safety, 119
structure and its operation, 

113–115, 114f, 116f
CATV networks, 54–56
C-band, 6

EDFA, 26–27
CB effect, see Controlled 

birefringence effect
CB, see Conduction band
CCD, see Charge-coupled devices
CD-based technologies, evolution 

of, 507t

CD-R format, see Compact Disk-
Recordable format

CD-ROM format, see Compact 
Disc read-only-memory 
format

CD-RW format, see Compact Disk-
Rewritable format

CD, see Chromatic dispersion
Cell phone displays, measurement 

of, 417–418
Cell structure, 129–130
Cell voltage, 126
Center thickness, 414–415
Cerenkov effect, 352f
CGS, see Continuous grain silicon
Channels, 26–28
Charge behavior, 99f
Charge-coupled devices (CCD)

cameras, 101–102
document scanners, 339–340
imaging sensors, 101–102

Checklists, components, 679–681
Chemical detection, 365–369, 432, 

467–471, 478, 490–491
lidar, 432, 467–471, 484, 490–491

Chemical indicators, 364, 367
Chemical sensing, 365–369, 432, 

467–471, 478, 490–491
Chemical warfare (CW), 478
Chemiluminescence, 583, 590
Chip-on-board, 154
Chip-on-glass (COG), 154
Cholesteric flexoelectricity, 

211–213, 212f
Cholesteric liquid crystal displays 

(LCDs), 232–233
bistable cholesterics, 198–199
temperature/strain/gas sensors, 

197–198
Cholesterics, 140
Chromatic dispersion (CD), 13–15
Chromophores, 579
Cinoptics, 206
Circuits, solar cells, 603f
Cis-isomers, 149
Cis–trans isomerism, 624
Clearing point, 140
CLEAR system, see Hi-Contrast 

and Low Energy Address 
and Reduction of False 
Contour Sequence system
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Climatology, 457
Closed-loop operation, 376
Clouds, 448–449, 457–458, 

485–487
CMOS sensors, see Complementary 

metal–oxide–
semiconductor sensors

CNTs, see Carbon nanotubes
Coating(s)

components, 669
thickness, on-line 

measurements, 419–421
COG, see Chip-on-glass
Coherence

coherent heterodyne 
multiplexing, 383

coherent heterodyne 
spectroscopy, 436–438, 
440–442, 445–446, 453, 
454

coherent light-beating, 436–438, 
440

function synthesis, 402–403, 
402f, 408–410, 408f, 409f

interferometric sensors, 410–421
multiplexing, 383, 389–390, 390f
photorefractive spatial light 

modulators, 247
remote optical sensing, 436–

438, 440–443, 445–446, 
453, 454, 472

Coherent lidar, 493t
Color

cathode ray tubes, 116–118
gamut, 281
plasma displays, 121–127
reproduction, 299

Communications
optical fibers, 349
spatial light modulators, 

252–253
telecommunications, 34–36, 349

Compact Disc read-only-memory 
(CD-ROM) format, 506, 
508–510

Compact Disk-Recordable (CD-R) 
format, 506, 508–510, 
509f

Compact Disk-Rewritable (CD-
RW) format, 506, 
508–510, 509f

Complementary metal–oxide–
semiconductor (CMOS) 
sensors, 656

circuitry, 150
imaging sensors, 101–102

Components
coatings, 669
considerations, 680t
physical mounting, 672–673
property checklists, 679–681
spectrometers, 584–588
systems, 666–677

Computers, interconnects/optics, 
544–545, 550

Concave cylinder scanners, 323
Conduction band (CB), 630
Construction, of LCDs, 149–154
Contact lenses, 414–415
Contact-type array scanner optics, 

335
Contention resolution, 85
Continuous grain silicon (CGS), 

278
Continuous wave (CW), 622
Contrast, 299

cathode ray tubes, 118
Controlled birefringence (CB) 

effect, 232
Conventional ring topology, 75f
Convex cylinder scanners, 323
Core networks, 36–41
Core node, 84f
Core routers, 84, 85
Correlation

auto/self-correlation, 411
photon correlation spectroscopy, 

593–594, 596
Cost approach, market 

introduction, 92–93
Counter-propagating optical pump 

pulses, 407–408, 407f
Cramer–Rao limit, 441, 456
Cross-bar switches, 562–563
Crossconnects, 39, 40f, 41f, 

252–253
Cross-phase modulation (XPM), 

16–17
Crosstalk, 45, 299, 535
CRTs, see Cathode ray tubes
Cryogenic fluid leaks, 355
Cryogenic leak detectors, 356f, 395f

Crystalline silicon solar cells, 
608–610

Current programming, 280–281, 
280f

Current sensors, 377–378
Current–voltage (I–V) 

characteristics, 104, 
602–603

Curved bed scanners, 323
CW, see Chemical warfare; 

Continuous wave
Cylinder hologon deflectors, 332f

D

Daily solar radiation, 613
DART, see Distributed anti-Stokes 

Raman thermometry
Data arrays, 563
Data coding/processing, 254, 

522–526, 659–660
Data recording, 534–535
Data routing, 544–545
Data storage, 505–539, 563
DAVID project, 86–89, 87, 89f
Deactivation process, 578, 579t
Decay lifetime sensors, 364
Deflection/deflectors

camera tubes, 100
cathode ray tubes, 114–115, 118
position classification, 322–323
scanning, 328–335, 337
yoke, 115f

Deformable helix FLC (DHF), 234
Deformable membrane devices 

(DMDs), 557
Deformed helix mode ferroelectric 

liquid crystal, 209
Degree of order, 140
Delta arrangement plasma displays, 

132–133
Dense wavelength multiplexing, 

8, 56
Depolarization of scattering, 575
Depth cues, in two-dimensional 

image, 294f
Depth penetration, 482–483
Depth perception, 293–298, 

314–317
Design, 647–683

criteria, 653–666
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homilies, 682t, 683
models, 650–653
remote optical sensing, 

442–444
sequences, 650
solar cells, 612–616
tools, 653t
wavelength-division 

multiplexing, 20–21
Desktop laser printers, 341–342
Detection/detectors, 673–674; see 

also Chemical detection; 
Monitoring/detection; 
Optical detectors

acoustic signal detection, 377
codes, 7–8
cryogenic leak detectors, 395f
incoherent, 436–438, 441
noise, 657–658
photomultiplier tubes, 591, 674
remote sensing, 436–438, 440–

441, 442, 453, 456, 472
spectrometers, 584f

Device driving, 272
DGD, see Differential group delay
DHF, see Deformable helix FLC
DIAL, see Differential absorption 

lidar
Diaphragm-actuated devices, 635, 

635f
Diaphragm microactuator, 634–635
Dielectric anisotropy, 142–143
Dielectric voltage, 126
Differential absorption lidar 

(DIAL), 432, 467–469, 
485t, 490–491

Differential group delay (DGD), 20
Differential phase shift keying 

(DPSK), 40
Diffraction, 551–553

gratings, 558, 586, 587f
Digital micro-mirror device (DMD) 

SLM, 238–239
Digital serrodyne waveform, 375f, 

376
Digital signal processing (DSP) 

algorithms, 4
Digital-versatile-disk (DVD) 

format, 506, 510–512
Digital-versatile-disk recordable 

(DVD-R) format, 511

Digital-versatile-disk rewritable 
(DVD-RAM/DVDRW) 
format, 511

DIMOS, 158
Diodes, 517–518

properties, 271–272
Direct-detection

lidar, 493t
remote optical sensing, 

436–438, 441, 442, 453, 
456, 472

Direction finding, 555
Direct optical spectroscopy, 

365–369
Disc hologon deflectors, 331, 331f
Disclinations/defects, 145
Discotic liquid crystals, 149
Dispersion, 573–574, 585–588

chromatic, 13–15
Display applications, 253–254
Display driving, OLED devices, 

274–281
Display fabrication, 283–288
Display performance, 281–283
Display resolution, 314
Distance, 22–23, 357
Distortions, signal propagation, 

13–20
Distributed anti-Stokes 

Raman thermometry 
(DART), 397–399, 
397f, 398f

Distributed cable microbend 
sensors, 353–355

Distributed fiber amplifier, 9
Distributed optical fiber sensors, 

378, 392–410
Disturbance location, 402–404
Diversification, of fibers, 25–26
DMDs, see Deformable membrane 

devices
DNA nanomotors, 624, 625f
Documentation, systems, 

664–666
Doping; see also Erbium-doped 

fiber amplifiers
intrinsic spectral filtering 

sensors, 361
Doppler effect, 434, 436f, 460
Doppler velocimetry, 432, 451, 456, 

474, 475

Doppler wind lidars (DWLs), 488, 
489f, 491–492f

Dosimeters, 355, 355f, 394f
Double edge technique, 456, 457f
DPSK, see Differential phase shift 

keying
Drive, plasma display panels, 132
Driver bonding, 154
Driving gears, 623
DSP algorithms, see Digital signal 

processing algorithms
DSSCs, see Dye-sensitized solar cells
Dual-channel technique, 456, 457f
Duty cycles, 327
DVD format, see Digital-versatile-

disk format
DVD-RAM/DVDRW format, see 

Digital-versatile-disk 
rewritable format

DVD-R format, see Digital-
versatile-disk recordable 
format

DWLs, see Doppler wind lidars
Dye-sensitized solar cells 

(DSSCs), 611
Dynamic capacity allocation, 

56–60
Dynamic contrast, 281
Dynamic performance, and 3D, 

282–283
Dynamic range-resolution trade-

offs, 255–256
Dynamic range-speed trade-offs, 

256, 257–259
Dynamic Scattering Mode 

LCD, 137
Dynamic wavelength allocation, 60f
Dynamic wavelength routing, 56f, 

57f, 59

E

Earth observing systems, 485–492
EDFAs, see Erbium-doped fiber 

amplifiers
Effective photocount, 441f, 442
Effective refractive index, 624
Efficiency

solar cells, 605, 605f, 609f
spectral efficiency, 27–28, 28f, 

29t
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EFM, see Eight-to-fourteen 
modulation

Eight-to-fourteen modulation 
(EFM), 524

E-ink, 200
EL-805 (electronic calculator), 137, 

150
Elastic scattering, 402–403
Electrically-addressed liquid crystal 

devices, 229, 234–236, 
235f

Electrically addressed MQW-SLM, 
245t

Electrically-addressed spatial light 
modulators (E-SLM), 559

Electrically controlled 
birefringence mode, 
155–161, 159f, 160f

Electrical response, OLED devices, 
270–272

Electrical time division 
multiplexing (ETDM), 
36–39

Electrical-to-optical transduction, 
562

Electroabsorption modulators, 226, 
547–548

Electroclinic effect, 209
Electrodes

patterning, 152–153
plasma display, 123, 126–127, 

129–130
Electro-holography, 226, 250, 559
Electromagnetic radiation

full spectrum, 573f
matter interaction, 573–584
properties, 570–573
spectral regions, 572

Electron guns, 114, 117–118
for color CRT, 118f

Electronic levels, 581
Electronics, overview, 675–676
Electronic stereoscopic images, 

296–298
Electron-injection

amplification target, 100f
Electro-optics, 151, 175

deflectors, 332–335
modulators/applications, 557
in NLC cells, 231–232
scanning, 332–335

spatial light modulators, 226
wavelength processing, 559

Electrophoretics, 200
Electrostatic pressure, mediated by 

photogenerated electrons, 
631–632

Electrowetting, 200
EL, see Electroluminescence
Emission, spectra comparisons, 

585f
Encapsulation, 288
Encoding techniques, 522–526, 

542–544
Energy

address and false contour, 132
levels, 77, 122
solar cells, 613, 614f

Environmental studies, 467–471
Environment considerations, 

678–679, 680t
EPON, see Ethernet PON
Erbium-doped fiber amplifiers 

(EDFAs), 27f
C-band, 26–27
L-band, 26–27
optical transmission, 7, 26–27

Error correction, 337, 338f, 523–524
ETDM, see Electrical time division 

multiplexing
Ethernet PON (EPON), 53–54

downstream traffic in, 54f
upstream traffic in, 54f

Euler–Lagrange equation, 160, 192f
Evanescent fields, 350–352, 395, 

577–578, 595–596
External drum scanners, 323
External modulator sensors, 357
Extinction, 448–449
Extrinsic optical fiber sensors, 349, 

350, 356–357, 363–364
Extrinsic spectral filtering sensors, 

363

F

F!T tube, tracking principle of, 120, 
121f

Fabrication, 212
display, 283–288
plasma display panels, 127–129

Fabry–Perot filters, 45, 62

Fabry–Perot modulators (FPM), 
243, 244

False contour, 132
Faraday rotator mirrors (FRM), 371
Fast switching matrix, 86–88
Fast wavelength-switchable 

OADMs, 46–47, 46f, 47f
FBG, see Fiber Bragg grating
FDM, see Frequency-division 

multiplexing
Feasibility studies, 77, 86–90
Femtosecond pulses, spatial light 

modulators, 253
Ferroelectric liquid crystal displays 

(LCDs), 152, 187–191, 189f
FES, see Focus error signal
FFP filter, see Fiber Fabry–Perot 

filter
FFS mode, see Fringe field 

switching mode
Fiber Bragg grating (FBG), 45
Fiber-coax network, 58f
Fiber diversification, 25–26
Fiberdyne systems, 390–392, 391f
Fiber Fabry–Perot (FFP) filter, 45, 

62
Fiber gratings, 45, 361–363, 386, 410
Fiber optic gyroscopes (FOG), 372f, 

373–377
Fiber optics, see Optical fibers
Fiber pyrometer, 356f
Fiber standards, 25–26
Fiber-to-the-building (FTTB), 47
Fiber-to-the-cabinet (FTTCab), 47
Fiber-to-the-home (FTTH), 47
Fiber-wireless systems, 59, 60
FIFO buffers, see First-in–first-out 

buffers
Filling and sealing, in LCDs, 154
Film thickness, 420f
Filtering, spectrometers, 585–588
FIREBIRD, see Firepond Bus 

Imaging Radar 
Demonstration

FIREFLY, see Firepond Laser Radar 
Research Facility

Firepond Bus Imaging Radar 
Demonstration 
(FIREBIRD), 481

Firepond Laser Radar Research 
Facility (FIREFLY), 481
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First-in–first-out (FIFO) buffers, 
659, 676

First-mile network technologies, 
47–48, 48t

Fixed-channel OADMs, 45
Fixed/variable optical packet 

comparison, 72
Flatbed scanners, 323
Flat cathode ray tubes, 119
Flat-field laser scanner lenses, 

336–337
FLC, see Ferroelectric liquid crystal
Flexible substrate, 284
Flowcharts, 651f
Flow fields, 464
Fluids, cryogenic leaks, 355, 395f
Fluorescence

lidar, 467, 470–471
monitoring/detection, 363–364, 

368–369, 399–400
spectroscopy, 579t, 582–583, 

590–592
Flying spot scanners, 339, 340
FMCW, see Frequency-modulated 

carrier waves
Focal conic texture, 233
Focus error signal (FES), 520
Focus/focusing

beams, 434
camera technology, 100
optical disk storage systems, 

520–521
FOG, see Fiber optic gyroscopes
Folded spectrum analysis, 556
Forces, by light, 620–624
Forecasting weather, 457
Forth Dimension Displays, 206
Forward error-correcting 

codes, 23
Fourier transforms, 542–543, 542f, 

544, 554–557
Four-wave mixing (FWM), 17–18
FPMs, see Fabry–Perot modulators
Frame rates, 560–562
Frame response, 163
Frame sizes, 561
Fréedericksz transitions, 156f, 

175, 231
Free-space optics, 551, 562–563
Frequency-division multiplexing 

(FDM), 384

Frequency domain spectroscopy, 
436

Frequency-modulated carrier waves 
(FMCW), 388–389, 388f, 
403–404, 404f, 474f, 475

Frequency multiplying, 61–62
Frequency shift keying (FSK), 40
Frequency- /time-domain optical 

storage, 528–529
Fresnel scattering, 576
Fringe field switching (FFS) mode, 

172, 194–195, 195f
Fringe imaging, 456
FRM, see Faraday rotator mirrors
Front parallax barrier, 304f
FSK, see Frequency shift keying
FTTB, see Fiber-to-the-building
FTTCab, see Fiber-to-the-cabinet
FTTH, see Fiber-to-the-home
Fujitsu, 195–196
FWM, see Four-wave mixing
f−θ characteristic, 336

G

G.653 fibers, 25
G.655 fibers, 25–26
GABLE, see Global Atmospheric 

Backscatter Lidar 
Experiments

Gain, distributed optical fiber 
sensors, 408–410

Galvanometer mirror deflectors, 
328–329

Gas lasers, 453, 458, 460, 462, 468, 
472

Gas sensors, 197–198
Gaussian beam behavior, 663
Gaussian intensity, 621, 622f
Geometric factors, depth 

perception, 297–298
Geometric scattering, 576
Geosciences, 482–484, 491
Glass(es), 149–150

cleaning, 152
free 3D displays, 206
as substrate, 284

Glint, 475
Global Atmospheric Backscatter 

Lidar Experiments 
(GABLE), 446–448

Global Backscatter Experiment 
(GLOBE) missions, 447

Global wind field measurements, 
487–490, 495

GLOBE missions, see Global 
Backscatter Experiment 
missions

Glue seal, 153
GLV device, see Grating light valve 

device
Gradation, plasma displays, 

130–132
Gradient forces, 621, 624
Granularities, 70–71
Grating light valve (GLV) device, 

238, 239–240
Gratings; see also Bragg gratings

array-waveguide, 46–47
diffraction, 558, 585–588, 587f
distributed optical fiber 

sensors, 410
fiber, 45, 361–363, 386, 410
grating light valves, 239–240
intensity-based optical fiber 

sensors, 361–363
multiplexed optical fiber 

sensors, 386
volume diffraction, 558

Grätzel dye-sensitized solar 
cells, 611

Gravure printing, 287
Gray-scale reproduction, 281
Grid-connected systems, 615–616
Group velocity dispersions 

(GVDs), 5
Guided radiation, 598
Guided-wave Mach–Zehnder 

interferometers, 
546–551

Gust warnings, 453
GVDs, see Group velocity 

dispersions
Gyroscopes, 373–377, 375f

H

HARP, see High-gain avalanche 
rushing amorphous 
photoconductor camera 
tube

HDTV technology, 98
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HE11 mode, 370
Head-up display (HUD) 

technology, 413, 415–417, 
416f

Health and status monitoring, 
677–678

Heilmeier, G.H., 174
Hertz dipoles, 571f, 573, 574–575
Heterodyne

interferometer, 372
microwave signal generation, 

61–62, 61f
spectroscopy, 436–438, 440–

442, 445–446, 453, 454
time-division multiplexing, 383

Hi-Contrast and Low Energy 
Address and Reduction of 
False Contour Sequence 
(CLEAR) system, 132, 
133f

Hierarchy, success, 648, 649t
High capacity transmission 

lines, 29t
High-gain avalanche 

rushingamorphous 
photoconductor (HARP) 
camera tubes, 98, 102; see 
also Camera tube

appearance of hand-held HDTV, 
109f

appearance of ultrahigh-
sensitivity, 108f

applications, 108–110
characteristics, 106–108
deep-sea organism captured 

with, 109f
evolution of, 106t
operating principle, 104–105
specifications of ultrahigh-

sensitive, 108t
target structure, 105

High-resolution sensing, 402–403, 
410–421

High-sensitivity sensing, 373–378
High-throughput routers, 81–82, 

83f
Historical overviews

camera technology, 97–98
optical information processing, 

541–546
optical transmission, 5–7

spectral efficiency, 27–28
HOEs, see Holographic optical 

elements
Hole conduction layer, 286
Holographic optical elements 

(HOE), 205, 311
Holographic storage, 533f
Holography

liquid crystal displays, 311
optical information storage, 

532–537
scanning deflectors, 329–332
spatial light modulators, 226, 

250, 563
storage, 563
wavelength processing, 559

Homilies
attitude, 682t
design, 682t, 683

Hopper purging study, 420, 421f
Hopping electron cathode, 121, 122f
Horopter, 295
Hostile environments, 678–679
HUD technology, see Head-up 

display technology
Hughes Aircraft Research 

Laboratories, 236
Human depth perception, 293–298
Hybrid fiber coax networks, 54–56, 

55f
Hydrogels, 626
Hydrophones, 377, 383, 384f

I

Identification of technologies, 
77–80

IGZO, see Indium–gallium–zinc 
oxide

Image amplification, 563
Image camera tubes, 98–99, 99f
Image converters, 255
Image geometry classification, 

323–324
Image processing, 562–563
Imager flatness assessment, 

418–419
Imagery projection, 562
Imaging

cameras, 97–110, 101–102
charge-coupled devices, 101–102

complementary metal–oxide–
semiconductors, 101–102

fringe imaging, 456
lens, 335
lidar applications, 475–477
military applications, 475–477, 

481
perceived depth, 317
sensors, 101–102
spatial light modulators, 

561–562
spectrometer, 588
thermal imaging, 493t

Implementation, systems, 647–683
Incoherent detection, 436–438, 441
Index profiling, 418–419
Indium–gallium–zinc oxide 

(IGZO), 278
Indium tin oxide, 150
Inelastic scattering, 570
In-fiber Bragg grating sensor, 362f
In-fiber grating sensors, 361, 386, 410
In-fiber Mach–Zehnder 

interferometers, 547–551
In-fiber optical information 

processing, 545–546, 
547–548, 548–551

In-fiber optical processing 
functions, 548f

Information
flow, 662
processing, 541–564
storage/recovery, 505–539, 

658–660
“Injected” smectic phase, 146
Injection amplification, 100
Injection target types, 100–101
Inkjet printing, 286–287, 287f
In-plane switching (IPS) LCDs

basics of operation, 191–194, 193f
FFS mode, 194–195

Input scanning systems, 338–340
Inspection and test, in LCDs, 154
Instrumentation

fluorescence spectroscopy, 
590–592

optical intensity, 588
photon correlation spectroscopy, 

593–594
Raman spectroscopy, 592–593
spectroscopic analysis, 584–599
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Integrated optics, circuit 
modulators, 375

Intensity
based optical fiber sensors, 

352–369
modulation, 547–548
scale methods, 276, 276f

Interconnects, 252–253, 544–546, 
551, 562–563, 611f

Interfaces, 660–664
maps, 661t
operators, 655, 661–662

Interference
carrier ratio, 18f
multiple reflections, 598

Interferometry
coherence sensors, 410–421
direction detection, 453
distributed optical fiber sensors, 

404–407
low-coherence, 410–421
Mach–Zehnder, 370f, 372f, 389, 

546–552, 598
Michelson interferometers, 370f, 

390
optical fiber sensors, 369–378, 

383, 389, 404–407, 
410–421

remote optical sensing, 453
time-division multiplexing, 383
Young interferometer, 598

Interlaced scan, 325
Internal drum scanners, 323
International Telecommunications 

Union (ITU), 25–26
Intersymbol interference (ISI), 14
Intrinsic optical fiber sensors, 349, 

350, 352–355, 361
Intrinsic spectral filtering sensors, 

361
Irradiance (E), 633
ISI, see Intersymbol interference
ITU, see International 

Telecommunications 
Union)

J

Jablonski energy level diagrams, 
578–579

Janus colloids, 200

Japan Broadcasting Corporation 
(NHK), 101–102

JAWS, see Joint Airport Weather 
Studies

Joint Airport Weather Studies 
(JAWS), 460

Jones matrices, 155
Judgement of surface curvature, 

298

K

Kerr effect, 210
Kubrick, Stanley, 137

L

Lab-on-a-Chip (LOC) devices, 620, 
635

Lag, 107
Lambert–Beer–Bouguer law, 582
Laminated LCE film, 628
Land-groove recording, 515
Landing aids, 477–478
Lanthanum-doped lead zirconate 

titanate (PLZT), 629
Large-format document scanners, 

339f
Laser(s)

active remote sensing, 433
Doppler velocimetry, 432, 451, 

456, 474, 475
flat-field laser scanner lenses, 

336–337
lidar technology, 439
optical disk storage systems, 

517–519
power modulation recording, 

514
printers, 341–342
radar, 432–438, 476f
remote optical sensing, 432–433, 

451, 484–492
sounding, 484–492

Laser Induced Thermal Imaging 
(LITI), 287

Laser True Airspeed System 
(LATAS), 458–460

LATAS, see Laser True Airspeed 
System

L-band operation, 26–27

LC domains, see Liquid crystal 
domains

LCDs, see Liquid crystal displays
LCI, see Low-coherence 

interferometry
LCLVs, see Liquid crystal light 

valves
LCOS, see Liquid crystal on silicon
Leakage, 355, 395

and defects, 275–276
Lebedev, Pyotr, 620
Lenses, 668

anamorphic, 338f
astigmatic, 520–521
optical disk storage systems, 517, 

528–529
scanners/scanning, 335–337

Lenticular elements, 308–310, 308f, 
312

Lidar; see also Remote optical 
sensing

atmospheric sensing, 444–458
aviation, 458–467
backscattering, 392–393
building blocks, 438–439
calibration, 439–442
geoscience, 482–484, 491
military applications, 471–481
remote optical sensing, 432–433
spaceborne, 484–492
systems, 438–444
technology, 438–444

Lidar In-space Technology 
Experiment (LITE), 448, 
485–487, 488f

Lifetime, 283
Ligand field interaction, 581
Light

beating, 436–438
collecting extrinsic optical fiber 

sensors, 356–357
conversion, 562
detection and ranging, see Lidar
driven diaphragms, 634–635
driven microflows, 635–637
driven single-molecule DNA, 

624
emitting devices, see Organic 

light emitting devices
generation, 352–353
induced elastic CNT, 632–633
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Light (cont.)
output coupling, 273
sources, 584–585, 666–667

Light intensity modulation (LIM), 
514

LIM, see Light intensity modulation
Line broadening effects, 580–581
Line-of-sight wind component, 451
Linewidth, 580–581
Liquid crystal alignment, 230–231, 

231t
Liquid crystal displays (LCDs), 

137–214
basics

display construction, 
149–154

electrically controlled 
birefringence mode, 
155–161

passive matrix addressing 
and multiplexing limit, 
161–165

polarization optics, 154–155
thin film transistors and 

active matrix addressing, 
165–171

history, 138–139, 175f
LCD Master, 158
market dominance, 173t
micro-optic displays, 298–314
modes for potential future 

applications, 206–207
analog ferroelectric liquid 

crystal modes, 208–209
blue phase TFT displays, 

209–211
cholesteric flexoelectricity 

and the uniform lying 
helix mode, 211–213

liquid crystal lasers, 
213–214

pi-cell, 207–208
for nonmainstream and niche 

markets
bistable nematic LCDs and 

ZBD, 199–203
cholesteric LCDs, 197–199
liquid crystal on silicon 

(LCOS), 205–206
polymer dispersed liquid 

crystals (PDLC), 203–205

physical properties
formulating liquid crystal 

mixtures, 145–146
functional liquid crystal 

compounds, 146–149
general anisotropic, 142–145
orientational order, 139–141

spatial light modulators, 226, 
227–237, 559–560

standard modes
dynamic scattering mode, 

174–175
ferroelectric LCDs, 187–191
in-plane switching LCDs, 

191–195
overview, 171–174
supertwist nematic LCDs, 

185–187
twisted nematic LCDs, 

175–185
vertically aligned nematic 

modes, 193f, 195–197, 
196f

three-dimensional displays, 
298–314

Liquid crystal light valves (LCLVs), 
229

Liquid crystal on silicon (LCOS), 
205–206

Liquid crystals, 139f
compounds and physical 

properties, 141t
domains, 627
lasers, 213–214, 213f
mixtures, in LCDs, 145–146

Liquid level sensors, 357
LITE, see Lidar In-space 

Technology Experiment
LITI, see Laser Induced Thermal 

Imaging
LOC devices, see Lab-on-a-Chip 

devices
Long short range wind 

measurements, 453–456
Looping back, 42, 43f
Low-coherence interferometry 

(LCI), 410–421
measurement geometry, 414, 

415f
Low-temperature polysilicon 

(LTPS), 170, 278, 285

LTPS, see Low-temperature 
polysilicon

Luminance, 281
Luminescence, 269–289, 583, 590
LUMO (lowest unoccupied 

molecular orbital), 287
Lunar laser, 483–484

M

Mach–Zehnder interferometers, 
547f, 598

multiplexed optical fiber 
sensors, 389

optical fiber sensors, 370f, 372f, 
389

temporal modulation/
processing, 546–551

MacIntosh Powerbook 100, 172
Magink, 198
Magneto-optical (MO) disks, 

512–515, 513f
Magneto-optical spatial light 

modulators, 226, 227, 247, 
248t

Magneto-optic effect, 247f
Management, systems, 664–666
MANs, see Metropolitan area 

networks
Maps/mapping, 482–483, 661t
Market introduction criteria, 

91–93
Market share, solar cells, 607
Matrices

Benes switching, 39–40
fast switching, 86–88
optical information processing, 

556
optical switching, 86–88

Maxwell, James, 620
Mechanical modulators/

applications, 557
Memory effect, 126
MEMS, see Micro-electro-

mechanical-systems
Mesogenic compounds, 148–149, 

148t
Mesogens, 140
Mesosphere, 470
Metal tracking, 288
Meteor showers, 471, 472f
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Metro, 35
part, cost approach, 92

Metropolitan area networks 
(MANs), 35, 41–47

advanced technologies, 77–80
circuit switching technology, 74
cost approach, 92–93
multiplexed architectures, 72–73
multiwavelength, 42f, 44f
optical add/drop multiplexing, 

42–47, 74, 76
optical switching solutions, 

73–81
protection, 42–44
ring networks, 42
semiconductor optical 

amplifiers, 78–79
technologies, 77

Michelson interferometers, 370f, 
390

Microbend sensors, 353–355, 395
Microburst wind shear, 460
Microcantilever, 637

beam, 629
Microcell, 635, 635f
Micro-Doppler, 475
Micro-electro-mechanical-systems 

(MEMS), 200, 226, 
237–241, 557, 560

Microfluidic devices, 635
Microfluidic mixer, 635
Microfluidic pump, 623
Microholography, 534–537, 536f, 

538
Micromanipulator, 623, 624f, 638, 

639f
Micro-mechanical slit-positioning, 

240–241
Micro-mirror spatial light 

modulators, 226, 238–239
Micro-optics, 298–314, 302f
Micro-polarizers, 310–311

display, 300f, 311f
Microstereo-lithography 

techniques, 623
Microwaves

frequency multiplying, 61–62
generating signals by optical 

frequency multiplying, 
62f

heterodyning, 61–62, 61f

network architectures, 60–61
optics, 548–550
radar, 493t
signals by heterodyning, 61f

Mie scattering, 448, 489, 491f, 575f, 
576

Military applications
imaging technology, 475–477, 

481
lidar, 471–481
remote optical sensing, 471–481

Minute blood vessels (mouse 
cancer), HARP camera, 
110f

Mirrors
deflectors, 328–329, 330f
Faraday rotator, 371
spatial light modulators, 226, 

238–239, 240
Modeling

optical air data systems, 
650–652

remote optical sensing, 489
systems, 650–653

MO disks, see Magneto-optical 
disks

Modularity, 662
Modulation/modulators; see also 

Spatial light modulators
amplitude, 474
code words, 523
electroabsorption modulators, 

226, 547–548
extrinsic optical fiber sensors, 

356–357
Fabry–Perot modulators, 

243, 244
femtosecond pulses, 253
future schemes, 28
optical transmission codes, 7–8
phase, 243–244
self-phase modulation, 15–16
transfer functions, 326

Molecular photoswitch, 625
Molecular scattering, 445, 489, 491f
Monitoring/detection

chemiluminescence, 590
fluorescence, 363–364, 368–369, 

399–400
health and status monitoring, 

677–678

Monochrome cathode ray tubes, 
115, 120f

Monocular depth cues, 294–295
Mont Cenis Academy, 616
Morthane, 633
Mounting components, 672–673
Mouse cancer, HARP camera, 110f
MQW, see Multiple quantum wells
Multidimensional devices/

processing, 553–554, 
559–563

Multilayer optical information 
storage, 529–532

Multilayer recording, 535
Multimode fiber, 353f
Multimode microbend sensors, 

353–355
Multiphoton spectroscopy, 584
Multiple access PONs, 48–50
Multiple quantum wells (MQW), 

226, 241, 560
device structure, 242–243
modulator, 243f
MQW SLMs, 244–245
phase modulation using, 

243–244
physical background, 242

Multiple reflections, 598
Multiplex control, 277
Multiplexing limit, and passive 

matrix addressing, 
161–165

Multiplexing/multiplexers; see 
also Networks; Optical 
add/drop multiplexer; 
Wavelength division 
multiplexing

architectures, 67–94
backbone networks, 73
benefits, 72–73
MANs, 72–73

coherence, 383, 389–390, 390f
core networks, 36–41
dense wavelength, 56
frequency-division, 384
holography, 532–533
optical fiber sensors, 378–392
spatial, 379–380, 379f, 380f
subcarrier access, 48–49, 

54–55
time-division, 48–49, 380–384
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Multiplex section shared protection 
ring, 42

Multiring topology, 74–75, 75f
Multi-view systems, 311–314, 312f

slanted arrangement of 
lenticular lens, 313f

Multi-wavelength fiber -wireless 
networks, 57, 58f, 59f

N

N*-SMC*, 208–209
Nanocomposites, 633

hydrogel, 626, 627f
Nanocontraction, 630
NA, see Numerical aperture
NB mode, see Normally black mode
Near fields, 526, 527–528
Nematic elasticity, 144f
Nematic LCD, 230

mixtures, physical properties 
of, 147t

Neogenesis blood vessels, 110
Networks

access, 47–62
all-optical solution, 84–85, 

89–90, 91
architectures, 33–64
core, 36–41
first-mile technologies, 47–48, 

48t
future, 63–64
historical overviews, 33–34
re-allocation, 60, 60f
telecommunication hierarchy, 

34–36
topologies, 36

NF, see Noise figure
NHK, see Japan Broadcasting 

Corporation
Niche applications, 171
Noise; see also Signal-to-noise ratio

accumulation, 12–13
amplified spontaneous emission, 

10–13
bit error rate relationship, 11
camera technology, 107–108
detection systems, 657–658
photo-receiver thermal 

sources, 11
sources, 10–13, 656–657

transmission lines, 10–13
Noise figure (NF), 6
Non-flatbed scanners, 323
Nonlinear effects, 15
Nonlinear signal distortions, 15
Non-return-to-zero (NRZ) scheme, 

7–8, 525
Non-zero-dispersion-shifted fibers, 

25–26
Normally black (NB) mode, 175
Normally white (NW) mode, 175
Novel funnel shape, 121f
Novel technologies

information storage/
recovery, 526–529, 
526f, 537–539

spatial light modulators, 
250–252

Nozzle coating, 287
NRZ scheme, see Non-return to 

zero scheme
Numerical aperture (NA)

optical information storage/
recovery, 517, 528–529

Numerical optical processing, 
543–544

NW mode, see Normally white 
mode

O

OADM, see Optical add/drop 
multiplexer

OADS, see Optical air data 
systems

Objective lens, 517
Objective scanning, 322
Obstacle avoidance, 478–479
OCB mode, see Optically 

compensated bend mode
Ocean shelf airborne mapping, 

482–483
OCT, see Optical coherence 

tomography
Oculomotor depth cues, 294–295
OFDR, see Optical frequency 

domain reflectometry
OLEDs, see Organic light emitting 

devices
One-dimensional devices

analogue processors, 554–557

electro-optic modulators/
applications, 557

mechanical modulators/
applications, 557

optical information processing, 
551–557

spatial light modulators, 
551–557

On-line thickness measurements, 
419–421, 421f

On–off keying (OOK) modulation, 
11

Open-circuit voltage, 605, 606f
Open-loop operation, 376
Operators, interfaces, 655, 661–662
Opposed discharge, 126f
Optical add/drop multiplexer 

(OADM), 45f
crosstalk, 45
fixed/dynamic, 76f
looping back, 42, 43f
metropolitan area networks, 

42–47, 74, 76
self-healing, 42, 43f
structure of, 78f
tunable OADM using fiber 

Fabry–Perot filter, 45f
two-stage for handling 

wavelength groups, 46f
using fiber Bragg grating (FBG), 

45f
Optical air data systems (OADS), 

460, 650–652
specification for, 648, 649t

Optical bounce effect, 207
Optical coherence tomography 

(OCT), applications of, 
410–421

Optical communication, 252–253
Optical compensation, 179–182
Optical crossconnects (OXC), 

252–253
Optical data processing, 254
Optical detectors, 586–588
Optical disk storage, 507–526, 516f

lenses, 517, 528–529
three generations of, 525t

Optical dispersion, 574f, 585–588
Optical domain spectroscopy, 436
Optical fibers

communication, 349
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current sensors, 377–378
leads, 594–596
Mach–Zehnder interferometers, 

547–551
overview, 670–672
questions, 671t
sensors, 347–422

current, 377–378
distributed, 378, 392–410
intensity-based, 352–369
interferometric, 369–378, 

383, 389, 404–407, 
410–421

low-coherence 
interferometry, 410–421

multiplexed, 378–392
temporal modulation/

processing, 546–551, 
548–551

Optical frequency domain 
reflectometry (OFDR), 
401–402

Optical gradient forces, 621
Optical heads, 515–516
Optical information

processing, 541–564
applications, 546–563
optical devices, 546–563
spatial light modulators, 

551–557, 559–563
wavelength processing, 

557–559
storage/recovery, 505–539, 507t

disk systems, 515–526
disk technologies, 507–515
holography, 532–537, 534
novel approaches, 526–529, 

526f, 537–539
spatial light modulators, 563
three-dimensional, 529–539

Optical intensity, 352–355, 352f, 588
Optical interconnects/optics, 

252–253, 544–546, 550, 
562–563, 611f

Optically-addressed spatial light 
modulators (O-SLM), 
244, 559

Optically compensated bend (OCB) 
mode, 207

Optical microactuators, 619–640
Optical nanoactuators, 619–640

Optical network
access networks, 47
architectures, 33–64; see also 

Networks
ATM PON, 50–53
core networks, 36–41
dense wavelength multiplexing, 

in access networks, 56
dynamic capacity allocation, 

56–60
Ethernet PON, 53–54
hybrid fiber coax networks, 

54–56
metropolitan area networks 

(MAN), 41–47
microwave signals over fiber, 

60–62
multiple access PONs, 48–50
network protection, 42–44
optical add/drop multiplexing, 

44–47
optical signal multiplexing 

techniques, 36–39
telecommunication hierarchy, 

34–36
traffic routing, 39–41

Optical packets, 70–71
routing, 41f
types, 71f

Optical porosity, 448
Optical pump pulses, 407–408, 407f
Optical reach, 9–10
Optical regeneration, 88–90
Optical response, OLED devices, 

271f, 272–273
Optical rings, 74, 75, 77, 77f
Optical scanning, 321–342

classification
by deflector position, 

322–323
by image geometry, 323–324
by scan pattern, 324–326

contact-type array scanner 
optics, 335

deflectors
error correction, 337
galvanometer mirror, 

328–329
holographic deflectors, 

329–332
optoelectronics, 332–335

polygon mirror, 329
desktop laser printer, 341–342
flat-field laser scanning lenses, 

336–337
input systems

CCD document scanner, 
339–340

flying spot scanners, 340
performance specification

radiometry, input/output 
systems, 327–328

resolution, 326–327
scan duty cycle, 327

reduction-type array imaging 
lens, 335

systems, 340
Optical sensors, 550
Optical signal multiplexing, 

36–39
Optical signal-to-noise ratio 

(OSNR), 11, 20–21
Optical storage system, channel 

data flow in, 523f
Optical switching

backbone networks, 81–91
benefits of multiplexed 

architectures, 72–73
future, 69–71
granularities, 70–71
MANs, 73–74
market introduction criteria, 

91–93
matrices, 86–88
and multiplexed architectures, 

67–94
next generation, 69–71
performance, 90–91
positioning techniques, 69–71
purpose, 69–70
specificity of metro and 

proposed solutions, 73–81
wavelengths, 70

Optical synchronization, 88
Optical time division multiplexing 

(OTDM), 37–38
Optical time-domain reflectometers 

(OTDR), 379, 381, 382f, 
393–395, 400

Optical to electrical energy 
conversion, 562, 601–616

Optical train, 663
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Optical transmission, 3–29
amplifier noise, 10–11
bit error rate, 10–13
design of optical WDM system, 

20–21
detection codes, 7–8
future, 22–29
general structure, 7–10
high capacity lines, 29t
historical overviews, 5–7
limitation, 10–20
modulation codes, 7–8
noise accumulation, 12–13
noise sources, 10–13
Raman amplification future, 

24–25
structure, 7–10
ultra-long haul technology, 

23–24
Optical trapping, 622
Optical tweezing, 622–623
Optics

definition, 667
scanners/scanning, 335–337

Opto-thermic magnetic effects, 
512–515

OPV, see Organic photovoltaic
Orbitals, 578
Organic and hybrid solar cells, 

611–612
Organic electroluminescent 

displays, 269–289
Organic layers, 286–287
Organic light emitting devices 

(OLEDs), 174, 269–289
display fabrication, 283

cathode and encapsulation, 
287–288

organic layers, 286–287
substrate stack, 284–285

display performance
dynamic performance and 

3D, 282–283
static image performance, 

281–282
system performance, 283

display technology
active matrix displays, 

277–281
aging and burn-in, 273–274
display driving, 274–281

electrical response, 270–272
optical response, 272–273
passive matrix displays, 

274–277, 275f
Organic photovoltaic (OPV), 612
Orientational elasticity, 143
Orientation, in LCDs, 139–141
OSNR, see Optical signal-to-noise 

ratio
OTDM, see Optical time division 

multiplexing
OTDR, see Optical time-domain 

reflectometers
Output scanning systems, 340–342
OXC, see Optical crossconnects
Ozone differential absorption lidar, 

469

P

Packet format selection, 83
Packet mode receivers, 80
Packet routing, 39–41
Page-oriented holographic 

memories, 532–534, 
538–539

Parallax barriers, 304–308
Passive matrix addressing, 172

and multiplexing limit, 
161–165

Passive matrix displays, 152, 153f, 
274–277, 275f

Passive matrix OLED (PMOLED), 
281

Passive mixers, 636
Passive optical networks (PONs), 

47–54, 49f, 51f, 52f
PBG, see Photonic bandgaps
PCS, see Photon correlation 

spectroscopy
PDLC, see Polymer dispersed liquid 

crystal
PDPs, see Plasma display panel
Peak power, 383
PECVD, see Plasma-enhanced 

chemical vapor 
deposition

PEN, see Polyethylene naphthalate
Perceived depth, 293–298, 297f, 

314–317
Performance, 90–91

expected for packet approach, 
80

of grating light valve, 241t
magneto-optic SLM, 248t
optical switching, 90–91
of PA, a-Si LCLV, 237t
scanning, 326–328
SLM specifications, 228t
trade-offs, 255–256
WDM systems, 20–21

Perovskite solar cells, 611, 612f
Persistent spectral hole burning 

(PSHB), 528, 538
PET, see Polyethylene terephthalate
Phase change media, 509–510, 515
Phase-induced carrier method, 372
Phase modulation, 243–244
Phosphor screens, 115, 116–117, 118f
Photoacoustic spectroscopy, 

589–590
Photo-activated liquid crystal 

devices, 236–237
Photoconductive camera tube, 

97–110, 99f
Photocount, 441f, 442
Photomechanical response of 

materials, 625–633
Photomultiplier tube (PMT)

detectors, 591, 674
Photon correlation 

spectroscopy (PCS), 
576, 593–594, 596

Photon-driven nanoactuators, 
624–625

Photon-generated electrons, 620
Photonic bandgaps (PBG)

materials, 226, 250–251
Photoreceiver, 11
Photorefractive effect, 248f, 249f, 

361
Photorefractive spatial light 

modulators, 226, 247–249
Photostimulated effect, 630
Photostimulated LC polymer, 628
Photostimulated vibrations, 630
Photostrictive ferroelectric 

materials, 629–631
Photothermal actuator, 638
Photothermal effect, 636
Photothermal interaction, with 

materials, 633
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light-driven diaphragms, 
634–635

light-driven microflows, 
635–637

photothermal vibration of 
optical fibers, 639

temperature-induced shape-
changing metal alloys, 
637–639

Photothermal spectroscopy, 
589–590

Photothermal vibrations, 633, 
637

of optical fibers, 639
Photovoltaics (PV), 601–616; see 

also Solar cells
effects, 629

Physical intensity-based optical 
fiber sensors, 352–364

Pi-cell, 207–208, 208f
Pictograms, 621
Pictorial/empirical cues, 294
Picture quality, 102–103
Piezoelectric effects, 629
PixCon, 314
Pixels, 478
Planck’s constant, 621
Plasma display panels (PDPs), 

121–134, 172
cell structure, 129–130
color AC

features of, 126–127
operating principle of, 

124–126
principle of 

three-electrode, 127
delta arrangement, 133f
development, 121–124
diagonal color, 125f
drive systems, 132
electrode configuration of three 

electrode, 127f
fabrication, 127–129, 128f
future prospects of, 132–133
gradation, 130–132
improvement of cell structure, 

129–130
improvement of drive 

systems, 132
luminance model of each cell 

in, 125f

practical panel structure and 
fabrication process, 
127–129

structure, 127–130
with surface discharges, 

development of, 123t
Plasma-enhanced chemical vapor 

deposition (PECVD), 170
Plasmon resonance, 351
Plastics, as substrate, 284
Pleochroic dyes, 148
PMD, see Polarization mode 

dispersion
PMT, see Photomultiplier tube
PNIPAM gel, 626
Point-to-point 

communication, 252
Polar diagrams/plots, 452f, 575
Polarization

fading, 370
interferometric optical fiber 

sensors, 370, 378f
optical time-domain 

reflectometers, 395
polarizers, 310–311

Polarization mode dispersion 
(PMD), 4, 20

Polarization optical time-
domain reflectometry 
(POTDR), 395

Polarization optics, 154–155
Gooch–Tarry-type dependence 

of, 186
Polarizers, 154
Polarizing film, 150
Polar MO Kerr effect, 513
Polar solvents, 581
Pollution studies, 467–471
Poly(vinylidene difluoride) (PVDF), 

630
optically driven leg actuator, 

631f
Polycrystalline devices, 278
Polycrystalline silicon (p-Si), 170
Polyethylene naphthalate (PEN), 

284
Polyethylene terephthalate (PET), 

284
Polygon mirror deflectors, 329, 330f
Polyimide micro objects, 622
Polymer carbon nanotube, 633

Polymer dispersed liquid crystal 
(PDLC), 203–205, 204f

Polymers, LCDs, 234, 310–311
PONs, see Passive optical networks
Porosity, 448
Post-detection spectroscopy, 436
Post-objective scanning, 322f, 323, 

324
POST, see Power on system test
POTDR, see Polarization 

optical time-domain 
reflectometry

Power
consumption, 276f, 283, 563
supplies, 676–677
systems, 662–663, 667
wavelength, 667

Power on system test (POST), 677
Pre-objective scanning, 322, 322f
Pressure

error calibration, 458–462
sensitive cable, 354f, 395f

Printers/printing, 321, 341–342
Prisms, 585–586
Programmable optics applications, 

253–255
Projection cathode ray tubes, 

115–116
Projection displays, 115–116
Projectors, 206
Propagation

delay sensors, 355–356, 356f
signal distortions and, 13–20

Protection/protecting networks, 
42–44, 51–52

Prototype target, 103f
Provision of color, in LCDs, 154
Proximity detector, 358f
Proximity/distance sensors, 357
PSHB, see Persistent spectral hole 

burning
PSTN, see Public switched 

telephone network
Public switched telephone network 

(PSTN), 35
Pulse lengths, 442
Pulse lidar systems, 453
Pulse width modulation (PWM), 276
Pumping

pump pulses, 407–408, 407f
Raman fiber amplifiers, 24–25
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Purity, cathode ray tubes, 118
Push-pull tracking, 521–522
PVDF, see Poly(vinylidene 

difluoride)
PV, see Photovoltaics
PWM, see Pulse width modulation

Q

QSXGA monitor, 169
Quadratic detectors, 10
Quadrature points, 371
Quantum wells

multiple, 226, 241–245, 560
spatial light modulators, 560

r

Radar, 432–438, 460, 476f, 556
Radiation; see also Electromagnetic 

radiation; Guided 
radiation

dosimeters, 355, 355f, 394f
spectra, 604

Radiometry, scanning, 327–328
Raman amplification, 24–25
Raman fiber amplifier, 24f, 25f
Raman gain, 19
Raman scattering

chemical optical fiber sensors, 
368–369

in-fiber, 595
lidar, 467, 469–470, 470f
stimulated, 6, 19–20

Raman spectroscopy, 583–584, 
592–593

Raman thermometry, 397–399
Range

perceived depth, 316
rangefinders/rangefinding, 

473–475
remote sensing, 442–444, 485t, 

491
resolution, 256, 442–444
speed trade-offs, 256, 257–259

Range-Doppler processing, 556
Rare earth–transition metal alloys, 

513
Rawinsonde wind speed, 454, 455f
Rayleigh scattering, 574–576

backscattering, 395–397

distributed optical fiber sensors, 
402–403

remote optical sensing, 
489–490, 491f

RCA, 137, 165
Reactive mesogens, 149
Read-only-memory (ROM) media, 

506, 507, 508–510, 515
Recordable storage media, 506, 

508–510, 511
Recovery, information, 505–539, 

658–660
Reduction-type array imaging lens, 

335
Referencing, 359–361
Reflection, 577
Reflective sensors, 381
Reflective spatial light modulators, 

227, 234–236
Refraction, 577–578
Refractive index, 420f

biaxiality, 188
coherence interferometric 

sensors, 414–417
measurements of contact lenses 

in solution, 414–415
Regeneration, 85
Relative depth judgement, 298
Remote optical sensing; see also 

Lidar
aviation, 458–467
chemical studies, 467–471
environmental studies, 

467–471
geoscience, 482–484, 491
lasers, 432–433, 451, 484–492
military applications, 471–481
pollution studies, 467–471
scattering, 445–449, 456, 467, 

469–470, 484–492
Remote spectroscopy, 366f
Repeaterless systems, 9, 21
Requirements, systems, 648–650
Resolution, 281–282

camera technology, 107
limit, 527–528
perceived depth, 315
scanning, 326–327
sensing, 402–403, 410–421
speed trade-offs, 256

Resonance

absorption, 432
differential absorption lidar, 

432, 467–469, 485t, 
490–491

frequency, 637
surface plasmon resonance, 598

Response time, 272
Retardation, 177
Return to zero (RZ) codes, 7–8
Reverse leakage, 272
Rewritable storage media, 506, 

508–510, 511, 512–515
Riding-the-ray, 653
Ring networks, 42
Ring topologies, 74, 75, 77
Risk reduction, 655–656
Risley prisms, 326
RLL channels, see Run-length 

limited channels
Rocketry, 477–478
ROM media, see Read-only-

memory media
Run-length limited (RLL) channels, 

524
RZ codes, see Return to zero codes

S

SABLE, see South Atlantic 
Atmospheric Backscatter 
Lidar Experiments

Safety, cathode ray tubes, 119
Sagittal depth, 414–415
Sagnac effect, 373
Sagnac loop interferometers, 378f, 

404–407, 405f, 406f
Sampled servo scheme, 522
Samsung, 196

KN55S9, 283
Sandwich construction, 560
SAR, see Synthetic aperture radar
Satellite laser ranging (SLR), 

483–484
Saticon, 101f
S-band, 7
SBE, see Supertwist birefringence 

effect
SBS, see Stimulated Brillouin 

scattering
Scanners/scanning, 321–342

classification, 322–326
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configuration, 322–326
deflectors, 328–335, 337
duty cycles, 327
electron beams, 100
lenses, 335–337
optics, 335–337
optoelectronic deflectors, 

332–335
pattern classification, 324–326
performance specifications, 

326–328
system configuration, 322–326

Scattering, 574–577; see also Raman 
scattering; Rayleigh 
scattering

aerosols, 446–448, 456, 485–
487, 489, 489–490f, 491f

backscattering, 392–393, 
400–401, 445, 447–448, 
485t, 489, 490

Brillouin, 400–401, 408–410
elastic, 402–403
Fresnel, 576
geometric, 576
inelastic, 570
Mie, 448, 489, 491f, 575f, 576
molecular, 445, 489, 491f
polar diagrams, 575
remote optical sensing, 445–

449, 456, 467, 469–470, 
484–492

Schroeder–Van Laar equation, 146
SCMA (subcarrier multiplex 

access), 48–49, 54–55
passive optical network, 49f

SDI, see Strategic Defence Initiative
Secchi disk depths, 483; see also 

Ethernet PON
SEED, see Self-electro-optic effect 

device
Selection criteria, 91
Self-correlation functions, 411
Self-electro-optic effect device 

(SEED), 544
Self-healing, 42, 43f

by looping back at OADMs, 43f
Self-phase modulation (SPM), 

15–16
Self-tests, 677
Semiconductor optical amplifiers 

(SOA), 69–70, 79f, 80f

based matrix, 86–88, 87f
gate array modules, 86, 88f
for gating, 78–79
MANs, 78–79
optical matrix-based on, 87f
technology feasibility, 86–88

Sensing/sensors; see also Optical 
fibers, sensors; Remote 
optical sensing

grating sensors, 361, 386, 410
imaging, 101–102
interferometry, 369–378, 383, 

389, 404–407, 410–421
optical sensors, 550
referencing, 359–361
spectral filtering, 361, 363
temporal modulation/

processing, 550
Sensitivity

camera technology, 102–103, 106
sensing, 373–378
speed trade-offs, 256

Serrodyne waveforms, 375f, 376
Servo systems, 519–522
Shadow masking, 116, 117f, 286
Shape-changing polymers, 626–629
Shape memory, 633
Shape memory polymers (SMP), 

619–620
Sharp, 138, 165, 196
Shockley–Queisser detailed balance 

limit, 603–606
Short-circuit current density cells, 

604, 605, 606f
Short period gratings, see Bragg 

gratings
Short-range wind measurements, 

449–453
Signals

distortions, 13–20
estimation, 656–658
information retrieval, 659–660
multiplexing, 36–39
noise sources, 656–657
propagation, 13–20
strength, 439–442

Signal-to-noise ratio (SNR)
intensity-based optical fiber 

sensors, 357–359
remote optical sensing, 439–

442, 440–441, 444

Silicon (Si)
microcantilever, 630
solar cells, 608–610

SIL, see Solid immersion lens
Single-facet hologon deflectors, 332f
Single-LCD front parallax barrier 

design, 306f
Single liquid crystal displays

holographic elements, 311
lenticular element designs, 

308–310
micro-polarizer designs, 

310–311
parallax barrier designs, 

304–308
Single-mode standard fiber (SSMF), 

25
Single polarization (SP), 37
Single polarizer TN LCDs, 182–184, 

183f, 184t
Singulation, 154
Si-Schottkydiode LC SLM, 227f
Slit-positioning, 240–241
SLMs, see Spatial light modulators
Slot Coating, 287
SLR, see Satellite laser ranging
SMA Ni–Ti, 637
Smartphone (touchscreen), 417, 418f
Smart-pixel spatial light 

modulators, 249
Smart routers, 81–82, 82f
Smectic liquid crystal devices/

displays, 233–244
SMP, see Shape memory polymers
SNCP, see Sub-network connection 

protection
SNR, see Signal-to-noise ratio
SOA, see Semiconductor optical 

amplifiers
SOCE, see Synthesis of optical 

coherence function
Sodium measurements, 470
Software, systems, 660
Solar cells, 601–616

absorption coefficients, 608, 610f
applications, 602t
circuits, 603f
crystalline silicon, 608–610
design issues, 612–616
dye-sensitized, 611
efficiency, 605, 605f, 609f
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Solar cells (cont.)
energy availability, 613, 614f
Grätzel type, 611
grid-connected systems, 

615–616
interconnected modules, 611f
I–V characteristics, 602–603
market share, 607
open-circuit voltage, 605, 606f
organic and hybrid, 611–612
perovskite, 611, 612f
principles, 602–607
production, 602f
Shockley–Queisser balance 

limit, 603–606
short-circuit current density, 

604, 605, 606f
sizing curve, 615
stand-alone systems, 614–615
technologies, 607–612
thin film type, 610–611
UNSW PERL type, 610f

Solar radiation, 604, 613
Solid earth studies, 490–491
Solid immersion lens (SIL), 528–529
Solid-state spatial light modulators, 

226, 245
Solution processing, 286–287
South Atlantic Atmospheric 

Backscatter Lidar 
Experiments (SABLE), 
446–448

Space-based systems, 490–491
Spaceborne Doppler wind lidar, 489
Space integrating acousto-optical 

correlators, 554–557
Spacers, 153
Spacing channels, 27–28
Spatial coherence, 518
Spatial light modulators (SLMs)

applications, 226, 253–254
characterization parameters, 

227, 227t
definition, 226–227
limitations, 255–256
liquid crystal devices, 226, 

227–237, 561
main characterization 

parameters of, 227t
mirrors, 226, 238–239, 240
novel devices, 250–252

optical information processing, 
551–557, 559–563

optically-addressed, 244, 559
performances, 227–249
physical mechanisms, 227, 228t
physical mechanisms, 228t
specifications and performance 

parameters, 228t
technology, 225–259
trade-offs, 255–256
types, 227–249

Spatial localization, 298
Spatial multiplexing, 379–380, 379f, 

380f
Specialized optoelectronic 

spectroscopy, 596–597
Specifications, 648
Speckle, 434, 435f
Spectral efficiency, 27–28

of optical systems, 28f
Spectral filters, 361–363
Spectral hole burning, 528–529
Spectral regions, 572
Spectral response, 107
Spectrometers

components, 584–588
detection, 584f
light sources, 584–585
optical dispersion, 585–588
optical intensity 

instrumentation, 588
Spectrophotometers, 588–589
Spectroscopy, 569–599

case studies, 597–599
coherent heterodyne, 436–438, 

440–442, 445–446, 453, 
454

direct optical, 365–369
fluorescence, 579t, 582–583, 

590–592
frequency domain, 436
heterodyne, 436–438, 440–442, 

445–446, 453, 454
instrumentation, 584–599
methods, 584–599
multiphoton, 584
optical domain, 436
photoacoustic, 589–590
photon correlation, 593–594, 

596
photothermal, 589–590

post-detection, 436
radiation/matter interaction, 

573–584
Raman, 583–584, 592–593
remote, 366f
specialized optoelectronics, 

596–597
theory, 570–584
time-domain, 436

Spectrum analysers, 554–557
Speed trade-offs, 255–256, 257–259
Spherical aberration, 517
Spin coating, 286
Splitters, 546–548
SPM, see Self-phase modulation
Spontaneous Brillouin 

backscattering, 400–401
Spontaneous noise factor, 10
Spot size, 517–518, 528–529
SP, see Single polarization
SRS, see Stimulated Raman 

scattering
SSMF, see Single-mode standard 

fiber
Stability, systems, 667
Stand-alone systems, 614–615
Star Wars, 472, 479, 481
State-of-the-art LCD, 174f
Static image performance, 281–282
Stereo acuity, 295–296, 296f
Stereopsis, 294, 295
Stereoscopic resolution, 316, 316f
Stereoscopic systems, 299–300, 311, 

312f
Stimulated Brillouin scattering 

(SBS), 6, 18–19
Stimulated Raman scattering (SRS), 

6, 19–20
Stokes Raman thermometry, 

397–399
Storage

area networks, 35
density, 519f
optical disk systems, 515–526
optical disk technologies, 

507–515
optical information, 505–539
spatial light modulators, 563

Strain profiles, 410
Strategic Defence Initiative (SDI), 

472, 479, 481
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Stray light, 668–669
Structure

plasma display panels, 127–130
spatial light modulators, 

560–561
systems, 664

Sub-carrier multiplexing, 48–49, 
54–55, 55f, 386–388

Sub-network connection protection 
(SNCP), 42

Substrate stack, 284–285
Success

factors, 650f
hierarchy, 648, 649t

Super Audio Compact discs, 511
Supertwist birefringence effect 

(SBE), 186, 187f
Supertwist nematic LCDs, 185–187, 

186f
Surface discharge, 124f
Surface material perception, 298
Surface mount technology, 154
Surface plasmon resonance, 598
Surface profiling, 418–419, 420f
Surface stabilized bistable FLC 

mode (SSFLC), 187
Surface stabilized ferroelectric LCD 

(SSFLCD), 172, 174f
Surface stabilized FLC (SSFLC), 

233
Switches/switching; see also Optical 

switching
Benes matrix, 39–40
cross-bar, 562–563
fast matrix, 86–88
matrices, 39–40, 86–88
optical packets, 70–71
wavelengths, 46, 70

Synchronization, 84
Synchronous Optical NETworks, 5
Synthesis of optical coherence 

function (SOCE), 402
Synthetic aperture radar (SAR), 

556
Systems

adjustment, 654t
alignments, 654t
assembly methods, 653–654
calibration, 654, 677–678
components, 666–677
design, 647–683

documentation, 664–666
environment considerations, 

678–679, 680t
implementation, 647–683
information retrieval, 658–660
interfaces, 660–664
management, 664–666
modeling, 650–653
noise detection, 657–658
OADS components, 652f
optical train, 663
performance, 283
physical structure, 664
possible effect matrix, 681t
power, 662–663, 667
requirements, 648–650
risk reduction, 655–656
signal estimation, 656–658
software, 660
stability, 667
structure, 7–10
testing, 677–678

t

TAB-mounted drivers, 154
Tachometer, 360f
TAKT time, 152
Target imaging, 475–477
Target marking, 473–475
Target types, 100–101, 103, 105
TBW product, see Time-bandwidth 

product
TDFA, see Thulium-doped fiber 

amplifier
TDMA passive optical network, 49f
TDM, see Time-division 

multiplexing
TDWR, see Terminal Doppler 

Weather Radars
TEA lasers, 454
Technologies

feasibility, 77, 86–90
identification, 77–80
selection criteria, 91
solar cells, 607–612

TechWiz, 158
Telecentricity, 336
Telecommunications, 34–36, 349

evolution of services, 34f
hierarchy of, 35f

Temperature
induced shape-changing metal 

alloys, 636–639
profiles, 410
strain and gas sensors, 197–198

Temporal modulation/processing, 
546–551

Terminal Doppler Weather Radars 
(TDWR), 460

Terrain airborne mapping, 
482–483

Terrain following, 478–479
TES, see Track error signal
TFT, see Thin-film transistor
Thermal conductivity, 634
Thermal diffusivity, 634
Thermal evaporation, 286
Thermal imaging, 493t
Thermometer, 364f
Thermometry, 397–399
Thermo viscous effects, 633
Thickness profiling/measurements, 

418–419
Thin-films

micro-mirror arrays, 240
solar cells, 610–611

Thin-film transistor (TFT), 150, 
165–167, 277–280

and active matrix addressing, 
165–171

construction and operation of, 
166f

fabrication of, 170
Three-beam method, 522
Three-dimensional displays

applications, 314–317
depth perception, 293–298, 

314–317
micro-optics, 299–314
perceived depth, 293–298, 

314–317
performance, 314–317

Three-dimensional optical 
information storage, 530f

bit-oriented holographic storage, 
534–537

holographic data storage, 532
multilayer optical information 

storage, 529–532
page-oriented holographic 

memories, 532–534
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Three-electrode plasma display 
panels, 127, 128

with waffle rib, 130f
Three-electrode surface discharge, 

123, 128
Thulium-doped fiber amplifier 

(TDFA), 7
Time-bandwidth (TBW) product, 

552
Time-delay sensors, 355–356
Time-division multiplexing (TDM), 

38f, 48–49, 49f, 380–384, 
381f

Time-domain fluorescence 
monitoring, 399–400

Time-domain optical information 
storage, 528–529

Time-domain spectroscopy, 436
Time-frequency transformations, 

556
Timing principles, 435
TIR, see Total internal reflection
T-micromixers, 636
TN LCD, 182–184, 183f, 184t, 203
Topologies, networks, 36
Total display resolution, 314–315
Total internal reflection (TIR), 577–

578, 582, 589f, 595–596
Total transmitted bit rate, 27
Touchscreen, 417, 418f
TPP, see Triple-product processor
Track error signal (TES), 521–522

generated by push–pull method, 
522f

Tracking, 521–522
Track numbers, 524
Trade-offs, 20–21
Traffic profile evolution, 90–91
Traffic routing, 39–41
Transient effects, 283
Trans-isomers, 149
Transmission; see also Optical 

transmission
network history, 5–7
optical fiber sensors, 365–368

Transmissive sensors, 381
Transverse modes, 518
Triphenylmethane leuco 

derivatives, 626, 627
Triple-product processor (TPP), 

555–556

True airspeed, 458–462
Tunable lasers, optical matrix-

based on, 87f
Tunable source, feasibility, 88
Turbidity, 365–368
Turbulence, 458–462
Tweezer, light-driven, 637, 638f
Twin-liquid crystal displays, 

301–302, 302f
Twisted nematic (TN) LCD, 137, 

175–176
single polarizer reflective mode 

TN, 182–185
on state and optical 

compensation, 179–182
off state and TN design, 176–179

Two-dimensional spatial light 
modulators, 559–563

Two-photon excitation/recording, 
530–531, 531f, 538–539

Two-view liquid crystal displays, 
301–302, 301f

Tyndall scattering, 140

U

Ultrahigh sensitivity 
photoconductive camera 
tubes, 101–102

Ultra-long haul technology, 23–24
Ultraviolet (UV) radiation, 

619–620
Uniform standing helix, 212
UNSW PERL solar cells, 610f
UV radiation, see Ultraviolet 

radiation

V

Vacuum tubes, 113–121
beam index CRT, 119
color CRT, 116–118
contrast, 118
CRT structure and operation, 

114–115
flat CRT, 119
monochrome CRT, 115
projection CRT, 115–116
recent developments, 119–121
safety, 119

VanderLugt correlator, 562

VAN modes, see Vertically aligned 
nematic modes

Vapor phase deposition, 286
Variable/fixed optical packet 

comparison, 72
VCSEL-Si-based smart pixel, 250f
Velocity

Doppler velocimetry, 432, 451, 
456, 474, 475

remote optical sensing, 451
resolution, 444
velocimetry, 432, 451–454, 456, 

474, 475
wake vortices, 464
wind, 451

Vertically aligned nematic (VAN) 
modes, 181, 193f, 195–197, 
196f

Vibrometry, 474, 475
Vidicon camera tube, 98
Viewing angle, 282
Viewing position indicator (VPI), 

306
display, 307f

Viewing windows, 302–304, 303f, 
312

Viscosity, 144–145
Visibility curves, 456
Vogel–Fulcher–Tammann 

equation, 145
Volcanic activity, 489
Voltage aging, 273
Voltage programming, 279–280
Volume diffraction gratings, 558
Volume holography, 532–533, 

538–539, 563
Vortices/vorticity, 462–467
Voxels, 315
VPI, see Viewing position indicator

W

Wake vortices, 462–467
“Warped capacitor” microactuator, 

631, 632f
Water vapor measurements, 469, 470f
Watt peak, 604
Waveguides

Mach–Zehnder interferometers, 
546–551

splitters, 546–548
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Wavelength division multiplexing (WDM), 3–29, 37, 
37f, 49, 50f

40G systems, 26–29
amplified communication links, 8–9
basic architecture, 8–9
capacity/distance future, 22–23
design, 20–21
dimension, 72, 73
enhancement G.983.3, 53f
forward error-correcting codes, 23
future technology, 22–29
global performance, 20–21
optical fiber sensors, 384–386, 385f
passive optical networks, 47
structure of amplified optical system, 8f
technology, 22–29
temporal modulation/processing, 

550–551
wavelength processing, 557–559

Wavelengths, 667
channels, 59–60, 60f
conversion, 255
dynamic capacity allocation, 57
image converters, 255
optical switching, 46, 70
paths, 39–41, 39f
processing, 550–551, 557–559
selector structure, 80, 80f

WDMA passive optical network, 50f
WDM, see Wavelength division multiplexing
Weather forecasting, 457
Weiner–Khintchine relationship, 659
White-to-black luminance ratio, 281
Williams, Richard, 174

Wind
generators, 453
infrared Doppler lidar, 462
lidar, 462, 485t, 487, 489, 491f, 492f
remote optical sensing, 449–457, 458–462, 
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Preface

This third volume of the Handbook is a brand new 
addition. Its focus on applications is intended to 
complement the preceding two volumes, which 
have extensively covered the basic science, key 
components, and vital enabling technology. The 
new chapters here have been written by authors 
presenting their own selected overviews of real-
world engineering applications. 

The intention of this volume is to concentrate 
on a number of areas where optoelectronics is 
either already making, or has great future pros-
pects of making, a major difference to our lives. 
The objective is not to describe the technology 
in great physical detail, but rather to give a set of 
case studies. These cases focus on how the tech-
nology can be used, so the scientific and engineer-
ing descriptions are much shorter than in earlier 
chapters, and more examples and photographs are 
given. We have tried to ensure that, where feasible, 
descriptions are not related to an obvious commer-
cial product, but, where appropriate, performance 
data of real systems is occasionally included.

The structure of this volume involves splitting 
it into major application fields, rather than tech-
nology areas. Naturally, this means that inevitably 
some enabling technologies are applicable to more 
than one application area. Where this is clearly the 

case, we have attempted to cross-reference to other 
relevant chapters, either via a summary table or 
with a short paragraph or two of how it is used in 
the other application area. 

Due to the huge, and very rapidly growing, 
number of applications, it is impossible to cover 
all aspects and applications, even in what is a fairly 
extensive selection. To try to indicate some of the 
areas that we may have missed, most of the sec-
tions contain a summary table in the introduction, 
to give a broader picture of the field. Some opto-
electronic technologies, such as cameras, light-
emitting diodes, and liquid crystal displays, have 
had extensive applications for many years, whereas 
others such as solar panels were previously only 
economically practical for mobile or remote pow-
ering, but are now becoming used far more widely 
as costs reduce. 

The short-form treatment of other applications 
in these tables will inevitably leave some questions 
unanswered, but we trust that we have presented at 
least a broad cross-section of case studies, which 
hopefully succeed in illustrating that optoelec-
tronics is a major force for change in our world.

John P. Dakin
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xiii

Introduction to the Second Edition

There have been many detailed technological 
changes since the first edition of the Handbook 
in 2006, with the most dramatic changes seen 
from the far more widespread applications of the 
technology. To reflect this, our new revision has 
a completely new Volume 3 focused on applica-
tions and covering many case studies from an 
ever increasing range of possible topics. Even as 
recently as 2006, the high cost or poorer perfor-
mance of many optoelectronics components was 
still holding back many developments, but now the 
cost of many high-spec components, particularly 
ones such as light- emitting diodes (LEDs), lasers, 
solar cells, and other optical detectors, optoelec-
tronic displays, optical fibers and components, 
including optical amplifiers, has reduced to such 
an extent that they are now finding a place in all 
aspects of our lives. Solid-state optoelectronics 
now dominates lighting technology and is starting 
to dominate many other key areas such as power 
generation. It is revolutionizing our transport by 
helping to guide fully autonomous vehicles, and 
CCTV cameras and optoelectronic displays are 
seen everywhere we go.

In addition to the widespread applications 
now routinely using optoelectronic components, 

since 2006, we have witnessed growth of various 
fundamentally new directions of optoelectronics 
research and likely new component technologies 
for the near future. One of the most significant new 
areas of activity has been in nano-optoelectronics; 
the use of nanotechnology science, procedures and 
processes to create ultra-miniature devices across 
the entire optoelectronics domain: laser and LED 
sources, optical modulators, photon detectors, and 
solar cell technology. Two new chapters on silicon 
photonics and nanophotonics and graphene opto-
electronics attempt to cover the wide range of nan-
otechnology developments in optoelectronics this 
past decade. It will, however, be a few years before 
the scale-up to volume manufacturing of nano-
based devices becomes an economically feasible 
reality, but there is much promise for new genera-
tions of optoelectronic technologies to come soon.

Original chapters of the first edition have been 
revised and brought up to date for the second edi-
tion, mostly by the original authors, but in some 
cases by new authors, to whom we are especially 
grateful.

Robert G. W. Brown and John P. Dakin
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PART    I

Optoelectronics in infrastructure

In this section, we present case studies of the use 
of optoelectronics in infrastructure. This includes 
applications on fixed structures, in particular, sen-
sors located next to vital road and rail systems, 
civil engineering structures, such as bridges and 
dams, and ones built in or on the structure of 
buildings or their foundations. (Please note, sys-
tems and sensors intended specifically for security 
and surveillance purposes, for energy, for oil and 
gas extraction, and ones fitted to moving vehicles 
will be described in later application sections.)

In order to give a broader introduction to infra-
structure applications than we could possibly 
cover with our selected case studies, we shall first 
present a summary table. This will give a broader 
overview than possible in the more specific case 
study chapters.

As will be the practice in most chapters in this 
volume, we shall then present a few more detailed 
case studies. Before commencing, however, it is 
perhaps appropriate to briefly emphasize where 
sensors described in this section also have cross-
over applications to other sections in the volume.

Chapter 1 describes various forms of optical 
strain sensors for highways, but similar strain 

sensors, particularly fiber grating types, have 
numerous other potential application areas, such 
as structural sensors in wind energy turbines, 
aircraft and ships, racing yacht masts, and many 
more.

Chapter 2 describes a distributed optical fiber 
acoustic/seismic sensor, which has, apart from 
for infrastructure, obvious applications in secu-
rity and surveillance. Such sensors are currently 
employed extensively in the oil and gas industry, 
and this important application is described more 
fully by Andre Franzen in Chapter 20.

Chapters 3 and 4 describe camera monitors for 
roads. These are used for monitoring and identi-
fying vehicles (via number plate readers or still 
photographs) and determining their speed and 
position. If the book had been structured in a dif-
ferent way, such sensors would have been consid-
ered to be a part of the later sections on “transport” 
or “security and surveillance,” but as they are fixed 
in location, we have chosen to describe them here.

Hopefully, the readers will appreciate that there 
are inevitable dilemmas of where best to describe 
these applications and will bear with us in our 
order of presenting them in the sections that follow.
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Table I.1 Summary of applications of optoelectronics in the infrastructure field

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Sensors for traffic 
monitoring and 
control. Vehicle 
identification.

Detection of speeding 
and other traffic 
violations.

Visible CCTV 
cameras

IR cameras
Time-interval 

cameras
Sophisticated video 

processing 
techniques such 
as vehicle number 
plate recognition.

Established optoelectronics 
technology and can use 
relatively cheap cameras.

Camera information can easily 
be recorded and networked.

Individual vehicles can be 
identified via number plates 
and acquisition of vehicle 
flow statistics for high traffic 
volumes is also possible.

Limited to line-of-
sight applications.

Already becoming 
widely used. 
Sophistication of 
networking for traffic 
monitoring systems is 
rapidly improving. 
Already becoming 
fully integrated with 
traffic control 
systems.

See this section. 
(Part 1)

Inbuilt sensors for 
road, rail, or airport 
traffic monitoring, 
which are buried in 
highway, or fastened 
to, or located close 
to, railway lines, 
airport runways, etc.

Optical fiber 
distributed 
acoustic/seismic 
sensors (DAS).

Long distance (~30 km) 
coverage with one sensor.

Sensor can be configured along 
any desired path.

Multiple (up to many hundreds) 
sensing points with one 
sensing system.

Requires significant 
in-road or railside 
works to install.

Potential cross talk 
from seismic 
signals transmitted 
through the 
ground from other 
areas nearby.

Expensive sensors as 
new sophisticated 
technology.

A fairly new, but rapidly 
expanding 
technology for 
highway and railway 
applications, but one 
that has been used 
with great success in 
oil and gas wells.

See also Part VII 
and Volume II, 
Chapter 11 
(Optical Fiber 
Sensors).

Sensors for monitoring 
structural integrity of 
roads, bridges, 
dams, buildings, etc.

Optical fiber strain 
gauges, having 
short or long 
gauge length. 
Sensors are 
usually embedded 
in construction 
materials.

Optical fibers are robust and 
immune to corrosive liquids 
such as alkaline cements and 
road-salt solutions.

No conductors, so no problems 
with electrolytic conduction, 
galvanic corrosion, and/or 
lightning strike.

Installers need to be 
trained in the new 
technology.

Involves less-
established 
technology than 
electrical strain 
gauges, but is rapidly 
gaining acceptance in 
many areas.

See this section. 
(Part 1)

(Continued)
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Table I.1 (Continued) Summary of applications of optoelectronics in the infrastructure field

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Very large optical 
displays for traffic 
control and 
providing 
information to road 
and rail users (e.g., 
traffic lights, and 
overhead gantry or 
roadside displays).

Originally, these 
displays used 
incandescent 
sources, but most 
are now replaced 
by arrays of 
high-brightness 
LEDs.

LEDs have had excellent 
reliability for many years. 
Most low-cost LEDs 
packages conveniently emit 
light in a forward cone, of 
the type needed to maximize 
visibility to approaching 
drivers. Current LEDs are far 
brighter and more efficient 
than earlier types and unit 
costs are falling rapidly.

No real 
disadvantages.

Unless a revolutionary 
new technology 
arrives, these LED 
displays are here to 
stay! There is, 
however, potential 
competition from 
large-area organic 
displays.

See also Volume 
I, Chapter 10 
(LEDs) and 
Volume II, 
Chapter 9 (3D 
Display 
Systems).

Roadside solar power, 
for remote 
powering of LED 
road signs, traffic 
lights, speed 
sensors, emergency 
telephones, etc.

Photovoltaic optical 
to electrical 
energy conversion 
(often 
supplemented by 
small wind 
generator to 
generate at night 
and on cloudy 
days!).

A very economical way of 
providing power in locations 
away from mains electricity 
supplies.

Needs a storage 
battery and charge 
controller to cover 
periods without 
sun or wind! 
Batteries must be 
replaced regularly, 
and they could 
potentially 
discharge too far 
in unsuitable 
weather.

A common feature on 
cross-country roads 
and highways. 
Perhaps the most 
elegant and artistic 
ones are those used 
on French highways, 
for powering 
emergency 
telephones!

See also  
Volume II, 
Chapter 16 
(Optical to 
Electrical 
Energy 
Conversion: 
Solar Cells).

Warning strobe lights 
for high towers, 
and scanned lights 
for lighthouses, etc.

Dual-pulse flash 
lamps for roadside 
speed cameras.

Used to employ arc 
lamps and 
gas-filled flash 
lamps, but most 
are now LED 
based.

LED lamps have far greater 
reliability, easier drive 
circuitry, and can provide 
different colors without the 
need for filters.

Still not as bright as 
the best arc lamps, 
but can use arrays 
of them to help to 
compensate for 
this.

As with many areas of 
lighting, LEDs are 
gradually taking over.

See also  
Volume I, 
Chapter 10 
(LEDs).

(Continued)
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Table I.1 (Continued) Summary of applications of optoelectronics in the infrastructure field

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Road lighting system. These used to use 
high- or low-
pressure arc lamps 
(mostly low-
pressure sodium 
lamps), but now 
changing to white 
LED-based 
systems.

Reliability, as very high 
lifetimes. Present LEDs are 
far brighter and more 
efficient than earlier types of 
lighting. Initial costs are 
falling rapidly, electricity 
costs are reduced and 
maintenance costs are very 
low.

Somewhat higher 
initial cost at 
present, but this is 
falling very rapidly.

Again, unless a new 
revolutionary 
technology arrives, 
they are here to stay! 
Expect nearly all 
lighting systems to 
soon use LEDs or 
semiconductor lasers.

See also  
Volume I, 
Chapter 10 
(LEDs).

Roadside optical 
pollution sensors.

Optical systems for 
determination of 
pollution from 
vehicles, using 
spectroscopic 
analysis.

Can monitor road traffic for 
identifying vehicles that are 
emitting noxious fumes or 
are using illegal fuels.

Expensive systems at 
present but costs 
would reduce with 
greater usage.

A system developed by 
NASA has been used 
to monitor 
automobile emissions 
in numerous US 
states.

See Chapter 19 
(Raman Gas 
Spectroscopy) 
and Part VII 
chapters on 
gas sensing 
for discussion 
of general 
concepts.



5

1
Overview of fiber optic sensing 
technologies for structural health 
monitoring

DANIELE INAUDI
SMARTEC/Roctest

1.1  FIBER OPTIC SENSORS

There exist a great variety of fiber optic sensors (FOSs) 
[1] for structural monitoring in both the academic 
and industrial areas. In this overview we will con-
centrate on fiber optic sensing systems for civil health 
monitoring that have reached an industrial level and 
have been used in a number of field applications.

Figure 1.1 illustrates the four main types of FOSs:

 ● Point sensors have a single measurement point 
at the end of the fiber optic connection cable, 
similar to most electrical sensors.

 ● Multiplexed sensors allow the measurement at 
multiple points along a single fiber line.

 ● Long-base sensors integrate the measurement 
over a long measurement base. They are also 
known as long-gauge sensors.

 ● Distributed sensors are able to sense at any 
point along a single fiber line, typically every 
meter over many kilometers of length

The greatest advantages of FOS are intrinsically 
linked to the optical fiber itself that is either used 
as a link between the sensor and the signal condi-
tioner, or becomes the sensor itself in the case of 
long-gauge and distributed sensors. In almost all 
FOS applications, the optical fiber is a thin glass 
fiber that is protected mechanically by a polymer 
coating (or a metal coating in extreme cases) and 
further protected by a multilayer cable structure 
designed to protect the fiber from the environment 
where it will be installed. Since glass is an inert 
material very resistant to almost all chemicals, even 
at extreme temperatures, it is an ideal material for 
use in harsh environments such as that encountered 
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6 Overview of fiber optic sensing technologies for structural health monitoring

in geotechnical applications. Chemical resistance 
is a great advantage for long-term reliable health 
monitoring of civil engineering structures, making 
FOSs particularly durable. Since the light confined 
to the core of the optical fibers used for sensing 
purposes does not interact with any surrounding 
electromagnetic (EM) field, FOSs are intrinsically 
immune to any EM interferences. With such unique 
advantage over sensors using electrical signals, 
FOSs are obviously the ideal sensing solution when 
the presence of EM, radio frequency, or microwaves 
cannot be avoided. For instance, FOS will not be 
affected by EM fields  generated by lightning hitting 
a monitored bridge or dam, nor will they be affected 
by the interference produced by subway trains run-
ning near a monitored zone. FOSs are intrinsically 
safe and naturally explosion-proof, making them 
particularly suitable for monitoring applications of 
risky structures such as gas pipelines or chemical 
plants. But the greatest and most exclusive advan-
tage of such sensors is their ability to offer long-
range distributed sensing capabilities.

1.1.1  SOFO displacement sensors

The SOFO system (Figure 1.2) is a fiber optic dis-
placement sensor with a resolution in the microm-
eter range and an excellent long-term stability. It 
was developed at the Swiss Federal Institute of 
Technology in Lausanne (EPFL) and is now com-
mercialized by SMARTEC in Switzerland [2].

The measurement setup uses low-coherence 
interferometry to measure the length difference 
between two optical fibers installed on the struc-
ture to be monitored (Figure 1.3). The measurement 
fiber is pretensioned and mechanically coupled to 
the structure at two anchorage points in order to 
follow its deformations, while the reference fiber is 

Quasi-distributed (multiplexed):
MuST (FBG)

Point sensor:
sensoptic (Fabry–Pérot)

Long base:
SOFO

Distributed: DiTest/DiTemp
(Brillouin and Raman)

Figure 1.1 Fiber optic sensor types.

Figure 1.2 SOFO system reading unit.

Figure 1.3 SOFO sensor installed on a rebar.
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free and acts as temperature reference. Both fibers 
are installed inside the same pipe and the mea-
surement basis can be chosen between 200 mm 
and 10 m. The resolution of the system is of 2 μm 
independently from the measurement basis and its 
precision is of 0.2% of the measured deformation 
even over years of operation.

The SOFO system has been successfully used 
to monitor more than 150 structures, including 
bridges, tunnels, piles, anchored walls, dams, his-
torical monuments, nuclear power plants, as well 
as laboratory models.

1.1.2  Bragg grating strain sensors

Bragg gratings are periodic alterations in the index 
of refraction of the fiber core that can be produced 
by adequately exposing the fiber to intense ultravio-
let (UV) light. The produced gratings typically have 
length of the order of 10 mm. If white light is injected 
in the fiber containing the grating, the wavelength 
corresponding to the grating pitch will be reflected, 
while all other wavelengths will pass through the 
grating undisturbed. Since the grating period is 
strain and temperature dependent, it becomes pos-
sible to measure these two parameters by analyz-
ing the spectrum of the reflected light [3]. This is 
typically done by using a tunable filter (such as a 
Fabry–Perot cavity) or a spectrometer. Resolutions 
of the order of 1 με and 0.1°C can be achieved with 
the best demodulators. If strain and temperature 
variations are expected simultaneously, it is neces-
sary to use a free reference grating that measures 
the temperature alone and uses its reading to cor-
rect the strain values. Setups allowing the simulta-
neous measurement of strain and temperature have 
been proposed but have yet to prove their reliability 

in field conditions. The main interest in using Bragg 
gratings resides in their multiplexing potential. 
Many gratings can be written in the same fiber at 
different locations and tuned to reflect at different 
wavelengths. This allows the measurement of strain 
at different places along a fiber using a single cable. 
Typically, 4–16 gratings can be measured on a sin-
gle fiber line. It has to be noticed that since the grat-
ings have to share the spectrum of the source used 
to illuminate them, there is a trade-off between the 
number of gratings and the dynamic range of the 
measurements on each of them.

Because of their length, fiber Bragg gratings can 
be used as a replacement for conventional strain 
gauges and installed by gluing them on metals and 
other smooth surfaces. With adequate packaging, 
they can also be used to measure strains in con-
crete over a basis length of typically 100 mm.

1.1.3  Fabry–Perot strain sensors

An extrinsic Fabry–Perot interferometer (EFPI) con-
sists of a capillary silica tube containing two cleaved 
optical fibers facing each other, but leaving an air 
gap of a few microns or tens of microns between 
them (see Figure 1.4) [4]. When light is launched 
into one of the fibers, a back-reflected interference 
signal is obtained. This is due to the reflection of the 
incoming light on the glass-to-air and on the air-to-
glass interfaces. This interference can be demodu-
lated using coherent or low-coherence techniques to 
reconstruct the changes in the fiber spacing. Since 
the two fibers are attached to the capillary tube near 
its two extremities (with a typical spacing of 10 mm), 
the gap change will correspond to the average strain 
variation between the two attachment points.

Attachment points

Mirros
Optical fiber

Fabry–Perot cavity

Figure 1.4 Fabry–Perot sensor.
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1.1.4  Raman distributed 
temperature sensors

Raman scattering is the result of a nonlinear interac-
tion between the light traveling in a fiber and silica. 
When an intense light signal is shined into the fiber, 
two frequency-shifted components called Raman 
Stokes and Raman anti-Stokes, respectively, will 
appear in the back-scattered spectrum. The relative 
intensity of these two components depends on the 
local temperature of the fiber. If the light signal is 
pulsed and the back-scattered intensity is recorded 
as a function of the round-trip time, it becomes pos-
sible to obtain a temperature profile along the fiber 
[5]. Typically, a temperature resolution of the order 
of 0.1°C and a spatial resolution of less than 1 m over 
a measurement range up to 10 km are obtained for 
multimode fibers. A new system based on the use of 
single mode fibers should extend the range to about 
30 km with a spatial resolution of 8 m and a tem-
perature resolution of 2°C.

1.1.5  Brillouin distributed 
temperature sensors

Brillouin scattering sensors show an interesting 
potential for distributed strain and temperature 
monitoring. Systems able to measure strain or tem-
perature variations of fibers of length up to 50 km 
with spatial resolution down in the meter range 
are now demonstrating their potential in field 
applications. For temperature measurements, the 
Brillouin sensor is a strong competitor to systems 
based on Raman scattering, while for strain mea-
surements, it has practically no rivals.

Brillouin scattering is the result of the interac-
tion between optical and sound waves in optical 
fibers. Thermally excited acoustic waves (phonons) 
produce a periodic modulation of the refrac-
tive index. Brillouin scattering occurs when light 
propagating in the fiber is diffracted backward by 
this moving grating, giving rise to a frequency-
shifted component by a phenomenon similar to the 
Doppler shift. This process is called spontaneous 
Brillouin scattering.

Acoustic waves can also be generated by inject-
ing in the fiber two counterpropagating waves with 
a frequency difference equal to the Brillouin shift. 
Through electrostriction, these two waves will give 
rise to a traveling acoustic wave that reinforces 
the phonon population. This process is called 

stimulated Brillouin amplification. If the probe sig-
nal consists of a short light pulse and its reflected 
intensity is plotted against its time of flight and fre-
quency shift, it will be possible to obtain a profile of 
the Brillouin shift along the fiber length.

The most interesting aspect of Brillouin scat-
tering for sensing applications resides in the tem-
perature and strain dependence of the Brillouin 
shift  [6]. This is the result of the change in the 
acoustic velocity according to variation in the silica 
density. The measurement of the Brillouin shift can 
be approached using spontaneous or stimulated 
scattering. The main challenge in using spontane-
ous Brillouin scattering for sensing applications 
lies in the extremely low level of the detected sig-
nal. This requires sophisticated signal processing 
and relatively long integration times.

Systems based on the stimulated Brillouin 
amplification have the advantage of working with 
a relatively stronger signal but face another chal-
lenge. To produce a meaningful signal, the two 
counter-propagating waves must maintain an 
extremely stable frequency difference. This usually 
requires the synchronization of two laser sources 
that must inject the two signals at the opposite 
ends of the fiber under test. The MET (metrol-
ogy laboratory) group at Swiss Federal Institute of 
Technology in Lausanne (EPFL) proposed a more 
elegant approach [6]. The approach consists in gen-
erating both waves from a single laser source using 
an integrated optics modulator. This arrangement 
offers the advantage of eliminating the need for 
two lasers and intrinsically insures that the fre-
quency difference remains stable independently 
from the laser drift. SMARTEC and Omnisens 
(Switzerland) commercialized a system based 
on this setup and named it DiTeSt (Figure 1.5). 
It features a measurement range of 10 km with a 
spatial resolution of 1 m or a range of 25 km with a 

Figure 1.5 DiTeSt reading unit.
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resolution of 2 m. The strain resolution is 2 με and 
the temperature resolution is 0.1°C. The system is 
portable and can be used for field applications.

Since the Brillouin frequency shift depends on 
both the local strain and temperature of the fiber, the 
sensor setup will determine the actual  sensitivity of 
the system. For measuring  temperatures, it is suf-
ficient to use a standard telecommunication cable. 
These cables are designed to shield the optical 
fibers from elongation of the cable. The fiber will 
therefore remain in its unstrained state and the 
frequency shifts can be unambiguously assigned to 
temperature variations. If the frequency shift of the 
fiber is known at a reference temperature, it will 
be possible to calculate the absolute temperature 
at any point along the fiber. Measuring distrib-
uted strains requires a specially designed sensor. A 
mechanical coupling between the sensor and the 
host structure along the whole length of the fiber 
has to be guaranteed. To resolve the cross-sensitiv-
ity to temperature variations, it is also necessary 
to install a reference fiber along the strain sensor. 
Similar to the temperature case, knowing the fre-
quency shift of the unstrained fiber will allow an 
absolute strain measurement.

1.2  SELECTED PROJECTS

This section will introduce a few projects showing 
how fiber optic technology is effectively used for 
the health monitoring of different types of struc-
tures, with different aims and during different 
phases of the structure’s lifetime.

1.2.1  Colle Isarco Bridge

The development of a life extension and/or replace-
ment strategy for highway structures is a crucial 
point in an effective bridge management system. 
The monitoring of the Colle d’Isarco viaduct on 
the Italian Brenner Highway A22 is an example 
of a global monitoring approach in establishing 
a bridge management system. The section of the 
highway that is subject to monitoring activities 
includes four columns, each of them supporting 
asymmetrical cantilevers in the north and south 
direction as can be seen in Figure 1.6 [7].

The overall length of this section is 378 m. The 
height of the girders near supports 8 and 9 is 11 m; 
at supports 7 and 10, the height is 4.50 m. The gird-
ers have a uniform width of 6 m; the arrangement 

for each road bed is approximately 11 m wide. 
A wide set of sensors have been installed, includ-
ing both traditional and SOFO FOSs. Due to the 
large dimensions of the section, a data acquisition 
system able to collect widely distributed sensing 
units was also installed (Figure 1.7). Wireless serial 
communication was used to transfer the measured 
data from the almost inaccessible locations on the 
bridge to the location of the personal computer 
used to evaluate the measured data.

Data evaluation is performed by a combination 
of analytical modeling and fine-tuning of the system 
parameters. The system aims at creating an appro-
priate match between the nonlinear simulation and 
the measured data. Since the measurement pro-
cesses usually introduce a certain amount of vari-
ability and uncertainty into the results due to the 
limited number of measurement points and the par-
tial knowledge on the actions, this randomness can 
affect the conclusions drawn from measurements. 
Randomness in measured variables can however 
be accounted for by their probability density func-
tions. Once a model and its calibration has gained 
a certain level of completeness, analytical predic-
tion provides a quantitative knowledge and hence, it 
becomes a useful tool to support structural evalua-
tion, decision-making, and maintenance strategies. 
This ambitious project aims at a full integration of 
instrumentation into the  decision-support system 
for structural maintenance.

1.2.2  Pile loading test

A new semiconductor production facility in the 
Tainan Scientific Park, Taiwan, is to be founded on 
a soil consisting mainly of clay and sand with poor 
mechanical properties. To assess the foundation 
performance, it was decided to perform an axial 
compression, pullout and flexure test in full-scale 

Figure 1.6 View of the Colle Isarco Bridge on the 
Brennero Highway in Italy.
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on-site condition. Four meters SOFO sensors were 
used. The pile was divided into eight zones (called 
cells). In the case of axial compression and pullout 
tests, a simple topology was used: the eight sensors 
were installed in a single chain, placed along one of 
the main rebars, one sensor in each cell, as shown 
in Figure 1.8. To detect and compensate for a pos-
sible load eccentricity, the top cell was equipped 

with one more sensor installed on the opposite 
rebar with respect to the pile axis (see Figure 1.5).

As a result of monitoring, rich information 
concerning the structural behavior of the piles is 
collected. Important parameters were determined 
such as distributions of strain, normal forces (see 
Figure 1.9), displacement in the pile, distribution 
of frictional forces between the pile and the soil, 
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Figure 1.7 Layout of the Colle Isarco Bridge instrumentation. (Courtesy of K. Bergmeister.)
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determination of Young’s modulus, ultimate load 
capacity and failure mode of the piles, as well as 
qualitative determination of mechanical proper-
ties of the soil (three zones are distinguished in 
Figure 1.8).

In case of flexure test, a parallel topology was 
used: each cell contained two parallel sensors (as in 
cell 1 in Figure 1.8) installed on two opposite main 
rebars, constituting two chains of sensors. This 
topology allowed determination of average cur-
vature in each cell, calculation of deformed shape, 
and identification of failure point. The diagram of 
horizontal displacement for different steps of load 
as well as failure location on the pile is presented in 
Figure 1.9 [8].

1.2.3  I35W Bridge, Minneapolis

This application is a good example of a truly inte-
grated structural health monitoring (SHM) sys-
tem, combining different sensing technologies to 
achieve the desired level of monitoring.

The collapse of the old I35W Bridge in 
Minneapolis in 2007 shook the confidence of the 
public in the safety of the infrastructure that we 
use every day. As a result, the construction of the 
replacement bridge (see Figure 1.10) must rebuild 
this confidence by demonstrating that a high level 
of safety can not only be attained during construc-
tion but also maintained throughout the projected 
100-year life span of the bridge.

One of the central factors contributing to this 
was the design and installation of a comprehensive 
SHM system, which incorporates many different 
types of sensors measuring parameters related to 
the bridge performance and aging behavior. This 
system continuously gathers data and allows, 
through appropriate analysis, the acquisition of 
actionable data on bridge performance and health 
evolution [9]. The data provided is to be used for 
operational functions, as well as for the manage-
ment of ongoing bridge maintenance, comple-
menting and targeting the information gathered 
through routine inspections.

The monitoring system was designed and 
implemented through a close cooperation between 
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the designer, the owner, the instrumentation sup-
plier, and the University of Minnesota.

The main objectives of the system were to sup-
port the construction process, record the struc-
tural behavior of the bridge, and contribute to the 
intelligent transportation system as well as to the 
bridge security.

The design of the system was an integral part of 
the overall bridge design process allowing the SHM 
system to both receive and provide useful informa-
tion about the bridge’s performance, behavior, and 
expected lifetime evolution.

Monitoring instruments on the new St. Anthony 
Falls Bridge measure dynamic and static parameter 
points to enable close behavioral monitoring dur-
ing the bridge’s life span. Hence, this bridge can be 
considered to be one of the first “smart” bridges of 
this scale to be built in the United States.

The system includes a range of sensors that are 
capable of measuring various parameters to enable 
the behavior of the bridge to be monitored. Strain 
gauges measure local static strain, local curvature, 
and concrete creep and shrinkage; thermistors 
measure temperature, temperature gradient, and 
thermal strain; while linear potentiometers mea-
sure joint movements. At mid-span, accelerometers 
are incorporated to measure traffic-induced vibra-
tions and modal frequencies (Eigen frequencies). 
Corrosion sensors are installed to measure the con-
crete resistivity and corrosion current.

Meanwhile, there are long-gauge SOFO FOSs 
that measure a wide range of parameters, such as 
average strains, strain distribution along the main 
span, average curvature, deformed shape, dynamic 
strains, dynamic deformed shape, vertical mode 
shapes, and dynamic damping—they also detect 
crack formation. Some of the installed sensors are 
shown in Figure 1.11.

The sensors are located throughout the two 
bridges, the northbound and southbound lanes, and 
are in all spans. However, a denser instrumentation 
is installed in the southbound main span over the 
Mississippi River, as depicted in Figure 1.12. This 
span will therefore serve as a sample to observe 
behaviors that are considered as similar in the other 
girders and spans.

This project is one of the first to combine very 
diverse technologies, including vibrating wire 
sensors, FOSs, corrosion sensors, and concrete 
humidity sensors into a seamless system using a 
single database and user interface.

1.2.4  Luzzone Dam

Distributed temperature measurements would be 
very pertinent for the monitoring of large struc-
tures. In the project we will discuss in this section, 
SMARTEC and the MET-EPFL group used the 
DiTeSt system to monitor the temperature devel-
opment of the concrete used to build a dam [10].

The Luzzone Dam was raised by 17 m to increase 
the capacity of the reservoir (Figure 1.13). The rais-
ing was realized by successively concreting 3 m 
thick blocks. The tests concentrated on the largest 
block to be poured, the one resting against the rock 
foundation on one end of the dam. An armored 
telecom cable installed in a serpentine manner 
during concrete pouring constituted the Brillouin 
sensor.

The temperature measurements started imme-
diately after pouring the concrete and extended 
over 6 months. The measurement system proved 
reliable even in the demanding environment 
 present at the dam (dust, snow, and temperature 
excursions). The temperature distributions after 
15 days from concrete pouring are shown in Figure 
1.14. Comparative measurements obtained locally 
with conventional thermocouples showed agree-
ment within the error of both systems.

This example shows how it is possible to obtain 
a large number of measurement points with rela-
tively simple sensors. The distributed nature of 
Brillouin sensing makes it particularly adapted to 
the monitoring of large structures where the use 
of more conventional sensors would require exten-
sive cabling.

1.2.5  Bridge crack detection

Götaälvbron, the bridge over Göta River 
(Figure  1.15), was built in the 1930s and is now 
more than 80 years old. The steel girders were 
cracked, and the steel cracking was caused by two 
issues: fatigue and mediocre quality of the steel. The 
bridge authorities repaired the bridge and decided 
to keep it in service for the next 15 years, but in 
order to increase the safety and reduce uncertain-
ties related to the bridge performance and integ-
rity, a monitoring system has been mandatory.

The main issue related to the selection of the 
monitoring system has been the total length of 
the girders, which is for all the nine girders more 
than 9 km. It was therefore decided to monitor 
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Figure 1.13 Luzzone Dam raising works.

Figure 1.14 Temperature measurements in the Luzzone Dam 15 days after concrete pouring.

Figure 1.15 View of the Götaälvbron Bridge (showing 1 kilometer of it).
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the most loaded five girders (total length of 5 km 
approximately). Considering all the alternatives 
carefully, a fiber optic-distributed sensing system 
was selected. For the first time, a truly distributed 
fiber optic sensing system, based on the Brillouin 
scattering effect, was employed on a large scale to 
monitor new crack occurrence and unusual strain 
development [11].

In order for the system to be able to detect 
the cracks in every point, it was decided to glue 
SMARTape to the steel girder. The sensor should 
be placed such that cracks should not damage the 
sensor, but create its delaminating from the bridge 
(otherwise the sensor would be damaged and 
would need to be repaired). The gluing procedure 
was therefore established and rigorously tested in 
laboratory and on-site. Photograph of on-site glu-
ing operation is presented in Figure 1.16. The full 
performance was also tested in laboratory and on-
site, and a photograph of the tested SMARTapes 
installed on the bridge is presented in the same 
figure.

The installation of SMARTape sensors was a 
challenge in itself. Good treatment of surfaces was 
necessary and number of transversal girders had 
to be crossed. Limited access and working space 
in the form of lift baskets, often combined with a 
cold and windy environment and sometimes with 
the night work, made the installation particularly 
challenging. The measurements of SMARTape are 
compensated for temperature using the tempera-
ture sensing cable that has also the function of 
bringing back optical signals to the DiTeSt read-
ing unit.

1.2.6  Bitumen joint monitoring

Plavinu hes is a dam that belongs to a complex of 
the three most important hydropower stations on 

Daugava River in Latvia (see Figure 1.17). In terms of 
capacity, this is the largest hydropower plant (HPP) 
in Latvia and is considered to be the third level of the 
Daugavas hydroelectric cascade. It was constructed at 
a distance of 107 km from the firth of Daugava and is 
unique in terms of its construction—for the first time 
in the history of hydro-construction practice; a HPP 
was built on clay–sand and sand–clay foundations 
with a maximum pressure limit of 40 m. The HPP 
building was merged with a water spillway. The entire 
building complex is extremely compact. There are 10 
hydro-aggregates installed at the HPP and its current 
capacity is 870,000 kW.

One of the dam inspection galleries coincides 
with a system of three bitumen joints that con-
nects two separate blocks of the dam. Due to 

Figure 1.16 On-site test of SMARTape gluing procedure (left) and installed SMARTapes.

Figure 1.17 Plavinu Dam in Latvia.
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abrasion of water, the joints lose bitumen and 
the redistribution of loads in the concrete arms 
appears. Since the structure is nearly 40 years 
old, the structural condition of the concrete can 
be compromised due to aging. Thus, the redis-
tribution of loads can provoke damage of the 
concrete arm and, as a consequence, the inun-
dation of the gallery. In order to increase the 
safety and enhance the management activities, it 
was decided to monitor the average strain in the 
concrete arm next to the joints [12]. The DiTeSt 
system with SMARTape deformation (see Figure 
1.18) sensors and a temperature sensing cable 
was used for this. The sensors were installed by 
VND2 with SMARTEC support and configured 
remotely from the SMARTEC office. Threshold 
detection software was installed in order to send 
pre- warnings and warnings from the DiTeSt 
instrument to the control office.

1.2.7  Gas pipeline monitoring

About 500 m of a buried, 35-year-old gas pipeline, 
located near Rimini, Italy, lie in an unstable area. 
Distributed strain monitoring could be useful in 

order to improve the vibrating wire strain gauges 
monitoring system, actually used in the site. 
Landslides progress with time and could damage 
pipelines up to the point of being put out of ser-
vice. Three symmetrically disposed vibrating wires 
were installed in several sections at a distance typi-
cally of 50/100 m chosen as the most stressed ones 
according to a preliminary engineering evaluation. 
These sensors were very helpful but could not fully 
cover the length of the pipeline and only provide 
local measurements.

Different types of distributed sensors were used: 
SMARTape and a temperature sensing cable [13]. 
Three parallel lines constituting five segments of 
SMARTape sensors were installed over the whole 
concerned length of the pipeline (see Figure 1.19). 
The lengths of segments were ranged from 71 m 
to 132 m, and the position of the sensors with 
respect to the pipeline axis were at 0°, 120°, and 
−120° approximately. The strain resolution of the 
SMARTape was 20 microstrains, with a spatial 
resolution of 1.5 m (and an acquisition range of 
0.25 m). The SMARTape provides monitoring of 
average strains, average curvatures, and deformed 
shape of the pipeline. The temperature sensing 

Figure 1.18 SMARTape installation in the inspection gallery.
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cable was installed onto the upper line (0°) of the 
pipeline in order to compensate the strain measure-
ments for temperature. The temperature resolution 
of the sensor was 1°C with the same resolution 
and acquisition of the SMARTape. All the sensors 
were connected to a central measurement point by 
means of extension optical cables and connection 
boxes. They were read from this point using a single 
DiTeSt reading unit. Since the landslide process 
is slow, the measurements sessions are performed 
manually once a month. In case of an earthquake, a 
session of measurements is performed immediately 
after the event. All the measurements obtained 
with the DiTeSt system are correlated with the 
measurements obtained with vibrating wires. The 
sensors have been measured for a period of 2 years, 
providing interesting information on the deforma-
tion induced by burying and by landslide progres-
sion. A gas leakage simulation was also performed 
with success using the temperature sensing cable.

1.3  CONCLUSIONS

SHM is not a new technology or trend. Since 
ancient times, engineers, architects, and artisans 
have been keen on observing the behavior of built 
structures to discover any sign of degradation and 
to extend their knowledge and improve the design 
of future structures. Ancient builders would 
observe and record crack patterns in stone and 
masonry bridges. Longer spans and more slender 

arches were constructed and sometimes failed dur-
ing construction or after a short time [14]. Those 
failures and their analysis have led to new insight 
and improved design of future structures. This 
continued struggle for improving our structures is 
not only driven by engineering curiosity but also 
by economic considerations.

As for any engineering problem, obtaining reli-
able data is always the first and fundamental step 
toward finding a solution. Monitoring structures 
is our way of obtaining quantitative data about 
our bridges; they help us in taking informed deci-
sions about their health and destiny. This chap-
ter has presented the advantages and challenges 
related to the implementation of an integrated 
SHM system, guiding the reader through the 
process of analyzing the risks, uncertainties, and 
opportunities associated with the construction 
and operation of specific bridges and the design 
of matching monitoring systems and data analy-
sis strategies.
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2
Distributed acoustic sensing 
for infrastructure

STUART RUSSELL
Optasense

2.1  INTRODUCTION

This chapter examines the application of distrib-
uted acoustic sensing (DAS) in infrastructure, 
using a single fiber in an optical fiber sensing 
cable. Usually, the sensor operates using regu-
lar monomode optical fiber cables of the same 
type as those used for telecommunications, but, 
in some cases, the cable may occasionally be cus-
tom designed to withstand severe environments 
or to improve sensing performance. A DAS system 
converts a standard optical fiber into an array of 
acoustic sensors each with the ability to essen-
tially simultaneously determine the time-varying 
strain at any given position along the long length 
of the optical fiber. The operational range of sys-
tems is usually limited to approximately 50 km 
without the inclusion of additional amplification 
or similar measures. However, unlike the technol-
ogy that preceded it, DAS is able to measure this 
strain dynamically, with a frequency response of 

typically several kilohertz. It is usually the case 
with DAS that it is not possible for the system to 
recover the absolute or DC strain as the process-
ing method responds only to the AC content of 
the strain. However, for many applications, DAS 
 systems are superior to more traditional strain 
sensing optical technologies, as they are able to 
respond to relatively fast and low-amplitude varia-
tions in strain (e.g., AC sensor output signals). In 
addition, traditional methods are usually based 
on one or more point sensors, whereas the DAS 
system can operate in a fully continuous manner 
over many kilometers of fiber, recovering signals, 
essentially simultaneously from each and every 
resolution cell (of length ∼1–10 m, depending on 
the design) along the length.

Before describing the applications of the 
 technology in infrastructure, it is appropriate to 
describe how the technology used in recent DAS 
systems differs from the earlier distributed sensing 
methods described in Chapter 11, Volume II.
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2.2  THEORETICAL BACKGROUND 
OF DAS

We shall now describe the theory of DAS, start-
ing with the basic concepts of optical time domain 
reflectometry, first introduced in Chapter 11, 
Volume II.

2.2.1  Conventional optical time 
domain reflectometry

DAS technology typically employs a modified form 
of the optical time domain reflectometry (OTDR) 
principle (see Chapter F2). In conventional OTDR, 
a short broadband pulse or “probe” is launched 
into the waveguide under inspection. As this probe 
propagates along the fiber, a tiny fraction of the 
transmitted light is scattered due to the linear opti-
cal process of Rayleigh scattering. A small fraction 
of this scattered light is recaptured by the fiber and 
guided back towards the launch where it can be 
detected.

In the lowest loss transmission band of opti-
cal fibers, usually this Rayleigh scattering process 
sets the fundamental limit on the transmission; 
in most application areas, deployed fibers now 
achieve losses approaching this fundamental limit, 
which can be as low as 0.18 dB/km for standard 
single-mode fiber types.

Assuming a constant propagation velocity of 
the probe pulse, the variation of the measured 
backscatter intensity, as a function of time, can 
infer information about the waveguide as a func-
tion of position. The interrogation pulse width sets 
the fundamental resolution of the OTDR method, 
allowing a typical spatial resolution on the order of 
half the pulse width. For incoherent illumination, 
the detected backscatter power as a function of dis-
tance can be given as follows:

 P b P l es
z

BS
2 a= − ⋅ ⋅ ⋅α ⋅ ⋅α ⋅

b is the capture coefficient ~1 × 10−3 (For 
SMF 28e)

P is the launch pulse power (W)
l is the launch pulse length (m)
αs is the scatter coefficient ~−4.45 × 10−5 (m−1)
αa is the loss coefficient ~−4.85 × 10−5 (m−1)
z is the distance along the fiber (m)
When plotted on a logarithmic scale (Figure 2.1), 

this relation becomes a straight line representing 
the loss of the waveguide. The figure also illustrates 
some typical features that may be observed such 
as reflections from band splices and unterminated 
fiber ends.

By inspecting this simple equation, it can be 
noted that the backscattered intensity is propor-
tional to the product of the backscatter coefficient 
and capture the coefficient of the fiber, which for a 

Distance

Intensity
(dB)

Point loss Reflection End reflection 

Figure 2.1 A typical standard OTDR trace.
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specific fiber type is usually constant. However, the 
scattered intensity is also proportional to the input 
pulse power and the pulse length.

The range over which an OTDR can effectively 
operate is determined by the fundamental noise 
in the detection system and the detected sig-
nal power, which determine the signal-to-noise 
ratio. Assuming the detection system is optimally 
designed, the only way to increase the operat-
ing range is to increase the pulse launch power or 
to increase the launch pulse length. However, an 
upper limit is set on the maximum pulse power 
that can be launched before the onset of nonlinear 
optical effects that can degrade the performance 
of the sensor. Therefore, in order to increase the 
operational range of the OTDR beyond this, it is 
necessary to increase the probe pulse width, which 
in turn necessitates a sacrifice in the achievable 
spatial resolution.

This approach has been employed for decades 
to examine the transmission characteristics of 
installed optical fiber links, allowing the loss bud-
get of the link to be evaluated and bad splices and 
reflections to be identified, located, and if neces-
sary repaired.

2.2.2  DAS technology

Unlike normal OTDR systems that utilize an inco-
herent light source, DAS typically uses a coherent 
illumination pulse, as the technique relies on opti-
cal interferometry.

The scattering properties of an optical fiber 
are determined by microscopic density fluctua-
tions within the material that are frozen in as the 
glass is quenched from a very high temperature to 
room temperature during the pulling of the fiber 
from a preform. These density fluctuations mani-
fest themselves as tiny variations in the refractive 

index of the material that cause a fraction of the 
incident light to be reflected or scattered. These 
variations can be termed “scatter sites.” For the 
purpose of this discussion, the spatial distribution 
and amplitude variation of these scatter sites can 
be considered uniformly random.

A typical OTDR optical pulse would, if frozen 
in time, have a length in the fiber on the order of 
1–10 m, which will overlap many millions of these 
scatter sites. In order to determine the intensity 
of the scattered field as a function of time, the 
coherent sum of the electric fields of the light scat-
tered from each one of the millions of scatter sites 
must be considered. It is key to understanding 
OTDR that the detector “sees” light that has had 
to travel to a point in a fiber and back again toward 
the detector. The apparent illuminated section of 
fiber as “seen” by the detector is therefore not the 
same section as observed by somebody watching 
the pulse propagate from an external point of view 
but is in fact a section occupying half the (instan-
taneous) distance of the probe pulse and half its 
width. Another way of bringing out the key point 
is to consider a fixed length of fiber. An external 
observer would see a pulse propagate the length 
of the fiber and exit the end. However, the detec-
tor would not see the light scattered from the dis-
tal end of the fiber until the scatter had travelled 
the entire length back toward the detector. The 
repetition rate of the pulses is therefore set at a 
maximum rate of Trep = 2Ln/c, where L is the fiber 
length, n the refractive index, and c the speed of 
light (Figure 2.2).

It can be shown that when using coherent light, 
instead of the previously predicted exponential 
intensity versus distance observed with incoherent 
OTDR, the coherent trace shows a somewhat simi-
lar shape except that it has a highly variable noise 
intensity, which appears to be randomly modu-
lated with distance. This is indeed the case, and 

Time = T0 Time = T1

Folded light path Detector’s perspective
External observer’s perspective

Z = Vgroup.(T1–T0)/2 Vgroup.  t 

Figure 2.2 Schematic representation of backscatter in an optical fiber.
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the probability distribution of this intensity does 
follow the otherwise expected “Rayleigh” distribu-
tion. It is perhaps important to note that the inco-
herent OTDR result can be obtained via “ensemble 
averaging” of multiple intensity distributions from 
coherent illumination of a fiber, provided this 
is taken at several optical frequencies over a suf-
ficiently wide optical bandwidth (a process that 
occurs naturally at the detector when using broad-
band incoherent light sources).

Given a highly stable environment and launch 
pulse condition, the scattered intensity pattern, 
which varies randomly as a function of position, 
will remain unchanged over time. However, a 
varying strain or temperature acting on the fiber 
will modulate via the strain optic n(ε) and thermo-
optic n(T) effects the relative positions of the scat-
ter sites, and hence the phase of the scatter from 
each. As we now have to consider the coherent sum 
of these waves, the intensity of the detected scatter 
is in turn modulated by the varying interference of 
these scattered waves.

This observation and the concept of the environ-
mental sensitivity of this effect were made by Healy 
[1]. However, only recently, enabling technology 
has matured to the point where the system design 
limitations and the intrinsic noise sources present 
in commercially available optical components have 
been reduced to a level which enables this sensing 
method to be useful for real-world applications.

This basic technique with minor modifica-
tions has formed the basis of numerous DAS tech-
nologies. For this reason, DAS methods are often 
referred to as coherent OTDR, phase-sensitive 
OTDR, or ϕ OTDR.

2.2.2.1  LIMITATIONS OF SIMPLE DAS

Up to this point, we have talked about the scatter 
intensity and how it is modulated by an external 
environmental change. However, we have not con-
sidered in detail the nature of this transduction. 
This is because, as stated previously, the position 
of the scatter sites is a random variable, and hence, 
every position along the fiber will behave differ-
ently from its neighbor. This inevitably leads to a 
transduction coefficient that is also apparently ran-
dom, nonlinear, and hence unquantifiable without 
further development. Consideration will now be 
given to how this problem may be resolved.

The scatter from a single pulse can be considered 
to be similar to the output from an interferometer. 

The only difference is that we are considering the 
interference between millions of waves instead of 
just two, so higher order effects modify this simple 
model. The net result from each scatter-site pair is, 
however, qualitatively similar. Let us assume that 
the output intensity is a raised cosine function 
biased around a zero modulation bias phase. This 
is shown in Figure 2.3.

Figure 2.3 shows the intensity response of the 
interferometer as a function of the phase difference 
of the interfering waves, in the form of a horizon-
tal sinusoidal waveform. The phase modulation 
caused by environmental perturbations is, as an 
example, shown in the form of a vertical sinusoidal 
waveform. The resulting interferometer output is 
shown in the right hand diagrams. As stated previ-
ously, however, the initial phase bias condition is 
different for each section of fibre and so the output 
varies accordingly. The upper and lower parts of 
figure 2.3 show two different phase conditions and 
the effect on the interferometer output.

Consider the situation shown in Figure 2.3a. 
The initial bias is near the “quadrature,” that is, at 
π/2; for small modulations, the output is approxi-
mately linear, and hence, the harmonic distortion 
is low and the output amplitude is relatively large.

However, in the situation shown in Figure 2.3b, 
the initial phase bias is near zero. The output is 
highly nonlinear, and it shows very high harmonic 
distortion. (In this extreme case, there is frequency 
doubling of any sinusoidal variation signal.) The 
output amplitude is very small when compared 
to the quadrature response. An additional issue 
is that occasionally, the virtual interferometer 
will be biased near π, which means that the scat-
tered intensity may be near zero, leading to what is 
termed as “Rayleigh fading.”

Despite these issues, even this simple approach 
allows for a very powerful sensing system able to 
determine the location and nature of acoustic 
events. It has formed the basis of sensing technolo-
gies which now find applications in perimeter and 
border security; infrastructure, that is, rail, road, 
oil, and gas pipeline monitoring; and telecommu-
nications protection.

2.2.2.2  IMPROVED DAS ARCHITECTURES

When considering use in other more critical applica-
tion areas, such as seismic surveys, where the quality 
of the acoustic data yielded is of paramount impor-
tance, the limitations of the simple DAS technique 
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become a limiting factor. Several technologies have 
been proposed to improve the quality of the acoustic 
data yielded by the DAS OTDR approach. However, 
they are all based on similar principles. Instead of 
yielding a result that is related to the intra-pulse 
interference terms, they aim to isolate and recover 
the response of the interference between the probe 
pulse and a phase reference signal.

 1. Phase-sensitive detection: One way in which 
this may be accomplished is by using phase-
sensitive detection (Figure 2.4). The scattered 
light is mixed with a reference local oscillator 
prior to detection. Consider the interference 

of two waves: the signal wave with phase ϕs 
and frequency ωs, and the local oscillator with 
phase ϕLO and frequency ωLO.
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Figure 2.3 Representation of interferometric bias and modulation response in an OTDR single-pulse 
DAS system. (a) Interferometer with phase bias near quadrature and (b) interferometer with phase 
bias near zero.
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When expanded and simplified, this becomes
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 When interpreted, we see that this generates 
a DC term; a term at a frequency equal to 
the sum of the two waves, that is, (ωs + ωLO), 
which is beyond the frequency response of the 
detection system; and a term at the difference 
frequency (ωs − ωLO), which carries infor-
mation about the absolute phase difference 
between the waves (ϕs − ϕLO). Typically, the 
difference frequency is arranged such that the 
phase-modulated carrier occurs at a frequency 
outside of the 1/f noise of the detection system. 
The carrier can then be demodulated to recover 
the phase difference information.

  This method has the benefit of recovering 
the absolute phase of the scattered light relative 
to the local oscillator and does not rely on the 
intra-pulse interference in order to recover the 
DAS information. However, intra-pulse interfer-
ence can and still does occur, leading to signal 
fading as the amount of light scattered from a 
specific position can reduce to near zero.

  The polarization state of the scattered and 
local fields must also be taken into account. If 
the fields are cross polarized, no interference 
occurs and the signal fades again. Polarization 
diverse detection systems can be employed, but 
they increase the system complexity. Moreover, 
since the local oscillator acts as the phase refer-
ence, the main interrogator unit can now also be 
potentially acoustically sensitive. A final poten-
tial drawback of this approach is the fact that 
scattered light is being coherently mixed with 
light from the local oscillator, which was emitted 
for a short time after the probe pulse. This places 
an order-of-magnitude increase on the coher-
ence requirements of the source in order for the 
phase noise to not be a dominant factor.

 2. Delayed homodyne/heterodyne: Another 
method to achieve an improved DAS system is 
by using an unbalanced interferometer prior 
to detection (Figure 2.5). In this method, the 
scatter from one section of the fiber is effectively 
mixed with the scatter from a section of fiber 
offset by an amount defined by the imbalance 
in the detection interferometer. By including a 
frequency shifting device, such as an acousto 
optic modulator (AOM) in one arm of the 
interferometer, this technique can employ either 
the homodyne or the heterodyne method. The 
mathematics is virtually identical to the phase-
sensitive detection model presented previously; 
however, this technique offers a few advantages. 
The response of the system is no longer an 
absolute phase shift along the fiber but a direct 
measure of the differential strain over the gauge 

Laser
AOM

EDFA

Filter

ELO Es

Figure 2.4 Arrangement of phase-sensitive detection DAS. AOM, acousto optic modulator; EDFA, 
erbium doped amplifier.
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length, as defined by the detection interferom-
eter. The phase noise requirements of the source 
are no longer so stringent, as the scattered 
light is always referenced to light with a fixed 
temporal offset, and, if the gauge length is short 
relative to the beat length of the fiber, then the 
polarization states of the two interfering waves 
are approximately equal.

 3. Dual pulse: The final technique we will  present 
here is the dual pulse technique (Figure 2.6). 
This technique varies from the delayed 
homodyne/heterodyne detection scheme in 
that instead of a single pulse being launched, 
two pulses are launched with a defined spatial 
and frequency offset. This has the advantage of 
reducing the acoustic sensitivity of the inter-
rogator itself and of simplifying the detection 
optics. We are also no longer restricted to a 
gauge length defined by the physical optics and 
can vary this at will. Phase biasing the virtual 
interferometer created by the two propagating 
pulses however requires a little more atten-
tion as, unlike in the previous two methods, 
only a single detector is required and we can 

no longer take the advantage of the 120° phase 
shift relationship of the three-port coupler. It 
is however possible with the proper choice of 
carrier frequency to have an analytic form of 
the carrier allowing phase demodulation.

Having presented the technology developments in 
distributed sensing, the real-world applications of 
this powerful system will now be described. As the 
chapter title suggests, the applications listed here 
are all in the infrastructure area, whereas the subse-
quent chapters will cover other applications, includ-
ing security and surveillance and then oil and gas 
exploration. The use of DAS in oil and gas downhole 
applications is covered in Chapter 20, Volume III.

2.3  PROTECTION OF 
COMMUNICATIONS LINKS

World telecommunications and Internet data traf-
fic now rely almost exclusively on fiber optic links. 
This technology has evolved over time to the point 
now where a single optical link may carry several 
million telephone conversations simultaneously, 
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Figure 2.5 Delayed homodyne/heterodyne detection DAS. AMO, acousto optic modulator; EDFA, 
erbium doped amplifier.

Laser
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Figure 2.6 Dual pulse interrogation DAS. AMO, acousto optic modulator; EDFA, erbium doped 
amplifier.
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or the equivalent data rate of several terabits per 
second. These data networks are typically designed 
with redundancy, but the loss of a link due to acci-
dent or malicious act can still cause significant dis-
ruption. DAS systems offer a first line of defense, 
allowing potential threats to a fiber optic link to be 
monitored in real time over its entire length of many 
tens of kilometers. Any digging or disturbance near 
the fiber can then be detected, located, and clas-
sified, allowing an appropriate action to be taken. 
Depending on the threat  identified, this may simply 
involve switching the traffic to a redundant route 
prior to failure, but the  primary aim is to intervene 
and prevent damage to the network.

DAS can also be deployed to further improve the 
security of secure data links, such as used, for exam-
ple, to carry financial data. These links are designed 
specifically to carry secure data, which are itself 
deeply encrypted. Additional layers of security are 
offered by deploying the optical cable within a hard-
ened conduit. Intrusion into these conduits is strictly 
monitored, and DAS can be used as an additional 
layer of security. It would be extremely difficult to 
physically tap a data link monitored by a DAS system 
in a covert manner.

2.4  MONITORING OF ROADS 
AND HIGHWAYS

In many countries, congestion and traffic delays 
have long been a regular feature of commuting life. 
However, as the number of cars on the road system 
increases, the need for more carefully managed 
roads and highways becomes more and more impor-
tant. Over the last decade, numerous discrete moni-
toring systems have been trialled, including video 
cameras, inductive loops, car counting cables, and 
the global positioning system. None of these systems 
have provided a total solution, and many are too 
complex, unreliable, or costly to deploy in volume. 
All so far are only point sensors, which can miss cru-
cial information occurring in the intervals between 
them. With increased pressure to monitor and man-
age traffic flow, especially with the use of driverless 
vehicles becoming more probable, a cost-effective 
solution that can be retrofitted to the existing road 
network is required.

DAS technology potentially offers many of 
these benefits and could revolutionize the situ-
ational awareness of our roads. In most cases, the 

optical fiber cable required for sensing may have 
been already installed, buried, or ducted along the 
highway. Although it may have been originally 
intended for providing data and telemetry service to 
traffic signs and control systems already in place, ret-
rofitting DAS to use these cables or fibers will often 
be a simple and attractive prospect.

2.5  MONITORING OF RAILROADS

Similar to roads, monitoring of vehicles within a rail 
network is extremely important, not only to ensure 
an efficient and on-time service but also to oper-
ate the network safely. As one might imagine, this 
is not a simple task, particularly as high electrical 
interference levels are usually present near electri-
fied lines. Current systems rely on a suite of varied 
sensing capabilities, but in many areas of current 
networks, the only measure of the position of a train 
may be by means of entry and exit gate sensors, usu-
ally situated at infrequent intervals along the track. 
More sophisticated systems with a large number 
of sensors are not always suitable due to the cost of 
installation or poor wireless data connection cover-
age in areas where the existing infrastructure does 
not support it.

DAS technology is particularly well suited for 
this application. A single fiber in a cable (as with 
road highways, now already installed in trackside 
cables), once connected to a DAS system, can easily 
be transformed into a series of distributed sensors, 
thereby delivering a staggering amount of real-time 
information. With correct handling and processing, 
this will provide a true multifunction sensing capa-
bility suite that is available for every meter of track 
over distances of many tens of kilometers, a huge 
improvement on the existing monitoring infrastruc-
ture found on railways. This offers great advantages, 
not only ensuring the safety of the passengers and 
public, but also allowing the condition of the fleet of 
vehicles to be monitored and also the network to be 
run as efficiently as possible. A few of the advantages 
are listed as follows:

 ● 100% Coverage of rail track monitored at an 
affordable cost by exploiting spare, unused, 
existing trackside fiber optic cabling

 ● Immediate event detection of trackside incur-
sions that helps protect assets but more impor-
tantly helps save lives



2.6 Pipeline security and monitoring 27

 ● Detection of rockfall or other disturbances on 
or near the line, including landslip, mudslide, or 
tree fall

 ● Identification of locomotive or carriage “wheel-
flat” issues to avoid damaging the track and the 
vehicles themselves

 ● Copper cable theft detection that alerts to 
potential intrusion and other associated activity 
prior to the occurrence of damage

 ● Delivery of a safer working infrastructure to 
protect work parties and the public

 ● Provision of a critical safety system to alert 
trackside operators of approaching trains and, 
with suitable communications links, to warn 
drivers of other on-track vehicles

Figure 2.7 shows the raw acoustic amplitude data 
gathered by a DAS system operating alongside a rail 
network. The vertical axis shows the time, and the 
horizontal axis shows the distance along the track. 
Each train is easily distinguishable and this figure 
shows that the position and velocity of every train 
are easily traceable.

2.6  PIPELINE SECURITY AND 
MONITORING

Oil and gas pipelines are valuable assets that carry 
products with a significant monetary value. In dry 
countries, even water pipelines are of critical impor-
tance. These pipelines traverse desolate, remote, and 
often disputed regions of the globe. These assets are 
vulnerable not only to damage caused by natural 
disasters such as landslip or earthquake but also to 
attempted theft of contents (“hot tapping”) and mali-
cious damage or sabotage by third parties.

DAS technology offers a cost-effective way to 
monitor the entire length of a pipeline and shield 
it from potential harm. A single optical fiber cable, 
either attached to the pipe or buried close to it, can 
serve as an effective sensor. Complete commercial 
DAS systems are now available that can automati-
cally monitor and classify potential threats to the 
health of the pipeline and raise an alarm in time to 
prevent either damage from occurring or serious 
leaks from developing.

The sensing features include detection of dig-
ging or drilling on or near the pipeline that may be 
indicative of a third-party intrusion for hot tapping 
or attempted malicious damage. Obviously, this 
type of intrusion is unwanted not only due to loss 
of revenue but also because of the potential envi-
ronmental damage that can result from the product 
escaping into the environment. DAS systems are 
now preventing such hot tapping intrusions all over 
the globe and have revolutionized this industry. In 
addition to the malicious activity, the DAS system 
can be used to detect landslip, avalanche, and earth-
quake that also threaten the pipeline. Monitoring of 
routine tasks involved in pipeline maintenance can 
also be augmented by the use of DAS. For example, 
Figure 2.8 shows the transit of a cleaning “pig” (a 
large piston-like object that is pumped along to clean 
or monitor the inside of a pipeline) along a section of 
the pipeline. The DAS system is able to clearly detect 
and locate the pig as it transits the pipeline; it can 
also detect general noise and more significant pres-
sure pulses generated as the pig transits joints in the 
pipe. This is of great benefit in assessing the pipeline 
but is particularly valuable on the occasions when a 
pig becomes stuck within the pipeline—DAS allows 
rapid location of the pig, which would otherwise be 
a potentially difficult and time-consuming task.

Figure 2.7 Acoustic amplitude output from a DAS system in operation for rail monitoring. (Image 
Courtesy of Optasense.)
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At the time of writing, DAS systems were already 
being used to monitor more than 11,000 km of pipe-
line around the world, and their use is still growing 
rapidly.

2.7  CONCLUSIONS

A few of the major applications of distributed opti-
cal fiber acoustic sensors in infrastructure have been 
described. Many of these were still developing at the 
time of writing, and, as costs reduce, it is expected 

that the extent of use and the range of applications 
will inevitable increase dramatically.

As stated in the introduction, a more detailed 
account of the technology used will be given in 
Chapter 7, Volume III. Other applications will also 
be presented in Chapter 20, Volume III.
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Figure 2.8 A “pig” transiting a pipeline. The pig’s location is automatically tracked by the DAS 
system. Pressure pulse waves can also be detected as the pig crosses joints in the pipeline. 
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3.1  INTRODUCTION

This chapter describes how optoelectronics can be 
used for the purpose of vehicle identification, con-
tributing to the success of large intelligent infra-
structure projects. It is illustrated with a series of 
case study examples for road user charging, access 
control, and critical infrastructure.

With the investment in smart city transportation 
set to yield an economic opportunity of USD 800 bil-
lion globally (Busch, 2014), it makes sense to first con-
sider what it is that actually makes these cities “smart.”

The concept of “smart” intelligent infrastruc-
ture is not new; the basic building blocks of the 
technology have been available for some time, but 

as with all new developments, full acceptance and 
use involves evolution, will be described in this 
chapter. Our present treatment of intelligent infra-
structure places a strong focus on electronic vehi-
cle identification (EVI) through automatic number 
plate recognition (ANPR) and utilizes the charac-
teristics of intelligent infrastructure required to 
monitor, learn, adapt, predict, protect, and self-
repair (Paxman 2014).

These core traits closely align to the character-
istics of intelligent infrastructure as a framework 
for the classification of technologies that self-mon-
itor, while controlling their own settings. This is 
done according to the system input instructions, 
or is adaptive, responding to what the system has 
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detected and learnt from the aggregation of large 
data sets. The adoption of learning algorithms can 
predict the required capacity, optimize the cost 
and performance, and mitigate security risks.

The widespread realization of this grand vision 
has been slow, partly due to the inherent fragmen-
tation across stakeholder groups, the diversity of 
commercial interests, and the physical size of these 
systems. Fortunately, however, the landscape is 
now changing and we are set to see an accelerated 
progression towards all things being connected 
and interoperable. This is becoming particularly 
important with the introduction of “autonomous” 
vehicles set to disrupt the current mobility plat-
forms. In reality, these vehicles are likely, in future, 
to be not only fully connected to road and highway 
infrastructure, but also to each other, ensuring far 
better safety at high speeds and traffic densities, 
but then rendering the “autonomous” label less 
applicable

These systems increasingly rely on advanced 
computational intelligence, open communications 
protocols, and shared standards that underpin the 
future of these technologies. Even current infra-
structure to control traffic has proven to reduce 
journey times, ease congestion while improving 
safety, security, and reliability of the transport-
related services shown in Figure 3.2, a process 
likely to become far more effective and efficient 
when vehicles are fully controlled by onboard sen-
sors and driving-control software.

3.2  AUTOMATIC LICENSE PLATE 
RECOGNITION/ELECTRONIC 
VEHICLE IDENTIFICATION

Infrared cameras are now a widely adopted and 
rapidly growing application of optoelectronics 
used to monitor the movement of people and goods 
across the road network. Such cameras are fre-
quently located on gantries or bridges above high-
ways. These same systems can also be deployed on 
post structures and buildings at the side of high-
ways or other suitable roadside locations.

This camera technology is particularly use-
ful for law enforcement, especially if the vehicles 
can be classified according to type; it is even more 
useful if they can be individually recognized, for 
example, by their vehicle type, or, more exactly, 
from their unique number (registration) plate.

Electronic vehicle identification (EVI) through 
automatic license plate recognition (ALPR) 
includes the process of detecting a vehicle as it 
enters the camera’s field of view, recognizing the 
license plate at high speed, and uniquely identify-
ing the vehicle. This can be applied to many applica-
tions such as road user charging, law enforcement, 
and the tracking of vehicles across the transport 
network (see Figure 3.2) for earlier examples.

The captured image is processed in real time 
and passed for optical character recognition, 
analysis, and post processing (see Figure 3.3). 
The initial number plate image can be detected 

Data center
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Workplace
Security
Operations Monitors Predicts Self-heals Optimizes Learns Protects

Figure 3.1 The six capabilities of an intelligent infrastructure. (Courtesy of https://www.accenture.
com/us-en/insight-intelligent-infrastructure.)

https://www.accenture.com/us-en/insight-intelligent-infrastructure
https://www.accenture.com/us-en/insight-intelligent-infrastructure
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and normalized with various techniques, such 
as sharpening and improved dynamic range, to 
extract more detail. These normalized images can 
then be further subjected to noise removal and 
other image processing techniques, to obtain a 
“clean” image suitable for character segmentation, 
syntax checking, and character recognition. All of 
this happens within a fraction of a second (approx-
imately 20 ms), taking advantage of either the pow-
erful embedded internal processing capabilities of 

modern day ALPR camera technologies or using 
post-processing centralized systems.

For each detected vehicle, a “read event” is 
typically generated, which can then be compiled 
into a data package suitable for feeding to a soft-
ware aggregator. This aggregator, equipped with 
analytical software, turns the data into meaning-
ful intelligence, customized reports, or graphical 
representations (see Figure 3.4). This intelligence 
can be used to inform highways support and law 
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enforcement agencies. Alternatively, the read 
event may be discarded if it is not deemed to be of 
interest, the decision being made (according to a 
series of predefined rules) within the license plate 
reading camera, thanks to onboard processing 
capabilities.

Partnering EVI technology with powerful enter-
prise software solutions turns the ANPR data into 
valuable intelligence for decision- makers. These 
“enterprise” software platforms enable sophisti-
cated data aggregation, data mining, and analytics.

The vehicle read event can be included as part of 
a time-stamped data package, with time-stamped 
consecutive images. These images can be taken 
either at one point or at geographically separated 
locations, which allows for measurement of veloc-
ity of an individual vehicle and/or the average 

traffic flow rate for precise temporal information (see 
Figure 3.4). Furthermore, embedded ALPR cameras 
can be independently time-locked using GPS time 
as a primary reference, with high-stability, crystal-
oscillator-driven real-time clock as the secondary 
reference. These systems may be able to detect vehi-
cles traveling up to 220 km/h.

3.3  DATA PROTECTION

Whenever number plate data are routinely cap-
tured, it may raise cause, for invasion of privacy 
concerns. For this reason, suppliers of this technol-
ogy must adopt robust data privacy approaches and 
should be encouraged to choose the most stringent 
criteria for data privacy, data capture, processing, 
and retention.
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Stored data are often encrypted such that only 
authorized parties are able to decrypt the data. 
Thus, if an unauthorized person gains access to the 
data, they will be unable to decipher it.

Communication between cameras and a 
typical back office may be encrypted to protect 
sensitive communications from eavesdroppers. 
Cryptographic techniques can be used to pro-
vide strong authentication, thus lending a high 
degree of mutual certainty that the communicat-
ing peers are who they say they are and have the 
necessary permission for the operation they are 
attempting.

In the event of unauthorized attempts to access 
the data, the system can rely on integrated firewalls 
with default rules that block off any port not asso-
ciated with authorized and needed services.

With the appropriate handling of data, the “feed” 
from these systems can also be split to provide key 
benefits that enable ANPR technology to be used 
simultaneously for both law enforcement and use-
ful civilian applications, to ease congestion while 
improving security and safety for the general public.

These combined applications offer a convenient 
way of spreading the cost of a system between sev-
eral funding bodies, for example, a local author-
ity and other organizations that may wish to share 
the ANPR data. The technology is designed to be 
extensible, easing its evolution to provide addi-
tional services if required as part of a smart cities 
infrastructure. Again, data privacy laws and best 
practice will apply.

3.4  CAMERA ARCHITECTURE

The embedded camera technology (see Figure 3.5) 
can include two cameras within a single enclosure. 
One provides contextual images for color over-
view, while the other is dedicated to ANPR for 

optimum performance. Images and video can be 
streamed via motion JPEG over hypertext transfer 
protocol, from either camera or the more com-
monly used H264 advanced video coding. These 
video compression formats enable the streaming 
of video content that is increasingly requested as 
part of these systems. Although not optimized 
for closed-circuit television streaming, the color 
overview camera may provide some aspects of this 
functionality for viewing congestion, accidents, 
and other incidents.

3.5  EMBEDDED ALPR CAMERA

In terms of communications, the latest genera-
tion of ALPR equipment can support Ethernet 
3/3.5G/4G, GPRS, cloud-based technology, where 
no fixed optical fiber or wire links are available or 
accessible.

Remote communications capability encour-
ages the wider use of mobile applications and 
may reduce infrastructure and installation costs. 
Future providers of intelligent machine vision 
and associated hardware platforms should also 
be encouraged to consider their role within wider 
mesh networks, connecting smart cities with 
self-healing, self-configuring, and non-line-of-
sight communication.

In the past, ANPR systems have been sensi-
tive to environmental conditions; however, the 
use of improved camera housings, often nitrogen 
purged and usually sealed to IP67, has overcome 
many of these problems and extended the operat-
ing temperature range between −40°C and +60°C. 
It is therefore only severe weather conditions, for 
example, where there is severe loss of atmospheric 
visibility, poorly optimized licence plate materi-
als, or plate damage that will normally cause loss 
or deterioration of service.

Figure 3.5 3M P392+ Embedded ALPR Camera.
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Figure 3.6 shows how ANPR systems can be 
integrated as part of a “total lane” solution with 
various third party devices such as dedicated short 
range communication/radio frequency identifi-
cation (DSRC/RFID) readers, weigh-in motion 
(WiM) monitors, variable message signs (VMS), 
and inductive loop detectors. In the figure, the 
ANPR system is incorporated in the tolling and 
parking or ticketing system.

The ANPR system can track vehicles through 
complicated road networks and over long dis-
tances, with a combination of both fixed locations 
and mobile camera technology. This can be par-
ticularly useful as the system provides interoper-
ability across command and control centers. This 
is important to flag vehicles of interest and apply 
appropriate rules for the vehicle passage.

3.6  INTELLIGENT TRANSPORT 
MATERIALS

While the remainder of this chapter focuses on 
optoelectronics case studies, it is also important 
for us to recognize the rapidly emerging demand 
for vehicles to also identify infrastructure by 
themselves.

This shift in focus is set to significantly acceler-
ate through the introduction of autonomous and 

connected vehicles. It is important to transfer infor-
mation from the large variety of other optical devices 
such as light detection and ranging, light curtains, 
parking sensors, infrared, and time of flight imag-
ing techniques. These have been described in earlier 
sections; on-vehicle uses will also be discussed in 
Chapter G 2.1 on “Optoelectronics for Automobiles, 
Vans, and Trucks.”

As of now, there has been very little focus 
on improving infrastructure for the interaction 
between vehicles and roadside materials. This is par-
ticularly the case when compared to the significant 
investment made by automotive manufacturers for 
the development of these connected vehicles—the 
autonomous vehicle market is currently estimated 
to reach USD 42 billion by 2025 and forecasted to 
reach USD 77 billion by 2035.

Many companies, including 3M, are also work-
ing to reinvent the road surface and roadside mate-
rials, and their possible modes of interaction with 
future autonomous vehicles. These new intelligent 
transport materials, referred to as ITM, will support 
wayfinding, vehicle security, and safety to optimize 
journeys with greater situational awareness. Many 
of these will be passive optical materials, but the use 
of active materials may also be viable in future. It is 
reasonable to trust that infrastructure will be more 
situationally aware, sharing information, before the 
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vehicle approaches, on potential hazards such as 
level crossings and hidden junctions.

These materials will be part of our future con-
nected infrastructure. The optoelectronics domain 
must not only consider how to develop the sensing 
technologies but also the materials being sensed that 
might include, for example, road markings and road 
signs with active handshaking between vehicles and 
transport infrastructure.

Toyota, for example, highlights the importance 
of cooperative ITS to prevent traffic accidents 
through supported driving. The infrastructure will 
bring situational awareness to road users that can-
not detect them even using their vehicles’ own sen-
sors. Figures 3.7 and 3.8 highlight the important 
role that infrastructure will play on road safety (see 
Figure 3.7 and 3.8).

According to the World Health Organization, 
the total number of road traffic accidents in 2013 
resulted in 1.25 million deaths, globally. This can be 
calculated as 1 death every 25 s. EVI technology is 
one part of the solution and ITM will follow.

3.7  INTELLIGENT INFRASTRUCTURE: 
ANPR FOR SMART CITIES

3.7.1 Case study examples

3.7.1.1  PUBLIC SAFETY AND SECURITY

We shall now discuss the use of vehicle identifica-
tion for safety and security, possibly overlapping a 

little on the earlier discussions on this in the chap-
ter that concentrates on this aspect.

Camera-based EVI-JTMS (Journey Time 
Measurement Systems) solutions directly contribute 
to safer cities through improved security, reduced 
road traffic accidents, and vehicle-related criminal 
activity. These EVI solutions provide invaluable data 
that may also protect the law enforcement agencies 
and municipal support teams with intelligence from 
licence plate reading cameras, prior to any interven-
tion into potentially dangerous situations.

The intelligence generated by these optoelectronic 
EVI systems may also be distributed across wide 
networks of geographically dispersed teams to drive 
frontline intelligence from what may be separate 
data sources, such as known stolen vehicles, road 
closures, damages to a road network, or a public 
event that needs to be considered for operatives to be 
situationally aware.

Towards this goal of interoperable systems for 
public safety and security, EVI technology, such 
as smart ALPR cameras can distribute their data 
to multiple partners, to provide multiple ser-
vices from the same camera network. This mul-
timodal approach has been seen to both monitor 
vehicles that may have been involved in crimi-
nality in and around a city, and monitor traffic 
flow to help local authorities manage and opti-
mize the flow of road users in and around the 
city, reducing the upfront costs of the EVI sys-
tem. Furthermore, this approach significantly 
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Figure 3.7 Impact of vehicle–infrastructure cooperative systems: Toyota Cooperative ITS. (Courtesy 
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reduces the environmental impact with a reduced 
number of installations and disruption to current 
infrastructure.

ANPR technology is widely used for security 
purposes to monitor vehicles of interest and for 
the early detection of vehicle-related crime or more 
serious security threats. These ANPR cameras will 
not only capture and read the license plates of regu-
lar cars and commercial vehicles, but they will also 
capture and read the license plates of motorbikes 
and mopeds, where the system has been configured 
to do so.

License plate information can be processed 
locally or distributed to a central application, where 
comparisons are made against known vehicles of 
special interest. If a positive comparison is made, 
the system owner will be notified and the system 
may be used to track the vehicle. These systems pro-
vide law enforcement agencies, with time and date 
synchronization for each of the detected vehicles 
that can be compared with a police national data-
base, for example.

Integrated embedded camera systems are partic-
ularly useful to meet these challenges, often selected 

to limit the impact on the cityscape and neighbor-
ing infrastructure, with lower maintenance costs 
and “onboard” processing, with wireless capabili-
ties. These embedded smart ANPR solutions offer 
remote configuration, real-time processing, and 
greater redundancy support when compared to dis-
tributed cameras driven and controlled by a sepa-
rate processor.

With a network of embedded cameras, the 
downtime lost due to hardware, software failure, or 
even vandalism is limited to the individual camera, 
without impacting the entire network. Data buff-
ering during times of communication outage can 
be supported to overcome poor connectivity, for a 
limited period of time, between the outpost ALPR 
camera and the in-station aggregator.

The UK National Traffic Information Service is 
one example of a JTMS system, with a deployment 
of over 4000 ANPR cameras in their national pas-
sive target flow measurement system, for travel-time 
monitoring.

A typical ANPR-based JTMS system is triggered 
when any vehicle passes the field of view. The cam-
era then reads the number plate and sends the data 
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Figure 3.8 Impact of vehicle–infrastructure cooperative systems: Toyota Cooperative ITS. (Courtesy 
of http://www.toyota-global.com/innovation/intelligent_transport_systems/infrastructure/.)

http://www.toyota-global.com/innovation/intelligent_transport_systems/infrastructure/
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via an Ethernet connection to the back office JTMS 
software. The data that are received by the JTMS 
software can be compared against all of the other 
data received and a journey time can be created for 
each vehicle. These applications enable traffic man-
agement teams to monitor the congestion levels and 
vehicle flow within a city to enact early traffic con-
trol measures if congestion starts to build.

In some parts of the world, ANPR technology 
has been shown to offer in excess of 98% detection 
accuracy, with a 95% read rate for detected vehicles, 
The technology can function in most weather con-
ditions unless the license plate itself is obscured. It 
should be made clear that these performance indi-
cators can vary significantly from country to coun-
try due to the differences in license plate design, 
their composition, and maintenance.

3.7.1.2  RING OF STEEL

ALPR has been globally adopted, by many law 
enforcement agencies, to deal with vehicle-related 
crimes. These integrated systems are often referred 
to as a “ring of steel” to protect borders, counties, 
and cities monitoring movements of the vehicles 
as they enter in and out of the EVI perimeter. 
The most significant and widely known “ring of 
steel” is the EVI perimeter surrounding the city of 
London, comprising over 1500 surveillance cam-
eras and ANPR systems that reportedly scanned 75 
million vehicles in the first 3 years, as referenced 
in Haines (2009): “The role of automatic number 
plate recognition surveillance within policing and 
public reassurance.”

Law enforcement agencies rely on these sys-
tems, where a typical deployment may include 30+ 
cameras located on major routes in and out of the 
network. The system works by reading the num-
ber plates of all the passing vehicles and compar-
ing them with a site-specific, regional, or police 
national computer database. Vehicles of interest are 
monitored as they pass the cameras, enabling their 
whereabouts to be checked and monitored for vehi-
cles of interest. The system can be configured to dis-
card vehicles that do not match predefined criteria.

The primary purpose of these systems is to 
provide ANPR capability in specific locations 
to obtain real-time data and information about 
vehicle movements throughout the city at stra-
tegic locations on arterial vehicle routes. These 
rings of steel can be used to identify matches to 
police databases to support a pro-active policing 

response to suspicious vehicles and to view and 
monitor events as they occur. (Figure 3.3 shows 
a typical mobile and fixed system.) EVI systems 
are highly scalable and open to integration with 
other sensing technologies due to the advances in 
the onboard processing capability of these “smart” 
embedded cameras. For example, ANPR/ALPR 
data can be combined with other data such as 
vehicle weight, to ensure safe loading as vehicles 
are weighed in motion, WiM.

The Dutch Ministry of Transport, the 
Rijkswaterstaat, was concerned about exces-
sive damage to main roads caused by overweight 
trucks. In view of this, the Rijkswaterstaat awarded 
the PAT Company in Germany a contract to install 
seven weight-enforcement systems on the motor-
way network.

These sites capture images of overweight vehi-
cles detected by WiM sensors. Each monitoring 
point has four lanes monitored by ANPR cameras 
and color overview cameras.

When a vehicle is detected by the WiM system 
and is calculated to be overweight, a set of text and 
image data on that vehicle can be sent from the 
processor to the WiM processor and forwarded to 
a main control office.

3.7.1.3  ROAD USER CHARGING AND JTMS

The adoption of ALPR for traffic flow optimization 
remains an important application for this technol-
ogy, utilized by local authorities in large city cen-
ters to devise methods of reducing peak-time traffic 
density in the most critical areas. To help ease this 
problem, ALPR systems can be installed to moni-
tor and control traffic flow, monitor the overall use 
of the road network, and improve safety.

Again, JTMS systems automatically read vehi-
cle licence plates at two or more points on the 
road network. The licence plate data captured at 
the roadside can then be transmitted to a central 
computer system where the data from different 
sites are matched to calculate the exact travel times 
between pairs of sites.

Calculations of journey times across large 
networks can be performed at specific intervals, 
ranging upward from a fraction of a minute and 
generating accurate and detailed data of traffic 
conditions across the road network in near real 
time. This information enables traffic managers to 
study performance and trends over a long period 
of time and support the decision to spend budget 
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on traffic-related initiatives to both councillors and 
the public.

London was the world’s first major city to deploy a 
congestion charging scheme using ALPR in this way, 
thereby providing an enforcement infrastructure for 
the Central London Congestion Charging Scheme. 
Over 500 cameras were deployed without obstruct-
ing the flow of transport in and around the city and 
without the need for physical tollbooths, barriers, 
intrusive loop-based technology or supplementary 
RFID tags.

Embedded ALPR can provide video-based free 
flow tolling solutions as part of a flexible toll sys-
tem without the need for physical tickets or passes. 
The embedded ALPR cameras read the vehicle reg-
istration as vehicles enter, drive within or exit the 
congestion charging zone to be checked against 
the Transport for London database. The network 
of camera sites monitor every entrance and exit 
to the congestion charging zone along the bound-
ary road, and monitor journeys made within the 
charging zone.

Each camera site consists of both a color camera 
and a monochrome camera for each lane of traf-
fic being monitored. The cameras provide digital 
images of the whole vehicle to the ANPR software, 
which then reads and records each number plate.

Before the congestion charging zone was intro-
duced, London suffered the worst traffic conges-
tion in the UK and among the worst in Europe, 
with drivers in central London spending 50% of 
their travel time in queues. It was estimated that 

the economic loss caused by congestion in London 
was in the order of USD 6 million every week (see 
Royal Geographic Society white paper). Table 3.1 
shows some of the benefits achieved by the London 
Congestion Charging Programme.

Alternative examples of road user charging 
include the London Low Emission Zone (LEZ):

The UK’s National Traffic Control Centre (NTCC) 
and the Alpine and Cross City Tunnels (CCT).

While these serve as good examples to dis-
cuss road user charging, there are of course many 
more deployments worldwide. These include the 
E470 toll highway in Denver, Colorado and the 
Elizabeth River Crossing in Virginia, USA (see 
Figure 3.9).

3.7.1.4  LOW EMISSION ZONE

The LEZ is an extension of the London congestion 
charging scheme that leverages ALPR as a sus-
tainable technology, reducing emissions through 
optimized traffic flow, reduced congestion, and 
reduced journey times. Embedded ANPR tech-
nology has a low impact on the streetscape, due 
to their independence from external hardware 
and processors that may require separate road-
side cabinets and associated infrastructure. These 
centralized systems can result in greater recon-
struction of existing road surfaces and pedestri-
anized areas during their installation.

The aim of the Transport for London (TfL), 
LEZ scheme, was to improve air quality in the 
city by deterring the most polluting vehicles 

Table 3.1 Some of the benefits achieved from the London congestion charging programme, from the 
consultation impact assessment (November 2012)

Vehicle kilometers fell by almost 19% between 2000 and 2009.
TfL reported £136.8 m net income from congestion charging in the financial year 2011/12.
30% reduction in traffic delays within the first 12 months, within the charging zone.
Traffic levels showed a reduction of 18% in traffic entering the zone during the first year.
29,000 additional bus passengers entered the zone during morning peak periods.

Congestion charging contributes £50 m to London’s economy, mainly through quicker and more reliable 
journeys for road and bus users. 

There remains no evidence of any significant adverse traffic impacts from the charge.
The number of penalty charges issued average 165,000 per month (110,000 charge-zone payments 

per day).
65,000 fewer car trips into or through the charging zone each day.
Taxi, bus, and coach movements have increased by 20%.
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from driving in the area. The vehicles affected 
by the LEZ are older diesel-engine lorries, buses, 
coaches, large vans, minibuses, and other heavy 
vehicles, derived from lorries and vans. Cars and 
motorcycles are not affected by the scheme.

The LEZ scheme has over 300 cameras and is 
applied to all roads and some motorways across 
the majority of the Greater London area, which 
is substantially larger than the congestion charg-
ing zone, which, although it has been expanded, is 
still confined to a relatively small area in the city 
center.

As with the congestion scheme, no barriers or 
tollbooths are required for the LEZ system; fixed 
ANPR cameras read the vehicle registration num-
ber plate as vehicles drive within the zone. Vehicle 
numbers are then checked against a database of 
vehicles (a) which have been tested against the 
LEZ emissions standards, or (b) exempt or reg-
istered for a 100% discount, or (c) for which LEZ 
charge has been paid.

3.7.1.5  NATIONAL TRAFFIC CONTROL 
CENTRE

The NTCC project is one of the largest known 
JTMS systems to reduce the effects of conges-
tion on England’s motorways and major trunk 
roads by informing motorists about incidents and 
congestion.

The prime function of the NTCC project is 
to collect, process, and distribute strategic (wide 
area) traffic information, including the setting of 
roadside VMS and other dissemination media, 
using pre-agreed protocols, to assist travelers in 
planning their journeys.

These systems also support the UK Highways 
Agency and its operational partners in optimiz-
ing the use, management, and operation of the 
road network.

3.7.1.6  ALPINE AND CROSS CITY TUNNELS

From its opening around April 2005, Sydney’s 
CCT project provided a number of significant 
benefits to the city, including improved traffic 
flow, enhanced public transport, dedicated cycle 
ways, and improved pedestrian amenity. The 
CCT is a fully operational “electronic” road with 
no cash booths or barriers, so vehicles can travel 
through the tunnel without slowing down to pay.

Tolls will be collected either by detecting elec-
tronic tags on the front windscreens of vehicles 
or by automatic identification of the vehicles’ 
number plates. Windscreen tags transmit a sig-
nal to the tolling equipment as the vehicle passes 
one of the tolling points in the tunnel. This reg-
isters the vehicle’s use of the tunnel so that the 
appropriate toll can be deducted from the user’s 
prepaid account. Motorists without tags will pay 
tolls by registering the number plates of their vehi-
cles. Images of vehicle number plates are also cap-
tured, read, and matched against registered plates. 
Motorists without tags will be charged the toll plus 
an administration fee.

A video enforcement system provides proof of 
passage of a vehicle at a specific tolling site. The 
system relies on embedded ALPR recognition pro-
cessors and infrared illumination, with rear scene 
images in full color, when deployed with ambient 
light sources or directional floods for 24 h color 

Figure 3.9 ERC—Elizabeth River Crossings, Virginia, USA.
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imaging. This system was designed to achieve 
high-grade ALPR results and images without dis-
tracting drivers (Figure 3.10).

3.7.1.7  CRITICAL INFRASTRUCTURE AND 
ACCESS CONTROL

ANPR technology is widely used to monitor and 
safeguard airports, gas stations, supermarket car 
parks, and motorway service stations. Supermarket 
car parks are notoriously difficult to monitor, as 
well as being a target for criminal activity, particu-
larly when the supermarket is closed.

It is widely recognized that barrier-controlled 
systems can lead to long queues and delays on 
entrances and exits of car parks, which in turn 
deters customers from visiting. Parking atten-
dants are not always able to effectively monitor 
very large-scale car parks and sometimes genuine 
customers cannot find a parking space. Petrol (gas) 
station “drive-offs” (leaving without paying for 
fuel) cost supermarkets and motorway service sta-
tions millions of Euros per year, with theft, fraud, 
and fuel smuggling, costing European governments 
up to €1.3 billion every year (Kennedy 2013).

The theft of fuel from supermarkets and high-
way service stations is an increasing problem. Many 
believe that the most effective way to manage this 
problem is through the use of ANPR systems that 
capture the registration details of vehicles that drive 
off without paying, which can then be passed to the 
police.

These smart cameras are also very useful for car 
parks of supermarkets and shopping malls, where 
free parking is usually allowed for genuine users 
of the facility. Because ANPR cameras are able to 

read the number plates of every vehicle as they enter 
and exit car parks, adding a date and a time stamp. 
These systems can calculate how long each vehicle 
has spent in the car park (see Figure 3.11). The own-
ers of any vehicles which have not honored the “free 
length of stay” policy can then be sent a parking 
charge notice. ANPR cameras can eliminate the 
need for any barrier entry systems or ticket valida-
tion systems. This, in turn, vastly reduces queuing 
times at the entry and exit of the car park.

In this context, ANPR systems allow genuine 
customers to find parking spaces more easily by 
stopping people from using the car park for other 
purposes, such as while they are at work for long 
periods of time.

Meadowhall in Sheffield, UK is an example of a 
large commercial shopping center, which covers 1.5 
million square ft of floor space, contains over 280 
shops and caters for 24 million visitors a year, with 6 
car parks holding 12,000 free parking spaces.

The Meadowhall installation has the world’s first 
fully integrated digital ANPR cameras that incor-
porate both the camera and the recognizer/proces-
sor in a single sealed enclosure. This ANPR system 
supplies data on traffic flow into the center’s existing 
security and surveillance system, giving informa-
tion on vehicles entering and exiting car parks.

The enterprise software, or in-station, is an 
aggregator for ANPR data that also allows car 
park operators and management to view the times 
at which most customers visit the center, which of 
their car parks are most used, and how long custom-
ers typically spend in the center, as well as control-
ling access to vehicles entering and exiting their 
service entrances.
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Figure 3.10 Sydney’s CCT project. (Courtesy of http://www.rms.nsw.gov.au/projects/sydney-inner/
cross-city-tunnel/index.html.)
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3.8  CONCLUSIONS

In this chapter, we have shown the growing impor-
tance of vision systems for law enforcement and 
the control of vehicular traffic in a wide variety of 
scenarios.  The economic value is already evident, 
and the use of such systems is expanding rapidly to 
drive greater peace, safety, and security as part of 
the smart city intelligent infrastructure.

We can see that the increased focus on auton-
omous vehicles will also become a more central 
consideration for these smart cities that will drive 
the development of both ITS cooperative systems 
and ITM.

There are many more applications that could be 
discussed, and many more to come, particularly as 
these intelligent optical systems are well placed to 
drive the future Internet of Things megatrends, intel-
ligent infrastructure, machine to machine, and more.

While improved traffic flow is the main impact 
of these solutions, advanced border security and 
key route surveillance help public and private sec-
tor agencies all over the world to manage complex 
transportation infrastructures more efficiently and 
to ensure smoother and safer travel experiences.
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4
Optoelectronics for control 
of city transport

DAVID PARKYNS
Transport for London

In this chapter, we discuss the application of opto-
electronics for controlling the safe and free passage 
of road vehicles and pedestrians in London, and for 
monitoring the possible causes of congestion, such 
as roadworks. Much of the existing optoelectronic 
monitoring is done by video cameras linked to intel-
ligent software, but individual sensors such as digi-
tal “snapshot” cameras on traffic lights, pyroelectric 
heat detectors, laser scanners, and optical rangefind-
ers may also have potential application. This may also 
be a possible application area for all-round (360°) 
cameras, as discussed in other areas of this volume. 
Not all sensors, of course, use optoelectronics (e.g., 
Doppler radar, inductive loops, etc.); a discussion on 
these sensors is outside the theme of this text, but 
sensor fusion is important for the overall system.

Optoelectronics is also used extensively in high 
brightness light-emitting diodes (LEDs), as part of 
modern traffic lights and active roadside informa-
tion signs.

4.1  BACKGROUND

Of the 13,800 km road network covered within the 
Greater London boundary, 580 km of key arterial 
and orbital roads (the Transport for London Road 

Network [TLRN]) is managed by Transport for 
London (TfL). Figure 4.1 shows a map of the overall 
TLRN area. The road system is vast and complex, 
with the following journeys taking place daily: 
9.8 million by car and motorcycle, 6.3  million by 
bus, 6.2 million walking trips, 0.5 million cycling, 
and 0.3 million by taxi. In addition to these jour-
neys, nearly all freight movement in and out of the 
city is by road (see Figure 4.1).

London’s roads are approximately 40% more 
densely trafficked than in any other UK conurba-
tions; as a result, London experiences 20% of the 
UK’s traffic congestion. This is estimated to cost its 
economy at least £2 billion a year. This is the cur-
rent situation, and with London’s population set 
to grow to reach 10.5 million by 2041, the demand 
on the road network is expected to increase 
dramatically.

Corridor managers supervise the overall perfor-
mance of each of the TLRN corridors on a day-to-
day basis, identifying and prioritizing improvements 
to maximize journey time reliability. TfL maintains 
all traffic signals in London and actively reviews the 
performance of hundreds of  traffic signals every 
year to ensure that they continue to operate effi-
ciently, maximizing benefits for all road users.

4.1  Background 43
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4.3  Traffic monitoring and management 45

4.4  Provision of traffic information to 
road users 46

4.5 The future 46
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A close cooperation between TfL and the 
Metropolitan Police Service (MPS) has launched 
dedicated policing in the Blackwall Tunnel in 
East London, contributing to improved reliabil-
ity and faster incident resolution at this critical 
location. Road closure times have further been 
reduced using laser scanning equipment to facili-
tate quicker investigations and establishing a joint 
roads reopening protocol. The continued funding 
of the MPS roads policing teams has allowed them 
to tackle congestion through managing collisions, 
traffic signals failure, and vehicle breakdowns.

During the London 2012 Olympic Games, TfL 
utilized a sophisticated traffic management system 
consisting of a considerable number of junction 
layout changes, dedicated “games lanes,” and an 
innovative traffic signal strategy in order to meet 
ambitious journey time targets for games-related 
vehicles. Extensive partnership working across 
TfL and with other organizations also provided 
the capability to react to and address the issues on 
the road network as they arose. The outcomes of 
this were overwhelmingly positive, with the agreed 
network performance targets exceeded during the 
Games. The technology delivered and the lessons 
learnt from this experience provided an example of 
what is possible in road space management, given a 
suitable level of investment and resource.

4.2  THE SPLIT CYCLE OFFSET 
OPTIMIZATION TECHNIQUE 
SYSTEM

The split cycle offset optimization technique 
(SCOOT) system allows traffic signals to detect 
vehicles passing along a road and work together to 

amend their signal timings on a second-by-second 
basis to adjust traffic flows accordingly through an 
area, making journeys more reliable. It has helped 
deliver an average 12.7% reduction in delays for 
vehicles traveling across the network. At some 
locations, this increases to almost 20%. Figure 4.2 
shows a generic camera on a traffic light.

As a result, London’s road networks are now kept 
running smoothly from day to day by these sophis-
ticated traffic control system technologies; they are 
able to react to the changing conditions of the road 
network. At the time of writing, SCOOT is installed 
on over half of London’s more than 6000 traffic 
signals, utilizing a network of sensors, which feeds 
information to a central control system used by the 
control center, which then optimizes traffic signal 
states to adapt to real-time traffic conditions. TfL 
is now working on expanding this to cover three- 
quarters of all traffic signals, helping to expand the 
benefits to a wider area of London. It also utilizes 
its wide network of technology to collect additional 
information on its network, ensuring a real-time 
awareness on how the network is operating. When 
events and incidents (both planned and unplanned) 
have an impact on the road network that is too great 
for the technology to mitigate without intervention, 
TfL’s 24/7 traffic management resource steps in.

To meet the ever-increasing and often com-
peting demands of TfL’s wide range of customers 
and stakeholders, TfL must constantly develop its 
capability to monitor and provide for all modes, 
including buses, pedestrians, and cyclists. Some of 
the technologies and infrastructure being devel-
oped for this purpose include bus and cyclist 
 priority points, which address journey times at key 
locations on the network.

Figure 4.1 Street view of London. Figure 4.2 Traffic light with camera and sign.
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High-quality bus priority is a key deliverable 
for ensuring an efficient and reliable service for 
more than two billion passengers using the bus 
network each year. TfL continues to develop the 
interaction between SCOOT and selective vehicle 
detection for buses, using iBus data to investigate 
how to improve bus reliability and prioritize buses 
more effectively. Teams within TfL are also work-
ing together closely to understand the pinch points 
for buses on the network and devise solutions to 
address these.

The introduction of the “pedestrian SCOOT” is 
the first of its kind in the world and uses the state-
of-the-art video camera technology to automati-
cally detect how many pedestrians are waiting at 
crossings. It enables the adjustment of traffic signal 
timings automatically to extend the green pedes-
trian invitation to cross phase when large numbers 
of people are waiting, allowing more people to 
cross the road (Figure 4.3).

In addition, TfL has developed a “call cancel” 
technology, which can detect when a pedestrian 
has pushed the crossing button, but has then either 
crossed before the signal went green or walked 
away, thus allowing cancellation of the pedestrian 
crossing phase.

This latest initiative follows on from TfL’s suc-
cessful development of pedestrian countdown 
technology, which, via a LED display, tells pedes-
trians how long they still have left to cross the road 
once the green pedestrian invitation to cross indi-
cator has gone out.

More than 900 pedestrian crossings across 
London have now been equipped with pedestrian 

countdown technology with TfL committed to 
install the technology more widely across the capi-
tal in the coming years.

The recent trials of pedestrian SCOOT and the 
call cancel technology are also an example of how 
TfL will use innovation to change the management 
of London’s road network to better reflect the char-
acter of the local area, Subject to the outcome of 
the trials, TfL is hopeful that it can further develop 
the technology to use at other high-footfall areas, 
such as outside sporting venues or along busy high 
streets.

4.3  TRAFFIC MONITORING AND 
MANAGEMENT

The development of intelligent video analysis tech-
nologies plays a large role in the management of the 
road network. An image recognition and incident 
detection system on some closed-circuit television 
(CCTV) cameras can recognize abnormal levels of 
congestion and provide an automated warning.

The London Streets Traffic Control Centre 
(LSTCC)’s real-time traffic management is depen-
dent on the continued improvement and expan-
sion of technology such as SCOOT and better 
means of monitoring the network and communi-
cating with customers. Access to more than 1300 
CCTV cameras through TfL’s own infrastructure 
and formal camera sharing agreements with the 
MPS, the Highways Agency, and 20 London bor-
oughs ensures the best use of resources across 
agencies and covers a large portion of London’s 
strategic road network. (There is no overlap 
between these dynamic cameras and the fixed 
view Safety Camera estate.) The operational cov-
erage of cameras is rationalized through a CCTV 
Steering Group, which coordinates requirements 
across TfL.

A similar technology, used in our Automatic 
Roadwork Monitoring project, can measure the 
level of activity on work sites, making it easier to 
enforce permit regulations and ensuring comple-
tion of work in a safe and timely manner.

TfL also introduced the Transport for London 
Lane Rental Scheme in 2012. This was a key inno-
vation to reduce roadwork delays, where contrac-
tors are charged up to £2,500 a day for working 
in congested areas and at busy times of the day 
(Figure 4.4).Figure 4.3 Pedestrian SCOOT system in London.
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The scheme covers over 200 miles (57%) of 
the TfL road network, covering the areas most 
susceptible to major roadwork disruption. As 
an extra factor to reduce delays, TfL workers are 
not even exempt from their own rules, ensuring 
that their works are also delivered with minimal 
disruption! Not surprisingly, since the introduc-
tion of the scheme, approximately 95% of works 
have avoided the high charge by working outside 
of peak hours, and serious and severe disrup-
tion has been reduced by more than a third. By 
encouraging companies to carry out their work 
overnight or during off-peak hours, all road 
users, including drivers, cyclists, and bus pas-
sengers, benefit from more reliable journey times 
and less disruption.

The recently introduced Traffic Information 
Management System uses data from SCOOT to 
provide automatic alerts of areas of congestion. 
The System Activated Strategy Selection acts as a 
watchdog at key points on the network and auto-
matically invokes signal timing strategies to pre-
vent congestion from occurring.

Another measure, which increases TfL’s ability 
to understand and control its network, involves 
the development and deployment of technology 
to deliver business intelligence and analysis in 
real time, allowing TfL to develop its capabil-
ity of predicting the impact of both planned and 
unplanned events on the road network.

Currently, TfL is able to derive an extensive 
information on the TLRN but is limited in the 
extent to which information can be gathered on the 

rest of the national road network. Just as impor-
tant as the development of these individual city-
based systems is their integration on a national 
scale. Alongside the expansion of new technolo-
gies and capabilities, there is a dedicated effort 
towards   ensuring the cooperative working of all 
intelligent systems used to manage the road net-
work, ensuring the most efficient use of existing 
and future infrastructure and resources.

4.4  PROVISION OF TRAFFIC 
INFORMATION TO ROAD 
USERS

A key factor to reduce congestion is the provi-
sion of timely and accurate traffic information to 
road users to help them plan their journeys with-
out disruption and delay. The public-access TfL 
website gives traffic information directly, which 
is also available by following @TfLTrafficNews 
on Twitter. The LSTCC also provides real-time 
information to the travel news media and other 
stakeholders through a dedicated portal. TfL has 
embraced the UK open data initiative by allowing 
more than 2000 third-party providers of travel 
information services (such as application and 
web developers, and satellite navigation provid-
ers) to get direct and free access to live data feeds 
through the TfL data portal. Examples of these 
data are live updates on traffic incidents and road 
closures, live bus countdown data, and traffic 
CCTV images refreshed every 2 min. The LSTCC 
updates over 140 roadside variable LED message 
signs with relevant, real-time, incident notifica-
tions and gives advance warnings of scheduled 
events and works. TfL also works with the UK 
Highways Agency to set reciprocal messages on 
each other’s networks.

4.5  THE FUTURE

The ongoing evolution of this technology will allow 
for a more active approach to the road space manage-
ment of London’s road network, thus getting maxi-
mum benefit from the available network resources 
and ensuring optimum balancing of the compet-
ing demands for road space. It will also help TfL to 
improve the real-time network information that is 
provided to customers and shared with third parties 
for their integration into commercial services.

Figure 4.4 Transport for London Lane Rental 
Scheme.
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At the time of writing, many of these systems 
are already in use; research is still ongoing, and 
business plans and overall strategy for ever-more-
comprehensive, more-closely-integrated schemes 
are continually being developed. It is not possible 
to reduce the size of the city, but safer and faster 
transport ensures full use of existing space and 
shorter travel times.

One final aspect that is set to revolutionize road 
transport is the likely future use of autonomous 
vehicles. Although some might still think of them 
as science fiction, they are so rapidly developing that 
it is no longer inconceivable that they will domi-
nate our transport system. At the time of writing, 

progress is such that numerous successful real-
city trials of “unmanned” (with a real driver on 
“standby” so far) vehicles are being reported, and it 
is becoming more and more likely that eventually 
only these autopiloted vehicles will be allowed on 
some major UK roads. Clearly, these vehicles will be 
capable of extremely rapid two-way communication 
with the fixed transport infrastructure of cities and 
highways, allowing even better transport planning 
options than ever before. As with any software- 
controlled systems, of course, the need for good 
cyber reliability and security will be even greater, 
to avoid a software error or deliberately introduced 
malware bringing the system to a complete halt.
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PART    II

On-vehicle applications 
in transport

This section covers the use of optoelectronics for 
transport, but deals only with on-vehicle systems, 
hence excluding applications on fixed structures. 

As we have seen, several aspects of the previous 
section could have been presented in this one, if we 
had not now restricted it to on-vehicle uses.
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Table II.1 Summary of applications of optoelectronics in the transport field

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Sensors for 
observation of 
wheels and other 
moving parts of 
vehicles. Also for 
measuring speed of 
a vehicle relative to 
road or rail. 

Smart video cameras. 
Optical (beam 
interruption) 
tachometers. 
Laser-Doppler 
velocimeters. 
Correlation 
velocimeters (these 
detect moving 
patterns such as tire 
tread or road 
covering).

Noncontact sensors, which 
can measure speed 
relative to stationary 
objects and also rotation 
rate of revolving parts. 
Useful for detection of 
undesirable locking of 
vehicle wheels during 
braking.

Limited to line-of-sight 
applications. Optics can 
become dirty or be 
obscured by snow. In 
many cases, cost issues 
still favor nonoptical 
solutions.

Optical sensors are 
being used in aircraft 
turbine engines. 
General vehicle use 
is likely to expand, as 
cost of 
optoelectronic 
modules reduces. 
Major applications 
exist for driving aids 
and in autonomous 
vehicles.

See also Volume II, 
Chapter 11 (Optical 
Fiber Sensors) and 
Part VI (Industrial 
Applications).

Navigational sensors Ring laser gyroscope 
and fiber 
gyroscope, both 
based on Sagnac 
effect. Position 
updates from fixed 
stations.

Optical gyros are compact 
and have no rotational 
parts. Updates on 
position and orientation 
of road vehicles can be 
obtained from fixed 
stations (e.g., traffic lights 
or gantries) using optical 
communication links.

Ring laser gyros can lock 
when close to zero 
rotation, so need to 
have a small mechanical 
or optical bias. Very 
costly compared to 
Satnavs. 

Ring laser gyros have 
been used on many 
commercial airliners, 
but costs of these 
and fiber gyros are 
too high for most 
automobiles. (Most 
automobiles rely on 
Satnavs, which are 
radio signal based.) 
Fiber gyros are well 
suited to monitor 
fast-moving objects, 
where zero-drift is 
less of a problem.

See also Volume II, 
Chapter 11 (Optical 
Fiber Sensors) for 
fiber gyroscope.
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Table II.1 (Continued ) Summary of applications of optoelectronics in the transport field

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Sensors for 
monitoring and 
locating external 
objects, for driving 
aids and 
autonomous 
vehicles

Smart video cameras, 
including 360° 
viewing types. 
Infrared cameras 
are starting to be 
used as a night 
vision aid for 
automobiles. 
Scanned lasers and 
light distance and 
ranging (LIDAR) 
systems can 
monitor 3D 
topology near 
vehicles. 
Pyroelectric 
detectors for 
proximity warning.

Many different optical and 
nonoptical (e.g., 
ultrasonic) technologies 
may be combined, 
allowing multisensor 
fusion and hence better 
decision making. Sensors 
can be coupled to 
displays and alarms to 
alert driver of hazards and 
used to provide 
automatic collision 
avoidance. A primary 
technology area for driver 
assistance and for fully 
autonomous vehicles.

Some of the more 
sophisticated optical 
sensors are still 
expensive. There is still 
some driver resistance 
to delegating control of 
vehicles to automated 
systems. Legal and 
moral situation for 
accidents involving 
autonomous vehicles is 
still a lively debated 
issue.

An extremely active 
field, with almost 
every major vehicle 
and vehicle 
component 
manufacturer 
involved. Optical 
driving aids and fully 
autonomous vehicles 
are no longer science 
fiction and will be a 
major contributor to 
improved traffic flow 
with previously 
impossible levels of 
safety! Autonomous 
working vehicles 
such as fork-lift 
trucks, farm tractors, 
mining trucks are 
likely to find earliest 
usage.

See this section.

Sensors to determine 
whether driver is 
alert

Cameras to detect 
driver blinking or 
becoming drowsy

Cameras with smart 
processing

Too expensive at present 
for general vehicle use. 
In future, may no longer 
be needed with 
autonomous vehicles!

A useful safety aid, 
likely to be more 
economic if 
manufactured in 
quantity.

See this section.

(Continued)
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Table II. 1 (Continued ) Summary of applications of optoelectronics in the transport field

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

In-vehicle sensors for 
in-transit 
monitoring of the 
condition of roads, 
bridges, railway 
lines, overhead 
lines, etc.

Smart video cameras, 
including 360° 
viewing types. 
Scanned lasers. 
LIDAR systems.

Very long lengths of road, 
rail, etc., can be covered 
in a reasonable time. 
Particularly, useful for 
monitoring railway lines, 
road surfaces, and 
overhead power lines.

Expensive systems, only 
justified by the speed of 
coverage and huge 
labor saving. Close 
manual inspection may 
still be needed at times.

Established technology 
in many areas, but 
their use is 
expanding as 
technology improves.

Example: http://www.
railway-technology.
com/contractors/
track/fraunhofer/

Vehicle lighting and 
displays

Originally used 
incandescent 
sources, but now 
nearly all are being 
replaced by arrays 
of high-brightness 
LEDs. Individual 
elements of LED 
arrays can easily be 
addressed 
selectively, so this 
allows them to be 
used in steerable 
headlights.

LEDs are ultrareliable, and 
most emit light in a 
forward cone, to 
maximize visibility without 
need for additional 
lenses. Addressable LED 
arrays allow compact 
displays to be produced. 
Using high-power 
focal-plane LED arrays 
can produce steerable 
headlights, without 
moving parts. Current 
LEDs are far brighter and 
more efficient than earlier 
types and costs, even for 
headlights, are now 
becoming competitive 
with tungsten lamps. 
Even ultrabright devices 
required for narrow-beam 
headlights are now being 
produced using LEDs 
and/or blue lasers with 
white-re-emitting 
phosphors.

No real disadvantages LED lighting is used 
everywhere! Displays 
are used in all modes 
of transport and also 
for entertainment 
screens. White LEDs 
are the best way of 
illuminating LCD 
displays. LED vehicle 
sidelights and 
headlights are 
becoming standard, 
with higher 
brightness headlights 
now using intense 
blue lasers with 
visible phosphors to 
produce white light.

See also Volume I, 
Chapter 6 (Lasers 
and Optical 
Amplifiers), Volume I, 
Chapter 10 (LEDs), 
and Volume II, 
Chapter 9 (3D 
Display Systems).

(Continued)

http://www.railway-technology.com/contractors/track/fraunhofer/
http://www.railway-technology.com/contractors/track/fraunhofer/
http://www.railway-technology.com/contractors/track/fraunhofer/
http://www.railway-technology.com/contractors/track/fraunhofer/
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Table II. 1 (Continued ) Summary of applications of optoelectronics in the transport field

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

In-vehicle optical 
communications

Mainly optical fiber 
links using digital 
binary amplitude-
modulation 
encoding. Polymer 
fibers are possible 
for short-range 
application in small 
vehicles. A very 
good option for 
aircraft and ships.

Light weight of cables, high 
bandwidth, and freedom 
from electrical 
interference and earth-
loop problems are 
compelling reasons for 
use in aircraft.

More expensive for simple 
low-bandwidth 
connections. Possibility 
of optical “broadcast” 
links within vehicle 
cabins or engine 
compartments

Commonly used for 
high-speed data on 
aircraft and ships, 
but not widely used 
in automobiles. May 
become important in 
future as the cost of 
links and on-vehicle 
data bandwidth 
increases.

See Volume II, Part I 
(Enabling 
Technologies for 
Communications).

Sensors to detect 
weather conditions.

Water-on-windscreen 
detectors. Fog, 
snow, and ice 
detectors.

Mainly video cameras, but 
LIDAR systems can be 
used in aircraft.

Most still have a rather 
high cost for 
automobiles, but 
commonly used in 
aircraft.

Use likely to expand, as 
cost of 
optoelectronics 
modules reduces. An 
important factor in 
the design of 
autonomous 
vehicles, which can 
potentially be 
affected by bad 
weather.

See Volume II, 
Chapter 12 
(Remote Optical 
Sensing by Laser).
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5
Optoelectronics for automobiles, 
vans, and trucks

JOHN P. DAKIN
University of Southampton

5.1  INTRODUCTION

For many decades, automobiles and many other 
road vehicles had used essentially the same basic 
technology for their drive systems and passenger 
cabins, apart from a gradually evolving stream of 
improvements to performance and passenger com-
fort. In the past 20 years or so, however, far more 
advanced (smart) vehicle technology has started to 
take a major hold.

This evolution commenced initially with 
onboard computer controls, engine management 
systems, satellite navigation features, and various 
new safety features, in particular, braking con-
trol, and collision and skid avoidance. Automatic 
braking systems and traction control systems have 
now been a safety feature on all but the lowest cost 

vehicles for many years, and may eventually be a 
legal requirement for all road vehicles.

In the past few years, however, progress is tak-
ing the technology to far higher levels of sophisti-
cation, to the extent that a major part of the cost of 
vehicles is becoming that involved with provision 
of the “smarter” features. Optoelectronics started 
to intrude slowly at first, initially for light emitting 
diode (LED) panel lights, new, then for ultra-bright 
arc-lamp-based headlights. Now both discrete and 
inbuilt satnavs are common; various other flat 
screen displays have been used to replace tradi-
tional instruments and high-reliability semicon-
ductor light sources are replacing all incandescent 
and discharge lamps.

The most recent developments, however, are 
far more disruptive in nature, causing a major 
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revolution in driver safety levels, to the extent 
where they are eventually expected to lead to 
human drivers having no part in the driving pro-
cess at all—in fact, progress is so fast that this may 
have already started to happen by the time you 
read this text!

To enable these advances, the level of digital 
information processing required in vehicles is 
increasing to an extent that it is stretching the lim-
its of the technology, with the computational and 
sensor/actuator costs already becoming a serious 
fraction of the overall cost of the vehicles. This sit-
uation offers tremendous commercial advantages 
to major computer hardware and software com-
panies in a way that has been the case in the past 
with manufacturers of typewriters, watches, and 
cameras. As such, therefore, it poses an existential 
threat to many established automobile manufac-
turers. Any that survive will have to adopt quickly, 
by developing their own technology very rapidly or 
buying-in (or collaborating on) the necessary high-
tech capabilities.

Many of the various ways in which opto-
electronics can play a part in vehicles were pre-
sented in Table II.1, but it will now be useful to 
expand on  this preliminary discussion by taking 
a look  at  the application sectors in the following 
sections.

5.2  VEHICLE LIGHTING

5.2.1  LED panel lights

Almost all low power panel/instrument illumi-
nation lights in vehicles, originally using old-
fashioned tungsten filament lamps, are now 
replaced by LEDs. LEDs are compact, have far 
greater reliability, are more rugged and consume 
far less power. As heat dissipation in highly effi-
cient LEDs is less of a problem, they can be used 
in greater spatial density; hence, far more dash-
board designs and locations are feasible. Lamp 
housing design is simplified and is often not even 
necessary. Unlike tungsten lamps, LEDs can also 
be used in arrays to create displays providing pic-
torial information. They can also be used to back-
light liquid crystal displays (LCDs). As will be 
discussed later, there is now a general tendency to 
use various forms of 2D display to replace all the 
individual panel lights, meters, and other dash-
board functions.

5.2.1.1  LED SIDE-LIGHTS, INDICATOR 
LIGHTS, AND BRAKE-LIGHTS

LEDs have also, for several years, been the lamp 
of choice for medium power vehicle side lights and 
as intermittent indicators for direction change or 
braking. Again, they have far greater reliability, are 
more rugged, and consume less power. Rear vehi-
cle lights, in particular, are becoming a new minor 
“art” form with small arrays of LEDs allowing 
vehicle rear lights to have a much larger area and 
to have any desired shape to reflect the character 
of the vehicle.

5.2.1.2  MAIN AUTOMOBILE HEAD-LIGHTS

For many years, LEDs were not bright enough to 
replace the main vehicle headlights, which require 
intense (high visible radiance) sources to provide 
their closely collimated light beams. Merely add-
ing more LEDs in the focal plane only permits an 
increase in total light output power by broadening 
the divergence of the beam; it was not useful for 
well-collimated main headlight beams. The devel-
opment of ultra-bright LED white light sources has 
now, however, reached the stage where a single LED 
or a very compact array of LEDs has sufficient power 
and brightness (radiance) to produce the required 
beam, which requires an ultra-bright focal-plane 
light emitter. From such a near-point-source emitter, 
it is now possible to produce a well-directed head-
lamp beam of the desired power (see Figure 5.1).

By using a compact focal-planar array of several 
such very small LED sources, it is possible to “steer” 
the beam direction by switching on selected ele-
ments of the array. This steering is possible without 
any mechanical moving parts, because each lateral 

Figure 5.1 An advanced multi-LED headlight 
from Hella.
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position of a source in the focal plane of a lens (or 
of a concave reflector mirror) corresponds to a dif-
ferent beam angle in the far field.

This development means that a headlight beam 
can be automatically directed to left or right of 
the forward direction of the vehicle, for example, 
to follow a bend in the road. To facilitate this, the 
vehicle requires sensors that will either detect 
the driver turning the wheel or use smart vision 
systems to detect, in advance, the lie of the road 
ahead. The facility to have switchable arrays also 
allows an even more sophisticated antidazzle fea-
ture to be incorporated. This involves the detec-
tion of oncoming car headlights (again with 
optoelectronics, using smart camera sensors, or 
small detector arrays) and the responsive switch-
ing off of selected LEDs in the headlight, so as not 
to dazzle the oncoming driver or drivers. This has 
great advantages compared to a driver seeing the 
oncoming vehicle and just dipping the headlights, 
as it not only reacts instantly, but it can also still 
provide full illumination of the road and verges 
outside of the field-of-view region occupied by the 
other driver’s vehicle and eyes (see Figure 5.2).

Recent developments involve the use of lasers 
in headlights. In this case, however, the laser light 
is used indirectly, by directing the output from a 
blue laser onto a focal-plane phosphor to create an 
intense white spot. The technology can be used to 
create multiple spots in a focal plane array, either 
by steering the laser or by constructing multiple 
light beam units within the same device. At the 
time of writing, Audi cars have been equipped with 

one of the earlier forms of such a headlamp, in a 
development with Bosch and Osram.

In this, the radiance of a multiple LED head-
lamp is augmented in each headlight by an addi-
tional laser unit. Focused spots, from up to four 
450 nm Osram blue lasers per headlight, are 
scanned across the surface of the phosphor using 
a steerable silicon micro-optics mirror, enabling 
the direction of the far field headlamp beam to be 
varied according to the position of the illuminated 
spots in the focal plane of the headlamp lens (see 
Figures 5.3 and 5.4).

The re-emitted light from the phosphor has a 
color temperature around 5500°C (just a little less 
than that of sunlight), and the light can be auto-
matically dimmed when camera sensors detect 
other road users in the path of the beam.

5.2.1.3  IN-VEHICLE DISPLAYS

Most modern automobiles now have a flat-panel dis-
play to repl§ace most, if not all, of the panel instru-
ments. This includes all the hazard and warning 

Figure 5.2 Beam pattern from Hella multi-LED 
headlamp when dimmed in selected areas to 
avoid dazzle. (Courtesy of Hella AG.)

Figure 5.3 Optical arrangement of laser  headlight, 
with blue laser exciting a white-light phosphor in 
the focal plane of a headlight via a silicon micro-
optics scanning mirror. (Courtesy of Audi AG.)

Figure 5.4 Light pattern from an Audi  headlight 
using main and dipped LED headlights with 
brighter laser-augmented far beam. (Courtesy of 
Audi AG.)
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indicators, general vehicle function,  mileage indi-
cators, radio controls and channels, satnav infor-
mation and any video information from reversing 
cameras, infrared (IR) night-vision cameras, 
ultrasonic or camera-based parking aids, and so 
on. Much as the current case with televisions and 
computer displays, the most common technology 
is using back-illuminated LCD displays, but LED, 
OLED (organic light emitting diode), electrolumi-
nescent and plasma displays are also contenders. 
Clearly, this not only allows more information to 
be presented at an economic cost compared to the 
prior use of multiple moving-coil instruments, but 
also allows the driver to program the display as 
desired, selecting a wide variety of other display 
functions or options using steering-wheel-mounted 
switches, etc.

5.3  OPTOELECTRONICS FOR 
ADVANCED DRIVING AIDS

5.3.1  Sensors to detect driver’s 
state of attention

An early aid to safety for top-of-range vehicles 
was a dashboard camera system facing the driver, 
which, with the aid of smart software, could detect 
signs of drowsiness or momentary sleeping and 
sound a loud alarm. Even when the eyes are open, 
there are various signs that show if a driver is 
drowsy, such as blink rate or characteristic move-
ment patterns.

5.3.2  Lane-following sensors

Another early optoelectronic driving aid was 
provided by lane-following hardware. This can 
use cameras to detect if the vehicle is wandering 
to the side of or across the white driving lanes 
markers on the highway, and then to sound a 
warning to the driver. In a more advanced system, 
it can provide an automatic mode of operation to 
take over control of the automobile and hold it 
within lanes. Such systems are also commonly 
used in simpler “line-guided” vehicles, such as 
smart fork-lift trucks that can move material 
around factories or warehouses, and for simple 
guided people carriers to take tourists around a 
park, etc. by following a painted line.

5.3.3  Parking/reversing aids and 
simple collision avoidance 
systems

As stated earlier, many automobiles are fitted with 
miniature external solid-state cameras. The most 
common is a rear-facing camera having a very 
wide field of view, which acts as a very convenient 
parking aid. This can, with the aid of the panel 
display, help the driver to see the distance to any 
object close to the rear of the vehicle when revers-
ing. This guidance can, of course, also be carried 
out with, or assisted by, ultrasonic sensors which 
are then used to depict close-proximity “collision 
danger” areas on the same optoelectronics display. 
Such cameras or ultrasonic sensors can, of course, 
operate in any desired direction and, with suit-
able software, be used to not only provide warning 
of imminent collision, but can also be coupled to 
engine and braking controls to help prevent any 
possibility of collision.

5.3.4  All-round viewing systems

All-round viewing is a very useful driving aid to 
help detect the presence of nearby objects, or, if 
designed with image processing software to iden-
tify their nature. There are several ways of provid-
ing this facility. Key objects near the vehicle can 
be classified as passive stationary features, such 
as lamp posts, road signs, buildings, kerbs, and 
objects in the road, or as active objects, which 
are, or might start, moving. This less-predictable 
category includes other vehicles (autos, trains, 
bicycles), pedestrians, animals, etc. Ideally, a full-
round system providing 3D distance information 
is needed. Non-optical methods, such as ultrasonic 
and conventional radars, can provide some of these 
features, but optical methods will play a key part in 
providing higher resolution detail.

One of the methods of achieving, viewing, and 
mapping of the surrounding 3D environment is 
with a scanned LIDAR (light detection and rang-
ing) system (see Chapter 12 in Volume II). Short-
range LIDAR systems operate over a range of 
1–30 m and can provide distance information by 
measuring the two-way time-of-flight of a laser 
beam reflected back from nearby objects.

For LIDAR intended for vehicle use, where 
pedestrians, cyclists, and other drivers may be 
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present in the field of view, a low-power laser is 
essential, preferably one operating at wavelengths 
such as 1500 nm, where eye safety limits are 
higher. Generally, because of the complex nature 
of the surface of the reflecting objects (pedestrians, 
cyclists, vehicles, etc.), these monitor delays in the 
amplitude modulation pattern of the laser, such as 
time-to-return of simple pulses or orthogonally 
encoded streams of pulses, rather than using opti-
cal coherence methods.

By scanning the direction of the laser beam in 
azimuth and elevation, and observing delays as a 
function of direction, a valuable 3D map of objects 
around the vehicle can be constructed. By measur-
ing the situation at high update rates, the LIDAR sig-
nals not only provide range and direction, but can 
be processed to provide relative velocity information 
and hence determine the possibility of a collision.

In addition to LIDAR information, which has a 
limited pictorial resolution, a simpler roof-mounted 
360° camera can provide higher definition informa-
tion to back up the raster-scan type image from the 
LIDAR (see Figure 5.5). Such a camera, provided 
with suitable optics, can provide all-round vision 
with a reasonable vertical field-of-view range. (The 
system, which is also well suited for law enforce-
ment activities, will be described in more detail in 
Chapter 6, Volume III on security and surveillance.)

Clearly, if two spatially separated cameras are 
used, they can also be processed to provide stereo-
scopic vision, much as human drivers can do, but 
with the potential for enhanced accuracy when the 
cameras are more widely spaced, and of course, 
the more rapid response possible using artificial 
intelligence.

Although all these optical systems can provide 
excellent information in good visibility, the situa-
tion becomes far less “clear” in bad weather condi-
tions, particularly if the sensing optics is dirty or 
covered with water from mist, condensation, ice, or 
rain droplets. Surfaces can be cleaned with suitable 
miniature wipers, but, as we all know with a dirty 
window, external situations can become very dif-
ficult to decipher at times. There are possibilities of 
purging the volume near the lenses with clean air, 
but this does not help in fog, mist, or heavy rain. If 
the atmospheric visibility is bad, then the system is 
impaired in just the same manner as for humans, 
except that, in fog or mist, longer wavelength infra-
red cameras suffer less scattering and obscuration 
from small particles in the atmospheric path.

It is possible that, as costs reduce, vehicles may 
be required to be fitted with camera systems to 
record driving events, so that, in the case of an 
accident, they can be used to implicate or vindicate 
a driver or an external driver, cyclist, or pedestrian.

All-round panoramic view

(a) (b)

Figure 5.5 (a) A roof-mounted 360° camera to enable all-round viewing from a video camera. 
(b) Special optics, combined with postdetection video processing is used to produce the all-round 
view. (Courtesy of Observant Observations plc, UK.)
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5.3.5  Infrared night-vision 
driving aids

A recent development for night driving involves an 
infrared forward-looking video camera, which can 
view the road ahead in this useful region of the spec-
trum, and produce an otherwise conventional video 
display of the thermal scene (see Figure 5.6).

This facility, which has evolved from many 
years of military use, is particularly useful for 
advance warning of hazards, which are warmer 
than the surroundings such as warm-blooded 
animals, pedestrians, and even hot parts of vehi-
cles. The camera is set to observe such objects at 
ranges at or beyond the limit where they might 
first become easily noticeable to the driver in 
the visible headlight beam, with the additional 
advantage that such objects will have a greater 
visual contrast due to temperature differences 
from their surroundings, and can also offer better 
visibility in mist or fog. This contrast can also be 
used to trigger an audible or visual alarm to alert 
the driver to the hazard.

5.4  THE NEW AGE OF FULLY 
AUTONOMOUS VEHICLES

It is the continued development of technologies such 
as those explained in the previous sections, com-
bined with similar developments in sensors using 
other possible nonoptical technologies (such as 
acoustics, tachometers, radar, and millimeter wave 
technology, GPS satnavs, and inertial and road speed 
sensors) that is now leading to the greatest single step 
in motoring for over a century, the possibility of fully 
intelligent autonomous (self-driving) vehicles!

Human drivers are fallible, but it is expected 
that faults in autonomous vehicle hardware, and 
even software equipment can be reduced to near 
zero, either by careful hardware design or by 
providing partial redundancy, full duplication, 
or both. Machines can have multiparameter all-
round sensing capability, and can be designed to 
sense parameters, such as radar echoes and infra-
red and ultrasonic images, that humans are unable 
to detect. With the power of modern processors, 
they can deal with huge quantities of information, 
yet react in tiny fractions of a second.

It may surprise some to know that similar 
systems have, in essence, been with us for many 
years, as most commercial airlines can essentially 
take off, fly, and land entirely without a pilot, if 
it was desired, although many of these systems 
use radar and inertial navigation aids to a greater 
degree than optics, as distance scales are usually 
much greater. In addition, many smaller airborne 
drones and sub-sea remote-piloted vehicles (RPVs) 
are equipped with many of the necessary sensing 
functions. In road vehicles, there is, of course, a 
far greater need to reduce cost, which is a problem.

Except, in the unlikely event of a major fault, an 
automatic pilot of an aircraft never loses concen-
tration, falls asleep, makes mistakes or misjudg-
ments. He also rarely imbibes intoxicating liquor! 
The same advantages are clearly attractive for road 
vehicles, as, even for the best of drivers, reaction 
times are significant, concentration inevitably var-
ies, and many more are guilty of taking alcohol and 
drugs than pilots are. This has been borne out by 
early road tests of autonomous vehicles, which have 
been proven to have very few accidents despite hav-
ing already been tested over large distances, albeit, 

(a) (b)

Figure 5.6 Schematic of an infrared night vision system for automobile use, suitable for early detec-
tion of unlit vehicles, (a) pedestrians, or (b) animals in the field of view. (Courtesy of Audi AG.)
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at the time of writing, only when a human driver 
was present, in case it was necessary to take over 
control from the automaton.

The sophisticated systems required for such 
functions require not only a large number of 
advanced sensors (see Figure 5.7), but ever- 
increasing data storage, and computer processing 
to deal with the huge quantities of data in real time 
(see Figure 5.8).

The amount of data generated just by using 3D 
LIDAR scanners and multicamera sensing systems 
is truly enormous, particularly when rapid updates 
are required. In addition, highly sophisticated 
video pattern recognition and decision-making 
software is required in order to use the data to 
guide the vehicle in an appropriate manner.

It is probably due to the latter aspects that one 
of the first long-term road trials of an autono-
mous vehicle was implemented by Google, pri-
marily, at the time of writing, still a software 
and computer-related hardware company. Many 
of the multidisciplinary skill sets required 
to develop autonomous vehicles and the ever 
increasing number of electrically powered vehi-
cles are already present in the companies known 
for developing smartphones and computers. It 
is therefore of little surprise that, shortly before 
the time of writing, Apple Inc. announced that 

they would also be forming a company to develop 
smart vehicles, presenting a further major threat 
to existing auto manufacturers. This development 
is, of course, made all the easier by the advanc-
ing trend towards all-electric vehicles, where the 
design-challenge emphasis is on batteries, electri-
cal power control circuitry for their discharge and 
recharging, and on peripherals such as motors, 
actuators, sensors, and displays.

Because of the disruptive nature of the new 
technology, there is no major motor vehicle man-
ufacturer that does not respond to this threat by 

Figure 5.8 Photo of an in-vehicle data proces-
sor designed for piloted vehicles. (Courtesy of 
Audi AG.)

Driver assistance systems
10/14

Audi RS 7 piloted driving concept

Front camera:
• Audi active lane assist
• ACC with Stop and Go function
• Speed limit display
• Audi pre sense/front/plus
• Adaptive light

Ultrasonic sensors at front:
• ACC with Stop and Go function
•  Parking system plus
   with front and rear camera
• Park assist with display
   of surroundings

Infrared camera:
• Night vision assistant
   with highlighting
   of detected pedestrians

Front radar sensors:
• ACC with Stop and Go function
• Audi pre sense/front/plus

Crash sensors:
• Front protection adaptivity
• Side protection
• Rear impact protection

Rear radar sensors:
• Audi side assist
• Audi pre sense rear/plus

Ultrasonic sensors
at side:
• Park assist with display
  of surroundings

Front, rear and
top-view cameras:
• Parking system plus
   with front and rear camera
• Park assist with front and
   rear camera

Audi

Ultrasonic sensors
at rear:
• Parking system plus
   with front and rear camera
• Park assist with display
   of surroundings

Figure 5.7 Schematic showing a piloted vehicle equipped with multiple sensors to provide driver 
assistance or permit piloted driving. Many sensing technologies are used, but many of the key ones 
for 3D viewing use optoelectronics. (Courtesy of Audi AG.)
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having a significant research activity directed at 
autonomous vehicles. By the time the reader sees 
this article, it is not unlikely that fully autono-
mous vehicles will be permitted on all roads with-
out the requirement for a driver to be there as a 
backup. Already, low-speed autonomous vehicles 
are being used in some off-street applications (for 
example, to provide guided tours for tourist sites) 
and, as said earlier, it has already been proven that 
an autonomous car can drive in normal road and 
highway traffic with a better statistical success rate 
(lower accident rate) than a human driver.

The impact of autonomous cars will be enor-
mous. First, software companies will have a major 
position in the vehicle business, even if not directly 
involved with the manufacture of complete vehicles. 
It is very likely that the vehicles will also be equipped 
with “handshaking” communications links to each 
other and to roadside street architecture. The abil-
ity for vehicles to transmit their position, speed, and 
even their short-term directional intentions to each 
other will allow road traffic to become far steadier 
and safer, even with the greater traffic flow rates 
expected. Complete halting, or even significant slow-
ing down, at junctions will often be unnecessary, as 
vehicles could interweave seamlessly, even with the 
narrow gaps between vehicles possible because the 
autonomous systems have far faster reaction times. 
Because vehicles can travel in closely spaced trains at 
constant velocity, fuel economy would be far greater, 
and vehicle wear greatly reduced. Air resistance 
would be much lower because of “slipstreaming” and 
there would be less need for stopping, starting, and 
unpredictable evasive action.

The availability of autonomous vehicles will also 
enable many more members of society to be “nomi-
nally in charge” of vehicles, as there would be no 
need for the passenger(s) to have any driving abil-
ity. This opens the possibility of travelling freedom 
to nondrivers such as the infirm and aged and, with 
pre-programmed travel routes, even the very young 
(school run without parents?) and the mentally 
impaired. People can work on the way to and from 
work, leaving the vehicle to drive itself. Because of 
the potential safety benefits, it has been suggested 
that insurance companies specializing only in vehicle 
accident cover may soon become extinct! This will 
almost certainly have a major impact on the employ-
ment of taxi drivers, as it is highly likely they would 
be replaced by driverless cars for hire.

Because of the requirement for road travel to be 
more regimented, to fit in with the travel of closely 
spaced vehicles, the days of high-performance 
supercars are likely to soon be over. It may be that 
there will be a huge increase in vehicle uniformity, 
with many people having less desire to own a vehicle 
for sole use. However, for the image conscious, there 
may still be some residual degree of status remain-
ing in car ownership, particularly if the external 
visual aspects of car design and the creature com-
forts of the interior space are important.

Despite all the promise, and some degree of 
“hype,” there are still a few major problems to resolve 
before autonomous road vehicles are completely 
accepted. These are mainly based on legal liability 
issues, and capability in bad weather conditions.

There are particularly difficult problems regard-
ing the decisions a vehicle must make when there is 
no possibility of avoiding an accident without break-
ing the traffic law or of causing another separate 
accident. The legal responsibility if an accident then 
occurs could potentially be a difficult one to resolve. 
For example, would blame rest with the manufac-
turer of the vehicle, the vehicle owner, the “driver” 
who initially set the vehicle system in operation 
(and who might initially have an option for tak-
ing the vehicle into a hands-on mode, if he chose), 
or the programmer who wrote the code. Regarding 
the other issue, if an unexpected event occurs, the 
vehicle computer may have to decide between sev-
eral options of evasive action. Some of these options 
may involve breaking traffic laws (for example, 
crossing a solid white line, turning into a no-entry 
lane, or potentially more seriously deciding to turn 
and deliberately hit another vehicle to avoid a more 
vulnerable pedestrian). Deciding on the least serious 
option is a philosophical dilemma, which can often 
be decided by alert humans, but may require highly 
intensive programming for a nonhuman driver. It 
would clearly be particularly difficult for an automa-
ton programmed to obey traffic laws to the letter!

Regarding bad weather, heavy fog, heavy rain, 
and/or dirt and grime from soiled roads is likely to 
be a problem. Heavy snow is likely to be particularly 
troublesome, as it can not only obscure visibility by 
resting on the optical surfaces, but can present an 
almost pure-white, featureless background, remov-
ing the visual cues of road markings, roadside 
verges and pavements (sidewalks), etc. on which 
the optical navigational software depends.
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Long before road and highway vehicles are uni-
versally allowed to have such systems, there are 
niche areas where autonomous vehicles are likely 
to have a much earlier economic impact. This is in 
working vehicles on mining and construction sites, 
large-scale farm sites, and for vehicles such as fork-
lift trucks in large factories or storage warehouses. 
All these work in a more closely controlled working 
environment, where time-efficient, fuel-efficient, 
accident-free operation, and labor cost reduction are 
major issues, and it may, with careful management, 
be arranged that no humans are normally present. 
Because of this, legislation may be easier to intro-
duce than for the more complex cases of automo-
biles on roads and highways. The ability to operate 
safely, 24/7, regardless of temperature, humidity, and 
possibly even the need for good lighting, are huge 
advantages for many industries, so a major technical 
revolution is expected here, almost certainly over a 
much shorter timescale.

Once autonomous vehicles are fully accepted for 
road use, the first most likely area to be dominated 
by these will be for taxis and buses. Here, there is the 
additional free seat that would normally be occupied 
by the driver, the fuel economy, the more significant 
cost saving of not needing to pay for the salary of a 
driver and, in the case of the taxis, the avoidance of 
the potential risk of entering a vehicle with a stranger 
at the wheel. It appears that, at the time of writing, 
online taxi services such as Uber are monitoring this 
activity very closely. By the time of publication, or 
soon after, this application area may already be start-
ing to be significant in countries that are amenable to 
having autonomous vehicles on their roads.

5.5  OTHER SENSORS

A fuller description of an all-round (360°) cam-
era system, that may also be applied to vehicles for 
driver assistance and a possible other sensor for 
autonomous vehicles, is given in 6, Volume III. This 
 technology allows a single conventional camera to 
see in all directions around the vehicle by using spe-
cial optical mirror elements, with subsequent video 
processing to correct the inevitable distortions in the 
image.

5.6  CONCLUSIONS

The prospects for optoelectronics in vehicles are 
clearly exceptional. This is one of the areas where 

it will make the most disruptive changes to our 
society. In the future, when autonomous vehicles 
become the norm, no doubt many people will 
regret losing the many pleasures of driving, but 
the savings in time, fuel, human effort, and lives 
will almost certainly become the deciding fea-
tures. Eventually, the concept of fallible humans 
being in charge of high-velocity machines, caus-
ing thousands of deaths a year, will no doubt be 
a cause for incredulity, with historians looking 
back at yet another aspect of the seemingly primi-
tive behavior of past generations.
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6
360° camera systems for surveillance 
and security

GARETH J. EDWARDS
Observant Technology limited

6.1 INTRODUCTION

This chapter describes how the ubiquitous tech-
nology of surveillance cameras can be enhanced 
to provide a seamless all-round (360°) viewing 
platform. Standard cameras usually have a very 
limited field of view and this restricts usage in a 
variety of vision applications, such as surveillance, 
robotics, and optoelectronics for vehicle driver 
assistance. The technology also has potential for 
fully autonomous vehicles.

360° camera systems (see Table 6.1) have several 
advantages over standard fixed field of view and 
motorized pan, tilt, and zoom (PTZ) cameras, and 
these include the following:

 ● See everything—“eyes at the back of the 
head”—all-round visibility.

 ● Simultaneous imaging of the entire field, rather 
than sequential shots.

 ● Increased situational and contextual 
understanding.

 ● No motorized or physical camera movement.

There is one principle disadvantage:

 ● No optical zoom is possible, only post- 
detection zoom of the digital images.

There are several ways in which a field of view of 
an imaging system can be increased to cover 360°, 
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some of which, including their geometric and 
mechanical features, are detailed here.

It should be noted that for geometrically accu-
rate 360° viewing or analysis, a full 4π steradian 
spherical projection must be accurately recreated. 
To achieve this, the entire captured image must 
have a single effective viewpoint. Fortunately, there 
are a variety of different ways in which this can be 
accomplished. For simplicity and brevity, we shall, 
in our discussions, consider the production of a 
single “still images or video”. Achieving 360° video 
acquisition then simply involves the sequential 
processing of a sequence of such still images.

6.2 360 ° IMAGE VIEWING

Whichever optical process is used to acquire 360° 
images of a scene, significant image distortion is 
inevitable (a common example is seen in 2D atlas 
maps of the whole world). Fortunately, whichever 
optical system is used, all of their different heavily 
distorted formats can be “dewarped.” This involves 
digitally mapping them to go from a distorted to a 
less distorted (or even undistorted) mapping. They 

can then be viewed using techniques such as spher-
ical or equirectangular projection.

6.2.1  Spherical projection

To understand the concept of “spherical projection,” 
it is best to consider that you are turning “on the spot” 
to sweep your view, while looking at the horizon, 
panning through a complete 360° rotation. By also 
considering that you could also look up and down 
through 90° from the horizon during this maneuver, 
you would then view everything, even to the limits 
of directly above and below. The term “spherical pro-
jection” is derived from imagining that you can view 
everything that you would see during this exercise, 
just as if it were “painted” on a sphere, centered on 
your head. This is the fundamental principle that 
underlies all imaging that requires the recreation of 
perspective, and where the entire captured image, or 
images, must have a single effective viewpoint.

Since a typically sensed image is rectilinear, the 
problem of representing a spherical panorama is, as 
mentioned earlier, the same as that of representing 
the surface of the earth on a flat map (Figure 6.1). 

Table 6.1 Various 360° camera systems available in the market

Manufacturer Name type Description and web link

360FLY 360FLY Fisheye HD (high definition) video camera
Bubblescope Bubblescope Catadioptric iPhone 4/4S and 5/5/SE adaptor
Dallmeier Panomera Polycamera Multifocal sensor camera 

system(www.dallmeier.com)
Homestec Homestec Fisheye HD video camera
Immersive 

Media
Various Polycamera Ultra-high-resolution photography and HD video 

(immersivemedia.com)
Kodak PIXPRO SP360 Fisheye High-resolution photography and HD video 

(kodakpixpro.com)
Kogeto Kogeto Dot Catadioptric iPhone 4/4S adaptor
NCTech iSTAR Fusion 

and iStar Pulsar
Polycamera Ultra-high-resolution photography and HD video 

(www.nctechimaging.com)
Observant 

Innovations
Patrol and Sentry Catadioptric High-resolution burst (12 fps) photography 

(www.observant-innovations.com)
PANONO PANONO 360° Polycamera Polycamera ultra-high-resolution photography
Point Grey Ladybug (various) Polycamera Polycamera ultra-high-resolution photography 

and HD video (www.ptgrey.com)
Samsung Gear 360 Polycamera High-resolution photography and HD video
Sphere Optics Sphere Fisheye Optical adaptor to convert a DSLR (digital 

single lens reflex) camera into a 360° camera 
(www.sphereoptics.io)

http://www.dallmeier.com
http://immersivemedia.com
http://kodakpixpro.com
http://www.nctechimaging.com
http://www.observant-innovations.com
http://www.ptgrey.com
http://www.sphereoptics.io
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Projection methods that have been developed for 
this include the well-known “Mercator’s projection.”

6.2.2  Equirectangular projection

Equirectangular projection requires that all lines of 
latitude and longitude are equally spaced. Because 
a projection of a complete sphere is typically twice 
as wide as it is high, and as the points represent-
ing the north and south poles are spread along the 
top and bottom, it is clear that such a projection 
from a spherical to a flat surface results in extreme 
distortion (see Figure 6.2). It also follows that digi-
tally transforming and storing such a complete 
 spherical panorama as a flat digital image will 
inevitably be inefficient as the increasing distortion 

when close to the poles results in ever greater waste 
of digital storage space.

6.3 360 ° IMAGE ACQUISITION

Most 360° cameras, or camera systems, do not 
image a complete spherical panorama. Typically, 
they image a field of view that is either a 360° sec-
tion of a sphere or a portion of a sphere with the 
areas near the poles removed (like taking the top 
and bottom off an egg!).

Using these techniques, a complete part-spherical 
panorama can be digitally acquired and stored as 
a single image; it can be dewarped and displayed 
using one or more of the projection techniques 
described earlier.

(a) (b)

Figure 6.1 (a) Earth projected to (b) a flat surface using Mercator’s projection.

(a) (b)

Figure 6.2 (a) Earth projected to (b) a flat surface using equirectangular projection.
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There are many different optical arrangements 
used for 360° camera systems, the most common 
being categorized as catadioptric, poly-, spherical 
mosaic, wide-angle or fisheye. These are detailed 
in the following subsections.

6.3.1 360 ° Catadioptric camera

6.3.1.1  OVERVIEW OF 360° CATADIOPTRIC 
CAMERA

A catadioptric camera uses a shaped mirror—
such as a parabolic, hyperbolic, or elliptical type 
to image objects. This is done either directly by 
reflection of a spherical panoramic scene, or indi-
rectly by arranging a second reflection of part of 
the reflected spherical panoramic scene. This latter 
two-mirror arrangement is described as “folded.”

To view a relatively undistorted reflection of 
a spherical panoramic scene, typically, we use a 
hyperboloidal mirror to yield an image of the scene 
around its axis. The angles of azimuth and altitude 
within such an image can easily be computed. For 
example, it can be clearly seen that all the points with 
the same azimuth in space appear on any radial line 
through the center of the image. This is the same for 
both conical and spherical projection. However, a 
hyperboloidal mirror has a special feature such that 
with hyperboloidal projection, the angles are inde-
pendent of changes in distance and height.

Typically, the choice of whether to employ direct 
or folded optics is determined by the intended 
application. For vehicular- and post-mounted cata-
dioptric cameras, where the sensor must look up 
and down to image a scene both above and below 
the horizon, a direct arrangement is used for rea-
sons of connectivity. For usage where only looking 
above the horizon is required, a folded system is 
preferred.

The principle advantage of 360° catadioptric 
cameras is that, when geometrically accurate view-
ing or analysis is required, the recreation of perspec-
tive is simple as there is a single effective viewpoint 
at the focal point of the hyperboloidal mirror. It is 
also possible to compensate for radial lens aberra-
tions using an image debarreling digital preprocess.

6.3.1.2  ON-VEHICLE USAGE OF A 360° 
CATADIOPTRIC CAMERA

A very important use of 360° cameras is providing a 
full 360° field of view around vehicles. The main early 
applications have been for surveillance and security, 

for example, on police vehicles, where simultaneous 
recording of events regardless of direction is par-
ticularly useful. There are many potential applica-
tions for driver assistance, involving detection of 
moving driving hazards (such as other vehicles and 
pedestrians) and stationary objects such as street 
infrastructure, and the technology may prove to be 
useful for fully autonomous vehicles (see Chapter 
5.4 on transport applications).

We shall now show the types of images captured 
by a 360° catadioptric camera.

Figure 6.3 shows a spherical panoramic scene 
“seen” by a catadioptric camera as an annular image. 
A digital image processing program can “dewarp” 
the annular 360° image captured from a catadioptric 
camera and display a part of this as either a 2D flat 
panorama or as a 3D spherical view. The dewarping 
process is often referred to as “unwrapping.” The 2D 
flat panorama can be displayed in full or can be split 
into parts (e.g., two 180° portions, see Figure 6.4). 
2D image viewing tools can allow the user to zoom 
in to magnify a desired part of the 2D view.

A part of the original (typically high-resolution) 
3D spherical view can be displayed using virtual 
3D pan, tilt, and zoom (VPTZ). To achieve this, 
a virtual 3D camera, located at the center of the 
virtual 3D sphere, zooms and pans into portions 
of the (spherically dewarped and transformed) 3D 
digital source annular image (Figure 6.5). As this 
is done with the digital image, no physical camera 
movement is needed.

Such a VPTZ camera is often referred to as 
an ePTZ.

The VPTZ field of view can be interactively 
panned and tilted to simulate what a viewer in the 
real world might have seen if their point of view had 

Figure 6.3 A catadioptric annular image.
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been collocated and rotated to match that of the 
360° camera.

Virtual zoom is simulated by interactively 
changing the field of view of the virtual camera.

The maximum look-up and look-down angles 
of the original annular digital image will of 
course limit the amount of virtual tilt (see Figure 
6.5 to the left).

6.3.2 360 ° Polycamera

6.3.2.1  OVERVIEW OF 360° POLYCAMERA

A polycamera is a tightly packed cluster of cam-
eras, all facing directly outward from a central 
locus, so that the combination can capture a larger 
part (or even all) of a 360° field of view.

The tight clustering ensures that the viewpoints 
of the multiple cameras are in close proximity to 
each other. This reduces parallax and makes it 
easier to combine photographic images of mul-
tiple views, with overlapping fields of view, into a 
single seamless large field of view. This process is 
called image “stitching” by analogy to the process 

of stitching small pieces of cloth into a larger whole, 
such as a quilted bedspread.

A polycamera can comprise as few as two back-
to-back cameras, each with a matched wide-angle 
lens with an overlapping spherical field of view (e.g., 
240°). However, for better resolution and image 
quality, a polycamera usually comprises four or 
more cameras (see Figure 6.6, the polycamera here 
comprises six cameras) arranged such that image 
overlaps to allow for “stitching” without gaps in 
coverage (see Figures 6.7 and 6.8). Typically, the 
greater the number of cameras, the greater the pos-
sible resolution, and the lower the aberrations and 
hence, any visible visual artifacts resulting from 
“stitching.”

The disadvantages, compared to the catadioptric 
camera described earlier, include the following:

 ● Lack of a single effective vertically aligned 
central viewpoint, which results in 3D spatial 
parallax disparity with respect to objects close 
to the polycamera in the scene being viewed

 ● Lens distortion often requiring correction of 
significant image warping

Figure 6.4 A 2D “unwrapped” annular image.
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Figure 6.5 Virtual pan, tilt, and zoom.
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 ● Scene motion artifacts that increase 
 significantly when the polycamera is in motion, 
such as being on a vehicle

 ● Image to image photographic exposure 
differences

6.3.2.2  ON VEHICLE USAGE OF A 360° 
POLYCAMERA

Typically, image acquisition by all cameras within 
a polycamera is simultaneously triggered, such 
that an entire scene is acquired with minimal pho-
tographic artefacts (e.g., person or car appearing to 
be in two places at the same time).

The regions of “stitching” are blended compo-
sitions of the dewarped and radially undistorted 
images and the “seams” between the “stitched” 
source images can often be detected due to poor 
image processing and the lack of careful control 
to obtain a satisfactory overall exposure.

Especially problematic, when using a 
 polycamera in which the separate cameras are 
tilted up or down so as to acquire a non- horizon-
aligned vertical field of view, is the increase in 
 spherical distortion and the commensurate 
increase in image dewarping required and the 
increase in the number of separate cameras 
required due to the decrease (proportional to 
tilt) in overlap.

A further disadvantage is that there is a lack of 
a simultaneous acquired master image. This leaves 
the highly unlikely, but also clearly highly unde-
sirable, possibility of tampering with recorded 
evidence by using time-delayed, or retouched, pre-
vious parts of an image.

The complete 360° “set” of polycamera images 
used in the examples shown in Figures 6.6 and 6.7 
are not  horizon aligned, each having a tilt down 
of 20°. The increased image distortion is clearly 
apparent in the fifth and sixth images.

Figure 6.6 A complete 360° “set” of polycamera images with overlapping horizontal field of view.

Figure 6.7 Polycamera images assembled in sequence before “stitching.”

Figure 6.8 Polycamera images combined into a “stitched” panorama.
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6.3.3 360 ° Spherical mosaic

By panning a single camera, it is also possible to 
assemble a mosaic (including “stitching”), to create 
a 360° image. As with a 360° polycamera, multiple 
images are required. These two techniques share 
many of the same advantages and disadvantages; 
however, in this case, the mosaics cannot avoid 
temporal artifacts, as the source images are not 
simultaneously triggered.

A handheld camera can be used to acquire a 
full 360° spherical mosaic. These source images 
can be “stitched” together using advanced image 
processing techniques such as edge–feature detec-
tion. Using this to rescale and align with the other 
images, a useful single image can be computed. It 
is not uncommon for enthusiastic photographers 
to achieve a similar panoramic solution, though 
this can be tedious and time-consuming and needs 
great skill to be successful.

A number of applications have been developed for 
mobile phones (and recently supplied as part of some 
mobile phones tool set) where a user can take mul-
tiple images while “sweeping” their mobile phone 
around them in a horizontal arc; the images can 
then be combined using techniques such as those 
described earlier. However, due to these images being 
acquired while the mobile camera is held in front of 
a user, often at arm’s length, the resulting lack of a 
single effective viewpoint for imaging near objects 
and people, and temporal artifacts, often results in 
an unsatisfactory 360° spherical mosaic.

By mechanically rotating, instead of smooth 
panning, a camera in equal incremental steps 
about a single axis, a very large number of nar-
row vertical image strips can be acquired, making 
it easier to stitch them together to form a single 
image. To do this reliably, a special mechanical 
mount is required.

Nonmechanical disadvantages of all the pan-
ning methods include the difficulty in ensuring 
complete coverage of a 360° sphere. Whichever 
360° spherical mosaic is chosen, the objective is 
to create a single very-high-resolution image from 
multiple lower resolution source images.

6.3.4 360 ° Wide-angle and fisheye

Images taken with wide-angle cameras tend to have 
severe distortions (aberrations) that pull points 
towards the optical center causing radially varying 

distortion. There are many different digital process-
ing techniques available for image correction. Many 
are available in popular image painting and photo-
graphic processing programs on PCs, laptops, and 
tablets. These techniques are either based on cali-
brated or noncalibrated cameras. The latter requires 
that the program must first algorithmically derive 
the radial and tangential calibration parameters of 
the imaging system, as it is only with this informa-
tion that the program can correct the image.

6.4  MAIN APPLICATIONS

6.4.1  Vehicle-mounted 360° 
surveillance

We referred to the applications of 360° camera 
systems in the introduction but we shall now go 
into more detail. The generic advantage is that on-
vehicle-mounted 360° panoramic cameras can be 
considered to be “body worn video for vehicles.” 
As described earlier, with this facility, a vehicle-
mounted camera need no longer be looking in the 
right direction to capture critical footage: these 
cameras “look” in all directions, all of the time, 
capturing the entire 360°panoramic all-around 
view without compromise. For professional use, 
the cameras must be intrinsically robust and also 
typically satisfy a myriad of commercial and gov-
ernment electrical, emissions, and commercial 
standards. Such a process can take many years to 
achieve. They have to meet the mechanical rigours 
of vehicle mounting and be rigorously tested and 
evaluated to exceed the demands of the emergency 
services community.

Typically, an on-vehicle 360° panoramic cam-
era will be located on top of a light bar or a camera 
roof mount. This is to provide the panoramic cam-
era with not only a “look out,” but also a degree of 
“look down” capability (see Figure 6.9). The obvi-
ous limitation of this is simply the point where the 
field of view becomes obstructed by the roof of the 
vehicle (see Figures 6.3 through 6.8). As mentioned 
earlier, many earlier 360° panoramic cameras were 
polycameras, comprising multiple individual cam-
eras mounted with the same horizontal plane of 
view. This is usually an unsatisfactory solution, as 
the resulting panoramic images often comprise 
mostly sky, not the local around a vehicle.

For this reason, a catoptric 360° panoramic 
camera is often used. This allows for the calibration 



72 360° camera systems for surveillance and security

of imaging such that annular images are acquired 
between a maximum and a minimum angle pro-
viding a balance of viewing between above horizon 
image information and local viewing (e.g., people 
near to the vehicle) (see Figures 6.10 and 6.11).

6.4.2  Static 360° surveillance

A 360° surveillance camera is usually a pole- or 
mast-mounted variant of the on-vehicle camera 
described earlier (see Figure 6.12).

These are designed to be attached to a mast or 
pole to provide 24 h continuous surveillance in all 
directions.

Typically, they are IP (Internet protocol) cam-
era systems capable of carrying out complex analy-
sis and image processing. They link to incident 
management and reporting systems via high band-
width networks, such that high-quality images can 
be streamed back to a remote location (e.g., control 
room, incident room).

They are often designed to be suitable for either 
fixed sites or sets of temporary ones where rapid 
redeployment is possible. To allow this, they are 
built with various mountings for quick and easy 
installation.
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Figure 6.10 Maximum and minimum angle of a 
catoptric 360° panoramic camera.

All-round panoramic view

Figure 6.11 Panoramic view offered by a 
 catoptric 360° panoramic camera.

Figure 6.9 Typically, an on-vehicle 360° panoramic camera will be located on top of a light bar or a 
camera roof mount.

Figure 6.12 360° surveillance camera.



6.5 Publications 73

6.4.3  Video conferencing

Various 360° panoramic camera systems are 
commercially available for video conferencing. 
Typically, these comprise only a 360° panoramic 
video camera (often based on fisheye lenses), with-
out any integrated method for simultaneously 
receiving or viewing 360° panoramic video.

6.4.4  Robotics

Robotics is one of the most disruptive technolo-
gies of our period, and reliable sensing and instru-
mentation have a vital part to play in their ongoing 
development. As with humans, the most intelligent 
robots require to “see” what they are doing. Many 
types of compact 360° camera systems have been 
mounted on a variety of robots and used to control 
or drive the robots from remote locations. There is 
likely to be a huge increase in more intelligent and 
nearly autonomous or fully autonomous robots in 
the coming years, and having high-quality visual 
abilities will be a key factor in their success.

A range of intelligent surveillance systems have 
been developed that use 360° imaging to simulta-
neously track multiple objects moving within the 
large field of view.
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PART    III

Optoelectronics for security 
and surveillance

This section addresses applications of optoelec-
tronics in security and surveillance. Starting with 
the ubiquitous CCTV camera, we shall again sum-
marize the field with a table, before presenting 
chapters on the use of optoelectronics in this area.

Before presenting our selection of case studies, it 
is again appropriate to do a little cross-referencing 
of applications for various technologies. It should 
be noted that several aspects of CCTV camera tech-
nology were already discussed in the infrastructure 
and transport sections. Clearly, the monitoring 

and identification of vehicles from roadside and 
 highway gantry sites has obvious security and sur-
veillance advantages, and the distributed acous-
tic and seismic sensor system we have mentioned 
(which will be covered in more detail under oil 
and gas applications) has great promise as a secu-
rity device for the detection of intrusion through 
perimeters and protection of vital infrastructure, 
secure buildings, and valuable objects. Many of 
the surveillance devices discussed here also, quite 
clearly, have a great potential in the military field.
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Table III.1 Summary of applications of optoelectronics in the security and surveillance field

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

General surveillance, 
using CCTV 
cameras.

Cameras with simple 
direct human observer 
of TV display. “Smart” 
video cameras with 
varying levels of 
software 
sophistication.

Image recognition 
software can detect 
and identify vehicles, 
number-plates, faces, 
iris patterns, walking 
gait, and many other 
vehicular or 
biometric features.

Enormous value for 
detection and 
prevention of crime, 
terrorism, or potential 
crowd hazards.

Noncontact sensors, which 
can provide real-time 
observation. Signals can 
be recorded for later 
perusal and use for 
evidence in criminal 
prosecution. Solid-state 
cameras can be robust, 
very small, and have low 
cost.

Limited to line-of-sight 
applications (but, at 
extra expense, 
multiple cameras 
can be used).

Public objection 
because of 
perceived loss of 
personal liberties.

Society has never been so 
closely observed, as 
cameras are 
everywhere. Most are 
publicly accepted as a 
compromise between 
the personal and 
national security 
advantages and privacy 
concerns.

See Chapter 6 (360° 
Camera Systems), 
Volume II, Part II 
(Enabling 
Technologies for 
Imaging and 
Displays), Volume II, 
Chapter 13 (Optical 
Information Storage 
and Recovery) and 
Chapter 14 (Optical 
Information 
Processing), and 
Part I (Infrastructure) 
in this volume.

Vehicle number-
plate 
recognition.

“Smart” cameras 
with software to 
read number-
plates from the 
video signal. 
Systems for 
assessing average 
speed from transit 
time between 
cameras.

Automated detection of 
vehicles and/or their 
speed for traffic 
policing.

Can be used for 
automated tollbooths 
and city areas where 
access tolls apply.

As above Being used in more and 
more situations. They 
are saving labor and 
time in many areas, 
for example at 
tollbooths for 
car-ferry or “turnpike” 
roads. Leading to 
many congestion-
zone toll schemes for 
busy city centers.

Same as above.
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Table III.1 (Continued ) Summary of applications of optoelectronics in the security and surveillance field

application technology advantages Disadvantages
Current situation (at 

time of writing) More reading

Biometrics, e.g., 
facial feature 
identification, 
including iris 
patterns. Finger 
and palm print 
recognition.

Gait monitoring.

“Smart” video 
cameras with 
software to 
recognize key 
features.

Automated border 
control and policing. 
Can be used to 
control access to 
personal computers, 
financial data, ATMs, 
and restricted areas.

As above These are becoming 
used in more and 
more situations. They 
are enhancing 
security and saving 
labor and time in 
many areas.

Same as above

Reading and 
recognition 
systems for 
banknotes and 
documents.

“Smart” video 
cameras with 
software to 
recognize key 
features. 
Fluorescent 
materials offer 
additional features 
such as spectral 
emission and 
fluorescent lifetime 
aspects.

Automated detection of 
banknotes for 
financial control and 
detection of 
counterfeiting. 
Automated reading of 
documents, posted 
letters, etc.

No real objections. These are becoming 
used in more and 
more situations. They 
are saving labor and 
time in many areas.

Same as above.

Distributed 
acoustic and 
seismic sensing 
systems using 
optical fiber 
cable sensor.

Optical detection of 
disturbances to 
optical fiber 
sensing cable, 
which can be 
range gated using 
LIDAR-like 
methods to locate 
the disturbance.

Fully distributed sensing 
of acoustic or seismic 
signals over distances 
of up to 30 km.

Perimeter security, 
intrusion detection, 
guarding of valuable 
objects.

Sophisticated and 
expensive system, 
but cost per 
sensing element 
is acceptable.

Only recently developed 
but becoming more 
widely used to guard 
perimeters and 
borders, oil and gas 
pipelines, etc.

See Volume II, 
Chapter 11 
(Optical Fiber 
Sensors) and Part I 
(Infrastructure) in 
this volume.

(Continued)



78 O
p

to
electro

nics fo
r security and

 surveillance

Table III.1 (Continued ) Summary of applications of optoelectronics in the security and surveillance field

application technology advantages Disadvantages
Current situation (at 

time of writing) More reading

Pyroelectric 
proximity 
detectors.

Detection of 
variation in infrared 
radiation from 
vehicle, animal, or 
person.

Simple and cheap. Acts 
on a change in signal, 
so does not respond 
to steady 
background.

Limited range. Can 
have false alarms.

Most commonly used, 
both in, and outside 
personal homes to 
detect intruders and/
or switch on 
illumination of 
driveways, etc.

Also covered in 
Chapter 30 
(Applications for 
Home and Mobile 
Portable 
Equipment).

Infrared line-of-
sight beam 
systems.

Detection of 
obstruction of 
beam of light 
between a 
collimated LED 
source and a 
detector, to give 
warning of 
intrusion in the 
path between. Can 
use mirrors to 
reflect the beam 
around objects to 
be guarded.

Simple and relatively 
low cost.

False alarms due to 
dirt, rain, fog, 
snow, or leaves, 
etc. To guard a 
large perimeter, 
many source–
detector pairs are 
needed.

Used indoors to guard 
valuable objects (e.g., 
works of art) by 
surrounding them 
with multiple beams.

Still used as a low-cost 
outdoor perimeter 
guard.

Solar power, for 
remote 
powering of 
road signs, 
lights, speed 
sensors, etc.

Photovoltaic optical 
to electrical energy 
conversion (often 
supplemented by 
small wind 
generator!)

A very economical way 
of providing power in 
locations away from 
mains electricity 
supplies.

Needs a storage 
battery and 
charge controller 
to cover periods 
without sun or 
wind!

A common feature on 
cross-country roads 
and highways.

See Volume II, 
Chapter 16 
(Optical to 
Electrical Energy 
Conversion).
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7
Applications of distributed acoustic 
sensing for security and surveillance

STUART RUSSELL
Optasense

7.1  INTRODUCTION

This chapter examines the application of distrib-
uted acoustic sensing (DAS) in security and sur-
veillance using optical fiber sensing cables, which 
contain regular monomode optical fibers of the 
same type as those used for telecommunications. 
A  DAS system converts a standard optical fiber 
into an array of acoustic sensors, each with the 
ability to essentially simultaneously determine the 
time varying strain at any given position along a 
long length of optical fiber. The operational range 
of systems is usually limited to around 50 km with-
out inclusion of additional amplification or simi-
lar measures. However, unlike technology that 
preceded it, DAS is able to measure this strain 
dynamically with a frequency response of typically 
several kHz. Generally, with DAS it is not possible 
for the system to recover the absolute or DC strain 
as the processing method responds only to the AC 
content of the strain. However, for many applica-
tions, DAS systems are superior to more traditional 
strain sensing optical technologies, as they are able 
to respond to relatively fast and small amplitude 
variations in strain (vis., AC sensor output signals). 
In addition, traditional methods are usually based 
on one or more point sensors, whereas the DAS 

system can operate in a fully continuous manner 
over many kilometers of fiber, recovering signals, 
essentially simultaneously from each and every 
resolution cell (of length ∼ 1–10 m, depending on 
design) along the length.

7.2  BORDER SECURITY

International borders are by their very nature dif-
ficult to effectively secure. Large sections are often 
situated in inhospitable areas, far from dense 
populations. They are therefore often open to infil-
tration. This offers the potential for illegal intru-
sion, trafficking, and opportunities for criminal or 
even terrorist activities. Protecting these borders 
with fences, cameras, radars, and people is not 
only time consuming and generally prohibitively 
expensive, but any precautions taken are relatively 
easy for intruders to observe.

It is also not always appropriate to fence these 
borders, not only from a practical or cost point of 
view but in many cases doing so may also harm wild-
life and migration patterns. DAS offers the ability to 
monitor borders in real time with no overt presence. 
A simple buried fiber optic cable monitored with 
DAS capable system provides the enabling means to 
provide round the clock surveillance.

7.1  Introduction 79
7.2  Border security 79
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In some cases, optical cables may already be 
installed, and the cost of installing DAS is simply 
the installation of the sensing system itself and 
not the cable. Natural activities are unaffected 
and the system itself can be used to inform on the 
pattern of life and how best to deploy previous 
active monitoring assets. Although DAS offers 
a dramatic difference in capability if no further 
signal processing technology were applied to the 
raw output of the system, the personnel resource 
required to continuously monitor the DAS sys-
tem covering many kilometers of a perimeter or 
border would be uneconomical and impractical 
as even trained staff can lose attention over long 
periods of inactivity. To make a viable commercial 
system, sophisticated algorithms are employed 
that can actively monitor the entire length and 
identify, categorizes, and flag suspicious activity, 
raising an alarm to a single or limited set of users 
only when necessary. This allows the system to be 
almost fully automated with little human interac-
tion required. 

Figure 7.1 shows the raw response of the DAS 
system to a number of varied stimuli. As you 
can see, a typical DAS installation is sensitive 
enough to detect actions such as digging in the 
proximity of a buried cable, or walking laterally 
over the cable (typical burial depths are of the 
order of 1 m). As you can see, walking is easily 
visible in this plot for 20 m on either side of the 
cable. Vehicles create huge signals, easily distin-
guished from the signals generated by personnel 
and more exotic signals such as gunfire and even 
small aircraft overflying the buried cable are eas-
ily detectable.

7.3  DAS FOR PERIMETER SECURITY

This is a similar concept to that of border security, 
except that the sensing cable will usually surround 
the facility and often a single system may cover the 
entire perimeter.

Securing sensitive civilian and military facili-
ties such as airbases, airports, or power stations is 
of critical importance. The current state of the art 
of security surveillance has not moved on signifi-
cantly in the last decade; often, passive fences and 
security cameras form the only security deterrent 
to a potential intruder. More sophisticated systems 
may employ passive infrared sensors, unattended 
point ground sensors, or leaky feeder sensors to 
detect movement or intrusion. However, these sen-
sors require remote infrastructure to supply power 
and data connections. In addition, it becomes dif-
ficult to collate the data from several disparate 
systems to form an overall picture of what is hap-
pening to the perimeter. DAS can be used to bol-
ster the security of perimeters, and, in some cases, 
may be able to utilize an already installed fiber 
cable to connect and retrieve data from the exist-
ing systems. In some cases, DAS may even com-
pletely replace the more traditional technologies.

The specific type of installation required for an 
application of this nature varies depending on the 
nature of the perimeter or asset to be secured. The 
simplest installation may be to have fiber buried 
around a perimeter. This allows the perimeter to 
be monitored without an overt presence to alert an 
intruder to the fact that they have been detected.

Secure sites often have multiple layers of secu-
rity. When multiple layers of fencing are installed, 

VehicleDiggingGunfire Personnel Ultralight

(a) (b) (c) (d) (e)

Figure 7.1 Raw DAS response to various events. (a) Rifle shot, (b) manual digging, (c) vehicles, 
(d)  walking, and (e) overflight by a microlight. (Image Courtesy of Optasense.)
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the space between the fences is termed a “sterile 
zone.” This zone is typically quiet and the only 
movement or intrusion into the zone would be a 
security patrol. Installing a DAS fiber here signifi-
cantly reduces the potential for false alarms and 
misclassification of an intrusion event.

Where the asset to be secured is in an urban 
environment, the acoustic environment is likely 
to be noisy and cluttered, raising the potential for 
false alarm. In these situations, it is possible for 

a fiber to be attached directly to the perimeters 
fence. It has been shown that DAS systems are 
able to detect and classify anything from crawling 
intruders to someone climbing a fence in a 30 mph 
wind. At the very least, DAS offers an additional 
layer of information, informing the client clearly 
when a threat is detected that may have gone unde-
tected with more traditional technology, turning 
their attention to potential threats, and averting 
potentially disastrous consequences.
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PART    IV

Earth resources and 
environmental monitoring

This section focuses on applications of optoelec-
tronics in the field of earth resources and envi-
ronmental monitoring. As in industrial areas, 
spectrometers and camera technologies play a very 

important part. Again we shall first summarize the 
field with a table, before presenting more detailed 
case studies in the chapters.
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Table IV.1 Summary of applications of optoelectronics in earth resources and environmental and pollution monitoring

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Spectroscopic 
sensors 
(transmission/
absorption).

Measurement of direct 
or diffuse transmission 
of light through air, oil, 
or water samples. 
Measurement is 
usually taken at more 
than one optical 
wavelength to 
compensate for 
wavelength-
independent losses. 
Applicable to many 
environments (space, 
airborne and marine 
environments are 
discussed below).

Established technology, with 
possible real-time 
information for process 
control.

Strong signal/noise ratio.
A wide range of chemicals can be 

measured.
Can have remote sensor heads, 

if optical fibers are used.
Solid-state image detectors 

enable low-cost 
spectrometers. 

Using software, multianalyte 
detection is sometimes 
possible.

Optical surfaces can 
become scratched, 
etched, dirty, or 
otherwise 
contaminated. Not 
applicable to very 
strongly absorbing 
materials, if transmitted 
signal becomes too 
weak.

Sometimes different 
compounds or families of 
compounds can have 
similar absorption 
properties, so the 
method is often not as 
selective as desired.

Very widely used, either 
by sampling, for a 
laboratory-based 
spectrometer, or using 
real-time online 
monitoring. More 
optical-fiber-remoted 
online systems are 
being used, particularly 
when needed for 
networking large 
numbers of sensors 
(e.g., via optical polling 
switch) or for examining 
remote areas, such as 
deep wells, offshore 
sites, etc.

See Volume II, 
Chapter 15 
(Spectroscopic 
Analysis).

Also used in oil 
and gas industry 
(see Part VII).

Spectroscopic 
sensors 
(reflection or 
frustrated 
internal 
reflection).

Measurement of 
reflection of light 
directly from a 
sample or from the 
internal surface of a 
glass component 
(usually part of a 
prism) in contact with 
the sample.

Simple to do with camera 
technology. Most useful for 
highly absorbing samples, as 
changes in refection are more 
substantial. Because of this, 
the method is complementary 
to the one above. External 
examination of contents of 
glass bottles or plastic 
packaging is possible.

Optical surfaces can 
become scratched, 
etched, or 
contaminated. Not 
applicable to weakly 
absorbing materials.

Used in many process 
industries (e.g., food 
industry), because the 
examination can be 
done through the 
transparent packaging. 

See Volume II, 
Chapter 15 
(Spectroscopic 
Analysis).
Also used in oil 
and gas industry 
(see Part VII).
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Table IV.1 (Continued ) Summary of applications of optoelectronics in earth resources and environmental and pollution monitoring

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Optical sensors 
using indicator 
chemistry.

Use of selective 
chemical reactions to 
cause color change 
in indicators. More 
selective reactions 
are possible using 
molecular binding. 
Sensing of pH, ions, 
radicals, or complete 
molecules such as 
dissolved oxygen is 
possible.

Can effectively concentrate 
chemicals to be measured, 
because of their chemical 
binding reaction to a sensing 
layer or film. 

With highly specific binding 
reactions, can offer better 
“fingerprinting” than 
traditional spectroscopy. 

Dissolved oxygen sensors using 
fluorescent lifetime quenching 
are very attractive ion-
insensitive sensors, which, 
unlike Clark cells, do not 
consume oxygen.

Nonreversible reactions, 
in many cases, so not 
good for long-time 
online use.

Thin-sensing layers are 
sensitive to 
contamination.

Less easy to get 
quantitative data than 
with direct 
spectroscopy.

A well-used technique, 
particularly if only 
needed to sense the 
presence of a trace 
pollutant.

See Volume II, 
Chapter 15 
(Spectroscopic 
Analysis), and 
Parts VII (Oil 
and Gas) and 
Part IX 
(Medical).

Also see: 
Wolfbeiss, OS. 
Fiber Optical 
Chemical 
Sensors and 
Biosensors, 
CRC Press 
(1991).

LIDAR and DIAL 
spectroscopy.

Use of lasers to probe 
the atmosphere, 
usually over very 
long measurement 
lengths. Two-
wavelength 
differential 
measurement (DIAL) 
compensates for 
wavelength-
independent losses. 
LIDAR is also used to 
measure atmospheric 
properties such as 
cloud height.

Very useful method for probing 
the atmosphere near 
industrial sites, etc. Often 
used in mobile vans, as large 
high-power lasers and 
sophisticated detection 
systems are often used.

Cloud height monitors are 
another useful application.

Can also be used to probe 
atmosphere ahead of 
commercial aircraft.

Expensive equipment.
Care needed to ensure 

eye safety.

A commonly used method 
to look for pollution 
from factory chimneys, 
industrial complexes, 
etc.

Useful for weather-related 
cloud height monitoring 
and for examining 
upper atmosphere.

See Volume II, 
Chapter 12 
(Remote 
Optical Sensing 
by Laser).

(Continued)
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Table IV.1 (Continued ) Summary of applications of optoelectronics in earth resources and environmental and pollution monitoring

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Space-borne 
optical 
measurement, 
usually with 
multispectral-
imaging 
cameras.

Observation of the Earth 
from space, using 
sensitive imaging 
cameras. Many 
wavelengths can be 
measured, including 
infrared and 
ultraviolet. (also mm 
wavelengths, but this 
is outside topic of 
book).

The greatest advantage is that 
huge areas of the Earth can be 
scanned by orbiting satellites. 
Applicable to monitoring of 
atmosphere, sea, or ground. 
Repeat images can be taken 
on subsequent orbits to 
produce full rastor images.

Very expensive, of course, 
mainly due to the cost 
of satellite launching 
and their space 
qualification. Affected 
by cloud cover and 
adverse weather such 
as fog.

Resolution is lower than 
aircraft-borne 
measurement.

A widely used technique 
for monitoring of 
weather, Earth 
resources, crop growth, 
pollution clouds, and 
many other areas.

See this section.

Airborne optical 
measurement.

As above, but from lower 
altitude. Airborne 
measurement allows 
in-flight sampling of air 
or real-time 
measurement of 
spectral transmission 
or turbidity over short 
direct optical paths.

Higher spatial resolution of Earth 
coverage possible, as closer to 
ground. Ability to fly through 
large volumes of air, measuring 
(or sampling) during flight.

Fairly expensive, but 
again large areas 
covered.

Again, a widely used 
technique for 
monitoring of weather, 
earth resources, crop 
growth, pollution 
clouds and many other 
areas.

See this section.

In situ marine 
measurements.

As above, but now in 
the sea. Ship-borne 
measurement allows 
in-passage sampling 
of water, or real-time 
spectral measurement 
of transmission or 
turbidity, as a ship [or 
remote-powered 
vehicle (RPV)] travels 
through the sea. Can 
also use optical 
chemical indicators.

Ability to cruise through large 
volumes of water, measuring 
(or sampling) during passage. 

It is common to use “ships of 
convenience” to save costs, 
where the instrumentation 
“hitches a lift”, by being 
towed behind freight-carrying 
ships.

Moderately expensive. 
Equipment can easily 
be lost or damaged by 
interaction with 
floating and 
underwater debris, 
thick seaweed, wrecks, 
etc.

A widely used technique 
for monitoring of 
marine conditions.

See this section.

(Continued)
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Table IV.1 (Continued ) Summary of applications of optoelectronics in earth resources and environmental and pollution monitoring

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Terrestrial 
measurements, 
for assessing 
properties of 
the lower 
atmosphere.

Measurement of direct 
or diffuse 
transmission of light 
through air, usually 
with direct path from 
light source to 
detector/
spectrometer. The 
light path can also be 
folded back, by using 
a distant retro-
reflector or scattering 
screen.

A useful method to detect fog 
or mist, and also to detect 
environmental pollution from 
gas leaks, factory emissions, 
etc.

Optical surfaces can 
become scratched, 
etched, dirty, or 
otherwise 
contaminated.

Commonly used as a fog 
or mist detector.

Roadside optical 
pollution 
sensors.

Optical systems for 
determination of 
pollution from 
vehicles, using 
spectroscopic 
analysis.

Can monitor road traffic for 
identifying vehicles, emitting 
noxious fumes or using illegal 
fuels.

Expensive systems at 
present, but costs 
would reduce with 
greater usage.

A system developed by 
NASA has been used to 
monitor automobile 
emissions in numerous 
US states.

See Volume II, 
Chapter 15 
(Spectroscopic 
Analysis) and 
Volume III, 
Part VII (Gas 
Sensing).
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8
Overview of earth observation 
from satellites

GREG BLACKMAN AND JESSICA ROWBURY
Imaging and Machine Vision Europe

8.1  INTRODUCTION

Since the launch of Landsat 1 in 1972, NASA’s 
Landsat satellite has collected spectral informa-
tion of the Earth, providing the longest continuous 
global record of its surface. Landsat 8 [1,2], the new-
est satellite in the joint NASA and US Geological 
Survey (USGS) programme, was launched in 
February 2013 and collects more than 400 images 
per day. Five million new and archived images are 
available to the public, offering scientists the abil-
ity to carry out in-depth analyses of changes to the 
Earth’s landscape.

The images from the Landsat satellites, dating 
back more than 40 years, are used in research on 
climate change, alterations in ecosystems, as well 
as the effects humans have on the Earth’s land-
scape. There are images collected before and after 
Hurricane Katrina (Figure 8.1), for example, so 
that the extent of the flooding caused by the storm 
can be analyzed or a study made of the hurricane’s 
impact on the surrounding wetland environment. 
There are studies looking at urbanization, agricul-
ture, natural disasters, forestry, predicting how 
diseases spread—Landsat data has been used to 
investigate the breeding habitats of the malaria 

vector in order to generate models that predict the 
spread of the disease, and therefore give insight 
into how to control it better [3]—and many other 
aspects of the planet.

Also starting to come online is the European 
Space Agency’s (ESA) Copernicus Earth obser-
vation programme [4], a huge environmental 
monitoring project combining data from around 
30 satellites as well as airborne and ground sen-
sors. The first of the Sentinel satellites, which 
forms the space component of the programme, 
was launched in April 2014, with Sentinel-2A 
launched in June 2015, Sentinel-3A in February 
2016, and Sentinel-2B in March 2017. Sentinel-1 
offers radar images, while Sentinel-2 will deliver 
high-resolution optical images similar to those 
captured by Landsat satellites and the French 
SPOT (Satellite Pour l’Observation de la Terre) 
satellites.

Later in this section, Gerardo López-Saldaña 
and Debbie Clifford at the University of Reading 
(Chapter 9), and Valborg Byfield at the National 
Oceanography Centre in Southampton (Chapter 
10) will both look at satellite-based monitoring, 
with López-Saldaña and Clifford concentrating 
on the land, and Byfield on the oceans. In their 
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discussion on land monitoring, López-Saldaña and 
Clifford cover measuring the Earth’s energy bal-
ance, particularly albedo, with satellite data, as well 
as observing the biogeochemical cycles of the Earth. 
Satellite imaging is just one area of monitoring the 
planet, an area focused on here for this introduction, 
but the section on Earth resources and environmen-
tal sensing also includes some terrestrial sensing. 
Elsewhere in this section, Matt Mowlem, Alex Beaton, 
and Gregory Slavik at the National Oceanography 
Centre in Southampton (Chapter 11) cover optical 
sensors used to measure aquatic environments, while 
Barbara Brooks of the University of Leeds (Chapter 
12) looks at cloud monitoring, in particular track-
ing the ash cloud thrown into the atmosphere when 
Iceland’s Eyjafjallajokull  volcano erupted in 2010.

8.2  LANDSAT IMAGING 
CAPABILITIES

The latest Landsat satellite, Landsat 8, generates 
images via two push-broom sensors: the opera-
tional land imager (OLI), and the thermal infrared 
sensor (TIRS) (Figure 8.2) [2]. These instruments 
do not use oscillating mirrors to sweep across the 
field of view as in previous Landsat imaging sen-
sors, but a long array of detectors arranged perpen-
dicular to the flight direction of the satellite. This 
has the advantage of higher sensitivity.

Landsat 7—which is still in operation—has an 
enhanced thematic mapper (ETM+) sensor on 
board, the data from which are digitized to 8 bits, 
meaning 256 levels of light can be distinguished. 

(a)

(b)

Figure 8.1 New Orleans before (a) and two weeks after Hurricane Katrina made landfall in 2005 (b), 
both captured by Landsat 5. In these false-color images, vegetation appears red and man-made 
structures appear whitish blue. (NASA GSFC Landsat/LDCM EPO Team.)
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The data from the Landsat 8 OLI and TIRS sen-
sors, however, are quantized to 12 bits, and are 
therefore able to distinguish between 4096 levels 
of light intensity.

The OLI contains more than 7000 detectors in 
long arrays for each of its nine spectral bands. It 
covers the visible, near infrared, and shortwave 
infrared regions of the spectrum (0.43–1.39 μm), 
with a spatial resolution of 30 m. The TIRS cap-
tures thermal infrared data (10.6–12.5 μm) in 
two bands, and was added to Landsat 8 largely 
for measuring water consumption and to provide 
images for managing agricultural water use in 
the United States. The sensor uses quantum well 
infrared photodetectors (QWIPs) [5], a lower cost 
alternative to conventional infrared technology.

The telescope of the OLI and TIRS first directs 
the field of view across a strip of ground 185 km 
wide. The detectors collect and read out data 
across that swath to build up the images as the 
satellite flies forward. Data collected from the 
sensors is then interpreted to create an image 
of the Earth’s surface. The distribution of the 
light intensities across the multiple wavelengths 
means that these images can be analyzed to iden-
tify different features.

One of the main reasons why the TIRS imager 
was included onboard Landsat 8 in the first place 
was because of a method to measure evapotrans-
piration from agricultural land based on remote 
sensing data in the thermal band. The METRIC 
(mapping evapotranspiration at high resolution 
and internalized calibration) computer model [6] 
was developed by researchers at the University of 
Idaho in the United States with a grant from NASA 
in 2000 to investigate ways to estimate evapotrans-
piration using Landsat data.

The model measures the amount of energy 
driving evapotranspiration—rather than measur-
ing the evaporation directly—and therefore, how 
much water is consumed by a particular field or 
farm. To do this, it requires imagery in the thermal 
infrared wavelengths to calculate the ground tem-
perature and the energy exchanges associated with 
evapotranspiration (Figure 8.3).

METRIC is now used across a number of west-
ern US states including Idaho, Nevada, Montana, 
Oregon, California, Arizona, New Mexico, 
Wyoming, and Nebraska by water resource man-
agers to track how much water farmers are using. 
Simply monitoring the volume of water pumped 
onto a field is not an accurate measure of usage, 
as a lot of water will return to aquifers and other 
water sources. The usage comes from how much of 

Figure 8.2 Drawing of the TIRS. Credit: NASA.

Figure 8.3 This image, based on data collected 
by the Landsat 5 satellite on August 9, 2006, 
shows evapotranspiration from vegetation on 
the Snake River Plain in south-central Idaho. 
Fields of irrigated crops are dark blue squares or 
circles, showing that the growing plants are tak-
ing up and transpiring water. Fallow and recently 
harvested fields are lighter blue. Credit: NASA 
image by Robert Simmon, based on data from 
the Idaho Department of Water Resources.
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the water is drawn by the crops, how much they 
take up, and how much they transpire. With water 
being such a valuable commodity in certain parts 
of the United States, and such a large proportion of 
some States’ use of water attributed to irrigation, 
water management is hugely important. The infor-
mation from METRIC has also been used in US 
Supreme Court cases involving misuse of water.

The Landsat Data Continuity Mission, which 
became Landsat 8, was not initially designed with 
a thermal imager onboard; it was only through lob-
bying from the scientists developing METRIC that 
the TIRS was included in order to provide thermal 
data for the METRIC model.

Along with thermal imaging capabilities, 
Landsat 8 also now carries an extra spectral band to 
pick up dark blue colors for studies looking at coastal 
areas and other bodies of water. The higher sensi-
tivity of the 12-bit OLI, plus the extra band in the 
blue region, allows better analysis of water quality. 
The Landsat data are being used to study plankton 

blooms (Figure 8.4) [7], as well as the spread of algae 
in the Great Lakes—scientists at the Michigan Tech 
Research Institute have been using Landsat images 
to map the algae Cladophora and monitor its abun-
dance in the lakes of Michigan, Huron, Erie, and 
Ontario [8].

There have also been studies of natural disasters, 
Hurricane Katrina being a case in point. The US 
Geological Survey’s National Wetlands Research 
Centre released a report soon after Katrina made 
landfall on August 29, 2005, stating that 217 square 
miles of Louisiana’s coastal region was flooded as 
a result of Hurricanes Katrina and Rita (the latter 
storm arriving around a month after Katrina on 
September 24, 2005) [9]. The study used Landsat 
thermal mapper imagery to make the comparison; 
the data also provided a baseline for monitoring 
the recovery of the wetlands. The 217 square miles 
of land lost as a result of these two hurricanes alone 
represented 42% of what scientists had predicted—
before the storms struck—would be lost over 

Figure 8.4 The OLI on Landsat 8 captured this view of a phytoplankton bloom near Alaska’s Pribilof 
Islands on September 22, 2014. The milky green and light blue shading of the water indicates the 
presence of vast populations of microscopic phytoplankton. Credit: NASA Earth Observatory images 
by Jesse Allen and Norman Kuring, using Landsat 8 data from the US Geological Survey.
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50 years, from 2000 to 2050, even though storms 
had been factored into the models.

Studying natural disasters and providing emer-
gency response is one of the key uses for satellite 
imagery in general. Images acquired before and after 
flooding, for example, offer immediate information 
on the extent of inundation and support assess-
ments of property and environmental damage.

But there are of course many other uses for 
Earth observation, and normally, remote sens-
ing satellites will carry various different sensing 
instruments—imaging and other types including 
lidar, radar, spectrometers, etc.—depending on 
what they are designed to measure. The challenge 
then becomes how to get timely images without the 
huge costs that goes into building, launching, and 
retrieving the data from large Earth observation 
satellites like Landsat.

8.3  SMALL-SATS

In order to continue the long-term Landsat data 
record, NASA and the US Geological Survey are 
currently working on a sustained land imaging 
(SLI) programme, to establish a sustainable satel-
lite system that will provide continuous Landsat-
quality measurements while minimizing the risk 
of gaps in data collection. In the past, Landsat sat-
ellites have been developed one or two at a time, 
and it then becomes a balancing act when building 
the next satellites between avoiding a data gap and 
unnecessary repeat measurements.

An SLI Architecture Study Team was set up to 
study what technology could provide the best bal-
ance of measurement capability, data continuity, 
and cost. The team was tasked to evaluate many 
different options for sustaining land imaging in 
the future.

The results of fiscal year 2014 architecture stud-
ies [10] indicated that efficiencies can be gained by 
moving toward smaller satellites, or “small-sats,” to 
take advantage of lower cost and speedier launches.

The team are looking to use technology that 
is already commercial, to minimize risk, time, 
and cost; they are looking for something that has 
high technical readiness, rather than technology 
that has promise or that is still in development. 
However, the challenge is to identify new tech-
nologies that are not yet, but might, be sufficiently 
well developed and demonstrated in the future to 
incorporate into the SLI programme.

The industry is already seeing a trend towards 
low-cost small satellites for remote sensing. A 
traditional Earth observation satellite with a 
resolution of better than 1 m weighs thousands 
of kilograms—Landsat 8 weighs 2071 kg when 
fully loaded with fuel—that makes it expensive to 
launch. There is also greater competition between 
satellite companies; the emergence of a new breed 
of space data companies has driven the market 
towards the use of small satellites. Planet Labs is 
one such company, offering satellites with opti-
cal and near infrared spectral bands for imaging. 
These sorts of satellites make the whole con-
cept of commercial remote sensing a lot more 
cost-effective.

Planet Labs has numerous small satellites, 
called Doves, orbiting Earth, the first of which it 
released from the International Space Station on 
February 11, 2014. Each Dove weighs around 5 kg 
and carries a camera with a resolution of 3–5 m. 
Planet Labs acquired Terra Bella, formerly Skybox 
Imaging, from Google in 2017.

Imaging resolutions of the satellites in orbit are 
currently around 1 m, while the next generation of 
imagers have 30 cm resolution or better. However, 
a satellite typically only orbits the Earth once every 
100 min, and then, depending on the orbit, it might 
be a week before it gets back to the same location. 
This is one of the reasons for building smaller and 
cheaper satellites, because it allows larger numbers 
of them to be used to increase the imaging cover-
age. There are also opportunities to have lots of sat-
ellites in a constellation.

Between 2000 and 2750 nano- and micro-sat-
ellites are predicted to be launched from 2014 to 
2020 [11], according to data from the UK Satellite 
Applications Catapult, a technology and innova-
tion centre that aims to foster economic growth in 
the UK space sector. The centre predicts the mar-
ket for small-sats to reach £970 million in 2020, a 
share of around half of the total commercial Earth 
observation data market in 2020.

But as satellites become smaller, so must the imag-
ing equipment. The challenge is getting the instru-
ments down to a size that would fit on the smaller 
satellites. Smaller spectral sensors are becoming 
available commercially and advances have been 
made in the sensor technology for remote sensing 
and hyperspectral analysis.

There is also a trend to make instruments dedi-
cated to a particular purpose. As smaller satellites 
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become more reliable and less expensive, a number 
of these devices can be built to each carry a differ-
ent sensor payload and then fly in formation very 
close to each other—a few kilometers apart—but in 
the same orbit. This allows many different param-
eters to be measured almost simultaneously.

For instance, CO2 levels in the atmosphere and 
the sea temperature could be measured from two 
different satellites at the same time. NASA’s A-Train 
(short for Afternoon Train) is one example of a con-
stellation of six imaging satellites operating within 
the same orbital track. It is made up of: OCO-2, 
GCOM-W1, Aqua, CloudSat, CALIPSO, and Aura. 
The constellation is in a polar orbit, moving across 
the equator at around 1:30 pm local time each after-
noon; hence, the name Afternoon Train.

The six satellites contain various instruments 
operating at multiple wavelengths. The Orbiting 
Carbon Observatory 2 (OCO-2) is the most recent 
addition to the train, joining in July 2014. It measures 
atmospheric CO2 based on high-resolution grating 
spectrometer readings, with the aim of improving 
the understanding of the sinks and sources of CO2.

The Global Change Observation Mission-Water 
(GCOM-W1) satellite and the Aqua spacecraft 
both contain instruments for measuring the water 
cycle, including precipitation, water vapor, and sea 
water temperatures. GCOM-W1, launched by the 
Japan Aerospace Exploration Agency (JAXA) in 
2012, follows behind OCO-2 by 11 min, while Aqua 
runs 4 min behind that.

CloudSat, a joint effort between NASA and the 
Canadian Space Agency, contains cloud profil-
ing radar to study clouds and the role they play 
in regulating the Earth’s climate. It runs 2 min 
and 30 s behind Aqua and is followed only 12.5 s 
later by the Cloud-Aerosol Lidar and Infrared 
Pathfinder  Satellite Observations (CALIPSO) 
satellite. CALIPSO, developed by the French 
space agency, Centre National d’Etudes Spatiales 
(CNES) and NASA, also studies clouds but, in 
addition, they study the role that aerosols play in 
regulating climate. It makes measurements via 
lidar. Because CALIPSO and CloudSat fly so close 
together, their lidar beam and radar coincide on 
Earth’s surface about 90% of the time.

Finally, Aura brings up the rear of the train, 
flying at around 15 min behind Aura. It has four 
instruments that produce vertical maps of green-
house gases, among other atmospheric chemical 
constituents.

Constellations of satellites like the A-Train mean 
observations can be made of various environmen-
tal phenomena simultaneously. At the same time, 
a number of different remote sensing capabilities 
can be brought together that would otherwise be 
impossible to install on one large satellite.

The sensors onboard the A-Train have given evi-
dence to suggest why the summer of 2007 experi-
enced large losses of Arctic sea ice, for example [12], 
38% less ice during this summer than average. The 
A-Train captured the environmental conditions 
during the loss and showed that anomalously high 
winds and fewer clouds accelerated the ice melt, in 
addition to high air temperatures and low humidity.

8.4  THE FUTURE OF EARTH 
OBSERVATION

Constellations of small satellites might be the way 
commercial companies are going about provid-
ing increased coverage of the surface of Earth, 
but the big space agencies are still designing large 
remote sensing missions, along with their plans 
for deploying small-sats—Landsat 9 is planned for 
launch in 2020.

The European Space Agency (ESA)’s Copernicus 
[4], Earth Observation programme, is one such 
giant mission and will add to the multitude of 
data coming from Earth observation satellites like 
Landsat, Pléiades, and SPOT. Data will eventually 
come from around 30 satellites as well as airborne 
and ground sensors in this huge project.

Sentinel-1A, launched in April 2014, is the 
first in a fleet of Sentinel satellites as part of the 
Copernicus programme. Sentinel-1 is a con-
stellation of two satellites carrying radar imag-
ing equipment. Sentinel-2 [13], launched in two 
parts in 2015 and 2017, carries an optical pay-
load, imaging in the visible, near-infrared, and 
shortwave infrared regions in 13 spectral bands. 
It will have a swath width of 290 km and a revisit 
time of 2–3 days at mid-latitudes. Imagery from 
Sentinel-2 will provide similar information to 
the Landsat satellites and be used for areas such 
as land management, monitoring agriculture and 
forestry, and for disaster control and humanitar-
ian relief operations.

Sentinel-3 (Figure 8.5), the first part of which 
was launched in February 2016, monitors the sea 
and land surface temperature and color for the 
 purposes of supporting ocean forecasting systems 
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and for climate research, while Sentinel-4 and -5 
will be meteorological missions monitoring the 
atmosphere. There is also a Sentinel-6 planned, 
which will carry a radar altimeter to measure sea 
surface height.

Projects like Copernicus and the continuation 
of the Landsat programme will provide vital sci-
entific data to advance the understanding of our 
planet. The addition of small satellites from com-
mercial companies and space agencies will also 
improve the image coverage of Earth, meaning 
that almost all natural and man-made events will 
be imaged from space.
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Satellite-based land monitoring
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Environmental monitoring using remote sensing 
is a top-down approach in which an instrument, 
usually mounted on a satellite, is used to produce 
images of Earth’s atmosphere and surface. Using 
such instruments, it is possible to detect features at 
electromagnetic wavelengths that the human eye 
cannot sense.

Since the satellites regularly pass over the same 
area of the planet, it is possible to monitor and 
assess changes. For instance, at regional scale, we 
can detect abrupt changes in the land surface such 
as deforestation and areas affected by wildfires or 
subtle changes like urban sprawl. At global scale, 
these images can also provide information about 
Earth’s energy balance, quantifying the amount of 
radiation that is reflected back into space, which 
is a key contribution to climate modeling and 
projections.

9.1  REGIONAL MONITORING

There are several Earth observation (EO) pro-
grammes aimed at environmental monitoring. 
One of the first was the Landsat project, a joint 
programme between the United States Geological 
Survey (USGS) and the National Aeronautics and 
Space Administration (NASA) whose main goal 
was to collect global land surface images. The first 
Landsat satellite (Landsat-1) was launched in July 
1973 and collected data in a Sun-synchronous, 

near-polar orbit at an altitude of 917 km, with a 
repeat cycle of 18 days, meaning that the system 
was capable of observing the same spot on the land 
surface every 18 days. The spectral information 
sensed by Landsat-1 was limited to the visible green 
(0.5–0.6 μm) and red (0.6–0.7 μm) and two near-
infrared (NIR) channels (0.7–0.8 and 0.8–1.1 μm). 
The ground resolution of each image pixel, also 
referred to as the spatial resolution, was 80 m.

Several missions followed the first Landsat; 
the last one, Landsat-8, was launched in February 
2013. The Landsat-8 onboard sensor, the opera-
tional land imager (OLI) has both improved 
ground  resolution, at 30 m, and a wider range of 
spectral bands spanning the visible, the NIR, the 
shortwave infrared (SWIR), a dedicated band for 
cirrus cloud identification and a panchromatic 
(PAN) band, which is sensitive to all visible col-
ors of the spectrum at 15 m spatial resolution. 
Additionally, the platform carries the thermal 
infrared sensor (TIRS) with two thermal spectral 
bands (10.6–11.19 and 11.5–12.51 μm) at 100 m 
 spatial resolution.

Figure 9.1 depicts Rondônia, a state in Western 
Brazil. The first image in the left-hand side is from 
Landsat-2 acquired in 1975, while on the right-
hand side is an image from Landsat-7 taken in 
2012. The images are shown in false color, with the 
bright green highlighting areas of dense vegetation, 
a color which is absent in the 2012 image. Using 
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Landsat data, Skole and Tucker (1993) found that 
6% of the closed-canopy forest had been cleared 
between 1978 and 1988, and approximately 15% of 
the forested Amazon was affected by deforestation.

Copernicus is the European Commission pro-
gramme for monitoring Earth. The observation 
component is a set of systems collecting data from 
multiple sensors, covering EO satellites, predomi-
nantly the European Space Agency (ESA) Sentinel 
missions (Fletcher 2012), as well as in situ sen-
sors. All these data serve to address specific issues 
in six thematic areas: land, marine, atmosphere, 
 climate change, emergency management, and 

security. These are known as the Copernicus ser-
vices (Copernicus 2015).

Each Sentinel mission is based on a constella-
tion of at least two satellites. The missions use a 
wide range of technologies including radar and 
multispectral radiometers. The first satellite of 
the Sentinel-2 mission was launched in June 2015 
carrying the multispectral instrument (MSI) 
that senses Earth in 13 spectral bands, going 
from the visible to the SWIR, in different spatial 
 resolutions ranging from 10 to 60 m. At 290 km, 
MSI has a much wider swath than previous mul-
tispectral optical missions such as SPOT and the 

Figure 9.1 Deforestation patterns in Rondônia, Brazil. On the left-hand side is a Landsat false color 
image from 1975; on the right-hand side is an image from 2012.

Figure 9.2 A false-close-up of an area in the Po Valley—showing Pavia (centre) and the confluence 
of the Ticino and Po rivers—is a subset from the first image taken by Sentinel-2A acquired on June 
27, 2015 at 10:25 UTC (Coordinated Universal Time). (Image obtained from: http://www.esa.int/
Our_Activities/Observing_the_Earth/Copernicus/Sentinel-2/Sentinel-2_delivers_first_images.)

http://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Sentinel-2/Sentinel-2_delivers_first_images
http://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Sentinel-2/Sentinel-2_delivers_first_images
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aforementioned Landsat. Acquisition of state-
of-the-art imagery across the whole wide field of 
view required a sophisticated optical design that 
had to be optimized to avoid pixel deformations at 
the edge of the swath. The design includes a three-
mirror anastigmat telescope with a pupil diameter 
equivalent to 150 mm, mounted on the platform to 
avoid optical aberrations (Fletcher 2012). Figure 9.2 
depicts a false color composite of the first MSI 
image from the MSI sensor over Italy. The multi-
spectral data provided by Sentinel-2 is now freely 
available and is helping to monitor the land surface 
conditions at global and regional scales.

9.2  GLOBAL SCALE MONITORING

For a comprehensive and reliable environmental 
monitoring system, we require sensors capable of 
sensing the whole Earth’s surface, across a wide 
range of wavelengths, and on a daily basis. In prac-
tice, many compromises have to be considered, 
such as the power required by the electronics, the 
cooling, the control systems on board the platform, 
and the maximum amount of data can be stored 
by the instrument, or the rate of data transmission 
back to Earth, which will limit the spatial resolu-
tion that can be managed.

One of the first global radiation detection 
imagers, the Advanced Very High Resolution 
Radiometer (AVHRR), first carried on TIROS-N 
and launched in October 1978, was a 4- channel 
radiometer designed mainly to observe the 
ocean surface and atmosphere. The AVHRR 
sensor was improved to a 5-channel instru-
ment (AVHRR/2) covering the visible (0.55–0.68 
μm), NIR  (0.725–1.10 μm), mid-wave infrared 
(MWIR) (3.55–3.93 μm), and the TIR (10.3–11.3 

and 11.5–12.5 μm) that was initially carried on 
NOAA-7 and launched in June 1981. This instru-
ment had a spatial resolution of 1.1 km and was 
flown in a Sun-synchronous polar orbit allowing 
it to image the whole Earth’s surface in one day. 
The onboard storage devices were limited and only 
limited data, with a degraded spatial resolution 
known as global area coverage (GAC) of 5 × 3 km, 
could be transmitted to Earth. The local area cov-
erage (LAC) with 1.1 km resolution was only trans-
mitted when the satellite was in view of a ground 
receiving  station, leading to poor coverage at the 
higher resolution. The latest instrument  version 
is AVHRR/3, with 6 channels, first carried on 
NOAA-15 launched in May 1998 and still function-
ing operationally (in 2014) on NOAA-18 (launched 
in May 2005) and NOAA-19 (launched in October 
2009). In addition, the AVHRR  sensor is carried 
on the European Organisation for the Exploitation 
of Meteorological Satellites (EUMETSAT) satel-
lites Metop-A and Metop-B, launched in October 
2006 and September 2012 respectively. The ther-
mal capabilities of the sensor mean it is possible to 
derive geo-physical variables such as land surface 
temperature, as shown in Figure 9.3.

One of the strongest controls on Earth sys-
tem’s energy balance is the land surface condi-
tion, in particular, the albedo that determines the 
fraction of the incident radiation that is reflected 
back into space. It is possible to demonstrate the 
importance of this environmental variable by 
calculating the impact of a small change in plan-
etary albedo. Earth absorbs energy at a rate of 

A I1 / 4TS( )−  (Gray 2010), where A represents 
Earth’s albedo and I TS, the amount of total solar 
irradiance. If I 1366 WmTS

2= −  (Gray 2010) and the 
mean albedo of Earth A 0.3=  (Prentice et al. 2012), 

Figure 9.3 Average land surface temperature (LST) during July 2014 derived using the AVHRR 
thermalbands. Temperatures range are from 220 to 340 K.
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the solar power available to the whole Earth system 
is 239.05 Wm−2. A change as small as 0.01 in the 
albedo leads to a change in the radiation balance of 
2.39 Wm−2. By contrast, the global average radia-
tive force exerted by anthropogenic carbon dioxide 
(CO2) is only 1.82 ± 0.19 Wm−2 (Myhre et al. 2013). 
Therefore, an accurate quantification of Earth’s 
albedo is critical for climate change monitoring.

The only way to quantify the albedo at global 
scale is using data acquired from optical instru-
ments on satellites. The main goal of the GlobAlbedo 
project was to create just such a long-term albedo 
data record, using images from the European 
Space Agency (ESA) Medium Resolution Imaging 
Spectrometer (MERIS) and the Centre National 
d’Etudes Spatiales (CNES) SPOT Vegetation. The 
MERIS sensor on board the ESA-ENVISAT plat-
form (now defunct) scanned the Earth in 15 dif-
ferent spectral bands between 0.4125 and 0.9 μm 
with a spatial resolution of 300 m at nadir. The 
still-operational SPOT-VGT instrument senses the 
Earth using 4 spectral bands appropriate to vegeta-
tion monitoring in the visible (VIS,  0.43–0.47 and 
0.61–0.68 μm), the NIR  (0.78–0.89 μm), and the 
SWIR (1.58–1.75 μm).

Figure 9.4 is a red, green, and blue (RGB) 
false color composite representing the land sur-
face broadband albedo at a specific wavelength. 
Each broadband is projected into a different RGB 
 channel to create the composite, the shortwave 
albedo (SW) is in the red, the NIR in the blue, and 
the VIS in the green.

9.3  REGIONAL LAND SURFACE 
CHARACTERIZATION

Characterizing Earth’s land surface is a key element 
to capture the dynamics of the biogeochemical 
cycles, which in the end influences the climate sys-
tem. Identifying land cover and land cover changes, 
therefore, plays a significant role since vegetation 
can store carbon that could otherwise be released to 
the atmosphere. Using daily observations of satellite 
data, it is possible to characterize the land surface 
dynamics. However, one of the main challenges is 
actually to observe the surface, first of all because 
satellites in a polar or near-polar orbit (as is usual 
for the platforms carrying such instruments) usu-
ally pass over each point on the Earth’s surface only 
once per day. This single opportunity to see the sur-
face means that in some regions of the Earth where 
cloud coverage is persistent or there are heavy aero-
sols, for instance due to biomass burning, the instru-
ment may not see the underlying surface at all. Figure 
9.5 depicts all daily observations from the Moderate 
Resolution Imaging Spectroradiometer (MODIS) 
sensor over the United Kingdom during July 4–19, 
2007, showing the persistent cloud cover over the UK.

Given the extensive global cloud coverage, espe-
cially in tropics, it is necessary to apply a variety of 
techniques to extract useful information. Techniques 
employed in practice range from simple tempo-
ral compositing that selects the best observations 
within a time window, to sophisticated data assimila-
tion techniques (based on control theory) where all 

1998

Figure 9.4 False color composite of land surface for June 1998. Bright colors for instance in 
Greenland indicate a high albedo, hence reflecting the radiation back to the space and dark green 
colors, e.g. in the Amazon, absorbing the radiation.
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observations and their associated uncertainties are 
ingested into a physical model to determine the 
most plausible land surface state. Figure 9.6 depicts 
the result of modeling surface reflectance over the 
UK using daily observations at optical wavelengths 
on the left-hand side and NIR and SWIR on the 
right-hand side. A bidirectional reflectance distri-
bution function (BRDF) model was used to com-
pute the reflectance as a function of the varying 
combinations of illumination-and viewing-angle.

Optical data going from the VIS to the NIR 
and the SW are a strong asset in environmen-
tal science. Sensors on board satellites have been 

producing such data since the early 1970s resulting 
in a long-term data record of the Earth’s surface 
characteristics. Using all these data, it is possible to 
retrieve geophysical variables to analyze the physi-
cal properties of oceans, for instance, sea surface 
temperature and salinity, and biophysical ones 
such as chlorophyll-a concentration and fluores-
cence. Combining this information allows us to 
derive biogeophysical products such as ocean pri-
mary productivity, and ultimately leads to a better 
understanding of processes like ocean acidifica-
tion and the monitoring of key marine ecosystems 
like coral reefs and mangroves.

Figure 9.5 True color composites of all observations over the UK from the MODIS sensor for July 
2007, showing the impact of cloudiness on views of the surface.

Figure 9.6 False (left-hand side) and true (right-hand side) color composites of modeled surface 
reflectance for July 4–20, 2007. The images are RGB composites where different spectral channels are 
displayed using three visual primary color bands (red, green, blue), hence RGB image.
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More recent instruments are now designed 
to sense with much more spectral detail, taking 
measurements in very specific slices of the elec-
tromagnetic spectrum, which are very sensitive 
to vegetation health. Once again, using physical 
models and all the spectral information available, 
it is possible to make use of very cloudy images and 
then, in an analogous way to the ocean products 
described earlier, retrieve geophysical variables 
such as land surface temperature as the basis for 
further biogeophysical products such as land cover, 
land use, and vegetation productivity.
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Optical remote sensing of marine, 
coastal, and inland waters

VALBORG BYFIELD
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“Ocean color” satellite sensors were primarily 
designed to measure the global variation of chloro-
phyll concentration present in ocean phytoplankton. 
This allows the blooming and die-off of these micro-
scopic plants, which form the base of the oceanic food 
web, to be monitored. The spectral images from the 
satellites revealed, for the first time, striking evidence 
of the close link between phytoplankton chlorophyll 
and global current features such as the oligotrophic 
ocean gyres, coastal and equatorial upwelling of 
deep water rich in nutrients (Figure 10.1).

Over the last two decades, orbital sensors 
addressed a much wider range of ocean color 
applications. Marine and aquatic applications of 
optical remote sensing now include the following:

 ● Chlorophyll concentration: Global measure-
ments of chlorophyll concentrations and 
primary productivity for marine ecology, 
fisheries, conservation and sustainable man-
agement of marine living resources

 ● Climate change: Measurement of ocean uptake 
and storage of atmospheric carbon dioxide

 ● Biological hazards: Monitoring of harmful 
algal blooms

 ● Pollution: Monitoring marine pollution and 
water quality of coastal and inland waters

 ● Oil spills: Oil spill monitoring and response 
planning

Before going into more detail about these appli-
cations, it may be helpful to look at the principles 
behind optical measurements of water and its 
constituents.

10.1  PRINCIPLES OF OCEAN 
COLOR MEASUREMENTS

Figure 10.2 shows the main contribution to water 
radiance as measured by a sensor from the top 
of the atmosphere. Broadly speaking, the signal 
recorded by the sensor consists of the following:

 ● Water-leaving radiance: A proportion of 
sunlight traveling down through the water is 
scattered upward by the water in the direction 
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Figure 10.1 Composite chlorophyll concentration map of the Earth created from the whole Envisat 
MERIS mission (2002–2012). Note the low chlorophyll concentrations in the five subtropical ocean 
gyres (dark blue) and higher concentrations in the equatorial upwelling zone and in the coastal upwell-
ing regions on the eastern side of Africa and South America, where nutrient-rich deep water brought 
back to the surface gives rise to higher phytoplankton production. (ESA/NASA.) 
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Figure 10.2 Contributions to radiance measured from the top of the atmosphere. Left: Downwelling 
irradiance, Ed, is the total light entering the water from direct sunlight and sky radiance, light scat-
tered in the atmosphere before reaching the sea surface. The Lw: Ed ratio is known as water-leaving 
reflectance, and it depends on the absorption coefficient (a) and backscattering coefficient (bb) of the 
water and its dissolved and suspended constituents. Right: Lw is the water-leaving radiance imme-
diately above the sea surface in the direction corresponding to the sensors instantaneous field of 
view (IFOV). A proportion of this signal is lost due to atmospheric scattering and absorption (c). Light 
reflected at the sea surface, Lr, includes sunglint (d) and reflected sky radiance or sky glint (e); some 
of this is lost before reaching the sensor (g). The atmospheric contribution to the top of atmosphere 
(TOA) radiance, La, consists mainly of light scattered by the atmosphere into the sensor field of view 
(h and i). However, it is also necessary to consider light from the Earth’s surface outside the IFOV (j 
and k); this can lead to considerable error in pixels adjacent to land or cloud. (National Oceanography 
Centre / ESA LearnEO! CC by 3.0 Unported License.)
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of the sensor. The spectral properties of this 
light depends on the absorption and scattering 
properties of the water itself and its dissolved 
and suspended constituents.

 ● Radiance reflected at the sea surface: A propor-
tion of sunlight is reflected directly at the sea 
surface (Fresnel reflection) and by foam from 
breaking waves.

 ● Atmospheric path radiance: A proportion of 
light is scattered towards (or away from) the 
direction of the sensor by air molecules and 
aerosols such as dust and water droplets.

For most oceanographic applications, the water-
leaving radiance is the primary parameter of 
interest because it contains information about the 
water, its phytoplankton content and any dissolved 
organic matter and suspended sediment particles. 
Suspended particles such as phytoplankton cells or 
suspended sediments scatter light back up. Under 
most conditions, this particle backscattering is 
much stronger than any scattering by pure seawa-
ter, so there is usually a clear relationship between 
particle concentrations and water reflectance.

Two-way absorption by phytoplankton pig-
ments and any colored dissolved organic matter 
(CDOM) change the spectral properties of the 
reflected light. The pigment chlorophyll-a absorbs 
blue light, but not green. Thus, there is a close 
relationship between the blue:green spectral ratio 
of reflected light and concentrations of chloro-
phyll-a in phytoplankton cells. This was the basis 
of the first chlorophyll algorithms, and various 
blue:green ratios are still used to determine open 
ocean chlorophyll concentrations.

Deep water reflects very little light, unless it con-
tains high concentrations of suspended particles 
that can scatter the incoming solar radiation back 
up. Over 90% of the signal received by a satellite 
sensor comes from the atmosphere, and it is neces-
sary to correct for this contribution before applying 
algorithms to retrieve phytoplankton chlorophyll 
concentrations. Atmospheric correction involves 
several steps. After first masking (ignoring) pixels 
affected by cloud cover, wind speed information 
is used to estimate the contributions from surface 
reflectance and foam from breaking waves. The 
required correction for scattering and absorption 
anticipated from a dry, clean atmosphere is relatively 
constant and depends mainly on atmospheric pres-
sure. Scattering and absorption by aerosols (water 

droplets and/or dust) are more difficult to estimate, 
so most algorithms use bands in the near infrared 
(NIR), where water-leaving radiance is minimal, to 
predict, the aerosol contribution. Errors in chloro-
phyll retrieval are most commonly due to problems 
with the atmospheric correction caused by highly 
scattering water, when water-leaving radiance in 
the NIR is higher than usual. Detector noise, par-
ticularly in the NIR where the signal is low, can also 
create problems with the atmospheric correction.

10.2  MAIN OCEAN COLOR 
SENSORS

To provide reliable information, ocean color  sensors 
need a wide dynamic range and a high signal-to-
noise ratio (SNR)—ideally of the order 500:1 or bet-
ter. Most sensors designed for land remote sensing 
do not have a sufficiently high SNR to be useful over 
the open ocean, although their data can be of value 
in shallow or turbid coastal waters. The usual trade-
off between SNR and spatial resolution of camera-
based sensors (high resolution involves less optical 
energy on each pixel) means that most ocean color 
instruments are made with medium resolution sen-
sors, with pixel sizes of 250 m–1 km (Table 10.1), 
significantly lower than that used for land monitor-
ing. With higher resolution cameras, of course, the 
signals from larger groups of pixels can be taken to 
improve SNR at the expense of effective resolution.

The first true ocean color sensor in orbit was 
the coastal zone color scanner (CZCS), on NASA’s 
Nimbus 7 satellite, which provided data on the 
global ocean between 1978 and 1986. A num-
ber of short-lived missions followed (Table 10.1). 
However, ocean color monitoring did not truly 
come of age until after the launch of NASA’s Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) 
in 1997. The color bands chosen for SeaWiFS 
were similar to those of the earlier CZCS (see 
Figure 10.3), allowing comparison between the two 
data sets. Later ocean color sensors have retained 
these (or similar) bands in order to provide con-
tinuity of long-term measurements. SeaWiFS 
continued to deliver ocean color data to oceanog-
raphers and marine ecologists until 2010. In 2002, 
it was joined by the moderate resolution imaging 
spectrometer (MODIS) on NASA’s Aqua satellite 
and the medium resolution imaging spectrometer 
(MERIS) on ESA’s Envisat. With the U.S. Visible 
Infrared Imager Radiometer Suite (VIIRS) and the 
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Table 10.1 Ocean color sensors

Sensor Satellite agency Dates
Swath 
(km)

resolution 
(m) Bandsa

Wavelength 
rangea (nm) SNr

CZCS Nimbus7 NASA (USA) Oct. 78
Jun. 86

1556 825 6 (5) 433–800 >150

OCTS ADEOS NASDA (Japan) Aug. 96
Jul. 97

1400 700 12 (8) 402–885 450–500

MOS-B IRS P3 (India) DLR (Germany) Mar. 96
May 04

200 500 13 408–1010  

SeaWiFS Orbview-2 NASA (USA) Aug. 97
Dec. 10

2806 1100 8 402–885 200–>500

MODIS Aqua NASA (USA) May 02
-

2330 1000 (250) 36 (14) 405–965 500–1000

MERIS Envisat ESA (Europe) Mar. 02
Apr. 12

1150 300 or 1200 15 395–1040 500–1000

VIIRS Suomi-NPP NOAA NASA Oct. 11
-

3000 370 or 740 22 (9) 402–885

OLCI Sentinel-3 ESA EuMetSat Feb. 16
-

1270 300 or 1200 21 395–1040 500–>1500

a The number of optical (visible to NIR) bands are given in brackets. The range includes only these optical bands.
- Indicates that the satellites are still in orbit.
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European Ocean Land Colour Instrument (OLCI), 
optical monitoring of ocean and inland waters has 
now become truly operational.

10.3  PHYTOPLANKTON 
PRODUCTIVITY AND MARINE 
ECOLOGY

The abundance of phytoplankton is a direct indica-
tor of the seas’ ability to support life. Phytoplankton 
is the “grass of the sea,” the basis of the marine 
food web. They also supply much of the world’s 
oxygen. Hence, ocean color measurements pro-
vide essential basic information for marine eco-
logical studies, fisheries science, and conservation. 
Global monitoring of phytoplankton chlorophyll 
concentrations was the first, and most important 
of the “ocean color” applications. It dictated the 
wavebands chosen for CZCS and SeaWiFS, and the 
need for continuity of measurements for long-term 
monitoring ensured that broadly similar wave-
bands were included in all later ocean color sensors.

Starting with SeaWiFS in 1997, we now have a 
long-time series of chlorophyll data, which makes 
it possible to understand seasonal and interannual 
variability in the primary productivity of the global 
ocean. Ocean color sensors continue to monitor key 
ecosystems such as the major upwelling regions off 
the coast of Peru, West Africa, and South Africa/
Namibia, which support some of the world’s rich-
est fisheries. In the North Atlantic, numerous stud-
ies have tied the spawning of fish and other marine 
species to the onset of the spring plankton bloom. 
In high latitude waters, where access is difficult and 
expensive, satellite measurements of ocean color 
have shown how massive plankton blooms support 
a rich abundance of life. The blooms often start 
near the ice edge and expand into ice-free water. 
Variations in the recruitment to commercially 

important fish stocks have been linked to phyto-
plankton phenology (timing of the seasonal cycle) 
as observed by ocean color satellites.

Phytoplankton tend to bloom when the water 
column is sufficiently stable for the plankton cells 
to remain in the sunlit zone near the surface and 
where the water is rich in nutrients, which have 
been mixed up from deeper layers of the ocean. 
Fronts between different water masses are regions 
where mixing between surface and deeper water 
often occurs, so they support higher level of 
phytoplankton abundance and are clearly vis-
ible in satellite chlorophyll data (Figure 10.4). 
Microscopic zooplankton graze on these blooms, 
and are in turn food for fish and other marine 
animals. Hence, the satellite images give an indi-
cation of where fish are likely to be found; many 
commercial fishing vessels use satellite data to 
their advantage. In a similar way, conservationists 
may use chlorophyll data to understand the move-
ment and ecology of marine species such as turtles 
and whales.

Phytoplankton productivity is not measured 
directly by ocean color satellites, but must be 
inferred from the knowledge of plankton biol-
ogy and information about their distribution in 
the water column. Research in this area is based 
on optical models with optical in situ data from 
floats and research ships, combined with chloro-
phyll and photosynthetically available radiation 
(PAR), both from ocean color satellites.

10.4  CLIMATE CHANGE AND 
OCEAN CARBON UPTAKE

Phytoplankton productivity varies significantly over 
both seasonal and interannual time scales, so the 
time series from 1997 until now is still not sufficient 
to establish whether there has been a long-term 
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Figure 10.3 Optical bands for the main ocean color sensors described in Table 10.1. (ESA LearnEO! 
CC by 3.0 Unported License.)
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Figure 10.4 January 2007: High concentrations of phytoplankton chlorophyll mark the region east 
of Argentina where the warm poleward flowing Brazil Current and the cold equatorward flowing 
Malvinas Current converge. (Plymouth Marine Laboratory/ESA Ocean Colour CCI. Reproduced with 
permission.) 

Atmospheric
carbon dioxide

CO2
O2

Sunlight
Weathering 

of calcite rock

Deepwater circulation

             �ermocline

     Upwelling

6O2 + C6H12
6CO2 + 6H2O 

Photo-
synthesis

Respiration

Water Oxygen Glucose

Dissolved
carbon dioxide Nutrients

+

Phytoplankton growth

CO3
2–Ca2+ +

CaCO3

Nutrients
+

CO2

Decompositi
on

Organic carbon
export

Calcareous 
sediment

Organic
sediment

SedimentationSedimentation

Figure 10.5 The “biological carbon pump.” (National Oceanography Centre. CC by 3.0 Unported 
License.)



10.6 Pollution monitoring 109

change. However, phytoplankton clearly play a 
central role in the ocean’s carbon uptake through 
photosynthesis. If sufficient nutrients are available, 
the plankton cells will grow and divide. When the 
plankton cells die, they sink into deep water, where 
they decompose, releasing nutrients and CO2 into 
the water (remineralization). This process is known 
as the “biological carbon pump” (Figure 10.5). It con-
tributes to the ocean’s uptake and storage of carbon 
dioxide, and keeps atmospheric CO2 about 200 ppm 
lower than it would be if the oceans were without life.

Calculations of biological productivity based on 
satellite chlorophyll data allow climate scientists to 
estimate the ocean’s biological uptake of CO2. This is 
however only part of the story. We also need to know 
the proportion of the organic carbon that reaches 
the deep ocean. Most organic matter is remineral-
ized at the surface layer; only a small fraction reaches 
the deep ocean. Once there, the carbon is stored 
away from the atmosphere for hundreds of years, 
only gradually returning to the surface as it slowly 
decomposes. Some of it remains there, of course, in 
the form of organic carbon and carbonates in shells 
of marine creatures buried in seafloor sediments.

Apart from satellite monitoring, above-surface 
and in situ oceanographic measurements of the 
organic particle flux can also be made from ships, 
using onboard sensors, as well as sediment traps 
and sensors on floats and moored buoys. These are 
clearly more localized, but can make more accu-
rate measurements to determine water turbidity, 
nutrients, and oxygen concentrations at different 
depths. When combined with the global satellite 
data, these provide important information about 
the marine carbon cycle and its contribution to the 
marine environment.

10.5 HARMFUL ALGAL BLOOMS

Ocean color monitoring allows real-time observa-
tion of red tides and other phytoplankton blooms. 
When a bloom has negative impacts on other organ-
isms or humans, it is known as a harmful algal 
bloom. A harmful bloom may be toxic, causing 
large-scale mortality of fish or shellfish poisoning in 
humans. Other plankton species, while not contain-
ing toxic chemicals, may be present in such number 
that they smother other organisms, for example, by 
clogging their gills. Intense blooms can also cause 
widespread deoxygenation of bottom waters when 
they decompose; so they can be a major cause of 

death for bottom-living organisms. Typically, only 
one or a small number of phytoplankton species 
are involved.

Harmful algal blooms may occur in marine as 
well as freshwater environments. An example can 
be seen in Figure 10.6, which shows a harmful algal 
bloom (HAB) in Lake Erie in October 2011. It was 
caused by a record spring rainfall, which washed 
fertilizer into the lake, promoting the growth of 
toxic cyanobacteria throughout the summer and 
autumn.

The monitoring of harmful algal blooms in 
coastal and inland waters allows responsible 
authorities to issue warnings of potential shell-
fish poisoning and other effects of toxins. Such 
warnings are important, for example, for the 
aquaculture industry, allowing stocks to be pro-
tected or harvested before damage can occur. 
Unfortunately, satellite data cannot itself deter-
mine if a bloom is toxic, but very high chloro-
phyll concentrations can indicate that a harmful 
bloom is likely. This allows those responsible for 
monitoring water quality to investigate further, 
for example, by taking water samples to identify 
the species responsible for the bloom and deter-
mine whether the bloom is toxic or likely to affect 
resources of economic importance in other ways. 
A warning can then be issued to anyone at risk of 
potential harm.

10.6 POLLUTION MONITORING

High chlorophyll concentrations can indicate 
eutrophication of coastal and inland waters, often 
(but not always) arising from sewage pollution, 
industrial effluents, land-runoff of fertilizer, and 
even atmospheric deposition of nitrous oxide from 
car exhausts. In some areas, this can lead to an 
increased frequency or intensity of algal blooms, 
some of which may be toxic or harmful in other 
ways. Satellite chlorophyll data is therefore one of 
the tools used to carry out environmental impact 
assessments, often along with other measurements 
to determine the exact nature of the pollution 
problem, and its impact on local ecology.

Satellite-derived chlorophyll concentrations 
are also a good proxy for eutrophication of coastal 
and inland waters. However, in such waters, the 
standard global chlorophyll products may not 
be sufficiently reliable; this is because they do not 
consider the effects of suspended clay or mud 
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particles and CDOM brought into the sea by riv-
ers. Unfortunately, CDOM absorbs strongly in 
the blue (much like chlorophyll) range, while sus-
pended mineral particles can scatter light in the 
same way as plankton cells. It is therefore diffi-
cult to determine phytoplankton chlorophyll reli-
ably without simultaneously retrieving CDOM 
absorption and suspended particle concentra-
tions. In such waters (known to optical ocean-
ographers as Case 2 waters), global open ocean 
algorithms must be replaced with more complex 
methods. Most of these algorithms use look-
up tables based on radiative transfer modeling 
and have been developed using neural networks 
trained with in situ—satellite match-up data; an 
example is the Case 2 algorithm developed for 
MERIS. A form of this algorithm, implemented 
in the ESA toolbox for Envisat and Sentinel-3, 
allows users to adapt the processing to their own 
region, based on their own optical measurements 
of backscattering and absorption coefficients.

Early sensors such as CZCS and SeaWiFS did 
not have the wavebands required to do this, and 
therefore, tend to overestimate chlorophyll levels 
in coastal waters. Distinguishing sediments and 
CDOM from phytoplankton requires a larger 
number of wavebands in the red region of the 
reflectance spectrum, 600–700 nm. It was not until 
data from MERIS and MODIS became available 

that accurate retrieval of chlorophyll became pos-
sible in regions affected by land-runoff.

There are now a number of spectral processing 
algorithms that can retrieve suspended sediment 
concentrations, and show how suspended sedi-
ments may be transported along the coast. A fur-
ther useful feature is that many pollutants that are 
not directly visible (radio nuclides, heavy metals, 
PCBs) can be adsorbed onto sediment particles. 
As a result, information about sediment transport 
derived from optical data may be a useful tool in 
pollution studies.

10.7 OIL SPILLS

In the last decade, ocean color satellites have 
increasingly been used to measure and monitor 
oil spills and guide the oil-spill response to major 
accidents. A major drawback of optical satellite 
sensors is that they cannot see through cloud, 
so synthetic aperture radar (SAR) is the main 
method of oil detection in regions where cloud 
is a problem. However, in regions that are rela-
tively cloud free, such as the subtropics, optical 
data from MERIS and MODIS, are increasingly 
used to give an overview of larger spills. In com-
bination with SAR data, the full resolution (250–
300 m) data from these sensors can help to make 
the detection of smaller spills more reliable.

Figure 10.6 Harmful algal bloom in Lake Erie, October 2011. (NASA Earth Observatory.)
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Most ocean color applications use atmospheri-
cally corrected (“Level 2”) data. Oil spill monitor-
ing, however, requires top of atmosphere (“Level 1”) 
data, because specular reflection at the sea surface 
is an important part of the signal used to distin-
guish surface oil from clean water. Oil has four 
properties that affect the signal received by an 
ocean color sensor at the top of the atmosphere:

 1. Oil dampens capillary waves, changing the 
sunglint distribution from that expected from 
clean water at a similar wind speed.

 2. Oil fluoresces, particularly when excited in the 
violet and blue ranges, and this can contribute 
to the signal from surface and dispersed oil.

 3. Oil has a higher refractive index than water, so 
surface reflection from oil is higher than from 
clean water.

 4. Light absorption by crude and heavy refined 
oil is extremely high at short wavelengths and 
decreases exponentially with wavelength in the 
visible and NIR part of the spectrum.

The interaction between these different factors con-
trols the oil–water contrast used to detect surface 
oil. The appearance of the oil depends on the oil 
type, layer thickness, and degree of weathering and 
emulsification of the surface oil, as well as on envi-
ronmental properties such as wind speed and the 
position of the sun relative to the sea surface and 
the satellite. This makes optical oil spill detection 
relatively complex, and oil–water contrast changes, 
depending on whether the oil is located in the sat-
ellite glint zone or outside it. This is illustrated by 
two examples from the Gulf of Mexico Deepwater 
Horizon oil spill shown in Figures 10.7 and 10.8.

Platform

�ick oil
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Figure 10.7 True color composite MERIS data from the Gulf of Mexico oil spill on April 29, 2010. From 
outside the sunglint zone, it is possible to obtain relative oil thickness from the spectral properties of 
top of atmosphere radiance. This is particularly useful for oil spill response, allowing cleanup efforts 
to be concentrated where they are most effective. The absorption coefficient of crude and heavy 
refined oil is very high, so even a thin surface layer (1–5 μm) suppresses the signal from the underlying 
water. Light absorption decreases exponentially with wavelength, so as oil thickness increases, the 
peak of the reflectance spectrum shifts increasingly to higher wavelengths. Thick oil will appear red, 
brown, or black depending on the type of oil and the degree of weathering. In this image, the thickest 
oil can be seen as red-brown streaks. Credit: ESA LearnEO! (Created by Val Byfield for ESA LearnEO! 
All LearnEO illustrations are provided under a Creative Commons Attribution 3.0 Unported license. 
Source https://creativecommons.org/licenses/by/3.0/.)

https://creativecommons.org/licenses/by/3.0/
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10.8 CONCLUSIONS

In this chapter, many different applications of opti-
cal remote sensing over water bodies have been 
described. Usually, the information obtained from 
optical satellites is most useful when combined 
with data from other sensors (SAR, thermal sen-
sors of sea surface temperature, satellite altimetry 
measurements of ocean currents, etc.) In many 
cases, information from model studies and in situ 
measurements are necessary in order to obtain (or 
calibrate/verify) the required information. Used 
sensibly, and with consideration for its strengths 
and limitations, ocean color remote sensing is an 
important tool for understanding and monitor-
ing marine and aquatic environments. Its primary 
advantage is that huge swathes of ocean, large lakes, 

and long, wide rivers can be monitored in ways that 
terrestrial measurements could not perform in a 
timely or economic manner.
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This chapter presents a brief overview of the large 
range of optical sensing technologies that are used 
to great effect to measure our oceans and aquatic 
environments. These environments are important 
as they supply resources (such as fish and min-
erals) and services to both society and the natu-
ral environment (such as buffering heat and CO2 
concentrations). However, measuring oceans and 
aquatic environments is a challenge as they are 
large and difficult to access in their entirety, and 
a wide range of parameters must be measured in 
order to understand the complex processes occur-
ring within them. Here we present an overview 
of the optical sensors that address this challenge 
and give some example applications of lab-on-
chip in situ (i.e., submersible) chemical sensor 

technology that has precise optical absorption 
measurement at its heart.

11.1  MEASUREMENT 
REQUIREMENTS

Natural biogeochemical cycles in the oceans alone 
provide “ecosystem services” valued at US$19 
trillion per annum in 1997, equivalent to the global 
gross national product [1]. Ocean and terrestrial 
waters provide resources such as food, nutrients, 
and drinking and irrigation water and play a 
key role in climate regulation, arguably the most 
important environmental issue facing humankind 
[2]. Hence their measurement is a priority for sci-
ence, industry, and government agencies.
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A central problem in oceanography and aquatic 
applications is the acquisition of data over the vast 
expanse and depth of the oceans, rivers, and lakes. 
The required spatial and temporal resolution of 
measurement varies with the process being stud-
ied, but most remain undersampled. For example, 
phytoplankton blooms may have variability on 
meter and minute scales, whereas in all but isolated 
study areas, subsurface biological data are updated 
in tens of kilometer scales and with sampling 
intervals at best days, but often years.

Parameters of interest include the following: the 
temperature and conductivity of the water (often 
used together to calculate salinity and density, 
which are primary parameters in physical ocean-
ography and therefore used in studies of climate 
change); currents and depth of water (includ-
ing measurement of mass and heat flow, mixing, 
tides, and changes in mean sea-level); wave-height, 
period/wavelength, and extent of wave-breaking 
(used in estimating heat and chemical exchange 
between water and atmosphere amongst other 
applications); chemical parameters such as oxy-
gen, the carbonate (dissolved CO2) system, nutri-
ents, trace metals, and gases (e.g., used to study 
interplays between biology and chemistry or to 
determine productivity or net CO2 uptake); mea-
surements of biological parameters (e.g., popula-
tions, species, genes or activity/biogeochemical 
impact); and inherent and apparent optical prop-
erties (such as irradiance, scatter and absorption, 
often used in conjunction with biological and 
chemical data to predict biological productivity or 
response). In addition, other parameters (e.g., sedi-
ment or sub sea floor structure) are also routinely 
measured in specialist applications.

The combination of the size of the aquatic envi-
ronment, the number of parameters of interest, 
and the spatial and temporal resolution at which 
these data are required creates an almost insatiable 
need for improved measurement systems for which 
optical technologies offer a number of advantages.

11.2  DIRECT OPTICAL SENSORS

Direct optical sensors make their measurement by 
quantification of the optical response of the envi-
ronment that is otherwise unperturbed by altera-
tion or modification. This is in contrast to indirect 
optical sensors (explained in Section 11.3), where 
the sample is modified in some way prior to the 

measurement (e.g., by the addition of a reagent or 
interaction with an indicator).

11.2.1  Satellite and remote sensing

Direct optical systems are used to great effect in 
remote sensing/satellite sensors [3,4]. While mea-
surement is limited to surface waters, and accuracy 
is often inferior to in situ (e.g., submersible) sen-
sors, remote sensing enables global coverage with 
1–100 km scale pixels with repeat measurements 
typically every few days.

Imaging spectrophotometers use solar radia-
tion as a light source to measure apparent optical 
properties of water, which can be used in conjunc-
tion with corrections for illumination variation, 
specular reflection, and scatter and atmospheric 
modulation to estimate inherent optical proper-
ties. These measurements can be combined with 
additional data or models, or used directly to 
provide estimates of parameters of interest. For 
example the outputs of ocean color remote sens-
ing include estimates of the following: chlorophyll 
a concentration, colored dissolved organic matter 
(CDOM), pigment absorption coefficients, par-
ticulate organic carbon (POC), calcite, and phy-
toplankton carbon, growth rates, and primary 
production.

Radiometers operating in the windows in the 
region 4, 8, and 11 μm are routinely used to mea-
sure water surface temperature to within ±0.4 K. 
Light detection and ranging (LIDAR) is well suited 
to use from aircraft and has been used to measure 
water depth in coastal waters [5]. With adaptation, 
LIDAR has also been used to remotely stimulate 
fluorescence and Raman scattering for estimation 
of chlorophyll and CDOM [6,7].

11.2.2  In situ sensors

In situ sensors can provide high accuracy measure-
ments of subsurface and surface water parameters 
at high temporal resolutions (seconds to hours) and 
if deployed in number, or combined with moving 
platforms (such as autonomous underwater or sur-
face vehicles, profiling floats, or ocean gliders), can 
make measurements over wide geographic scales. 
However, aquatic environments are aggressive, 
particularly for optical sensors. Technologies must 
resist or mitigate the effects of the following: pres-
sure (typically up to 60  MPa); wide temperature 
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range (typically −2°C to +35°C); corrosive envi-
ronments; highly variable non-target chemical and 
biological composition; and biofouling leading to 
occlusion of optical windows and inlets, modifica-
tion of the environment, or added mass/drag. In 
addition, the accuracy and precision demanded in 
many science and regulatory applications is diffi-
cult to achieve; accuracy requirement of one part 
in 35,000 is not uncommon.

The fundamental measurement of water salin-
ity/density is predominantly made using very 
mature conductivity detection devices together 
with accurate temperature measurements (typi-
cally to an order better than 0.003 K). However, 
optical technologies for measuring density more 
directly via refractive index measured by refrac-
tometry are in development [8].

Mature optical sensors are used to measure 
inherent optical properties (IOP) and apparent opti-
cal properties (AOP) [4]. These include the AOP 
irradiance (radiant light flux in a given direction 
and per solid angle, per unit area perpendicular 
to propagation) that is often separated into direc-
tional components, such as upwelling or down-
welling irradiance, and with additional spectral 
restrictions [e.g., 400–700 nm, whence it is termed 
photosynthetically available (or active) radiation 
(PAR)]. Scalar (i.e., the integral of irradiance over 
all solid angles) PAR is typically measured with a 
diffusing spherical light collector (typically plastic 
or opal glass) that guides light from all directions 
to an appropriate detector. Wavelength depen-
dent sensitivity is achieved via the properties of 
the diffusing sphere, the detector, and if necessary 
additional filters. Spectroradiometers are used to 
measure the spectral profile of irradiance. There 
is a wide variety of detector/collector geometries 
to investigate the directional variation of irradi-
ance. Irradiance information is typically used to 
estimate input energy for biological activity or to 
estimate the contents of the water. For example, 
phytoplankton contain photosynthetic pigments 
and their presence gives a distinctive spectral 
profile. While species to species similarity and 
individual variability makes precision and quan-
tification difficult, this approach can be used to 
estimate population makeup and size for different 
classes of organism.

There is an extensive inventory of sensors to 
measure IOPs. Principally, these target absorp-
tion and scatter (both elastic and inelastic). 

Transmissometers are widely used to measure the 
effects of scatter and absorption together and con-
sist of a (typically collimated) light source sepa-
rated by a fixed distance from a detector that may 
or may not record spectral information. Spectral 
absorption attenuation meters measure concur-
rently spectral absorption and attenuation coef-
ficients by using two tubes filled with the sample: 
one is black to minimize reflections, whereas the 
other, which aims to measure only the absorption 
coefficient that is reflective. Absorption alone is 
also measured in similar systems using liquid core 
waveguide capillary cells to confine the light to the 
sample.

Recent advances are delivering a commercial 
transmissometer sensor with polarizing filtering 
[9] that utilizes the extreme birefringence of cal-
cium carbonate relative to other seawater com-
ponents to make in situ estimates of particulate 
inorganic carbon [10].

There are numerous optical sensors that detect 
scatter, the most prevalent being nephelometers 
or turbidity sensors, which are optimized to make 
measurements of suspended particulate derived 
scatter. These typically operate using backscatter 
over a narrow optical window and small angular 
range and are used, amongst other applications, 
to investigate sediment load and biological par-
ticulate concentration. More complex instruments 
make measurements at multiple wavelengths and 
angles and can even enable accurate estimation of 
the volume scattering function.

Inelastic scatter measurements are principally 
used to quantify chemical and biological param-
eters. Fluorescence with pump light in the visible 
range is widely used to quantify photopigment 
(usually chlorophyll a) concentrations, and time 
resolved fluorescence, pump and probe or fast 
repetition rate fluorometry (FRRF) can assess the 
physiological health of photosystem II and hence 
can assess the health and productivity of photosyn-
thetic organisms in a given sample. However, these 
techniques require frequent calibration as variabil-
ity within phytoplankton communities and water 
matrix results in a drift or time variant calibration.

Fluorescence with excitation light in the UV 
can also be used to measure organic molecules 
including tryptophan and CDOM. The current 
trend is towards multispectral sensors, using this 
technique to enable more detail in mixed samples/
matrices.
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UV transmission spectroscopy is routinely used 
to make measurements of nitrate concentrations in 
natural waters. This is possible because with lim-
ited signal processing, the absorption from nitrate 
can be separated from other absorbing species 
such as bromide and CDOM in the same spec-
tral range [11,12]. Instruments typically consist 
of a UV source (deuterium or xenon lamp) and a 
grating spectrometer inside a pressure vessel with 
optical windows or fibers sending and receiving 
light through the sample. The method is advanta-
geous as it enables high frequency (typically 1 Hz) 
measurements, but the precision (±0.5 μM) and 
accuracy (±2 μM) is limited by interferences and 
current instrument design and is insufficient in 
some applications.

Raman spectroscopy can be used to make 
measurements of a wide range of (inorganic and 
organic) chemical species in water and in solid 
substrates in aquatic environments. However, to 
date, the size, cost, and weight of current instru-
mentation has limited its widespread applica-
tion. Moreover, natural waters are typically dilute 
(nM or pM) with respect to target chemicals such 
as micronutrients and organic molecules. This 
presents a challenge to direct Raman spectros-
copy and has motivated further research into the 
application of surface enhanced Raman spectros-
copy (SERS) for analysis of water. However, SERS 
is complicated by nonreversible adsorption effects 
on the metal substrates typically used as the sens-
ing surface. Active research is addressing this 
problem.

Flow cytometry, where single cells are mea-
sured in a continuous flow at high rate as they 
pass through a water jet or channel, is a powerful 
technique for counting and classifying living cells 
in natural waters. Typical designs use laser light 
at multiple wavelengths to illuminate the cells, 
with scattered and fluorescent light measured at 
multiple angles and wavelengths respectively. To 
reduce the size and extend the duration of in situ 
cytometers, microflow cytometers [13] are being 
investigated.

11.3  INDIRECT OPTICAL SENSORS

Indirect optical methods are powerful for creating 
high specificity and high performance in situ sen-
sors because sensitivity to the parameter of inter-
est can be greatly enhanced by modification of the 

sample. Possible modifications include separations 
or addition of reagents that complex or react with 
the target to produce an absorbing, fluorescent, 
or luminescent product, or the use of a reversible 
indicator material that changes its optical proper-
ties in the presence of the target. These approaches 
are used to great effect in the analysis of aquatic 
environments. The addition of reagents is typically 
more complicated (see Section 11.3.1) as it requires 
manipulation of the sample (e.g., with pumps and 
fluidic networks). The use of indicators is simpler 
to operate as the analyte typically interacts with 
the indicator as it diffuses through a solid matrix 
in which the indicator is bound.

Examples of indicator-based in situ optical sen-
sors include the optodes for oxygen, pH, and pCO2 
stemming from the seminal work by Wolfbeis 
(Regensberg) and Klimant (TU Graz) and co-
workers to produce “optodes” (optical electrodes) 
for environmental analysis. Typically, these sen-
sors have an indicator immobilized in solid matrix 
that is permeable to the analyte. The indicator is 
generally a luminophore with a luminescence life-
time that is quenched in the presence of the ana-
lyte. To improve stability and reduce effects from 
ambient light and bleaching, a second lumino-
phore that is not quenched by the analyte or other 
matrices in the sample, is included in the same 
solid matrix. This is termed dual luminophore 
reference or DLR. The measurement of the indi-
cator and reference luminescence is performed in 
the time domain or via phase shift between excita-
tion and luminescent light. In situ aquatic oxygen 
sensors based on this technology have been very 
successful and are widely deployed in a wide range 
of environments. Optodes for pH, pCO2, and NH4 
are approaching or in the early stages of commer-
cialization and uptake with technology for fur-
ther analytes in development. The performance 
of optodes is excellent with a typical accuracy of 
3 μM (O2) and long-term stability is of the same 
order over months.

A common separation method partitions the 
analyte of interest from water typically with a 
membrane that is permeable to the target but 
impermeable to water. This either places the target 
within the membrane matrix, or allows it to pass 
through to an alternative carrier fluid or gas. Both 
methods are often used to enable spectrophoto-
metric quantification of the analyte at wavelengths 
where water is a strong absorber. For example, 
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methane can be detected in the mid-IR (infra-
red) via the evanescent waves in fibers coated with 
polydimethylsiloxane (into which methane parti-
tions [14]), or methane and CO2 can be analyzed in 
the gas (carrier) phase behind a suitably pressure 
resistant membrane [15]. The technique requires a 
suitable permeable membrane, and mitigation of 
the variable membrane permeability and enrich-
ment factor with pressure, time, and other envi-
ronmental factors. In addition, finite water (and 
matrix) permeability/uptake of the membrane 
must be addressed.

Despite obvious drawbacks of complexity and 
difficulty in ensuring reliability, considerable 
research has been directed towards the develop-
ment of reagent-based indirect sensors. Example 
devices and some detailed examples of current 
projects are presented in the following sections.

11.3.1  Reagent-based in situ indirect 
optical sensors

Reagent-based sensors mix the sample with a 
reagent that reacts or binds with the target to form 
an absorbing, fluorescent or luminescent product. 
The advantages include the availability of numer-
ous robust reagent-based analytical methods/
assays for numerous chemical and some biological 
targets and excellent performance (sensitivity, sta-
bility, accuracy, precision, and limit of detection) 
that is afforded—typically orders of magnitude 
better than direct optical methods. The drawbacks 
include the complexity of the resultant instrument 
that typically includes multiple pumps and often 
valves, a fluidic network, an optical detection cell, 
reagent stores, power sources, control and data log-
ging electronics, sample input filters, and intercon-
necting tubes. The reduction of the impact of this 
complexity on the size, cost, reliability, and ease of 
use is a key focus of current research.

The first in situ reagent-based systems were 
produced in the 1980s and currently, a num-
ber of systems are commercially available (e.g., 
Refs. [16–20]). However, these have not overcome 
all of the principal disadvantages listed earlier, 
and therefore, their impact in the market and in 
aquatic applications has been limited. Recently, a 
submersible reagent-based phosphate sensor [21] 
that addresses many of these deficiencies is becom-
ing widely used, demonstrating the large demand 
for this technology.

Lab-on-chip technologies and microfluidics 
where the fluidic network is reduced in diameter 
(typically to <200 μm) and integrated with other 
systems (such as valves, pumps, or optics) in a 
manifold or “chip” has been investigated by a num-
ber of researchers for use in in situ sensors. This is 
because the technology enables the drastic reduc-
tion in the scale of the device, the resources it uses. 
Through miniaturization and simplification of the 
system components, it can also reduce cost while 
in some circumstances increasing ease of use. 
Applications have included the analysis of DNA 
from microorganisms, measurement of nutrients, 
the carbonate (dissolved CO2) system, and trace 
metals.

One family of lab-on-chip-based in situ ana-
lyzers developed in Southampton is presented 
here. This has been applied to the detection of a 
wide range of nutrient, carbonate, and trace metal 
parameters using detection of absorbance. Systems 
monitoring fluorescence for further nutrients and 
molecular assays (e.g., analysis of nucleic acids, 
and hydrocarbons) are in development. We focus 
here on the systems using absorption for chemical 
detection.

These systems have a microfluidic chip that is 
formed from layers of poly(methylmethacrylate) 
(PMMA) that are micromilled (i.e., machined with 
miniature milling bits, see Figure 11.1) to form 
channels that are closed by bonding the layers 
together (explained later, see Figure 11.2). The chip 
also forms the end cap of a watertight case that 
contains the pump, valves, electronics, and optics 
that are mounted on the inside face of the chip. The 

Figure 11.1 Micromill facility including multiple 
computer controlled (CAD-CAM) micromills. 
Smallest milling bits are 100 μm.
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outside face of the chip has an inlet connected to 
the environment via a filter (0.45 μm) and ports 
for connection of stores of reagent, standards, and 
blanks. The watertight case is filled with oil that 
electrically insulates the internal components and 
includes a bellows or diaphragm to ensure that the 
external (environment) pressure is communicated 
to the internal components through the oil. With 
careful design and selection of pressure resistant 
components, this pressure balance design enables 
operation at great depths as there are no internal 
voids to create pressure differential. The current 
sensors have proven operation to 6000  m water 
depth. 

The principal internal components of the sys-
tem are shown in Figure 11.3. The figure depicts 
the (lab-on-chip) microfluidic chip at the bottom 
of the image that includes multiple optical cells 
and three printed circuit boards (PCBs), which 
from bottom to top form (1) the connections to the 
LEDs (light emitting diodes) and photodiodes in 
the optical cells, (2) the main daughter board that 
controls the pump motor and valves and other 
actuators, and (3) the main electronics board that 
includes the microcontroller, data acquisition, 
LED drive, and logging systems. The daughter 
board is mounted directly on top of the solenoid 
valves (Lee, USA, which are used as standoffs,)
and is set clear of the syringe pump. The syringe 
pump is operated with a stepper motor (labeled 
in Figure 11.3) that turns a threaded rod. The rod 
engages with a drive nut that moves a drive plate 

attached to the top of plungers. The plungers move 
inside static syringe barrels located in and sealed 
to the chip. Up to four syringe barrels are driven by 
the single motor and drive plate enabling precise 
pumping of multiple fluids at very consistent volu-
metric flow ratios. This is important in achieving 
consistent reagent to sample ratios and accurate 
production of the colored product for measure-
ment in the optical cell.

Central to the chip design is the use of a unique 
optical cell that enables high performance mea-
surement of transmission through the sample/
reagent. The cell relies on the use of two innova-
tions. The first is the use of a solvent vapor expo-
sure technique that polishes the marks left from the 
micromachining fabrication in the optical channel. 
The other uses a tinted or colored substrate to sup-
press stray, reflected, and scattered light prevent-
ing it from reaching the detector. Figure 11.4 shows 
optical profilometry data of the base of an optical 
cell channel of 300 μm width formed in PMMA at 
increasing durations of exposure to solvent vapor 
(in this case, chloroform). The vapor appears to 
preferentially condense and absorb into the rough 
features causing these and other exposed surfaces 
to soften and reflow resulting in a polishing effect. 
This polishing effect is critical in creating high 
performance optical cells. The smooth surface pre-
vents optical scatter due to the textured substrate, 
reduces traps for bubbles, and decreases the effect 
of surface changes (e.g., staining or fouling) on the 

Figure 11.2 Microfluidic chips in various stages of 
completion during the manufacturing process.

Microfluidic chip

Valves

Electronics
board

Stepper motor Syringe pump

12
0 

m
m

Figure 11.3 Principal internal components of an 
in situ lab-on-chip analyzer. The microfluidic chip 
forms the end cap to the watertight housing, 
which minimizes the fluidic distance between the 
sample inlet and the chip.
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measured optical transmission. The softening of 
the surface also allows for bonding of layers if they 
are pressed together shortly after exposure to the 
solvent vapor.

The use of a colored substrate to form the opti-
cal cell confers a number of advantages. The prin-
cipal advantage is that the tint, which is usually 
chosen to be a broad band absorber in the emission 
band of the LED, absorbs any light that does not 
pass directly down the fluid-filled channel. This 
includes light scattered by the sample, or interfaces 
or features in the chip, and reflections within the 

chip, which otherwise dominate the optical power 
incident on the detector. Using a tint rather than a 
completely opaque material enables the walls of the 
optical channel to be thinned in the region of both 
the LED and the detector. This thinning results 
in a very small optical loss through the walls and 
hence, most of the possible optical power is cou-
pled into and out of the optical cell and passes only 
through the fluid of interest.

Thin tinted walls are used rather than add-
ing clear windows as it enables fabrication of 
the fluidic/optical channel and the windows in 
a single material in a single milling/fabrication 
process, which simplifies optical alignment, fabri-
cation, and therefore reduces cost while increasing 
robustness.

The effect of the tint can be seen in the photo-
graphs shown in Figure 11.5, which compares the 
scattered and transmitted light in optical cells 
in clear (top images) and tinted PMMA (bottom 
images). It can be seen that without the tint source, 
light from the LED is transmitted and reflected 
around the chip outside of the analytical channel. 
In the images on the left-hand side, it is possible 
to compare the profiles of the light as it exits the 
cell and impinges on a surface in the cavity made 
to receive the photodiode (removed for clarity/this 
demonstration). In the clear chip, light transmit-
ted through the PMMA including that aided by 
scatter and reflection strongly illuminates a large 
patch on a piece of paper placed in the detector 
recess. In the tinted chip, a small less intense spot 
is observed, which demonstrates that only light 
traveling directly through the analyte impinges on 
the detector.

30 s

195 s

0 s

300 µm

300 µm

300 µm

Figure 11.4 Optical profilometry scans of the 
bottom of the optical/fluidic cell, showing the 
polishing effect of chloroform vapor after 0, 
30 and 195 s of exposure.

Figure 11.5 Identical optical cells in clear (top) and tinted PMMA (bottom). The panels on the left 
show the profile of the light as it exits the absorption cell and reaches the cavity for the photodiode. 
With tinted PMMA, background light has been absorbed and only light that traveled through the 
absorption cell emerges.
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The suppression of stray, scattered, and reflected 
light is important as it decreases the optical offset, 
which increases sensitivity, dynamic range, and 
reduces noise with concomitant impact on preci-
sion and hence accuracy.

Because the windows are integral to the optical 
cell, and optical cells are inexpensive to include in 
the device, the device can include multiple opti-
cal cells. These are principally used to measure the 
native absorption/scatter in the sample prior to 
reagent addition, and to provide cells of different 
length. The latter is done as sensitivity and hence, 
precision and resolution is maximized when the 
natural logarithm absorbance in the channel is 1, 
but above this value nonlinearity may be observed 
using simple interpretations of the Beer–Lambert 
law. Using multiple optical cells enables optimiza-
tion of cell length for a greater range of concentra-
tions and increases the dynamic range.

At very short cell lengths, the tinted PMMA 
may not be thick enough to absorb all the stray 
light from the LED, which is close to the detec-
tor. To combat this, a light channel (waveguide) is 
placed between the LED and the channel window 
to restrict and collimate the light, and to increase 
the distance between the LED and the detector. By 
using a high refractive index fill material (e.g., an 
optical epoxy), it is possible to create a waveguide, 
though a small numerical aperture is required to 
achieve the desired stray light suppression. A pho-
tograph of an example short cell (prior to bonding) 
is shown in Figure 11.6. The optofluidic channel is 
in the center of the image and has length (2.2 mm) 
determined by two opposed right angled elbows. 

On the left-hand side, an approximately 1 mm win-
dow separates the channel from the photodiode 
pocket (visible as a rectangle with rounded cor-
ners). On the right, the window separates the chan-
nel from the light channel, which has a T shape 
with two circular vias connected to the hanging 
lobes of the T. Another via is included at the LED 
end of the base of the T. After bonding and closure 
of the channel, these vias allow the light channel to 
be filled, for example, with optical epoxy.

11.4  EXAMPLE DEPLOYMENTS AND 
APPLICATIONS OF IN SITU 
LAB-ON-CHIP SENSORS

This section summarizes example applications of 
the lab-on-chip sensor technology when adapted 
for the measurement of nitrate and nitrite. The 
sensor has a limit of detection (LOD) of 0.025 μM 
for nitrate (0.0016 mg/L as NO3

−) and 0.02 μM for 
nitrite (0.00092 mg/L as NO2

−) and a measure-
ment range up to 350 μM (21.7 mg/L as NO3). This 
performance is suitable for almost all natural 
waters, apart from the oligotrophic open ocean 
where nitrate is depleted and often present at 
0.1–10 nM.

The sensor uses the Griess assay, which 
causes nitrite diazotization with sulphanilamide 
and subsequent coupling with N-(1-naphthyl)-
ethylenediamine dihydrochloride (NED) to form 
an intensely colored azo dye. The dye is pink in 
color and we observe the intensity via absorption 
using a 525 nm LED. Nitrate is not detected by 
the Griess assay, but it may be reduced to nitrite, 
which can be detected. This we achieve by buffer-
ing the sample and passing it through a (catalytic) 
tube made from cadmium that is weakly alloyed 
with copper. The tube is connected to the outside 
of the chip via fluidic connections milled into the 
chip.

Nitrate is an important macronutrient in natu-
ral systems and plays a role in stimulating strong 
growth and productivity. It is used in agriculture 
and aquaculture to stimulate plant growth, but 
in the natural aquatic environment, it may stim-
ulate unwanted growth leading to eutrophica-
tion; at high concentrations, it may even be toxic. 
Therefore, understanding the sources, sinks, and 
utilization and transport mechanisms is of impor-
tance for understanding the environment and the 
anthropogenic effects upon it.

Figure 11.6 Optical absorbance cell milled into 
tinted PMMA. This particular cell is 2.2 mm in 
length. The LED is further separated from the 
photodiode by a light channel that is typically 
filled with optical epoxy.
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11.4.1  Macronutrient cycles in the 
Christchurch estuary

In this project, nitrate sensors are deployed at 
three sites in the Christchurch estuary. The sites 
are located in the two source rivers, the Stour and 
Hampshire Avon, and at the mouth of the estuary 
at Mudeford.

Estuaries play a vital role in our economy as 
sites of leisure and commercial activities. They 
are important nursery grounds for many species 
of economically important fish yet are also some 
of the most vulnerable sites for anthropogenic 
impacts. This can stem from activities in the estu-
ary but also from the accumulation of pollutants 
gathered by rivers from large catchments. Of par-
ticular concern is excess river-borne concentra-
tions of phosphate and nitrate from a variety of 
sources, such as agricultural (fertilizer, waste) run-
off and from waste/waste water processing.

Elevated levels can stimulate excess algal growth 
that can deplete the water of oxygen causing wide-
spread fish kills or cause the growth of poisonous 
(to both humans and other animals) algal species 
(red tides) that lead to closure of shell fish fisheries.

While extensively studied and monitored, for 
example, by the Environment Agency and water 
companies, there are still major gaps in our data 
and therefore knowledge about estuaries. In par-
ticular, sudden storm events are likely to cause sig-
nificant spikes in pollution inputs to estuaries, but 
current measurements performed by sampling (at 
only a few locations) and later, laboratory analysis 
are taken infrequently (days or weeks apart) and 
therefore miss these events.

The use of lab-on-chip sensors seeks to address 
this gap by providing data on nutrients (initially 
nitrates, but also nitrites, phosphates and eventu-
ally dissolved organic nutrients) at high temporal 
resolution (6 min to hourly intervals) at three sites 
in Christchurch Harbour estuary (Dorset). It is 
used as an example to provide understanding of 
similar estuaries elsewhere. This high frequency 
data will enable us to catch transient inputs from 
storms, and then monitor the fate of these inputs in 
the estuary or their transport through the estuary 
mouth to the English Channel.

Our initial results show clearly that there is 
transient response in nutrient inputs during 
storms, and observable effects on biological nutri-
ent uptake and productivity.

Figure 11.7 shows a photograph of two nitrate 
sensors. One (on the right side) has been retrieved 
after 3 weeks of continuous operation at an UK 
Environment Agency / Department for Environment 
and Rural Affairs gauging station in the Hampshire 
Avon, while the other has been recently prepared for 
deployment at the National Oceanography Centre, 
Southampton. The sensor is the small cylinder at the 
bottom of a frame used for deployments on moor-
ing. The upper larger cylinders house the liquid 
stores (reagents, standards, blanks) and waste col-
lecting bag. A photograph of the device deployed in 
the Hampshire Avon is shown in Figure 11.8. 

11.4.2  Development and validation 
of first generation chemical 
sensors for icy ecosystems 
(DELVE)

Icy environments such as glaciers and ice sheets 
are now known to harbor significant populations 
of microorganisms despite the challenging envi-
ronmental conditions of extreme cold, desiccation, 
freezing, and often high pressure. Many microbes 
accelerate chemical weathering of sediments and 
rock producing nutrients for ecosystems down-
stream. A better knowledge of these processes is 
important for understanding the following: (1) 
impacts on global carbon and nutrients cycles, 
(2) biodiversity and life in extreme environments 

Figure 11.7 Two lab-on-chip nitrate sensors dur-
ing changeover for redeployment (Christchurch 
Harbour Estuary, Dorset) as part of NERC, the 
Macronutrient Cycles Programme.
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(e.g., Antarctic subglacial lakes), and (3) hydrologi-
cal conditions and flow beneath ice sheets.

Currently, data are gathered by infrequent sam-
ple collection and analysis in only a few locations. 
Sensor technology promises to enable more frequent 
measurements in more locations, but the number of 
suitable sensors is currently extremely limited.

Building on the developments in oceanographic 
sensors, this project has developed a first genera-
tion of compact chemical sensors for use in glaciers 
and ice sheets. The sensors include lab-on-chip 
nutrient and trace metal (Fe and Mn) sensors.

The technology’s performance has been evalu-
ated under icy conditions (e.g., at low temperature, 
under freeze/thaw conditions, at high pressure and 
with glacial meltwater sample types) in both the 
laboratory, and in the field (see Figure 11.9, which 
shows a deployment site in the proglacial stream 
draining the Greenland Ice Sheet at Leverett 
Glacier, near Kangerlussuaq, Greenland). This 
testing has informed a number of enhancements, 
including the development of freeze/thaw tolerant 
designs, and assays using reagents adapted to give 
low freezing temperatures. These adaptations have 
enabled the sensors to meet the requirements of this 
application. While providing significant scientific 
data and understanding of icy environment bio-
geochemistry in themselves, these developments 

and deployments lay the foundation for future 
exploration, measurement, and understanding of 
subglacial lakes (e.g., Subglacial Lake Ellsworth, 
Antarctica), marine under-ice environments (e.g., 
from autonomous vehicles such as Autosub, mov-
ing under ice), and across a wide range of icy eco-
systems where in situ measurements are desirable. 
The robust technology developed also has strong 
relevance to water quality monitoring in freshwa-
ter environments, which we are exploring through 
collaboration with the Environment Agency, UK.

Figure 11.8 A lab-on-chip nitrate sensor submerged at the measurement site in an Environment 
Agency gauging station at the Hampshire Avon, UK.

Figure 11.9 Deployment of sensors in the progla-
cial stream draining the Greenland Ice Sheet at 
Leverett Glacier, near Kangerlussuaq, Greenland.
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11.4.3  Application in ocean 
observatories and 
on autonomous vehicles

This is the main focus of the sensor development 
activities in Southampton because of the value of 
oceans and their importance to society (see Section 
11.1), and because of the current paucity of in situ 
data on biogeochemical processes. We are develop-
ing a number of sensors (including for the carbon-
ate system, trace metals, cytometry, and nucleic 
acid analysis (for microbiology)) for this applica-
tion, but for brevity, here we focus on nutrient sen-
sors and the nitrate/nitrite sensor in particular.

In this application, nitrate is measured, together 
with other parameters such as salinity, tempera-
ture, currents and other biogeochemical parame-
ters. The principal aims are to understand processes 
that deliver nutrients to the productive sunlit ocean 
(including cycling and remineralization in the deep 
sea) and to quantify and model biological processes 
utilizing nutrients often with the aim of predicting 
productivity and the extent of CO2 uptake.

Because of the remoteness and inaccessibility 
of the majority of the world’s oceans, nutrient sen-
sors are integrated on board vehicles or structures 
termed platforms in the oceanographic community.

The challenge for the technology is to achieve 
the performance required including robustness in 
a harsh environment, longevity (many platforms 
remain at sea without intervention for months or 
years), and size and cost such that they are small 
enough and cheap enough to be integrated on all 
platforms and in large numbers.

The small size and robustness of oxygen optodes 
have enabled them to be used widely in this appli-
cation. The lab-on-chip technology is approaching 
the size, longevity, cost, and performance required 
in the most widely used, and most demanding plat-
form (in terms of size and longevity particularly)—
the profiling float.

There are currently (July 2017) 3833 profiling 
floats in the world’s oceans (www.argo.ucsd.edu). 
There are a number of manufacturers with floats of a 
broadly similar design. While deep floats (>4000 m 
rated) are in production, most of the floats in use are 
designed to profile the top 2000 m of ocean. They 
do this by changing their buoyancy through inflat-
ing an external bladder with oil (at depth); some-
times, they use air buoyancy (near the surface). 

Buoyancy is controlled via algorithms and micro-
controllers and typically the float will park at depth 
before slowly surfacing and taking measurements 
every 10 days. At the surface, the float loiters while 
it transmits the recorded data via satellite to data 
processing and storage repositories. Thereafter, it 
returns to park at depth. The geographical location 
is determined by ocean currents. The deployment 
location of new floats is used to control the spac-
ing of the float array. Currently, most floats record 
temperature and salinity (via electrical conductivity 
and temperature) as a function of depth (via mea-
surements of pressure). A significant international 
research effort is developing and integrating a raft 
of optical and biogeochemical sensors into profiling 
floats and the array.

Figure 11.10 shows two nitrate lab-on-chip sen-
sors integrated into an NKE PROVOR profiling 
float and deployed in a Scottish sea loch. To enable 

Figure 11.10 Two lab-on-chip nitrate sensors (left 
and right white cylinders) mounted on an NKE 
PROVOR profiling float deployed in Loch Etive, 
Scotland. The orange satellite transmitter arial 
and black conductivity, temperature, and depth 
sensors are clear of the water surface, which is 
also dotted with snow.

http://www.argo.ucsd.edu
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widespread uptake, we are further miniaturizing 
the technology and extending the deployment life-
time. This is currently limited by the (temperature 
dependent) stability of the reagents and standards 
which for ocean applications is at worst 3 months. 
We are hoping to extend this to 6 months in the 
near term and to over a year in the long term.

A number of other platforms offer advantages 
over profiling floats in some applications. For exam-
ple, autonomous underwater vehicles (either pro-
peller driven, or with buoyancy engines and wings 
to form ocean gliders) have the advantage that they 
can move against currents, and cover more ground 
(and depth). They can also enter inaccessible envi-
ronments such as the waters under ice shelves.

From a sensor’s perspective, some also have 
more available power and space than a profiling 
float, and can be deployed for shorter durations.

Figure 11.11 shows two lab-on-chip sensors 
(included in a single cylindrical housing) being 

integrated with an iRobot/Kongsberg Seaglider 
for testing as part of the NERC Shelf Seas 
Biogeochemistry programme where nitrate data are 
collected with current data across the continental 
shelf to examine nutrient fluxes and their impact. 

11.5  CONCLUSIONS

Optical sensors are widely used in oceanographic 
and aquatic applications. In large part, this is due 
to their ability to measure important environmen-
tal parameters remotely (e.g., from space) and to 
enable measurement of complex physical, chemi-
cal, and biological properties. Coupled with robust 
analytical techniques such as indicator or reagent-
based chemistry, optical sensors are able to mea-
sure many complex biogeochemical parameters 
in situ that is, submerged in the environment. The 
ability to make precise repeatable measurements 
over a wide dynamic range places optical sensor 
technologies at the forefront of active technology 
research to develop systems to meet the demand for 
ever more data (in both space and time) on a grow-
ing list of priority measurements used to address 
some of the biggest issues faced by mankind.
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12.1  INTRODUCTION

Optoelectronics has been extensively used in the 
field of atmospheric science, and many of the oper-
ational principles and techniques have been cov-
ered extensively in this handbook. Presented here 
is a specific example in which instrumentation 
utilizing some of these principles was deployed in 
response to the threat posed by ash emissions from 
Icelandic volcanoes.

12.2  MONITORING OF ASH FROM 
ICELANDIC VOLCANOES

After 3 weeks of grumbling seismic activity, 
Iceland’s Eyjafjallajokull volcano erupted on April 
14, 2010 for the first time in almost 200 years: 
Figure 12.1 shows a photograph by Brynjar Gauti 
taken during the event itself. The eruption ejected 
a debris plume that reached over 30,000 ft into the 
atmosphere and was carried by the prevailing wind 

over the UK and Northern Europe. The danger 
posed to aviation from volcanic ash is well known 
and has resulted in loss of power to all engines in 
the most serious aircraft encounters, most nota-
bly those with the ash clouds from Galunggung 
in 1982 (Hanstrum and Watson 1983) and Mount 
Redoubt in 1989 (Casadevall 1994).

The aviation industry’s standing instructions 
for dealing safely with volcanic ash are “to avoid 
all encounters with ash,” and this advice has been 
incorporated into the safety management systems 
operated by leading air traffic services and airspace 
management organizations. The “zero tolerance” 
to ash inherent in this advice substantially reduced 
the volume air traffic flow through the UK, Irish, 
and Continental European airspace after the 
eruption and by April 18, commercial aviation 
movement through the airspace of 23 European 
countries had ceased with restrictions in place in 
further two countries. Over 300 airports, repre-
senting 75% of the European network, closed and 
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precautions had to be taken to protect grounded 
aircraft and airfields from potential ashfall.

The London Volcanic Ash Advisory Centre 
(London VAAC) based within the UK Met Office 
is responsible for monitoring and forecasting 
the  movement and dispersion of volcanic ash 
originating from volcanoes in Iceland. The fore-
casts comprise maps showing the geographical 
distribution of ash mass concentration at specific 
levels in the atmosphere, examples of which are 
shown in Figure 12.2. To produce these maps, 
atmospheric dispersion models are required; 
the NAME  (Numerical Atmospheric-dispersion 
Modeling Environment, Jones et al. 2007) model is 
used by the London VACC.

In addition to meteorological fields and infor-
mation concerning the location of the eruption, 
starting time, release height, and plume height, the 
accuracy of atmospheric dispersion models depend 
on the representation of the plume dynamics 
within the model and the physical properties of the 
ash and gases in the plume. While in most cases, 
it is easy to deliver the first three terms (being all 
static after an eruption has started) to a high degree 
of accuracy, it can be quite difficult to give an accu-
rate observation of the plume height. Advection 
and dispersion downstream from the volcano also 
leads to the downstream ash cloud not necessarily 
being at the same altitude as the plume top over 
the volcano and more often than not, this cloud 

Figure 12.1 Eyjafjallajokull eruption. (AP Photo/Brynjar Gauti.)

Figure 12.2 Ash forecasts issued by the London VAAC (Volcanic Ash Advisory Centre) at 06:00 UTC 
(coordinated universal time) on May 22, 2011. The solid lines indicate Flight Level 200 (FL200) and 
refer to altitudes at and below 20,000 ft (approximately 6 km). The dashed lines indicate FL200–
FL350 meaning altitudes between 6and 10 km and the dotted lines indicate FL350–FL550, indicating 
 altitudes between 10and 17 km. These were for the 2011 Grímsvöten eruption.
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becomes divided into multiple layers: observations 
from the Eyjafjallajökull eruption indicated that 
considerable plume modification process occurred 
in the first tens to hundred  kilometers downstream 
of the volcano. Better characterization of these 
processes and the physical properties of the ash are 
required to improve the performance of the dis-
persion models and hence, the accuracy of the ash 
coverage maps issued to the aviation industry.

The range of instrumentation available to make 
the required observations is large and deciding on 
the “right tool for the job” requires an appreciation 
of the phenomena of interest, the measurement 
principle an instrument employs and the resulting 
limitations of any measurement made. The physi-
cal properties of ash that are of specific interest 
here include the following:

 ● Total loading
 ● The number of particles per unit volume in a 

given size range: number density
 ● Single particle shape
 ● Single particle composition
 ● Single particle optical properties

Pruppacher and Klett, and Colbeck provide com-
prehensive discussions on atmospheric aerosol 
microphysical properties. LIDAR remote  sensing 
techniques have been used to infer  unequivocally the 
presence of ash in an atmospheric layer: achieved by 
combing a standard aerosol LIDAR (light detection 
and ranging) with a Raman LIDAR, but they do not 
provide any information on the microphysical prop-
erties of ash that are required to improve model per-
formance. At the present time, only direct, in situ, 
measurement techniques provide these key observa-
tions. Table 12.1 provides a summary of both remote 
sensing and in situ instrumentation deployed in the 
detection of ash clouds.

During the Eyjafjallajökull eruption, the UK 
Facility for Airborne Atmospheric Measurements 
(FAAM) BAe-146 aircraft (Figure 12.3, http://www.
faam.ac.uk/) flew 12 flights targeting  volcanic ash 
clouds around the UK. The FAAM aircraft is a mod-
ified BAe 146–301 carrying a range of instrumen-
tation for the in situ observation of  atmospheric 
dynamics, thermodynamics, gas phase composi-
tion, and cloud and aerosol properties; a report and 
discussion of the measurements can be found in 
Johnson et al. (2012). A wide range of instrumen-
tation, making use of optoelectronic components 

and concepts, was carried during these sorties and 
this article cannot discuss them all in detail. The 
remainder of this commentary will concentrate on 
two families of instruments: (1) those referred to 
as optical aerosol spectrometers and (2) condensa-
tion particle (nucleus) counters. These are the most 
widely used family of instruments in aerosol and 
cloud research and industry.

12.3  OPTICAL AEROSOL 
SPECTROMETERS

There are a number of instruments including the 
Passive Cavity Aerosol Spectrometer Probe (PCASP, 
Droplet Measurement Technologies (DMT), 
Boulder, USA), Cloud and Aerosol Spectrometer 
(CAS, DMT), Forward Scattering Aerosol 
Spectrometer Probe (FSSP, DMT), Dust Monitor 
(1.108, Grimm Aerosol Technik, Germany) and 
Compact Lightweight Aerosol Spectrometer Probe 
(CLASP, University of Leeds, UK), to name but a 
few that can be termed optical aerosol spectrom-
eters. Although they may vary in sensitivity and 
measurement range, the basic principle on which 
they operate is the same: they all assume that the 
target particle is spherical and of known refractive 
index, and they all use Mie theory to determine the 
particle size from the intensity of the scattered light 
over a given angular sector defined by the instru-
ment’s individual physical optical layout.

Consider the FSSP, the optics, which is shown in 
Figure 12.4. A collimated 633 nm laser beam inter-
acts with the target particles on the particle plane. 
Light is scattered in all directions, but only that is 
scattered in the forward direction (relative to the 
direction of transmission of the incident beam) falls 
on the right angle prism and is transmitted to the 
analysis electronics. Note the dump spot: it removes 
straight through beam that would, if passed to the 
detection electronics, cause saturation. The size of 
the dump spot and the collecting optics define an 
angular range over which the scattered light is col-
lected; for this instrument, the collection area is 
defined by a region from 3° to 13° in the θ plane 
(plane of the page) and from 0° to 359° in the Φ plane 
(the plane perpendicular to the page).

The light collected is initially spit by the 50% 
beam splitter—one half of the light is projected 
onto a photodiode, converted to a current, then 
to a voltage before being amplified and passed 
through to a pulse height analyzer. The second 

http://www.faam.ac.uk/
http://www.faam.ac.uk/
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Table 12.1 Aerosol and cloud measurement instruments, parameters retrieved and the pros and cons of each system

System

Direct/
remote 

measurement Manufacturer Parameters Notes

Aerosol LIDAR 
and ceilometer

Remote Halo Photonics, 
Campbell Scientific, 
Vaisala, Leosphere, 
MPL, Raymetrics

Aerosol backscatter profile, 
cloud base and top (if not 
too attenuating)

• Optically dense clouds cause signal attenuation—it 
is not always possible to see through a layer so 
 further layers are obscured

• Dependent on an retrieval algorithm
• Difficult to verify absolute measurement values
• If fitted with de-polarization capabilities, particle 

shape can be inferred
• If fitted with Doppler capabilities, particle  dynamics 

can be investigated
Weather and 

cloud radar
Remote EWR, Furuno, Metek, 

ProSensing, Selex 
ES, Vaisala

Radar reflectivity profiles, 
cloud droplet and 
hydrometeor size 
spectrum, fall velocity

As above

Micro rain radar Remote Metek Range resolved droplet/
particle size spectrum, fall 
velocity

• Measurements assume a vertical fall path—in high 
wind or turbulent conditions, this is not always true

• Dependent on retrieval algorithm—to use it for ash 
retrieval, a specific “ash” retrieval parameter has to 
be employed

Multichannel sun 
photometer

Remote Ceimel Aerosol optical thickness 
(AOT), aerosol volume 
distribution, aerosol size 
distribution, asymmetry 
parameter, and simple 
scattering albedo

• Dependent on retrieval algorithm
• Column integrated—it does not provide a profile

Cloud imaging 
probes

Direct DMT Droplet/particle optical size 
spectrum, habit, shape

• Size range restricted
• Can get 2 D variant to allow “see” asymmetry in 

particle shape
(Continued)
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Table 12.1 (Continued ) Aerosol and cloud measurement instruments, parameters retrieved and the pros and cons of each system

System

Direct/
remote 

measurement Manufacturer Parameters Notes

Aerosol counter Direct Grimm, Topas, TSI, Total number concentration • Some variants require external vacuum
• Concentration limited
• Can be susceptible to vibration

Aerosol optical 
spectrometers

Direct Aerodyne, DMT, 
Grimm, MetOne

Droplet/particle optical size 
spectrum

• Assumed spherical particle of known refractive 
index—specific calibration required for accurate 
ash particle size density measurements

• If fitted with de-polarization capabilities, particle 
shape can be inferred

• Concentration limited
Scanning mobility 

particle 
spectrometer

Direct Grimm, TSI Particle electrical mobility 
size spectrum

• Assumed spherical particle of known electrical 
mobility

• Concentration limited
Aerodynamic 

aerosol 
spectrometer

Direct TSI Particle aerodynamic size 
spectrum

• Size limited
• Assumed spherical particle of known aerodynamic 

diameter
• Concentration limited

Three-wavelength 
Nephelometer

Direct TSI Total scattering, backscatter 
signal at blue, green, and 
red wavelengths

• Infer variation in total loading
• Infer “rough” separation of scattering signal with 

particle size
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half is again projected onto a photodiode but in 
this case, a mask is applied. The resultant pattern 
is used to determine if the particle in the field of 
view is being fully illuminated or merely skirting 
the edges of sample volume. It is this signal that is 
used to trigger the pulse height analysis of the first 
half of the signal.

As the instrument name suggests, the data 
produced are in terms of a spectrum, that is, the 
number of particles per unit volume in a given 
size range. Aerosol spectrometers define a series of 
measurement bins with upper and lower size limits 
(those for FSSP range 1 are given in Table 12.2) and 
develop a histogram by incrementing the number 
within the appropriate bin when a particle is mea-
sured in that bin’s size range.

In practice, it is voltage levels that have to be 
compared. Using Mie theory (van de Hulst 1957), 

the voltage equivalent of the bin boundaries is cal-
culated assuming a spherical particle of known 
refractive index. The analysis electronics within 
the instrument compares the measured voltage 
with those calculated for the bin boundaries in 
turn until it finds the occurrence where the mea-
sured voltage is greater than a bin’s lower limit 
voltage but lesser than the upper limit voltage. 
When this instance is found, the count in this bin 
is incremented by one.

The measurement bin voltage levels are cal-
culated assuming totally scattering spherical 
particles with a refractive index of 1.59 as the 
physical calibration of the spectrometer is usually 
performed using polystyrene latex spheres (PSL), 
particles commercially produced to National 
Institute of Standards and Technology traceability 
size standards and users also regularly check the 

50 or 55 mm collecting lens

6328A spike filter

He–Ne hybrid laser
60 mm condensing lens

–325 mm lens

Dump spot

Particle
plane Airflow

Reference
photodiode

Signal photodiode
pre-amp 50% Beam

splitter

Dump
spot

Masked aperture
photodiode pre-amp

45°
Mirror

Right
angle
prism

Scattering photodetector module

Figure 12.4 Schematic of the FSSP optics.

Figure 12.3 The UK Facility for Airborne Atmospheric Measurements (FAAM) BAe-146 aircraft.
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instrument calibration using the same particles 
with any drift corrected by postprocessing of the 
data. The composition of atmospheric aerosol is 
however highly variable (Pruppacher and Klett 
1997) and hence so are the refractive indices. For 
example, the refractive index of sea salt at 633 nm 
is 1.49–1 × 10−7i, while that of soot at 633 nm is 
1.75–0.43i (Shettle and Fenn 1979)—the larger 
complex part of the soot refractive index indicates 
that soot aerosol is much less efficient at scattering 
light than sea salt aerosol; in other words, soot is 
a good absorber. In the situation where there are 
two particles (one of sea salt and one of soot) of 
the same geometric size and light is scattered, the 
voltage of the resultant signal in the spectrom-
eter will be less for the soot particle than for the 
sea salt particle. This can result in particles being 
incorrectly sized when the signal is compared to 
the bin boundary theoretical voltage values. This 
introduces a source of error into the measurements 
from optical aerosol spectrometers, but recalibra-
tion and data postprocessing, taking into account 
the approximate aerosol composition, is employed 
routinely to compensate for this.

Particle sizing and counting relies on the fact 
that only one particle at a time is in the field of 
view of the optics and that the transit time of a 
particle through the sample volume is greater than 

the time required for the detection electronics to 
reset itself after analyzing a particle. As support-
ing electronics advances, this latter consideration 
has become less of a concern, but particle coinci-
dence (when more than one particle is in the field 
of view) introduces a concentration limit of the 
order of 500–1000/cc. Measurements in loadings 
greater than the concentration limit introduces 
both counting and sizing errors.

Another source of error is the effect of particle 
shape—in summary, the greater the deviation 
of the particle from the spherical, the greater the 
potential sizing error. In the study of airborne vol-
canic ash clouds and also in the study of ice clouds, 
this is a major concern and a combination of aero-
sol spectrometers with imaging probes is often 
employed. Imaging probes, as the name suggests, 
not only size of the particle but also supply the user 
with images of the particles. They make use of a 
matrix of photodetectors. An example of the par-
ticle imagery produced by the DMT CIP (Cloud 
Imaging Probe) can be seen in Figure 12.5.

The effect of particle shape on the polarization of 
the scattered light is now becoming a common place 
method for analyzing the effects of particle shape. 
In general, the signal due to the scattered light with 
the same polarization as the incident light is com-
pared to that from the scattered light with a polar-
ization of 90° with respect to the polarization of the 
incident beam—the latter being the depolarization 
signal. The larger the de-polarization signal, the 
greater the deviation of the particle from the spher-
ical, but it should be noted that a de- polarization 
 signal can also be caused by nonhomogenous par-
ticle composition and a particle size large compared 
to the incident wavelength. Weitkamp (2005) pro-
vides an excellent discussion on this topic.

12.4  CONDENSATION PARTICLE 
COUNTERS

Under the action of an applied vacuum, an aerosol 
stream (these can be droplets or solids) is drawn 
into the condensation particle counters (CPCs) at 
a constant rate through the aerosol inlet (as shown 
in Figure 12.6). The correct methods of sampling 
an atmospheric aerosol in order for that measure-
ment to be considered representative of the original 
will not be covered here, but the reader is recom-
mended to both Hinds (1999) and Colbeck (1998) 
for further information. Once within the body 

Table 12.2 Lower and upper diameter limits for 
FSSP range 1

Bin number
Bin lower 
limit (μm)

Bin upper 
limit (μm)

1 2 4
2 4 6
3 6 8
4 8 10
5 10 12
6 12 14
7 14 16
8 16 18
9 18 20
10 20 22
11 22 24
12 24 26
13 26 28
14 28 30
15 30 32
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of the instruments, it enters a saturator region, 
in which the sample air stream is saturated with 
the vapor of the working fluid—this is achieved 
by heating and holding this region at a known set 
temperature. In Figure 12.6, the working fluid is 
butan-1-ol, but CPCs using water as the active fluid 
are also available, the fluid used to determine the 
temperature of the saturator region.

As the mixture moves through the instru-
ment, it next enters the condenser tube where the 
mixture is cooled such that the vapor becomes 
supersaturated (the working fluid used again to 
determine the temperature of this region) and 
condenses on the particles/droplets. As a result, 
the particles grow to a diameter of about 10 μm, 
allowing for optical detection (Kulkarni et al. 2011; 
Hinds 1999).

As particle size decreases, the saturation ratio 
required to ensure detection increases and hence, 
there is a lower limit to the size of particles that 
can be detected; for most CPCs, this is in the range 
of 3–10 nm. The upper limit, however, is dependent 
on the sample inlet.

Particle counting, for optical aerosol spec-
trometers, relies on the fact that only one particle 
at a time (coincidence) is in the field of view of 
the optics and that the transit time of a particle 
through the sample volume is greater than the time 
required for the detection electronics to reset itself 
after “seeing” the previous particle. For particle 
concentration typically of the order of 104/cc, there 
is no problem with coincidence; above this level, 
corrections have to be made and often use is made 

Figure 12.5 DMT CIP images of ice particles.

To flowmeter and pump
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Lamp

Condensing lensImaging
lens

Condenser tube
(10°c)

Dacron felt

Saturator tube
(35°c) Alcohol pool

Collecting lens

Photodetector

Aerosol inlet

Figure 12.6 Schematic of a CPC.
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of the total intensity mode in which concentration 
is determined from the total intensity of scattered 
light that is measured. This latter mode is generally 
subject to a larger error as it requires that all par-
ticles grow to the same diameter and that the opti-
cal system is frequently calibrated (Wiedensohler 
1997).

The application of optoelectronics to the field 
of in situ measurement of atmospheric properties 
and phenomena is very broad and what has been 
presented here is just one very specific application.

12.5  SUMMARY

In this chapter, the author has attempted to pro-
vide a brief overview of how atmospheric aero-
sols, in this case, volcanic ash, can be monitored 
and their microphysical properties determined by 
measuring the intensity of the light scattered from 
a particle. Clearly, this is an extensive field and this 
chapter has only scratched the surface—there is 
great diversity and range in the instrumentation 
available.
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(Continued)

Table V.1 Various optoelectronic technologies and their applications to military needs

application technology advantages Disadvantages
Current situation 

(at time of writing)

Imaging systems Visual/near-IR TV Best angular resolution, 
easiest to interpret; can 
now provide near starlight 
performance at moderate 
cost

Depends on ambient light, 
susceptible to visual 
camouflage, cannot see 
through smoke

Returning to fashion as the 
benefits of high-resolution 
and multiwaveband 
operation are appreciated

Imaging systems 3–5 µ IR Works well in most conditions 
day and night; acceptable 
angular resolution from 
moderate apertures

Affected by smoke and fires Widely used in surveillance 
and weapon aiming 
applications

Imaging systems 8–12 µ IR, cooled and uncooled High sensitivity, can see 
through smoke

Low scene contrast in hot humid 
conditions, poorer angular 
resolution from given aperture

Widely used in surveillance 
and weapon aiming 
applications

Imaging systems Direct vision near-IR night vision 
goggles

Compatible with starlight and 
nonvisible illumination

Prone to interference from 
bright light sources; need 
fast optics so limited to wide 
FOV applications

Widely used in infantry and 
aviators’ night vision 
systems

Stabilized sensor 
systems

Gyro stabilized turrets or mirrors 
with one or multiple cameras 
etc., used on drones, ships, 
vehicles, aircraft

Can avoid shake due to 
platform motion, allow 
smooth tracking of moving 
target and compensate for 
own ship motion

Can be difficult to integrate 
with aerodynamic profile 
and armor protection

Widely used at various 
levels of stabilization 
performance from 
fractions of a milliradian 
to a few microradians

Laser rangefinding 
and designation

Nd:YAG 1.06 μ lasers, glass 
optics, silicon detectors

Mature technology, 
compatible with large 
legacy inventory of laser 
guided weapons

Not eyesafe Widely used for laser 
designation, being 
superseded by 1.54 μ 
systems for range-finding

Laser rangefinding Various at 1.54 μ including 
erbium glass, diode lasers, 
and Raman shifted Nd:YAG

Eyesafe, benefit from 
advances in telecoms 
technology for laser sources 
and detectors

Lower power output than 
Nd:YAG laser for a given 
package,

Now in widespread use in 
rangefinders
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Table V.1 (Continued ) Various optoelectronic technologies and their applications to military needs

application technology advantages Disadvantages
Current situation 

(at time of writing)

Laser rangefinding CO2 lasers (9–11 μ), direct and 
heterodyne detection

Smoke penetration, eyesafe, 
compatible with thermal 
imaging optics and 
sensors

Bigger, more expensive, and 
more complex for a given 
level of performance; 
cryogenic cooling required 
for detector

Not used much in spite of 
considerable investment 
in the 1980s

Laser pointer Visible and near-IR laser diodes 
used to show point of aim, 
and to indicate targets to 
others

Clear and intuitively obvious 
hand off

Not passive so may reveal 
one’s position to an enemy

Widely used on infantry 
weapons for aiming, and 
to indicate points of 
interest to night vision 
systems

Laser weapons Various Virtually instantaneous 
engagement, so aiming is 
simple; no limitation on 
number of “rounds” if 
adequate electrical power 
available

Expensive, complex, difficult to 
measure effectiveness, 
disrupted by atmospheric 
turbulence and obscurants

Very limited use by a few 
countries

Missile guidance Nonimaging infrared, typically 
cryogenically cooled and 
mechanically modulated 
reticule or rosette scan

Relatively simple processing, 
effective against small 
bounded targets showing 
high thermal contrast such 
as aircraft

Susceptible to clutter and 
countermeasures; 
maintenance requirements 
are significant because of 
cryogenic cooling and 
precision mechanics

Widely used in air-to-air 
and surface-to-air 
missiles

Missile guidance Imaging infrared More options to deal with 
countermeasures and 
clutter, more sensitive

More complex processing Widely used in air-to-
ground and anti-tank 
missiles

Missile guidance Laser beamriding Low power guidance beam 
that is difficult to detect 
and counter

Require clear line of sight from 
launch post to target so that 
operator can track the target 
throughout the engagement

Used in a variety of short 
range antiaircraft and 
anti-tank systems

(Continued)
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Table V.1 (Continued ) Various optoelectronic technologies and their applications to military needs

application technology advantages Disadvantages
Current situation 

(at time of writing)

Missile warning UV missile warning sensors Solar blind, low clutter at 
low levels

Limited range, less effective at 
high altitude

In widespread use, but 
starting to be replaced 
by IR systems

Missile warning Mid-IR missile warning sensors Spectrally matched to peak 
emissions of rocket 
motors; much longer 
potential range than UV; 
useful imagery of 
surroundings

Need more sophisticated 
processing to deal with 
clutter and spurious target-
like features

As processing capabilities 
increase, these are 
becoming more 
common

Aerial 
reconnaissance

Digital visual and IR band 
sensors on aircraft and 
drones

Very high-resolution 
imagery, can fly below 
cloud; data available in 
real time if data linked 
back to base or to forward 
observers

Need to fly over or near the 
target, so vulnerable to air 
defenses; prone to cloud, 
smoke, and terrain 
obscuration

Manned aerial 
reconnaissance systems 
are still in use, 
increasingly augmented 
by drones of all shapes 
and sizes

Satellite 
reconnaissance

Digital visual and IR band 
sensors

High enough to avoid air 
defenses

Flight paths relatively 
predictable; takes longer to 
retask; lower spatial 
resolution; difficult to make 
data available in real time 
to front line users

Significantly used by 
advanced countries

Missile 
countermeasures

Modulated and directional 
jammer using laser or 
high-intensity flashlamp

Can defeat many missile 
threats; no significant 
limitation in number of 
engagements

Requires understanding of 
threat characteristics

Increasingly in use to 
complement or replace 
flares

Missile 
countermeasures

Flares Not directionally critical, 
can use the same 
dispenser as chaff

Limited number of rounds can 
be carried out; some threats 
require complex flare 
sequences

Once the only protection 
means, now used in 
tandem with directional 
jammers

(Continued)
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Table V.1 (Continued ) Various optoelectronic technologies and their applications to military needs

application technology advantages Disadvantages
Current situation 

(at time of writing)

Submarine 
detection

Distributed fiber optic sonar 
arrays

Sensitive acoustic 
detection, no electronics 
required external to 
pressure hull

Very sophisticated technology Early production systems 
deployed in several 
countries

Perimeter security Distributed optical fiber 
sensors providing seismic 
detection for perimeter 
security

Critical alignment not 
necessary, immune to RFI, 
does not depend on clear 
sightlines. Not detectable 
by mental detectors

Need to lay physical cables, 
subject to deliberate or 
accidental damage

Initial production systems 
sold in various countries

High-speed data 
links

Fiber optic uses ranging from 
strategic networks to 
spooling out behind 
missiles to transfer video to 
operator station

Immune to RFI; high 
bandwidth, much lighter 
and more flexible than 
equivalent copper, can 
detect and locate 
breakages

Fiber vulnerable to damage 
so need good protective 
sheathing

Widely used exploiting 
civil telecoms 
technologies



http://www.taylorandfrancis.com


145

13
Military optoelectronics

HILLARY G. SILLITTO
University of Strathclyde

13.1  Introduction 146
13.1.1  Purpose 146
13.1.2  The military value of electro-optics 146
13.1.3  Themes and structure of this 

chapter 146
13.1.4  The EO environment 146

13.2  Historical perspective 148
13.2.1  Myths, legends, and fantasies: 

From the Greeks to Star Wars 148
13.2.2  Optical systems and methods—

From the Greeks to World War 2 148
13.2.3  The technology revolution—

Lasers, IR, and signal 
processing, 1955–1980 149

13.2.4  Military EOs in use 149
13.2.5  Military EOs today 150

13.3  The key building blocks: Imaging and 
laser technology 151
13.3.1  Imaging 151

13.3.1.1  Image tubes 151
13.3.1.2  TV cameras 152
13.3.1.3  Cooled photon-detecting 

thermal imagers 152
13.3.1.4  Uncooled “thermal 

detection” thermal 
imagers 154

13.3.2  Characterizing imaging system 
performance 154
13.3.2.1  Visual “identification” 

criteria 154
13.3.2.2  Nonimaging 

techniques for 
classification and 
tracking 155

13.3.3  Laser systems 155
13.3.3.1  Laser rangefinders 155
13.3.3.2  Laser designators 157
13.3.3.3  High-energy lasers 157
13.3.3.4  Laser-gated imaging 157
13.3.3.5  Laser radar 158
13.3.3.6  Laser beamriding 158

13.3.4  Important enabling technologies 158
13.4  Environmental factors 160

13.4.1  Physical threats 160
13.4.2  Electromagnetic threats 160
13.4.3  Platform characteristics 160
13.4.4  Line of sight limitations 165

13.5  Roles and examples of military EO 165
13.5.1  Reconnaissance 165

13.5.1.1  Reconnaissance systems 166
13.5.1.2  Resolution of 

reconnaissance systems 166
13.5.2  Surveillance and target 

acquisition (S&TA) 167
13.5.2.1  System example: 

Surveillance turrets 167
13.5.2.2  Infrared search and track 167
13.5.2.3  System example: 

Submarine periscopes 169
13.5.3 Target Engagement 169

13.5.3.1 Weapon aiming  169
13.5.3.2 Guidance  170
13.5.3.3  Directed energy 173
13.5.3.4  Damage assessment 173
13.5.3.5  System example: 

Vehicle sights 173
13.5.4  Self Defence 174

13.5.4.1 Threat warning 174



146 Military optoelectronics

13.1  INTRODUCTION

13.1.1  Purpose

This chapter surveys the military needs for and 
applications of optoelectronics, and illustrates 
these with examples. The intention is to give the 
interested reader a conceptual overview of this 
very wide subject and provide references for ana-
lytical detail.

13.1.2  The military value 
of electro-optics

Three key benefits of electro-optical technology 
have led to its widespread adoption by the military. 
They are as follows:

 ● High angular resolution through a small 
aperture, because of the short operating 
wavelength—making useful electro-optic (EO) 
systems easy to package on a wide range of 
platforms.

 ● Twenty-four-hour operation—passive night 
vision and thermal imaging systems can “turn 
night into day.”

 ● The familiarity of the “display metaphor”—
images from EO systems look like the images 
we see with our eyes, which makes them easy 
to interpret and easy to train operators.

13.1.3  Themes and structure 
of this chapter

This chapter starts with a brief historical perspective.
The key building blocks of modern military 

EO systems are imaging and laser subsystems. 
These and other key enabling technologies are then 
described.

The uniquely demanding characteristics of the 
military operating environment are then out-
lined, since these strongly influence the engineer-
ing of optoelectronic technology into military 
systems.

The roles, functions, operational characteris-
tics, technology, and representative examples of 
the main classes of military optoelectronic systems 
are then reviewed.

The chapter concludes with an assessment of the 
operational impact of optoelectronic technologies, 
and tempts fate by outlining the characteristics of 
current trends in the field, which give us insights 
into how it may evolve in the future.

The author has attempted to provide a neu-
tral overview of the subject and unreservedly 
apologizes for the “English-speaking/North-west 
European” bias that probably remains.

13.1.4  The EO environment

Military EO systems are remote sensing systems. 
Their performance is critically influenced by “the 
EO environment”—atmospheric transmission and 
scatter, target and clutter signatures, background 
emission and reflection, smoke and cloud, fires, 
and atmospheric turbulence.

Figure 13.1 shows, superimposed on a spectrum 
from 200 nm to 13 μm, six primary influences on 
military visual and IR (infrared) system design. 
They are as follows:

 ● The transmission of the atmosphere—the 
main atmospheric “windows” are 0.4–1.6, 
1.8–2.5, 3–5 μm (split by the CO2 absorption 
band at 4.2), and 8–12 μm; there is much fine 
 structure due to molecular absorption lines 
within these “windows,” and a water vapor 
absorption continuum in the 8–13 μm band.
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 ● The solar radiation spectrum, approximating 
to a 6000 K black body and peaking at about 
550 nm when plotted on a wavelength scale 
(but at 880 nm when plotted on a frequency 
scale—see Sofer and Lynch [22] for a discus-
sion of the common assumption that the 
human eye response is matched to the peak of 
the solar spectrum).

 ● The human eye response from 400 to 700 nm.
 ● The silicon detector response from 400 to 

1100 nm.
 ● The hot CO2 emission band surrounding 

the absorption band at 4.2 μm, which is the 
main source of the strong 3–5 μm signature of 
exhaust plumes and fires.

 ● The 300 K black body curve representing the 
emission of natural objects at ambient tem-
perature, showing the dominance of emission 
in the 8–12 and 4–5 μm regions.

These six factors dominate the design and selection 
of military EO systems.

Other significant atmospheric factors include 
the following:

 ● Atmospheric scatter—Rayleigh scattering 
has an inverse fourth power relationship with 
wavelength, explaining why longer wavelength 
systems are less susceptible to haze and smoke.

 ● Atmospheric scintillation, which limits the 
resolution of high-magnification imaging sys-
tems and the divergence and beam uniformity 
of lasers working through atmospheric paths; 

scintillation is caused by density and humidity 
fluctuations in the air induced by atmospheric 
turbulence, and is much stronger near the 
ground.

 ● Beam wander due to the same atmospheric 
mechanisms.

 ● Clouds, which except when very thin, are 
essentially opaque to EO systems.

 ● Screening smoke, which will be discussed later.
 ● Atmospheric ducting due to refractive index 

gradients near the ground or sea surface, which 
can slightly increase the horizon range of low 
horizontal paths by causing the light to bend 
and follow the earth’s curvature.

Target and clutter phenomena are dominated by 
reflectance and emission of the surface. These vary 
with wavelength, sometimes quite markedly; for 
example, natural vegetation contains chlorophyll 
that reflects strongly in the near-IR region from 
just above 700 nm. Shiny metallic surfaces have 
low IR emissivity and therefore, reduce the appar-
ent temperature of, for example, an aircraft; but of 
course, they reflect sunlight strongly, making the 
aircraft easier to detect in the visual band. Hot fires 
and exhaust gases are extremely prominent in the 
3–5 μm region because of the rotational CO2 emis-
sion bands around 4.2 μm, making 3–5 μm imagers 
less useful for ground-to-ground applications in 
intense battle conditions than their performance 
in good conditions would suggest. Measures taken 
to reduce signature in one band will often increase 
signatures in another.
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Figure 13.1 The primary spectral influences on military EO system design.
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13.2  HISTORICAL PERSPECTIVE

13.2.1  Myths, legends, and 
fantasies: From the Greeks 
to Star Wars

Man has always fantasized about optical system 
concepts which would give him an advantage in 
warfare.

“And I,” said Athena (in the legend of Perseus 
and the Gorgon) in her calm, sweet voice, “will lend 
you my shield with which I dazzle the eyes of err-
ing mortals who do battle against my wisdom. Any 
mortal who looks upon the face of Medusa is turned 
to stone by the terror of it; but if you look only on 
her reflection in the shield, all will be well.” [1]

This use of bright light to dazzle the enemy, the 
idea of a “death ray” weapon, and the use of indi-
rect viewing optics to mitigate its effect, all seem to 
anticipate, by several thousand years, a number of 
the twentieth century’s threats, opportunities, and 
solutions.

In H.G. Wells’ science fiction novel The War of 
the Worlds [2], the Martians apparently used some 
sort of directed energy weapon, which we would 
now assume was a high-energy laser. Possibly 
inspired by this, Britain’s Tizard commission 
in the 1930s [3] set a goal of making a death ray, 
which was not achieved, but led to the successful 
UK radar program.

In the 1980s, the science fiction film Robocop 
used a helmet-mounted head-up information dis-
play and was alleged in a TV documentary to have 
contributed inspiration to at least one of the Future 
Soldier Technology programs in the late 1990s.

In the Star Trek television series, it takes little 
imagination to equate phasors with laser weapons; 

while the Star Wars series of films gave its name 
to Reagan’s Strategic Defense Initiative, and antici-
pated holographic “video-conferencing.”

13.2.2  Optical systems and 
methods—From the Greeks 
to World War 2

Optical instruments and knowledge were used in 
warfare since the Ancient Greek times. Around 
500 years BC, Thales of Miletus proposed geom-
etry allowing the range of ships to be estimated 
from a tall tower (Figure 13.2).

The heliograph has been used since ancient 
times for semi-covert line of sight signaling.

During the age of exploration, from 1400 to 
1900 AD, all civilizations placed great importance 
on navigation by sun and stars. This drove the 
development of optical instruments and precision 
navigation techniques—used for surveillance, long 
range identification, and (in conjunction with sig-
nal flags) for signaling.

Around 1900, the Boer War showed the impor-
tance and value of camouflage (signature suppres-
sion). Boer commandos used camouflage, mobility, 
and modern rifles to negate British tactics used 
since the Napoleonic era. The British army intro-
duced khaki uniforms for colonial campaigns in 
1880, but for home service only in 1902 [23]. In 
the days when official war artists rather than CNN 
formed the public images of overseas warfare, 
artistic license had perhaps veiled the switch to 
khaki from the British public; did the army use the 
Boer War experience as an “excuse” to introduce 
the change at home?

In the late nineteenth century, Zeiss in 
Germany and Barr & Stroud in the UK developed 

R/H = r/h
So R = rH/h

R

r
h

H

Figure 13.2 Thales of Miletus, 500 BC: How to measure the range to a ship from a tower.
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optical rangefinders [10]. By World War 1, Zeiss 
was recognized as the preeminent optical instru-
ment manufacturer in Europe. Trench periscopes 
and binoculars were required in vast numbers dur-
ing the war. The United Kingdom could no longer 
obtain Zeiss instruments and faced a critical skills 
shortage. This led to the formation of the Imperial 
College Optics Group to develop an indige-
nous capability. Similarly, in the United States, 
Frankford Arsenal played a key part in the devel-
opment of military optical instruments [17]. All of 
these organizations and companies have featured 
strongly in the recent optoelectronics revolution.

13.2.3  The technology 
revolution—Lasers, IR, and 
signal processing, 1955–1980

There has always been a close link between scientific 
and technological progress and military demands. 
World War 2 involved the scientific community in 
the war in an unprecedented manner.

In the United Kingdom from 1936 onward, the 
Tizard committee spawned many far-reaching 
technological innovations. These included the 
following: the development and exploitation of 
radar; IR aircraft detection [3]; a photoelectric fuze 
[7]; operational analysis; the Enigma Decoding 
Organization at Bletchley Park leading to the 
development of the first electronic computer; and 
the systematic use of scientific intelligence [3]. The 
US’s crowning technical achievements included 
the Manhattan Project to develop the nuclear 
bomb; the efficient industrialization and mass 
production of all sorts of military technology; and 
of particular significance for optoelectronics, the 
development of the communications theory, which 
underpins all modern signal processing techniques 
(Shannon, Bell labs). Germany made tremendous 
strides in many areas, including rocket and jet pro-
pulsion and principles of modular design allowing 
cheap and distributed mass production of air-
craft and tanks. During World War 2, the United 
States and Germany developed and tested the first 
EO guided missiles, probably using PbS. Britain, 
Germany, and the United States all developed 
active near-IR night sights [17].

The subsequent development of military opto-
electronics benefited from many aspects of this 
progress, and notably from the proof that technol-
ogy managed at a strategic level could win wars.

Night vision was an important technologi-
cal innovation in the immediate postwar years. 
But three key breakthroughs after the war trans-
formed optoelectronics from a supporting to a key 
military technology: in signal processing, IR, and 
lasers. The transistor was invented in 1948, the first 
forward-looking infrared (FLIR) was demonstrated 
in 1956 [9], and the first laser in 1960. These led to 
a whole new class of integrated EO systems, which 
developed rapidly in the 1970s and 1980s as the 
Cold War protagonists sought to achieve and main-
tain superiority. Government laboratories played a 
key part in pushing the technology and integrating 
the first systems. In the United Kingdom, the Royal 
Radar Establishment was established in Malvern 
during the war and later expanded its remit to 
include EO, becoming successively the Royal Signals 
and Radar Establishment (RSRE), the Defence 
Research Agency (Electronics Division), and now 
Qinetiq. In the United States, the Night Vision Lab 
at Fort Belvoir was founded in 1962 to coordinate 
night vision development for the US military [17].

13.2.4  Military EOs in use

In Vietnam, IR line scan was deployed on American 
Grumman Mohawk aircraft in the 1960s. They 
were credited with being “able to detect the heat 
where a lorry had been parked hours after it had 
driven away.” Laser designation was used opera-
tionally by 1969—a remarkably short deployment 
time from the laser’s invention in 1960—allowing 
single planes to hit difficult targets such as bridges 
that had survived months of intense conventional 
bombing. Night vision scopes helped US soldiers 
defend themselves against Viet Cong night attacks.

In the British/Argentinean Falklands (Malvinas) 
conflict in 1982, the American AIM-9L Sidewinder 
missiles, with a cooled InSb detector and head-on 
attack capability, allowed Royal Navy Harrier fight-
ers to shoot down nearly 30 Argentinian aircraft 
without loss. Over 80% of the AIM-9Ls launched 
hit their targets [15]. Night vision equipment was 
deployed by the armies of both sides, but does not 
seem to have been used particularly effectively, nor to 
have significantly influenced operations. Laser des-
ignation allowed effective stand-off bombing attacks 
without exposing attack aircraft to defending fire.

In Afghanistan in the 1980s, Stinger shoulder 
launched surface-to-air missiles (SAMs) were used 
against Soviet attack helicopters, which in turn 
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used TV and IR imaging systems and laser desig-
nators for ground attack. Antimissile countermea-
sures were used to reduce vulnerability of aircraft 
to SAMs—Soviet aircraft dispensing flares while 
landing and taking off at Afghan airfields became 
a familiar sight on TV newsreel shots. Equivalent 
Soviet missiles (SA-16, etc.) were developed. The 
Soviet Union maintained a very strong research 
base in EO technologies throughout the Cold War.

In the Gulf Conflict in 1991, thermal imaging 
allowed the coalition forces to operate day and 
night, with an overwhelming advantage at night. 
The unusually bad weather and thick cloud cover, 
exacerbated by smoke from burning oil fields, 
made passive night vision equipment used by both 
sides almost useless for much of the time, but had 
little or no effect on thermal imagers. This experi-
ence led to an increase in demand for basic low-
cost thermal imagers for military roles for which 
the cheaper passive night vision technology had 
previously been considered sufficient.

The conflict showed the public, perhaps for the 
first time, an awesome array of precision weapons, 
many of them EO guided. The public perception of 
the conflict was shaped by live TV broadcasts (EO 
technology again) from the war zone, beamed by 
satellite and cable TV into homes throughout the 
world.

The coalition campaign used concepts of  “maneu-
ver warfare” developed late in the Cold War. These 
depend on a high degree of integration of command, 
control, communication, and information (C3I). 
EO is a key technology for capturing and displaying 
this integrated information picture and, in the form 
of fiber optic communications links, for the secure 
transmission of high-bandwidth data between fixed 
command posts. Fiber optic cables were a high- 
priority target for special forces sabotage missions 
and precision air strikes during the Gulf War.

Of the many issues for technologists emerg-
ing from the conflict, four are important to this 
discussion.

 ● Combat identification, to reduce the risk 
of attacking one’s own side, is particularly 
 difficult and important in coalition warfare, 
where equipment used by friendly armies may 
not be compatible, and friends and enemies 
may be using the same types of equipment; and 
it becomes doubly difficult and important in 

maneuver warfare, where there is no clear front 
line.

 ● Collateral damage—even with precision 
 weapons, not all weapons hit the intended 
 targets (typical figures for laser guided bombs 
are 70%–80% success rate); and real-time 
 public television from the war zone ensures 
that the attacked party can exploit such lapses 
for  propaganda purposes.

 ● The effectiveness of attacks was often 
 overestimated—this is a persistent trend at 
least since World War 2 and probably since 
warfare began.

 ● It took time, often too much time, to get 
 aircraft and satellite reconnaissance imagery to 
the people on the ground who could make use 
of it.

13.2.5  Military EOs today

Hence, 40 years after the invention of the laser, 
EO was a well-established military technology of 
proven value. The issue for the twenty-first century 
is not whether, but how best and how widely, to 
exploit optoelectronics in military applications.

Passive EO sensors, such as thermal imagers, 
allow operators to detect, recognize, and  “identify” 
objects of interest. With the addition of a laser 
rangefinder and directional sensing, the object can 
also be “located” relative to the operator. With the 
further addition of a navigation capability, it can be 
located in geographical coordinates. The informa-
tion can be shared with others via communication 
links, which in some circumstances may be opto-
electronic (free space or fiber); and displayed on 
situation displays that use optoelectronic technol-
ogy. When integrated with a weapon system, EO 
systems provide fire control solutions and help to 
attack the target. With the advent of high-energy 
laser “weapons,” which in early 2002 were being 
developed as missile defense systems, EO systems 
can be used also to attack the target directly.

Hence, EO systems answer the basic  questions—
where is it? what is it? and (within limits) who is it 
and what is it doing?—and contribute to a shared 
information picture that aids military decision 
making, and in some contexts, closes the loop by 
attacking targets directly. This can be summarized 
in a closed loop referred to as the “OODA loop” or 
“Boyd cycle”[28] (Figure 13.3).
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13.3  THE KEY BUILDING BLOCKS: 
IMAGING AND LASER 
TECHNOLOGY

13.3.1  Imaging

EO imaging systems convert optical radiation 
from the scene into electrical energy to allow it 
to be displayed in real time at a more convenient 
wavelength, brightness level, or location.

They are used for a wide spectrum of military 
and paramilitary tasks including surveillance, 
target acquisition, identification, weapon aiming, 
assessment, situation awareness, threat warning, 
pilot aid, and covert driving. There is a correspond-
ingly wide range of equipment and technology.

The wavelength range from 400 to about 1700 
nm is referred to as the “visible and near-infrared” 
(VNIR) region. VNIR image sensors depend on 
reflected light, using TV and image intensifier tech-
nology. Early active VNIR imaging systems used 
IR illuminators to augment natural light. Detection 
and recognition of objects of interest depends on 
the contrast between the object of interest and its 
surroundings, and on the resolution of the sen-
sor. Modern high-resolution TV technology now 
allows VNIR imaging systems to provide resolution 
approaching, but not quite matching, that obtained 
by the human eye through a high-power magnifying 
sight of similar aperture and field of view (FOV).

Thermal imagers operate in the mid- and far-IR 
bands (3–5 and 8–12 μm, respectively) by sensing 
the black body radiation emitted by objects in the 
scene. Users can passively detect targets that are 
visually camouflaged or concealed in deep shadow, 
or when there is no ambient light. In particular, 
8–12 μm imagers also see through smoke which 
blocks shorter wavelengths. In recent conflicts, 
this has given armies and air forces equipped with 
thermal imaging an overwhelming operational 
advantage over those which were not so equipped.

In some applications, the ability to see terrain 
features is important (flying and driving aids, 
general surveillance, and orientation). In hot and 
humid conditions, thermal imagers may experi-
ence “thermal wash-out,” when everything in the 
scene is at the same temperature and there is very 
little thermal contrast. During and after rainfall, 
terrain contrast is very low in both bands. The 
8–12 μm band suffers from water absorption in hot 
humid conditions; in these conditions, reflected 
sunlight may provide “TV-like” pictures in the 
3–5 μm range. In very cold conditions, by con-
trast, there is minimal black body emission in the 
3–5 μm range, leading to wash-out in this band 
under some circumstances—tactical targets will 
still be detected due to their high thermal contrast, 
but details of surrounding terrain and of man-
made structures may be suppressed.

Because of the longer wavelengths, the identifi-
cation range of thermal imagers is usually limited 
by the available aperture.

For these reasons, thermal imagers are often 
complemented by VNIR imaging or direct sight-
ing systems, to allow improved identification range 
when weather and lighting provide adequate image 
contrast, and to provide a complementary sensing 
capability in thermal wash-out conditions.

The following paragraphs discuss in turn the 
technologies and integration issues involved in the 
four key imaging methods: image tubes; TV cam-
eras; cooled photon-detecting thermal imagers; 
and uncooled thermal detecting thermal imagers.

13.3.1.1  IMAGE TUBES

Image tubes were first developed and saw  limited 
use during World War 2. In the British Electric and 
Musical Industries design, selenium photocathodes 
released electrons, which were accelerated by an 
intense electric field through a vacuum onto a photo-
emissive zinc  sulfide screen. Similar US devices used 
a phosphor screen [24]. Early devices had low sen-
sitivity and required active illumination. They were 
referred to as “image convertors” since they converted 
near-IR radiation into visible light. Other designs 
used an electron lens. Since the electron lens inverts 
the image, simple objective and eyepiece lenses could 
be used with no need for image erecting prisms.

Gibson [17] describes subsequent developments 
in night vision well, mainly from a US perspective. 
Key breakthroughs were multistage amplification, 
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Figure 13.3 “OODA loop” or “Boyd cycle.”
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which removed the need for active illumination; 
and the micro-channel plate, which allowed high-
amplification image tubes to be made short enough 
to fit into head- mounted systems, and are much 
less susceptible to blooming effects from bright 
lights. “Generation 2+” and “third generation” 
image tubes are now widely used in night vision 
goggles (NVG) and light weapon sights. They offer 
high- resolution imagery that is easy to interpret. 
They operate in the near-IR (700–1000 nm) region, 
where grass and vegetation have high reflectivity, 
giving a good view of most types of natural  terrain, 
and high contrast for most targets of military inter-
est. Modern systems work in “overcast starlight.” In 
very overcast conditions and where terrain contrast 
is poor (for example, snow or sand), the user’s spa-
tial awareness can be augmented by near-IR laser 
illumination [17]. This, however, runs the risk of 
being detected by an enemy equipped with similar 
near-IR imaging systems.

Cockpit and other lighting can interfere with 
NVG operation. “NVG compatible” lighting is fil-
tered so that it can be detected by NVGs without 
saturating them.

13.3.1.2  TV CAMERAS

Early TV cameras used vidicon tubes. This tech-
nology was in military use in the late 1960s, with 
TV-guided bombs being used in Vietnam [19]. 
Solid state image sensors (single-chip silicon photo-
detector arrays with charge coupled device (CCD) 
or metal oxide silicon (MOS) on-chip processing) 
were developed during the 1970s and 1980s and 
found wide commercial application, for example, 
for security. These sensors were much smaller and 
more robust than vidicons, and made a TV cam-
era capability much easier to package into military 
systems. They are becoming smaller and more sen-
sitive; this reduces the optical aperture required 
to provide useful performance in a wide range of 
light levels. There is increasing concern about the 
harmful effects of laser on the operators’ eyes, and 
an increased desire to mount EO systems in places 
where it is difficult to provide direct optical chan-
nels for the crew. TV sensors are used much more 
widely in military systems than most observers 
expected in the early 1990s.

The civil security and broadcast markets have 
led the demand for lower and lower light level 
capability in solid state sensors. Image intensifi-
ers have been fitted to the front of TV sensors for 

many years to give low light TV capability. Image 
intensified CCD cameras provide similar perfor-
mance to image intensifiers without the need to get 
the operator’s eye near the sensor. These are also 
the sensors usually used in laser-gated imaging 
systems. Emerging technologies such as electron 
beam CCD (EBCCD), and more recently low-light 
CMOS, offer the promise of “all light level” TV 
performance in a package little or no bigger than a 
daylight TV camera.

13.3.1.3  COOLED PHOTON-DETECTING 
THERMAL IMAGERS

After the first successful demonstrations in the 
1950s, thermal imaging started to shape the whole 
field of military EO.

TVs and most lasers use glass optics, and could 
be integrated into existing visual sighting systems. 
Glass does not transmit thermal IR radiation; 
hence, thermal imaging was incompatible with 
existing systems. Besides the detector technology 
itself, thermal imaging required a completely new 
family of optomechanical system architectures 
and parallel developments in optical materials and 
coatings, lens design, test and calibration tech-
niques, analogue and digital electronics, cryogen-
ics, and servo-mechanical systems.

Early developments, in the West at any rate, were 
almost exclusively in the 8–12 μm band. Cadmium 
Mercury Telluride (CMT) became the detector 
material of choice for first and second generation 
thermal imagers. CMT is a semi-conductor alloy 
whose bandgap can be tuned by varying the material 
ratio. The bandgap is matched to the photon energy 
of 8–12 μm radiation, of the order of 0.1 eV. When 
photons of this energy impinge on the detector, elec-
trons are excited from the valence to the conduction 
bands, and cause current to flow through the detec-
tor. This current is amplified and turned into a video 
signal, which is fed to a display.

For this process to work and produce a usable 
image, the detector must not be swamped by elec-
trons rising to the conduction band with their own 
thermal energy. CMT is normally cooled to about 
liquid nitrogen temperatures, 77 K. Early demon-
stration systems used liquid nitrogen to cool the 
detector, which was placed in a “Dewar flask” with 
an IR window. Joule–Thomson cooling was widely 
used from the 1970s to the 1990s; nitrogen or air 
from a high-pressure gas bottle or compressor is 
forced through a very small orifice at the end of 



13.3 The key building blocks 153

a tube, placed just behind the detector, which is 
itself mounted within a vacuum enclosure. The 
 expansion of the high-pressure gas cools it to the 
required temperature. Because of the logistics, 
safety, and maintenance issues associated with 
high-pressure gas, this method has now been 
largely superseded by Stirling cycle cooling engines 
coupled to the detector. The detectors are mounted 
within a vacuum Dewar to reduce convection and 
avoid condensation.

The aim of these systems is to detect small differ-
ences in large photon fluxes. First and second gen-
eration systems scan the detector across the scene 
resulting in a modulation appearing on the detector 
output. This temporal modulation represents the 
spatial modulation in the scene. The large DC com-
ponent is subtracted from the signal and the resid-
ual difference signal is then displayed as a TV-like 
image. Many first generation systems sent this mod-
ulated output to LEDs (light emitting diodes), which 
were viewed through the same scanning system, 
ensuring that scanner errors did not affect the per-
ceived picture geometry. Others produce a Comittee 
Consultatif International Radiotelecommunique 
(CCIR) or National Television System Committee 
(NTSC) video signal; in these systems, scanner tim-
ing errors are less acceptable since they result in dis-
tortion of the picture.

One method for DC removal is to AC couple the 
detector output. This is cost-effective and worked 
well in the US Common Modules, of which many 
thousands were built. These systems used an 
 oscillating mirror to scan a linear array of 60 or 
180 detector elements across the scene. The output 
is AC coupled, amplified and either sent directly 
to an array of LEDs that is viewed off the back of 
the oscillating mirror, or processed through an 
 electronic multiplexer to produce an electronic 
video signal.

Under some conditions of high scene contrast, 
AC coupling can generate artifacts from a small 
hot image that can wipe out a large part of the 
picture. In the United Kingdom, developments at 
RSRE to combat this problem led to a very high-
performance detector technology called the signal 
processing in the element (SPRITE) or Tom Elliot’s 
device (TED), named after the inventor. This is an 
array of eight parallel oblong detectors, each about 
10 times as long as it is wide. The drift velocity of the 
electrons in the CMT is set by electronic biasing to 
match the image scan rate, providing an improved 

signal-to-noise ratio equivalent to that obtained 
by “time delay and integration” (TDI) with dis-
crete detectors. SPRITEs require a more complex 
“serial/parallel” scanning method, typically with 
a high-speed spinning polygon to generate the line 
scan and a small framing mirror oscillating at the 
video frame rate. The next stage of signal process-
ing is simpler, with only eight amplification stages 
instead of 60 or 180, and it performs amplification, 
DC restoration, and channel equalization, resulting 
in a very stable and uniform picture. This technol-
ogy is used in the British “Class 2 Thermal Imaging 
Common Module” (TICM 2) system, and the Thales 
“IR-18” family, and is operational in many thou-
sand systems worldwide. The technology evolved to 
16-element systems with digital processing giving 
outstanding resolution, sensitivity, and image qual-
ity at high-definition TV bandwidths.

Many ingenious optomechanical scanning 
methods were developed, striving to make the 
best use of the available detectors. However, the 
next major innovation was “second generation” 
detectors that eliminated the need for complex 
two-axis scanning and for many parallel sets of 
pre- amplifier electronics.

Second generation thermal imagers use a photo-
voltaic operating mode in which the incident pho-
tons cause a charge buildup that changes the voltage 
on a capacitor. A focal plane  multiplexer carries 
out time delay and integration for a  linear array, 
and reads the signal off the focal plane  serially. 
Common array sizes are 240, 288, or 480 ×  4, or 
768 × n in the latest UK high- performance system, 
STAIRS C. The signal from each pixel is amplified, 
digitized, and adjusted to compensate for response 
nonuniformities between detector elements. 
Modern systems provide a 12-  or 14-bit digital 
output for processing, and 8-bit digital or analog 
video. Automatic or manual gain/offset correction 
optimizes the dynamic range of the video output. 
These systems started to become available around 
1990, the French Sofradir 288 × 4 detector being 
the first to be widely available in series production.

Second generation technology has split into 
two evolutionary paths. One is “cheaper smaller 
lighter,” as exemplified by the Thales “Sophie” 
product, which put high-performance thermal 
imaging into a binocular sized package suitable 
for use by individual soldiers for the first time. The 
other is “higher performance in the same package,” 
as exemplified by the US horizontal technology 
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integration (HTI) program and the UK STAIRS C 
system.

By 2000, the next step in simplification of high-
performance thermal imaging systems had appeared 
in the market. Two-dimensional arrays working in 
the 8–12 μm band were being developed and enter-
ing low-rate production based on two technologies. 
The first is CMT, an incremental evolution from 
second generation devices. Efforts are being made 
to allow operation at higher temperatures to reduce 
the demands on cooling engine performance. The 
second, completely new, technology is quantum 
wells. These use molecular beam epitaxy to build 
a precisely tailored atomic structure that controls 
the electron levels by quantum confinement. The 
spectral band is much narrower than for CMT; 
this narrower spectral response can be exploited to 
give a number of system design benefits. Operating 
temperatures are similar to or colder than the 77 K 
of first and second generation systems. At the time 
of writing, the jury is still out as to which, if either, 
route will dominate the market.

Most cooled 3–5 μm systems use one of the 
three detector technologies explained earlier. 
Indium antimonide, a compound rather than an 
alloy, gives very good intrinsic uniformity and 
response to about 5.5 μm. CMT, with a different 
composition and optimized for the 3–5 μm range, 
allows the long-wave cut-off to be brought in to 
a shorter wavelength. Platinum silicide exploits 
 silicon TV methods to provide very uniform imag-
ery but with lower quantum efficiency (about 1% 
compared with about 60% for InSb and CMT). 
Staring systems of TV resolution are now widely 
available. There was resistance to 3–5 μm  systems 
for ground-to-ground applications in most NATO 
armies because of the better performance of 
8–12 μm systems in extreme battlefield conditions 
of fires and smoke. However, the lower cost and 
better resolution through a given aperture of these 
systems has led to 3–5 systems being increasingly 
adopted where the smoke and fire argument does 
not dominate the choice.

13.3.1.4  UNCOOLED “THERMAL 
DETECTION” THERMAL IMAGERS

Uncooled thermal imagers use a variety of physi-
cal principles to generate electric current or charge 
as a result of temperature difference. Since they 
respond to temperature difference, they need not 
be cooled; this reduced the cost and complexity 

compared with cooled systems. They, however, 
need fast optics and large detector elements to 
achieve good sensitivity; hence, lens sizes for nar-
row fields of view are large. This limits their appli-
cability to shorter range systems.

Most uncooled technologies respond to high- 
frequency changes in temperature, and use a chopper 
to modulate the image of the scene. If the chopper is 
removed, they can detect moving targets in a static 
scene by using the motion for modulation—the 
principle used in passive IR burglar alarms.

The first uncooled imaging technology was the 
pyroelectric vidicon—essentially, a vidicon tube 
with the phosphor replaced by a thin pyroelectric 
membrane. The electron beam was used to “read” 
the charge built up on the back surface of the mem-
brane. These membranes were not mechanically 
robust, and would split if irradiated by a focused 
CO2 laser!

The first “solid state” thermal arrays used pyro-
electric material placed in contact with a readout 
circuit similar in principle to that used by a solid 
state TV camera. Early devices suffered from low 
resolution, nonuniformity, and microphony. These 
issues have been progressively resolved through 
a number of generations of process and mate-
rial technology [18]. The favored technology now 
seems to be the solid state microbolometer array.

Uncooled thermal imagers are now in service in 
several western armies as weapon and observation 
sights. Spin-out technology is now in the market 
for many applications including automotive night 
vision, firefighting, and for assessing heat-loss 
from buildings.

13.3.2  Characterizing imaging 
system performance

13.3.2.1  VISUAL “IDENTIFICATION” CRITERIA

Target classification with EO systems traditionally 
depends on the operator’s training. The “Johnson 
criteria” are based on experiments carried out 
with military operators looking at real or synthetic 

task

Cycles resolved on the target 
for 50% confidence level of 
DrI in a single observation

Detection 1–1.5
Recognition 3–4
Identification 6–7
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 targets using real or simulated imaging systems. 
The criteria are as follows:

Modeled or measured sensor characteristics 
are used to calculate the minimum resolved tem-
perature difference, which is plotted against spatial 
frequency. These criteria are then used along with 
an assumed target size and temperature difference 
or contrast to predict “detection, recognition and 
identification (DRI) ranges” for a particular sensor 
against a particular target.

This procedure is effective in providing a common 
benchmark to compare the relative performance of 
different system designs. It is less effective at pre-
dicting actual operational performance—wise sup-
pliers quote minimum figures in their performance 
specifications, so most systems are better than their 
specification; and wise customers specify a conser-
vative signature for the calculation, so most targets 
have higher contrast or temperature than is used in 
the model. The net effect is that most thermal imager 
systems are operationally useful at much greater 
ranges than their calculated DRI figures suggest.

However, it is also important to understand that 
“identification” specifically refers to the ability of the 
observer to choose between a limited class of known 
target types, and refers to “identification of  vehicle 
(or aircraft) type”—for example, F-16 rather than 
MiG-29 aircraft, T-72 rather than M-1 tank. It bears 
no relation to the different and vital task of identify-
ing whether the T-72 or F-16 belongs to country A, 
which is an ally, or country B, which is an enemy.

Typical narrow FOV imaging systems for 
military applications will have FOV in the range 
5–0.5°, and Johnson criteria identification ranges 
from 1 to 10 km.

Image-based target classification techniques are 
being developed with a goal of achieving a reason-
able level of “classification” confidence—for exam-
ple, tank rather than cow or car, jet fighter rather 
than civil airliner—as an aid to clutter discrimina-
tion in systems where the operator is automatically 
alerted to possible targets.

13.3.2.2  NONIMAGING TECHNIQUES FOR 
CLASSIFICATION AND TRACKING

Image-based automatic classification techniques 
are augmented by other discriminants such as the 
trajectory, spectral signature, and temporal sig-
nature of the feature. All these methods are used 
to increase the robustness of infrared search and 
track (IRST) systems and missile warners. They 

are also used in automatic video trackers, which 
are used to keep the optical line of sight of imag-
ing systems pointing at the target as the target and/
or the platform maneuvers. These are now able to 
determine the position of a target in a video image 
to within one or a few pixels in the presence of clut-
ter, decoys, and target aspect changes.

Identification of a target type is often difficult 
in automatic systems because methods used by the 
trained observer are based on combinations of cues, 
which are difficult to impart to automatic systems. 
Other techniques used to improve automatic target 
“identification” or provide images usable by human 
observers at longer ranges include laser-gated imag-
ing and laser-based frequency domain methods.

13.3.3  Laser systems

13.3.3.1  LASER RANGEFINDERS

Laser rangefinders (LRFs) are used for weapon 
aiming systems (particularly armored vehicle fire 
control), for target location in surveillance, recon-
naissance, and artillery observation roles, and for 
navigation, to determine the user’s distance from a 
recognizable navigation feature (Figure 13.4).

Most of these systems use a relatively high-
powered short pulse (typically many millijoules in 
10–20 ns) and measure the time taken for radiation 
scattered from the target to return to a sensitive 
receiver accurately aligned to the transmit beam. 
They are always associated with direct or indirect 
sights (Figure 13.5).

The first military laser rangefinders used 
 flashlamp-pumped Q-switched ruby and Nd:YAG 
lasers operating at 693 and 1064 nm. They presented a 
significant eye hazard because these wavelengths are 
transmitted and focused by the human eye, so rela-
tively low power pulses can create high, potentially 
damaging, power densities on the retina. Therefore, 
they could not be used freely in training. This in 
turn made their effective use in combat less certain 
because operators were not completely familiar with 
them. Many laser rangefinders now use the “eyesafe” 
1.54 μm wavelength—radiation of this wavelength 
is absorbed within the eye and does not focus down 
on the retina, so the maximum permitted exposure 
is much greater than for shorter wavelengths. With 
careful balancing of transmitted power and receiver 
sensitivity, modern “eyesafe” laser rangefinders pro-
vide militarily useful range performance and can be 
used with minimal or no operational restrictions.
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(1)  The laser boresight mark is aligned with the target.
(2)  The laser pulse is fired at the target (typical pulse lengths are 10–20 ns).
       (i) A small percentage is bled off to the receiver to start the clock.
(3)  The laser energy is attenuated by scatter and absorption in the atmospheric path.
(4)  With a sufficiently narrow beam divergence, most or all of the remaining energy in the beam hits the target.
(5)  A percentage of the laser energy is scattered by the target:
       (i) Most targets can be approximated as Lambertian scatterers with a diffuse reflectance of 10%–40%.
(6)  The energy collected by the receiver aperture depends on:
       (i) The solid angle subtended by the receiver aperture seen from the target,
       (ii) And atmospheric losses in the return path.
(7)  The collected energy is focused onto the detector. Receiver sensitivity depends on a number of factors
       including detector noise, background noise, quantum efficiency, and optical transmission.
(8)  A laser rangefinder’s range equation can be derived from this geometry.

LRF

Atmospheric scatter
and absorption

Figure 13.4 Principle of operation of a laser rangefinder.
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Figure 13.5 Generic architecture of a laser rangefinder.
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Most current military LRFs are one of three 
basic types:

 ● Nd:Yag or Nd:glass lasers working at 1.06 μm.
 ● Raman-shifted or optical parametric oscilla-

tor (OPO)-shifted Nd:YAG  producing ‘eyesafe’ 
output at 1.54 or 1.57 μm.

 ● Erbium glass producing 1.54 μm output directly.

Most are flashlamp-pumped, but diode-pumped 
systems are starting to enter the market. 
Q-switching techniques include spinning prisms 
(used in the first military rangefinders and still 
common), EO Kerr, or Pockels cells, and satura-
ble absorbers. CO2 “TEA” lasers are used in some 
military systems, but have not been widely adopted 
because they tend to be bigger and more expensive 
than VNIR systems for a given performance.

Detectors are typically silicon PIN diodes or 
avalanche photodiodes for the 1.06 μm wavelength. 
Eyesafe laser receivers benefit from the enormous 
progress in telecommunications systems at 1.54 μm 
and use one or other of the GaAs-based compounds. 
CO2 systems usually use CMT detectors cooled 
to liquid nitrogen temperatures. Typical effective 
ranges are 5–10 km for battlefield systems, more for 
high-power airborne and ship-borne systems.

Laser rangefinders need to be accurately aligned 
to the crosswires in the aiming system, otherwise 
the range obtained will be to the wrong target. 
They also need to be very robustly engineered to 
maintain alignment in the severe environment 
experienced in most military systems.

13.3.3.2  LASER DESIGNATORS

Laser designators are used to provide the guidance 
illumination for laser-guided ordnance. They are 
universally Nd:YAG lasers, working at pulse rep-
etition frequencies in the 10–20 Hz region. This is 
unlikely to change in the foreseeable future because 
of the massive existing inventory of seekers and 
designators. Some designators are designed as dual 
wavelength systems, with a 1.54 μm capability for 
rangefinding. Most designators have a secondary 
laser rangefinding capability if only to confirm 
that the correct target is being illuminated.

Land-based designators are mostly lightweight, 
tripod mounted, man portable, used by forward air 
controllers and special forces.

Airborne laser designators are integrated into 
designator pods for fast jets, or turrets for helicopters 

or UAVs (unmanned aerial vehicles). These airborne 
systems typically have a high- performance thermal 
imager, TV camera, or both; a video tracker; and 
high-performance stabilization, to allow the system 
to lock onto a target and maintain a stable line of 
sight as the aircraft maneuvers.

Designator lasers operate at a high internal 
power density and are required to have very stable 
and repeatable boresight, beam divergence, pulse 
repetition frequency, and pulse energy. They typi-
cally use techniques pioneered in the early 1970s 
in the United Kingdom and the United States—the 
“crossed Porro resonator” [16], EO Q-switches, 
and polarization output coupling. Great attention 
is given to choosing optical architectures and com-
ponents that are inherently stable. Careful thermal 
management and rigorous contamination con-
trol are also maintained. Rod and slab lasers are 
used; rod lasers need particular attention to their 
warm-up characteristics since the optical power 
of the rod tends to change during laser warm-up. 
Flashlamps are the most common pump source, 
but diode lasers are beginning to be used instead. 
Diode pumping of Nd:YAG lasers is much more 
efficient than flashlamp pumping, but more expen-
sive and (at least until recently) with significant 
thermal management problems of its own.

13.3.3.3  HIGH-ENERGY LASERS

After a long period of research and demonstration, 
high-energy lasers are now being used in devel-
opmental antimissile systems. They have demon-
strated an ability to cause airframe damage. The 
first of these systems used chemical lasers, where a 
chemical reaction creates the energy level popula-
tion inversion required to allow laser action. This 
mechanism is very efficient compared to most elec-
trical excitation methods, which makes it feasible 
to achieve the very high-power levels required in 
a militarily useful package. Possible use of space-
based lasers is discussed by Rogers [20]. Fiber lasers 
are becoming the technology of choice for deliver-
ing large amounts of power, thanks to commercial 
investment in materials processing equipment.

13.3.3.4  LASER-GATED IMAGING

To achieve longer range in a wider range of  ambient 
lighting and obscuration conditions, a technique 
known as “range-gated active (or laser) imaging” 
can be used. A pulsed laser (usually in the vis-
ible or near-IR region) is fired at the target, and 
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a time-gated imaging sensor is used to capture a 
snapshot of the target using the scattered laser light. 
By matching the time-gating to the round-trip time 
of flight, the receiver is switched on just before the 
scattered laser energy arrives back from the tar-
get and switched off again just after. Atmospheric 
backscatter and background clutter can be rejected 
by the time gating, leaving the target standing out 
in an otherwise blank image. Such systems can 
obtain high-resolution imagery at long range with 
small apertures, independent of ambient light and 
unaffected by line of sight jitter.

This technique was first developed in the late 
1960s. It has been used in a commercially avail-
able system for search and rescue in Canada called 
Albedos [6].

13.3.3.5  LASER RADAR

Laser radar systems have been developed for 
obstacle avoidance. Typically, they transmit a rapid 
sequence of laser pulses over a pre- determined 
scan pattern. A receiver detects the return energy 
scattered from the ground and from wires or 
pylons; timing discrimination allows the latter to 
be distinguished from the former. Warning cues 
are displayed to the pilot to allow him to take 
appropriate avoiding action. Imaging laser radar is 
turning out to be a key technology for unmanned 
ground vehicles including self-driving cars.

13.3.3.6  LASER BEAMRIDING

Lower power lasers, often near-IR laser diode 
arrays, are used in laser beamriding systems (see 
the Section 13.5.3 on weapon guidance).

13.3.4  Important enabling 
technologies

As well as lasers and imaging, several other tech-
nologies are key to the engineering of successful 
optoelectronic systems for military applications 
and other similarly harsh environments.

 ● Stabilization. Line of sight stabilization  systems 
typically use gyros to sense  disturbance of 
the line of sight or the optical chassis, and 
a servo controller and mechanism to adjust 
the line of sight to compensate for the 
 disturbance. Performance (measured as 
achieved jitter level under angular  disturbance 
and linear  vibration) varies widely, from 

sub-micro-radians in spacecraft, through 
5–20 μrad in high-performance airborne 
systems, to 50–500 μrad in typical land vehicle 
systems. Stabilization performance is best 
understood as an attenuation of the input 
disturbance; hence, performance figures must 
be taken in context with the environment. 
Harsh vibration and shock environments also 
impose design constraints on stabilization that 
tend to degrade the achievable performance 
[11].  Anti-vibration mounts are often used 
to give the critical stabilization components 
a softer ride,  prevent linear vibration from 
exciting structural resonances, and match the 
angular disturbance spectrum to the control 
 bandwidth of the  stabilization servo.

 ● Processing. Modern EO systems are largely 
software driven. The relentless march of 
Moore’s law means that digital processing is 
becoming the default solution to most control 
problems, and embedded computing power is 
now sufficient for real-time image processing 
functions such as detector channel equaliza-
tion, contrast optimization, image enhance-
ment, and target detection, tracking, and 
classification. Many image-processing systems 
developed during the 1990s used custom 
silicon devices (application-specific integrated 
circuits or ASICs). At the time of writing, mili-
tary production volumes are of little interest 
to ASIC manufacturers. Field programmable 
gate arrays (FPGAs) and digital signal proces-
sors (DSPs) are now widely used in military 
systems. Mass-produced devices with high 
data throughput capability, FPGAs and DSPs 
are programmed by the individual developer; 
hence, they are more flexible and economi-
cal than ASICs for low-volume applications 
such as military systems. From around 2010, 
the advent of the graphical processor unit 
(GPU) for gaming platforms has shortened 
 development times and provided a powerful, 
easy-to-use image processing platform.

 ● Lens design. While modular design and reuse 
are becoming more common, most military 
systems require custom optical design to 
satisfy installation constraints and system per-
formance requirements. Particular challenges 
for the lens designer in military instruments 
include design for mechanical robustness, 
high boresight stability and repeatability, 
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athermalization, and good performance in the 
presence of bright sources in the FOV (e.g., 
fires, sunlight). There are numerous  references 
to this subject, notably proceedings of lens 
design conferences run, for example, by the 
Society of Photo-electric Instrumentation 
Engineers (SPIE). IR optical designs are 
substantially  different from visual band ones 
because of IR materials’ higher-refractive 
index, wider range of dispersions, and larger 
thermal refractive index coefficients.

 ● Optical materials. Military requirements have 
driven development and precise characteriza-
tion of novel optical materials for many uses 
within EO systems. These include: IR lenses for 
various sub-regions of the spectrum; mechani-
cally strong broadband windows with good 
thermal properties; laser and other compo-
nents with low absorption, low scatter, and 
high laser damage threshold; and lightweight, 
thermally, and dynamically stable mirrors and 
structures.

 ● Optical fabrication. Diamond turning now 
allows the reliable and repeatable fabrica-
tion of aspheric surfaces, which allow simpler 
and higher-performance IR system designs. 
“Binary” or diffractive optical components 
can also be made with diamond turning; this 
allows color correction (in systems where 
scatter is not a critical design driver) with even 
fewer optical components. Diamond fly-cutting 
is widely used to finish flat and cylindrical 
mirrors. Great strides have been made in the 
surface finish, accuracy, repeatability, and 
 flexibility of these techniques, driven mainly by 
military requirements.

 ● Thin film coatings. Thin film coating prod-
ucts and custom engineering capabilities 
have been developed to satisfy the many and 
varied demands of military EO systems. These 
include: low loss laser coatings with high 
damage threshold and low scatter; efficient 
wavelength selective beamsplitters and filters; 
high-efficiency coatings for a wide range 
of spectral regions; multispectral coatings 
that simultaneously offer good performance 
(usually high transmission) over a number of 
spectral regions; exceptional environmental 
durability (sand erosion, rain impact, chemical 
contamination, and wide temperature range). 
The products are all compatible with a range of 

substrate refractive indices and thermal expan-
sion coefficients.

 ● Optomechanical design. Military optoelectronic 
systems usually need to be compact, light-
weight, and robust to a wide range of tem-
peratures and under shock and vibration; they 
need to be easy to align and maintain, hence 
modular in construction and achieve high 
line of sight stability. Often they incorporate 
mechanisms for switching components in and 
out of the light path, for scanning or steering 
the line of sight, and for adjusting focus and 
magnification. Embedded electronics generate 
heat, which has to be managed without adverse 
effects on the rest of the system. Delicate optics 
have to be housed to maintain critical align-
ment yet survive severe shocks. These create tre-
mendous challenges for mechanical and optical 
engineers, leading to the discipline of “optome-
chanical engineering.” Vukobratovich [25] and 
Yoder [26] address many of the detailed design 
issues. Godfrey [12] and Jamieson [13] provide 
insights into the complex issues that occur at 
the “system architecture” level.

 ● Simulation and modeling. Parametric modeling 
and physically accurate simulation techniques 
have been developed to support system require-
ments definition and validation, system trade-
offs, detailed design, and validation of the 
final system design. Accurate techniques have 
been evolved to model all aspects of EO system 
performance, including scene  illumination, 
target and background signatures, atmospheric 
absorption and emission, scintillation induced 
by atmospheric turbulence, image formation, 
scatter, line of sight stability, and detection 
and tracking performance. Such models may 
be integrated to provide realistic end-to-end 
simulations displaying a representative image 
from a system yet to be built, or of a scenario 
too dangerous or expensive to trial—or both. 
Such models are quite different from those 
used in training simulators. Simulator sys-
tems provide an impression sufficient for their 
purpose of what an observer would see, using 
approximations and assumptions to simplify 
computation and to ensure real-time perfor-
mance. EO system models provide a physically 
correct representation of what an observer or 
image-processing system would see with a real 
instrument in a specific scenario. Sillitto [29] 
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provides a perspective on the approach for this 
type of modeling and how it supports whole 
system analysis and architectural design.

 ● Calibration, test, and alignment. Numerous test 
techniques have been developed—both to align, 
integrate, and characterize EO systems as “black 
boxes” in their own right; and to assist with 
their integration with other systems, for exam-
ple, platforms and weapon systems. Methods 
of particular note include those associated with 
characterizing and correlating the subjective 
and measurable performance of thermal imag-
ing systems; techniques for aligning multi-
waveband sensor systems; and “auto-boresight” 
techniques for dynamically maintaining system 
alignment during operation.

The various technologies, their applications to mil-
itary needs, their advantages and limitations are 
listed in Table 13.1.

13.4  ENVIRONMENTAL FACTORS

We have already alluded to a variety of environmen-
tal factors that influence military EO systems. In 
addition to the “EO environment” already discussed, 
these can be summarized as follows:

 ● Physical threats: Ballistic threats, rain and sand 
erosion, air pressure, hydrostatic pressure, own 
and hostile weapon blast effects

 ● Operating environment: Shock, vibration, 
temperature, handling, and radio frequency 
interference

 ● Line of sight limitations

13.4.1  Physical threats

Physical threats to EO systems include the following.

 ● Ballistic threats: For example, bullets and 
shrapnel may hit delicate optics causing cata-
strophic damage. System design is a trade-off 
between maximizing performance (usually 
requiring a large aperture) and minimizing 
vulnerability (for example, by keeping the 
aperture small). Many systems are designed 
with shutters that can be lowered to protect 
the optical aperture, often with slits that 
allow  continued operation with degraded 
performance.

 ● Rain and sand erosion: Forward facing optics 
fitted to fast low-flying aircraft are particu-
larly susceptible to damage from sand erosion, 
which can strip coatings and pit surfaces, and 
to rain impact, which above a velocity thresh-
old, can cause serious sub-surface damage, 
leading to rapid loss of transmission. Coatings 
such as boron phosphide and diamond-like 
carbon can be applied to protect surfaces while 
maintaining good optical transmission.

 ● Chemical erosion may be caused by seawater 
and by exposure to fuels, cleaning agents, and 
exhaust efflux. Again, inert coatings can usu-
ally be identified to protect while maintaining 
optical performance.

 ● Air pressure, hydrostatic pressure, own 
and hostile weapon blast effects all impose 
structural loads on external windows, which 
normally require thick windows to maintain 
structural integrity and careful mounting to 
avoid excessive local stresses that can initiate 
structural failure.

13.4.2  Electromagnetic threats

Enemy systems may use EO or radar sensors to 
detect and/or degrade EO systems. Notably, sub-
marine periscopes are subject to detection by radar, 
and reports in the trade press suggest that hostile 
lasers intended to damage detectors are also seen as 
a threat. Filters can be fitted to minimize the effect of 
EO countermeasures but this is often at the expense 
of the performance of the EO device. Increasingly, 
attempts are being made to develop detectors that 
operate outside normal threat wavebands.

13.4.3  Platform characteristics

Different platform types have widely different 
 environmental requirements, mission characteristics, 
and accepted industry quality standards and inter-
faces. They also imply different user  characteristics—
education, training, and  tolerance of workload; 
usability, quality, reliability, and technology com-
plexity; and different production volumes, rates, and 
support and maintenance philosophy.

Notably, equipment on helicopters have to toler-
ate very strong low frequency vibrational resonances 
at harmonics of the rotor frequency. Equipment on 
main battle tanks (MBTs) and submarines must be 
hardened to operate after “survivable hits” from 
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Table 13.1 Various optoelectronic technologies and their applications to military needs

application technology advantages Disadvantages
Current situation (at time 

of writing)

Imaging systems Visual/near-IR TV Best angular resolution, 
easiest to interpret; can 
now provide near starlight 
performance at moderate 
cost

Depend on ambient light, 
susceptible to visual 
camouflage, cannot see 
through smoke

Returning to fashion as the 
benefits of high-resolution 
and multiwaveband 
operation are appreciated

Imaging systems 3–5 μ IR Work well in most conditions 
day and night; acceptable 
angular resolution from 
moderate apertures

Affected by smoke and fires Widely used in surveillance and 
weapon aiming applications

Imaging systems 8–12 μ IR, cooled and 
uncooled

High sensitivity, can see 
through smoke

Low scene contrast in hot 
humid conditions, poorer 
angular resolution from given 
aperture

Widely used in surveillance and 
weapon aiming applications

Imaging systems Direct vision near-IR night 
vision goggles

Compatible with starlight and 
nonvisible illumination

Prone to interference from 
bright light sources; need fast 
optics so limited to wide FOV 
applications

Widely used in infantry and 
aviators’ night vision systems

Stabilized sensor 
systems

Gyro stabilized turrets or 
mirrors with one or 
multiple cameras etc., 
used on drones, ships, 
vehicles, aircraft

Can avoid shake due to 
platform motion, allow 
smooth tracking of moving 
target and compensate for 
own ship motion

Can be difficult to integrate 
with aerodynamic profile and 
armor protection

Widely used at various levels of 
stabilization performance 
from fractions of a 
milliradians to a few 
microradians

Laser rangefinding 
and designation

Nd:YAG 1.06 μ lasers, 
glass optics, silicon 
detectors

Mature technology, 
compatible with large 
legacy inventory of laser 
guided weapons

Not eyesafe Widely used for laser 
designation, being 
superseded by 1.54 μ systems 
for range-finding

Laser rangefinding Various at 1.54 μ including 
erbium glass, diode 
lasers, and Raman 
shifted Nd:YAG

Eyesafe, benefit from 
advances in telecoms 
technology for laser 
sources and detectors

Lower power output than 
Nd:YAG for a given package,

Now in widespread use as 
rangefinders

(Continued)
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Table 13.1 (Continued ) Various optoelectronic technologies and their applications to military needs

application technology advantages Disadvantages
Current situation (at time 

of writing)

Laser rangefinding CO2 lasers (9–11 μ), direct 
and heterodyne 
detection

Smoke penetration, eyesafe, 
compatible with thermal 
imaging optics and sensors

Bigger, more expensive, and 
more complex for a given 
level of performance; 
cryogenic cooling required 
for detector

Not used much in spite of 
considerable investment in 
the 1980s

Laser pointer Visible and near-IR laser 
diodes used to show 
point of aim, and to 
indicate targets to others

Clear and intuitively obvious 
hand off

Not passive so may reveal one’s 
position to an enemy

Widely used on infantry 
weapons for aiming, and to 
indicate points of interest to 
night vision systems

Laser weapons Various Virtually instantaneous 
engagement so aiming is 
simple; no limitation on 
number of “rounds” if 
adequate electrical power 
available

Expensive, complex, difficult to 
measure effectiveness, 
disrupted by atmospheric 
turbulence and obscurants

Very limited use by a few 
countries

Missile guidance Nonimaging infrared, 
typically cryogenically 
cooled and 
mechanically modulated 
reticule or rosette scan

Relatively simple processing, 
effective against small 
bounded targets showing 
high thermal contrast such 
as aircraft

Susceptible to clutter and 
countermeasures; 
maintenance requirements 
are significant because of 
cryogenic cooling and 
precision mechanics

Widely used in air-to-air and 
surface-to-air missiles

Missile guidance Imaging infrared More options to deal with 
countermeasures and 
clutter, more sensitive

More complex processing Widely used in air-to-ground 
and anti-tank missiles

Missile guidance Laser beamriding Low power guidance beam 
that is difficult to detect 
and counter

Require clear line of sight from 
launch post to target so that 
operator can track the target 
throughout the engagement

Used in a variety of short range 
antiaircraft and anti-tank 
systems

(Continued)
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(Continued)

Table 13.1 (Continued ) Various optoelectronic technologies and their applications to military needs

application technology advantages Disadvantages
Current situation (at time 

of writing)

Missile warning UV missile warning 
sensors

Solar blind, low clutter at low 
levels

Limited range, less effective at 
high altitude

In widespread use, but starting 
to be replaced by IR systems

Missile warning Mid-IR missile warning 
sensors

Spectrally matched to peak 
emissions of rocket motors; 
much longer potential 
range than UV; useful 
imagery of surroundings

Need more sophisticated 
processing to deal with 
clutter and spurious target-
like features

As processing capabilities 
increase, these are becoming 
more common

Aerial 
reconnaissance

Digital visual and IR band 
sensors on aircraft and 
drones

Very high-resolution imagery, 
can fly below cloud; data 
available in real time if data 
linked back to base or to 
forward observers

Need to fly over or near the 
target, so vulnerable to air 
defenses; prone to cloud, 
smoke, and terrain 
obscuration

Manned aerial reconnaissance 
systems are still in use, 
increasingly augmented by 
drones of all shapes and 
sizes

Satellite 
reconnaissance

Digital visual and IR band 
sensors

High enough to avoid air 
defenses

Flight paths relatively 
predictable; takes longer to 
retask; lower spatial 
resolution; difficult to make 
data available in real time to 
front line users

Significantly used by advanced 
countries

Missile 
countermeasures

Modulated and directional 
jammer using laser or 
high-intensity flashlamp

Can defeat many missile 
threats; no significant 
limitation in number of 
engagements

Requires understanding of 
threat characteristics

Increasingly in use to 
complement or replace flares

Missile 
countermeasures

Flares Not directionally critical, can 
use the same dispenser as 
chaff

Limited number of rounds can 
be carried out; some threats 
require complex flare 
sequences

Once the only protection 
means, now used in tandem 
with directional jammers
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Table 13.1 (Continued ) Various optoelectronic technologies and their applications to military needs

application technology advantages Disadvantages
Current situation (at time 

of writing)

Submarine detection Distributed fiber optic 
sonar arrays

Sensitive acoustic detection, 
no electronics required 
external to pressure hull

Very sophisticated technology Early production systems 
deployed in several countries

Perimeter security Distributed optical fiber 
sensors providing 
seismic detection for 
perimeter security

Critical alignment not 
necessary, immune to RFI, 
does not depend on clear 
sightlines

Need to lay physical cables, 
subject to deliberate or 
accidental damage

Initial production systems sold 
in various countries

High-speed data 
links

Fiber optic uses ranging 
from strategic networks 
to spooling out behind 
missiles to transfer 
video to operator 
station

Immune to RFI; high 
bandwidth, much lighter 
and more flexible than 
equivalent copper, can 
detect and locate 
breakages

Fiber vulnerable to damage so 
need good protective 
sheathing

Widely used exploiting civil 
telecoms technologies
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shells or depth charges, sometimes with accelera-
tions specified up to hundreds of g. Equipment on 
aircraft must operate in the presence of high linear 
vibration caused by engines and aerodynamic buf-
feting, and high angular disturbance caused by the 
aircraft’s maneuvers.

EO sensors often have to operate near other 
systems that generate strong radio frequency (RF) 
fields, for example, radars and communication 
equipment.

13.4.4  Line of sight limitations

With the rare and uncertain exception of atmo-
spheric ducting, free space EO systems cannot 
see round corners. Strong signals, for example, 
from missile plumes, can be detected via atmo-
spheric scatter when there is no direct line of sight. 
Otherwise, EO systems depend on a clear line of 
sight from sensor to target.

Hence, terrain geometry strongly influences 
the use of military EO systems—even to the extent 
that different countries will specify quite different 
equipment characteristics, depending on whether 
they expect to be operating with long open lines of 
sight, for example, desert conditions or short lines 
of sight in forest, urban, or rolling rural conditions. 
It is reported that historically most tank engage-
ments occur at less than 1 km, although most mod-
ern MBTs are designed to work at up to 3 km. In 
the 1991 Gulf War, line of sight ranges were often 
very long, and armor engagements at ranges of up 
to 5 km were reported. Tactics must be adapted to 
make best use of the characteristics of available 
equipment in different terrain.

At sea, the horizon and weather limit lines of 
sight. In the air, cloud and terrain normally limit 
the line of sight at low altitude. At medium and 
high altitude (above 5000 m) and in space, air-to-
air lines of sight are very long, limited only by the 
earth’s curvature. At high altitude, the atmosphere 
is thinner and atmospheric absorption becomes 
less significant. Air-to-ground visibility is (obvi-
ously) affected by cloud cover.

13.5  ROLES AND EXAMPLES 
OF MILITARY EO

The following sections discuss the main roles in 
which EO systems are used by the military, under 
the six principle categories of

 ● Reconnaissance
 ● Surveillance and target acquisition (S&TA)
 ● Target engagement
 ● Self-defense
 ● Navigation and piloting
 ● Training.

The final section deals with some less common sys-
tems that do not fit into any of these categories.

Each section discusses the role, gives examples 
of systems, and discusses some of the underlying 
design issues.

13.5.1  Reconnaissance

“Time spent in reconnaissance is 
seldom wasted”—Military Maxims

quoted by Mitchell [27]

Reconnaissance is about providing an overall pic-
ture of the area of operations, notably where the 
enemy is and what he or she is doing. It involves 
observation and orientation and supports decision-
making. There is an increased emphasis on using 
strategic reconnaissance for tracking and targeting 
as well. This will require improved real-time links 
between reconnaissance and combat units.

Reconnaissance is performed at all levels, from 
strategic to tactical. At a strategic level, the area of 
interest may be worldwide and decision timelines 
may be in the order of hours, days, or weeks. At 
lower levels, the area of interest becomes smaller, 
but the timelines become shorter. At the lowest 
tactical level, the soldier uses his or her eyes or bin-
oculars, and would dearly love to “see over the hill.”

Reconnaissance platforms include satellites, 
manned aircraft, land vehicles, and foot soldiers. 
UAVs are increasingly being used or proposed 
for the full spectrum of reconnaissance. The US 
“Global Hawk” programme is a strategic recon-
naissance UAV. Micro-UAVs, small enough to be 
carried by an individual soldier, will finally make 
the “see over the hill” dream a reality for even the 
lowest level tactical commander.

The human eye has always been used for recon-
naissance and always will be. For most of the twen-
tieth century, wet film was the prime recording 
medium for aircraft.

The advent of satellite reconnaissance forced the 
development of solid state image sensors, which 
now deliver astonishing resolution from large 
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aperture satellite systems in low earth orbit. Fixed 
wing aircraft are fitted with podded or built-in line 
scan reconnaissance systems using solid state lin-
ear array imagers working in the VNIR, and IR 
line scan systems working in the 8–12 μm band. 
Two-dimensional staring arrays with stabilized 
step-stare mirrors are used for long range stand-
off reconnaissance in the VNIR and 3–5 μm band. 
Improvements in sensitivity are allowing VNIR 
sensors to be used at progressively lower light levels 
with progressively shorter integration times.

The key performance goals in reconnaissance 
systems are to maximize area coverage, resolu-
tion, and stand-off range of the platform. The ideal 
reconnaissance EO system would have high resolu-
tion, short image capture time, and wide FOV.

13.5.1.1  RECONNAISSANCE SYSTEMS

Airborne fixed wing reconnaissance systems are 
produced by a number of companies in the United 
States, the United Kingdom, France, and other 
countries. A typical fixed wing low level reconnais-
sance system is the Vinten Vicon product family. 
Based on a modular architecture and generally pod-
ded, these systems are used by about 20 air forces 
and are being configured for UAV applications.

Most armies maintain ground and helicopter 
units with a reconnaissance role. These generally 
operate covertly when possible, behind enemy 
lines, and offer the benefits of having a human 
observer able to interpret and prioritize the infor-
mation, while being relatively immune to cloud 
cover, which can block satellite and UAV opera-
tions. Army reconnaissance units are normally 
equipped with surveillance systems with varying 
levels of performance, generally aiming to be able 
to observe over a reasonable area (2–10 km) from a 
“hide.” Different armies have widely differing phi-
losophies on how to do this difficult task, depend-
ing in part on the terrain they expect to operate 
in, leading to a remarkable diversity of equipment.

Reconnaissance using manned aircraft or land 
vehicles is not always politically or militarily prac-
tical; satellites and UAVs are becoming widely used 
for reconnaissance.

UAV reconnaissance systems typically use 
either or both line scan sensors derived from air-
craft systems or surveillance turrets derived from 
helicopter systems. Surveillance turrets typically 
contain thermal imaging and TV sensors with 
multiple fields of view, and can be given an area 

search capability of scanning the whole turret 
provided the imager integration time is short. The 
imagery is data-linked to a ground station in real 
time, and it can also be recorded on board for sub-
sequent recovery and exploitation.

The US “Reaper” UAV has an “armed recon-
naissance” capability with a laser designator cou-
pled with Hellfire laser-guided missiles, allowing 
the UAV to be directed to attack a target observed 
by the operator at the ground station.

Information about space-based reconnaissance 
systems is harder to come by. Chaisson [5] refers 
to KH-11 Keyhole satellites used by the United 
States. News reports during recent conflicts have 
emphasized the use of satellite reconnaissance by 
the United States, and the possible military use 
of commercially available satellite imagery from 
many operators throughout the world. US govern-
ment officials’ statements, which can be found on 
the web, emphasize the priority attached to main-
taining a “technological advantage” in the capture 
and exploitation of information using satellites.

13.5.1.2  RESOLUTION OF 
RECONNAISSANCE SYSTEMS

Popular fiction suggests that reconnaissance sys-
tems can read car number plates from space. To read 
a number plate, the system would need to resolve 
about 1–2 cm. We can test this assertion with a sim-
ple calculation based on the Rayleigh criterion for 
optical resolution:

 d1.22 /ϑ = λ

where θ is the minimum angular separation 
between two resolvable points, λ is the wave-
length, and d is the diameter of the aperture. 
The reciprocal of this angle corresponds to the 
cut-off frequency (typically quoted in cycles per 
 milliradian) of the modulation transfer function 
of a  diffraction-limited imaging system.

A 600 mm aperture telescope operating at a 
wavelength of 500 nm would have a diffraction lim-
ited optical resolution of 1 μrad. This would allow 
an imaging resolution of 1m at a height of 1000 km 
in the absence of image motion and atmospheric 
degradation. Equivalent resolution for a system 
working at 10 μm in the thermal IR would be 20 m. 
This example illustrates the benefit of using the 
VNIR band where target signatures allow.
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Some US reconnaissance satellites are simi-
lar in general characteristics to the Hubble Space 
Telescope [5], with its 8 ft (2.4 m) mirror. The 
International Space Station is approximately 
400 km above the earth, and orbits at 27,600 km h−1 
(NASA web site). A Hubble-class telescope in this 
orbit, operating in the visible spectrum at 500 nm, 
would resolve 0.1 m or 4 in. on the ground, if its 
line of sight was correctly stabilized on the earth’s 
surface, and if the effects of atmospheric turbu-
lence were overcome.

13.5.2  Surveillance and target 
acquisition (S&TA)

Reconnaissance imagery is very data-intensive. It 
tends to be analyzed by interpreters who summa-
rize the information and provide it to senior com-
manders. The imagery is seldom available in real 
time to troops on the ground, because the band-
width required to disseminate raw imagery is very 
high, but this is changing as broadband network 
technology becomes pervasive.

Tactical real-time targeting and situation 
awareness is provided by wide or medium FOV 
imaging sensors, which can be panned or scanned 
to cover a wide field of regard. Typical solutions are 
surveillance turrets, typically carrying a thermal 
imager, TV camera, and eyesafe laser rangefinder.

Similar sensor suites are integrated into the tur-
rets of many military vehicles for surveillance, tar-
get acquisition, and fire control, mounted on pan 
and tilt heads for border and base security, and on 
vehicles with elevating masts for mobile patrols. 
Compact and increasingly integrated systems with 
similar functionality are used by forward observ-
ers, usually on manually operated tripods, and 
will shortly be small and cheap enough for use by 
individual soldiers, albeit with scaled down per-
formance. Such systems are sometimes integrated 
with navigation systems to allow the target grid 
reference to be calculated.

13.5.2.1  SYSTEM EXAMPLE: SURVEILLANCE 
TURRETS

Turret systems are used on helicopters, patrol 
 aircraft, and some land vehicle applications.

They are typically stabilized to a level appropri-
ate to the resolution of the sensor payload. They are 
used for general purpose surveillance,  tracking, 
and targeting, for rescue, and as navigation aids to 

the crew. This class of product has received wide-
spread publicity on western television because 
TV programs such as Police, Camera, Action! 
make extensive use of the often spectacular video 
sequences obtained by police helicopters during 
surveillance and pursuit operations, mostly car 
chases.

The turrets usually look like a ball, with an azi-
muth gimbal, which allows the whole ball to rotate, 
and an elevation gimbal, which allows the payload 
within the ball to elevate. Some have a third gimbal, 
which allows the system to compensate for roll and 
to keep the image upright while tracking through 
the nadir. Others have a second pair of gimbals 
for fine stabilization of the payload. This separates 
the functions of steering, which is assigned to the 
outer pair that also has to cope with friction from 
the environmental seals, from that of stabilization, 
assigned to the inner pair, which only has to work 
over a limited angle assisted by the intrinsic inertia 
of the payload.

Large, high-performance turrets with extremely 
good stabilization (from 20 μrad down to a few 
microradians) are used for long range stand-
off surveillance, usually with large aperture TV 
cameras.

Small and agile turrets fitted with thermal 
imagers and/or intensified CCD cameras are used 
as visually coupled flying aids. The line of sight is 
steered to follow signals from a head tracking sys-
tem, which measures where the pilot is looking; the 
image is overlaid on the scene by the pilot’s helmet-
mounted display. Small agile turrets are also used 
for active countermeasures systems.

Similar systems with appropriately customized 
or simplified packaging, pointing, and stabiliza-
tion are used for other surveillance and fire control 
applications; for example, border surveillance, and 
ship-borne surveillance and fire control. On ships, 
they are generally referred to as “directors.”

The generic principle of operation of surveillance 
turrets and “directors” is shown in Figure 13.6.

13.5.2.2  INFRARED SEARCH AND TRACK

Most S&TA sensors are designed primarily to pro-
vide images to operators who are responsible for 
detecting and classifying targets. IRST systems are 
a special case of S&TA systems designed to detect 
and track certain classes of targets automatically 
without operator intervention. Their main applica-
tion is against aircraft, which are relatively easy to 
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detect because of their high contrast against cold 
sky backgrounds and their distinctive motion rela-
tive to ground clutter. Similar principles can be 
used from space to detect ballistic missiles.

IRST systems give their users big tactical advan-
tages. They allow them to detect and track aircraft 
without revealing their presence with radar emis-
sions; they allow more accurate angle tracking of 
targets than is possible with radar; and most stealth 
technologies are not as effective against IRST sys-
tems as they are against radar. Range to target 
can be determined, albeit not as accurately as by 
radar, using kinematic or triangulation techniques. 
Highly effective as stand-alone systems, IRST sys-
tems are even more valuable when integrated into a 
sensor network including radar, since each sensor, 
to a considerable extent, complements the other.

The concept of IRST systems dates back to 
the 1930s, when R.V. Jones demonstrated aircraft 
detection at operationally useful ranges using 
cooled detectors, probably PbS. Radar was selected 
for further development at the time because of its 
all-weather capability.

First generation airborne IRST systems were 
fitted to the Mig-29, SU-27 (both 3–5 μm), and 
F-14 (8–12 μm band). Their design varied; at the 
simplest, they were conceptually similar to mis-
sile seekers with programmed scan patterns. 
Second generation systems fitted to the Eurofighter 
Typhoon (Figure 13.7) and the Dassault Rafale use 

Elevation axis

Sensor package:
Typically
• Thermal imager
• TV camera
• Laser rangefinder

Azimuth axis
Notes:
Typically, slijp rings are used for electrical connection across the azimuth bearing to allow unrestricted
N×360 degree rotation.
3–axis systems have a third rotation axis orthogonal to the other two to provide roll stabilization.
4–axis systems have an outer coarse set of gimbals carrying an environmental cover and a fine inner
pair for precise stabilization.
5–axis system have a 2–axis outer set of gimbals for environmental protection and a 3–axis inner set for
stabilization and derotation.

Figure 13.6 Principles of surveillance turret operation.

Figure 13.7 Head-on close-up view of Typhoon 
aircraft showing FLIR/IRST (left) and head-up 
display (center)—Photo: SAC Sally Raimondo/
MOD© Crown Copyright 2011-Image used under 
Open Government Licence.
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high-performance detector arrays allowing beyond 
visual range detection, and are in a real sense “pas-
sive radars.”

Some ships have been fitted with scanned IRST 
systems to fill the radar gap in detection of sea 
skimming missiles. Successful production exam-
ples include the Dutch Sirius and IRScan systems, 
using first and second generation long linear array 
technology respectively, and the French Vampir. 
The United States, Canada, and the United 
Kingdom have been developing naval IRST tech-
nology for many years; but at the time of writing, 
they had developed no product.

Of land-based systems, the Thales Air Defence 
Alerting Device (ADAD) has been notably success-
ful, achieving large orders from the British Army. 
Working in a static ground clutter environment, it 
gives fully automatic passive alerts of approaching 
air threats.

Naval- and land-based systems work in a very 
complex clutter environment and, for best perfor-
mance, require good training and a clear doctrine 
for systems integration and deployment. As tech-
nology develops, it will be possible to improve the 
efficiency and robustness of IRST clutter discrimi-
nation, widening the applicability and operational 
flexibility of these systems.

13.5.2.3  SYSTEM EXAMPLE: SUBMARINE 
PERISCOPES

Submarine periscopes provide a view of the outside 
world when submarines are on the surface and at 
periscope depth. They are used for general naviga-
tion and watch-keeping, surveillance, threat and 
target detection, and to identify potential targets 
and the range to these targets.

Traditional periscopes are all-glass, relaying a 
magnified view of the scene to the control room, 
typically 10 m below the line of sight. This is a 
demanding optical design problem, with only a 
small number of companies in the world capable of 
providing effective systems.

Conventional periscopes now have EO sen-
sors integrated into them. For example, the Thales 
CK038 product family offers thermal imaging, 
intensified CCD, color TV, and still camera chan-
nels, as well as two or three direct optical fields of 
view. Indirect sensors can be displayed on a remote 
console, and “bearing cuts” and “range cuts” pro-
vided to the combat system. A variety of antennae 
for RF sensors can also be carried.

Nonhull-penetrating masts are the next technol-
ogy step. Thales supplies “optronic masts” for the 
new Royal Navy Astute class submarines, which are 
the first in the world to have no direct optical path 
from inside the hull to the outside world. This inno-
vation reduces the number of holes in the pressure 
hull and removes constraints on the position of 
the control room relative to the submarine’s “fin.” 
Exceptionally high-quality systems with excel-
lent demonstrated performance, intuitive man–
machine interface, and built-in redundancy are 
required to give users confidence in this approach.

13.5.3 Target Engagement

13.5.3.1 WEAPON AIMING

Weapon aiming involves

 ● Detecting the target or acquiring it after being 
cued on by another sensor.

 ● Determining the information required to launch 
the weapon—normally, target direction, range 
and crossing rate, and often also range rate.

 ● Displaying the results of any fire control com-
putation to the operator to allow him to point 
the weapon in the right direction for launch.

Typical weapon aiming accuracies for armored 
vehicle gun systems are in the 50–500 μrad range 
(10–100 arcs). Shocks in the range 40–400 g may 
be generated at or near the sensor by the weapon 
launch. A key part of the skill in weapon aim-
ing system design is to package delicate optical 
instruments in such a way that they will retain the 
required accuracy, yet survive the extreme shock 
and vibration on weapon platforms.

System error contributions come not only from 
within the EO system, but also from the following 
sources:

 ● The weapon system itself—for example, barrel 
wear and bending under thermal gradients, 
geometric imperfections and play in linkage 
mechanisms, and tilt of the weapon platform.

 ● The environment—cross-winds and air 
 pressure variations.

 ● Dynamic effects within the weapon platform—
vibration, flexing, and servo latencies.

 ● Target motion—the target may move 
 significantly and unpredictably during the time 
of flight of the projectile.
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Modern high-performance fire control systems 
measure these contributions and take them into 
account in the ballistic calculation, minimiz-
ing their effect and achieving high overall system 
accuracy. But conventional gun systems cannot 
adjust the course of the projectile after it leaves the 
barrel. Hence, they cannot compensate for target 
acceleration, and lose accuracy at longer ranges as 
the projectile slows down and becomes less stable 
in flight (Figure 13.8).

13.5.3.2  GUIDANCE

Aiming systems for unguided projectiles need 
to point the weapon accurately at launch and to 
anticipate the target’s motion between launch 
and impact. These requirements for precision are 
reduced if the target can be tracked and course 
corrections made during the flight of the missile. 
This can be achieved either by tracking the target 
from the launcher or by homing, either semi-or 
fully autonomous.

The following common techniques used are as 
follows:
Command Guidance

 ● Command to line of sight
 ● Beamriding

Smart/Terminal Guidance
 ● Laser designation
 ● Autonomous homing

13.5.3.2.1 Command Guidance
In command to line of sight (CLOS) systems, both 
target and missile are tracked. In many systems, 

the operator keeps a crosswire on the target and a 
sensor in the sight tracks a flare on the tail of the 
missile. More modern systems track both target and 
missile automatically. A guidance system measures 
the error, and an RF, EO, or wire link transmits con-
trol signals to the missile. These systems often use a 
rangefinder to measure range to the target, and keep 
the missile off the line of sight to the target until 
near the expected impact time to prevent the missile 
or its plume obscuring the target (Figure 13.9).

In a beamriding system, the operator keeps the 
crosswires in the sight on the target, and a spatially 
and temporally modulated laser beam is projected 
along and around this line of sight. A receiver in 
the tail of the projectile detects the signal; signal 
processing decodes the modulation and generates 

(1) Estimate or measure range to target.

(2) Calculate “super-elevation” from range
and known weapon characteristics to
account for ballistic trajectory.

(3) Calculate “aim-off” from target’s
crossing rate to account for target motion
during time of flight.

1

3
42

(4) Indicate required super-elevation and
aim-off to operator, or apply it automatically
to the weapon control system.

Figure 13.8 Generic weapon aiming system.

Command to line of sight:
• Operator points aiming mark at the
   target.
• Sensor in guidance optics detects
   flare on missile (usually has a
   “gather phase” to acquire missile
   after launch).
• Sight measures offset between
   missile and target, and calculates
   appropriate course correction.
• Guidance commands sent to missile
   via comand up-link (usually RF) or
   control wires.

Figure 13.9 Guidance principles: CLOS.
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the appropriate guidance correction. This method 
relies on the operator accurately tracking the target 
throughout the engagement. It is used in a number 
of successful antiaircraft missile systems (includ-
ing the Swedish RBS-70 and the British Starstreak) 
and some anti-tank missile systems. Most west-
ern beam riding systems use diode lasers; a small 
number of systems use CO2 lasers. Power levels 
are much lower than for other military laser sys-
tems because it is a one-way co-operative system 
(Figure 13.10).

13.5.3.2.2 Smart/Terminal Guidance 
Laser designation (Figure 13.11) involves illuminat-
ing the target with a pulsed laser, which is accurately 
boresighted to a crosswire in the sighting system. 
Normally pulsed Nd:YAG lasers are used, associ-
ated with a silicon quadrant detector in the seeker 

head. The seeker, or an optical element within it, is 
gimballed. A control system moves the seeker line 
of sight to keep the laser spot on or near the center 
of the quadrant detector. The missile in turn flies 
to follow the seeker’s line of sight. This system, pio-
neered by the United States during the Vietnam 
war, is regarded as the most accurate precision 
guided system and is in extremely widespread use 
for anti-tank missiles, air-launched missiles, and a 
wide range of bombs. Laser-guided artillery shells 
have been developed but are not in widespread use.

Laser seekers are referred to as “semi-active 
homing” systems—active because an active trans-
mitter (the laser) is used to illuminate the target, 
semi because the transmitter is not co-located with 
the seeker.

Passive missile seekers detect and home onto 
the contrast between natural radiations emitted or 

Laser designation:
• Operator points aiming mark at
   the target.
• Laser pulses illuminate target.
• Seeker in missile detects and
   homes onto scattered laser
   energy.

Figure 13.11 Laser designation.

Laser beamrider:
• Operator keeps center of laser
   pattern (defined by an aiming mark) on
   the target.
• Laser projector scans a modulated
   pattern around the aiming mark.
• Missile measures its own  position
   within the laser beam pattern by
   detecting the modulation.
• Missile guidance system generates
   appropriate course correction.

Figure 13.10 Guidance principles: beamriding.
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reflected by the target and the background. They 
can be broadly categorized as follows:

 ● “Hot spot detectors”
 ● “Imaging” seekers

Hot spot detectors are simple, easily implemented 
as all-analog systems, and effective in low clutter 
environments such as an aircraft against sky back-
ground. Antiaircraft systems have evolved through 
several generations to improve sensitivity and coun-
termeasure resistance. The simplest require a strong 
signal, for example, from a hot exhaust pipe, and so 
they can only attack from behind, and are relatively 
easily decoyed or jammed. The more sophisticated 
are sensitive enough to home in on black body emis-
sion from an airframe, and so are “all-aspect,” and 
employ various anti-decoy techniques, some of 
them dependent on digital processing.

IR hot spot seeking surface-to-air missiles 
(SAMs) and air-to-air missiles (AAMs) have 
accounted for a huge majority of all air combat losses 
since the 1950s. The best known to western read-
ers are the American Sidewinder family of AAMs, 
which has evolved incrementally through numer-
ous versions since the 1950s [15], and the Stinger 
series of SAMs, which evolved from the 1960’s Red-
eye, and has itself progressed through at least three 
major versions using two different detection prin-
ciples. Other nations including France, USSR, the 
United Kingdom, China, and Brazil have developed 
indigenous IR SAMs and AAMs, some using com-
pletely independent seeker principles, others based 
closely on the successful American designs.

Most antiaircraft seekers work in the 1–2.5 or 
3–5 μm bands. Early Sidewinders used uncooled 
PbS detectors working in the 1 μm region with a 
glass dome. These systems were easy to engineer 
using available materials and technologies, but 
because of the low sensitivity of the uncooled seeker, 
they needed to look up the hot jet pipe. In the late 
1950s and 1960s, sensitivity was improved to allow 
wider aspects but still tail-on engagements. The PbS 
detectors were cooled with Peltier coolers, which 
could be operated continually while the missile was 
on the launch aircraft, or with high-pressure argon 
gas, which achieved a lower temperature for a lim-
ited period after a very fast cooldown. Later versions 
were more sensitive still. They used InSb detec-
tors operating in the 3–5 μm band, again cooled 
with argon, to achieve an all-aspect capability by 

exploiting the lower temperature emission from 
skin heating for frontal engagements. These sys-
tems took longer to develop because they required a 
whole range of technology developments in optical 
and detector materials.

Four different optical principles are commonly 
used in hot-spot seekers to generate a guidance  signal 
from the target’s radiation. They are “amplitude 
modulated (AM) reticle,” “frequency modulated 
(FM) reticle,” “rosette scan,” and  “cruciform scan.” 
In reticle scanned systems, the detector covers the 
entire instantaneous FOV of the seeker, and a chop-
per, or “reticle,” modulates the FOV so that small 
hot areas within the image are preferentially modu-
lated [14]. The phase of the modulation indicates the 
polar angle, while the amplitude or frequency indi-
cates the off-boresight angle. In AM reticle systems, 
the reticle is spun to do the chopping, while in FM 
systems, an optical element (or the entire telescope) 
is spun to nutate the image on a stationary reticle. 
In rosette and cruciform scanning, the detector is 
smaller than and is scanned over the FOV, normally 
by spinning an optical element.

Hot spot seekers work well in situations where 
the target is unambiguously differentiated from 
the background by its intensity and basic dynamic 
characteristics. Where this is not the case, imag-
ing seekers are necessary to allow more complex 
processing to distinguish target from background. 
This more complex situation applies to most anti-
surface engagements and to more extreme antiair 
scenarios, for example, those involving ground 
clutter, complex countermeasures, and low signa-
ture targets. Modern imaging seekers can be visu-
alized as any conceivable imaging system with a 
video tracker processing the output to extract the 
target position from the image. A well-known and 
widely used example of an imaging seeker system is 
the imaging IR variant of the Maverick family [21].

In almost all seeker systems, the optical line of 
sight is pointed at the target using the tracker out-
put, and the missile follows the seeker according 
to a control law. This may vary from a simple pur-
suit trajectory (the missile flies straight toward the 
target all the time by attempting to null the line of 
sight angle) through an intercept course (the mis-
sile points to the predicted intercept position by 
attempting to null the line of sight rate) to a more 
complex pre-programmed trajectory designed to 
optimize flight characteristics, foil enemy counter-
measures or both. Seekers generally have a small 
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FOV, which can be steered over a large angle. 
Typical generic seeker parameters are as follows:

13.5.3.3 DIRECTED ENERGY

Lasers are used or proposed for a number of 
directed energy applications:

 ● Lasers and arc lamps can be used to dazzle or 
confuse hostile sensors, particularly, missile 
seekers as part of directed IR countermeasure 
systems.

 ● Lasers may be used for sensor damage—there 
are reports of lasers being used to damage 
sensors in reconnaissance satellites trying to 
observe strategic installation.

 ● Large chemical lasers have been successfully 
integrated with EO pointing and tracking 
systems, and these systems have demonstrated 
an ability to destroy incoming missiles at 
long ranges—for example, the Airborne Laser 
Laboratory and THEL programs.

For obvious reasons, there is little open informa-
tion in this area! Suffice it to say that complex 
technology integration and detailed analysis, 
 simulation and trials are required to develop effec-
tive systems.

13.5.3.4 DAMAGE ASSESSMENT

It is almost as important to the military to know 
when an engagement has been successful as to 
carry out the engagement in the first place. Battle 
damage assessment (BDA) is essential to know 
whether to continue attacking a target or to switch 
to another one. There is often a requirement for EO 
sensors to continue monitoring the target during 
and after the engagement and to provide imagery 
or other data, which allows a kill assessment to be 
made. One aspect of this requirement is for weapon 
aiming sensors to be able to see through the vari-
ous EO phenomena produced by the weapon itself.

13.5.3.5 SYSTEM EXAMPLE: VEHICLE SIGHTS

Vehicle sights vary widely in complexity, from 
 simple direct view sights to stabilized multisen-
sor systems. Figure 13.12 illustrates the conceptual 

layout of a typical high-performance tank fire 
control sight with thermal imaging, laser, TV, and 
visual sighting functions.

There is now a trend to lower cost and smaller 
size, and hence, wider deployment, as imager tech-
nology improves and cheapens. A good example 
of this evolution is shown by a series of products 
 produced by Thales for the British Army.

 ● The fire control sensor suite for the Challenger 
1 tank in the mid-1980s used thermal imager 
based on the then-new TICM 2 module, 
mounted in a barbette on the side of the tank’s 
turret, and elevated using a servo system to 
follow the gun. The Nd:YAG tank laser sight 
(TLS) originally developed for the Chieftain 
was mounted on a cradle at the gunner’s sta-
tion and linked mechanically to the gun.

 ● The Challenger 2 system used essentially the 
same thermal imager, mounted on the gun 
barrel to simplify the system and assure best 
possible boresight to the gun; the TLS was 
replaced by a high-performance visual gun-
ner’s sight with integrated laser rangefinder 
and two-axis stabilization.

 ● After the Gulf War, the decision was taken 
to replace the image intensified sights on 
the Warrior infantry fighting vehicles with a 
thermal imager. A low cost second generation 
thermal imager provides almost as good per-
formance as the TICM 2 system on Challenger 
in a much smaller and cheaper package; the 
laser rangefinder is eyesafe; a TV camera is 
integrated into the commander’s sight and 
displayed on a flat panel display, which also 
acts as a terminal for the battle management 
system; a simple low-cost stabilization system 
provides observation on the move at a fraction 
of the cost of previous systems; and the whole 
package is much smaller, lighter, and cheaper 
than the older high-performance systems.

 ● For the Scout vehicles that will enter service in 
the second decade of the twenty-first century, 
the Warrior system was further developed to 
provide a panoramic surveillance capability 
using an azimuth gimbal offering unlimited 
n × 360° rotation, a two-axis stabilized head, 
and a high-performance third-generation ther-
mal imager, with advanced video processing to 
reduce operator workload and improve orien-
tation and situation awareness (Figure 13.13).

Instantaneous detector FOV 0.4–4°
Seeker FOV 2–4°
Seeker field of regard 40°
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13.5.4 Self Defence

13.5.4.1 THREAT WARNING

EO techniques are used for missile and laser threat 
warning. Missile warning systems depend on 
detecting the EO emission of the missile motor. 
Laser warning depends on detecting the direct or 
scattered energy from the threat laser.

There are two fundamental problems in the 
design and use of warning systems. The first is 
to ensure that the detection probability is high 
and the false alarm rate low, both due to natural 
 phenomena and enemy systems, which may seek 
to exploit known characteristics of the warning 
system. A warner that gives too many false alarms 
will be switched off by the system operators. The 
second is to link the warning to useful counter-
measures against the threat. A warning system is 
useful only if it increases the probability of surviv-
ing the attack and/or successful retaliation.

These issues have exercised technologists since 
the 1970s at least. Current in-service missile warn-
ing systems are usually associated with active 
IR countermeasure systems on aircraft, using 
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Figure 13.12 Schematic of vehicle weapon sight.

Figure 13.13 “ORION” panoramic vehicle 
 surveillance sight. (Image reproduced with 
 courtesy of Thales UK Ltd.)
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directional energy (lamps or lasers) or flares or 
both, and work either in the UV or in the mid-
IR range. Because of the very short engagement 
timelines, the linkage between the warning and 
countermeasure systems is usually automatic. UV 
warners operating near ground level benefit from 
a very low background level, since the atmosphere 
absorbs solar UV before it reaches the earth’s sur-
face. By the same token, signal levels are low and 
the detection range limited, though still operation-
ally useful. In contrast, there is ample signal in the 
3–5 μm band, but also high natural and man-made 
clutter because of sun glint, fires, and other hot 
sources. A number of spatial, spectral, and tempo-
ral techniques are used to classify detections and 
reject spurious ones before declaring a threat.

Laser warning systems also use a variety of 
 discrimination techniques, including temporal 
filtering and coherence discrimination, to reject 
false alarms. Some systems provide accurate 
direction of arrival information. Deployment of 
laser warners has been limited because of the “so 
what?” issue—if the laser warning was going to be 
followed within a few seconds by a high-velocity 
shell, what good was the warning? A number of 
factors are changing this. Improved communi-
cation between military vehicles as a result of 
digitization initiatives will allow threat warning 
information to be shared quickly between threat-
ened platforms. Until recently, laser rangefinders 
were normally Nd:YAG, operating at 1.06 μm and 
therefore a serious eye hazard, and their use was 
seen as an aggressive act similar to shooting with 
a gun; but eyesafe lasers will be used much more 
freely.

13.5.4.2  THREAT SUPPRESSION

Surveillance, target acquisition, and weapon aiming 
systems aim to help their users by allowing them to 
detect and engage the enemy. Advantage goes to the 
side that can complete the OODA loop faster and 
more consistently. If EO sensors help their user to 
win, it clearly makes sense to try to reduce their 
effectiveness, to prevent or delay detection, to make 
classification more difficult or impossible, to deny 
the enemy accurate tracking information. The four 
primary methods for this are camouflage, decoys, 
jamming, and obscurants.

Camouflage seeks if possible to make the plat-
form look like the background or an innocent nat-
ural feature. In World War 2, it was sufficient to 

break up the visual outline of the platform. With 
the proliferation of sensors in many different EO 
bands, camouflage will ideally work simultane-
ously and consistently in the visible, and near-, 
mid-, and far-IR bands. This is obviously much 
more difficult and means that multiband systems 
are likely to be able to find even a camouflaged tar-
get in at least one of their operating bands.

Decoys seek to confuse the enemy sensor by 
presenting false targets, and either

 1. Overloading the system so that the real target 
is not noticed among the mass of false ones

 2. Providing a more attractive target, which is 
tracked in preference to the real one

Again as sensor systems become more sophisti-
cated, decoys need to be similar to the target in 
more dimensions simultaneously than used to be 
the case.

Jamming seeks to overload the sensor so that 
it is incapable of operating correctly, degrade its 
sensitivity so that it loses its target, or generate 
artifacts within the sensor’s processing, which 
have the characteristics of real target signals, effec-
tively producing virtual decoys within the sensor 
processing. A bizarre early attempt to do this (in 
WW2) is described in Ref. [8].

Obscurants, most familiarly smoke, seek to 
block the optical path between the sensor and its 
target. The principal mechanism by which most 
smokes works is scatter. Since scatter is wave-
length dependent, with shorter wavelengths being 
scattered more strongly, most smokes which are 
opaque in the visible range are much less effective, 
or even completely ineffective, against long-wave 
IR sensors. This explains the overwhelming pre-
ponderance of 8–12 μm systems in NATO (North 
Atlantic Treaty Organization) armies in spite of 
the lower volume, aperture, and price of 3–5 μm 
systems of otherwise similar performance.

13.5.4.3  SYSTEM EXAMPLE: SELF-
PROTECTION AND 
COUNTERMEASURES SYSTEMS

Self-protection and countermeasures systems use 
EO sensors to detect missile launch or laser illu-
mination, and trigger smoke, decoys, or disruptive 
modulation using wide angle or directed jamming 
signals from lasers or arc-lamps. This is a sensitive 
and rapidly evolving area. For a comprehensive 
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unclassified discussion of the subject, the reader 
is referred to the SPIE IR and Electro-Optics 
Handbook:

 ● Laser warning (IR&EOSH Vol 7, Chapter 1.7)
 ● Missile warning (IR&EOSH Vol 7, Chapter 1.5)
 ● Signature suppression (IR&EOSH Vol 7, 

Chapter 3)
 ● Active infra-red countermeasures (IRCM) 

(IR&EOSH Vol 7, Chapter 3)
 ● Decoys (IR&EOSH Vol 7, Chapter 4)
 ● Optical and sensor protection (IR&EOSH Vol 7, 

Chapter 5)
 ● Smoke (IR&EOSH Vol 7, Chapter 6)

13.5.5  Navigation and piloting

There are three main categories of navigation and 
piloting applications for EO sensors: helping the 
pilot or driver see where he or she is going, partic-
ularly at night; helping to keep track of where the 
vehicle is relative to the earth by terrain or contour 
matching; and navigating by the stars.

13.5.5.1  IMAGING: FLYING/DRIVING AIDS

Thermal imagers and image intensified night vision 
allow military vehicles to move or fly without active 
emission, such as lights or terrain following radar.

Fixed wide FOV thermal imagers and intensi-
fiers are used as flying aids or drivers’ viewers in 
aircraft and vehicles. In aircraft, the thermal image 
is often overlaid with accurate registration onto the 
external scene using a head up display (HUD).

Head-mounted NVG, based on VNIR image 
intensifiers, are also used, usually as an alternative. 
But both sensor technologies have advantages and 
disadvantages. VNIR gives a good and intuitively 
familiar view of the terrain and horizon under all 
ambient light conditions down to “overcast star-
light.” Thermal imaging, on the other hand, is 
better for detecting most military targets (which 
are usually hot) and many types of man-made 
features, and provides a means of seeing the ter-
rain when there is no usable VNIR radiation, as 
occurred during the Gulf War. The RAF (Royal 
Air Force) has developed integrated system and 
procedural solutions for using NVG and head-up 
thermal imaging together. This gives the benefits 
of both sensor technologies.

A number of helicopter systems and a few mod-
ern fast jets use a head-steered FLIR coupled to a 

helmet-mounted display to provide all-round ther-
mal imaging slaved to the pilot’s line of sight. These 
systems require low latency in the image, the mon-
itoring of pilot’s head position, and control of the 
thermal imager line of sight. Otherwise, the image 
will not appear stable relative to the outside world; 
objectionable swimming effects may develop in 
the displayed image, which make it difficult for the 
operators to use the system for any length of time.

There are significant benefits in these applica-
tions in sensor fusion, aiming to provide the best of 
both thermal and VNIR imagery to the pilot. Fully 
automatic processing is required to reduce pilot 
workload. Advanced technology demonstrations 
in this area look promising. The cost of the pro-
cessing required is coming down rapidly and such 
systems should soon be affordable for the more 
high-value applications. This illustrates the way 
that EO system design is now constrained more 
by data-handling and bandwidth than by the basic 
sensor technologies.

13.5.5.2  TERRAIN MATCHING

Cruise missiles use a number of techniques to nav-
igate very precisely over the terrain. Conventional 
inertial navigation techniques do not have the 
required accuracy, having a drift of typically 1 
nautical mile per hour. While the advent of global 
positioning system (GPS) may have reduced the 
need for other methods, video scene matching 
and laser altimeter techniques have both been pro-
posed to allow missiles to compare the terrain they 
are flying over with a stored three-dimensional ter-
rain map of the planned route.

Stabilized EO systems such as surveillance tur-
rets and laser designator pods fitted to an aircraft 
can measure the aircraft’s position relative to an 
identifiable feature on the ground. If the feature’s 
coordinates are known, this information can be 
used to update the aircraft navigation system, 
allowing the accumulated drift in the estimated 
position to be nulled out.

13.5.5.3  STAR TRACKING

The US and Soviet sea-launched ballistic missile 
programs in the 1950s and 1960s wrestled with the 
problem of hitting a fixed point on earth several 
thousand miles away from a moving submarine. 
Part of the solution was an incredibly accurate gyro 
system on the submarine itself. Another part was 
the use of star trackers in the ballistic missiles. Star 



13.5 Roles and examples of military EO 177

trackers are commonly used in satellites to provide 
an error signal to the satellite’s attitude control 
and navigation system to help maintain a precise 
attitude and position estimate. In the ballistic mis-
sile application, the star tracker takes a fix on one 
or more stars, allowing errors in the launch posi-
tion estimate to be determined and compensated 
for. The American Trident system and the Soviet 
SS-N-8 and SS-N-18 all used different “stellar- 
inertial guidance” methods. The Soviets deployed 
this technology before the Americans [4].

13.5.5.4  OBSTACLE AVOIDANCE

Obstacles such as pylons and cables present a seri-
ous hazard to low-flying helicopters and aircraft. 
Obstacle databases can be used to generate warn-
ing symbols on head-up displays to indicate known 
permanent obstacles. Passive sensors will help 
the pilot to spot temporary and smaller features. 
Neither method can warn against thin temporary 
wires and cables.

Obstacle warning laser radar systems have been 
developed to fill this gap, and have been demon-
strated for both helicopters and fixed wing aircraft. 
Helicopters fly relatively slowly (30–100 ms−1) and 
fairly short-range systems will give sufficient warn-
ing for pilots to take appropriate avoiding action. 
Practical systems are available using diode lasers 
with obstacle detection ranges of a few 100 m. Fast 
jets need longer range warning and faster  scanning. 
Demonstrator systems have been built using CO2 
lasers with coherent detection. These work, but are 
currently too large to integrate easily into fast jets.

13.5.6  Training

Effective and realistic training is key to the effec-
tiveness of modern military forces. If they cannot 
train in realistic combat conditions, they will not 
be effective when they first experience real combat. 
But if the training is too realistic, for example, with 
a lot of live ammunition, not all the trainees would 
survive the experience!

Hence, there is a need to make training as 
realistic as possible without using live ammuni-
tion. Traditionally, “umpires” would move around 
training areas, making fairly arbitrary judgments 
about whether troops would have been hit. This 
was subjective and unrealistic. Similarly, blank 
ammunition produces noise and smoke, but the 
people doing the shooting get no feedback as to 

whether they pointed their weapons in the right 
direction. And if their equipment includes other 
hazardous systems, such as non-eyesafe lasers, 
which cannot be used in a training environment, 
they are unlikely to use them effectively under the 
stress of real war.

The need for effective training created a whole 
new class of EO systems, the “direct fire weapon 
effect simulator.” A low power laser diode trans-
mits a coded pulse train, which if aimed correctly 
is detected by a detector on the target (or some-
times is returned to the transmitter by a retrore-
flector on the target and detected by a coaligned 
receiver). The coding indicates the type of weapon 
being simulated, the divergence can be adjusted 
to simulate area effects, and round-trip systems 
can measure distance to the target and therefore 
calculate whether the system was within effective 
range. Modern training systems inject video sym-
bology into the sights of the attacking system to 
simulate weapon trajectories, tracer, and impact 
signatures; can electronically disable the weapons 
of the target if it has been “killed’; and can keep 
a log of time and position of every engagement so 
that the engagement can be reconstructed in a vir-
tual reality replay for debriefing and postoperation 
analysis. Hence, laser training systems can be used 
to prove the effectiveness (or otherwise) of new 
doctrine and tactics as well as to train soldiers. The 
systems contain detailed weapon effect and target 
information to ensure that engagements are cor-
rectly registered (e.g., a rifle cannot kill a tank).

These systems have immense entertainment 
value, and lightweight short range versions have 
become popular in the last few years in entertain-
ment arcades!

Another class of training system is the crew 
training simulator, where very wide FOV video 
systems are used to generate a synthetic environ-
ment as seen from an aircraft cockpit or vehicle, 
which itself is on a six-axis motion platform. The 
combination of physical motion and visual cues 
from the projected video creates a remarkably real-
istic experience. These systems save users massive 
amounts of money by avoiding the need to use real 
aircraft for many training tasks. Again, derivatives 
of these systems are now well established in the 
entertainment industry.

Training requirements reflect back on the 
specification of tactical military systems. For 
example, laser rangefinders are often required 



178 Military optoelectronics

to be “eyesafe,” so that they can be operated in 
accordance with operational drills in a training 
 context; and similarly, modern fire control systems 
are required to be compatible with laser training 
systems and sometimes to incorporate various 
embedded training capabilities.

13.5.7  Other applications

13.5.7.1  COVERT COMMUNICATION

Optical methods have been used for line of 
sight communication since the discovery of the 
 heliograph, probably in prehistoric times. Signal 
flags were used by navies in the olden days when 
sailing ships traveled the world. Once electricity 
was invented, signaling lamps allowed effective 
signaling at night with Morse code while main-
taining radio silence.

During World War 2, there was a need for 
covert line of sight signaling, particularly for 
 special operations. IR filters and image convert-
ers (the precursors of modern image intensifier 
tubes) were evolved for this purpose by the United 
Kingdom, Germany, and United States . Nowadays 
similar principles can still be used. CO2 lasers can 
be used as beacons in the 8–12 μm region, near-IR 
lasers are often fitted to weapons and surveillance 
turrets and used as “laser pointers” to indicate tar-
gets to soldiers equipped with night vision goggles, 
and optical point-to-point data links have been 
developed that allow high-bandwidth data to be 
sent over any clear line of sight—in the extreme 
case, between low earth orbit and geostationary 
satellites.

13.5.7.2  INFANTRY DEVICES

Infantry soldiers use hand-held, weapon-mounted, 
and more recently, helmet-mounted EO sensors 
for observation, night vision, and weapon aiming. 
These have to be simple, compact, low power, and 
very robust against mishandling.

A number of countries, including the United 
States, France, the United Kingdom, Canada, 
Australia, and others, are now running “future 
soldier” programs that aim to integrate EO sen-
sors, navigation, communications, command and 
control, and protection functions into a “system” 
suitable and affordable for use by infantry. The US 
Land Warrior program, the British Future Infantry 

System Technology, and the French “Felin” have 
all demonstrated hardware and at the time of 
writing, are moving toward full development and 
production.

13.5.7.3  ALL-ROUND VISION SYSTEMS

All-round vision systems for military vehicles are 
an emerging market given that low-cost sensitive 
sensors and flat panel displays are now available. 
The trend to smaller more compact platforms is 
creating a demand from designers to remove the 
vehicle design constraints (such as manned tur-
rets in vehicles, bubble cockpit canopies in air-
craft) imposed by the crew’s expectation of good 
all-round vision. The fear of possible future laser 
threats is creating a demand from operators for 
better situational awareness from indirect sensors 
and when vehicle hatches are closed down.

The DAIRS system for the F-35 Joint Strike 
Fighter (JSF) reportedly uses six 1000 x 100 ele-
ments thermal imaging arrays to provide all-round 
vision for the pilot and to provide data for threat 
warning and target detection systems. Similar sys-
tems for land vehicles entered service in the first 
decade of the twenty-first century using low-light 
VNIR and uncooled thermal imaging sensors.

13.5.7.4  IDENTIFYING FRIEND OR FOE

Identifying friend or foe is a complex and diffi-
cult problem. Western military organizations in 
particular are increasingly expected to operate in 
coalitions with many different nationalities, with 
different types of equipment used on the same 
side—and sometimes, the same kind of equipment 
used on opposing sides. Better visual identification 
makes a very important contribution to reducing 
“friendly fire” incidents but cannot prevent them 
completely.

Many procedural and technical solutions have 
been tried over the years. In World War 2, dis-
tinctive black and white stripes were painted on 
all allied aircraft just before the D-Day invasion 
(of Normandy) to allow “instant” recognition of a 
friend without need to positively identify the air-
craft type. On a similar principle, active beacons 
matched to EO sensors are often used nowadays to 
give a distinct signature. These methods are very 
effective in specific operations, but do not provide 
a permanent solution, since over time they can be 
copied.



13.7 Trends 179

Laser interrogation is used as an operating 
principle in some modern combat identification 
systems.

13.6  OPERATIONAL IMPACT

Thermal imaging and night vision can “turn night 
into day”—allowing forces to operate 24 h a day 
instead of 12, without having to use special tactics 
for night operation; or indeed to work preferentially 
at night to exploit the superiority resulting from 
thermal imaging and night vision technology. The 
US/allies’ EO capabilities provided a huge advan-
tage in the ground battle during the 1991 Gulf War.

Laser designation allows precision targets to be 
hit (fairly) reliably—about 30% missed in the 1993 
Gulf War. There is no evidence that 100% accuracy 
can be achieved in operational systems; too many 
environmental and human factors influence the 
operational outcome. But precision weapons give 
a massive reduction in circular error probability 
(CEP), resulting in much lower mission costs and 
much less collateral damage to achieve a given 
objective. According to a quote in a web download,

On May 10, 1972 the first major com-
bat use of these new weapons, along 
with TV guided Walleye bombs, 
took place (in Vietnam) resulting in 
the destruction of the Paul Doumer 
bridge, which had withstood 3 years 
of aerial  bombardment, totalling 
1250 tons of munitions. This single 
mission was a revolution in air-to-
ground warfare.

The “1250 tons of munitions” had all landed some-
where near the bridge, devastating the surrounding 
area, and probably involving around 1000 opera-
tional sorties. We shall not attempt to preempt 
readers’ own judgment about the environmental 
and human costs and moral issues. But it is clear 
that there is a very large financial payback from the 
use of precision weapons in terms of reduced cost 
of wasted ammunition, reduced cost of aviation 
fuel, and reduced combat losses. Similarly, laser 
rangefinders give a direct cost saving to the user 
calculable from the reduced number of rounds 
required to achieve a given number of hits, and the 
consequent savings throughout the logistics chain. 

Other EO technologies are less widely deployed—
because the return on investment for the user is 
less clear and less easy to calculate.

These “value for money” arguments will assure 
the place of EO in military inventories for the fore-
seeable future. Equally, interesting technologies that 
cannot provide similarly robust financial justifica-
tion will have a much harder time gaining interest, 
let alone acceptance into service, from the military.

13.7  TRENDS

Performance of EO systems is reaching operation-
ally useful limits in many areas—hence, emphasis 
is switching from the “performance at any cost” 
focus of the Cold War years.

There is a strong drive to lower cost to allow 
wider deployment—for example, thermal imaging 
is migrating from tanks (1985–1990 in the United 
Kingdom) to all combat vehicles (2000–2010 in the 
United Kingdom) to the individual infantryman and 
unmanned vehicles (2000 onward). This trend is 
aided by and is accelerating technology developments 
that allow simpler and cheaper systems to be devel-
oped, using staring and often uncooled IR detectors.

There is a strong drive to integrate with other 
systems in order to reduce workload (Battle 
Management Systems, “soldier systems”); to see 
“over the hill,” using UAVs at all levels of command; 
and to large-scale system integration throughout 
the “battlespace” to improve “tempo” or speed 
of operations, under the banner of “C4ISR”— 
command, communication, control, computing, 
information, surveillance, and reconnaissance. EO 
sensor systems (aided by their operators) now have 
to produce “information” not just “images.”

The increasing use of unmanned vehicles has 
increased the demand for lower cost light-weight 
EO sensor systems and for intelligent sensor inte-
gration and processing on remote vehicles to reduce 
the dependency on high data link bandwidth 
between remote vehicles and operators by automat-
ing some of the operator’s traditional functions.

Some new areas of R&D now receiving much 
attention are the following:

 1. High-power solid state fiber lasers for directed 
energy

 2. Mid-IR lasers for IRCM
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 3. Three-dimensional imaging laser radar for 
target identification

 4. Hyper-spectral imaging
 5. Mine detection using thermal imagers and 

active imaging

Finally, commercial technologies are moving 
faster than military ones in the areas of telecoms, 
image sensor, and processing; the military are now 
exploiting commercial technology instead of the 
reverse. This may lead to the widespread use of 
ultralow cost disposable EO systems on miniature 
autonomous vehicles and aircraft.
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PART    VI

Industrial applications

We shall now present case study applications of 
optoelectronics in industry, again preceding these 
more specific items with another summary table. 
In this area, there are many applications, but cost 
is usually a critical issue. Yet again, the ubiqui-
tous video camera plays a major part, but there is 
also far greater potential applications for sensors 
which measure at discrete points. Spectroscopy is 
a particularly important area, as are sensors for 
metrology.

Again, before going on to describe case stud-
ies, there is a need to do some cross-referencing of 
the methods mentioned here, as many are appli-
cable in other areas. Perhaps the most generic sets 
of techniques are those used in video cameras 
and in spectroscopic instruments, as these apply 
to many other sections. Regarding the case stud-
ies presented, the other main cross referencing is 
needed for:

1. The types of fiber sensors used for gas turbine 
monitoring are also extensively used for elec-
trical power generation.

2. The optical gas sensors are used for the mineral 
resources industry because flammable (e.g., 
methane) and toxic (e.g., hydrogen sulfide) 
gases are also a huge problem in the oil, gas, 
and mining areas.

3. Solar power generation. Apart from inclusion 
in the summary table, this is not discussed 
in this part, as the basics were covered in the 
chapter “optical to electrical energy conver-
sion: solar cells” in Volume II. The technology 
for microgeneration for the home will also be 
discussed in Chapter 30, as this is the most 
widely used scenario Solar technology is, of 
course, applicable to nearly all of the sections 
in Volume III, particularly when there is a need 
to power remote equipment.
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(Continued)

Table VI.1 Summary of applications of optoelectronics in industry

application technology advantages Disadvantages

Current situation 
(at time of 

writing) More reading

Spectroscopic 
sensors 
(transmission).

Measurement of direct or 
diffuse transmission of light 
through samples. Usually 
taken at many optical 
wavelengths. This is one of 
the main technologies 
used for industrial gas 
sensing, mostly with 
infrared sources and 
detectors.

Established technology, with 
possible real-time information 
for process control. Good 
signal/noise ratio, unless 
absorption is very weak. A 
wide range of solid, liquid, 
and gaseous chemicals can be 
measured. Can have remote 
sensor heads, if optical fibers 
are used. Solid-state detector 
array technology enables 
some low-cost spectrometers 
for visible region. 

In severe 
environments, 
optical surfaces 
can become 
scratched, 
etched, or 
contaminated. 
Not applicable 
to strongly 
absorbing 
materials, if no 
light gets 
through!

Very widely used, 
particularly in 
chemical, 
petrochemical, and 
pharmaceutical 
industries. Most 
measurements are 
still done on 
samples in the 
laboratory, but 
real-time online 
monitoring is 
becoming more 
common, using 
fiber-optic links.

See Volume II, 
Chapter 15 
(Spectroscopic 
Analysis) and 
Part VII (Oil and 
Gas). 

Spectroscopic 
sensors 
(emission, 
reflection, or 
frustrated 
internal 
reflection 
[FIR]).

Emission of infrared light is 
used in industrial 
pyrometers for surface 
temperature measurement. 
Measurement of reflection 
of light sample or from an 
internal glass surface 
(usually part of a prism) in 
contact with samples.

Pyrometers are valuable 
noncontact temperature 
measuring devices. Surface 
reflection spectroscopy is 
simple to do with camera 
technology. FIR is very useful 
for highly absorbing samples, 
as the changes in reflective 
spectrum are higher with 
these, so the method is 
complimentary to 
transmission spectrometry.

Optical surfaces 
can become 
scratched, 
etched, or 
contaminated. 
Not applicable 
to weakly 
absorbing 
materials.

Pyrometers are 
widely used in the 
iron and steel 
industry, and many 
others involving 
high temperatures 
(e.g., kilns). 
Reflection 
spectroscopy is 
used in many 
process industries 
(e.g., food 
industry).

See Volume II, 
Chapter 15 
(Spectroscopic 
Analysis) and 
Part VII (Oil and 
Gas).
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Table VI.1 (Continued ) Summary of applications of optoelectronics in industry

application technology advantages Disadvantages

Current situation 
(at time of 

writing) More reading

Solar power. Local electricity 
microgeneration using 
photovoltaic solar panels 
to provide power for 
factories. Direct heating 
using thermal solar 
collectors is also used, but 
this does not involve 
optoelectronics directly.

Cost savings are currently 
possible with the aid of 
subsidies, but this should 
soon be the most cost-
effective way to provide 
power for a factory. Energy 
storage methods are needed 
to cover dark periods. Already 
fully viable for providing 
power for many remote 
applications. 

Current cost is still 
high in 
countries with 
lower sunshine 
levels. 
Economic 
means of 
storing 
electrical 
energy is a key 
need to make 
the technology 
fully viable.

Already cost-effective 
without subsidies 
in many hot 
countries. Already 
fully viable for 
providing 
moderate power 
levels in remote 
applications.

See Volume II, 
Chapter 16 
(Optical to 
Electrical 
Energy 
Conversion).

Spectroscopic 
sensors 
(Raman 
scattering).

Measures the weak Raman 
scattering from samples 
illuminated with laser light.

Can be used with samples, 
which scatter light very 
strongly (e.g., turbid liquids, 
powders, pharmaceutical 
pills). The use of visible or 
near infrared light means that 
conventional glass optical 
materials are suitable. The 
method can, therefore, be 
combined with microscopy, 
and optical fiber leads are 
also possible.

The scattered 
light generated 
is very weak, 
particularly if it 
has to be 
collected using 
optical fiber 
leads. Powerful 
semiconductor 
and solid-state 
lasers are 
leading to lower 
cost, more 
compact Raman 
systems.

Now used in many 
process industries 
(e.g., 
pharmaceuticals, 
oil, and gas, food 
industry).  
High-power 
semiconductor 
lasers are making 
fiber-remoted 
Raman more 
practical.

See Volume II, 
Chapter 15 
(Spectroscopic 
Analysis) and 
Part VII (Oil and 
Gas).

(Continued)
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Table VI.1 (Continued ) Summary of applications of optoelectronics in industry

application technology advantages Disadvantages

Current situation 
(at time of 

writing) More reading

Industrial 
lighting.

Originally incandescent 
sources, but now nearly all 
industrial lighting is being 
replaced by arrays of 
high-brightness LEDs.

LEDs have had excellent 
reliability for many years, 
current LEDs are far brighter 
and more efficient than earlier 
types and unit costs are falling 
rapidly.

No real 
disadvantages.

Unless a new 
revolutionary 
technology arrives, 
they are here to 
stay!

See Volume I, 
Chapter 10 
(LEDs) and 
Volume II, Part 
II chapters on 
display 
technology.

Camera 
observation of 
process lines, 
conveyor 
belts, and 
industrial 
products, etc.

Usually, using cheap visible 
charge coupled device 
cameras. However, I–R 
cameras can be used.

The capability of such systems 
can be extended dramatically 
using sophisticated video 
processing and pattern-
recognition technology. 

Mainly limited to 
line-of-sight.

Very widely used in 
many industries.

See Volume II, 
Chapter 4 
(Camera 
Technology).

Industrial 
robotics.

Monitoring and control of 
industrial robotics, using 
cameras, proximity sensors, 
pyrometers, optical 
metrology. Flame sensing 
and material surface 
sensing systems for 
industrial welding. Optical 
fibers are being used in 
grip sensors. 

Intelligent sensing systems are 
an essential feature of 
robotics. Optical systems for 
distance measuring and many 
other metrology requirements 
are well developed. Cameras 
with smart video processing 
are a powerful tool for object 
recognition and 
measurement.

More difficult to 
monitor interior 
features, as a 
line of sight is 
needed for 
most 
measurements. 

Robotics is one of the 
fastest growing 
areas of the 
industrial scene, as 
robots become 
more capable of 
complex tasks.

See this section 
for metrology 
systems.

(Continued)
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Table VI.1 (Continued ) Summary of applications of optoelectronics in industry

application technology advantages Disadvantages

Current situation 
(at time of 

writing) More reading

Laser Doppler 
velocimetry 
(LDV) and 
photon 
correlation 
spectroscopy 
(PCS). Optical 
particle sizing.

LDV and PCS involve 
measurement of movement 
of solid objects or 
particles, using coherent 
laser sources. The basic 
process involves 
interference between 
reflections, either from the 
moving object or particle 
and a reference reflection 
from a stationary object 
(LDV) or from other moving 
particles (PCS). Other 
particle sensing systems 
utilize the angular light 
scattering distribution 
(e.g., Mie scattering) or 
simply monitor “turbidity”, 
the measured attenuation 
from beam obstruction. 

LDV is a useful tool for 
monitoring: Moving engine 
parts such as pistons, turbine 
blades, etc. Air or gas flows, 
for example, in wind tunnels 
and turbines. PCS is a very 
useful tool for monitoring 
particle sizes, particularly of 
monodisperse suspensions 
such as paints. Other methods 
are also widely used for larger 
particles. Fiber optics can also 
be used with all of these, 
allowing inspection away from 
the main optical equipment. 

Need line of sight 
path for most 
methods. 

These methods are 
well established in 
industry.

See this section.

(Continued)
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Table VI.1 (Continued ) Summary of applications of optoelectronics in industry

application technology advantages Disadvantages

Current situation 
(at time of 

writing) More reading

Other optical 
sensing 
technology for 
industrial 
monitoring.

Numerous interferometric 
and time-of-flight sensors 
(distance) sensing are used 
for metrology. Widespread 
use of optical proximity 
detectors, using fiber cone, 
focal plane, or crossed-
beam methods. 

Real-time observation is possible. 
Interferometric sensors can 
give remarkable precision of 
order 10−6 of a wavelength. A 
wide range of laser-based 
straight-line, plumb-line, level, 
inclination gauges, and optical 
time of flight sensors are 
available. These are used for 
measurements in the 
manufacturing, building, and 
construction industries.

Mainly limited to 
line-of-sight.

Widely used in many 
industries. 
Industrial use is 
increasing strongly, 
as cost of these 
sensors reduces.

See this section.

Optical fiber 
sensors.

Many different types of 
sensor have been 
developed, e.g., 
temperature, strain, 
pressure, etc.

Freedom from interference in 
electrically noisy 
environments. Can be 
designed to measure many 
points over long lengths of 
fiber. Can be designed to 
withstand very high 
temperatures.

The need for low 
cost and 
reluctance to 
use optical 
technology is 
still holding back 
many discrete 
(point) sensors 
for industrial 
applications, 
despite their 
widespread use 
in many other 
areas such as oil 
and gas, naval 
sensing, and 
medical 
applications.

Optical fiber 
distributed 
temperature 
sensors are well 
established, 
despite being 
expensive. Optical 
fiber point sensors 
for strain 
temperature and 
pressure are 
becoming 
accepted for niche 
areas, particularly 
ones using in-fiber 
gratings. 

See optical fiber 
sensors 
chapter.

(Continued)



Ind
ustrial ap

p
licatio

ns 189

Table VI.1 (Continued ) Summary of applications of optoelectronics in industry

application technology advantages Disadvantages

Current situation 
(at time of 

writing) More reading

Industrial laser 
machining and 
surface 
treatment.

Cutting, welding, and surface 
treatments using high-
power lasers.

Modern high-power lasers can 
cut more cleanly and precisely 
than most other methods. 
Laser surface treatment, 
including melting and 
ablation, can be applied in a 
very controlled manner.

Higher initial 
costs, but this is 
falling very 
rapidly with 
time.

Again, unless a new 
revolutionary 
technology arrives, 
laser machining is 
here to stay!

See this section 
and Volume I, 
Chapter 6 
(Lasers) and 
Chapter 11 
(Semiconductor 
Lasers).

3D printing. Production of 3-D objects 
using one of following 
methods: (1) Curing of 
polymers using a digital 
projector to give a 2-D 
pattern of curing light. (2) As 
above, but using a scanned 
laser (or fixed laser, with 
scanned stage holding the 
object) to produce a similar 
2-D light pattern. The higher 
power allows faster curing or 
even sintering of powders to 
produce solid objects.These 
will also usually involve a 
programmable position 
manipulator and material-
depositing nozzle. Not all 
deposition techniques 
involve optics, but the digital 
data to produce the object 
will often be derived by 3D 
scanning of a real master 
object.

This is one of the most 
“disruptive” of manufacturing. 
technologies! Almost any type 
of material (metal alloys, 
ceramics, glasses, and 
polymers) can be 
manufactured in this way, to 
produce items ranging from 
high-performance aircraft 
turbine blades to plastic toys. 
The ability to scan “master” 
objects (or create them by 
computer), store dimensions 
as digital data, and then 
produce replicas has huge 
advantages. The data can be 
transmitted to wherever it is 
desired, hence enabling 
objects to be created anyway 
in the world at the push of a 
button. 

High initial cost of 
precision 
equipment, but 
huge potential 
labor saving. 

This technique is 
being developed 
across all 
industries, 
including even 
house building. 
Optoelectronics 
can also be used in 
cameras for 
monitoring the 
process as it 
develops. 

http://www.
sciencedirect. 
com/science/ 
article/pii/
S187538921 
2026259

http://www.sciencedirect.com/science/article/pii/S1875389212026259
http://www.sciencedirect.com/science/article/pii/S1875389212026259
http://www.sciencedirect.com/science/article/pii/S1875389212026259
http://www.sciencedirect.com/science/article/pii/S1875389212026259
http://www.sciencedirect.com/science/article/pii/S1875389212026259
http://www.sciencedirect.com/science/article/pii/S1875389212026259
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14.1  INTRODUCTION

In this chapter, we discuss the potential of  optical 
gas sensing in industry. The emphasis here will 
be to summarize the major types of sensors used 
in industry, their advantages, and their potential 
applications, with a brief discussion of the basic 
concepts behind them.

When considering optical methods of detec-
tion, it is clear that most simple gases are invis-
ible to the human eye, with the exception of 
a few, such as chlorine or nitrogen dioxide, 
and even these gases are only visible at high 

concentration. Most gases are therefore only 
detectable optically using other spectral regions 
or by indirect means.

 1. By optical absorption spectroscopy, using 
the ultraviolet, visible, or infrared (IR) 
regions of the spectrum—many hetero-
nuclear molecules exhibit absorption at 
characteristic wavelengths or spectral 
bands, and this can form the basis of their 
detection.

 2. Using some form of chemical reaction, where 
a spectral change occurs in a solid or liquid 
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“indicator” material when the gas interacts with 
it—the gas is therefore detected indirectly, using 
changes in the spectral properties of the indicator 
material.

For industrial applications, a notable exception 
is nitrogen, which being homonuclear, has only 
negligibly weak absorption, and being chemically 
rather inert, exhibits minimal interaction with 
chemical indicators. However, it is an important 
process gas that must be determined in many 
applications, especially in the petrochemical sec-
tor. This gas is often achieved by nonoptical mass 
balance methods, by first measuring everything 
else likely to be present, and then assuming that 
nitrogen makes up the remainder of the mass.

14.1.1  Advantages of optical gas 
detection

It is unfortunate that even the most cost-efficient 
optical sensors are still often several times more 
expensive than other sensor types. Industrial 
markets are highly sensitive to cost. It is therefore 
important to emphasize the other attractions of 
optical methods.

Quantitative detection of gases is tradition-
ally dominated by laboratory analytical equip-
ment such as gas chromatographs. These offer 
low (ppb—parts per billion) sensitivity. They 
also take time to sample the gas and, being large 
expensive laboratory instruments, are usually 
remotely located. A common alternative for in 
situ measurement is to use small ultra-low-cost 
devices such as pellistors, or semiconductor and 
electrochemical gas sensors. The latter use elec-
tronic transduction of an interaction between a 
gas and an appropriately chosen material. A pel-
listor consists of a catalyst bead in a tiny metal-
gauze safety cage, which induces combustion of a 
gas and changes its resistance in response to the 
heat of combustion [1]. Pellistors are often used in 
flammable gas detection close to the lower explo-
sive limit, but they cannot distinguish between 
many types of flammable gas, typically suffer 
from a zero drift of hundreds of parts per million 
(ppm), and often require frequent (e.g., weekly) 
calibration. They can also be chemically poisoned 
by some airborne impurities. Semiconductor gas 
sensors are sensitive at low ppm level [2], but they 

can also drift and cross-respond to other gases 
or changing humidity. Electrochemical gas sen-
sors can be relatively specific to individual gases 
and sensitive at ppm or ppb levels [3], but they 
have limited lifetimes and also suffer from some 
known cross-response issues, for example, to 
humidity.

In contrast, gas sensors based on optical 
absorption offer fast responses (time constants 
below 1s are possible), minimal drift, and high gas 
specificity (close to zero cross-response to other 
gases) as long as their design is carefully consid-
ered. Measurements can be made in real time and 
those based on absorption are essentially noncon-
tact, so they do not perturb the sample, which can 
be important in process control [4]. Because the 
transduction method makes a direct measurement 
of a molecule’s physical properties (its absorp-
tion at a specific wavelength), drift is reduced and, 
provided the incident light intensity can be deter-
mined, measurements are self-referenced, making 
them inherently reliable [5]. In this way, optical gas 
sensing fills an important gap between lower cost 
sensors with inferior performance and high-end 
laboratory equipment.

Sensors based on transduction of a signal via 
an optical indicator have characteristics falling 
between these examples. The chemistry of the 
optical indicator is critical to the sensor’s suc-
cess, as it determines the specificity to the target 
gas, cross-sensitivity to temperature and humid-
ity, and often the response time (since the optical 
measurement need not limit the response). The 
sensor recovery time must also be considered, as 
many indicator reactions are irreversible, or only 
slowly reversible once the target gas is no longer 
present.

14.2  DIRECT DETECTION 
OF GASES

Direct optical detection of gases offers the poten-
tial for a rapid, almost instantaneous response, 
typically determined by the integration time 
constant of detectors needed to provide a good 
signal-to-noise ratio. This allows leaks or pollu-
tion to be detected more rapidly than with many 
other sensor types and helps in rapid determina-
tion of the dynamics of processes such as com-
bustion. Use of collimated optical beams can also 
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enable measurements to be taken over extended 
optical paths. In addition, direct optical detec-
tion allows quantitative estimates of concen-
tration, which are not always possible using 
indicator chemistry.

The most common method of direct gas detec-
tion is via absorption spectroscopy, where the 
transmission loss of light during passage through a 
gas sample is measured.

Optical gas detection using absorption spec-
troscopy is governed by the well-known Beer–
Lambert law [6],

 = − αI I exp( ),0 �  (14.1)

where I is the light transmitted through the gas 
cell when gas is present, I0 is the light transmitted 
through the gas cell in the absence of gas, α is the 
absorption coefficient of the sample (cm−1), and ℓ is 
the cell’s optical path length (cm). The absorption 
coefficient α is the product of the gas concentration 
(e.g., in atm of partial pressure) and the specific 
absorptivity of the gas ε (cm−1atm−1).

Note that compared to its common use in 
liquid phase samples, for gas sensing, the Beer–
Lambert law is often described using log base e 
rather than base 10, and therefore values of α are 
2.3 times larger despite having the same apparent 
units. The consequence is that users of spectral 
data should always familiarize themselves with 
the underlying basis of the information that they 
are using.

Unfortunately, the absorption coefficient of gas 
molecules is usually quite low compared to that of 

liquids or solids, primarily owing to a lesser den-
sity of molecules occupying the sample. Even with 
extended optical paths, detectors must often be 
able to determine very small changes in spectral 
properties. Thus, sophisticated instrumentation is 
often required to detect low concentration levels of 
gas in the parts per million (ppm) range.

Fortunately, for absorption-based sensors, 
many gases have reasonable vibrational absorp-
tion coefficients in the IR region of the spectrum, 
as shown in Figure 14.1. However, for simple gas 
molecules, the highest absorption is usually only 
present in closely spaced sets of narrow rotational–
vibrational spectral lines. This fine-line structure 
means that broadband sources see a relatively low 
average absorption level.

However, light from narrowband sources, such as 
lasers, undergoes a far greater absorption, provided 
the laser emission wavelength is tuned to match (or 
scan through) one or more of the lines. Hence, lasers 
tend to be used for the lowest concentration mea-
surements. Lower cost broadband sources, such as 
incandescent lamps or LEDs (light emitting diodes) 
can still be used to measure concentrations of gas 
down to ppm levels if care is take in the design.

The characteristic wavelengths at which the gas 
absorbs can often be used to identify the gas species. 
Clearly, provided two gases do not coincidentally 
absorb on the same narrow line, greater selectivity 
can be obtained by measuring the absorption of an 
individual gas absorption line, but measuring on 
several narrow lines can nearly always overcome 
this possibility. When using broader band sources, 
practitioners must be particularly careful to ensure 
that cross-sensitivity to other potential interferent 
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species is limited by having no spectral overlap 
with the target species.

Examples of absorption spectra are shown for 
some industrially important and common gases 
across the mid-IR region in Figure 14.1. A more 
detailed list for the UV-visible–IR regions is given 
in Table 14.1.

14.2.1  Broadband absorption 
detectors

Broadband sources such as incandescent lamps and 
LEDS are low cost, compact, and usually highly 
reliable light sources for gas detection. Except at 
high concentrations, broadband detection requires 

Table 14.1 Examples of measurement wavelengths for various gases

Gas Wavelength Example references

Ammonia (NH3) 200–230 nm [8]

1.51–1.53 μm [9]
2.0–2.3 μm [10]
9–12 μm [11]

Benzene (C6H6) 230–260 nm [12]
5.1 μm [13]
14.8 μm [14]

Carbon dioxide (CO2) 1.53–1.60 μm [15]
2 μm [10]
4.2 μm [16]

Carbon monoxide (CO) 1.56–1.58 μm [15]
2.3 μm [17]
4.4–4.9 μm [18]

Ethane (C2H6) 1.68 μm [19]
3.3 μm [20]

Formaldehyde (H2CO) 2.3 μm [21]
3.5 μm [21]

Hydrogen sulfide (H2S) 190–230 nm [12]
1.57–1.59 μm [22]

Methane (CH4) 1.65–1.68 μm [19]
2.3 μm [23]
3.2–3.4 μm [24]
7.3–8.0 μm [25]

Nitric oxide (NO) 190–230 nm [12]
1.81 μm [26]
5.2–5.4 μm [27]

Nitrous oxide (N2O) 4.5 μm [25]
5.4 μm [28]
7.8–8.0 μm [25]

Nitrogen dioxide (NO2) 400–450 nm [29]
630–640 nm [30]
6.0–6.3 μm [31]

Sulfur dioxide (SO2) 190-nm [12]
290–310 nm [32]
7.5 μm [33]

Water vapor (H2O) 1.39–1.40 μm [34]
6.7 μm [35]
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relatively large absorption coefficients and is there-
fore most often used in the mid-IR and ultraviolet 
regions of the spectrum, where it may be termed 
as nondispersive IR (NDIR) or ultraviolet (NDUV) 
detection.

In recent years, commercial LEDs have emerged 
to cover many regions of the IR spectrum where 
gases often have their fundamental vibrational 
absorption region (see Figure 14.1). The most com-
mon arrangement is to direct the source emission 
through a gas detection region, and then detect it 
with a suitable IR detector. The same, or similar, 
semiconductor technology used for the LEDs can 
be adapted to form suitable PN junction devices to 
detect the transmitted light; broader-band photo-
conductive, pyroelectric or thermopile detectors 
can also be used instead. A bandpass filter is often 
used to provide a wavelength selective element to 
pass light in a band matching the absorption spec-
trum. Recent developments of incandescent lamps 
include the use of micro hotplates with micro-
structured surfaces, the latter providing a wave-
length selective element such that the device emits 
within a narrow wavelength band.

The simplest detectors for high gas concentra-
tions have just a simple line-of-sight path between 
source and detector, as shown in Figure 14.2. 
However, for more sensitive detection, there is 
an advantage in extending the length of the opti-
cal path through the gas. There are many ways 
of arranging this, including a simple folded path 
using plane mirrors, more sophisticated folded 
paths using concave mirrors, and multiple dif-
fusely-scattered paths inside integrating spheres 
(hollow chambers lined with a highly reflective 
material, which scatters incident light diffusely in 
all directions, such that the average path lengths 
of light, before emerging from a small exit hole 
onto the detector, is many times the diameter of 

the chamber). The advantage of the simple line-
of-sight arrangement is that gas can enter the path 
relatively easily compared with some of the other 
arrangements.

There are a number of fundamental noise issues 
and other practical issues that must be taken care 
of in real instruments. Two particular issues are 
discussed as follows:

 1. Variations in temperature can cause changes in 
light output of the source and responsivity of 
the detectors. Additionally, light sources suffer 
noise from flicker effects, photodiode detec-
tor receivers suffer from fundamental photon 
noise and additional amplifier noise, and many 
thermal detectors (e.g., pyroelectric) may 
respond to background acoustic noise. When 
measuring small changes in transmitted sig-
nals, it may also be necessary to employ some 
form of intensity referencing by comparing a 
measurement channel with a reference chan-
nel. This referencing can take several forms:

 ● A two-path system, whereby part of the 
light from the source travels through the 
gas-containing region and another part of 
the light travels through a gas-free refer-
ence path to a matched detector.

 ● A two wavelength system, whereby two 
detectors are used with bandpass filters 
defining the wavelength regions, the first 
being absorbed by the target gas, and the 
second being unabsorbed.

 ● Use of reference detectors to compensate 
for temperature changes and background 
noise, whereby the reference detector is 
shielded from the incoming light and 
matched to a neighboring active detector.

By having a reference path of this nature, changes 
in light-source intensity and detector responsivity 
changes with temperature can be effectively cancelled:

 2. In some environments, optical paths can be 
affected by dust, dirt, or spray. As with all 
types of gas detectors, this is a difficult prob-
lem to deal with in severe cases, but it is a 
particularly serious one for optical detectors. 
The only real solution is to either pump gas 
into the optical path via a dust filter, or to use 
some form of gas-permeable dust filter around 
the optics. Depending on the relative sizes of 

Gas inlet Gas outlet

FiltersBroadband
source 

Dual element
detector 

Figure 14.2 Typical arrangement for a single 
line-of-sight gas sensor using measurement of 
broadband absorption in two wavelength bands 
defined by bandpass filters.
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the filter and gas sample cell, this can lead to 
delays in response due to finite gas pumping 
time or, when no pump is used, to gas diffusion 
times. The use of intensity referencing tech-
niques described earlier also helps to prevent 
problems, so long as optical scattering by the 
dust does not affect the reference or measure-
ment channels differently. Fortunately, unlike 
many other types of gas sensors, the presence 
of serious contamination is detected because 
of the reduction in detected signal, so safety 
related sensors can be configured to operate in 
a fail-safe manner.

14.2.2  Laser-based sensors

Because of the narrow-band nature of gas 
absorption lines at atmospheric pressure, lasers 
are inherently suitable for measurement of low 
concentrations of gases. As mentioned earlier, 
a laser can be tuned to match the peak absorp-
tion of a gas line such that a much larger absorp-
tion coefficient is seen than possible with an LED 
source. Even if the latter is matched to cover a 
gas absorption manifold of many vibrational/
rotational lines, it will only observe the average 
attenuation of light over this range. By using two 
laser lines, one matching a peak absorption and 
one in a spectral region close to the line, a much 
larger differential absorption measurement can 
be observed. However, the attenuation is most 
easily observed using a tunable laser, which is 
scanned through a strong absorption line. This 
powerful method is termed tunable diode laser 
spectroscopy (TDLS), and the term is still used 
generically for unconventional (nonstandard 
diode) laser sources such as quantum cascade 
lasers and interband cascade lasers in the mid-
IR region. The fractional change in received sig-
nal as the laser tunes through the line provides 
a convenient intensity referencing method. A 
further sophistication is the use of wavelength 
modulation spectroscopy (WMS), in which a 
sinusoidal modulation is applied to the laser cur-
rent and, in the presence of a narrow absorption 
feature, the resulting modulation in intensity 
may be recorded at the detector. For an applied 
signal at f, the demodulated signal at 2f reaches 
a peak at the line center, is proportional to the 
gas absorption (and hence, concentration at low 
values of αℓ), and has a zero baseline.

Using a modulated signal offers many advan-
tages, not least that the modulated signal may be 
recovered in the presence of background light, 
albeit with loss of self-referencing of the sensor. 
This can be important, for example, in high tem-
perature applications where there may be a thermal 
IR emission from the gas mixture or apparatus. 
For industrial applications, having a background 
light level presents the disadvantage of requiring 
calibration, since the recovered signal is affected 
by the gas concentration and its linewidth, the lat-
ter being increased by pressure, and the overall 
(DC) intensity reaching the detector. However, in 
recent years, a number of authors have developed 
so-called calibration-free WMS techniques, using 
DC and/or 1f demodulated signals as normalizing 
factors, and utilized them in applications such as 
high temperature monitoring of processes in an 
industrial scale coal gasifier [36].

The absorption in gases can also be conveniently 
measured using photoacoustic spectroscopy (PAS). 
In this method, the gas is passed into an acoustic 
chamber coupled to a sensitive microphone, and 
it is excited by a wavelength- or amplitude-modu-
lated laser such that the absorption results in cyclic 
heating of the gas. The amplitude of the acoustic 
signal is then proportional to the energy absorbed 
by the gas. The photoacoustic technique is essen-
tially a sensitive method of detecting this absorbed 
energy. It is also a method that can be used with 
broadband light sources. It has the advantage that 
photoacoustic response is invariant to optical path 
length, since increases in sensitivity caused by an 
increase in ℓ are offset by a corresponding decrease 
in the modulated pressure signal resulting from the 
increase in cell volume. Photoacoustic sensors may 
therefore be very small, for example, in the case of 
the quartz enhanced photoacoustic spectroscopy 
technique, based on a quadrupole tuning fork [37]. 
For industrial applications, a disadvantage is that 
the timescale within which absorbed light is con-
verted to heat can depend critically on the back-
ground matrix of gases, as some species are known 
to quench the energy conversion process for oth-
ers. This again can lead to calibration issues if the 
background is unknown, or variable. A   further 
disadvantage is a lack of immunity to background 
acoustic noise and vibration, which can be miti-
gated to an extent by clever acoustic design [37]. 
Despite these disadvantages, PAS based sensing of 
hydrogen sulfide has been successfully field tested 
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on a petrochemical works to measure the differ-
ence between sour (containing H2S) and sweet 
(with H2S removed) gas streams [38].

There are now many commercially available com-
pact semiconductor lasers, such as interband cascade 
lasers (ICLs) and quantum cascade lasers (QCLs), 
which have been developed for use in the IR region 
of the spectrum. Most of these can be wavelength 
tuned simply by changing their temperature, or, in 
a more rapid (frequency-agile) manner, by changing 
their drive current. The availability of such lasers has 
opened up the possibility of far more sensitive gas 
detection at sensible cost, still using compact sources 
and detectors.

Before assuming that narrowband lasers are a 
perfect panacea for low-level gas detection, how-
ever, there is a design problem that must be con-
sidered in any practical system using them. This 
problem is brought about as a result of the appar-
ent advantage of the laser—that of its excellent 
coherence or narrow spectral linewidth. When 
directing narrowband sources through optical 
components and into an optical medium, there 
are numerous optical surfaces that may reflect or 
scatter light, and it is possible that mist droplets 
or dust particles might do the same. If any of the 
scattered or reflected beams are then coincident on 
the detector, together with the transmitted signal 
to be measured, then coherent optical interference 
can occur. The interference can exhibit a spectral 
signature, typically as sinusoidal fringes, which 
can be confused with the gas absorption signature. 
Interference can be reduced by careful design, 
such as anti-reflection coatings or windows at the 
Brewster angle, use of inclined optics, and reduc-
ing beam coherence by path length modulation, 
but it does require careful design compared to the 
simpler broader band LED-based methods.

Even if measures are taken to avoid such 
unwanted reflection, the resulting interference 
fringes are often the performance-limiting factor. 
Their effect on the spectral baseline is not static, 
since the relative optical path lengths of the inter-
fering beams will usually vary with temperature of 
the sensor system or, if it is mechanically strained, 
the precise dimensions of the optical system. 
Furthermore, if path lengths are appropriate, the 
spectral interference fringes can have a linewidth 
that is similar to the very spectral features being 
detected such that they could reinforce or reduce 
the desired frequency modulation spectroscopy. 

This is clearly a potentially dangerous situation for 
safety-related sensors, as not only could false alarms 
be created, but safety warnings could be canceled.

Use of highly collimated laser beams, however, 
offers long path geometries that would be difficult 
to implement with other light sources. Directing the 
laser beam to a retroreflective target and measur-
ing the returned signal permits the use of TDLS in 
perimeter detection systems. Absorption of light by 
gas in the space between the laser emission aperture 
and the reflective target results in a line-integrated 
measurement in which the extent of the gas cloud 
defines the value of ℓ in Equation 14.1 and is strictly 
unknown. Thus, measurements are often expressed 
in terms of the line-integrated measurement ppm·m. 
The concept may be extended to standoff measure-
ment of gases, where the retroreflective target is 
replaced by an ordinary diffusely reflective back-
ground. The laser beam is diffusely reflected from 
background surfaces and a small fraction of this 
light may be detected with enough signal-to-noise 
ratio to permit measurement of gas concentration. 
Stand-off detection has, for example, been used to 
measure leaks of sulfur hexafluoride (SF6) from 
electrical transformers, an application where safety 
considerations require a remote detection system.

14.2.3  Gas imaging systems

One of the problems with detection of gas leaks is 
the extended 3-D nature of most industrial sites. In 
many cases, there may be a possibility of leaks in 
many small areas of a large industrial site, such as 
a refinery. This means that, in order to detect leaks, 
a large number of discrete sensors or a significant 
number of extended path sensors are needed to 
cover all the space where gas may first present itself. 
One means of overcoming this problem has been 
the development of gas-sensing video surveillance 
systems, which are capable of “seeing” the small 
clouds of gas arising from a leak. As most gases 
have virtually no visible absorption, these systems 
usually operate in the IR region, and, at the very 
least, require some form of narrowband optical fil-
ter to obtain a good visual contrast. More powerful 
active filters can also be used, such that the camera 
forms part of a Fourier transform imaging system 
or similar systems.

The systems can be divided into two types: pas-
sive IR systems and active (usually laser-based) 
 systems. Passive IR imaging makes use of IR imaging 
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cameras developed for other applications, in com-
bination with a narrowband filter centered over the 
gas absorption band. They have the advantage of 
excellent resolution and fast potential response at 
the frame rates of the underlying IR imaging tech-
nology. However, for fail-safe systems, there is a dis-
advantage that passive imaging requires a thermal 
contrast between the background scene and the gas 
being imaged. Unfortunately, at equilibrium, with 
gas at the same temperature as its surroundings, the 
laws of thermodynamics ensure that the light being 
emitted thermally by the gas is exactly balanced by 
the background light being absorbed, resulting in 
zero contrast. As long as this fact is recognized, in 
cases where thermal contrast can be guaranteed 
(for example, in industrial sites where the gas leak-
ing out is either hot or suffers adiabatic cooling due 
to expansion from a pressure vessel), passive gas 
imaging still has a part to play. Because of this, such 
sensors have been successfully deployed in petro-
chemical works [39], to complement existing sen-
sors that measure at a single point.

Active imaging systems make use of tunable 
diode laser spectroscopy, as previously discussed in 
the standoff detection configuration. Combining 
this with scanning of the beam (and possibly syn-
chronous scanning of the collection optics) results 
in an image of gas absorption regions which may 
be overlaid onto a (usually higher resolution) con-
ventional black and white image of the scene [40]. 
The main advantage is absolute quantification of 
the scale of the gas leak, again expressed in line-
integrated units of ppm·m. A disadvantage is that 
the interrelated parameters of sensitivity, resolu-
tion, and video frame rate are critically limited by 
the number of photons received within a given time 
from the diffusely reflecting surface. Performance 
is only improved by the use of large lenses (e.g., 
15 cm diameter lenses have been used in the near-
IR), low noise detectors, and high power sources, 
particularly lasers.

14.3  GASES OFTEN MEASURED 
USING DIRECT OPTICAL 
METHODS

Some of the most commonly measured gases are 
discussed here:

Methane (CH4): This is one of the most impor-
tant gases to be measured in industry due to the 
explosion hazard of this invisible odorless gas, 

and its particularly potent greenhouse gas effect. 
The strongest absorption bands of methane, aris-
ing from the C–H bonds, occur at 7.8, 3.4, and 
2.4 μm, with another somewhat weaker band 
around 1.6 μm. The spectra consist of many fine 
lines, which are suitable for more sensitive detec-
tion with lasers.

Methane is used in many processes, particu-
larly in the chemical and petrochemical industries, 
and is the main constituent of natural gas. It is also 
generated in bioreactors, by the digestive system of 
many farm animals and by anaerobic digesters and 
composters, where it may be put to good use as a 
biogas.

Other alkane gases (e.g., ethane, propane, 
butane): These absorb in similar spectral regions to 
methane, but the spectral lines rapidly become less 
distinct as the molecular size increases due to the 
molecular vibrations having more degrees of free-
dom, with their molecular spectra eventually los-
ing any fine-line details if more than four carbon 
atoms are present.

Alkyne gases (e.g., ethyne): The simplest alkyne 
gas, acetylene (ethyne) is spectroscopically similar 
to methane and is a commonly used gas for high-
temperature cutting or welding.

Aromatic gases (e.g., benzene, toluene, xylene): 
These gases have limited fine line structure, but 
are very important hazards in view of their carci-
nogenic properties. They show particularly strong 
absorption signatures in the UV region.

Carbon dioxide (CO2): Carbon dioxide exhib-
its strong absorption at 4.2 μm and 10.6 μm, and 
 additionally, it has very weak overtone bands in the 
near-IR (within the 1520–1570 nm telecoms band) 
regions, which are more easily addressable with 
semiconductor sources. This gas is used in many 
industries, particularly the effervescent drinks 
industry and as an enhanced recovery agent, when 
injected into oil wells. It is a greenhouse gas, pro-
duced in large quantities by the combustion of fos-
sil materials, volcanic action, and in fermentation 
processes.

14.4  CASE-STUDY EXAMPLES 
OF COMMERCIAL OPTICAL 
SENSORS

We shall now show some specific case-study exam-
ples of commercial optical gas sensors using direct 
optical detection.
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14.4.1  NDIR measurement of carbon 
dioxide

Arguably, the most commercial optical gas detec-
tor currently is the NDIR system for measurement 
of carbon dioxide (CO2). This has been successfully 
implemented in a small footprint (20 mm diame-
ter × 16.5 mm high) similar to many other types of 
sensors based on electrochemical, semiconductor, 
or pellistor technology [16]. The optical technol-
ogy has been driven by the fact that competitive 
technologies for carbon dioxide are largely inad-
equate to the task. The case for optics has been 
further strengthened by the use of low-cost com-
ponents and the small form factor, making the 
sensor acceptable to system manufacturers more 
familiar with alternative technologies. Typically, a 
two wavelength technique is employed, described 
schematically in Figure 14.3. It helps, of course, 
that carbon dioxide exhibits strong absorption in 
a band centered at 4.2 μm and also that a neigh-
boring waveband centered at 3.95 μm, exhibiting 
minimal absorption from many common gases at 

the levels normally encountered, is available as a 
zero CO2 reference band.

One of the most important developments in 
this technology has been the integrated packaging 
into a single, 9 mm diameter TO-5 can, of the two 
bandpass filters, their two respective pyroelectric 
or thermopile detectors, and the preamplifier. For 
the highest performance, two additional matched, 
light-shielded reference detectors are used plus 
two ultra-high gain preamplification stages (e.g., 
employing a 30 GΩ transimpedance amplifier to 
ensure minimal thermal differences and little elec-
trical crosstalk between the detectors) [41].

The challenge of positioning a 9 mm diameter 
TO-5 can, an incandescent microbulb source, and 
an optical absorption path of up to approximately 
30 mm into the 20 mm × 16.5 mm format is consid-
erable. This design problem has yielded a number 
of creative solutions including integrating cavities 
[42], a reflective spiral optical path [43], ellipsoidal 
reflectors [44], and the use of injection moulded, 
high NA (numerical aperture) reflective surfaces 
[45] (see Figure 14.4). Dust filters are routinely 
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Figure 14.3 Spectral description of NDIR-based measurement of carbon dioxide gas. (Adapted from 
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incorporated into the top of the sensors with-
out compromising the speed of response, which 
is largely dictated by the slow (1–2 Hz) modula-
tion frequency of the source. The performance 
achieved with such apparently simple technology 
is impressive—detection limits of 20 ppm, in the 
face of wide temperature or pressure changes, can 
be demonstrated for stand-alone sensors, without 
the need for frequent calibration.

Carbon dioxide is a gas that needs to be moni-
tored in many applications. It forms an important 
element of industrial processes in the brewing 
and wine industries. Yet, it is an asphyxiant and 
therefore measured for safety reasons in premises 
used for both production (fermentation plant) 
and storage (bar cellars) of beer and wine. As a 
gas exhaled by people, it can form a measurable 
marker for indoor air quality and sensors are 
often used in demand-actuated heating and ven-
tilation systems, enabling building managers to 
save energy (vis. in limiting the volume of fresh 
air introduced, which requires heating of  cold 
air). Finally, CO2 is an important product of 
combustion.

14.4.2  TDLS-based detection of 
leaks from pressurized cans

An example of industrial use of gas detection using 
TDLS is that of measurement of leaks from aerosol 
cans in the final stages of production. This appli-
cation is driven by legislation mandating a leak 
test for each can, which traditionally has been 

performed by observation of bubbles released 
when the cans are in a water bath.

This application demanded detection of small 
leaks of a variety of propellants, depending on 
what is in use on the production line, including 
liquid petroleum gas, Freon R134a, CO2, N2O, 
and dimethyl ether. Fortunately, the measurement 
principles for one measurand can often be applied 
to others, simply via a change of laser wavelength 
and, if required, a change of detector. Instruments 
are now commercially available with several lasers 
combined into a collinear beam, enabling flexibil-
ity in production of multigas sensors (Figure 14.5).

The example shown makes use of the intra-pulse 
modulation technique for QCLs. Early development 
of QCLs required that they be pulsed rather than 
CW (Continuous Wave), and for many wavelengths, 
they are still only available in the pulsed form. The 
intra-pulse method activates the laser with a very 
short (hundreds of ns) current pulse, resulting in 
a wavelength modulation over the duration of the 
pulse. Averaging over multiple pulses improves the 
signal-to-noise ratio. Advantages of this technique 
include an improvement in the normally observed 
laser linewidth and high detection speed, since 
the pulse repetition rate is of the order of tens of 
kHz. This enables real-time gas leak detection at 
production speeds of 500 cans/min. Note that the 
required detection speed is made more challenging 
by the fact that gas leaks are often only transiently 
detectable.

The inherent detection speed of this tech-
nique makes it particularly suited to challenging 

Measurement
cell 

Filter

Sampling
arch 

ATEX
enclosure 

(a) (b)

Figure 14.5 Aerosol leak detection on production lines at 500 cans per minute. (a) Schematic diagram 
of measurement system. (b) Implementation on a production line showing sampling arch. (Images 
Courtesy of Cascade Technologies Ltd., Stirling, UK.)
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industrial environments, where levels of back-
ground vibration may be high. Because an entire 
spectrum is acquired within a few hundreds of 
nanoseconds, lower frequency vibrations (in 
the kHz to Hz range) are unable to present any 
spectral artifacts. This technique has been imple-
mented in a wide variety of industrial applica-
tions including engine exhaust monitoring in the 
automotive and aerospace industries, stack gas 
analysis, including in situ measurement of emis-
sions on board ships, analysis of process stream 
gases in the petrochemical and semiconductor 
industries, as well as production line leak detec-
tion from pressurized cans and modified atmo-
sphere food packaging.

14.5  INDIRECT DETECTION OF 
GASES USING INDICATOR 
CHEMISTRY

We shall now consider indirect detection of gases 
using indicators. These are chemical compounds 
that interact with the gas to produce a change in 
their optical properties (vis., changes in color, fluo-
rescence behavior, Raman scattering coefficients, 
refractive index, etc.) of the new material.

If this change is permanent, via an irrevers-
ible reaction, then the sensor is only suitable for 
once-only use, for example, to sound an alarm in 
the case of a dangerous leak. In most cases, it is 
preferable to have a reversible reaction, where the 
indicator compound reverses back to its previous 
state when the gas concentration returns to zero. 
As the kinetics of the forward and reverse reac-
tions is different, response and recovery times are 
also different, so sensor recovery times can often 
be longer.

As examples of indicators, the reader is proba-
bly familiar with the Litmus papers used in chem-
istry classes to detect acid and alkaline materials, 
and maybe the more sophisticated pH papers 
capable of measuring a wider range of alkalinity 
or acidity via a color change. For gas detection, 
the well-known equivalent of this is the Draeger 
tube, where gas is drawn into a clear glass or poly-
mer tube containing an indicator, which changes 
color after reacting with the gas. The same prin-
ciple is also used in certain law-enforcement 
“breathalyzers” to detect alcohol vapor. In these 
cases, optical interrogation of the response is pro-
vided by the human eye; therefore, care must be 

taken to ensure that color changes are distinct, 
since the perception of color can vary between 
individuals (who in the most extreme case may 
be colorblind).

To make a very simple optoelectronic sensor, it 
is possible to simply view one or more such tubes 
using a color camera or a simpler optical sensor 
array, but there are now many more sophisticated 
and quantitative methods than this, which have 
been developed to measure gases by virtue of the 
following types of chemical reactions:

 1. pH sensing for acid or alkaline gases using 
pH indicators similar to those used in Litmus 
and pH papers: Sensing is via measurement of 
transmission or scattering of light. This can be 
used to detect acid gases (e.g., CO2, HCl, SO2) 
or alkaline gases (e.g., NH3) albeit in a rather 
unselective manner.

 2. Sensing of gases using other color-change indi-
cators, selective to particular compounds or 
radicals, where the absorption is varied by the 
reaction with the gas. Sensing is again via mea-
surement of transmission or scattering. This 
can be used to detect several gases or families 
of gases, provided suitable indicators are avail-
able. The sensor selectivity clearly depends on 
the indicator used.

 3. Sensing of gases using fluorescent com-
pounds, where the fluorescent spectrum or 
fluorescent lifetime is varied by the reaction 
of the compound with the gas: A commonly 
used example of this is sensing of oxygen, 
which has the property of quenching fluores-
cence of compounds such as metallo-organic 
ruthenium complexes. The fluorescent life-
time reduces in a quantitative manner when 
oxygen is present. This technique is used to 
detect dissolved oxygen in water treatment 
processes.

 4. Sensing of gases using particularly selective 
binding interactions in more sophisticated 
compounds. Again, some change in absorp-
tion, fluorescence, or refractive index proper-
ties is needed. This can be used for sensing 
of larger molecules in solution. A few gas-
selective compounds are available for reversible 
sensing of simple gases.

 5. Sensing of gases using 2-D arrays of small 
chemical sensor dots, each specific to particu-
lar gases to varying degrees. Such an array 
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can be conveniently addressed via a miniature 
video camera to form a simple “optical nose.” 
Even if many of the dots respond to a chemical 
family or even to several different compounds, 
if enough are used, the pattern of response may 
be sufficiently unique to identify a particu-
lar single compound. This is a very powerful 
method to provide good selectivity of gas 
detection by pattern recognition, even if each 
individual dot may not be so selective in its 
response. It has also been developed for many 
applications such as detection of biomedical 
compounds, pollution components, and even 
chemical warfare agents, most of which are 
however not true gases but fine droplets or 
mists.

 6. Sensing of gases via a refractive index or 
mechanical change within a material. This is 
an important technique for the detection of 
molecular hydrogen H2, via its effect on palla-
dium Pd and certain alloys, where mechanical 
changes are measured by changes in the light 
propagation within optical fibers or integrated 
optical guides bonded to the material.

It is not always necessary to have a true chemical 
reaction for sensors of this type as some polymers 
or other organic layers can selectively adsorb gases 
from the air. This adsorption process often leads 
to an effective concentration of the gas, if the par-
tition coefficient causes higher molecular concen-
tration within the polymer. Once in the polymer 
matrix, all fine-line absorption spectra details are 
clearly lost due to molecular interactions, but the 
concentration effects can lead to stronger absorp-
tion and easier detection. Fully substituted fluoro-
polymers and chloro-polymers have low mid-IR 
absorption (as no C–H bonds are present) if there 
are no contaminants, so this is a useful area where 
strong transmission changes can be observed once 
adsorption has occurred. In addition, the higher 
concentration of the previously gaseous molecule 
may lead to the possibility of using Raman scatter-
ing, which can be used in a highly selective manner 
to detect specific gases.

It should be clear that this sensing area has too 
many variations in chemistry and optical technol-
ogy to cover in detail in this short applications 
chapter, so interested readers are directed to the 
bibliography for further reading. However, it is 

useful to mention some examples sensors which 
are finding use in industry.

14.6  CASE-STUDY EXAMPLES 
OF OPTICAL INDICATOR 
METHODS

As mentioned earlier, hydrogen is a particularly 
difficult gas to detect selectively, but Pd has a selec-
tive affinity for the gas, forming a Pd hydride where 
the H2 molecules dissociate and migrate to inter-
stices in the Pd lattice. The effect is to expand the 
lattice, leading to changes in the refractive index 
or mechanical properties of the metal. Thin films 
of Pd may be deposited, for example, onto opti-
cal fiber. Numerous methods exist to probe the 
material’s refractive index, reflectivity, or induced 
mechanical strain.

Measurement of hydrogen is a growing need 
with development of the hydrogen economy. As 
with natural gas, techniques are required across a 
wide range of concentrations from ppm to %volume 
for leak detection, leak quantification, and quality 
measurement. Alternative methods for detecting 
hydrogen are limited, with semiconductor sensors 
a possibility (with inherent cross-response and 
drift issues). In environments where a specific, reli-
able measurement of hydrogen is required, mass 
spectrometry may be the only option.

Detection of dissolved oxygen via fluorescence 
quenching is a technique finding use in the water 
processing industry, where dissolved oxygen is an 
important water quality parameter, particularly 
for treated wastewater. Suitable fluorescent materi-
als are available commercially, as are optical fiber 
probes onto which these materials are deposited. 
Measurement of the fluorescence decay lifetime has 
the advantage of being a self-referenced technique, 
in that measurement is unaffected by the overall 
intensity of the signal. Different indicator coatings 
have been developed for different applications. The 
indicator may also be a fluorescence patch, which 
is interrogated remotely from the optical system. 
Using line-of sight optics, this allows monitoring of 
transparent closed systems such as food packages 
or glass bioreactor vessels without the engineering 
difficulty of organizing leak-tight feedthroughs. 
Using optical fibers to transmit light to and from 
the patch allows more remote sensing, albeit at the 
expense of reduced optical signals.
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14.7  CONCLUSIONS

It is clear that there are many types of gas sensors 
that can be constructed using optoelectronics, but 
in industry, cost is usually at a premium. Optical 
sensors must therefore find a niche where there 
is no other suitable method to detect the gas, or 
where optics offers particular advantages. Even 
the lowest cost technologies such as NDIR are not 
cost-competitive with their nonoptical counter-
parts. Regarding direct-sensing methods, sensors 
using broadband sources tend to be used most, 
but laser-based systems are important for detec-
tion over extended paths in petrochemical plants, 
for checking for noxious emissions from factories, 
and for ultra-low-level detection of suitable gases. 
The chief advantage of laser-based detection in 
this market is its fast response and high degree of 
specificity to the target gas in a potentially complex 
background.

REFERENCES

 1. Jones, E. 1987. The pellistor catalytic 
gas sensor. Chapter 2 in Solid State Gas 
Sensors, ed. P. T. Moseley and B. C. Tofield, 
Adam Hilger (Bristol), pp. 17–31.

 2. Jones, T. A. 1987. Characterisation of 
 semiconductor gas sensors. Chapter 4 in 
Solid State Gas Sensors, ed. P. T. Moseley 
and B. C. Tofield, Adam Hilger (Bristol), 
pp. 51–70.

 3. Bakker, E. and Telting-Diaz, M. 2002. 
Electrochemical sensors. Anal. Chem. 74, 
2781–2800.

 4. Lackner, M. 2007. Tunable diode laser 
absorption spectroscopy (TDLAS) in the 
process industries—A review. Rev. Chem. 
Eng. 23, 65–147.

 5. Hodgkinson, J. and Tatam, R. P. 2013. 
Optical gas sensing: A review. Meas. Sci. 
Technol. 24, 012004 (59 pp).

 6. Ingle, J. D. and Crouch, S. R. 1988. 
Spectrochemical Analysis. Prentice Hall 
(London).

 7. Sharpe, S. W., Johnson, T. J., Sams, R. L., 
Chu, P. M., Rhoderick, G. C. and Johnson, P. 
A. 2004. Gas-phase databases for quantita-
tive infrared spectroscopy. Appl. Spectrosc. 
58, 1452–1461.

 8. Mount, G. H., Rumburg, B., Havig, J., Lamb, 
B., Westberg, H., Yonge, D., Johnson, K. 
and Kincaid, R. 2002. Measurement of 
atmospheric ammonia at a dairy using dif-
ferential optical absorption spectroscopy 
in the mid-ultraviolet. Atmos. Environ. 36, 
1799–1810.

 9. Claps, R., Englich, F. V., Leleux, D. P., 
Richter, D., Tittel, F. K. and Curl, R. F. 2001. 
Ammonia detection by use of near-infrared 
diode-laser-based overtone spectroscopy. 
Appl. Opt. 40(24), 4387–4394.

 10. Lewicki, R., Wysocki, G., Kosterev, A. A. 
and Tittel, F. K. 2007. Carbon dioxide and 
ammonia detection using 2 μm diode laser 
based quartz-enhanced photoacoustic 
spectroscopy. Appl. Phys. B 87, 157–162.

 11. Pushkarsky, M. B., Webber, M. E., 
Baghdassarian, O., Narasimhan, L. R. and 
Patel, C. K. N. 2002. Laser-based pho-
toacoustic ammonia sensors for indus-
trial applications. Appl. Phys. B75(2–3), 
391–396.

 12. Patterson, B. A., Lenney, J. P., Sibbett, W., 
Hirst, B., Hedges, N. K. and Padgett, M. 
J. 1998. Detection of benzene and other 
gases with an open-path, static Fourier-
transform UV spectrometer. Appl. Opt. 
37(15), 3172–3175.

 13. Jeffers, J. D., Roller, C. B., Namjou, K., 
Evans, M. A., McSpadden, L., Grego, J. and 
McCann, P. J. 2004. Real-time diode laser 
measurements of vapor-phase benzene. 
Anal. Chem. 76(2), 424–432.

 14. Chen, W., Cazier, F., Tittel, F. and Boucher, 
D. 2000. Measurements of benzene con-
centration by difference-frequency laser 
absorption spectroscopy. Appl. Opt. 39(33), 
6238–6242.

 15. Engelbrecht, R. 2004. A compact NIR fiber-
optic diode laser spectrometer for CO and 
CO2: Analysis of observed 2f wavelength 
modulation spectroscopy line shapes. 
Spectrochim. Acta A60, 3291–3298.

 16. Hodgkinson, J., Smith, R., Ho, W. O., Saffell, 
J. R. and Tatam, R. P. 2013. Non-dispersive 
infra-red (NDIR) measurement of carbon 
dioxide at 4.2 μm in a compact and opti-
cally efficient sensor. Sens. Actuators B186, 
580–588.



204 Optical gas-sensing methods for industry

 17. Hangauer, A., Chen, J., Strzoda, R., 
Ortsiefer, M. and Amann, M.-C. 2008. 
Wavelength modulation spectroscopy with 
a widely tunable InP-based 2.3 μm vertical-
cavity surface-emitting laser. Opt. Lett. 
33(14), 1566−1568.

 18. Vargas-Rodríguez, E. and Rutt, H. N. 2009. 
Design of CO, CO2 and CH4 gas sensors 
based on correlation spectroscopy using a 
Fabry–Perot interferometer. Sens. Actuators 
B137, 410–419.

 19. Hennig, O., Strzoda, R., Magori, E., 
Chemisky, E., Trump, C., Fleischer, M., 
Meixner, H. and Eisele, I.2003. Hand-held 
unit for simultaneous detection of meth-
ane and ethane based on NIR-absorption 
spectroscopy. Sens. Actuators B95, 
151–156.

 20. Parameswaran, K. R., Rosen, D. I., Allen, M. 
G., Ganz, A. M. and Risby, T. H. 2009. Off-
axis integrated cavity output spectroscopy 
with a mid-infrared interband cascade laser 
for real-time breath ethane measurements. 
Appl. Opt. 48(4), B73–B79.

 21. Cihelka, J., Matulková, I. and Civiš, S. 
2009. Laser diode photoacoustic and FTIR 
laser spectroscopy of formaldehyde in the 
2.3 μm and 3.5 μm spectral range. J. Mol. 
Spectrosc. 256(1), 68–74.

 22. Varga, A., Bozóki, Z., Szakall, M. and Szabo, 
G. 2006. Photoacoustic system for on-line 
process monitoring of hydrogen sulfide 
(H2S) concentration in natural gas streams. 
Appl. Phys. B85, 315–321.

 23. Kassi, S., Chenevier, M., Gianfrani, L., 
Salhi, A., Rouillard, Y., Ouvrard, A. and 
Romanini, D. 2006. Looking into the volcano 
with a Mid-IR DFB diode laser and cavity 
enhanced absorption spectroscopy. Opt. 
Express 14(23), 11442–11452.

 24. Sonnenfroh, D. M., Wainner, R. T., Allen, M. 
G. and Varner, R. K. 2010. Interband cas-
cade laser–based sensor for ambient CH4. 
Opt. Eng. 49(11), 111118 (10 pp).

 25. Mcmanus, J. B., Shorter, H., Nelson, 
D. D., Zahniser, M. S., Glenn, D. E. and 
McGovern, R. M. 2008. Pulsed quantum 
cascade laser instrument with compact 
design for rapid, high sensitivity measure-
ments of trace gases in air. Appl. Phys. 
B92, 387–392.

 26. Sonnenfroh, D. M. and Allen, M. G. 1997. 
Absorption measurements of the second 
overtone band of NO in ambient and 
combustion gases with a 1.8-mm room-
temperature diode laser. Appl. Opt. 36(30), 
7970–7977.

 27. Fetzer, G. J., Pittner, A. S. and Silkoff, P. 
E. 2003. Mid-infrared laser absorption 
spectroscopy in coiled hollow optical wave-
guides. Proc. SPIE 4957, 124–133.

 28. Sonnenfroh, D. M., Rawlins, W. T., Allen, M. 
G., Gmachl, C., Capasso, F., Hutchinson, A. 
L., Sivco, D. L., Baillargeon, J. N. and Cho, 
A. Y. 2001. Application of balanced detec-
tion to absorption measurements of trace 
gases with room-temperature, quasi-CW 
quantum-cascade lasers. Appl. Opt. 40(6), 
812–820.

 29. Kebabian, P. L., Wood, E. C., Herndon, S. C. 
and Freedman, A. 2008. A practical alterna-
tive to chemiluminescence-based detec-
tion of nitrogen dioxide: Cavity attenuated 
phase shift spectroscopy. Environ. Sci. 
Technol. 42, 6040–6045.

 30. Sonnenfroh, D. M. and Allen, M. G. 1996. 
Ultrasensitive, visible tunable diode 
laser detection of NO2. Appl. Opt. 35, 
4053–4058.

 31. Rao, G. N. and Karpf, A. 2010. High sensi-
tivity detection of NO2 employing cavity 
ringdown spectroscopy and an external cav-
ity continuously tunable quantum cascade 
laser. Appl. Opt. 49(26), 4906–4914.

 32. Xu, F., Lv, Z., Zhang, Y. G., Somesfalean, G. 
and Zhang, Z. G. 2006. Concentration eval-
uation method using broadband absorption 
spectroscopy for sulfur dioxide monitoring. 
Appl. Phys. Lett. 88, 231109.

 33. Rawlins, W. T., Hensley, J. M., Sonnenfroh, 
D. M., Oakes, D. B. and Allen, M. G. 2005. 
Quantum cascade laser sensor for SO2 and 
SO3 for application to combustor exhaust 
streams. Appl. Opt. 44, 6635–6643.

 34. Hovde, D. C., Hodges, J. T., Scace, G. E. and 
Silver, J. A. 2001. Wavelength-modulation 
laser hygrometer for ultrasensitive detec-
tion of water vapor in semiconductor gases. 
Appl. Opt. 40(6), 829–839.

 35. Moyer, E. J., Sayres, D. S., Engel, G. S., St 
Clair, J. M., Keutsch, F. N., Allen, N. T., Kroll, 
J. H. and Anderson, J. G. 2008. Design 



References 205

considerations in high-sensitivity off-axis 
integrated cavity output spectroscopy. 
Appl. Phys. B92, 467–474.

 36. Sur, R., Suna, K., Jeffries, J. B., Sochab, 
J. G. and Hanson, R. K. 2015. Scanned-
wavelength-modulation-spectroscopy 
sensor for CO, CO2, CH4 and H2O in 
a high-pressure engineering-scale 
 transport-reactor coal gasifier. Fuel 150, 
102–111.

 37. Kosterev, A. A., Tittel, F. K., Serebryakov, 
D. V., Malinovsky, A. L. and Morozov, I. V. 
2005. Applications of quartz tuning forks in 
spectroscopic gas sensing. Rev. Sci. Instrum. 
76, 043105 (9 pp).

 38. Varga, A., Bozóki, Z., Szakall, M. and Szabo, 
G. 2006. Photoacoustic system for on-line 
process monitoring of hydrogen sulfide 
(H2S) concentration in natural gas streams. 
Appl. Phys. B85, 315–321.

 39. Sandsten, J., Edner, H. and Svanberg, S. 
2004. Gas visualization of industrial hydro-
carbon Emissions. Opt. Express 12(7), 
1443–1451.

 40. Gibson, G., van Well, B., Hodgkinson, J., 
Pride, R., Strzoda, R., Murray, S., Bishton, S. 
and Padgett, M. 2006. Imaging of meth-
ane gas using a scanning, open-path laser 
system. New J. Phys. 8, 26 (8 pp).

 41. Infratec GmbH, 2005. Pyroelectric and 
Multispectral Detectors, Product Brochure, 
Infratec GmbH, Dresden, Germany.

 42. Cutler, S. C. and Vass, A. 2005. Gas sensor. 
Patent WO2005054827 (A1).

 43. Stuttard, D. M. 2001. Gas sensor. Patent 
WO 02/063283.

 44. Hayward, A. S.and Hopkins, G. P. 2005. Gas 
sensors. UK Patent GB 2,395,260.

 45. Hodgkinson, J., Saffell, J. R. and Smith, 
R. 2008. Optical absorption gas  sensor. 
European Patent EP1972923 (A3).

Web resources

Gas Sensing Solutions (GSS): http://www.
gassensing.co.uk/products/

Pranalytica: http://www.pranalytica.com/
FLIR Gas Detection Systems: http://flir.com/ogi/

content/?id=66693
MSA Safety Company: http://www.msasafety.com/
Environmental XPRT: https://www.environmental-

expert.com/products
Crowcon Laser Methane Detectors: http://www.

crowcon.com/uk/products/portables/LMm-
Gen-2.html

Crowcon Gas Pro Detectors: http://www.crowcon.
com/uk/products/portables/gas-pro.html

http://www.gassensing.co.uk/products/
http://www.gassensing.co.uk/products/
http://www.pranalytica.com/
http://flir.com/ogi/content/?id=66693
http://flir.com/ogi/content/?id=66693
http://www.msasafety.com/Environmental
https://www.environmental-expert.com/products
https://www.environmental-expert.com/products
http://www.crowcon.com/uk/products/portables/LMm-Gen-2.html
http://www.crowcon.com/uk/products/portables/LMm-Gen-2.html
http://www.crowcon.com/uk/products/portables/LMm-Gen-2.html
http://www.crowcon.com/uk/products/portables/gas-pro.html
http://www.crowcon.com/uk/products/portables/gas-pro.html


http://www.taylorandfrancis.com


207

15
Laser applications in industry

PAUL HARRISON
SPI Lasers Ltd.

15.1  LASER MACHINING

The laser machining marketplace is immense, and 
for the last few years, it has been averaging a growth 
rate of over 8% per annum [1]. The scope of this 
sector includes all types of metal processing (such 
as welding, cutting, and drilling), semiconductor 
and micro-electronics manufacturing, marking 
of all materials, rapid prototyping, and microma-
chining. Also worthy of inclusion are heat treat-
ment, cladding, bending, texturing, cleaning, and 
engraving. The range of laser materials processing 
(LMP) applications is continually expanding and a 
decade ago, it was estimated that less than 50% of 
potential applications had been achieved so far [2].

Most types of laser machining are based upon 
thermally modifying the workpiece. In this case, 
the objective is to either change the surface prop-
erties with the heat treatment or actually remove 
material by fusion or ablation, or even cut right 
through the material. However, two classes of laser 
are capable of avoiding deep-seated thermal effects. 
Ultraviolet lasers, which have an output wave-
length less than 400 nm (either an excimer laser or 
diode pumped solid state (DPSS) laser with a fre-
quency tripled or quadrupled output), are capable 
of generating high energy photons that can exceed 
the bond energy for many organic materials and 
therefore can remove material cleanly without edge 

damage. Pico- and femto-second lasers can gener-
ate ultrashort pulses with extremely high inten-
sity, which can remove material from the surface 
faster than heat can flow into the part. Industrial 
LMP lasers can broadly be classified into five main 
groups, with each group having many subcatego-
ries, as outlined in Table 15.1.

The most recent (last decade) laser source devel-
opment for use in the laser machining area is the 
use of high-power fiber lasers, pumped by arrays 
of high-power semiconductor lasers. This energy 
conversion into the small diameter monomode 
fiber core (the active part of the laser) improves 
the beam quality and coherence of the source, and 
this, combined with the reasonably short wave-
length (usually of order 1 μm) of fiber lasers can 
give very precise focused spots.

To give an example of the advantages of ther-
mal laser processing, consider a laser with an 
optical output of 1 kW. When focused to a spot 
of 100 μm diameter, it provides an average power 
density over the focused spot of order 13 MW/cm2, 
and if focused to a smaller 10 μm diameter spot, it 
has a power density of 1300 MW/cm2. This is more 
than enough to melt, or vaporize, and hence cut, 
the most stubborn of materials. Industrial lasers 
with this level of continuous power output or even 
at least an order of magnitude higher are commer-
cially available.
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There are three main industrial groups of 
machining applications, comprising marking, 
micromachining, and kW-level materials process-
ing, which are outlined later. Generally, the initial 
cost of a laser processing workstation is usually 
higher than that using alternative technologies, but 
the overall cost of ownership over the working life-
time is almost always significantly lower—this is 
due to the lack of tool wear (since the focused laser 
beam does not deteriorate) and the minimal need 
for consumables, such as cutting fluids. An example 
of this would be a marking station for industrial 
products (for example, date coding for the food 
industry), where a laser-based system has no need 
for any additives to create a mark, whereas an inkjet 
printing station needs a continual supply of ink and 
a mechanical marking station (such as a solenoid 
marker) will gradually wear out, resulting in a vary-
ing quality of mark.

15.2  LASER MARKING

This is part of a wider group of laser surface treat-
ment (LST) applications that includes processes 
such as heat treatment, laser cladding, laser clean-
ing, paint stripping, and laser shock hardening. 
By far the most commercially successful is laser 
marking, which is applied to a wide range of mate-
rials and industries. Three main types of lasers are 
used, with the choice usually driven by the work-
piece material (Table 15.2), although the boundar-
ies are not absolute.

There are several different ways in which a laser 
can modify the material to create a mark, includ-
ing (for metals) engraving, layer removal and 
oxide formation, and (for plastics) thermal deg-
radation, carbonization, bleaching, and foaming. 
Figure  15.1 shows two applications, (left) engrav-
ing of mild steel to create an indelible mark, and 

Table 15.1 Five general classifications of industrial LMP laser

typical 
wavelength 

(μm)

Output 
power range 

(kW) Beam quality
CW or pulsed 

operation

required 
maintenance 

level

Fiber laser 1.0 μm + harmonics Up to 100 kW Very good CW
ns pulsing, ps 
and fs pulsing

Low

Solid state 1.0 μm + harmonics Up to 16 kW Very good All types, 
including 
Q-switching

Some, 
including 
regular 
servicing

Diode 
laser

0.8–0.9 μm Up to 6 kW Fair CW or 
modulated 
only

Low

CO2 laser 10.6 μm 20 kW+ Very good Mainly CW 
operation

Medium, 
including 
regular 
servicing

Excimer 157–351 nm Up to 2 kW Can generate 
uniform 
beams

ns pulsing High, including 
regular 
servicing

Table 15.2 Lasers used for marking applications

Laser type Material type

Low power CO2 (<100 W) Wood, labels, glass, rubber, plastics
Pulsed fiber laser Metals (stainless steel, copper, aluminum, etc)
Fiber-coupled diode laser Plastics
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(right) marking of data-matrix identity tracking 
codes onto PCB (printed circuit board) substrates. 
Laser marking applications can be found in almost 
every industrial market, from marking traceabil-
ity 2D data matrices on aerospace components, 
date stamping of food packaging, and “day/night” 
marking of vehicle dashboards to name a few.

15.3  LASER MICROMACHINING

Laser micromaching is a group of processes that 
involves fine machining at the sub-millimetre 
scale, sometimes involving micron-level features. 
Such applications include metal engraving, silicon 
machining (for example, producing cantilevers for 
accelerometers and other MEMS (Micro Electro-
Mechanical Systems) sensors), glass engraving (for 
example, glass planar waveguides), and creating 
identity coding marks within diamonds.

Lasers used for micromachining applications 
are almost always operated in pulsed mode, typi-
cally using pulses shorter than a microsecond. 
Since the thermal penetration depth is related 
to the square-root of the pulse duration, shorter 
pulses can produce finer features. Thus, the emer-
gence of pico- and femto-second lasers has lead 

to a wide range of new applications. The optical 
absorption depth is also important for produc-
ing fine features. In most materials, shorter opti-
cal wavelengths are absorbed in a smaller depth 
so collateral damage caused by additional heating 
is reduced. As the feature size reduces, the work-
station stability becomes more critical in terms of 
motion system accuracy and the need to suppress 
vibration and thermal expansion. Many fine-fea-
ture workstations use granite as the chassis and are 
located in temperature-controlled clean-rooms.

For more mainstream applications such as 
metal engraving of coin die stamps, pulsed fiber 
lasers are commonly used. These have good beam 
quality and are capable of reasonably high aver-
age power (typically up to 200 W), even with ns 
pulses, a combination which allows commer-
cially acceptable engraving rates on many types 
of metal. One such example, engraving of alu-
minum, is shown in Figure 15.2, where the same 
laser can be used for engraving, cutting, and 
marking, despite the high thermal conductivity 
of this material.

Having small focused spot diameters enables 
very fine cuts and precise machining, particularly 
of thin materials, even allowing complex shapes, 

Figure 15.1 (left) Laser engraved mild steel, (right) laser marked PCB substrate. (Both Images 
Courtesy of SPI Lasers UK Ltd.)
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such as medical stents (springy tubes for holding 
open arteries and other bodily vessels), to be cut 
from cylindrical tubes. It also allows surfaces to be 
marked or engraved with the laser, again scanning 
the beam or moving the target to write the desired 
patterns on the surface. Clearly, using this method, 
it is possible to mark very hard or even brittle 
materials with very fine patterns, without risking 
any serious damage or distortion to the articles.

15.4  HIGH POWER (KW) LASER 
PROCESSING

This processing group comprises applications 
such as cutting, welding, cladding, and rapid 3D 
prototyping. Such applications are typically domi-
nated by the CO2 laser, high power fiber laser, solid 
state disk laser, and the fiber-coupled diode laser. 
These lasers are usually operated in CW (continu-
ous wave) mode, but for speed-dependant applica-
tions (such as for laser cutting at variable speeds 
to allow cutting of high quality corners), the lasers 
are modulated, so the ability to pulse-modulate up 
to 100 kHz can be important.

When laser cutting metals, the laser beam is 
focused through a copper nozzle to allow a jet of 
high-pressure gas to be co-axially aligned with 
the beam, creating a “melt and blow” effect. This 
is typically achieved through the use of a laser cut-
ting head. When cutting steels (usually mild steel, 
sometimes stainless steel), oxygen is often used as 
an assist gas, which exothermically reacts with the 
iron, generating more heat and increasing process-
ing speeds, a process known as reactive cutting. 
Nitrogen assist gas is often used for cutting other 
metals such as stainless steel and in this case the 
process is known as inert (or fusion) cutting.

In certain applications where the workpiece 
is soft or thin (such as gasket material or rubber 
sheet), laser cutting has a distinct advantage over 
mechanical cutting (such as a knife cutting or guil-
lotining) as there is no mechanical stress to cause 
distortion, so the dimensional accuracy of the fin-
ished component is much better.

Fiber and disk lasers are used for cutting many 
types of metal, including highly reflective metals 
such as copper and aluminum. An example of cut-
ting a range of metals using a 2 kW fiber laser is 
shown in Figure 15.3. In many instances, the cost 
of ownership, high efficiency, reduced mainte-
nance, and the lack of need for regular laser and 
beam delivery alignment make these laser a very 
attractive option. CO2 lasers are also used for metal 
cutting and have the advantage of being able to cut 
other materials such as wood, plastic and rubber, 
making them an appealing option for laser job 
shop companies (see Figure 15.3).

Figure 15.2 An example of cutting, engraving, and laser marking using the same laser workstation. 
(Image Courtesy of SPI Lasers UK Ltd.)

Figure 15.3 Laser cutting of a range of metals 
including stainless and mild steel, copper, brass, 
and aluminum. (Image Courtesy of SPI Lasers 
UK Ltd.)
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By lowering the power density of laser beams, 
for example, by reducing the output power or using 
a larger focused spot, the laser beam can create a 
region of molten material. By firmly holding two 
metal pieces together and directing the laser to the 
interface area, the metals can be welded together 
in an alloy of the two (see Figure 15.4). Very often 
a shield gas is applied to exclude oxygen from the 
molten region to increase the weld strength and 
avoid surface discoloration. Laser welding is essen-
tially similar to laser cutting, but the application of 
process gas (co-axial assist gas for cutting, shield gas 
for welding) is very different. Welding techniques 
are, of course, more complex than simple cutting or 
engraving, and the engineering details are beyond 
the scope of this short summary of applications. It 
should, however, be clear that having the precise 
heating offered by lasers means the process can be 
performed in a far more controlled manner.

Laser welding is typically used in applications 
where a high quality, repeatable weld is required, 
for instance, where testing (which may involve a 
destructive test) cannot be performed on every part 
but instead parts are type-tested and approved. 
Applications in the nuclear and aerospace indus-
tries are common for these reasons. The automo-
tive industry is a significant user of many different 
types of laser welding in many production envi-
ronments, including remote laser welding, which 
involves delivering the beam through a laser scan-
ner to a workpiece, which that can be held around 
1 m away, and the creation of tailor-welded blanks, 

which involves joining different thicknesses or 
strengths of metal together before stamping.

Other applications in this process group include 
laser cladding, where the laser beam acts as a heat 
source to add a surface-layer alloy onto the base 
part with an applied (usually blown) metal pow-
der and laser hardening—where the component is 
heated to a suitable temperature (controlled by the 
laser beam intensity and the speed of motion) and 
allowed to cool.

One of the most recent uses of lasers is for 
adding material in successive layers to build up 
much thicker layers of material. This can again be 
done by curing polymers or by fusing or sintering 
high-melting-point powder coatings. This, when 
combined with computer-controlled mechanical 
translation stages, allows the gradual buildup of 
layers to form a 3D structure, a process termed 3D 
printing. This production of 3D objects can be done 
without lasers, for example, by simply spraying on 
molten or curable material from nozzles; however, 
lasers allow far more choice in the materials that 
can be added. Highly-refractory materials, such 
as ceramics, can be added as powder and sintered 
in place, as can high-temperature metallic alloys. 
The ability to manufacture complex 3D objects, 
even ones with closed-off internal cavities, simply 
from a software “blueprint” is a huge advantage to 
many manufacturing concerns. Thus, 3D printing 
has been considered to be one of the most “disrup-
tive” technologies of the 2010–2020 decade and is 
liable to find ever-increasing use in manufacturing 
throughout the twenty-first century.

This topic will be dealt with in more detail in a 
following chapter.
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16.1  INTRODUCTION

The first lasers, initially discovered by Maiman at 
Hughes Research Laboratories in Malibu, California, 
were pulsed light sources, using optically pumped 
doped-crystalline rods. They were first reported in 
Nature in 1960. As is common with promising new 

technology, the initial publication was followed by 
ever-increasing “hype” over what they might be capa-
ble of. Although it was a dramatic scientific advance, 
apart from their use in a few very specialized areas, 
there was at first little justification for any commer-
cial excitement. In fact, they were described by some 
as “a solution looking for a problem.” However, in the 

16.1  Introduction 213
16.2  Optical metrology in industry 214

16.2.1  Laser metrology 214
16.2.1.1  The laser “straight line” 214
16.2.1.2  Laser distance 

measuring 214
16.2.1.3  Laser measurement of 

3D profiles 215
16.2.1.4  Precision distance 

resolution and 
surface profiling using 
white-light 
interferometry 215

16.2.1.5  Coherent laser 
measurements 216

16.2.1.6  Optical safety beams 
and curtains 219

16.2.1.7  Bar code reading and 
product scanning 219

16.2.1.8  Industrial robotics 220

16.2.2  LED-based sensing systems for 
industry 220
16.2.2.1  Optical safety 

interlock systems 220
16.2.2.2  Short distance 

proximity detectors 221
16.2.2.3  Medium-range distance-
 measuring detectors 221
16.2.2.4  Liquid level sensors 222
16.2.2.5  Optical position 

encoders and 
tachometers 222

16.3  Industrial applications of optical 
spectroscopy 222
16.3.1  Absorption spectroscopy 223
16.3.2  Reflection spectroscopy 223
16.3.3  Fluorescence spectroscopy 224
16.3.4  Raman spectroscopy 224
16.3.5  Photon correlation spectroscopy 225

16.4  Conclusions 225
Acknowledgments 225



214 Laser and LED systems for industrial metrology and spectroscopy for industrial uses

present century, their true impact has now started to 
be fully felt, and they are becoming invaluable in an 
ever-increasing number of areas of our life.

Because of their initial complexity, rather frag-
ile nature, and need to align mirrors carefully, 
their first impact was in specialist scientific areas, 
particularly in spectroscopy and a few areas in 
metrology [e.g., finding the distance to a retrore-
flector on the moon with LIDAR (light detection 
and ranging)!]. Laser machining, albeit using 
bulky and power-hungry carbon dioxide lasers, 
was also a fairly early practical use.

Since then, the evolution of relatively cheap and 
very compact semiconductor lasers has led to their 
widespread use in industrial equipment; many use 
them to pump secondary (also compact) solid state 
and optical fiber lasers.

Laser use now permeates many areas of indus-
trial, office, and home equipment, for example, in 
metrology units, CD (compact disc) write/read, 
and laser printers. They have often been so well 
integrated into everyday equipment that their pres-
ence is often no longer obvious to the user, except in 
instances where the beam extends outside the unit.

The range of laser applications has now become so 
diverse that the following chapters, and Table VI.1, 
can only present a few key areas, and the interested 
reader should consult specialist texts on the subject 
to learn more. Here, we will try to indicate some 
important case studies of their applications in indus-
try, starting with the more direct examples, where 
the presence of the laser beam is more obvious, 
rather than trying to list them in chronological order.

16.2  OPTICAL METROLOGY IN 
INDUSTRY

We shall first consider some applications of opto-
electronics in metrology, a key area for the con-
struction and manufacturing industries.

16.2.1  Laser metrology

16.2.1.1  THE LASER “STRAIGHT LINE”

One of the first uses of lasers was in the area of sur-
veying and metrology. In air, at constant tempera-
ture and humidity, the collimated beam from a laser 
provides an excellent “straight line.” Even if undesir-
able thermoclines are present, the beam deflection 
(mirage effect) due to small refractive index gradi-
ents is usually not serious for many applications. 

Fortunately, in one of the main civil engineering 
areas of use, that of controlling direction of tun-
neling, mirage deflections are very low, as the com-
position and temperature of the atmosphere in 
underground chambers is generally more uniform 
than outside, in the area close to the earth’s surface. 
Even outside, over short distances, but particularly 
inside buildings, thermoclines are less of a problem, 
so the laser straight line finds many applications.

The simplest laser systems merely deliver a line 
of laser light from the source unit, but many far 
more complex units are commercially available. 
Many of these are equipped with a self-leveling 
capability, using internally dampened optome-
chanical systems, such that the external laser beam 
follows a true horizontal path. In addition, many 
versions have an optical directional-scanning 
capability (for example, using a scanned mirror) or 
contain passive beam-splitting optics (for example, 
diffraction gratings). With such additional optics, 
the beam can form horizontal or vertical sheets of 
light, multiple horizontal beams, multiple vertical 
beams, or any combinations of these. The value of 
having true horizontal or vertical optical guide-
lines is clearly a huge bonus, not just for workers 
in the construction industry, but even for do-it-
yourself (DIY) home workers.

16.2.1.2  LASER DISTANCE MEASURING

As mentioned in the introduction, lasers have been 
used for LIDAR (laser radar) distance measurement 
by time of flight, even in their earliest years of use. 
The fundamental principles of LIDAR, and indeed 
some longer-range applications, are described in far 
greater detail in the earlier Chapter 12, Volume II 
on “Remote Optical Sensing by Laser” so only a 
brief review of the principles is presented here.

The LIDAR technology involves measuring 
the delay of an amplitude modulation pattern 
of the laser due to finite transit time of light from 
the instrument when traveling to and from a reflec-
tive surface. This can involve measurement of the 
delay of a single pulse, an orthogonal pulse train or 
the phase of a sinusoidal modulation imposed on 
the laser amplitude.

The first LIDAR instruments were extremely 
complex and expensive (for example, astronomi-
cal telescope–mounted systems to measure lunar 
orbital distance). However, the ready availability 
of cheap, “eye-safe” semiconductor lasers (ren-
dered relatively eye safe because of very low power 
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operation and/or operation at 1500 nm, where 
water absorbs strongly) has now made such sys-
tems much simpler and cheaper. This is particu-
larly so when required for short-range applications. 
Then the return signals are many orders of magni-
tude higher, due to lack of significant atmospheric 
absorption and/or lower losses from the inverse 
square law dependence of return signal with 
distance.

Cheap LIDAR ranger instruments are now 
available from most major tool manufacturers 
at costs that a self-employed builder or even the 
DIY home “handyman” can afford. A lower-range 
instrument enables a builder or maintenance man 
to measure wall-to-wall and floor-to-ceiling dis-
tances by simple timing of optical propagation 
delays. Instruments typically have a range up to 
100 m, and distance resolution of a few mm or 
less. As with longer-range surveying instruments, 
higher-range instruments can contain a self- 
leveling capability for the beam and also provide 
room-volume calculations based on 3D ranging.

As will be described in the following subsections, 
some simple distance measuring instruments may 
use LEDs or edge-emitting LEDs (ELEDs) instead 
of lasers, but lasers are usually the preferred choice 
whenever high directionality is desired, when there 
is a need for ultra-high-speed amplitude modula-
tion, or whenever very narrowband optical filtering 
of returning signals is desired, to reduce the effects 
of ambient light on detectors.

16.2.1.3  LASER MEASUREMENT OF 3D 
PROFILES

The types of instruments described earlier have 
been developed with optical scanning systems, 
such that they can be projected onto solid objects 
to measure 3D profiles and even determine finer 
surface textures. For larger objects, the same tech-
nique of time of flight of an amplitude-modulated 
laser beam can be used, and the beam is scanned 
in azimuth and elevation to cover the surface of the 
object, enabling distance to each point in the field 
of scan to be measured by the same LIDAR method.

Provided there is a direct line of path to each 
point, computer processing can then yield a 
3D image of the profile of the object. To form a 
complete image, in particular, to “see” the back 
and sides of the object, more than one system is 
required, unless the object can be rotated such that 
it can be viewed from several directions.

There is an alternative rather simpler technol-
ogy, involving cheaper hardware, where a grid 
pattern of many tiny squares is projected onto the 
object. This illumination pattern is then monitored 
by a TV camera at an observation angle away from 
the light projection path. Computer analysis of the 
distortion of the grid pattern then yields informa-
tion on the approximate 3D profile, provided all 
parts of the grid are visible to the camera. To form 
a complete image, the object may have to be mea-
sured in several orientations, and to cover the full 
surface, with no missed “gaps,” the illuminator may 
also have to be moved to take more measurements.

The grid method was originally much cheaper 
to use, as projecting an unmodulated grid image 
only requires a laser with very simple passive optics 
and low-cost TV cameras are, of course, readily 
available. At the present time, however, reason-
ably low-cost semiconductor lasers are available, 
with simple modulation capability, so this, with 
high-speed detector technology has enabled high-
accuracy LIDAR-based 3D scanning systems to be 
produced very economically.

16.2.1.4  PRECISION DISTANCE RESOLUTION 
AND SURFACE PROFILING USING 
WHITE-LIGHT INTERFEROMETRY

If it is desired to measure 3D profiles to higher 
(sub-mm) accuracy, for example, to examine pre-
cise distances within optical components such as 
camera lenses, examine surface texture, quality of 
machining, or surface flatness of objects, etc., the 
time-of-flight method using amplitude modula-
tion is less attractive, and other more precise meth-
ods are needed. To perform such measurements, 
the coherent nature of light can be used.

This is now most often performed using the 
method of white-light interferometry or optical 
coherence tomography. This concept was already 
discussed in the optical fiber sensors chapter (and 
indeed many instruments use optical fibers in their 
construction) and will be discussed in more detail 
again in the medical applications chapter, so it will 
only be briefly reviewed here. The essence of the 
method is that light from a fairly broadband source, 
such as an LED or ELED, is split into two beams. 
One beam is directed to form a tiny (typically ~ 1 μm 
diameter) focused point on the object and light is 
then reflected or scattered back to interfere with 
another reference beam from the same source. 
This latter beam has been arranged to travel along 
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a linearly variable (time-scanned) reference path 
within the instrument. Close to the precise point, 
when the optical paths exactly match, visible infer-
ence fringes occur. The path length scan results in a 
rapid intensity modulation of the light only when the 
path lengths are closely matched, allowing the dis-
tance to the surface to be determined precisely from 
the position of the reference path scanner at that 
time. With suitable processing of the signals, this can 
be done to a fraction of the optical wavelength.

16.2.1.5  COHERENT LASER MEASUREMENTS

Many important industrial measurements use the 
light from a highly coherent (single wavelength) 
laser source. Such sources include gas lasers, and 
semiconductor lasers or optical fiber lasers, provided 
the latter types are equipped with some form of dif-
fraction grating device to produce the desired nar-
rowband optical output. To take advantage of the 
precision offered by the extremely short wavelength 
of light, the measurements can again use the tech-
nique of interferometry. This again involves splitting 
the light into two or more optical paths, and then 
recombining the light to create optical interference 
fringes. In this case, the detected light intensity var-
ies sinusoidally with optical path difference, chang-
ing by a period (360°) for every wavelength (total) 
path change. If the beam wavefronts and their polar-
izations are each coplanar, these fringes maintain 
good visibility (high amplitude modulation index) 
provided the path length difference remains within 
the coherence length of the laser.

Interferometry can be used to measure dimen-
sions of objects in many commercial types of opti-
cal calipers and micrometers, provided the fringes 
can be counted without error. This usually means 
that a zero-position reading has first to be taken, 
and then, by carefully counting fringe changes, 
high measurement accuracy is achievable.

With more sophisticated optics, sine and 
cosine fringe position measurement is possible, 
enabling the interferometer to unambiguously 
cross multiple fringes in a homodyne interfer-
ometer. These also allow subfringe measurement 
resolution by processing the two signals, to give 
precision levels even below the wavelength of the 
light. With careful design, such homodyne inter-
ferometers can be designed for industrial applica-
tions (Figure 16.1).

Another frequently used type of interferomet-
ric industrial measurement involves setting up a 
dynamic situation to allow rapidly changing fringe 
patterns to be measured, meaning that there is 
then no need to count individual fringes without 
error. A common means of achieving this is known 
as heterodyning, which involves mixing beams 
of different frequency to produce a difference or 
“heterodyne” signal. Such mixing processes were 
discussed in more detail in the earlier optical 
fiber sensors chapter. As mentioned in that chap-
ter, instead of using two frequencies, a single laser 
can be frequency swept, changing its output fre-
quency with time, such that any optical path dif-
ference causes a propagation delay then results 

(a) (b)

Figure 16.1 (a) An interferometric measurement laser and (b) various add-on optical elements for 
measuring different mechanical parameters. (Photo Courtesy of Renishaw plc., Wotton-under-Edge, UK.)
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in a frequency difference at the detector, which is 
related to path difference.

Although the simplest measurement possible 
using interferometry is distance or wavelength, 
instruments are now commercially available to 
measure a much wider range of dimensional 
parameters, such as orientation/alignment, sur-
face  flatness, etc. Companies specializing in laser 
metrology can offer a wide variety of attachments 
with optical  elements to facilitate such measure-
ments (see Figure 16.1). These elements can be 
attached to industrial machines such as lathes, 
numerically controlled cutters (NMC machines), 
and robotic arms.

16.2.1.5.1  Compensation for 
atmospheric properties

Although the velocity of light is a well-known 
important physical “constant,” its value in air can 
vary slightly because of the dependence of the 
refractive index of air. This varies with baromet-
ric pressure, temperature, and humidity and even 
depends on the true gaseous composition of the 
air. For the highest accuracy measurements, an 
additional sensor module can be employed to mea-
sure these factors and apply a correction either by 
feeding in data to correct the readout data or by 
changing the laser wavelength to compensate for 
the refractive index changes.

Figure 16.2 shows such a device for monitoring 
the air in the region of the measurement.

16.2.1.5.2  Laser doppler velocimetry
Laser Doppler velocimetry (LDV) involves mea-
suring the velocity of moving objects or particles 
from the Doppler optical frequency shift that 
occurs when the target object is moved towards or 
away from the light source and detector, causing 
the path in one of the interfering light beams to 
vary with time. As with LIDAR, the theory of laser 
Doppler methods was discussed in more detail 
in the earlier Chapter 12, Volume II on “Remote 
Optical Sensing by Laser,” so, again, we shall only 
give a short review of the principles here.

As mentioned earlier, varying an optical delay 
linearly with time, representing constant velocity 
in a path directly towards (or away from) the light 
source and detector, causes a phase shift  decreasing 
(or increasing) linearly with time. This results in 
an increase (decrease) in the optical frequency. If 
this light returning after reflection from the target 
object is then mixed (interfered) with a portion of 
light traveling through a fixed optical reference 
path from the same source, the detected signal 
contains a difference frequency (heterodyne sig-
nal) component that is directly proportional to the 
velocity of the object and inversely proportional to 
the wavelength of the source.

Figure 16.2 Compensation module for an interferometric distance monitor. (Photo Courtesy of 
Renishaw plc., Wotton-under-Edge, UK.)



218 Laser and LED systems for industrial metrology and spectroscopy for industrial uses

LDV measurements have formed the basis of 
many sensors, ranging from sensors for monitor-
ing moving parts (e.g., pistons, turbine blades) in 
many types of engines, machines, fluids and even 
in atmospheric weather systems (where scattering 
particles are present). There is also, of course, the 
well-known application of interferometry in laser 
speed sensing pistols and fixed roadside units for 
traffic enforcement, although the latter usually 
tend to use longer wavelength radar signals!

One of the most useful implementations for 
industrial use is the optical fiber remote LDV sys-
tem. Such a system uses monomode optical fibers 
to confer a number of useful advantages:

 1. Light guided within fibers can be easily split 
into two paths with a compact all-fiber compo-
nent (fused coupler) and then later recombined 
(mixed or heterodyned) using a similar compo-
nent before being guided to the detector.

 2. Optical fibers can conveniently guide light to 
(and from) the area where it is most needed. 
This is highly advantageous in complex areas 
such as engines and generators, where there 
is no obvious direct optical path. Without the 
fiber, countless carefully aligned mirrors would 
be needed to direct the beam.

 3. A monomode optical fiber, particularly a 
polarization maintaining one, ensures that the 
modal purity of the laser source is maintained 
during propagation to the measurement area.

 4. If a monomode optical fiber receiving head 
is used to recollect the reflected or backscat-
tered light, then only a single spatial mode is 
collected, avoiding the speckle pattern interfer-
ence, which would lead to fringe ambiguity and 
signal fading when the beams are combined.

 5. A number of compact fiber-compatible optical 
frequency-shifting (frequency-biasing) com-
ponents are available. These can add a known 
fixed frequency shift to the signal in one arm 
of the interferometer, so that the direction of 
motion can, without ambiguity, be determined 
from the heterodyne frequency.

Clearly, when measuring low velocities in severe 
environments, care must be taken to package the 
optical fiber carefully to avoid any mechanical or 
thermal influences on the fiber itself. Otherwise, a 
linear fiber stretch (or a rapid temperature change 
of the fiber with time) would also have similar 

effect to a Doppler shift. Fortunately, there are 
methods in which the effects of such uplead/down-
lead sensitivities can be compensated for. For this, 
please see the earlier discussion of optical fiber 
hydrophone technology in the earlier optical fiber 
sensors chapter, as it is also a potential problem in 
this sensing area.

When LDV is used to monitor movement of 
gases (e.g., gas flow in turbines) or highly trans-
parent liquids, the only reflected light will be from 
small suspended particles, if present, or otherwise 
only from very weak Rayleigh scattering from the 
fluid itself. There is fortunately a detection method 
that enables LDV to still be used in low-light cir-
cumstances. At very weak light levels, the desired 
low-noise pure-sinusoidal heterodyne signal is no 
longer present, as, due to the quantum nature of 
light, it is reduced to a stream of occasional pho-
tons, arriving at seemingly random intervals. 
Fortunately, however, all is not lost, as the arrival 
rate is not truly random, each photon having a 
time-of-arrival probability that is proportional 
to the expected amplitude of the heterodyne sig-
nal that would have otherwise occurred, had the 
light levels been higher. It is possible to recover a 
signal that is effectively equivalent to the hetero-
dyne signal by correlating the arrival times of all 
the detected photons. It is beyond the scope of this 
application chapter to describe the theory of this 
in detail. Suffice it to say that suitable correlators 
are commercially available, and they have lead to 
the availability of many practical commercial LDV 
systems, all designed for use where the scattered 
light is very weak.

16.2.1.5.3  Photon correlation 
spectroscopy

Photon correlation spectroscopy (PCS) is a method 
used for the classification of particulate suspen-
sions. It is most valuable for monodisperse (all 
particles of the same size) or nearly monodisperse 
particles. The method is very similar to LDV in 
essence, but the particle suspension is illuminated 
by a coherent source via a single-spatial-mode filter 
(a monomode fiber is a useful form of this) and col-
lected by a similar mode filter. Using a single opti-
cal fiber for both uplead and downlead, with a fiber 
directional coupler to isolate the energy in two 
light directions, we can achieve this very conve-
niently. The interference then takes place between 
scattered light components from many particles. 
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This results in a series of heterodyne signals, one 
from each of many interfering paths, when the 
particles move, all of which are seen at the detec-
tor. If the fluid is stationary, larger particles tend to 
move very little, but very small particles are subject 
to Brownian motion, as they are continually buf-
feted by the liquid molecules undergoing thermo-
dynamic motion. The smallest particles move the 
most, as they have much lower inertia, so they have 
larger heterodyne frequencies. Thus, the Fourier 
frequency components of the heterodyne signals 
at the detector depend on the particle size (to be 
more specific, the hydrodynamic radius) and the 
temperature and viscosity of the liquid.

As with LDV in gases, the signals can be very 
weak, usually so weak that the detected signal is 
just a set of arriving photons, so the processing 
is again conveniently performed using a photon 
arrival time correlator.

PCS is established as a valuable tool for exam-
ining many industrial suspensions, such as those 
in the paints, biochemistry, and photographic film 
industries. As said earlier, it is usually most use-
ful for sizing near-monodisperse suspensions, as 
otherwise the much larger signals from very large 
particles can swamp signals from the smaller ones.

16.2.1.5.4  Speckle interferometry
This is a method for determining movement of 
objects from the changes in the optical “speckle” 
pattern observed when they are illuminated by a 
coherent laser. The speckle is due to patterns of 
constructive (bright regions) or destructive (dark 
regions) interference, when an object is illuminated 
by laser light from a diffusely scattered screen. The 
seemingly random changes in the pattern when 
an object moves can be detected by cameras and 
processed to provide information on dimensional 
changes. The changing pattern gives an indica-
tion of stress or strain in mechanical systems. 
Extremely small dimensional changes, of order less 
than the wavelength of the light, cause dramatic 
changes in intensity of the pattern, which can be 
processed to recover information on the nature of 
the stresses and strains. Apart from the analytical 
data, the pictorial information provided can form 
a very valuable 2D image of static or dynamic dis-
tortion of the surface of structures, for example, a 
strained mechanical part, a medical prosthesis, or 
the outside surface of a whole automobile or air-
craft engine.

For further reading, the review paper from 
EPFL institute in Switzerland (http://nam.epfl.ch/
pdfs/113.pdf) gives an excellent description of this 
method.

16.2.1.6  OPTICAL SAFETY BEAMS AND 
CURTAINS

A wide variety of beam-interruption schemes can 
be constructed using lasers, taking advantage of 
their narrow focused beam and straight-line prop-
agation. If laser beams are directed across an open 
path to a detector, the optical link formed can, 
by sensing beam obstruction, be used to detect 
objects, vehicles, or personnel entering an area. 
This can be for purposes of safety (e.g., to warn of, 
or prevent access to, dangerous areas) or for perim-
eter security (to detect undesirable intruders). It 
can then be set to shut down potentially danger-
ous machines and/or processes or to operate alarm 
systems. Using various simple optical components, 
the beams can be reconfigured very easily. For 
example, a single beam can be redirected, using 
sets of mirrors, to totally enclose an area. In addi-
tion to single beams, “to and fro” zigzag multiple 
beams can be generated from a single laser using 
sets of reflecting mirrors to fold back the light. 
The light can simply be split into multiple beams 
using diffraction gratings or partial reflectors. 
Continuous sheets of light with essentially no gaps 
can be generated from a single laser using cylin-
drical lenses and pseudo-continuous sheets of light 
can be formed using beam scanners, although in 
these latter cases, it will usually be necessary to use 
several detectors to detect obstruction of any part 
of the pattern.

16.2.1.7  BAR CODE READING AND 
PRODUCT SCANNING

Simple bar code reading, which we all know from 
supermarket checkouts, is of one the most com-
mon uses of visible lasers. The light source is a low 
power laser which is scanned across an area to read 
a black/white bar code which has been printed on 
items to be scanned. This can be used to identify 
products or components from warehouses, on pro-
duction lines, points of final inspection or at point 
of sale. More recently, two-dimensional black 
and white dot patterns are being used to provide 
more detailed information, for example, on airline 
boarding cards.

http://nam.epfl.ch/pdfs/113.pdf
http://nam.epfl.ch/pdfs/113.pdf
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The information content of black and white bar 
codes, although of great value in many applica-
tions, is still very simple compared to the greater 
information that could be carried by printed labels 
such as these in future. Clearly, additional degrees 
of freedom (bits of information) are offered by 
3D code patterns, multicolor coding, and even 
 fluorescent labeling. For the latter, not only the 
fluorescent spectrum but also the fluorescent life-
time of the pigments could be used to carry further 
information.

16.2.1.8  INDUSTRIAL ROBOTICS

Lasers can assist robotic production in many ways. 
The first is to allow profiling of objects to be han-
dled or processed by robotic arms, using LIDAR 
and/or projected grid methods, as described ear-
lier. Optical proximity sensors can be formed 
simply by launching light into optical fibers (from 
lasers or from LEDs) and measuring the level of 
reflected light coupled back into the fiber when 
an object is close. This is a very simple sensor, 
invented ~50 years ago, but it is useful as it has a 
very large change in intensity over very short dis-
tances of order 10–100 μm, depending on the fiber 
core diameter.

Apart from these simpler sensors, a number of 
tactile pressure-sensitive optical fiber sensors are 
being developed to attempt to replicate the subcu-
taneous sensors in the human hand. For example, 
if optical fibers are bent, light is coupled out, but 
there are also many other ways of measuring strain 
in optical fibers that may eventually be used, and 
there are also many other potential methods using 
optoelectronic sensor arrays that may not use opti-
cal fibers at all.

Of course, for many aspects of robotic guidance 
and control, the ubiquitous TV camera is already 
being widely used, due to its well-established 
nature. Such uses are likely to grow as image pro-
cessing methods become ever more sophisticated.

Apart from coded labels, CCTV cameras, 
line-scan cameras, and scanned lasers can all be 
used to monitor presence, size, profile, color, and 
many other parameters of products as they travel 
through the field of view on production lines and 
conveyor belts. As industrial complexity advances, 
ever-increasing levels of detection capability and 
pattern recognition are being used to assist the 
advanced automation of manufacturing and pro-
cessing plants.

16.2.2  LED-based sensing systems 
for industry

Low-cost LEDs and detectors can form the basis of 
many types of simple industrial sensors with the 
advantage that no mechanical contact is needed 
with the target object. Although they are simple, 
they perform a wide variety of commercially 
important functions, and so are a valuable aid to 
modern industry.

For economic reasons, most industrial LED-
based sensors rely on detection of light using 
low-cost silicon detectors, which will also, particu-
larly if not covered by filters, sense ambient light. 
Fortunately, many important sensors, such as 
proximity sensors, are very short range in opera-
tion, so the LED signal easily dominates the ambi-
ent light. If ambient light is significant, optical 
filters can be used to block much of the ambient 
light energy.

Longer-range sensors may require narrower 
band light sources and detector filters and possibly 
traffic light-type hoods or baffles to reduce ambi-
ent light. For the longest paths, the systems may 
require the light source to be amplitude modulated, 
so that the intensity modulation pattern can be 
detected at the optical receiver, clearly distinguish-
ing it from the cross talk signal ambient light. For 
the highest accuracy or for very longer ranges, only 
laser sources are really suitable, as they can pro-
vide faster modulation rates, better collimation, 
and they allow narrower band filters to be used to 
reduce ambient light cross talk on the detector.

A few examples of the types of sensor available 
are described now.

16.2.2.1  OPTICAL SAFETY INTERLOCK 
SYSTEMS

Safety interlocks are a vital system component 
in many industrial areas. For example, it may be 
that a door, hatch, valve, or even multiple doors/
hatches/valves must be closed before a process 
can be safely started or a system be worked on for 
maintenance. A wide variety of electromechani-
cal switches exists for such purposes, but electri-
cal switches are notoriously unreliable, failing in 
both short-circuit and open-circuit mode. This can 
occur if contaminated with dirt, corrosive chemi-
cals, or even flooded with water. Optical beam-
breaking switches, provided the light is modulated 
in a defined manner, can only fail in “dark” mode, 
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so fail-safe systems can be designed more easily. 
It can be arranged that a potentially dangerous 
operation can only be started or continued when 
light passes through the optically operated switch. 
This can be, for example, through a physical hole, 
which is only open when a door or hatch is fully 
closed, or vice versa, if the alternative safety condi-
tion is desired. In many cases, a set of such opti-
cal switches can be cascaded, such that it is only in 
“safe” mode when light is transmitted through the 
entire system. A further advantage of using light is 
that it can be arranged for a portion of the light to 
be available for direct visual inspection by the eyes 
of an operator, if a “belt and braces” extra level of 
safety is desired. Using optical fibers to guide light 
through the arrangement clearly increases the 
ease of achieving cascaded optical beam-blocking 
switches and, if desired, guidance of a portion of 
the light for direct visual verification.

16.2.2.2  SHORT DISTANCE PROXIMITY 
DETECTORS

The technology used in short distance proximity 
detectors depends on whether the distance needs 
to be accurately measured or whether merely a 
simple indication of close proximity is needed 
(e.g., to detect the presence of a close object, or 
for a limit switch to prevent mechanical contact). 
For the latter, a very simple arrangement is pos-
sible, using a single LED chip mounted close to a 
detector on a common substrate. The light from 
the LED diverges in a forward direction, such that 
it illuminates a target object with ever-decreasing 
irradiance as distance increases. Light scattered 
back from the object returns back to the detector, 
and the signal again reduces very rapidly as dis-
tance increases. This means that even a very simple 
amplitude measurement gives a good indication of 
distance, provided the nature of the surface of the 
object is known. Clearly, specularly reflective (mir-
ror) surfaces behave very differently from diffusely 
scattering ones, and blackened objects will, in gen-
eral, reflect back less light.

If the light source and detector are equipped 
with collimating lenses, such that the emission is 
in a narrow beam, and light is only detected from 
a narrow detection, the response can be tailored 
to detect light only from a small position in front 
of the optics, where the two beams (the real beam 
from the LED and the virtual one, which defines 
regions from which light can be focused back 

onto the detector) intersect. This type of “crossed-
beam” proximity detector is very useful for detect-
ing the presence of objects in a defined region in 
front of the detector unit. It is now commonly used 
to operate water taps in washrooms and automatic 
flushes in public toilets.

16.2.2.3  MEDIUM-RANGE DISTANCE-
MEASURING DETECTORS

Medium-range distance-measuring systems can 
no longer rely accurately on sensing the amplitude 
of reflected light, as the distance errors become 
progressively larger. They therefore need to rely 
on other methods. Essentially, there are four main 
methods for this:

 1. LIDAR, which was mentioned earlier
 2. Stereoscopic camera systems
 3. Multiple “crossed-beam” sensors (using arrays 

of LEDs and arrays of detectors to form multiple 
“crossed-beams”) of the type discussed earlier

 4. LED-based time-of-flight sensors.

Stereoscopic camera systems, as the name implies, 
measure distance much as animals do, by look-
ing at objects from two displayed vantage points, 
with a computer used as the “brain” to determine 
distance. This is probably the only satisfactory 
method, apart from 3D profiling LIDAR, to mea-
sure objects having complex shapes.

If multiple “crossed-beam” sensors are used, 
distance measurement can be achieved with arrays 
of LEDs and detectors close to the focal plane of 
lenses. Only one lens is required in front of each 
array to form the desired set of multiple beams

To obtain quantitative information of objects 
of known shape and orientation, the time-of-flight 
LIDAR method is a good engineering solution, and 
LEDs can be used as cheaper alternatives to lasers 
for medium distance monitors. The light source 
is modulated with a time-repetitive signal, which 
may be a simple pulse train, an orthogonally coded 
multiple pulse train, or a sinusoidal signal, the lat-
ter two providing the best signal-to-noise ratio. 
All these LIDAR methods rely on measuring the 
optical delay of light from the light source to the 
detector (although a second reference detector can 
be used to detect the true transmitted light pattern 
and avoid errors due to delays in the light source 
and also in detection systems, assuming these are 
matched).
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In the case of pulsed systems, a boxcar-type 
correlator is used to determine the delay, whereas 
with a sinusoidal system, the phase of the signal 
is monitored. In the latter, an alternative is to use 
a phase-locked loop to vary the frequency of the 
amplitude modulation until the returning signal 
is in quadrature (90° phase difference) with the 
transmitted signal and measure the frequency at 
which this occurs.

16.2.2.4  LIQUID LEVEL SENSORS

The simplest liquid level sensors are hand-operated 
metal dipsticks and glass-viewing tubes mounted 
on the side of liquid-containing vessels. These, of 
course, are merely passive means of viewing the 
level with the human eye, so no optoelectronics is 
involved, unless the tubes were to be viewed with a 
charge-coupled device camera.

There are, however, two commonly used types 
of optoelectronic liquid level sensors. The sim-
plest uses what would normally be a retroreflec-
tive prism, attached to the far end of a simple glass 
or polymer light guide. If light from an LED is 
launched into the guide, back-reflected light would 
normally be reflected, representing a “light-on” 
state. If, however, the prism becomes immersed in 
a liquid, internal reflection is prevented by index 
matching to give a “light-off” state. (Note: A trans-
missive variant on the retroreflective prism is to 
have a glass or polymer light-guide rod bent into 
a “U” shape, where the light is guided round the 
bend by total internal reflection unless the bottom 
of the “U” is immersed in the liquid.)

These simple sensors are essentially on/off types 
only, and so are binary digital in nature. Thus, 
unless many such sensors are installed at different 
depths, it can only really detect whether a vessel is 
correctly filled to the desired level.

A more sophisticated quantitative type of level 
can be constructed using a medium-range opto-
electronic distance sensor, as described earlier. 
This is mounted above the liquid, pointing down-
ward, and so, provided the system is not violently 
shaken, the distance to the partially reflective liq-
uid surface can be measured.

16.2.2.5  OPTICAL POSITION ENCODERS 
AND TACHOMETERS

Optical position encoders are optoelectronic 
devices that can sense translational or rotational 

position using light transmission through coded 
masks. The masks are usually created by evaporat-
ing coded metal films on glass (or by etching thin 
metal sheets or continuous metal films deposited 
on glass). The idea is to produce a coded binary 
(on–off) spatial filter (rather like a regular bar 
code pattern) for transmitted or reflected light. 
Linear encoders can have parallel sets of coded 
bands extending along the length of a rectangular 
mask, with a successively finer pattern for each set 
of lines, allowing the position to be encoded in a 
multibit binary form, using light passing to sepa-
rate detectors for each of the bands. This simple 
on–off approach can be used for optical microm-
eters, provided fringes are counted from a known 
zero position.

For encoding rotational information, a series of 
concentric annular code bands are produced on a 
circular disk, and the binary code is read out opti-
cally along a radial line.

Simpler forms of the same idea are used for 
optical tachometers, where the mask on the rotat-
ing disk has a simple radial pattern with a number 
n of lines, such that the transmitted light goes on 
and off n times for each revolution of the disk. The 
same concept can be used for linear motion with 
the light going on and off n times after traversing n 
lines of the code.

In both cases, there is an alternative using the 
Moiré fringe concept, where two very fine overlap-
ping grids of slightly different spatial frequency 
are arranged to move over each other to produce 
bright–dark patterns, which change from dark to 
bright even with very small movements.

These are all simple devices, and it should be 
recognized that much higher precision could 
always be achieved by counting fringes from such 
a known zero position in a true optical interferom-
eter, as discussed earlier.

16.3  INDUSTRIAL APPLICATIONS 
OF OPTICAL SPECTROSCOPY

Spectroscopy is a powerful tool in the industrial 
environment and an essential one in the chemical, 
pharmaceutical, and petrochemical industries. The 
methods of spectroscopy were discussed at length 
in earlier chapters, so we shall not describe them in 
detail here, but rather summarize some of the most 
frequently used methods in the industrial arena.
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16.3.1  Absorption spectroscopy

Absorption spectroscopy is an important analyti-
cal tool for the chemical and material (metallurgy, 
paints, varnishes, lubricants, etc.) industries in 
particular. Analysis of materials is based on their 
electronic absorption bands (using visible and 
near-infrared (IR) instruments) or their vibra-
tional ones (using IR spectrophotometers). If many 
chemical components with different absorption 
bands are present, a signal recovery process called 
multispectral analysis can attempt to separate 
out the detection of each band. This is done by 
computer analysis of the spectral data and com-
parison with spectra of expected constituents. 
Unfortunately, this method rapidly becomes far 
less effective as more compounds are present and 
is not really useful at all if the possible compounds 
have very similar (e.g., same chemical family) or 
very broad absorption spectra.

There are many manufacturers making instru-
ments, from simple colorimeters to very large 
laboratory instruments, and many of these offer 
optical fiber probes to measure samples online. The 
method cannot easily be used with highly scatter-
ing (turbid) samples, unless they can be immersed 
in refractive index-matching oils.

Most early absorption spectrophotometers were 
based on broadband incandescent sources (or gas 
discharge lamps for the ultraviolet region) and 
used a scanned grating spectrometer to filter the 
light to a narrow linewidth signal of variable wave-
length. These are still the norm for the great major-
ity of applications, but a few advanced instruments 
improve signal-to-noise ratio by using other more 
intense tunable-laser sources or new synthetic 
broadband sources, such as super-continuum, 
laser-pumped fiber sources.

Almost all current spectrophotometer instru-
ments also improve the signal-to-noise ratio by 
measuring many wavelengths simultaneously, 
using one of two main methods:

 1. A grating spectrometer with a low-noise 
detector array in the focal plane, each detector 
therefore measuring simultaneously at a differ-
ent wavelength.

 2. A scanned interferometer filter, usually of a 
Fabry–Perot or Michelson type, with the entire 
throughput light then incident on a single 

detector. This produces an intensity-modulated 
signal, which requires a Fourier transform to 
be performed on the temporal variation of the 
signal. This is given the name of “fast Fourier 
transform spectroscopy” or FFT.

Method 1 can only be used to significant advan-
tage in the visible and near-IR region, as it is only 
there that really sensitive, high-resolution detec-
tor arrays are readily available. Thus, FFT tends to 
be the preferred method for the IR region, which 
often needs more sophisticated cooled detectors.

The reader is referred back to the chapter on 
spectroscopic analysis for more details on such 
instrument aspects.

Absorption spectroscopy is also very important 
for optical gas detection, a topic dealt with another 
part of this same applications in Chapter 6.1.

16.3.2  Reflection spectroscopy

Reflection spectroscopy is useful for monitoring 
the external surface of materials and is particu-
larly useful when examining opaque or translucent 
items. It can be performed by monitoring specu-
lar reflection from flat surfaces, or diffuse reflec-
tion from rough or powdery surfaces. Therefore, it 
has many uses for quality control in the food and 
pharmaceutical industries. A variation, frustrated 
total internal reflection spectroscopy is where 
reflection from an optical interface between a glass 
surface and the analyte material is measured. Light 
is usually launched into a prism and the exiting 
light, which would normally undergo complete 
internal reflection is analyzed. Measurable spec-
tral variations occur with very highly absorbing 
compounds. The method is particularly useful for 
analyzing compliant materials such as polymers 
or food, where the material can be pressed against 
a hard glass prism (or vice versa) to provide close 
optical contact over the measurement area.

Both these types of reflection spectroscopy can 
be performed with color cameras. Normal reflec-
tion spectroscopy is from a distance, for example, 
to examine items as they pass by on conveyor 
belts in production lines. This can enable faulty 
or contaminated products to be identified by their 
color (including IR or UV spectral variations, if 
desired), and so is a very useful tool for quality 
control.
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16.3.3  Fluorescence spectroscopy

Fluorescence spectroscopy is a very useful tool for 
analysis of some types of materials, as it can be 
used with diffusely scattering samples. Thus, it can 
be used for surface analysis of materials, regardless 
of whether they are rough or smooth. It involves 
exciting the material with short wavelength light 
(usually at wavelengths well below 1 μm) and 
observing the reemitted fluorescent light.

One of the big practical attractions of fluores-
cence is that it is not affected by elastic scattering 
(light scattered at the same wavelength as the inci-
dent laser light) due to the internal optical filter-
ing of the detection system in the instrument that 
rejects incident light wavelengths. Because of the 
short wavelengths usually used (visible and near-
IR), fluorescence analysis is compatible with optical 
instruments such as microscopes and telescopes.

A big disadvantage is that only a limited num-
ber of materials exhibit strong fluorescence, for 
example, chlorophyll and several other biologi-
cal specimens; several natural and mineral oils, 
particularly aromatic compounds with benzene 
rings, various organic dyes; some gemstones, 
such as ruby; glasses containing certain transition 
and rare earth compounds; and many common 
semiconductors.

Because of this disadvantage, many fluorescent-
monitoring systems involve the use of added trac-
ers, usually highly fluorescent organic dyes such as 
fluorescein or rhodamine, to materials that would 
otherwise not fluoresce. These dyes can, for exam-
ple, be used to help to track flow of water in streams 
and rivers, detect leaks in plant, mark organic or 
biological specimens for microscopic analysis, and 
place identification markers on products on a pro-
duction line to facilitate easy tracking through the 
factory.

A useful advantage of fluorescence is that the 
reemitted light has a significant time delay before 
it is re-emitted, and this delay can vary from nano-
seconds (e.g., for many organic dyes and semicon-
ductors) to several hundreds of microseconds in 
chromium-doped alexandrite crystals and some 
Nd-doped laser glasses. It can extend to several 
milliseconds in ruby crystals (chromium-doped 
sapphire). Some fluorescent phosphors have yet 
longer lifetimes, particularly, the phosphorescent 
materials used in luminous watches, which can 
store optical energy for hours.

Because of this huge time variation in the 
fluorescent reemission, individual components 
in an analyte can often be separated in the time 
domain, even if they might otherwise have similar 
excitation and absorption spectra. This separation 
process is called time-resolved fluorescent spec-
troscopy. Using the three separate parameters of 
absorption spectrum, fluorescence spectrum, and 
fluorescent time delay, it is possible to separate out 
most fluorescent components likely to be in an 
analyte in an effective manner.

16.3.4  Raman spectroscopy

Raman spectroscopy observes laser light that is 
scattered inelastically from compounds. It involves 
a photon energy change due to photon–phonon 
interactions, resulting in light being reemitted at 
shorter (anti-Stokes) and longer (Stokes) wave-
lengths than the incident light.

Until recently, Raman spectroscopy was a highly 
expensive and sophisticated analytical procedure, 
which was only feasible in well-equipped analytical 
laboratories, as it needed very large and expensive 
high-power lasers (usually argon ion lasers) and 
similarly large and expensive grating spectrom-
eters with photomultiplier detectors. However, the 
rapid evolution of compact high-power semicon-
ductors, solid state and optical fiber-based lasers 
along with compact spectrometers using sensitive 
semiconductor detectors has totally changed the 
practicality of the method.

One of the big practical attractions of Raman 
scattering is that it is, like fluorescence spectros-
copy, not affected by elastic scattering (light scat-
tered at the same wavelength as the incident laser 
light). It can therefore be used to analyze tur-
bid and translucent materials, medical tablets, 
many powders, etc., as any elastically scattered 
(non-wavelength-shifted) incident light is easily 
removed with internal optical filtering.

It can also be used for surface analysis of mate-
rials, again regardless of whether they are rough 
or smooth.

Unlike fluorescence, almost all compounds 
exhibit Raman scattering, so its analytical appli-
cation is far wider in scope. There are other fun-
damental physical advantages enabling a visible 
or near-IR laser to probe vibrational bands, which 
would normally correspond to much longer IR 
wavelengths. It also has different “selection rules” 
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for the types of absorption that can be monitored, 
making it complementary to the normal method of 
absorption spectroscopy.

Raman spectroscopy is now a widely used 
industrial tool, extensively applied to analyze all 
types of material from semiconductors, pharma-
ceutical tablets and powders, polymers, food and 
dairy produce, and many more. Because it operates 
at shorter wavelengths than IR absorption meth-
ods, it is compatible with optical microscopes, 
and so can perform microanalysis of samples 
containing many different types of particles or 
microstructures.

16.3.5  Photon correlation 
spectroscopy

This method was discussed in detail earlier 
because of its similarity (not only in its operat-
ing principles but also in its hardware and signal 
processing equipment) to the technique of LDV. 
Hence, it will not be discussed further here. (It is 
mentioned again only because of use of the word 

“spectroscopy” in the name for this technique.) 
As stated earlier, it is a valuable tool for examin-
ing many industrial suspensions, such as those in 
the paints, biochemistry, and photographic film 
industries.

16.4  CONCLUSIONS

We have explained the ways that lasers and LEDs 
(and for spectroscopy, some other broadband light 
sources) can be used in industrial applications. 
As component availability improves and costs 
reduce, such optoelectronic systems are becom-
ing ever more commonplace. As humans, we use 
our eyes as our primary sensing method, so it is 
hardly surprising that optics is so valuable for 
instrumentation.
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17
3D Printing applications

CANDICE MAJEWSKI
University of Sheffield

17.1  INTRODUCTION

Three-dimensional (3D) printing (3DP) is an 
umbrella term for a variety of additive manufac-
turing processes, where a 3D object is built up 

one layer at a time (see Figure 17.1). The layers 
are programmed from a computer-aided design 
(CAD) model, which consists of many discrete 
two-dimensional (2D) layers to represent the 
object. Part manufacture is carried out without 
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alternative terminology      aPPLICatIONS

Although this group of technologies is most 
commonly known as 3DP, a number of other 
terms are often used interchangeably, for 
example,

 ● Additive manufacturing (formal American 
Society for Testing and Materials [ASTM] 
definition)

 ● Additive layer manufacturing
 ● Direct digital manufacturing
 ● Freeform fabrication
 ● Layer manufacturing
 ● Rapid prototyping/manufacturing
 ● Tool-less manufacturing

Applications of 3DP can be found through-
out almost every industry. Although there are 
too many of these to include here, examples 
include the optimization of part geometries 
within the aerospace and automotive industries 
(e.g., to reduce weight and/or improve perfor-
mance) (Figures 17.2 and 17.3), the production 
of personalized medical aids (Figure 17.4) and 
implants (prostheses), production of tools and 
devices to assist manufacturing operations, or 
production of fashion items such as clothing or 
jewelry (Figure 17.5). In some cases the CAD 
models for these can be produced directly from 
optoelectronic scanning of real objects.
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the requirement for any form of additional tool-
ing, opening up possibilities for cost-effective pro-
duction of personalized parts. The layer-by-layer 
nature of the process also allows efficient produc-
tion of substantially more complex geometries 
(including ones with internal closed cavities) than 
possible with more traditional techniques such as 
injection molding.

17.2  3DP PROCESSES USING 
OPTOELECTRONICS

A variety of methods fall under the umbrella of 
3DP, including a variety of different material types, 
in a range of forms. Traditionally, there has been 
no unanimous method of classifying systems, 
with various methods of categorization includ-
ing feedstock type (powder, resin, laminates, 
etc.), processing method (e.g., laser-based, jetting, 
lamination…), speed, cost, and numerous other 
distinctions. The ASTM recently provided a stan-
dardized set of classifications (Table 17.1).

Within these categories, a number of processes 
involve the use of optoelectronics. The most prom-
inent of these are discussed here.

17.2.1  Material jetting

Material jetting processes involve the selective 
dispensation of droplets of liquid material, nor-
mally through an ink-jet print-head, onto a sub-
strate. These droplets then solidify to form the 
final part.

Some processes allow the use of materials (e.g., 
waxes), which are deposited in a semimolten state 
and solidify as they cool, whereas others involve 
the use of photopolymer materials, which are 
optically cured by an ultraviolet lamp, directly 
following their deposition. This latter method 
causes a photochemical change within the part to 
produce the desired properties. Subsequent lay-
ers are built up until the final part is produced. 
Some systems in this category offer the advantage 
of jetting two separate materials simultaneously, 
allowing mixing of constituents in varying pro-
portions. This allows the production of support 
structures for overhanging areas (subsequently 
removed through a variety of methods) or parts 
having variable materials properties and/or col-
ors throughout.

Figure 17.2 Lightweight, optimized, engine 
block. (Image courtesy of Autodesk, Inc.)

Figure 17.3 3D blade geometry via 3DP. (Image 
courtesy of EOS GmbH.)

Figure 17.1 Layer-by-layer process of 3DP.
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17.2.2  Powder bed fusion

Powder bed fusion relies on inputting thermal energy 
to melt selected cross-sections of a powdered mate-
rial (both polymers and metals can be processed 
within this category). These melted regions solidify 
upon cooling, whereas the remainder of the build 
volume remains as a powder surrounding the part(s).

The majority of powder bed fusion processes, 
including Laser Sintering and Selective Laser 
Melting, use a directed laser beam in order to pro-
vide the required input energy in the desired cross-
section (see earlier subchapter by Paul Harrison). 
Infrared energy can also be used to achieve the 
desired melting, as in the case of the High Speed 
Sintering process (Figure 17.6). This process prints 
a radiation-absorbing “ink” onto the powder bed, 
immediately followed by heating using an infrared 
lamp. Printed areas absorb enough energy to melt 
the powder beneath them, whereas unprinted areas 
remain as powder.

In addition to these methods, an electron beam 
can also be used to provide the desired thermal 
input (Electron Beam Melting).

Figure 17.4 Personalized 3DP wrist splint (CAD modeling and final part). (Image courtesy of Dr. Abby 
Paterson, Loughborough University.)

Figure 17.5 3D printed pendants produced 
on a Cooksongold Precious M080 3D printer 
and the Jewellery Industry Innovation Centre, 
Birmingham City University. (Parts designed 
by Lionel T Dean and polished by Finishing 
Techniques, Ltd., and the Jewelle.)
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17.2.3  Directed energy deposition

Directed energy deposition also relies on the use of 
thermal energy; in this case, a high-energy beam is 
used to melt the build material during its deposi-
tion. Processes such as laser-engineered net shap-
ing and direct-metal-deposition produce parts by 
melting a metal powder as it is deposited to form 
a melt pool, which then solidifies as the focused 
beam is moved on. Although there are a number of 
companies producing equipment in this category, 
the use of these processes is substantially lower 
than that of powder bed fusion processes.

17.2.4  Vat photopolymerization

Processes in this category produce parts by induc-
ing a chemical change within a vat of photopoly-
meric resins. Several of these processes utilize 

lasers to scan each 2D cross section, whereas others 
use 2D digital light image projection to cure whole 
layers in a single pass. Multiphoton polymeriza-
tion is an emerging method within this category, 
capable of producing nanosized features (e.g., for 
use as nerve guides).

17.2.5  Sheet lamination

Sheet lamination involves the stacking and join-
ing of cross-sections of sheet material. Processes 
within this category range from stacking and 
bonding layers of paper through to ultrasonically 
welding metal foils. The majority of these processes 
use mechanical methods to cut an outline, but in 
some cases a laser may be used to produce the 
desired cross-section.

17.3  OTHER APPLICATIONS 
RELEVANT TO 3DP

Outside of the processing method itself, optoelec-
tronics can be found within a range of other stages 
of the overall manufacturing process. Although it is 
not practical to include every situation in which they 
are used, the following sections provide a range of 
relevant examples of the most predominant areas.

17.3.1  Preprocess

A number of operations take place prior to the 
manufacturing stages of any 3DP process, includ-
ing data preparation and quality checks on the raw 
materials for the process.

Figure 17.6 High Speed Sintering process. 
(Image courtesy of The University of Sheffield.)

Table 17.1 Classification of 3DP systems

Category Description

Binder jetting Liquid bonding agent jetted onto required cross section of 
powdered build material

Material jetting Liquid build material jetted to create cross section directly
Powder bed fusion Thermal energy (e.g., laser) selectively fuses powdered build 

material
Directed energy deposition Thermal energy melts build material directly as it is 

deposited
Vat photopolymerization Liquid photopolymer selectively cured by laser or light 

source
Material extrusion Build material is extruded through a nozzle or other orifice
Sheet lamination Sheets of material bonded or fastened to form finished part
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17.3.1.1  PRODUCTION OF 3D DATA

The standard method of producing 3D data for 
these processes is through the use of specific 
CAD software to design an object from scratch. 
However, the ability to produce a reliable model 
from an existing master object has benefits in a 
wide range of applications; for example, the ability 
to produce representations of existing components 
that have no CAD data available or representations 
of hand-crafted objects. Further benefits arise 
when considering the personalization of clothing 
or other objects to be fitted to the human body.

Although it is possible to obtain a fairly accu-
rate representation of an object through physi-
cal measurement of all dimensions, this becomes 
highly inefficient when considering highly com-
plex components or organic geometries such as 
the human body. In some cases (e.g., rare or cul-
turally significant historical objects), physical han-
dling must remain at a minimum, and noncontact 
methods must be used. In these situations, the use 
of noncontact scanning methods to produce a 3D 
CAD replica of the object is invaluable.

Once the scan data have been captured and 
processed, it may then be used to create an exact 
replica of the original item, or to add, subtract, or 

modify features as required. In the case of objects 
personalized to the human body, the data would be 
used as a base for the design of the overall object. 
Applications of this are varied, ranging from per-
sonalization of toys and novelty items through to 
the production of conformal textiles (Figure 17.7) 
for both fashion and personal protection scenarios, 
and the manufacture of personalized prosthetics 
and medical footwear, etc.

A variety of scanners and methods are avail-
able, ranging in terms of price and complexity. An 
increasing number of hand-held scanners are now 
available for the general public, including a clip-on 
structured-light scanner for iPhones, which makes 
use of the phone’s in-built camera to capture the 
3D data. At the opposite end of the size range, large 
scanners are available to capture full-body scans of 
individuals (see Figure 17.8).

17.3.1.2  TESTING OF RAW MATERIAL

The quality of the base material, which feeds into a 
3DP process, is critical to the resultant part quality 
achieved. A variety of different characteristics may 
be measured, via a number of techniques, in order 
to ensure the quality and consistency of a particu-
lar material batch.

Figure 17.7 Generation of conformal textile geometry-individual “links” is mapped to a uni-
form,  equidistant mesh, draped over a scanned geometry. (Image courtesy of Dr. Guy Bingham, 
Loughborough University.)

Figure 17.8 CAD model created from full-body 3D scan. (Image courtesy of Ahsan Khan, Code3D.)
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Of particular interest here is the use of lasers 
in particle size analysis for powder-based systems. 
An incorrect size distribution can lead to a lack 
of part strength (e.g., through formation of voids 
within the final part), or in some cases build fail-
ure (e.g., excessively large particles causing disrup-
tion during recoating). Laser diffraction analysis 
involves monitoring of diffraction patterns from 
a laser beam passed through a suspension of the 
particles and subsequent calculations of size range 
and distribution.

Scanning electron microscopy, which produces 
extremely high-resolution images through the use 
of a focused beam of electrons, can also provide 
crucial information, in terms of both examining 
particle morphology (Figure 17.9) and understand-
ing the internal structure of a finished part.

17.3.2  Process monitoring

A number of current 3DP processes use opto-
electronics for process monitoring, with the use 
of infrared sensing particularly prevalent for 

processes requiring preheating of raw material 
prior to, and during, part production. For exam-
ple, the Laser Sintering process uses a pyrometer 
to measure powder temperature during its preheat 
and build stages, whereas in High Speed Sintering, 
an infrared camera performs the same task. The 
use of these sensors to control the quantity and 
uniformity of heating can provide substantial ben-
efits in terms of repeatability and reliability. Future 
developments are likely to focus on use of sensors 
and cameras to analyze part quality on a real-time 
basis throughout a build, with closed-loop control 
to rectify any errors during the process.

17.3.3  Postprocess

17.3.3.1  PART FINISHING

There are several reasons why some form of post-
production part-finishing is required when using 
3DP. For many 3DP techniques, the layer-by-layer 
process, in combination with the build process 
itself, can lead to a relatively rough surface in one 
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Figure 17.9 Scanning electron microscope image of laser sintering powder. (Image courtesy of 
Eastman Chemical Company and produced by Dr. Thomas Smart.)
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or more orientations. Certain processes may use 
optical energy to provide some form of surface 
treatment. For example, it is possible to smooth the 
surface of a metal part by scanning of the surface 
with a high-energy laser. This remelts a small layer 
of material, following which surface tension effects 
assist in producing a smooth surface.

Other processes, such as stereolithography, 
require posttreatment in an ultraviolet oven in 
order to complete the curing process and provide 
the required properties.

17.3.3.2  QUALITY CONTROL AND TESTING

As with the majority of manufacturing processes, 
certain checks (geometric accuracy, part strength, 
etc.) may be required in order to ensure the final 
part is fit for purpose. Specific examples may 
include the following:

 ● Tensile testing Tensile testing involves 
gripping a specimen between two clamps and 
“stretching” it until it breaks. Various param-
eters are recorded, including the extension at 
break. Laser extensometers can be used as an 
alternative to the standard method of measur-
ing extension through the physical attachment 
of two devices to the test specimen. This can 
provide an effective noncontact method of 
measuring materials, which may damage, or 

be damaged by, a physical “clip-on” method, 
as well as preventing inaccuracies, which can 
occur when a specimen “slips” during the test-
ing process.

 ● Surface roughness Traditional methods of 
measuring the roughness of a part or compo-
nent involve the measurement of a single line 
by lightly dragging a stylus along a section of a 
surface. Although there are some noncontact 
methods of achieving this same result, this 
remains a relatively inefficient and inaccurate 
method for assessing large areas. Optical tech-
niques such as interferometry or structured 
light scanning are now increasingly prevalent 
in 3D surface imaging systems, providing 
faster and more accurate coverage of much 
larger surface areas.

 ● Accuracy Depending on the exact 3DP 
technique used, inaccuracies in the process 
itself, or other factors such as shrinkage during 
cooling, can lead to differences between the 
geometry specified in the original CAD file 
and the part itself. Scanning techniques such 
as those described in Section 3.1.1 may also be 
used to analyze the geometric accuracy of a 
finished part (Figure 17.10). Scan data are cap-
tured from the object, from which the differ-
ences between these data and the original CAD 
data are calculated. This in turn allows the 
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user to identify whether the part falls within 
acceptable tolerances and any particular areas 
of concern.

 ● Microstructural analysis In many cases, it 
is desirable to perform nondestructive testing 
of parts or components. The internal micro-
structure of a part can provide a good indica-
tion of its mechanical strength, and a number 
of methods can be used to examine this. A key 
example of how optoelectronics can assist in 
this task is through X-ray computed tomogra-
phy (CT), whereby a series of 2D X-ray images 
can be combined to give a 3D model of an 
object. Although this process is predominantly 
used as a form of medical imaging, the use of 
micro-CT (higher-resolution imaging than 
standard CT) can enable a close-up inspection 
of the internal structure of a component with-
out the need for destructive testing methods.

17.4  CONCLUSION

It is clear that 3DP is a highly disruptive manu-
facturing technology, the importance of which is 
growing rapidly. It can be seen that optoelectron-
ics plays an increasingly important role in many 
3DP-related areas, within the manufacturing 
processes themselves, in postproduction surface 
treatments, and in other applications to assess the 
overall quality of the parts they produce. It can be 
expected that this trend will continue as improve-
ments are made to existing methods and new 
techniques are developed. In particular, the use of 
optoelectronics in process monitoring and control 
is likely to be a key area for the integration of these 
two areas in the future.
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Fiber optical sensors for monitoring 
industrial gas turbines

RALF D. PECHSTEDT AND DAVID HEMSLEY
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18.1  INTRODUCTION

Gas turbine (GT) engines are widely used for aircraft 
and marine propulsion, electrical power generation, 
and fuel gas compression and distribution. There 
continues to be intensive industrial and academic 
interest in optimizing GT design and operation 
to increase fuel efficiency and to reduce pollution 
together with increased fuel flexibility under greater 
variable loads and ramp rate conditions [1]. The 
combustion concepts introduced to respond to these 
demands are prone to generating instabilities in 
the GT compressor and combustion systems [2,3], 
which can lead to potentially catastrophic events 
such as surge and stall. Fiber optical sensor (FOS) 
technology is now becoming available that is capable 
of providing critical real-time information regarding 
the onset of combustion instabilities in the hitherto 
inaccessible region of the GT combustor.

The environmental challenges in GT combus-
tors are considerable. Sensors have to withstand 
temperatures that may exceed 1000°C at pressures 
up to 60 bar, while having the sensitivity to detect 
pressure fluctuations of sub-millibar levels at gas 
pressure oscillation frequencies up to and beyond 
tens of kilohertz. To date, industry standard sens-
ing solutions for dynamic pressure measurements 
in GT combustors have mainly relied on piezoelec-
tric transducers, predominantly mounted at ambi-
ent temperatures and linked to the combustor via 
a “semi-infinite” tube. This very practical solution, 
however, suffers from dynamic pressure frequency 
response and sensitivity limitations when used to 
detect the onset of these combustion instabilities 
and is impracticable in the engine nacelle of an 
aircraft where electromagnetic immunity (EMI) 
considerations add to the environmental challenge 
imposed on these electronic sensors. Maintenance 
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and reliability issues can also arise from condensed 
water freezing in the semi-infinite tube and poten-
tially creating a leak path.

GT exhaust temperatures are normally mea-
sured using thermocouples. However, the need 
for radiation shielding and mechanical protection 
reduces their spatial resolution and sensitivity 
due to the thermal mass of the sleeves to a point 
where the data are of limited use to compare, for 
example, the combustion temperature profiles 
between cans. Indeed, if it were possible, direct 
combustor gas temperature measurement would 
be of great value in both the development and 
commercial use of GTs, but this is often beyond 
the capabilities of the ubiquitous thermocouple, 
particularly with respect to its maximum operat-
ing temperature. Measuring the exhaust gas tem-
perature instead creates uncertainties regarding 
which can is responsible for temperature varia-
tion due to the angular shift of the temperature 
profile as the gas travels down the engine. There 
are further concerns regarding the drift behavior 
of thermocouples at higher temperatures [4] and 
the increased number of wires required for high-
density profiling.

FOS has an intrinsic advantage in that it spa-
tially separates the optoelectronic readout unit 
(interrogator) and the passive optical sensor head 
of the gauging system using fiber optical cables. 
The nonelectrical sensor head, manufactured 
from super resistant materials, can be placed in 
the gas boundary layer for direct measurement 
of single-point dynamic pressure, static pressure, 
and temperature using Fabry–Perot (FP) based 
transducers. For multipoint temperature mea-
surements, silica-based fiber Bragg grating (FBG) 
sensors systems can be employed, albeit at some-
what lower temperatures [5]. Immunity to EMI 

is facilitated by the dielectric nature of the fiber 
optical cable links. These emerging FOS solutions 
provide the potential for robust multi-measurand 
measurement capabilities for in situ real-time mea-
surement of key combustion parameters in com-
mercial GT applications. This chapter outlines the 
measurement principles and provides a summary 
of selected applications.

18.2  THE SENSOR

The operational temperature requirement is very 
restrictive on the material choice for the sensor 
head. Indeed, sensor solutions are restricted to 
passive optical devices that can be fabricated from 
super resistant materials such as sapphire (alumi-
num oxide crystal) and inconel (proprietary nickel 
chromium alloy). These materials will retain ade-
quate mechanic properties at elevated tempera-
tures, as demonstrated recently for a monolithic 
sapphire-based transducer element [6]. The optical 
transducer structure based upon an FP etalon pro-
vides a practicable scheme for monitoring dynamic 
pressure, static pressure, and temperature, all from 
the same sensor head, simultaneously if required. 
Schematically, the transducer element is depicted 
in Figure 18.1a.

Typically, pressure sensors consist of an optical 
structure that has a pressure-sensitive diaphragm 
with a vacuum cavity formed behind by parallel 
boundaries. Light incident from the right-hand side 
(the back) of the sensor reflects from the various 
optical boundaries and can be made to interfere. 
The intensity of the interference fringes depends 
on the optical path difference (OPD) between the 
reflected beams; the maximum intensity occurs 
when this OPD is an even number of wavelengths 
of the incident light.

Diaphragm

(a)

Pressure

Base

1 2 3

(b)

Figure 18.1 (a) Schematic of transducer. (b) Photograph of sensor head.
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It can be seen from Figure 18.1a that pressure 
can be measured from the interference between 
beams 1 and 2 (because the intensity will depend 
on the diaphragm deflection in relation to the 
base) and that temperature can be measured from 
beams 2 and 3 (because the intensity will now 
depend on the thermal expansion of the base). 
A photograph of a packaged sensor structure 
designed for GT combustors that embodies these 
principles is shown in Figure 18.1b. The optical 
transducer element is located in an inconel casing 
and held in place by a high-temperature seal. The 
optical fiber is introduced from the back to illu-
minate the FP cavity and to collect and transmit 
the reflected light. The entire light path is inter-
nal so the sensor is immune to contamination 
of the pressure-sensitive diaphragm on the front 
face. There is, however, a temperature limitation 
of ∼750°C when using fiber optical cable for light 
transmission and data communication. This limi-
tation is overcome by making use of the natural 
temperature gradient outside the GT combustion 
chamber provided by the cooling air, enabling hot 
gas pressure measurements of up to 1000°C at the 
tip of the sensor.

18.3  THE INTERROGATOR

The interrogator is the optoelectronic readout unit 
that is connected to the sensor via a fiber optical 
cable. It illuminates the sensor with infrared light, 
detects the reflected signal, and transforms this 
information into a calibrated analogue electrical 
signal whose voltage is proportional to the param-
eter being measured.

The precise nature of the returned signal is 
determined by the OPD variations between the 
various optical boundaries within the sensor in 
relation to the incident wavelengths of light. One 
possible approach is to make use of the intensity of 
the reflected interference pattern, which changes 
in proportion to the change in OPD as the dia-
phragm moves in response to dynamic pressure 
changes. The corresponding reflected intensity as 
a function of cavity size is shown in Figure 18.2a. 
At the steepest part of the curve, the intensity var-
ies approximately linearly with diaphragm deflec-
tion, enabling a calibrated intensity to be used as 
a pressure gauge. However, any intensity changes 
not due to diaphragm movement introduce mea-
surement errors, especially when used outside 
a laboratory environment. For example, in GT 
applications, additional losses due to fiber bend-
ing can be caused by the usually severe vibration 
levels present.

This limitation may be overcome by using the 
signal processing scheme shown in Figure 18.2b. 
In this scheme, the sensor is illuminated by two 
different wavelengths of light simultaneously [7]. 
The light reflected back from the sensor vacuum 
cavity is separated into the two wavelength com-
ponents and the amplitude of each is measured 
separately. The ratio of the two intensities is then 
calibrated against pressure. Because many of the 
factors that will affect the reflected intensity other 
than diaphragm movement will equally affect 
both wavelengths, the intensity ratio remains 
largely unchanged. In addition, due to its simple 
setup and minimal signal processing, a large sig-
nal bandwidth can be achieved. A simultaneous 
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Figure 18.2 (a) Return intensity from sensor. (b) Schematic of interrogator.
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temperature measurement function can be added, 
providing additional static pressure information 
and a more accurate dynamic pressure calibra-
tion factor [8]. Other interrogation schemes are 
also viable such as those reviewed [9].

18.4  APPLICATIONS

Four GT applications of FOS are presented. They 
are all aimed at either demonstrating the viability 
of the fiber optical sensing approach or gathering 
data to demonstrate the long-term reliability of 
the sensor solutions. The three pressure measure-
ment applications include a high-pressure com-
bustor test facility and 7–300 MW GT electrical 
power plants. A summary of the diverse applica-
tions of FBG-based temperature sensors for mul-
tipoint measurements throughout the engine is 
also given.

18.5  FIBER OPTICAL DYNAMIC 
PRESSURE SENSOR 
ENDURANCE TESTS IN A 
SIEMENS 300 MW SGT5–
4000F COMMERCIAL GT 
COMBUSTOR

The FP optical structure as the sensitive element for 
dynamic pressure measurement is presented to the 
GT using the configuration shown in Figure 18.3.

Optical dynamic pressure sensors are linked 
to a remote optoelectronic interrogator by fiber 
optic cables, and the system confers the following 
advantages:

1. Combustion instability measurements are 
made closer to the event. Indeed, the front 
face of the sensor can be mounted flush to 
the inside of the combustor for maximum 
sensitivity.

2. Higher frequency content can be measured 
because the acoustic signal is not attenuated by 
a connecting tube.

3. Immunity to electromagnetic noise.

An example of such an installation is on a Siemens 
SGT5–4000F (V94.3) at RWE’s 1.3 GW Combined 
Cycle Gas Turbine CCGT Station at Didcot, 
Oxfordshire, United Kingdom (Figure 18.4). 
Optical pressure sensors were fitted to two loca-
tions: in the exhaust thermocouple lance and on 
the burner flanges. The sensor location tempera-
tures are between 400°C and 550°C.

The availability of dynamic pressure data 
obtained directly from the GT compressor, com-
bustors, and exhaust stages provides the potential 
to develop instrumentation to mitigate combus-
tion instabilities caused by the interaction of fluc-
tuating heat release of the combustion process with 
naturally occurring acoustic resonances. These 
interactions can produce high-frequency pressure 
oscillations within the combustor that can lead to 
very costly mechanical failure. 

The 3-year sensor system deployment at Didcot 
Power Station in their Siemens SGT4000 engines 
has proved that the sensors can survive engine con-
ditions for considerable periods of time and that 
recorded dynamic pressure data agree well with 
legacy sensors and expected results. An example of 
the dynamic frequency map as a fuction of time 
during the engine shutdown is given in Figure 18.5.

The optical sensors were recalibrated and then 
returned to service when the GT was taken offline 
for overhaul, with different sensors fitted at differ-
ent times and the longest continuous run lasting 
in excess of 10,000 h. The data from the pre- and 
postcalibration performed by independent organi-
zations are given in Table 18.1. This series of FOS 
trials forms part of the process of building confi-
dence in the durability and fidelity of the optical 
technology.

Existing
~500°C

Compressor air
500°C

~50°C
Existing

Optical
700°C

Optical
> 1000°C

1500°C+

TET
1400–1700°C

Figure 18.3 Possible locations of optical pressure 
sensors in a GT.
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Sensor installed in burner
location

Interrogator located in control room, connected to
sensor via optical extension cable. National instruments
PXI chassis for data acquisition (~1TB/month)

Figure 18.4 FOS installation at Didcot power station.
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Figure 18.5 Recorded dynamic frequency map during engine shutdown.

Table 18.1 Long-term variation of calibration factor

Sensor serial number
Fired hours between 

calibrations

Pre- and post-didcot 
calibration variation 

(oxsensis) (%)

Pre- and post-didcot 
calibration variation 
(independent) (%)

EG192 10,580 4.8 4.2
EG360 7,100 2.5 4.6
EG363 7,100 2.4 1.7
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18.6  FOS FOR CARBON 
EMISSION REDUCTION ON 
3.9–5.3 MW COMMERCIAL GT 
GENERATORS

GT combustion instrumentation necessarily varies 
with plant size and complexity. Large engines, with 
high capital values, can support more expensive 
solutions than small engines, of which the Centrax 
KB5/7 class is a competitive example. The sub-6 
MW class of industrial GTs is frequently not fitted 
with production combustion instrumentation. A 
conservative approach is taken to control settings 
on the production test bed, and then the “safe-set” 
engine is dispatched. The consequence of this is 
that performance and emissions are not optimized, 
and if combustion instability does occur in service, 
it may not be noticed until engine damage occurs. 
Figure 18.6 shows a comparison between an intact 
burner assembly and a damaged burner assembly 
on another, larger, industrial GT type due to com-
bustion instabilities [10].

The availability of dynamic pressure sensor 
instrumentation is therefore essential to ensure 
and maintain the reliability and safety, as well as 
the efficiency of new and existing engine compo-
nents. However, piezoelectric transducer systems 
cannot, as yet, be relied upon to provide reliable 
long-term dynamic pressure data at high tem-
peratures. Effort is therefore being aimed at FOS 
to bridge the temperature capability gap in pres-
sure measurement above 700°C, and robust optical 
pressure sensor systems operating at 1000°C with 
multi-measurand capability (ΔP, P, and T) are 
beginning to emerge.

These FP-based optical pressure transducers 
have been deployed on medium-sized industrial 
GTs with the aim at demonstrating longer life and 
higher fidelity measurements than are possible with 
equivalent piezoelectric transducers. Long-term 
deployment of the new sensor on commercial Lean 
Premix Combustion systems will deliver better 
control of the combustion systems, cleaner combus-
tion with consequent reduction in NOX emissions. 
The FOS technology addresses sensor durability 
by forming the sensor element from high melting 
point (2053°C) Sapphire material possessing excel-
lent mechanical and anticorrosive properties.

An example of dynamic pressure data that were 
extracted from a GT engine test-bed rig is pre-
sented in Figure 18.7.

Close agreement is observed between the low-
frequency dynamic pressure measurements using 
both fiber optical and piezoelectric transducers, 
noting that the optical system is not picking up 
the 50 Hz electromagnetic noise signal from the 
mains power supply. Long-term testing will pro-
vide the data required to support the commercial 
and safety case for commercial deployment of this 
new sensor technology.

18.7  DYNAMIC PRESSURE 
FREQUENCY RESPONSE 
IMPROVEMENT IN A HIGH-
PRESSURE COMBUSTOR TEST 
RIG

The experiments were carried out in the high-
pressure combustor test rig at the DLR Institute of 
Combustion Technology in Stuttgart, Germany [11]. 

(b)(a)

Figure 18.6 Burner assembly: (a) intact and (b) damaged.
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The combustors can be operated with different types 
of fuel such as natural gas (NG), “off-spec” NG, syn-
gases, and hydrogen, as well as blends of these. The 
main air can be electrically preheated up to 725°C. 
Several pressure transducers are normally installed 
to record the static pressure in the combustion 
chamber and pressure drops across the intake and 
the burner. The data acquisition system is employed 
to monitor the conditions of the test rig as well as 
emissions.

This rig was used to undertake back-to-back 
testing of piezoelectric and optoelectronic dynamic 
pressure sensors with measurement points at 
two liner locations, indicated as sites 1 and 2 in 

Figure 18.8a. Figure 18.8b shows the location of the 
optical dynamic pressure sensor with a measuring 
range of 0–50 bar that is mounted at an angle of 
50° to the main cavity. The piezoelectric sensor is 
connected via a long metal tube to reduce the tem-
perature at the sensor and to improve access for 
replacement. Both sensor outputs were recorded at 
a sampling rate of 10 kHz for periods of 1 s intervals.

Enriching hydrogen with NG decreases the 
reactivity of the fuel/air mixture, and therefore 
changes the flame shape and position because of 
different chemical kinetics. This transition regime 
is very often accompanied by excited acoustic 
instability modes.
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Several distinct peaks are discernible in the 
frequency spectrum recorded by the optical and 
piezoelectric sensors at sites 1 and 2. Figure 18.9 
is a close-up view of the first pulsation peak 
around 2.5 kHz, thought to correspond to a 
longitudinal mode of the combustion chamber. 
Thus, sites 1 and 2 are located at different lon-
gitudinal node and antinode locations of this 
mode and therefore register different pulsation 
amplitudes. Further, it can be seen that the peak 
amplitudes measured by the piezoelectric and 
the optical sensors at site 1 are 1.7 and 5.7 mbar, 
respectively. This difference may be explained 
by the frequency dependent attenuation of the 
tubing system. The measured amplitudes differ 
by a factor of 0.3, indicating typical attenuation 
values for tubes in agreement with atmospheric 
calibration tests at ambient temperature using 
calibrated microphones [12].

18.8  HIGH-DENSITY FOS AND 
INSTRUMENTATION FOR GT 
OPERATION CONDITION 
MONITORING

Variations in GT exhaust temperature are used 
to provide timely information on combustor fault 
conditions, but the method is prone to false alarms. 
Such control systems are normally based on ther-
mocouple arrays that provide a discrete number of 
measurement points with limited spatial resolution 
due to radiation shielding and bulky packaging, 
making it difficult to diagnose annular can-to-can 
temperature variations. Improvements in reliabil-
ity of this approach have been demonstrated using 
an annular array of FBG sensors to accurately 
measure the annular static and dynamic exhaust 
temperatures at both startup and steady operation 
conditions [13]. Figure 18.10 shows the installed 
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Figure 18.9 Close-up view of the first pressure pulsation peak around 2.5 kHz.
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FBG array in the exhaust gas duct for both circum-
ferential and radial sensor distribution.

A 1–5 Hz interrogator with four-channel capa-
bility was used to detect the static signal, and the 
dynamic temperature signals were recorded at a 
1 kHz update rate. The FBG-based sensor arrays 
have demonstrated their unique advantages in pro-
viding high-density, multipoint, and multifunc-
tion capability in measuring static and dynamic 
responses from a GT.

The ultimate goal would be to provide sensor 
instrumentation for direct combustor tempera-
ture measurement but normally this requirement 
is beyond the capabilities of most thermocouple 
sensors. However, the recent developments in fiber 
optical temperature sensors have the potential to 
alleviate many of the limitations of thermocou-
ples, especially as new sapphire fiber-based sen-
sors increase the upper temperature limit of the 
sensors [14].

FBG sensors have great potential for multipoint 
temperature measurement along a fiber optical 
cable and FP sensors for single-point measure-
ments. Applications of these sensors within GT 
engines are diverse. Optical temperature sensors 
can be installed at precombustor flow path, turbine 
inlet, downstream of the combustor or exhaust, 
and interstage locations for measuring dynamic 
temperature anomalies.
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19.1 INTRODUCTION

In recent years, Raman spectroscopy has emerged 
as a powerful analytical tool to identify and quan-
tify the components of gas mixtures in continu-
ous and nonconsumptive fashion. Although the 
Raman effect has been known since 1928,1 its 
use has mainly been constrained to fundamental 
research regarding the structure and character-
istics of molecules for a long time. This had been 
due to the inherently weak signal and technical 
limitations leading to high instrumentation costs 
and very long measurement times. The advent of 
the laser in the 1960s was a turning point, but only 
recent advances in laser as well as detector tech-
nology and new enhancement techniques enabled 
researchers to develop Raman spectroscopy into a 
comprehensive technique for multigas analysis.

Common methods to analyze gas mixtures in 
an industrial, medical, or research setting include 
electrochemical sensing, gas chromatography–
mass spectrometry (GC–MS), and infrared (IR) 

absorption spectroscopy. Electrochemical gas 
sensors are only sensitive to a single or few gas 
species. Also, cross sensitivities can cause serious 
problems. Although GC–MS is highly sensitive 
and accurate, expensive and bulky equipment 
and the time necessary for measurements are the 
major drawbacks. For separation, the gas has to 
travel through and is retained in a capillary col-
umn for up to 20 min. This does not allow rapid 
and  continuous monitoring of processes without 
 sampling and gas consumption. IR absorption 
spectroscopy offers high-resolution, high-sensitivity 
gas measurements but is not sensitive to diatomic 
homonuclear  molecules such as oxygen (O2), 
hydrogen (H2), or nitrogen (N2). With these 
techniques, a comprehensive multigas analysis 
would require a combination of multiple meth-
ods. This also means that different gas volumes 
are probed at  different times leading to inaccura-
cies and errors. Raman gas analysis provides the 
simultaneous  identification and quantification of 
all but noble gases and does not require sample 
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preparation, making it the ideal tool for time-
resolved, nonconsumptive, and  noninvasive 
analysis of complex gas  mixtures. The only lim-
iting factor is the weak  signal intensity making 
it necessary to take advantage of  sophisticated 
enhancement mechanisms to  measure gaseous 
components down to low concentrations of sin-
gle-digit ppm.

In the following, the theoretical background 
of Raman gas spectroscopy and the measurement 
principle will be introduced. Additionally, exem-
plary applications of Raman gas spectroscopy in 
medicine, environmental research, and industry 
will be given.

19.2  THEORY OF RAMAN GAS 
SPECTROSCOPY

When monochromatic laser light is guided into a 
gas sample, most photons pass the volume with-
out any interaction and remain unaltered. A small 

fraction of the photons is scattered by the gas mol-
ecules. The scattered radiation mainly consists of 
two parts: (1)  The major part results from elastic 
scattering and has the same frequency as the excita-
tion light. The responsible process is called Rayleigh 
scattering. (2) With approximately three orders 
of magnitude smaller intensity, inelastically scat-
tered and thus frequency-shifted light occurs as the 
minor part. The energy transfer is due to changes in 
the rotational, vibrational, or rotational–vibrational 
state of the molecule. This inelastic process is called 
Raman scattering or the Raman effect.

IR absorption and Raman scattering are 
complementary effects: While the IR absorption 
depends on a change in dipole moment due to the 
altered rotation/vibration, Raman scattering relies 
on a change in the polarizability of the molecule. 
For molecules with a center of inversion, the two 
effects are mutually exclusive for the eigen modes 
of the molecule, such that a rotational/vibrational 
mode is either IR active or Raman active. As the 
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Figure 19.1 Schematic diagram of the Raman scattering process. (a) Energy-level diagram of  different 
scattering processes. Light with a frequency 1ν  interacts with a molecule. For the case of Rayleigh 
scattering, there is no energy transfer and the frequency remains 1ν . If part of the energy of the 
incoming light is transferred and the molecule is excited into a higher vibrational state (vib1), we speak 
of Raman Stokes scattering. The frequency of the scattered light is then reduced to s 1ν = ν − ∆ν. If 
energy is transferred from the molecule and the molecule drops into a lower vibrational state (vib0), 
the frequency of the scattered light grows to ν = ν + ∆νAS 1 . This process is called Raman anti-Stokes 
scattering. (b) Energy diagram of a rotational–vibrational transition. The transition takes place 
from vibrational level vib0 to level vib1 and the respective rotational levels J = 0 to J = 2 ( J 2∆ = ). This 
 transition can thus be found in the S-branch on the Stokes side of the spectrum.
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Raman effect does not require a permanent dipole 
moment, it occurs for all but noble gases. In par-
ticular, the IR-inactive diatomic, homonuclear 
molecules such as nitrogen, hydrogen, and oxygen 
yield a Raman signal.

Spectral position and intensity of the Raman 
signal depend on the structure of the gas mol-
ecule. The Raman peaks show up symmetrically 
on both sides of the laser line. This shift results 
from the difference in energy of the two involved 
energy levels. The blue shift (toward higher fre-
quencies) is called anti-Stokes shift denoting a 
transition from a higher energy level to a lower 
energy level, and the red shift (toward lower fre-
quencies) is called Stokes shift denoting a transi-
tion from a lower energy level to a higher energy 
level. Usually, the Stokes signal is more intense 
because for gas temperatures around 300 K, the 
lower, nonexcited energy levels are more popu-
lated than the upper levels. The ratio of the Stokes 
to the anti-Stokes peak may be used to measure 
the temperature of the sample. Figure 19.1a shows 
the Stokes as well as the Rayleigh process in an 
energy-level diagram.

Quantum mechanical selection rules gov-
ern the transitions. The occurring bands and 
branches and their spectral positions are the 
characteristics for the scattering molecule. Thus, 
the molecule can be unambiguously identified 
taking advantage of this spectral “fingerprint.” 
The scattering is basically independent of the 
initial laser wavelength (disregarding resonance 
effects). Hence, all gas species can be identified 
using one light source. The determination of 
allowed and active transitions, energy levels, and 
resulting Raman frequencies quickly becomes 
complicated, according to the complexity of the 
molecule. That is why the following theoretical 
consideration only covers linear molecules to 
point out the important principles and essential 
features.

Linear molecules composed of N atoms have 
3N − 5 fundamental normal modes of vibrations. 
These modes are grouped into parallel (along the 
internuclear axis, vibrational angular momentum 
l 0= ) and perpendicular vibrations (perpendicu-
lar to the internuclear axis, l 1= ). With J, the total 
angular momentum (exclusively the nuclear spin), 
the general selection rules for Raman scattering at 
linear molecules are2

 J l0, 2 if 0∆ = ± =  (19.1)

 J l0, 1, 2 if 0∆ = ± ± ≠  (19.2)

 s a� �+ −  (19.3)

meaning that positive rotational levels (+) do not 
combine with negative ones (−), and symmetric 
rotational levels (s) do not combine with antisym-
metric ones (a). J J J∆ = ′ − ′′ denotes the change in 
rotational level with the single prime standing for 
the upper and the double prime for the lower level. 
According to these selection rules, several branches 
can occur in a Raman spectrum: (1) the central 
Q-branch denotes no change in rotation J( 0)∆ =  , 
consisting of several closely spaced lines with 
smaller wavenumber shifts than the pure vibra-
tional line. (2) The R- and S-branches denote a 
transition into a higher rotational level ( J 1∆ = +  
and J 2∆ = + , respectively), consisting of a series of 
lines with larger wavenumber shifts than the pure 
vibrational line. (3) The O- and P-branches denote a 
transition into a lower rotational level ( J 2∆ = −  and 

J 1∆ = − , respectively), consisting of a series of lines 
with smaller wavenumber shifts than the pure vibra-
tional line. In many cases, the lines of the Q-branch 
overlap or are superimposed leading to a single 
strong line. In Figure 19.1b, a Stokes process with 

J 2∆ = +  is displayed in an energy-level diagram.
For a parallel vibration, the Raman shifts of the 

fundamental rotation–vibrations are given by2

Q-branch: J 0∆ =

B B J J D D J J1 [ ( 1)]J J JQ( ) vib
2� � ( )( ) ( )ν = ν + ′ − ′′ + − ′ − ′′ +  

 (19.4)

O-and S-branches: J 2∆ = −  and J 2∆ = + , respectively
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where m J2 1= − +  for the O-branch and m J2 3= − +  
for the S-branch, 0�ν  is the wavenumber of the pure 
vibrational transition. The molecular constants B 
(rotation constant) and DJ (centrifugal distortion 
constant) are specific functions of the vibrational 
state, often additionally labeled with the vibra-
tional quantum number as a subscript. The primes 
again denote the upper and lower level.2,3

Neglecting the centrifugal distortion 
(D D 0′ = ′′ = ) and considering the rotational con-
stants B′ and B″ to be equal, we get

 

� � �

� � �

� � �

S BJ B J J

Q J J

O BJ B J J

-branch, 4 6 , 2 0,1,2,

-branch, , 0 0,1,2,

-branch, 4 2 , 2 2,3,4,

S J

Q

O J

( ) vib

vib

( ) vib

ν = ν + + ∆ = + =

ν = ν ∆ = =

ν = ν − + ∆ = − =   
 (19.6)

Therefore, the first lines of the S-and O-branches 
(J 0=  and J 2= , respectively) are 6B away from the 

primary line; all subsequent lines have a spacing of 
4B to the previous line. Here, B has the unit cm−1.

The uncertainty of the energy levels leads to 
natural line broadening. Together with other 
homogeneous broadening effects such as the pres-
sure broadening, this would lead to Lorentzian-
shaped spectral lines. However, inhomogeneous 
broadening such as Doppler broadening contrib-
utes a Gaussian line shape. In total, homogeneous 
and inhomogeneous broadening add up to build 
a Voigt profile (convolution of Lorentzian and 
Gaussian).4

The intensity of the lines is governed by the pop-
ulation of the respective energy levels. Thus, the 
lines envelope can be described by a Boltzmann 
distribution. Additionally, each rotational state 
consists of 2J + 1 coinciding levels. This degeneracy 
leads to a weighting factor for each line of 2J + 1.5 
Also, the nuclear spin statistical weight can intro-
duce intensity alterations of the peaks6:
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and nitrous oxide (N2O) measured with fiber-enhanced Raman spectroscopy. Zoomed in section 
of a broader spectrum is shown. (Modified from Hanf, S. et al., Anal. Chem. 87(2), 982–988, 2015.) 
(b) Calculated Raman spectrum of N2 (Data derived from Bendtsen, J., J. Raman Spectrosc. 2(2), 
133–145, 1974.), considering Gaussian line broadening ( 1.3 cm 1σ = − ), level occupation according to 
Boltzmann distributions, rotational level degeneracy, and nuclear spin statistical weight.
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(19.7)

where I q is the nuclear spin quantum num-
ber, and g a and g s are the statistical weights for 
antisymmetric and symmetric quantum states, 
respectively.

Nitrogen (N2) shows a typical spectrum with 
the described features. Figure 19.2b shows a 
calculated Raman spectrum of N2. Gaussian 
line broadening, level occupation according to 
Boltzmann distributions, and nuclear spin sta-
tistical weight have been considered in the cal-
culation; see Equation 19.8. For N2, I 1q = , and 
therefore, the symmetric states (for N2 the even 
J values) are twice as likely and thus intense as 
antisymmetric states (for N2 the odd J values). 
The relative intensity of a nitrogen Raman peak 
I P can be calculated as
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with g = 1 for even J values and g = 1/2 for odd J 
values (according to Equation 19.7). The last term 
denotes the Gaussian line broadening: σ stands for 
the standard deviation or better speaking the line 
width, and Pν  is the spectral peak position calcu-
lated according to Equations 19.4 and 19.5.

The measured Raman spectrum of N2 in 
Figure  19.2a is very similar and shows the same 
characteristics: the unresolved Q-branch is cen-
tered at 2331 cm−1, and the O- and S-branches are 
clearly visible and display the Boltzmann envelope 
as well as the intensity alternation due to the spin 
statistical weight. There is a slight shift in relative 
wavenumbers of the peak positions between data 
from the works of Bendtsen et al.7 and from Hanf 
et al.8

In a highly resolved Raman spectrum of nitro-
gen, the frequency shifts of the rotational lines can 
be seen as described in Equation 19.6. As displayed 
in Figure 19.3, the measured spectrum again com-
pares well with a calculated spectrum with a small 
line width, simulating a high-resolution device. 
The lines in the O- and S-branches can easily be 

ascribed to the respective rotational transitions 
(Figure 19.3a).

For multigas mixtures, the resulting spec-
trum is the superposition of the spectra of the 
components. Depending on the components 
and the spectral resolution of the setup, this 
can lead to overlaps and ambiguities. Multigas 
spectra can be analyzed using multicomponent 
analysis tools, fitting the experimental data with 
weighted reference spectra of several gases (see 
also Section 19.3).

The overall intensity I of the Raman signal 
depends on several factors:

 I NI NI ( ) | |0 R 0 0
4 2∝ σ ∝ ν ± ∆ν α  (19.9)

where N is the number of gas molecules in the base 
level, I 0 is the intensity of the laser light, Rσ  is the 
Raman scattering cross section of that specific 
transition, 0ν  is the frequency of the laser light, ∆ν 
is the Raman frequency shift, and α  is the magni-
tude of the polarizability tensor. Thus, the Raman 
intensity is linearly proportional to the concen-
tration of the probed gases. To actually be able to 
determine the concentration of a component of 
the sample gas, a calibration measurement with a 
reference gas of known concentration is necessary. 
For the evaluation, temperature and pressure have 
to be considered too.

This chapter introduced details specific for 
Raman gas spectroscopy.

19.3  MEASUREMENT PRINCIPLE: 
EXPERIMENTAL SETUP AND 
DATA ANALYSIS

The setup that is necessary for Raman spectro-
scopic measurements of gas samples basically 
consists of four parts: (1) the laser, (2) the sample 
container, (3) the spectrometer with a dispersive 
element, and (4) a highly sensitive detector. The 
inherently weak Raman signal of gas samples rep-
resents a major challenge if short measurement 
times, high sensitivity, and a fairly small setup 
are required. The setup or device for continuous, 
noninvasive Raman gas analysis is preferably por-
table. Thus, high-power lasers or ultrashort pulse 
lasers are impractical, and small, energy-efficient 
diode or diode pumped lasers are the way to go. 
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Consequently, it is necessary to increase the inter-
action between laser light and sample gas. To solve 
that problem, several sophisticated enhancement 
strategies have been invented, developed, and 
employed.

One strategy is based on a multipass cavity 
used as sample container. The laser light is forced 
to pass the cavity and thus the sample gas multiple 

times. Consequently, the interaction is increased. 
A range of different multipass cavity architectures 
has been developed and employed to Raman gas 
analysis. These include retro-reflective cavities,9 
near confocal cavities,10 and resonant cavities.11 
A  good overview of cavity-enhanced techniques 
is given by Gagliardi and Loock.12 A resonant cav-
ity is a high-finesse cavity built up by at least two 
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mirrors. When laser light is coupled into the cavity, 
the  narrow resonance of the cavity leads to mode 
selection and frequency locking of the laser fre-
quency. Moreover, the laser light is reflected a great 
number of times in the cavity, effectively storing it 
and making the cavity an “optical capacitor.” This 
leads to a huge power buildup. The enhancement 
can be expressed in terms of an effective resona-
tor length, which is the resonator length times the 
enhancement factor. For high-finesse cavities, the 
enhancement can be in the order of 104. The tech-
nique of cavity-enhanced Raman spectroscopy is 
often abbreviated as CERS.

Another enhancement technique is based on 
optical waveguides, namely, metal-coated capil-
laries13 or hollow-core photonic crystal fibers.14,15 
As the hollow core serves as a sample container, 
only miniscule sample volumes are necessary. The 
laser light is coupled into the light guide. Due to 
the guiding mechanism (total reflection; photonic 
bandgap or antireflection), the intensity is con-
fined to the core mode(s) over the whole length of 
the waveguide. This has the effect of an extended 
focus, increasing the length of light–gas interaction 
with high intensity. The waveguide has to be cho-
sen carefully because low attenuation is needed for 
the excitation as well as the Stokes-shifted Raman 
signal light. The signal can be gathered at either the 
front (same side as laser light coupling) or the end 
of the fiber. Enhancement factors up to the order 
of 103 have been reported.8 An exemplary setup for 
fiber-enhanced Raman spectroscopy (FERS) is dis-
played in Figure 19.4.

For multigas mixtures, a multicomponent 
analysis is necessary for identification and quanti-
fication. For that, the measured spectrum is  fitted 
with calibrated reference spectra of gases that are 

expected to constitute the mixture. The weight of 
each single reference spectrum tells the concentra-
tion of that gas in the mixture. The calculations 
are performed with the help of an overdetermined 
linear equation system with the calibration gas, g; 
measured gas, a (mixture of gases); intensity, I ( )�ν ; 
concentration, c; detector pixel, n; and number, m, 
of extracted gases16:
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Also, peaks that are not accounted for by the used 
reference spectra are highlighted using this pro-
cedure: if the difference between the measured 
spectrum and the deconvoluted individual spec-
tra differs from a zero baseline, information about 
additional gases can be gained.16

19.4  APPLICATIONS: RAMAN GAS 
SPECTROSCOPY IN MEDICINE, 
ENVIRONMENTAL RESEARCH, 
AND INDUSTRY

Raman spectroscopic measurements allow the 
continuous, nonconsumptive, and highly sensi-
tive identification and quantification of gases. The 
power of Raman gas spectroscopy can be seen in 
Figure 19.5: due to their spectral shift, a multitude 
of gases including the IR-inactive homonuclear 
species can be detected and quantified simultane-
ously. This capability is required in a broad range 
of applications, from medicine to environmental 
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Figure 19.4 Schematic sketch of the setup for fiber-enhanced Raman spectroscopy. PCF, hollow-core 
photonic crystal fiber, used as a sample container; T, telescope; F, edge filter; OL, objective lens; A1, 
A2, fiber adapter assemblies; PM, power meter; L1, L2, L3, aspheric lenses; P, pinhole; Spec, spectrom-
eter. (Modified from Hanf, S. et al., Anal. Chem. 87(2), 982–988, 2015.)
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sciences and industry. Although there are already 
commercial products for Raman gas spectroscopy, 
a lot of work is still ongoing in research institutions 
and many setups and devices are unique or in the 
prototype stage.

19.4.1  Medical applications

Breath analysis has garnered lots of interest and 
attention in medicine and analytical sciences.17 
The human breath carries a multitude of biomark-
ers that could be used as early stage indicators 
for metabolic, lung, or airways diseases. Several 
analytical techniques are investigated for clinical 
use for breath analysis, in particular GC–MS.17a,18 
However, most of these techniques—such as GC–
MS—do not allow a direct sampling of the exhaled 
air. Raman spectroscopy offers direct sampling 

with fairly short measurement times. The lim-
its of detection and quantification of enhanced 
Raman spectroscopic techniques are coming 
towards the medically relevant range but must 
be further improved. Recent publications about 
fiber-enhanced Raman gas spectroscopy of human 
breath show great potential.8,14,17b

Molecular hydrogen and methane are bio-
markers in the human breath for malabsorption 
disorders. Hanf et al.8 showed that FERS is suited 
well as highly sensitive and selective point-of-care 
examination method. They demonstrated the abil-
ity to monitor the levels of H2 and CH4 indicative 
for oligosaccharide intolerances or small intestinal 
bacterial overgrowth syndrome (SIBO); see Figure 
19.6. In a hydrogen breath test—a diagnostic tool 
for different malabsorption disorders—an increase 
of 20 ppm above basal is considered positive. An 

10,000

1,000

100

4200

Ra
m

an
 in

te
ns

ity
/a

.u
.

H
2(4

15
6)

C
H

4(3
07

1)
C

H
4(3

02
1)

C
H

4(2
91

7)

C
H

4(2
58

5)

N
2(2

33
1)

N
2O

(2
22

4)
N

2O
(2

21
0)

3200 3000
Wavenumber/cm–1

2800 24002600 2200

10

10,000

1,000

100

1800

Ra
m

an
 in

te
ns

ity
/a

.u
.

O
2(1

55
6)

C
O

2(1
41

0)

C
H

4(1
53

5)

C
O

2(1
38

8)
13

C
O

2(1
37

0)
C

O
2(1

28
5) N

2O
(1

28
4)

H
2(1

03
4)

H
2(8

14
) H

2(5
87

)

H
2(1

24
3)

N
2O

(1
16

8)

C
O

2(1
27

0)

1600 1400
Wavenumber/cm–1

1200 8001000 600

10

Figure 19.5 Enhanced Raman spectrum of the rotational and rotational–vibrational bands of a 
 complex gas mixture: rotational Raman bands of H2 and rotational–vibrational Raman bands of CO2, 
N2O, O2, CH4, N2, and H2. (Modified from Hanf, S. et al., Anal. Chem. 87(2), 982–988, 2015.)

0 4 8 12 16

C
H

4 R
am

an
 si

gn
al

/a
.u

.

70

60

50

40

30

20

10

0

Measurement number

0 
pp

m

5 
pp

m

10
 p

pm

20
 p

pm

50
 p

pm

H
2 R

am
an

 in
te

ns
ity

/a
.u

.

0 4 8 12 16

350

400

300

250

200

150

100

50

0

Measurement number

0 
pp

m

5 
pp

m

10
 p

pm

20
 p

pm

50
 p

pm

Figure 19.6 FERS monitoring of a simulated hydrogen breath test. Hydrogen and methane can 
be monitored simultaneously in medical relevant levels. Thus, FERS shows great potential as a 
 point-of-care technique for the hydrogen breath test. (Modified from Hanf, S. et al., Anal. Chem. 87(2), 
982–988, 2015.)



19.4 Applications 253

elevation above 12 ppm is already an indicator for 
SIBO. As H2 can be converted to CH4 by bowel 
bacteria, the latter also is an important parameter 
that should be checked in addition8 to increase the 
diagnostic sensitivity.

Another application in the field of medicine is 
the monitoring of anesthetic gases. With Raman 
gas spectroscopy, the simultaneous monitoring 
of nitrogen (N2), oxygen (O2), and carbon dioxide 
(CO2) as well as the anesthetic gases nitrous oxide 
(N2O), sevoflurane, isoflurane, and desflurane is 
possible with a time resolution comparable to the 
breath cycle.9,10,19 This enables a continuous moni-
toring, giving the anesthetist the chance to adjust 
the artificial respiration as well as the dosage of the 
anesthetic gases. Raman spectroscopy could thus 
help to increase patient safety during surgeries 
requiring anesthesia.

19.4.2  Environmental applications

Another field of application is the environmen-
tal sciences. The understanding of gas flows, 
sinks, and wells, and the formation, spread, and 
exchange as well as storage of gases is crucial 
for climatology and biogeochemistry.20 Raman 
spectroscopic methods can be employed in 
mesocosm experiments and in clima stations to 
monitor changes in gas concentrations. Raman 
spectroscopy is particularly suited to moni-
tor the gas exchange of atmosphere, soils, and 
plants as N2, O2, CO2, and methane (CH4) can all 
be monitored at the same time and isotopes of 
those gases can be discriminated. Consequently, 
Raman spectroscopy could be applied in mul-
tiscale approaches to contribute to the under-
standing of biogeochemical processes and 
climate change.

Enhanced Raman spectroscopy made it pos-
sible to investigate the gas exchange processes 
in peat bog ecosystems.11 O2, CO2, CH4, and N2 
were simultaneously analyzed in real time. This 
allowed the continuous observation of the dynam-
ics of greenhouse gases evolving from the climate- 
sensitive peat bog ecosystem. The Raman gas 
measurements were performed in the head space of 
a water-saturated, raised peat bog ecotron. Various 
important ecosystem parameters were determined 
for different light regimes, characterizing plant 
and soil effects. Raman gas spectroscopy thus 

has proved to be an extremely versatile analytical 
technique for the monitoring of climate-sensitive 
ecosystems and the quantification of greenhouse 
gases.11

The discriminatory power of Raman spec-
troscopy facilitates stable isotropic tracer experi-
ments. The discrimination between 12CO2 and 
13CO2 allows experiments examining plant res-
piration, especially leaf dark respiration, and 
to investigate the effects of drought and pest 
infestation.16,21 The simultaneous and continu-
ous monitoring of 12CO2, 13CO2, and O2 enables 
researchers to study the photosynthetic gas 
kinetics, leaf dark respiration, and the respi-
ratory quotient. Due to the 13C-labeling, the 
resource flow can be analyzed additionally.16 An 
exemplary Raman spectrum of the atmosphere 
during a leaf dark respiration experiment and the 
Raman gas spectra of 12CO2 and 13CO2 are dis-
played in Figure 19.7. Using the same technique, 
the effects of drought and pest infestation on 
European beech seedlings were examined. The 
respirational gas exchange was monitored and 
analyzed for periods of drought as well as after 
the plants were exposed to aphids. Thus, Raman 
spectroscopy enables the investigation of stress 
effects on trees.21,22

Also, Raman spectroscopy can be used to mon-
itor the respirational activity of cave bacteria23 and 
soil microbes.24 Microbes are the driving forces in 
biodegradation and biomineralization processes. 
Jochum et al.24 used CERS to investigate the 
effects of soil contamination with benzene. For 
that, 13C-labeled benzene was spiked on soil, and 
the heterotrophic (microbial) soil respiration was 
monitored in the headspace above the soil sam-
ple. The respiratory quotient was analyzed over 
several days with high time resolution. Together 
with the evolution of the 13CO2 concentration, the 
data clearly showed the microbial benzene deg-
radation.24 Besides degradation, bacteria are also 
responsible for biomineralization. The respira-
tory activity associated with the growth of bac-
teria such as Arthrobacter sulfonivorans cannot 
be observed using conventional turbidity-based 
optical density measurements due to concomitant 
mineral formation in the medium.23 The Raman-
based gas analysis, however, allowed studying the 
life cycle and respiratory activity of important 
cave bacteria.23



254 Raman gas spectroscopy

The understanding of the nitrogen cycle is 
extremely important in environmental research; 
however, the comprehensive investigation of N 
gases, such as N2 and N2O, is very challenging so 
far. Keiner et al.25 applied CERS and traced the 

stepwise reduction of 15N-labeled nitrate by the 
denitrifying bacteria Pseudomonas stutzeri. CERS 
allowed the simultaneous measurement of all 
relevant gases to trace the fate of the 15N-labeled 
substrate and to understand the formation and 
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 during the successive reduction NO NO NO N O N3 2 2 2→ → → →− − . The continuously measured gas con-
centrations of 15N2, 15N2O, and CO2 are displayed in solid lines. The amounts were corrected for the 
number of N atoms present in the respective gas molecules. To account for the low  concentration of 
N2O, the amount is scaled up by a factor of 10. The concentrations of nitrate and nitrite are depicted 
as dots, each representing a taken sample (acquired from a parallel culture to rule out any disturbance 
to the closed cycle experiment). Ntot represents the calculated total nitrogen balance from all nitrogen 
components. (Modified from Keiner, R. et al., Anal. Chim. Acta, 864, 39–47, 2015.)
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degradation  processes of the  gaseous compounds; 
see Figure 19.8. Recently, Jochum et al. showed 
direct Raman spectroscopic measurements of 
biological nitrogen fixation under natural condi-
tions.26 They measured the nitrogen fixation rates 
of Rhizobium bacteria living symbiotically on the 
roots of legumes with the help of CERS. Raman gas 
spectroscopy could thus contribute substantially 
to the understanding of nitrogen cycling in both 
natural and agricultural systems.25

19.4.3  Industrial Applications

Raman spectroscopy also has a high potential for 
industrial applications. With a Raman spectro-
scopic device, the composition of natural gas27 or 
biogas27b,28 can be determined on-site and continu-
ously. This is of great interest at the site of extraction 
or production as well as in the plant to better control 
the combustion process.

Hippler27d shows that CERS with low-power 
diode lasers is suitable for online monitoring of nat-
ural gas mixtures, including H2, H2S, N2, CO2, and 
alkanes. Kiefer et al.27b demonstrate the advantages 
of Raman spectroscopy over gas chromatography: 
a Raman spectroscopic device is integrated in a gas 
turbine power plant, and the data are compared to 
the power plant’s integral GC device. Although the 
accuracy is comparable, the significantly higher 
time resolution of the Raman spectroscopic device 
allows seeing short-time fluctuations that are not 
resolved in the GC measurements. The derived 
information is valuable for purposes of controlling 
the gas turbine operation.27b Even without the use of 
an enhancement technique, the content of all molec-
ular natural gas components whose content exceeds 
0.005% could be reliably determined with a mea-
surement time of 100 s by Petrov and Matrosov.27c

Besides natural gas, Raman spectroscopic 
devices are also used in applications related to bio-
gas. Numata et al.28a demonstrated that Raman 
spectroscopy is capable of identifying fermentation 
gases and determining their partial pressures in the 
gas mixture. Taking it one step further, Eichmann 
et al.28b impressively show that a Raman gas ana-
lyzer based on a retro-reflective gas cell successfully 
detects and quantifies all relevant gas components 
in a biogas plant, that is, CH4, CO2, N2, and H2O, 
and reports their individual concentrations over 
time.28b

Francisco and Rich29 show that CERS could 
also be used to monitor industrial emissions. They 
present a multigas analyzer based on intracavity 
Raman scattering able to monitor pollutants, such 
as SO2, as well as CO, CO2, N2, and O2.29 

One major advantage of Raman spectroscopy for 
industrial applications is pointed out by Eichmann 
et al.28b and Francisco and Rich29: IR absorption 
based gas analyzers cannot detect homonuclear 
diatomic gas species, making it necessary to use 
multiple devices, whereas with Raman spectros-
copy, one device is sufficient to detect all relevant 
components of a multigas.

Another possible usage is the monitoring and 
control of the food ripening process during storage 
and transport.30 With the help of a FERS gas sensor, 
a gas mixture typical for fruit chambers was moni-
tored: O2, CO2, and ethylene (C2H4), which is used to 
trigger fruit ripening, could be detected at the same 
time. Also, the commonly used cooling agent ammo-
nia (NH3) can be detected by FERS, which poten-
tially could be used to trigger an alarm for too high 
or low concentrations. Thus, FERS has the potential 
to be used as a versatile gas sensor throughout the 
complete postharvest production chain, including 
storage, transport, and industrial fruit ripening.30

19.5  CONCLUSION AND OUTLOOK

Raman spectroscopic methods allow the simulta-
neous identification and quantification of various 
components of a sample gas with one measure-
ment. The gas mixture can be analyzed continu-
ously in a nonconsumptive fashion and with high 
sensitivity and specificity. Thus, Raman gas spec-
troscopy has great potential in research as well 
as industrial applications. However, several steps 
have to be taken before Raman gas spectroscopy 
will become a broadly used, standard technique. 
On the one hand, the devices have to be min-
iaturized and produced at comparable cost to 
competing instruments. On the other hand, the 
device should be easy to use for a non-expert may 
it be a biogeochemist or a clinician. This requires 
the device to be robust to withstand an employ-
ment outdoors, in the clinic, or a power plant. 
Additionally, calibration and alignment as well as 
peak identification should be automated. Cavity as 
well as fiber-enhanced techniques are promising, 
and further developments will lead towards more 
practicality.
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Table VII.1 Optoelectronic applications in the oil and gas industry

application technology advantages Disadvantages
Current situation 

(at time of writing) More reading

Permanent reservoir 
monitoring (seabed 
seismic) using active 
sonar. Air-gun sound 
source, with large fiber 
hydrophone sensor 
arrays.

Multiplexed 
interferometric 
optical fiber 
sensors. Usually 
fixed seabed arrays 
or vessel-towed 
arrays of sensors. 
Spin-off from naval 
research.

No subsea electronics, 
improved reliability. 
Very compact cable 
structure for large 
arrays.

Needs care to handle 
very high amplitude 
broadband signals, 
which can easily 
overload sensor 
interrogation 
systems. Still 
relatively new 
technology.

Many examples of 
towed arrays. Has 
been used in two 
fixed installations 
(240 km installed 
cable). Still 
competing with 
electrical systems.

See this section.

Downhole seismic point 
sensors.

Multiplexed 
interferometric 
optical fiber 
sensors.

No downwell 
electronics, high 
temperature and 
pressure ability, 
good seismic 
performance.

Very restrictive space 
for sensor packages. 
Still expensive 
compared to 
electrical systems. 
Still relatively poor 
spatial resolution.

Has been used in a few 
niche applications, 
>90% of market still 
electrical.

See this section.

Downhole distributed 
seismic sensors.

Distributed acoustic 
optical fiber sensors 
on single optical 
cable.

High spatial resolution 
and over 1000 
sensing points. Easy 
to install and can 
even use existing 
downhole fibers. 
High total cost, but 
low cost per sensor.

Relatively poor seismic 
performance 
compared to point 
sensors. Nature of 
acoustic interaction 
with a linear cable is 
more complex.

Still a new technology, 
but rapidly growing, 
use in a number of 
experiments.

See this section.

Downhole flow-noise 
sensors.

Distributed acoustic 
optical fiber 
sensors on single 
optical cable

High spatial 
resolution, simple 
to install and can 
use existing 
fibers, to give low 
cost per sensor

Nature of acoustic 
interaction is more 
complex and 
noise floor can be 
high

Becoming quite 
widely adopted

See this section
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Table VII.1 (Continued ) Optoelectronic applications in the oil and gas industry

application technology advantages Disadvantages
Current situation 

(at time of writing) More reading

Downhole temperature 
sensors

Distributed optical 
fiber temperature 
sensor, most 
using Raman 
scattering

High spatial 
resolution, simple 
to install and can 
also use existing 
fibers, low cost

Lower accuracy/
resolution than 
point-
measurement 
sensors

Has been adopted 
worldwide, so 
probably the most 
mature optical 
technology in oil 
wells.

See also Volume II, 
Chapter 11 
(Optical Fiber 
Sensors).

Downhole pressure Bragg grating 
optical fiber 
sensors

No downhole 
electronics. High 
temperature 
capability

Difficult to deploy 
and install

Quite widely 
adopted

See also Volume II, 
Chapter 11 
(Optical Fiber 
Sensors)

Flammable gas sensing 
around petrochemical 
plants and oil rigs

Spectrographic 
sensors, mostly in 
infrared region. 
Can use 
continuous wave 
(CW) or pulsed 
lasers for 
measurement 
over extended 
airborne paths 
(absorption, 
LIDAR or DIAL).

Electrically safe in 
explosive 
environments. 
Can measure over 
long distances 
with line-of-sight. 
Can be 
networked using 
optical fibers.

Many use relatively 
new LED/laser 
technology, so 
more expensive 
than simple 
electrical 
(electrochemical 
and pallister) 
types.

Some infrared 
sensors are 
becoming well 
established, and 
ever more 
common as 
component 
developments 
continue

See also Volume II, 
Chapter 12 
(Remote Optical 
Sensing by Laser) 
and Chapter 15 
(Spectrographic 
Analysis)

Other gas sensing (toxic 
gases and CO2 
monitoring).

As above Can measure over 
long distances 
with line-of-sight. 
Can be 
networked using 
optical fibers.

Many use relatively 
new LED/laser 
technology, so 
more expensive 
than simple 
electrochemical 
types.

Some infrared 
sensors are 
becoming more 
common as 
component 
developments 
continue.

See also Volume II, 
Chapter 12 
(Remote Optical 
Sensing by Laser) 
and Chapter 15 
(Spectrographic 
Analysis).
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20
Fiber optics in the oil and gas industry

ANDRE FRANZEN
Shell International Exploration and Production B.V.

20.1  OPENING REMARKS

As the handbook covers the broader subject of 
optoelectronics, we feel there is a need to empha-
size our great bias in this chapter towards optical 
fiber systems. This choice has been made because 
of the nature of the petrochemical and mining 
industries, which often requires equipment to 
operate in remote and particularly severe envi-
ronments, namely, deep-sea, downwell, and in 
mine, usually very far from traditional terrestrial 
infrastructure and hence only accessible via very 
long (multi-kilometer) cables. Optical fiber cables, 
being thin, extremely robust when packaged, low 
loss, and, if needed, having a very high bandwidth 
are the preferred options for these areas.

For completeness, it is appropriate, before mov-
ing on, to briefly list some of the nonfiber uses of 
optoelectronics:

 1. Solar panels to power remote equipment [1]
 2. Optoelectronic displays such as LCD displays [2]
 3. Optical gas sensors [3]
 4. Optical spectroscopy of samples taken to the 

laboratory [4]
 5. Line-of-site optical communication between 

offshore oil installations such as drilling rigs 
and remote satellite platforms as well as subsea 
communication [5,6]

All of these other fiber optic technologies are pre-
sented in Table VII.1. Many of these are fairly generic 
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technology, used widely across many applications, 
and are discussed in more detail in other chapters of 
the book, so we will not discuss them further here.

20.2  INTRODUCTION TO THE OIL 
INDUSTRY

Before delving into fiber optic applications in the 
oil industry, the driver of these developments shall 
be explained here. The rapid population growth in 
combination with increasing prosperity in devel-
oping countries is expected to lead to a surge in 
energy consumption over the coming decades [7]. 
Despite implementation of energy-saving mea-
sures, forecasts indicate an increase in energy 
demand in 2035 ranging from 55% up to 95% 
compared to 2000 [8,9]. Renewable energy sources 
should provide a substantial part of the required 
energy. However, it is likely that a range of sources 
will be needed to supply this vital energy over the 
coming decades. To do this in a sustainable way, 
a part of the world’s energy mix could come from 
renewables, with fossil fuels and nuclear power pro-
viding the rest. Moreover, oil is the basis for many 
products in today’s industrialized world, and it is 
unlikely that sufficient alternatives will become 
available over the coming decades [10].

As a result, the challenge for oil and gas compa-
nies is to supply sufficient amounts of oil and in a 
sustainable way. This needs continuous improve-
ments throughout the production cycle. The inte-
grated supply chain that ranges from upstream to 
downstream is displayed in Figure 20.1. Activities 
to explore, that is, find, and produce hydrocarbons 
are collectively referred to as upstream activi-
ties. Production locations include onshore oil 
and gas wells, offshore platform-based or subsea 
production systems, as well as production of, for 
example, sugarcane as an ingredient for biofuels. 
Downstream activities include all efforts to process 
and refine the hydrocarbons, eventually result-
ing in products that can be sold. Products include 
fuels, and also chemicals, for example, plastics, as a 
feedstock for other industries. The fiber optic sens-
ing technologies discussed in this chapter are tai-
lored to upstream applications, although they also 
offer significant potential for application for down-
stream as well as in other industries. In upstream 
applications, the main challenge is to increase 
hydrocarbon production; although the era of easy 
oil is over, that is, easy drillable sources of light oil 
are becoming increasingly scarce. Thus, the driving 
factor in the oil industry to use fiber optics is the 
enablement of improved economical exploitation 

Figure 20.1 Modern hydrocarbon recovery and processing. The onshore field (1) uses fracturing tech-
niques in long horizontal wells to extract gas or oil from shales. Steam is injected in an onshore field (2) to 
lower the oil viscosity and consequently increase the recovery factor. New resources are increasingly found 
in challenging areas, such as deep sea environments (3) or in arctic conditions (4). All these complex pro-
duction conditions require increasing level of monitoring to ensure efficient operation. (Courtesy of Shell.)
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of natural resources as well as improved health, 
safety, and environment (HSE) [11]. Fiber optic 
technologies provide certain properties that can-
not be achieved by conventional technologies, such 
as resistance to high temperatures, electromag-
netic interference (EMI), and distributed measure-
ments, just to name a few. Various environments, 
as presented in Figure 20.1, require different solu-
tions and thus pose a very specific challenge to the 
required solution. There are in principle three cate-
gories of sensors that are widely deployed in the oil 
industry: point sensors, quasi-distributed sensors, 
and truly distributed sensors (Table 20.1).

Besides the sensor developments, the interroga-
tor development has a special place in the industry 
as often the off-the-shelf solutions do not give the 
required solution, for example, Fiber Bragg grating 
(FBG; explained more in Section 20.4) interrogator 
development to achieve higher strain resolution or 
truly distributed systems to achieve unique mea-
surements along the whole length of the fiber. In 
order to comprehend the environmental challenge 
that the oil industry faces, a few but major aspects 
will be presented here and explained to such an 
extent that the reader should be able to grasp the 
overall challenge and understand the implemented 
solution.

20.3  TYPICAL WELL 
CONSTRUCTIONS

Most permanent sensors in the oil industry are 
deployed inside boreholes. These boreholes can 
be used for either the production of hydrocarbons 
(i.e., oil, gas or gas condensate) or the injection 
of gas, water, or chemicals to drive hydrocarbons 
in certain directions from where those hydro-
carbons can be produced, or there are boreholes 
just for monitoring purposes. These are the basic 
three types of wells that therefore determine the 

potential applications, namely, production moni-
toring, injection monitoring, and field monitoring.

When looking at the generic well structure all 
types of wells have a common setup: they all have a 
casing (see Figure 20.2), which is required to ensure 
that the borehole does not collapse, they all have a 
well head, which confines the access from the res-
ervoir to the surface, and they also have a form of 
tubing, which reaches usually the reservoir section. 
For production wells, a packer is required to guar-
antee the isolation from the reservoir to the upper 
section of the well. The well head is seen as a sec-
ond barrier, and it is standard to have two barriers 
in most counties to avoid integrity issues. The (pro-
duction) tubing is a tube in which the hydrocar-
bon is produced up to the surface. All wells need 
a connection to the reservoir, that is, the hydro-
carbon bearing layer; this is usually achieved by 
perforating, that is, shooting through the casing at 
the correct depth. This setup limits the placement 
of any sensor downhole; ultimately only two loca-
tions are available for sensing: along the tubing and 
along  the casing (see Figure 20.2; blue and green 
indicate the fiber cable positions). Although one is 
closer to the environment one wants to monitor, 
the other allows much easier deployment of sen-
sors. Also, at times there are legislative constraints 
on where to place the sensor. Without delving into 
the various production methods such as artificial 
lift [beam pumps, electrical submersible pump 
(ESP)], steam production (cyclic steam stimula-
tion), or injection techniques (water, steam, and 
chemicals), the focus can now be shifted to the 
applications and their deployments.

20.3.1  Field architecture structure 
basics

To complete the overview, it is important to under-
stand that the measurements taken in the field are 

Table 20.1 Typical examples for various sensor types

Point sensors Quasi-distributed sensor Distributed sensor

Pressure gauges Multipoint pressure gauges Temperature sensing
Temperature gauges Array temperature sensing Acoustic sensing
Chemical gauges Seismic sensors

Strain gauges



266 Fiber optics in the oil and gas industry

potentially hundreds of kilometers away from the 
person analyzing them.

Therefore, the data transport is a vital stage 
in this development and so is the storage of 
information.

Usually, a deployment can be separated in four 
building blocks:

downhole,
deployment,
surface deployment,
transmission, and
storage.

Once the data are available in the database, 
various people, such as production technologists, 

Tubing

Cement

Perforations

Production
casing

Surface
casing

�e well Oil
produced
to surface

Oil enters
through

perforations
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Figure 20.2 Typical well schematic. (From Wikipedia-Well, http://upload.wikimedia.org/wikipedia/
en/7/7f/Oil_Well.png (Accessed January 18, 2015). With permission.)
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Figure 20.3 Data architecture.
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petrophysicists, reservoir engineers, geologists, 
and seismologists, can access the data and use 
them for further processing using specialized 
software. The schema in Figure 20.3 only shows 
the main elements; in reality, there are elements 
such as firewalls and proxy servers in use, but this 
generic architecture does not change.

20.4  FBG INTERROGATOR

Usually, a sensor is connected to a fiber that in turn 
is connected to an appropriate interrogator. If a com-
mercial solution is available, it is always the preferred 
path due to the fact it is proven and commercial 
aftercare can be relied on. At times, it is still required 
to develop specific interrogators to achieve best-in-
class performance as the requirements change com-
pared to standard interrogators (Table 20.2).

20.4.1  Requirements

Unlike other commercial environment, for exam-
ple, rotating equipment or airplane wings, where 
very fast changes require to be measured, downhole 
conditions usually change very slowly; therefore, 
the requirement of fast interrogation is usually not 
given, but instead a higher wavelength resolution is 
preferred. Another aspect of field instrumentation 
is that the interrogator needs to be able to survive 
ambient temperatures of up to 60°C without active 

cooling, a condition that is seen in desert scenarios. 
As power consumption is another challenge in des-
ert environments, often the only supply of electricity 
is by the use of solar panels; due to the vast distances, 
low-power consumption stipulates another stringent 
requirement.

20.4.2  Developments

An analysis of various interrogation schemes leads 
to tunable filter-based interrogator, and a prototype 
was realized as depicted in Figure 20.4. A hydrogen 
cyanide (H13CN) gas cell was used to achieve tem-
perature correction especially for the temperature 
dependency of the Fabry Perot tunable filter and 
other components [13]. Additionally, it allowed 
high resolution to be obtained as the molecular 
absorption lines are well defined within an inac-
curacy of 0.5 pm; see Figure 20.5 for the molecular 
spectrum at different temperatures. Combining a 
high-temperature processing unit and a self-devel-
oped robust algorithm resulted in an interrogator 
that could face the set requirements.

20.4.3  Results

The designed interrogator was tested in an oven 
where temperature swings could easily be  emulated, 
and the FBGs to be observed were placed outside 
in a thermally stabilized chamber as presented 

Table 20.2 Building blocks of the field data architecture

1. Downhole installation The part where fiber optic equipment is installed 
downhole, either behind casing if it is a newly 
drilled well or on tubing possible for both newly 
drilled well and worked over wells

2. Surface installation Is the placement of the appropriate interrogator 
and all connection to the well site, conversion of 
measurement data to a digital format

3. Data transport Is concerned about the transfer of the data via a 
suitable medium, for example, TCP/IP, ModBus 
over Ethernet, WiFi, WiMax, microwave link, and 
fiber optic backbone from the well site to the 
office

4. Data storage Focuses on the collection and storage of field data; 
depending on the data type that usually happens 
in the process control domain with the 
exceptions of specific array data where the data 
end up in the office domain; in either case, the 
data will be stored in a database
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in Figure 20.6. The acquisition time is 8 s, which is 
rather slow for an FBG interrogator; in turn, the unit 
could operate up to 63°C and showed a repeatabil-
ity of 0.6 pm, which is approximately a factor of 2 
better than commercial interrogators at that time. 
Also, the temperature stability is better than 2.5 pm 
over a range from 20°C to 63°C, thus ensuring good 
performance in the field environment. An additional 
factor for success was that this development deliv-
ered a low-cost solution, which was proven as well.

20.5  FIBER OPTIC PRESSURE 
GAUGES

One of the longest standing measurements in the oil 
industry is the pressure measurement. For instance, 
pressure buildup and drop-down tests were devel-
oped to estimate the reserves and continuing pres-
sure measurements to measure natural flow to 
surface, just to name a few applications. Most tra-
ditional pressure transducers use a membrane that 
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Figure 20.4 Tunable filter-based interrogator with two channels. (From Lumens, P.G.E., Fibre-Optic 
Sensing for Application in Oil and Gas Wells, Eindhoven University of Technology, Eindhoven, 2014.)
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deflects due to the pressure and that deflection can 
be measured in turn with a strain gauge. In fiber 
optics, an equivalent element to the strain gauge is 
known as the FBG; see also the section 1.1.2 on FBG.

Besides strain, the FBG is sensitive to tempera-
ture. Once the FBG substitutes the standard strain 
element and is combined with a second FBG for 
an additional temperature measurement, a per-
fect pressure sensor is designed. The temperature 
impact of the strain sensing FBG can be compen-
sated by the second one, leaving the true strain 
value. This sensor type has the advantage that it 
does not require power and hence is EMI resistant. 
These are two rather important aspects in down-
hole deployments as other components may cause 
issues along those lines, for example, submersible 
pumps. Another advantage is that these gauges 
can be cascaded and the limit is determined by 
the interrogator used. Also, it is fully operational 
at 150°C with the prospect to achieve even higher 
temperatures and is rated for 350 bars. In terms 
of pressure accuracy, the sensor performs at 0.1% 
FS and has a resolution of 0.05% FS [15]. Looking 
at the temperature performance, an accuracy of 
0.1°C with a resolution of 0.001°C was achieved. 
The long-term stability was determined to be 
0.05% FS/year. These are typical values for quali-
fied gauges in the industry (Figure 20.7).

20.5.1  In-well level monitoring

Having the access to sufficiently accurate pres-
sure gauges as presented previously, a new appli-
cation opened up in the oil market: in-well level 
monitoring.

The fluid level in observation wells is related 
to the oil rim in reservoir. Oil rims can be con-
trolled by pushing the oil up or down by injecting 

or pumping off water below the oil and additional 
injection of gas above the oil or by decreasing/
increasing the production. Thus, the rim can be 
confined in a certain depth, which is where the 
actual producing wells are drilled to. The rim can 
always be shifted up or down to remain at this 
depth with the help of the water-gas injection, but 
it is vital to know where this depth is. To make 
matters worse, the height of the rim can change as 
well; therefore, it is of paramount importance to 
monitor the oil rim behavior. With the help of the 
pressures measured in each of the fluid gas, oil, and 
water, we can identify the contacts between gas–oil 
[free gas–oil contact (FGOC)] and oil–water [free 
oil–water contact (FOWC)] in the well due to sim-
ple gradient calculation. When there are at least 
two gauges in the same medium, it is a straightfor-
ward calculation to determine the gradient in that 
medium. Then we only have to identify the location 
where the gradients intersect, and the FGOC and 
FOWC contacts are established. This information 
in turn can be used to control the injection of the 
gas and water. To be certain that the gradients are 
calculated with enough precision, there is a trade-
off due to the uncertainty of the gauges, and the 
amount of gauges in one fluid a cut-level algorithm 
was developed to obtain more precise contacts.

20.5.2  Pressure gauge deployment

In 2008, 2012, and 2014, the in-well level monitor-
ing system as described earlier was deployed in the 
Middle East in all cases in an identical way. Up to 
15 pressure gauges were deployed downhole in a 
redundant way as depicted in Figure 20.8.

Several gauges are placed in nylon inserts and 
connected to each other and then placed in a spe-
cially designed gauge carrier; see Figure 20.8. This 

Figure 20.7 Downhole pressure gauge. (From Smartfibres, Smartfibres—Oil and Gas. http://
smartfibres.com/oil-and-gas (Accessed November 12, 2014); emphBen Hunter, Technology overview 
of permanent downhole distributed pressure sensing with fiber bragg grating sensing technology. 
http://smartfibres.com/docs/DPS_Overview.pdf (Accessed November 12, 2014). With permission.)

http://smartfibres.com/oil-and-gas
http://smartfibres.com/oil-and-gas
http://smartfibres.com/docs/DPS_Overview.pdf
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way clamps can easily be used to fix the gauges 
against the tubing, avoiding expensive mandrels, 
see Figure 20.9. In order to have a timely deploy-
ment, the gauges are placed in a special carrier sys-
tem that allows easy attaching of the gauges with 
the clamps onto the tubing (Figure 20.10).

One can see that several sections need to be 
connected on the rig floor but that it is a relatively 
minor activity. Once the gauges are deployed at the 
correct location, only downhole cable needs to be 
installed, which is clamped onto the tubing until 
one reaches the well head. Here the cable is brought 

Gas gradient

Pressure cell

Pressure

FGOC

FOWC

Oil gradient

Water gradient
Pwater

Pgas

D
e
p
t
h

Figure 20.8 Level gradient diagram.

PKR with feed thru
@ 822 mahtbf

Optical cable

Smart cell

Smart cell

Smart cell

Smart cell

Turn around

1/4˝ cable w/
2 SM fibers

1/4˝ cable w/
4 SM fibers

1/4˝ cable w/
2 SM fibers

3–1/2˝ Tubing

Perforated interval:
904.5–970 mahtbf

FO PDGs
“Smart cells”

Pre-drilled
liner joints

9–5/8˝ CSG shoe
@ 890 mahtbf

Figure 20.9 Generic schematic and optical equivalent.



20.6 Distributed sensing 271

out through the wellhead exit and is terminated 
in a junction box via a pressure barrier for which 
standard oil field components are used. The cable 
is then connected to the interrogator system com-
prising an FBG interrogator with an optical scram-
bler, and a small form-factor industrial PC with 
an appropriate modem, which is then connected 
to a WiMax system where Modbus/Transmission 
control protocol over Ethernet is facilitated for the 
actual transmission (Figure 20.11).

The WiMax system allows the transmission 
from the well site via several relays to the head-
quarters (HQs), some 260 km away. The field cabi-
net is rather simple but very effectively built up, as 
one objective here is to obtain as much shadow as 
possible to provide cooling to the surface equip-
ment. It should additionally be power efficient (as 
there was no power supply) and then also be des-
ert sand proof (IP66), the full cabinet setup can be 
viewed in Figure 20.12.

The wavelength data are received in HQ and 
stored in an appropriate database. Once the data 
arrive, a first algorithm converts these wavelengths 
into pressure and temperature information, which 
are then stored separately. As the first algorithm 

finishes, it automatically triggers a second algo-
rithm, the aforementioned cut-level algorithm 
(CLA). This software takes all pressure informa-
tion and evaluates it; as a result, the gradients in the 
three media, that is, gas, oil, and water, are deter-
mined, and from there the gas–oil contact and the 
oil–water contact. This information is made visible 
via a specially developed user interface for ease of 
use to the end user (Figure 20.13).

The system runs about six times in 24 h and 
generates a wealth of information in comparison 
with the traditional Gradio Logging Tool, which 
were only run three or four times a year. This now 
allows the end user to adjust and therefore opti-
mize water and gas injection leading to a better 
oil recovery rate and additionally avoids any well 
intervention, thus minimizing HSE exposure.

20.6  DISTRIBUTED SENSING

A technique that can be called the first truly dis-
tributed measurement besides optical time domain 
reflectometrys (OTDRs) is distributed tempera-
ture sensing (DTS), developed in the 1980s at 
Southampton University in the United Kingdom; 

Figure 20.10 Fiber optic downhole pressure gauge in insert and clamp.

Figure 20.11 Gauges and gauge carrier assembly at workshop (left) and gauges on catwalk (right).
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Figure 20.12 Field cabinet with solar panel.

Figure 20.13 Output of the CLA running in HQ.
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it measures the temperature usually every meter 
along the fiber. The details are covered in the 
Section 1.1.4 on DTS [16] and therefore will not be 
discussed here further. The original applications 
were on the surface, for example, fire protection 
in tunnels, power cable monitoring, transformer 
monitoring, monitoring of hot pipes, and/or ves-
sels and leakages in pipes. However, soon applica-
tions were found in the downhole environment 
as well, such as leak detection (well integrity) or 
warm-back measurements for the identification 
of hydrocarbon bearing layers. It is now one of the 
widest deployed fiber optic  technologies in explo-
ration and production (E&P) of hydrocarbons 
[17,18]. The usual way of executing measurements 
in the oil field is by deploying the fiber along the 
well, preferably from the toe the deepest part of a 
well to the surface. This way the reservoir section 
can be monitored as well as artificial lift elements 
such as ESPs or gas lift valves and other potential 
heat or cooling (gas leaks, etc.) sources.

20.6.1  Types of installation

There are a few ways of deploying fibers in a well. 
First of all, for the readers understanding, the fibers 
are usually packaged in control lines; the most 
common size is 1/4 in. but also 1/8 in., and occa-
sionally, smaller diameters can be used in order to 
withstand the challenging operating conditions 
(Figures 20.14 and 20.15).

Another way to achieve ruggedization of the 
fiber is by jacketing various polymers around the 
fiber. Standard polymers for this procedure are 
PVDF, hytrel, polyethylene (PE), nylon, PVC, fire-
retardant PE, and polyurethane.

The two mechanical structures lead to different 
deployments: control lines can be deployed in a 
permanent manner by clamping the control line to 
the tubing or casing during installation.

The rod solution is very suitable for a deploy-
ment inside the tubing after the well was com-
pleted. There is also a third way, here control line is 

Figure 20.14 Traditional downhole cable from 
AFL. (From AFL. https://www.aflglobal.com/
Products/ Fiber-Optic-Cable/Downhole/Low-
Profile/Low_Profile_Downhole_Cable.aspx 
(Accessed January 18, 2015). With permission.)

Figure 20.15 Fiber rod from AFL. (From AFL. 
https://www.aflglobal.com/Products/ Fiber-
Optic-Cable/Downhole/FiberRod/Fiber-Rod.aspx 
(Accessed January 18, 2015). With permission.)

 ● Warm-back analysis To identify injection zones
 ● In/outflow analysis To identify coarsely the inflow of hydrocarbons or outflow of injection 

water/polymers
 ● Steam breakthrough To ensure optimal production in steam-assisted environments
 ● Out-of-zone-injection To identify zones that are injected into wrongly, that is, outside the 

intended injection zones
 ● Gas lift monitoring To optimize the production
 ● Well integrity To identify leaks in the production tubing

https://www.aflglobal.com/Products/Fiber-Optic-Cable/Downhole/Low-Profile/Low_Profile_Downhole_Cable.aspx
https://www.aflglobal.com/Products/Fiber-Optic-Cable/Downhole/Low-Profile/Low_Profile_Downhole_Cable.aspx
https://www.aflglobal.com/Products/Fiber-Optic-Cable/Downhole/Low-Profile/Low_Profile_Downhole_Cable.aspx
https://www.aflglobal.com/Products/Fiber-Optic-Cable/Downhole/FiberRod/Fiber-Rod.aspx
https://www.aflglobal.com/Products/Fiber-Optic-Cable/Downhole/FiberRod/Fiber-Rod.aspx
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installed during deployment, and fiber is pumped 
in at a later stage, but this is only used for rare 
cases, for example, steam-assisted gravity drainage 
(SAGD) wells. All three deployment strategies have 
their own advantages, as there is always a trade-
off among the deployment strategy, cost, and mea-
surement required (see Table 20.3).

20.6.2  Applications

There are quite a few applications, but it would go 
beyond the purpose of this chapter to discuss them 
all. Therefore, we do not delve into this topic too 
deep. Still, an idea should be given what DTS can 
be used for; in general, any technology needs to be 
proven by an application, and the real test and suc-
cess is the commercial exploitation of it. Hence, it 
should be mentioned that typical thermal moni-
toring applications in the E&P world are interity 
monitoring, gas-lift monitoing, and inflow moni-
toring; just to name a few.

The list does not mean to be complete but just to 
give a few examples of DTS applications. Further 
reading can be found in Refs. [16,17].

20.7  HIGH-TEMPERATURE FIBERS

As explained in Section 20.6, there are different 
types of deployment of fibers in wells, and they all 
depend on the type of application.

An even more challenging downhole environ-
ment is found when hydrocarbons are extremely 
viscous and require additional help to become more 
movable. One way to achieve that is using steam; 
here a larger downhole area will be heated up for a 
prolonged time, usually between 3 and ≥12 months, 
and then produce a process called SAGD [22].

This is carried out either by using the same well 
for both steam injection and back-production, 
 so-called huff-and-puff, or by using two wells 
that  are drilled in parallel, one above the other 
(Figure 20.16). Although the upper one is used to 
inject steam, the lower one is used to produce the 
hydrocarbons. Huff-and-puff is a method in which 
only one well is used for both steaming and produc-
tion [23,24]. There are also other environments the 
industry operates, in which are at elevated temper-
atures [25]. As can be seen from these descriptions, 
the environment becomes elevated in temperature, 
some ≥280°C, and thus, the fibers need to be able 
to withstand the steam injection temperatures.

The main challenge that is found is not the tem-
perature but the hydrogen that is found in abun-
dance in such an environment. It is the lightest 
and most common element found on the earth, 
and it exists in atomic and molecular forms. 
Although molecular H2 can stay in a glass matrix 
(i.e., does not recombine with any other element in 
this form), atomic H combines with, for example, 
germanium, phosphor, and other core materials, 
resulting in the permanent loss of light.

Table 20.3 Installation types

type Installation
Measurement 

time Benefits application area

Control line CL with fiber must 
be installed 
during well 
deployment

Continuous Low-cost, 
permanent 
monitoring

Any type of well, can 
be deployed on 
tubing and on 
casing. Usually not 
inside tubing as 
diameter reduces 
incurring deferment

Fiber rod During 
installation

Limited time 
duration 
monitoring

Any type of well, only 
inside tubing 
diameter reduction 
incurring deferment

Pumped fiber CL must be 
installed during 
well deployment

Continuous Replacement of 
fiber possible, 
permanent 
monitoring

Any but usually 
high-temperature 
wells, see control 
line
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Therefore, a means must be found to inhibit the 
atomic reaction within the fiber. One way to do 
that is to use specialized coatings; metal coatings 
have shown promising results but are very costly, 
so other coatings and fiber structures are under 
investigation.

The most promising one is based on polyimide–
carbon coating that allows building a hermetical 
wall around the fiber, which is even for hydrogen 
difficult to penetrate. In order to evaluate what 

is commercially in the market, a test setup was 
designed and a test matrix established. The fibers 
under test were placed in a specially designed and 
outgassed cylindrical container as depicted in 
Figure 20.17.

In a second step, the best performing fibers were 
packaged in a fiber in metal tube (FIMT) that then 
was placed in a larger cylinder and exposed to the 
same procedure, temperature, and combined tem-
perature with hydrogen. The test was designed 
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Figure 20.16 SAGD principle. (From Harvest Operations Corp, Blackgold Oil-Sands Project. http://
www.harvestenergy.ca/operating-activities/oil-sands/bg-enviro-assessment.html# SAGD-101 
(Accessed August 8, 2014). With permission.)

Figure 20.17 Container holding the fiber under test during set up. (Courtesy of Shell.)

http://www.harvestenergy.ca/operating-activities/oil-sands/bg-enviro-assessment.html#SAGD-101
http://www.harvestenergy.ca/operating-activities/oil-sands/bg-enviro-assessment.html#SAGD-101
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such that first the temperature impact up to 300°C 
was observed, and then in a second run, the impact 
of hydrogen together with the temperature was 
observed; the test setup is shown in Figure 20.18. 
In the figure, one can see the impact of tempera-
ture and hydrogen on the loss of high-temperature 
fiber, an arbitrary example but reflecting most 
fibers. One can see that after 620 h, approximately 
26 days, the loss has come to equilibrium from 
which it does not deviate in the usual area of inter-
est, that is, 1550 nm window. The traditional water 
peaks can still be seen, but their widths have been 
narrowed allowing the region of interest to be used 
(Figure 20.19).

This obviously needed to be carried out care-
fully in small steps as internal stresses in the fiber 
needed to be minimized.

When investigating the wavelength regime 
at 1550 nm, various fibers show different perfor-
mances: some almost immediately show huge 
losses rendering that particular fiber useless, 
whereas others show an increased loss which 
almost levels out resulting in an unsuitable fiber 
for high-temperature downhole conditions due to 
attenuation loss (Figure 20.20).Figure 20.18 Oven with container holding fibers 

under test. (Courtesy of Shell.)

Figure 20.19 FIMT test. (Courtesy of Shell.)
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However, there are a few fibers that show losses 
that are relatively small and are also constant over 
time; these fibers are the ones required for reliable 
downhole measurements when high temperatures 
are seen (Figure 20.21).

20.8  DISTRIBUTED ACOUSTIC 
SENSING

With the arrival of distributed acoustic sensing 
(DAS) [26], a new chapter in fiber optics research 
was opened and the resulting applications are 
numerous nowadays such as perimeter protec-
tion, geohazard monitoring, leak detection, or 
the downhole environment fracture monitoring 
[27], flow measurements [28], and vertical seis-
mic profiling (VSP) [29]. The detailed working 
principle and additional details are described in 

Chapter  2 and will not be further detailed here. 
However, ultimately, it is based on coherent OTDR 
[30], so optical pulses are sent down the fibers, 
which interact with the impurities in the fiber. 
The change of the locations of impurities due to 
acoustical impact between two consecutive pulses 
is proportional to the change of the strain seen in 
that fiber section; this can be observed along the 
whole length of the fiber, hence distributed. There 
are other parameters to observe such as channel 
length, gauge length, and sampling rate, and their 
details and use are given in Chapter 2.

20.8.1  Cable types for DAS

In an effort to determine whether commercially 
available downhole cables can be deployed for DAS 
measurements, several cable designs were tested in 

Loss vs wavelength high temperature SM fiber exposed to 300°C @30 bar H2
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a test well in Houston, Texas [31]. The cable designs 
varied in wall thickness (0.028″, 0.049″) and FIMT 
design (1/8″ metal cable), encapsulated and bare, 
gel-filled and nonfilled plus a fiber rod as well as 
single-mode (standard and bend-insensitive) and 
multi-mode fibers (MMFs).

The test conditions of the well were dry and water 
filled, which pose the extreme conditions in a well; 
two vibroseises were used as source generators. The 
cables were all bundled together, lowered into the 
well, and held in place by specially designed springs.

When looking into the recording of a DAS 
channel under wet condition (see Figure 20.22), 
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the channel responses are very similar and hardly 
any difference can be observed. Of course, this is 
also due to the limited length of the fibers, so the 
impact of the attenuation is minimal. However, 
it shows that for certain fiber lengths, the type 
of fiber has a limited impact. When looking 
at the different cable structures, the Air FIMT 
(Figure 20.23) outperforms all other designs under 
both dry and wet conditions. When evaluating the 
typical commercial 1/4″ control line design (differ-
ent wall thickness), the difference among them is 
rather negligible, indicating that the ultimate per-
formance is independent from the structure. The 
fiber rod shows an interesting performance as it 
is between the FIMT and 1/4″ control line design; 
unfortunately, this design is not suited for the real 
downhole deployment.

20.8.2  Fracturing

One of the first applications in which DAS was 
used, in the oil industry, was the monitoring of 

fracturing operations, a technique used to break 
open rock downhole to allow hydrocarbons to flow 
to the well and be produced from there. This was 
successfully monitored in Groundbirch, British 
Columbia, Canada, in 2011 [32], so that additional 
work was undertaken to further this application 
and ensure its commercialization. For this kind 
of deployment, a control line is used containing a 
suitable fiber. The control line needs to be deployed 
over the reservoir section (area of interest). This 
means that the control line needs to be deployed 
all along the well: from the toe (furthest away 
point) through a packer and the well head outlet 
to the interrogator box. The fracturing procedure 
is fairly simple but effective for the hydrocarbon 
production [33]; fluid, usually water with addi-
tives, is pumped into the target zone, exits the 
well through the local perforations (holes shot to 
allow fluid penetration), breaks open the rock, and 
then creates small fractures through which the 
water transports the sand or additives, which help 
to keep these fractures open once the injection 
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pressure and fluid are gone. DAS data are acquired 
during the time of fracturing and often afterward 
to monitor where these fractures are being created. 
The generated noise gives information, which is an 
indication how successful the fracturing job was 
and whether any additional fracturing is required.

20.8.3  Vertical seismic profiling

A powerful seismic tool is VSP. As explained in 
Chapter 2, DAS allows detecting minute acous-
tical signatures; in the E&P world, these sig-
nals are referred to as seismic waves or acoustic 
waves, which are of low frequency and usually 
low energy [34]. The picked up acoustic signal 
contains only very limited information, but if 

additional information is added, it becomes a 
rather powerful tool.

If a source, for example, a vibroseis or an air 
gun or similar, is used as a seismic source and then 
the data such as GPS coordinates are correlated, a 
lot of information can be deducted from the mea-
surements such as speed of the traveling wave, 
and whether and where it reflected at an interface 
layer. Traditionally, this is carried out by using 
geophones as they are extremely sensitive, but 
DAS is nowadays approaching this sensitivity as 
well. However, the biggest advantage comes from 
the fact that the measurement is distributed, and 
hence the aperture becomes much larger compared 
to the usually 8–12 geophones that are deployed in 
a string (Figure 20.24).
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20.8.4  Surface seismic

To determine the subsurface structure, acoustical 
signals are launched in the surface and the reflec-
tions are detected via fiber optical cable. The usual 
sources in this scenario are vibroseises; the pickup 
can be via patch cord, control line, or surface cable. 
There are other systems such as the permanent res-
ervoir monitoring systems that usually are dedi-
cated subsea installations and not considered here 
because they do not use a distributed sensor but 
point sensors. The way most distributed acoustic 
interrogators operate is to determine the length 
change at a given location, and this local imprint 
together with GPS coordinates and some addi-
tional processing can be used to get good quality 
seismic data.

20.8.5  Helically wrapped cable

As the DAS interrogators measure the minute dif-
ferential dynamic strain along the fiber, two ques-
tions came up. One question was on sensitivity: 
How sensitive are we and where is it in comparison 
with, for example, geophones? The other question 
was on the broadside detection: Can we measure 
another direction other than the inline direction 
of the fiber effectively? In order to address these 
questions, various solutions were considered; the 
one here presented is the helically wrapped cable 
nicknamed HWC. It allows waves impinging per-
pendicular or any other angle to contribute to the 
measured signal in the DAS interrogator.

A wrapping angle α of 30° has nearly isotropic 
sensitivity (Figure 20.25), and with a linear combi-
nation of a straight fiber, it is theoretically possible 
to generate a response without in-line sensitivity.

At this wrapping angle of 30°, the cable con-
tains ∼2 m of fiber per 1 m of cable. This means 
an increase in the overall sensitivity with respect 
to a straight fiber, which was the other challenge. 
The response depends now only on the soil proper-
ties. The solid curves in Figure 20.26 relate to a soft 
ground, and the dotted curves to a harder ground. 
Spatial or seasonal variations in ground properties 
will lead to a changing response, which needs to 
be taken into account in the analysis of time lapse 
surveys.

20.8.5.1  FIELD TRIAL HWC

An 800 m HWC, as described previously, was 
manufactured and deployed in a field trial in 
Schoonebeek, the Netherlands. The cable was bur-
ied in 0.8 m depth and the soil was relatively soft. 
Three-dimensional accelerometer was placed in 
alignment with the chosen DAS channel spacing 
to measure the seismic signal.

A vibroseis source was used on several neigh-
boring roads, generating a distribution of offsets 
and azimuths per receiver station. A shot record 
with a cross-line offset, recorded with vertical 
accelerometers; a straight fiber; and the HWC 
is shown in Figure 20.27. It can be seen that the 
HWC is sensitive to reflection energy, in compari-
son with the straight fiber. The reflection data are 
not visible on the horizontal accelerometers (not 
shown), proving that the HWC is indeed broadside 
sensitive. More details are found in Ref. [36].

20.9  STATUS OF FIBER OPTICS IN 
THE OIL AND GAS INDUSTRY

The world of E&P was introduced to the reader 
and the associated field architectures and infra-
structure to get measurements to people in the 
office that can use those to make informed deci-
sions. Also, well-chosen fiber optic applications 
were presented that went through iterative devel-
opment stages from fundamental ideas over bread-
board designs to real-world E&P applications such 
as oil rim monitoring, VSPs, and surface seismic. 
My aim is to show the reader that developing 
fiber optic solutions is not only an academic exer-
cise but can lead to real-world applications and 
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Figure 20.25 Left: A helically wound fiber (blue) 
in the cable (red). Right: when cut along line AB 
and flattened, a surface is obtained, where the 
wrapping angle α is defined. (From Hornman, 
K. et al., Field trial with of a broadside sensitive 
distributed acoustic sensing cable for surface 
seismic, SPE. London: SPE, June 10–13, 2013. 
75th EAGE. Vol. SPE EUROPEC 2013. With 
permission.)
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deployments, even at a commercial level nowadays. 
One item that needs to be in any system designers 
mind is the fact that information needs to be pre-
sented to the end user; this requires to have accu-
rate measurements in the field, a reliable transport 
of those measurements into a central data storage 

and appropriate processing. Only then these data 
can be visualized by the end user, providing infor-
mation, not data that can be used in the optimiza-
tion process. Applications that are currently on the 
edge of research are chemical sensing and low-cost 
point acoustic sensing, whereas commercialization 
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Figure 20.27 Shot records recorded in three collocated detector systems: (1) vertical accelerometers 
(left), (2) a straight fiber (center), and (3) the HWC (right). The white arrows point at reflection energy, 
absent on the straight fiber; the red arrows on the HWC record (right) point at ground-roll from 
ambient noise sources. The yellow arrow points at a direct SV wave, used for the analysis of azimuthal 
sensitivity. An AGC was applied to the data. (From Hornman, K. et al., Field trial with of a broadside 
sensitive distributed acoustic sensing cable for surface seismic, SPE. London: SPE, June 10–13, 2013. 
75th EAGE. Vol. SPE EUROPEC 2013. With permission.)
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for DAS flow sensing seems to be well on its way. 
The advantages, besides the technical advantages 
of fiber optics mentioned in the introduction, are 
as follows:

 ● Reduced HSE risk as after the permanent 
installation of the equipment during run-in it 
can be reused at any moment in time without 
well intervention

 ● Reduced deferment as there is no time 
required to deploy any of the sensors for any 
measurement

 ● One cable for multiple measurements; usu-
ally several fibers are deployed in a cable, so a 
combination of measurements can be carried 
out, for example, DTS and DAS, pressure and 
DTS or DAS, etc.

 ● No EMI issues

Therefore, fiber optics brings a wealth of new oppor-
tunities to the oil world and will continue to do so.

This will give E&P the opportunity to optimize 
on production and produce safer and better than 
ever before.
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21
Oilfield production monitoring with 
fiber-optic sensors

PHILIP NASH
Stingray Geophysical

21.1  INTRODUCTION

In this chapter we describe the use of fiber-optic 
sensors for permanent reservoir monitoring 
(PRM) of oilfields.

One of the most important uses of optoelectron-
ics in the oil and gas industry is for oilfield produc-
tion monitoring, as part of a process to enhance 
production and yields. Much of this monitoring 
involves insertion of various sensors into oil wells, 
as described in Section 20. Such sensors measure a 
range of parameters including temperature, pres-
sure, flow, vibration, and chemical composition. 
These sensors give very valuable information about 
the local conditions, but they are essentially a one-
dimensional measurement, in that they give infor-
mation about a particular depth in the well, which 
itself represents a single point in the field.

An additional and complementary approach is 
to image the entire oilfield in three dimensions. 
This is most commonly achieved using active seis-
mic imaging, a technique by which an acoustic 
source is used to produce downward propagating 
seismic energy within the field, and the reflections 

of this from the various geological features of the 
field are detected by a network of seismic sensors. 
This allows a three-dimensional image of the field 
to be built up, in much the same way as a magnetic 
resonance imaging scanner produces an image of 
the human body (an alternative approach uses EM 
(Electromagnetic) fields to achieve a somewhat dif-
ferent image based on rock conductivity). A sche-
matic of a PRM system is shown in Figure 21.1.

The image so formed is an image of the “hard” 
structures within the field (that is, the rock strata) 
and does not give a direct representation of the pres-
ence of oil or other fluids within the rock. Rather, 
this can be inferred from changes in the details of 
the image as fluids move around the field. These 
changes are caused by changes in the impedance of 
the rock due to the presence of fluids (which cause 
amplitude and velocity changes) or by dimensional 
changes as the rock layers settle.

If a series of time lapse images are taken of a 
producing field (say at 6 monthly intervals), then 
changes between the images can be used to infer 
information about the movement of oil (and other 
fluids such as gas and water) within the field, and 
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this information, either by itself or in conjunction 
with well information, can be used to optimize 
production from the well.

The active seismic source for such surveys is 
normally a towed air gun array. The receiver net-
work can be realized in a number of ways, but the 
highest performance and most repeatable approach 
is to use a network of seismic sensors, permanently 
installed on the seabed above the field. Such a sys-
tem is known as a PRM system or sometimes a life 
of field seismic system. Use of such a system, in 
conjunction with enhanced recovery techniques, 
can increase total recovery from an oilfield from 
40% to in excess of 50%, which represents a huge 
amount of additional hydrocarbon.

The seabed sensor networks which can act as 
the acoustic receivers are amongst the largest and 
most complex sensor systems ever constructed. 
They can cover around 100 km2 of seabed with over 

400 km of cable, along which are spaced in excess 
of 40,000 individual seismic sensors. The sensors 
are typically a combination of accelerometers 
and hydrophones, grouped as three orthogonally 
mounted accelerometers and one hydrophone into 
what is known as a 4-c (four-component) seismic 
package, which allows full reconstruction of the 
seismic wave field.

The performance, environmental and reliabil-
ity requirements for such sensor networks are very 
demanding. They may be required to operate in 
water depths of up to 3000 m and to give a high 
level of seismic performance without failure for in 
excess of 25 years. Furthermore, as the sensors are 
being used to measure very small changes in the 
field, their performance must be extremely stable 
throughout the field lifetime.

Early PRM systems were typically based on elec-
trical sensors, usually piezoelectric hydrophones 

Acquisition and recording
system on FPSO, platform
or remote �eld control room

OSU - Optical sensor unit
Fiber-optic
accelerometer

Fiber-optic
hydrophone

Stingray® 
recording
system
(SRS)

Figure 21.1 Schematic of PRM system.
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and accelerometers or geophones. The first such 
system was installed by BP on the Valhall field in 
the North Sea in 2003, and is still operational today 
(Kammedal et al. 2004). These systems give good 
performance, but require a large amount of subsea 
electronics, and have been known to suffer from 
issues of reliability and subsea power distribution.

More recently (starting in 2008), PRM systems 
based on fiber-optic sensors have started to be 
introduced (Nash et al. 2009). These sensor net-
works are electrically completely passive, relying 
on simple robust fiber-optic sensors which require 
no underwater electronics and which are designed 
to be highly stable for periods in excess of 25 years.

This is a classic application for fiber-optic sen-
sors, and an interesting case study because of the 
demanding requirements, the large scale and the 
very powerful economic benefit of such systems. 
Here, we describe three approaches to a fiber optic 
solution, which have been implemented in recent 
years. The three approaches are a coupler-based 
reflectometric interferometric system (Nash et  al. 
2000), a Fibre Bragg Grating (FBG)-based reflecto-
metric interferometric system (Nakstad 2011), both 
using a combination of time and wavelength divi-
sion multiplexing, and a coupler-based interfero-
metric system using a combination of frequency 
and wavelength division multiplexing (Bunn 2008).

21.2  SENSING PRINCIPLES

All three of the systems discussed here are based 
on interferometric principles; that is, they measure 
the optical phase change included in a coil of opti-
cal fiber by the seismic signal acting on the coil. 

The mechanical packaging of the coil determines 
whether the phase change is induced by accelera-
tion (accelerometer) or pressure (hydrophone). It 
should be noted that, other than this packaging, 
the different sensor types are optically identical. 
The principles of interferometric fiber optic sens-
ing are discussed in Chapter 11, Volume II.

Figure 21.2 shows a schematic of a hydrophone. 
The hydrophone comprises a compliant mandrel 
supported on a metallic structure over an air gap. 
The fiber coil (typically in the range 10–150 m 
length) is wound onto the mandrel and encapsu-
lated in a material such as epoxy resin. An acoustic 
signal acting on the coil causes a localized pres-
sure change which compresses the coil, and causes 
a phase change in light travelling through the coil 
(which is a combination of a physical strain effect 
and a refractive index change caused by the elasto-
optic effect). A typical hydrophone is shown in 
Figure 21.3.

Figure 21.4 shows a schematic of an accelerom-
eter based on a typical sensing principle. The accel-
erometer is a mass-spring device, where the mass 
is a steel cylinder and the two springs above and 
below the mass may be mandrels made of a com-
pliant material, whereas the can is a lighter hollow 
metallic cylinder. The fiber coil is wound around 
one of the springs. If the accelerometer is acceler-
ated along its axis the mass moves relative to the 
can and this movement compresses the spring. 
This is converted into an outward expansion of 
the compliant cylinder, which in turn produces 
a change in length of the fiber coil, and therefore 
a phase change in light passing through the coil. 
By careful design the optical phase change can be 

Air gap

Semigrid mandrel Encapsulant
Rigid support

Fiber coil

Figure 21.2 Schematic of hydrophone.
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made linear with respect to the axial acceleration. 
A typical accelerometer is shown in Figure 21.5.

All three commercial systems described here 
use variants of these sensor designs. Important 
design considerations include the sensor respon-
sivity (the optical phase change produced by unit 
acceleration/pressure), the senor linearity (and/
or harmonic distortion), and directivity (which 
should be omnidirectional for the hydrophone, 
but with a high on/cross-axis response ratio for the 
accelerometer).

Various techniques have been used for extraction 
of the optical phase change from these sensors, as 

shown in Figure 21.6. Approaches 1 and 2 both use 
a version of the reflectometric approach described 
in Chapter 11, Volume II. In this approach, par-
tially reflecting mirrors are placed on either side of 
the coil, and the coil is interrogated with an opti-
cal pulse pair. The reflection of pulses from mir-
rors in either side of the coil is compared, and the 
phase change between these mirrors is a measure 
of the length of the optical coil. In Approach 3, a 
Michelson interferometer is used. The sensor coil 
forms one arm of the interferometer and an insen-
sitive reference coil, typically located inside the 
sensor coil, forms the other arm (or alternatively a 
push-pull arrangement with positive and negative 
sensing coils forming the two arms can be used).

In the four-component seismic package required 
for PRM, three accelerometers are located in an 
orthogonal arrangement to measure the compo-
nents of the seismic field. The accelerometers are 
typically located in a pressure housing to shield 
them from ambient pressure, although in some 
designs the housing is pressure balanced and the 
accelerometers are directly exposed to the pressure. 
The hydrophone sits outside the pressure housing 
and is always directly exposed to ambient  pressure. 
A typical sensor package is shown in Figure 21.7. 
Within the sensing package the sensors are typi-
cally multiplexed together onto a single fiber. In 
Approaches 1 and 2, the sensors are time multi-
plexed, so that time of flight of optical pulses to the 

Figure 21.3 Typical optical hydrophone. Figure 21.5 Typical optical accelerometer.
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Seismic
mass

Top spring
Can

Figure 21.4 Schematic of an accelerometer.
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sensors is used to distinguish them. In Approach 1 
the mirrors are implemented using fiber splitters 
with a mirror on one arm of the splitter (the mirror 
may be a simple silvered fiber end, or it may be a 
Faraday rotator mirror (FRM) to reduce polariza-
tion effects). In Approach 2, the mirrors are imple-
mented using low reflectivity FBGs. These have the 
advantage of being intrinsically imprinted into the 
fiber, but their reciprocal reflective nature means 

that such systems are susceptible to multi-path 
crosstalk.

In Approach 3, the sensors are multiplexed using 
frequency division multiplexing (FDM), as described 
in Chapter 11, Volume II. In this case the interrogat-
ing light is continuous, not pulsed. The mirrors at the 
end of the interferometer arms can again be slivered 
mirrors, or FRMs (this type of approach can also be 
used in a pulsed TDM multiplexing architecture).

Fully reflecting mirror

Sensor coil

Sensor coil

Sensor coil

Reference coil
Approach 3 : Michelson

Approach 2 : Reflectometric FBG

Partially reflecting FBG

Partially reflecting coupler mirror

Approach 1 : Reflectometric coupler

50:50 coupler

Fully reflecting mirror

Figure 21.6 Alternative interferometric sensor approaches.

Figure 21.7 Optical sensor unit containing three accelerometers and one hydrophone.
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Multiple sensor packages can be multiplexed 
onto a smaller number of fibers by extension of these 
multiplexing techniques. In Approach 1, four sen-
sor units are time interleaved using Time Division 
Multiplexing (TDM). Wavelength division mul-
tiplexing (WDM) is then used to combine larger 
numbers of sensors (Nash et al. 2009). This is typi-
cally achieved by using a number of lasers, spaced on 
the International Telecommunications Union (ITU) 
grid, and combining their outputs using standard 
wavelength multiplexing components. As an exam-
ple, with 16 sensors per wavelengths, and 16 optical 
wavelength spaced on the ITU grid, 256 sensors in 64 
four-component sensor packages can be multiplexed 
onto one optical fiber (or more correctly, one opti-
cal fiber pair, as usually separate input and return 
fibers are used). Approach 2 also uses a TDM/WDM 
combination, although in this case TDM is only used 
within the 4-C package, so for 16 wavelengths the 
multiplexing ratio is 64, or 16 sensor packages.

Approach 3 uses a combination FDM/WDM 
approach, in which the number of FDM sensors is 
determined by a matrix arrangement (Kersey 1990, 
see Figure 1b). Typically in this arrangement for N 
frequencies there are 2N fibers and N 2̂ sensors, so 
for example for 8 frequencies 16 fibers are required 
and there will be 64 sensors. If WDM is added then 
the multiplexing ratio is increased by the number of 
wavelengths used (there may be some confusion here 
between frequency and wavelength multiplexing. In 
this context, FDM means that the optical signals are 
closely spaced in frequency (typically separated by 
several GHz) and are distinguished by filtering in the 

electrical domain. WDM means that the optical sig-
nals are widely spaced in the frequency domain (typ-
ically by THz) and are filtered in the optical domain).

There is a trade-off between number of multi-
plexed sensors (i.e., multiplexing ratio) and system 
performance, in particular system noise floor and 
dynamic range. Figure 21.8 shows a plot of allowed 
system noise floor (expressed in units of accelera-
tion) against number of multiplexed sensors. The 
figure shows that for typical seismic noise levels of 
around-140 dB re 1 g/rtHz, over 400 sensors can 
be multiplexed together, and larger numbers if a 
higher noise floor is acceptable.

21.3  MECHANICAL DESIGN ISSUES

Irrespective of the sensor operating principles 
and optical multiplexing architecture, mechanical 
design is a key factor in ensuring a stable and reli-
able system. The major environmental issues that a 
PRM system are likely to encounter are as follows:

Transport by road, air, and/or ship over long 
distances

Storage for periods of possibly several months on 
docksides where temperatures may be as high 
as +70°C (in direct sunlight) or as low as −40°C

Deployment from surface vessel onto the seabed 
in water depths of up to 3000 m

Survival up to 25 years at 3000 m water depth

Of these items the last two are particularly chal-
lenging. One objection often raised to the use of 
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fiber in these applications is the supposed fragil-
ity of fiber in the tough environment of the oil 
field. The reality is that, provided it is properly 
packaged, fiber sensor approaches can be at least 
as tough, and probably more durable, than other 
approaches. Some of the key factors to allow for in 
the mechanical design of PRM systems are

Mechanical simplicity: Minimize number of 
mechanical components, especially those which 
are put under strain or which are expected to 
exhibit some form of mechanical motion

Material and component selection: Good 
material selection is a key factor in determin-
ing long-term reliability and stability. The key 
materials (for instance, mandrel materials for 
the active parts of the sensor) should be selected 
to have properties which are highly stable with 
time. Likewise, components should be used 
which have long track records and significant 
evidence of good field reliability. This is not 
always compatible with using state-of-the-art 
components, so when new components are intro-
duced they need to be thoroughly qualified, ide-
ally using recognized industry standards such as 
Telcordia.

Strain minimization: Minimize strain applied 
to fiber in sensor coils by shielding sensors from 
pressure wherever possible e.g., accelerometers 
should be housed in a pressure housing to protect 
from pressure-induced strain.

Corrosion resistance: Consideration should 
always be given to the short and long-term impact 
of corrosion. In particular it is good practice to 
minimize exposure of metals directly to seawa-
ter, through the use, for example, of polyurethane 
overmolds.

Fiber protection in cable: Fiber in cables is vul-
nerable to damage due to strain and also to hydro-
gen darkening, especially in deep water. Use of 
welded steel fiber tubes containing hydrogen scav-
enging gel has been proven to significantly reduce 
vulnerability in these areas.

An Optical Sensor Unit (OSU) designed to the 
above criteria is shown in Figure 21.7.

21.4  SYSTEM QUALIFICATION AND 
RELIABILITY ASSESSMENT

Rigorous qualification of a technology is required 
to prove that it will be fit for purpose in the oper-
ating environment—this is especially true in an 

environment such as the oil industry. Qualification 
of a PRM system is likely to include tests such as

 ● Subjecting a section of sensor cable to its full 
expected life cycle, including transportation, 
storage, and simulated deployment.

 ● Extended depth testing to at least the intended 
operating depth (plus a significant safety 
margin).

 ● Accelerated temperature testing of sensors to 
demonstrate long-term stability. As a PRM 
system is expected to be highly stable for 
25 years, it is an interesting question how that 
can be proven during product qualification. 
Fortunately, accelerated temperature test-
ing, although not definitive, does give some 
indication of long-term stability over a shorter 
duration test. The concept is based on acceler-
ating the ageing properties of materials at low 
temperatures by exposing them to higher tem-
peratures. For instance, exposure of a rubber to 
50°C for 1 month, approximately simulates the 
ageing of the same rubber at 5°C for 2 years.

Figure 21.9 shows a hydrophone that has been 
exposed to 50°C temperature for a period of 1 year, 
simulating 30 years of operation at 5°C (a standard 
seabed temperature in deep water). It can be seen 
that over the simulated 30-year period there is no 
measurable shift in the sensor sensitivity or fre-
quency response. This is crucial in a system that 
is being used to measure small changes in the field 
over an extended time period.

Information about system reliability can be 
obtained through the qualification process, but 
the scale of the qualification testing, both in terms 
of numbers and sensors and duration, gives only 
limited information about the long-term reliabil-
ity of a full scale system. This is normally assessed 
through a quantitative reliability analysis, which 
takes into account the system architecture, 
together with reliability information on individual 
components, ideally obtained from real field data 
(there is much field data, for instance, on optical 
components obtained from the telecoms indus-
try). The analysis typically uses a Monte Carlo 
simulation to predict how many sensor failures 
will occur over a specified lifetime. Analyses of 
these types show that for a typical optical-based 
PRM system, >98% of sensors can be expected to 
be operational after 25 years. Failures will likely 
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be due to random failures of optical components, 
connectors, or pressure seals.

The main evidence on the reliability for RM 
systems comes from the relatively small number 
of systems so far deployed. For instance, the sys-
tem deployed at Ekofisk in 2008 (Nakstad et  al. 
2011) had 16,000 sensor channels, and based on 
published figures all are still working in 2014, 
6 years later.

21.4.1  Performance issues

In addition to the demanding environmental 
requirements, PRM systems are required to achieve 
a very high level of performance, often significantly 
more demanding than other sensor applications. A 
few of the key performance requirements are dis-
cussed below.

Noise performance. As PRM systems are detecting 
very small seismic reflections against back-
ground noise, it is important that the system 
noise floor is as low as possible, and ideally 
below the environmental noise level. As back-
ground seismic noise at deep water locations 
can be very low, this puts a demanding require-
ment on system noise, and this requirement 
extends to ever lower frequencies, e.g., perfor-
mance down to 0.5 Hz or even 0.1 Hz is often 

required. A typical system noise specification 
would be <100 ng/rtHz for an accelerometer, 
which for a typical sensor sensitivity equates 
to a system noise floor of tens of microradians, 
even down to <0.5 Hz. As system noise is often 
dominated by laser phase noise, careful design 
and selection of lasers is needed, in conjunc-
tion with self-noise referencing techniques.

Dynamic range. In addition to exhibiting very 
low system self-noise, PRM systems are also 
required to provide an accurate reconstruction 
of the very high amplitude wideband direct 
arrival from the seismic air gun. The nature of 
this signal is such that the optical sensors are 
subject to an extremely rapid phase change, 
which can be of the order of 1000 radians in 
less than 10 ms. Many optical interrogation 
schemes struggle to cope with this, either 
due to undersampling of the signal (in the 
time domain) or due to multiple sidebands 
spreading into adjacent frequency bins (in 
the frequency domain). Various proprietary 
techniques have been developed to deal with 
these effects, and these have resulted in some 
systems being able to achieve a dynamic range 
in excess of 180 dB.

Operational issues. The PRM application is, as 
discussed previously, interesting because of 
the high demands made in terms of scale, 
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performance, and reliability. However, these 
systems also need to operate reliably and 
with minimum disruption to their surround-
ing environment (typically a platform on an 
operating oilfield). This leads to a number of 
considerations.

The system must be capable of deployment from 
a standard installation vessel and integration 
with the often complex infrastructure of an 
existing oilfield.

Size, weight, and power of the interrogation 
system on the platform should be minimized. 
Consideration also needs to be given to mini-
mizing acoustic and Electromagnetic emis-
sions from the system, and various safety and 
emission standards will need to be met.

There will need to be maintenance and repair 
plans for the system. Repair of the interroga-
tion unit is likely to be required at times and 
will typically be by module replacement on the 
platform. Repair of the subsea system is much 
more onerous, and typically systems will be 
designed such that no planned subsea mainte-
nance/repair will be required during a system 
lifetime.

Field testing. The overall performance of a PRM 
technology is best characterized through field 
testing, ideally in a representative underwater 

environment using a seismic source to excite 
the sensors. Figure 21.10 shows a prototype 
system being deployed in 140 m water depth 
during a field test.

21.5  THE FUTURE

We have seen that PRM is a demanding application 
for optoelectronic systems, in terms of scale, per-
formance, and reliability. Another issue we have 
not discussed is that of cost. The cost of building, 
installing, and operating a PRM system can be in 
the many tens of millions of dollars.

Despite this, the potential benefit of a PRM 
system is very large. This can be in reduced 
operational cost of fields (e.g., smaller number of 
dry wells) and/or enhanced production rates, or 
enhanced final production volumes. The benefits 
of these may vary significantly outweigh the costs.

Despite all these factors the take-up of PRM 
into the oil/gas market has been slow. The first 
installation took place in 2003 and in the suc-
ceeding 11 years there have only been eight instal-
lations. The scale of these installations has been 
very large, totaling over 1000 km of sensor cable 
and over 100,000 sensors in total. However, con-
sidering the number of fields under development 

Figure 21.10 Prototype system being deployed during field test.
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or production over that period, and the number of 
those that have the potential to significantly benefit 
from use of PRM, the degree of take-up has been 
surprisingly small.

There have been a number of reasons for this. 
The high up-front build/installation cost is a bar-
rier, because although the eventual payback may 
be many times the initial cost, the cost is a sig-
nificant extra factor in field development at a time 
when capital expenditure is under tight control, 
and the benefit will only be fully realized over 
a number of years. This issue is made worse by 
short-term fluctuations in the oil price such as the 
dramatic price drop seen in late 2014. The opera-
tional and organizational difficulties of design, 
build, and installation are also a significant factor. 
Finally, proving the long-term reliability of these 
expensive systems, which only deliver benefits if 
they operate reliably for many years, has also been 
a concern.

Although this may sound a little negative, expe-
rience of the introduction of optical sensor tech-
nology into other areas of the oil industry suggests 
a more positive outcome. Two good examples are 
distributed temperature sensing (DTS) and dis-
tributed acoustic sensing (DAS). Both DTS and 
DAS were research technologies, which showed 
considerable promise but slow adoption for a num-
ber of years. However, both technologies eventu-
ally reached the point where they overcame the 
barriers to adoption, and are now widely used, 
and with very beneficial results to the industry. 
There is no reason why PRM should not follow the 
same path.

Perhaps the key question is whether PRM 
will always be a niche application used in certain 
very specific instances, or whether it will experi-
ence widespread adoption, at least in a significant 
minority of field cases. The answer to this will lie 
partly in technical developments, partly in cost, 
and partly in establishing in quantitative terms, 
the clear benefit of PRM to the industry.

In terms of technical developments, we can 
expect to see further increases in multiplexing 
efficiencies. Current multiplexing schemes allow 
in excess of 250 sensors per fiber, but studies and 
laboratory work have shown that well in excess 
of 1000 sensors per fiber is theoretically possible 
(Liao et  al. 2012). This requires the use of tech-
niques such as distributed optical amplification to 
balance the losses associated with multiplexing. 

Other improvements may include lower noise 
lasers with an emphasis on very low frequency 
(sub 1 Hz) performance and wider bandwidth sen-
sors, especially for passive applications. Finally, 
improvements in processing power and in min-
iaturization of integrated optics components will 
help to reduce the size of the platform-based inter-
rogation system, which can be another bar to PRM 
installation.

On the cost side, the biggest issue is to break 
the vicious circle, which means that optical sys-
tem costs were initially higher than more con-
ventional electrical system because so far they 
have been built in relatively small quantities. 
However, the use of components and production 
facilities developed for telecoms applications will 
help here, and significant cost reductions have 
already been seen, such that optical approaches 
are now comparable or cheaper than electrical 
approaches.

All these factors will help. However, the biggest 
difference will be made if the promised PRM ben-
efits in terms of enhanced resort performance can 
be conclusively demonstrated. Significant progress 
has been made in this area also, and, based on the 
experience in the introduction of other optical sen-
sor technologies to the oil industry, we can expect 
to see much more widespread adoption, so that 
PRM will become both technically and commer-
cially one of the success stories of the optical fiber 
sensing industry.
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22
Applications of visible to near-infrared 
spectroscopy for downhole fluid 
analysis inside oil and gas wellbores

GO FUJISAWA, OLIVER C. MULLINS, AND TSUTOMU YAMATE

Schlumberger

22.1  INTRODUCTION

Timely assessment of hydrocarbon reservoir fluid 
is very important for upstream oil/gas companies 
to assess their reservoirs and make optimum plans 
for development and production of their under-
ground resources. Visible to near-infrared (VIS/
NIR) spectroscopy is a powerful analysis tool and 
utilized in many industrial settings, and it has 

been used to analyze fluid inside oil/gas wellbores 
for over 20 years. Today, downhole fluid analysis 
(DFA) by VIS/NIR spectroscopy is widely accepted 
by upstream oil/gas companies as a valuable and 
indispensable method to understand their reser-
voir immediately after a well is drilled.

Implementation of DFA by VIS/NIR spectros-
copy has always been a very challenging scientific 
and engineering task. The nature of this challenge 
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becomes obvious when contrasting the environ-
mental requirements between oil/gas wellbores to 
normal laboratories. Maximum wellbore tempera-
tures can reach 175°C or higher for a deep wells; 
moreover, the temperature is by no means stable 
during measurements. Wellbore pressure can reach 
100 MPa or much higher for deep-water wells. 
For example, DFA spectrometers may experience 
~200 MPa pressure in very deep wells in the Gulf of 
Mexico. DFA spectrometers may experience severe 
mechanical shocks and vibration during transpor-
tation to a well site, often over unpaved road for 
several hours, and during conveyance into a bot-
tom of wellbore, especially if DFA spectrometers 
are integral as a part of a drill string. Space is a pre-
mium for DFA instruments and hardware needs to 
be designed so that it can fit into a cylindrical tool 
string of approximately 10 cm or less in diameter. 
Once DFA spectrometers are dispatched from the 
base to wells for measurement, there is no chance 
of any easy calibrations. Thus, it is required that the 
calibration of the spectrometer will last a minimum 
a few months to years. Instrument reliability is criti-
cally important. Lost time due to instrument failure 
is prohibitively expensive in some operating envi-
ronment. For example, operations of a deep water 
offshore rig can cost as high as 1 million US dollars 
per day. It is no exaggeration that oil/gas exploration 
is a most challenging environment for technology 

and is comparable to demands of space exploration 
and military requirements.

In this review, we first explain the nature of 
fluid spectra in oil/gas wells, and the design con-
siderations for DFA spectrometers, and we provide 
an example of spectrometer hardware and mea-
surement performance. Then, we discuss actual 
applications including the setting of measurement, 
fluid sampling optimization, fluid sampling qual-
ity assurance, in situ fluid property measurements, 
and briefly advanced applications.

22.2  VIS/NIR SPECTROSCOPY 
FOR DFA

This section will present the nature of fluid spec-
tra in oil/gas wells, design considerations for DFA 
spectrometers, and principles of measurements 
and interpretations.

22.2.1  Fluid spectra in oil/gas wells

The majority of molecules constituting fluid in oil/
gas reservoir are various types of hydrocarbons and 
water. Generally, small amounts of  carbon dioxide, 
hydrogen sulfide, and nitrogen are also present in 
some formation fluid, although in some cases, these 
nonhydrocarbon components can dominate. Figure 
22.1 shows several spectra of crude oil and water.
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Figure 22.1 VIS/NIR spectra of crude oil and water.
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Broadly speaking, three types of information can 
be extracted from VIS/NIR spectrum.

First, water has very distinctive absorption 
peaks at about 1440 and 1940 nm. The peak at 
1440 nm corresponds to the two-stretch vibrational 
overtone (symmetrical or asymmetrical) of the 
 oxygen–hydrogen (OH) bond. The peak at 1940 nm 
corresponds to vibrational modes of combination 
of bend and stretch modes of the OH bond. Oil has 
a group of absorption peaks at around 1725 nm that 
corresponds to vibrational overtone of  carbon–
hydrogen stretch mode. The absorption bands at 
2350 nm correspond to the CH stretch plus bend 
combination bands. These water and oil peaks are 
easily detectable by a basic spectrometer, and these 
measurements were realized in the first genera-
tion of DFA instrument about 20 years ago [1]. The 
magnitude of the overtone and combination bands 
reduces at higher energies. These bands are all for-
mally “forbidden” yielding rather small absorp-
tion coefficients in comparison to the fundamental 
vibrational bands in the mid-infrared, which are 
roughly at least 1000 times bigger. This fact is quite 
useful; relatively long path lengths can be used 
enabling bulk sample analysis with the NIR.

Second, the oil spectrum shows increasing absor-
bance toward shorter wavelength. Generally, heavier 
crude oil tends to absorb more at longer wavelength 
than lighter crude oil. This mode of absorption is 
attributed to excitation of delocalized π-electrons 
found in aromatic molecules. Larger fused aro-
matic ring systems have greater delocalization of 
the π-electrons, thereby requiring less energy for 
excitation, thus absorbing longer wavelength light. 
This absorption corresponds to electronic excitation, 
which is quite distinct from the vibrational excita-
tion discussed earlier. Two extreme examples are 
benzene with its lowest electronic transition at ∼250 
nm and graphite, which is a zero bandgap semicon-
ductor. The π-electrons in benzene molecules are 
delocalized only within a confinement of one aro-
matic ring, thus it still has a relatively large energy 
gap and excited only in ultraviolet light, resulting in 
transparent color to human eyes. On the other hand, 
the π-electrons in graphite are completely delocal-
ized and readily excited at both visible and NIR light, 
resulting in black color. In crude oil, there is a group 
of molecules known as asphaltenes that have an aro-
matic core consisting of about seven fused rings, with 
several peripheral aliphatic hydrocarbon chains. It 
is the delocalized π-electrons in these asphaltenes 

molecules that absorb in VIS/NIR light and give 
the brown to black color to crude oil. Asphaltenes 
impart high viscosity to the crude oil (and asphalt!), 
as well as decrease the yield of liquid fuels in refining. 
Thus, crude oil color is an important indicator of oil 
type in reservoir.

Third, a closer look at the details of the oil spec-
trum around 1725 nm shows that it depends on the 
composition of hydrocarbon fluid. The resonance 
frequency of carbon–hydrogen vibration mode is 
slightly different when it is in methane (CH4) or in 
ethane (–CH3) or in larger hydrocarbon molecules 
(dominated by –CH2–). Essentially, the different 
masses of these mechanical oscillators cause a shift 
in the resonance frequencies. As a result, methane 
has a different absorption spectrum from ethane, 
and ethane has a different absorption spectrum 
from propane, and so forth. However, this difference 
diminishes soon as a size of hydrocarbon molecules 
increases. This similarity among hydrocarbon mol-
ecules sets a practical limit to a number of indepen-
dently extractable composition groups. Measuring 
these subtle differences among hydrocarbon peaks 
requires a better quality spectrometer compared 
to simple oil–water detection or oil color measure-
ments. Several studies have demonstrated that it is 
still possible to determine grouped composition in 
hydrocarbon fluid by spectroscopic measurement of 
relatively limited number of wavelength and resolu-
tion [2–5].

22.2.2  Hardware design 
considerations

Several environmental factors demand special 
considerations for designing DFA spectrometer 
hardware.

22.2.2.1  TEMPERATURE

High-temperature impacts spectrometer hardware 
designs in three ways. First, it may simply destroy 
or significantly reduce the lifetime of optoelectron-
ics and electronics components by excessive heat. 
Failure rates of typical plastic packaged compo-
nents increase dramatically above 150°C. At 175°C 
or above, packaging of optoelectronics and elec-
tronics components need to be carefully selected 
in high temperature plastic, metal, or ceramic 
package or risk instrument failures [6]. Second, 
elevated temperature may significantly alter the 
characteristics and performance of optoelectronics 
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components. Light-emitting diode (LED) and laser 
emission typically decrease in intensity and shift 
in wavelength at high temperature, even if they 
survive and remain operational. Photodiodes sen-
sitivity decrease and their cutoff shifts toward lon-
ger wavelength. Third, elevated temperature may 
slightly change optomechanical properties of spec-
trometer hardware. Fabry–Perot interferometers 
and band-pass filters shift in wavelength due to 
thermal expansion, thermal stress, and refractive 
index change. Thermal expansion and stress may 
distort the spectrometer unit and its optical align-
ment. While these effects may not be as dramatic as 
component failures, they are, nevertheless, sources 
of considerable measurement errors.

22.2.2.2  PRESSURE

The only way to handle extreme high pressure is to 
seal the sensitive spectrometer from high pressure. 
Only optical window(s) should be facing high pres-
sure fluid extracted from the formation. Sapphire 
is a perfect material for DFA spectrometer optical 
windows as it is hard, tough, chemically stable, 
transparent in the entire VIS/NIR wavelength 
range, and affordable. Spectroscopic measure-
ments can be made with one window for reflection 
measurements or with two windows for more con-
ventional transmission geometry.

22.2.2.3  MECHANICAL SHOCK AND 
VIBRATION

Any mechanically moving or movable components 
are most likely to fail or misalign when subject to 
severe shock and vibration. Chopper wheels, rotat-
ing diffraction grating shafts, and interferometers 
are key components of conventional and Fourier 
transform infrared spectroscopy (FTIR) spec-
trometers, but they can be a significant source of 
instrument failure or measurement error in the 
DFA spectrometer. If these moving components 
are necessary, utmost considerations should be 
taken for their mechanical designs. Repetitive 
mechanical shocks and vibrations also cause elec-
tronics component failures, particularly when the 
temperature is high.

22.2.2.4  SPATIAL LIMITATION

A spectrometer using a dispersing element, such as 
a grating or prism requires a longer optical path or 
smaller element detector array to achieve greater 
wavelength resolution. This may be difficult in 

a DFA spectrometer as it has to have a small foot 
print to fit into the high-pressure tool housing.

22.2.2.5  CALIBRATIONS AND 
MAINTAINABILITY

We measure background with an empty cell or 
reference cell before the sample measurement to 
ensure data quality in laboratory. We take it for 
granted that this condition remains essentially 
unchanged between background measurement 
and sample measurement. This is not the case for 
realistic DFA spectrometer measurements. Once 
a spectrometer unit is dispatched from a base, 
there is little opportunity to calibrate it. It is trans-
ported to a well site by land or air, and then it is 
lowered into a wellbore as a part of a suite of mea-
surement instruments suspended by an electrical 
cable, called Wireline in oilfield terminology, or as 
a part of a drill string, called logging while drilling 
(LWD). Either way, a spectrometer is conveyed to a 
designated depth at various temperatures and pres-
sures. In between, it may experience severe shock 
and vibration. Embedded in this hostile environ-
ment, the DFA spectrometer hardware needs to be 
stable during all these processes to make reliable 
measurements.

22.2.3  DFA spectrometer example

An example of DFA spectrometer is given below 
with hardware architecture, interpretation soft-
ware, and typical accuracy.

22.2.3.1  HARDWARE

Designs of DFA spectrometers are restricted by 
several environment factors described in the pre-
vious section. Nevertheless, a reasonably accurate 
VIS/NIR spectrometer can still be built by care-
fully selecting a specific hardware architecture 
and design details. Figure 22.2 shows a schematic 
of a DFA spectrometer hardware configuration. 
A tungsten halogen incandescent lamp operating 
around 3000 K gives a blackbody radiation with 
a peak around 1 μm and covers the entire VIS/
NIR wavelength range. Unlike lasers or LEDs, 
the temperature change from room temperature 
to over 175°C has negligible impact to emission 
of a 3000 K radiation source. A rotating chopper 
wheel enables reduction of noise. The chopped 
source light is selectively guided into a measure-
ment cell and reference path via fiber optics. A 
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measurement cell consists of two thick sapphire 
crystal optical windows separated by a fluid flow 
channel where actual formation fluids flow. The 
transmitted light will be distributed to individual 
photodetectors each coupled with a designated 
band-pass filter (only one channel is drawn in 
Figure 22.2). The number of wavelength channels 
can be 10, 20, or any numbers considered neces-
sary for intended applications. Fiber bundles 
consisting of several thousands of optical fibers 
connect each  optical component and coupling. The 
bundles are branched and randomized as needed. 
All components are designed and tested to with-
stand high temperature and mechanical shock and 
vibration. More recent DFA spectrometers have a 
grating spectrometer to cover information-rich 
1600–1800 nm wavelength along with a filter-array 
spectrometer described here [7].

22.2.3.2  INTERPRETATION

As the measured fluid is at such high pressure and 
temperature, its spectrum is substantially differ-
ent from those at a standard laboratory condition 
often found in spectrum database library. Thus, 
specialized databases for hydrocarbon spectra 
measured at high pressure and high temperature 
are needed for accurate composition analysis on 
the acquired sample spectrum. Once the database 
is built, interpretation schemes can be developed 
by standard chemometrics approaches such as 
principal component regression or partial least 
squares regression method. The latest DFA spec-
trometer can analyze hydrocarbon fluid and inter-
pret its composition into five groups; methane, 
ethane, propane-to-butane, hexane+, and carbon 
dioxide as long as no appreciable water is present in 

the sample. For the upstream oil and gas industry, 
there is a very important parameter named gas-
to-oil ratio (GOR) to characterize hydrocarbon 
fluid. Inside high-pressure hydrocarbon reservoir, 
crude oil may contain a large amount of dissolved 
methane, ethane, and other smaller molecules that 
will be released as gas once the fluid is produced 
to environmental conditions of one atmosphere 
and surface temperature. The GOR gives the ratio 
of gas volume over liquid volume once the single-
phase fluid is brought to surface. For example, a 
crude oil of GOR 100 m3/m3 means 100 m3 of gas 
is produced along with 1 m3 of crude oil. Thus, the 
surface production facility requirements depend 
dramatically on the GOR. DFA spectrometers give 
GOR from derived compositions by either solving 
equations of state or neural network approaches.

22.2.3.3  ACCURACY

The accuracy of DFA spectroscopy measure-
ments and its interpretation depends on mul-
tiple  factors including hardware, interpretation 
 methods, sample types, and measurement condi-
tions. Figure 22.3 is an example of comparisons 
of  several DFA measurement and interpretation 
results against laboratory composition analysis 
results by gas chromatography (GC). Agreements 
are  surprisingly good considering all environmen-
tal difficulties described earlier.

22.3  APPLICATIONS INSIDE OIL 
AND GAS WELLBORES

This section will present typical applications of DFA 
spectrometer instruments inside oil/gas wellbores.

ItIi

IsSource light

Incident light Transmitted light

Figure 22.2 A schematic of DFA spectrometer hardware. This figure is drawn for only one wavelength 
channel for simplicity. An actual spectrometer has multiple individual photodetectors coupled with 
narrow band-pass filters, each pair for one wavelength channel.
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22.3.1  Formation tester

Properties of the rock formation penetrated by 
a wellbore are first measured by several instru-
mented tools relying on nuclear, electrical, and 
sonic measurements. Properties typically mea-
sured include formation density, porosity, basic 
lithology, resistivity, and stress. Then, a fluid sam-
pling program by a formation sampling tool or 
“formation tester” is planned based on the forma-
tion evaluation. The DFA spectrometer instrument 
is conveyed to a wellbore as a part of formation tes-
ter tool by Wireline tool string or LWD tool string.

Formation tester tool strings typically includes 
one or more probe or inlet modules, pump modules, 
DFA modules, and sample chamber modules  [8]. 
A  probe or inlet module has a tube or opening 
that forms a seal with the formation wall allowing 
extraction of formation fluids by use of a pump. It is 
essential to avoid contamination of the formation 
sample with mud in the borehole or with mud fil-
trate that leaks into the formation. The inlet mod-
ule can be a simple probe or guarded probes that 
can sample uncontaminated formation fluid more 
efficiently, or a pair of packers that seals a section 

of a wellbore vertically. A pump module creates a 
necessary differential pressure to move fluid from 
the formation through the flowline of the forma-
tion tester tool. Fluid can be expelled from the 
formation tester into the wellbore until the desired 
fluid is obtained. The DFA modules analyze the 
flowing fluid in real time to evaluate fluid proper-
ties and to enable the operators to make necessary 
decisions such as whether and when to acquire a 
sample. If the fluid flowing inside the formation 
tester is judged as worthy of further analysis in 
laboratory, the fluid is captured in a sample bottle 
in a sample chamber module.

22.3.2  Sampling program 
optimization

The first type of DFA spectrometer application is 
sampling program optimization. Although for-
mation properties are analyzed and understood to 
some extent prior to formation testing, real-time 
DFA spectrometer analysis on the flowing fluid 
often reveals reservoir information that is not avail-
able from other measurements. As a result, the fluid 
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sampling program can be altered from the original 
plan and optimized. An illustrative example may 
be an initial assumption that a reservoir contains 
homogeneous hydrocarbon fluid. Once the DFA 
spectrometer starts to provide evidence that the 
fluid is not homogeneous, the operator will naturally 
change a sampling program to capture more fluid 
samples from different parts (depths) of the wellbore 
than originally planned so that complexities of res-
ervoir fluid along the wellbore are fully understood.

22.3.3  Sampling quality assurance

At each wellbore point (depth) that an opera-
tor decides to take a formation fluid sample, it is 
critically important that the fluid flowing into the 
formation tester is truly representative of the fluid 
inside the formation. This problem may not seem 
very obvious but nonrepresentative sampling can 
happen for two different reasons. First, formation 
oil almost always contains some dissolved gas. 
Similarly, formation gas also may contain light-
end liquids. As an example, a bottle of coca-cola 
contains dissolved gas, which is released with pres-
sure decrease. If the pressure is reduced to mobilize 
formation fluid and the pressure drops below satu-
ration pressure (i.e., bubble point or dew point) of 
formation fluid, phase segregation will take place 
inside the formation and resulting in multiphase 
fluid flowing into formation tester, which is no lon-
ger representative due to different phase mobility 
and volumetrics. Second, oil wells are drilled with 
drilling mud, which is pumped down in the center 
of the drill pipe and travels up the annulus between 
the pipe and the borehole wall. The mud maintains 
wellbore pressure to avoid blowouts and avoid 
wellbore collapse, carries the rock cuttings to sur-
face, lubricates the drill string, and forms a mud 
cake at permeable zones avoiding excessive fluid 
loss. When drilling mud contacts with permeable 
formation, the liquid part of drilling mud (called 
mud filtrate) will invade into formation while the 
solid part of drilling mud will stay and plug pore 
space of the borehole wall. When fluid flows from 
formation into formation tester, the first arriving 
fluid is heavily contaminated by invaded mud fil-
trate. Typically, fluid flow for hours as required 
before it becomes sufficiently free from contamina-
tion, given limitations of pump rate and pressure 
drawdown. The DFA spectrometer instrument is 
used to monitor the spectrum of the flowing fluid 

continuously and analyze if it is in single phase 
and sufficiently free from contamination. The DFA 
spectrometer literally provides eyes to fluid sam-
pling process [1,9,10].

22.3.4  In situ fluid property 
measurement

Fluid worthy of detailed analysis is captured in 
a sample bottle and analyzed in laboratory later. 
Pressure–volume–temperature analysis measures 
fluid GOR and other fluid properties. GC  measures 
gas and liquid compositions in detail. Some fluid 
properties are, however, not measured reliably in 
laboratory because they can change irreversibly 
from reservoir to laboratory. For example, water 
pH is reliably measured at in situ condition by DFA 
spectrometer [11]. A small amount of  pH-sensitive 
color dye is mixed in situ in the formation  tester 
with formation water and its color change is 
measured by spectrometer. In contrast, a typi-
cal laboratory pH measurement is done at room 
temperature and atmospheric pressure conditions 
after dissolved gas is liberated and minerals pre-
cipitated. Naturally, its pH value is different from 
the original pH value in reservoir. Another exam-
ple is detection of low concentration of hydrogen 
sulfide. Hydrogen sulfide in producing fluid has 
significant impact on operator because it is haz-
ardous and corrosive. However, it is well known 
that laboratory measurement of low-concentration 
hydrogen sulfide (H2S) is not reliable because H2S 
is consumed by metal and mud filtrate before the 
sample is analyzed in the laboratory. In situ mea-
surement inside borehole is the only way to detect 
low concentration of hydrogen sulfide accurately.

22.3.5  Advanced applications

DFA at each measurement point (depth) along the 
wellbore gives the property of fluid at that par-
ticular point of wellbore in real time. These mea-
surements are very valuable themselves as already 
explained. Recently, there have been several studies 
that relate property of formation fluid at one point 
to others by using DFA spectroscopy and equa-
tion of state (EoS). For example, some reservoirs 
are known to have compositional gradient that can 
be measured and interpreted by DFA spectrometer 
and described by an EoS. Gradients in GOR can be 
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evaluated with the cubic EoS. Some reservoirs are 
known to have asphaltene concentration gradient 
that can be measured as fluid color by DFA spec-
trometer and successfully characterized by a newly 
developed EoS, the Flory–Huggins–Zuo EoS, for 
dissolved (or colloidally suspended) asphaltenes. 
This EoS is based on the resolution of the molecu-
lar and colloidal species of asphaltenes codified in 
the Yen–Mullins model. These advanced applica-
tions give spatial distribution of fluid properties 
across the reservoir compared to basic DFA that 
gives fluid properties at a measurement point. The 
details of these advanced applications are beyond 
the scope of this introductory review. Interested 
readers are encouraged to further readings [12,13].

22.4  CONCLUSIONS

This review discusses the application of VIS/NIR 
spectrometers to operable in hostile environment 
inside oil and gas wells. DFA by VIS/NIR spec-
troscopy provides vital information for operators 
to understand their hydrocarbon reservoirs and 
optimize their development plans. Indeed, many 
hundreds of these DFA spectrometers have been 
commercially produced and annually run in thou-
sands of wells to perform in situ spectroscopic 
measurements of reservoir fluids in oil and gas 
wellbores worldwide.
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23.1  VOLATILE ORGANIC 
COMPOUNDS AND OIL 
MONITORING

Given that volatile organic compounds (VOCs) 
are among the most commonly detected organic 
contaminants in water, the general public becomes 
increasingly aware of the problems associated 
with the contamination of ground and surface 
water resources. During the past few decades, the 
worldwide production and consumption of oil and 
petroleum products have increased dramatically. 
Concurrently, this leads to a higher risk of envi-
ronmental pollution. Aromatic hydrocarbons from 
petroleum-based products may enter the marine 

environment from a number of different sources, 
e.g., oil spills due to leaking tankers, accidents at ves-
sel and drilling operations, or industrial discharge. 
Industrial oil production and offshore delivery 
globally accompany these oil spill events. From such 
oil spills, VOCs, especially benzene, toluene, ethyl 
benzene, naphthalene, and xylenes (or “BTEX+N”), 
may dissolve to a small yet relevant extent within 
the water phase. Therefore, they cause contamina-
tions at concentrations ranging from ppb (μg/L) to 
ppm (mg/L) levels. For detection of contaminants 
emanating from accidents during industrial oil spill 
into the marine environment, various hydrocarbon 
sensors have been developed, which are suitable for 
marine monitoring and surveys [1].
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Besides the established state-of-the-art analytical 
systems, infrared (IR) spectroscopy is an emerging 
technology in terms of rapid and miniaturizable sens-
ing techniques currently available in this domain. 
Methods such as gas chromatography coupled with 
mass spectrometry (GC-MS) usually require exten-
sive laboratory equipment and time-consuming 
sample preparation steps. With few exceptions, such 
methods are expensive and difficult to operate during 
in-field deployment; thus, efficient environmental 
monitoring and online water quality control require 
more compact sensing technologies enabling ubiq-
uitous application. Regarding water quality control, 
Fourier-transform infrared (FTIR) spectroscopy is 
capable of directly analyzing liquid-phase samples in 
a continuous or quasicontinuous fashion. However, 
conventional FTIR techniques are limited by strong 
background absorption interferences particularly 
from water and usually require sizeable spectrom-
eters derived from laboratory equipment.

Given recent innovations in IR sensor technol-
ogies, i.e., specifically mid-IR (MIR) waveguides 
and light source technologies such as quantum 
cascade lasers, which are capable of emitting high-
intensity radiation throughout the entire MIR 
regime, measurement strategies based on the fun-
damental principles of internal total reflection are 
of increasing importance and offer a useful alter-
native to conventional analysis methods. Based 
on these technologies, analytical systems provid-
ing robust and reliable in-field sensing capabilities 
may be scaled to lower dimensions, and therefore 

offer the potential for in-field applications even at 
harsh conditions taking advantage of microfabri-
cated devices and components.

23.1.1  VOC “fingerprinting” in 
aqueous environments

Today, it has readily been demonstrated that 
advanced attenuated total reflection (ATR) spec-
troscopy techniques are capable of reliable hydro-
carbon identification in geochemically relevant 
fluids [2]. They have successfully been used for the 
detection of a wide variety of organic constituents, 
as well as for the analysis of oil in water and water 
in oil.

This section reviews current IR-ATR-based 
methods for the detection and quantification of 
hydrocarbons partitioning into the water phase 
from oil matrices by evaluating characteristic 
spectral features within the so-called fingerprint 
region (i.e., 600–800 cm−1). In this regime, each 
aromatic hydrocarbon constituent is character-
ized by a distinctive pattern of absorption features, 
which may be used to identify specific compounds 
even in complex mixtures comprising a variety of 
organic species [3].

To analyze VOC “fingerprints” resulting from 
and attributed to distinctive oil types, recent 
 studies [3] have demonstrated methods where 
aqueous solutions containing dissolved hydrocar-
bons are pumped across a polymer-coated zinc 
selenide (ZnSe) waveguide (i.e., the ATR crystal 
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serving as the active sensing element based on sev-
eral internal reflections producing an according 
evanescent field emanating from the waveguide 
surface; Figure 23.1), while continuously record-
ing IR-ATR spectra of the VOCs partitioning into 
the polymer membrane. Next to the quantitative 
enrichment of VOCs amplifying the analytical 
signal, using a hydrophobic polymer membrane 
has the additional effect that water is effectively 
excluded from the analytically probed volume 
defined by the penetration depth of the exponen-
tially decaying evanescent field (i.e., a few microm-
eters at MIR wavelengths), which is generated at 
the waveguide/polymer interface.

Collecting IR spectra during this enrichment 
process reveals clearly separated absorption bands 
of relevant VOCs (naphthalene, xylenes, tolu-
ene, and ethyl benzene) in the spectral region of 
650–800 cm−1 (Figure 23.1). These absorption fea-
tures may readily be identified and quantified from 
crude oil-in-water samples at ppb levels of concen-
tration, thereby leading to a promising strategy for 
online monitoring of hydrocarbon pollutants in 
marine environments.

Figure 23.1 demonstrates that characteristic 
concentration patterns of VOCs may be used for 
in situ quantification via polymer-coated IR-ATR 
waveguides, and that using waveguide-based and 
miniaturized IR sensing systems for in situ oil 
fingerprinting in marine environments is already 
within reach, given the current state of IR technol-
ogy development.

23.1.2  Quantification of VOCs in 
marine environments

Besides in situ fingerprinting, in situ quantifica-
tion of petroleum-based VOCs plays an important 
role in marine monitoring. A major factor imped-
ing the progress in understanding and control-
ling petroleum-based contaminants in the coastal 
environment is the difficulty associated with sam-
pling aqueous systems containing VOCs. Current 
analytical methods (e.g., GC-MS) readily quan-
tify petroleum-based aromatic hydrocarbons in 
marine environments; however, they are expen-
sive, time consuming, and error prone, given the 
potentially large sampling errors resulting from 
the volatility of the sampled constituents.

In contrast, advanced IR sensor technologies 
enable VOC fingerprinting and quantification 
within a single measurement after appropriate cali-
bration routines have been established. Additionally, 
sampling errors are avoided due to the possibility of 
direct in situ measurements without further sample 
preparation steps [4].

Recent studies have impressively demonstrated 
the suitability of IR-ATR sensor systems utilizing 
polymer-coated ZnSe ATR crystals for the direct 
quantification of BTEX+N constituents in water 
matrices, and that continuously operating quanti-
tative measurement routines are indeed feasible [4].

In Figure 23.2, IR spectra of a polyisobutylene-
coated ZnSe ATR crystal exposed to aqueous 
solutions of naphthalene are shown at various 
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concentrations (1–21 ppm) along with the respec-
tive diffusion curves.

In general, such polymer membranes require 
∼40 min to equilibrate with the surrounding  sample 
and ∼60 min to completely regenerate, which com-
pares favorably to discontinuous GC-MS measure-
ments. It should also be noted that the response of a 
continuously operating sensor system to concentra-
tion changes is significantly faster (see also Figure 
23.2b), i.e., within several seconds due to shifts of 
the partition equilibrium. Hence, such sensors are 
ideally suited for monitoring threshold levels. The 
response time may be further decreased by using 
membrane-coated optical fibers in lieu of the rather 
large conventional ATR crystals. Last but not least, 
quantitative signals may also be derived from the 
slope of the diffusion curve, which also encodes 
the concentration information rather than using 
equilibrium evaluation routines. Thereby, quantita-
tive readings may be established—albeit with larger 
standard deviations—after few minutes of exposure.

Considering the spectra shown in Figure 23.2a, it 
is evident that the intensity of the naphthalene vibra-
tion band increases with increasing concentrations. 
Further experiments revealed that the intensity of 
absorption features of all investigated BTEX+N com-
pounds increased linearly with increased concentra-
tions in solution (i.e., from the lower ppm region 
to ∼80 ppm). Hence, calibration functions may be 
established enabling the quantification of minute 
amounts of petroleum-based aromatic hydrocarbons 
using simple least squares regression techniques. If 
more complex mixtures with strongly overlapping 
absorption features or unknown constituents have to 
be analyzed, multivariate calibration and data evalu-
ation strategies have to be augmented.

For sensor testing, solutions of crude oil in 
deionized water were used as sample, which simu-
lates the case of an oil spill.

Results obtained by Pejcic et al. [4] demonstrate 
the capabilities of IR-ATR techniques operating as 
quantitative sensors for rapidly obtaining data on 
dissolved hydrocarbon contaminants without the 
need of sample preparation, and that the obtained 
results compared well to established yet discontinu-
ously operating methods such as GC-MS. Given the 
current trends in miniaturizing FTIR- and laser-
based sensor technologies, it is evident that in-field 
deployment appears suitable for these methods.

Next to liquid-phase analysis, there is a high 
demand for trace gas sensors capable of rapid, 

sensitive, and selective detection of vapor-phase con-
taminants. Similar to liquid-phase VOC sampling, 
state-of-the-art gas detection at ppb levels is based 
on gas chromatographic techniques. Yet, recent 
progress in IR sensor technology, specifically the 
fabrication of practically applicable nanostructures, 
provides an emerging analyzer platform proven 
competitive for in situ and online gas sensing.

23.2  MIR SPECTROSCOPY OF GAS 
HYDRATES

Gas hydrates are clathrate compounds consisting 
of a rigid framework of water molecules bonded 
by two hydrogen bonds each and encasing usu-
ally small guest molecule inside the established 
cavities. In natural gas hydrates, most commonly 
methane (CH4) is the guest molecule, frequently 
accompanied by other short-chained aliphatic 
molecules along with gases such as hydrogen sul-
fide (H2S) or carbon dioxide (CO2).

To date, three main structures of gas hydrates 
have been identified depending on the guest mol-
ecule: structure I (sI), structure II (sII), and struc-
ture H (sH) (see Figure 23.3). The radius of the 
cavities ranges from 3.91 to 5.79 Å with internal 
volumes of 0.25–0.81 nm2 (i.e., if the cavities are 
considered to be spherical).

The majority of gas hydrates is found at con-
tinental margins (i.e., in water depths ranging 
between 300 and 800 m), and within the permafrost 
areas, which renders them a potential future source 
as fossil energy carrier. Even the most conservative 
estimations assume that there is almost seven times 
more CH4 immobilized within gas hydrates than in 
all conventional gas reserves at a global scale (i.e., 
1 × 1015 m3 compared to 0.15 × 1015 m3, respectively).

Besides its potential as fossil energy reserve, the 
impact of gas hydrates on the climate is a matter of 
ongoing discussion because methane has a global 
warming potential that is 21 times higher than that 
of CO2 and could therefore potentially contribute 
to an unknown extent to the climate change.

Because CO2 may also be encapsulated within 
clathrate hydrates, current efforts are on the way 
investigating the substitution of CH4 within natu-
ral gas hydrates by carbon dioxide, thus (1) gaining 
a source of fossil fuel and (2) potentially sequester-
ing and immobilizing CO2 from the atmosphere, 
which would ideally render methane retrieved 
from gas hydrates a zero-emission energy source.
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Also, the capability of clathrate hydrates to 
encage different gases makes them an interesting 
strategy for storing gaseous media (e.g., fuels) at low 
temperatures and moderate pressures, which is safer 
than the storage of liquefied gases at high pressures 
in heavy-duty steel bottles, as practiced nowadays.

Most commonly today, gas hydrates are an issue 
during gas/oil recovery because they may cause 
blockage of pipelines, which in turn leads to a 
reduced flow and therefore a reduced gas/oil produc-
tion. In the worst case, even destruction of the pipe-
line may be induced. Low dosage kinetic inhibitors 
can be used to avoid plugging [5]. In order to opti-
mize their function knowledge about gas hydrate 
formation and dissociation kinetics are crucial.

MIR spectroscopy offers unique insight into 
the mechanisms of gas hydrate formation and 
dissociation at a molecular level, as each involved 
molecule shows a distinct IR absorption pattern 
such that gases may be analyzed as well as various 
additives including, e.g., tetrahydrofuran (THF) 
or sodium dodecyl sulfate (SDS). Furthermore, 
IR spectroscopy may be used to study molecular 
changes during phase transitions, i.e., here, from 
liquid water into solid gas hydrate. Last but not 
least, IR sensors are nowadays readily miniatur-
ized and may thus provide robust in-field sensing 
technologies for real-world applications in pipeline 
monitoring, deep sea studies, or analyses in per-
mafrost environments.

23.2.1  MIR spectroscopy of gas 
hydrates

This section will present selected examples for the 
application of MIR spectroscopy for the advanced 
characterization of gas hydrates.

23.2.1.1  INFLUENCE OF DETERGENTS ON 
GAS HYDRATE FORMATION

Luzinova et al. [6] investigated the effects of a sur-
factant, namely SDS, on the formation and growth 
of gas hydrates via fiber optic evanescent field spec-
troscopy (FEFS).

It is a known fact that surface-active molecules 
accelerate the formation of gas hydrates. Therefore, 
propane hydrates were grown in the presence and 
absence of SDS in a stainless steel pressure vessel that 
was equipped with a polycrystalline IR-transmitting 
optical fiber (i.e., silver halide ATR element) in order 
to collect spectroscopic information on the growth 
of the hydrate. The phase change was monitored via 
spectral changes, as well as changes in temperature 
and pressure.

It is supposed that the nonpolar SDS molecules 
act as a carrier for the likewise nonpolar propane 
molecules, thereby actively transporting them to 
the surfaces inside the steel vessel (i.e., the steel 
walls and the optical fiber surface), where the 
nucleation starts first, given the presence of few 

Structure II
cavities

Structure H
cavities

Structure I
cavities

512

512

512 51262

51264

435663
51268

Figure 23.3 Cavities provided by different gas hydrate structures.



312 Mid-infrared spectroscopy for future oil, gas, and mineral exploration

structured monolayers of water. Thus, structured 
water fragments (i.e., potentially preconfigured 
components of larger water cages forming clath-
rates) that are displaced from the surface by the 
detergent molecules may facilitate the nucleation of 
gas hydrates at or near such surfaces. The hypoth-
esized mechanism is shown in Figure 23.4.

23.2.2  Carbon dioxide hydrates

Accumulation of CO2 gas in the atmosphere is one 
of the key problems that need to be solved in order 
to counteract the so-called greenhouse effect and 
associated climatic changes. Among the currently 
discussed and evaluated solutions is also the storage 
of CO2 as gas hydrates in either the deep sea sedi-
ments or the injection into methane hydrate depos-
its provided an accompanying exchange of the 
gases. Similar to CH4, CO2 initiates the formation 
of gas hydrate structure I [5]. In order to gain a more 
detailed insight into the relevant mechanisms, suit-
able monitoring techniques and analysis methods 
need to be applied. Here, we summarize recently 
emerging MIR-based measurement techniques for 
the evaluation and monitoring of CO2 gas hydrates.

Kumar et al. [7] could successfully apply ATR 
IR (IR-ATR) spectroscopy to evaluate thin films 
of CO2 hydrate. The deconvolved spectrum clearly 
showed two separate peaks for CO2 molecules in 
the small (2347 cm−1) and large (2336 cm−1) cages 
of the hydrate structure, respectively.

The advancement of an IR-ATR-based tech-
nique to analyze hydrates in the bulk is clearly 

based on the progress in FEFS. This method uses 
a MIR transparent optical fiber in lieu of a conven-
tional ATR crystal, here, consisting of silver halides 
(i.e., polycrystalline AgCl/AgBr mixtures) serving 
as the waveguide and transducer. IR radiation is 
guided within such fibers via total internal reflec-
tion, thereby giving rise to an evanescent field ema-
nating at the interface of the core-only waveguide 
with the surrounding medium. Using this tech-
nique, it is possible to analyze bulk gas hydrates in 
situ within the penetration depth of the evanescent 
field. This measurement principle has recently been 
adopted for studying CO2 hydrates [8].

Figure 23.4 depicts a CO2 hydrate measure-
ment setup, which consists of a high-pressure 
autoclave surrounded by the optical components 
necessary to guide the IR radiation from the light 
source (i.e., FTIR spectrometer), to the detector. In 
order to guide the fiber through the pressure cell, 
feed-through ports equipped with custom-made 
polytetrafluorethylene chucks were implemented. 
CO2 gas hydrate was formed inside the cell using 
appropriate additives (here, THF and SDS), and 
the obtained spectra were correlated with the 
recorded pressure and temperature traces. The 
absorption features have been evaluated via inte-
gration of the relevant peak areas or through 
application of appropriate peak fitting routines. 
Dissociation of the hydrate was induced via slowly 
reducing the pressure within the cell  [8].

The evaluation of the absorption bands via 
IR-FEFS, however, adds the additional perspec-
tive of also sensing additives and their unique 
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absorption signals for providing further insight 
into the molecular processes involved during gas 
hydrate formation and dissociation due to the 
increased sensitivity compared to conventional 
ATR methods. Furthermore, this monitoring tech-
nique can be of assistance in regard to the exchange 
reaction between CH4 and CO2 hydrates.

23.3  IR SENSORS FOR MINERAL 
EXPLOITATION

Ever since the first studies using IR spectroscopy 
on minerals in the middle of the 20th century, 
IR spectroscopy has been established as a routine 
method in the field of mineral research. The utility 
of IR spectroscopy in mineral research ranges from 
(1) identifying minerals and deriving information 
regarding composition, bonding, and structure, 
irrespective of whether the material is crystalline or 
amorphous, to (2) obtaining qualitative and quan-
titative information on complex mineral mixtures 
and rocks, and (3) remote sensing studies for min-
eral exploration [9]. This section will provide a brief 
summary on the potential of IR techniques offered 
to geosciences in the field of mineral exploitation.

23.3.1  Oil shale characterization via 
IR-based methods

The utility of IR spectroscopy in mineral research 
becomes apparent when studying complex mineral 
matrices such as shales, and in particular oil shales. 
Oil shales are a type of sedimentary rock rich in kero-
gen. Kerogen, frequently also referred to as insoluble 
organic matter (OM), is derived from decomposed 
plants or animals and is finely dispersed within the 
shale rock. It is considered the most abundant form 
of OM on earth, and therefore plays an increas-
ingly important role as unconventional fossil energy 
source. Crude oil may be exploited from oil shales, 
as hydrocarbons are produced upon heating of the 
kerogen either within the earth crust or via pyrolysis 
in a facility. Natural gas may also occur as shale gas, 
which is trapped within the shale rock or likewise 
may be produced upon heating.

Apart from the organic content, oil shales are 
mainly comprised of clay minerals (i.e., illite, 
smectite, kaolinite, and chlorite), quartz, feldspars 
(i.e., albite and orthoclase), and carbonates (i.e., 
calcite, dolomite, and siderite) in varying par-
ticle sizes, thus rendering oil shales a demanding 

sample for characterization. Both the mineral and 
organic components show distinct vibrational fea-
tures in the MIR spectral range, e.g., the hydroxyl 
vibrations of the clay minerals at ∼3600 cm−1, the 
aliphatic vibrations at ∼2900 cm−1, or the carbon-
ate feature at 1400 cm−1. However, oil shales are 
frequently complex mixtures, and several major 
absorption features overlap in the region at 1200–
400 cm−1. Hence, an unambiguous assignment of 
the silicate minerals often proves difficult.

Due to the cumbersome sample preparation 
and issues arising from overlapping IR signatures, 
geoscientists usually resort to more established 
techniques such as X-ray diffraction for mineral-
ogy and Rock-Eval analysis for kerogen character-
ization, respectively.

However, with the increased adoption of mul-
tivariate data analysis techniques, including prin-
cipal components analysis (PCA) or partial least 
squares regression in combination with advanced 
IR techniques that require less sample preparation 
(e.g., ATR spectroscopy or photoacoustic IR spec-
troscopy), both the experimental effort and the 
data analysis could be simplified and improved. 
This applies to both the mineral composition of the 
shale, as presented by Müller et al. [10] among oth-
ers, and kerogen characterization. These contribu-
tions have paved the way for advancing the usage 
of IR spectroscopy in oil shale research, especially 
if one considers that IR spectrometers may readily 
deploy in the field, thus offering the opportunity to 
characterize samples on location.

23.3.2  IR sensors in the field: From 
laboratory-based systems to 
space-borne hyperspectral 
imaging for mineral 
exploration

Remote sensing offers the opportunity of survey-
ing large areas of the earth surface from aircrafts 
or satellites. Geoscientists have been interested in 
remote sensing ever since these techniques have 
emerged using the acquired images and associated 
data for mapping, studying geological settings, 
or prospecting sites of interest. As most mineral 
deposits are not close to the surface and the pen-
etration depth of most sensor systems is only a few 
centimeters, an immediate and direct detection of 
exploitable deposits is not possible. However, some 
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minerals are associated only with a certain rock 
type or occur only along certain geological forma-
tions. Hence, remote sensors may offer that type 
surface information, and with the correct interpre-
tation of the geological background, relevant min-
eral deposits may be located.

Most remote sensors rely on the detection of 
radiation that is reflected by the earth surface and 
are therefore spectrally limited by the transmissiv-
ity of the atmosphere. Water, ozone, and carbon 
 dioxide as the main constituents absorb radiation in 
the visible-near infrared (VNIR) and MIR regions 
and thus strongly reduce the wavelength bands 
available for remote sensing to the so-called atmo-
spheric window. Early satellite-based sensors such as 
the Multispectral Scanner on the first Landsat satel-
lites were limited to four channels, i.e., small spec-
tral bands within the atmospheric window in the 
visual and NIR regions (0.5–1.1 μm), whereas newer 
satellites, e.g., Terra or Landsat 8, are equipped with 
sensors such as the advanced spaceborne thermal 

emission and reflection radiometer (ASTER) with 
up to 15 or even 185 (Hyperspectral Imager Suite) 
channels, including the MIR.

Sensor systems with higher number of bands are 
called hyperspectral instead of multispectral sen-
sors, such as the airborne visible IR imaging spec-
trometer or the spatially enhanced broadband array 
spectrograph system, which are more commonly 
used on board of airborne instruments rather than 
satellites, however, not exclusively. There are several 
methods to evaluate the gathered information, and 
the selected approach is largely dependent on the 
nature of the respective problem of interest. In the 
context of mineral exploration, the data obtained 
from the ASTER sensor can be analyzed by dif-
ferent algorithms, i.e., by the calculation of indi-
ces or channel ratios, multivariate analysis such as 
PCA, and powerful shape-fitting algorithms such 
as  mixture-tuned matched filtering (MTMF). An 
example of an MTMF analysis from an ASTER image 
is shown in Figure 23.5, where mineral components 
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of soil were characterized despite dense vegetation 
covering the surface [11].

23.4  CONCLUSIONS

The presented case studies provide a brief over-
view on the effectiveness of IR spectroscopy and 
sensor technologies for mineral, oil, and gas 
exploitation operating in the MIR (3–15 μm) spec-
tral regime.

Devices introduced herein for monitoring con-
taminants such as VOCs using MIR spectroscopy 
provide promising platforms towards robust ana-
lytical data recording. Hence, MIR sensors for 
water and air quality monitoring/control are a rap-
idly growing field of application that offers a vari-
ety of future opportunities to close the gap between 
laboratory analysis, in-field studies, fingerprinting 
and quantification.

The described examples of IR spectroscopic 
studies on different clathrate hydrates reveal 
the potential of these optical technologies in gas 
hydrate research, which may play a pivotal role 
within future energy supply strategies. MIR sen-
sors offer a detailed insight into the kinetics and 
dynamics of gas hydrate formation and dissocia-
tion. The influence of additives such as detergents 
or additional gases may be studied in molecular 
detail and will most certainly be expanded into 
studies at real-world or in situ conditions (e.g., 
influence of salt ions, bacteria, etc.) during future 
applications. Because IR spectroscopic sensors 
can be readily miniaturized, they may be appli-
cable as in situ deep sea analyzers or for spacecraft 
or remote lander applications for analyzing gas 
hydrates at the surface of comets or planets.

Last but not least, MIR spectroscopic sen-
sors are also being applied for the identification, 
quantification, and exploitation of economically 
valuable rock types such as oil shales and provide 
important information on the mineralogy of the 
rock and the included OM. This information along 
with the capabilities of state-of-the-art remote sen-
sor systems is a powerful tool for the exploration of 
mineral deposits on a large scale.

In summary, IR spectroscopic sensors have 
the potential to not only play an important role in 
future energy and resources production but also 
monitor and prevent the impacts of mining and 
other retrieval activities on the aqueous and atmo-
spheric environments.
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PART    VIII

Applications in energy generation 
and distribution

This section presents applications in the field of 
energy generation and distribution.

It specifically excludes instrumentation for the 
extraction of oil and gas, which was dealt with in 
the previous Part 7. As with many of the other chap-
ters, solar energy generation plays a big and rapidly 
increasing part in energy generation. However, in 
this area, it is far more important and even signifi-
cant enough to qualify as a disruptive technology. 
Although having been known for many years, it is 
currently crossing a major threshold. The scenario 
is changing from being an expensive technology, 
only being used because of subsidies, to becoming a 
fully economic solution to many of our future energy 
needs. It is said that sufficient solar energy strikes 
the Earth in a few hours to be able to satisfy all the 
world’s annual energy requirements.

It has also been proposed to store electrical 
energy by using it to pressurize (or even liquefy) 
air and then use the high-pressure air to regener-
ate the electrical energy in a gas turbine.

In addition, optical sensors are involved in 
many more traditional means of energy gen-
eration, with the particular advantage of having 
nonelectrically conducting optical fiber leads. As 
before, we will now tabulate the main application 
areas.

Before going on to case studies, it is necessary 
to give a cross-reference back to the chapter on 
sensors for gas turbine engines from the indus-
trial section. Similar gas turbines to these are 
also used extensively in the generation of electri-
cal power from pressurised steam or burning gas 
or oil. 
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Table VIII.1 Summary of applications of optoelectronics in energy generation

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Solar energy 
generation.

Conversion of solar energy 
(mainly visible and NIR 
light components) to 
electricity, using 
photovoltaic cells. 
Technologies include 
the more common 
poly-and 
monocrystalline silicon, 
plus many advanced 
thin-film technologies, 
which potentially save 
cost by using less active 
material. Other new 
materials are being 
extensively researched, 
including new high-
efficiency inorganic 
materials and low-cost 
polymer ones. Electrical 
inverters are used to 
convert DC to mains-
compatible AC power, 
and also feed excess 
power into the national 
grids.

No moving parts
Long life and low maintenance
Can be used in remote locations 

with no infrastructure
Well-suited to microgeneration, 

e.g., on roofs of private 
houses of small business 
premises.

Can also be used in large 
field-mounted arrays (“solar 
farms”) for high-power utility 
generation.

Conversion efficiency 
of commercial 
panels is still low 
(circa 20% max, at 
time of writing)

Still higher cost than 
conventional 
methods.

Generation is only 
possible in daylight 
hours, and power is 
also very low if 
cloudy.

Currently requires 
subsidies to be viable, 
except in hot countries 
or in remote areas, 
where no existing 
power grid. However, 
solar is rapidly 
becoming more and 
more viable. Costs are 
reducing rapidly with 
scale, and more systems 
are becoming 
economical without 
subsidy (vis. they are 
reaching “grid parity”).

The factors which will 
make it the most 
attractive future energy 
source are panel cost 
reductions and the 
availability of viable 
technologies for large 
scale energy storage.

See this section, 
and also 
Volume II, 
Chapter 16 
(Optical to 
Electrical 
Energy 
Conversion).
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Table VIII.1 (Continued ) Summary of applications of optoelectronics in energy generation

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Optoelectronics 
in wind 
energy 
systems. (In 
sensors for 
structural 
integrity and 
also for 
flashing safety 
lights on 
wind-turbine 
towers).

Fiber-grating strain 
sensors in tower 
structure and in the 
wind turbine blades

Optical tachometers to 
measure rotation rate.

High-intensity flashing 
LED strobe lights to 
warn aircraft of 
presence of tower.

In-fiber gratings form excellent 
miniature sensors for 
embedding in glass or carbon 
fibre composites. They are 
relatively immune to lightning 
strike and create less stress 
concentration points than 
embedded electrical gauges.

LEDs are more efficient and 
reliable for warning strobe 
lamps

More expensive than 
traditional electrical 
strain sensors.

Grating strain sensors are 
used in many large wind 
turbines. They are also 
potentially very suitable 
for new-generation 
submarine turbines and 
wave-energy 
generators, as they are 
nonelectrical and 
immune to salt-water 
corrosion. LED strobe 
lamps for towers are 
now the industry 
standard, replacing 
gas-filled flash lamps.

See Volume II, 
Chapter 11 
(Optical Fiber 
Sensors) and 
Volume 1, 
Chapter 10 
(LEDs). 

Optoelectronic 
monitoring of 
oil, gas, and 
steam 
powered 
turbine 
generators.

Optical sensors for gas 
turbine engines and 
associated electrical 
generators. These 
include simple cameras 
and a diverse range of 
optical fiber sensors for 
strain, temperature, and 
pressure.

Fibre sensors can be made to 
withstand the very high 
temperatures in gas turbine 
engines. In-fiber gratings form 
excellent miniature sensors for 
embedding in high-voltage 
electrical machines. 

More expensive than 
traditional electrical 
strain sensors, but in 
many areas the 
latter cannot be 
used.

Becoming more accepted 
in these difficult 
environments.

See Volume II, 
Chapter 11 
(Optical Fiber 
Sensors).

More discussion 
on turbine 
sensors in the 
industrial 
section.

(Continued)
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Table VIII.1 (Continued ) Summary of applications of optoelectronics in energy generation

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Optoelectronic 
monitors for 
electrical 
transmission 
lines.

Simple cameras, to 
monitor line integrity.

Fiber optic current 
sensors in electrical 
distribution 
components.

Distributed optical fibre 
temperature sensors, to 
check for hot-spots in 
high power cables.

Cameras are a convenient way 
to monitor line integrity.

Fiber optic sensors can measure 
current in high voltage lines, 
because of nonelectrical 
nature of the fibre cable.

Optical fibre current sensors are 
potentially a lot cheaper than 
high voltage current 
transformers.

Distributed sensors are well 
suited to detecting hot-spots 
in a long power cable, without 
risk of missing such a fault.

Optical fiber current 
sensors have 
required a very high 
capital investment 
to develop. The 
main problems were 
in developing fiber 
cables with sufficient 
insensitivity to 
vibration and 
temperature. 

Cameras are widely used 
in many areas.

Optical fiber current 
sensors are finally 
becoming an economic 
solution to the problem 
of measuring current in 
high voltage lines.

See Volume II, 
Chapter 11 
(Optical Fiber 
Sensors). 

Infrared cameras 
and optical 
pyrometers 
for monitoring 
surface 
temperatures.

Infrared cameras can 
measure temperature of 
plant, to get an instant 
view of overheating.

Emission of infrared light 
is used in industrial 
pyrometers for surface 
temperature 
measurement.

Pyrometers are valuable 
noncontact temperature 
measuring devices, which can 
operate from many meters 
away

Very useful for measuring 
temperatures in electrical 
machines and gas turbine 
rotating parts.

The signal, varies with 
the emissivity of 
surfaces, although 
this error can be 
reduced if two-
wavelength readings 
are taken.

Pyrometers can measure 
overheating parts in 
machines, overhead 
lines, etc.

See Volume I, 
Chapter 4 
(Detection of 
Optical 
Radiation).

(Continued)
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Table VIII.1 (Continued ) Summary of applications of optoelectronics in energy generation

application technology advantages Disadvantages
Current situation  

(at time of writing) More reading

Monitoring of 
combustion 
processes in 
boilers for 
traditional 
coal, oil, and 
gas 
generation 
plant.

Optical combustion 
monitors, measuring 
the emitted spectrum 
of flames

Optical gas sensors
Optical pollution sensors, 

measuring undesirable 
gas and smoke 
emissions with LIDAR 
and DIAL laser systems

Spectrometers can monitor 
flames to set optimum 
combustion conditions. Gas 
sensors can detect dangerous 
leaks of CH4 fuel gas and toxic 
gases such as CO. LIDAR 
sensors can detect air quality 
near the plant

Discrete optical gas 
sensors are still not 
as cheap as simple 
electrical types (e.g., 
pellistor, chemfet),

Many of these optical 
sensors (except for 
LIDAR and DIAL) are in 
direct competition with 
electrical sensors, but 
are becoming more 
common as component 
availability and 
performance improves 
and cost reduces.

See Volume II, 
Chapter 11 
(Optical Fiber 
Sensors), 
Volume II, 
Chapter 12 
(Remote 
Optical Sensing 
by Laser), and 
industrial 
section.
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24
Applications of electricity generation 
by solar panels

FERNANDO ARAÚJO DE CASTRO
National Physical Laboratory

24.1  INTRODUCTION

The sun is the most abundant energy resource that 
we have available and delivers about 885 million 
terawatt hours (TWh) per year to the surface of 
the Earth. This is more than 5600 times the world’s 
total energy consumption in 2012, according to the 
International Energy Agency. One very convenient 
way of harnessing this energy, with low mainte-
nance and no moving parts, is via the photovoltaic 
(PV) process, where a semiconductor material is 
used to directly convert light into electricity.

PV solar energy has been used since the 1970s 
for terrestrial applications but, until recently, it 
has represented a very small part of the energy 
mix. The introduction of generous government 
“green” incentives in various countries from 
the mid-1990s has led to an impressive market 
growth, with an average growth rate of cumula-
tive-installed capacity of 49% per annum, from 
2003 (2.6 GW) to 2013 (139 GW), to reach an 
amount capable of generating at least 160 TWh of 
electricity per year in 2013.

PV schemes now generate 3% of the energy 
demand in Europe, and even very conservative 
growth scenarios from the European Photovoltaic 

Industry Association indicate that this could reach 
10% by 2030. The cost of PV electricity (levelized 
cost of electricity) has reached grid parity in many 
countries, and at the time of writing, PV develop-
ment is changing from a policy-driven scenario 
(dependent on government subsidies) to a market-
driven economy. By the time this chapter is read, 
this will probably already be the case in many 
countries of the world.

Recent years also have seen a broadening of the 
PV market growth, which was previously concen-
trated in Europe, despite having not the best inso-
lation conditions, except in southern European 
lands. Asia and North America are quickly 
increasing the installed capacity, and it is expected 
that the Sunbelt countries will soon follow as PV 
technology prices decrease. Indeed countries such 
as Brazil and India have announced large invest-
ments and changes in energy market regulations to 
boost their internal PV markets (Figure 24.1).

Chapter 16 “Optical to Electrical Energy 
Conversion: Solar” in Volume II describes many 
aspects of the enabling technology for PV panels. 
This chapter will describe the main application 
areas of the technology. The use of PV energy can be 
separated into two main areas: stand-alone and grid 
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connected. We will show examples of the two cases 
separately and discuss general requirements. Some 
account of the residential use of PV will, for com-
pleteness, be repeated in Chapter 30 “Applications 
for home and mobile portable equipment.”

24.2  STAND-ALONE SYSTEMS 
(OFF-GRID)

One of the beauties of solar power is the ability to 
be decentralized, i.e., installed in locations where 
it is economically and socially desired. This is par-
ticularly important in large countries with sparse 
population and in isolated areas where the cost of 
building and maintaining a large energy distribu-
tion network is too high. For instance, in many 
developing countries, poor distribution infrastruc-
ture means that people from small villages need to 
travel to larger towns or cities, even to charge up 
their mobile phones. In East Africa, solar pods are 
being used to provide cost-competitive energy for 
household use and to recharge mobile phone bat-
teries. This has a direct impact on the local econ-
omy and at the same time reduces environmental 
pollution by offsetting the use of diesel generators. 
The solar pods use wireless control, and in-built 
performance monitoring allows companies to 
remotely check and assist customers.

Decentralized facilities are also becoming 
widely used in the industrialized world to provide 
power to modern urban devices. Figure 24.2 shows 

a rubbish bin that uses PV cells to provide energy, 
which is stored to then compact the rubbish at 
specific intervals of time. The energy can also be 
used to power sensors and wireless communica-
tion systems to inform waste collection manag-
ers when the bin is full. This allows one so-called 
Bigbelly bin to collect five times more rubbish than 
a conventional one of the same size, drastically 
reducing the need for collection trucks, which has 
a direct positive impact on carbon emissions, fuel 
use, and traffic congestion. It is only recently that 
these indirect impacts of renewable decentralized 
energy are starting to be taken into account when 
calculating the levelized cost of electricity. Taking 
full life cycle costs and factors such as these into 
consideration will certainly increase the attractive-
ness of investments in PV technology.

Other examples of stand-alone applications 
include powering of LED street lighting, traf-
fic systems (cameras, signal, and information 
displays), security surveillance cameras, remote 
weather monitoring stations, seismic monitor-
ing stations, offshore oil platforms, pipeline flow 
monitoring points, powering of remote wireless 
sensors and communication points, and container 
management.

In some cases, these stand-alone applications 
also need to be portable, for example, for camping 
and caravanning, for traffic lights at road work 
sites and for disaster recovery situations. One of 
the earliest reports of portable PV systems used 
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Figure 24.1 World map indicating the annual sum of global irradiation and accumulated installed PV 
capacity in 2013 in different regions. (Reproduced with permission from “Global Market Outlook for 
Photovoltaics 2014–2018”, EPIA, June 2014.)
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during a disaster was in 1998 when Hurricane 
Hugo struck first the Virgin Islands and then the 
coast of South Carolina. A trailer-mounted PV 
system was deployed to, with the aid of storage 
batteries, power a law enforcement traffic facil-
ity and an orphanage 24 h a day for several weeks 
until utility power was restored. The system sup-
plied 12 V (direct current) and 115/220 V (alter-
nating current) of electrical power, via inverters, 
from a 2.64 kW peak PV array. Since then, many 
local governments have invested in mobile PV 

systems to substitute for, or complement, the 
use of conventional gasoline or diesel generators 
for disaster relief. The problems with the latter 
include high fuel costs, safety, and availability of 
fuel, making PV generators a better alternative 
(Figure 24.3).

In full sunlight, these stand-alone PV systems 
provide typically 100 W to 4 kW of power (but 
this can reach 15 kW or more in specific cases) 
and are connected to an electrical power panel 
or to a device through extension cords. When the 

Wireless
pick-up
monitor

Compactor

Trash in

Solar panel

Figure 24.2 Solar-powered bin can compact rubbish and power wireless communication. (Image 
Courtesy of Bigbelly, Needham, MA.)

Figure 24.3 Example of deployment of stand-alone PV system for disaster relief situation. (CSM 
Courtesy of Ecosphere Technologies, Inc., Stuart, FL.)
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emergency is over, the system is disconnected and 
redeployed. They can be airlifted, but the most 
common trend is to mount the solar systems on 
trailers for road transport. The energy can be 
used directly or stored in batteries for later use in 
places such as camp sites, social events, construc-
tion sites, clinics, shelters, gasoline stations, and 
businesses. The maximum power that these PV 
systems can deliver is limited due to the restric-
tions of weight and physical size of the PV system 
(including PV panels, batteries, and electronics) 
associated with the transportation units. More 
lightweight products would reduce transportation 
costs and simplify deployment. Numerous thin 
film and novel PV technologies promise flexible 
and lightweight PV panels (see Figure 24.4). They 
could play an important role in this market if they 
can demonstrate the same level of performance 
and reliability of conventional rigid crystalline 
silicon PV modules.

24.3  GRID-CONNECTED PV 
SYSTEMS

As the name suggests, grid-connected PV systems 
are those when the PV generation acts as an energy 
source that the grid can then distribute to custom-
ers. These systems can be large and centralized, 
where a large PV power station feeds electricity 
to high-voltage transmission lines. Depending on 
the size, these then bring energy to power stations 
or substations and then finally to consumers. In 
line with the decrease in PV prices, the size of PV 
power plants has been increasing, and this volume 
of course leads to yet lower prices.

At the time of writing, the world’s largest PV 
power station is Topaz Solar Farm in the San Luiz 

Obispo County, California (see Figure 24.5). In 
contrast to most PV farms that use Si PV, Topaz 
uses thin-film CdTe technology and with nine 
million modules, has 550 MW capability,  which 
is enough to power 160,000 average homes in the 
United States in 2015. It is expected that these 
will soon be dwarfed by many much larger sites, 
although the ease of location for PV, and the high 
cost of distribution, leads to a compromise, which 
might lead to an optimum size for such sites.

India is currently building the largest solar 
park complex in the world, Gujarat Solar Park. In 
2015, the Gujarat complex has a capacity to gen-
erate 500  MW of power and is estimated to save 
eight million tons of CO2 emissions per year. At 
the time of writing, additional power stations are 
being installed, and, when complete, the complex 
will have a capacity of more than 850 MW.

In between large-scale power plants and local-
ized, small-sized PV applications, there has been 
an increase in new concepts of medium-sized solar 
installations. One such concept is that of solar 
islands, which, despite the name, can also be built 
on land. The concept is of building multiple solar 
panels in a large conglomerate that can be rotated 
to track the sun using a single tracking system (see 
Figure 24.6). This conglomerate is built over some 
water, which naturally provides cooling under-
neath the panels to keep them operating at opti-
mum conditions. At the time of writing, different 
versions of floating PV plants (with or without a 
tracking system) had been announced in many 
countries, such, as the United Kingdom, Italy, 
France, Australia, India, and Japan. In hot coun-
tries, the solar panels not only produce electric-
ity but can also help to reduce water evaporation 
by 90% in the covered area. In South Australia, 

Figure 24.4 Examples of flexible and lightweight PV systems. (PowerShade military tent image 
courtesy of PowerFilm Inc. ITO-free organic solar cell module on flexible substrate. ©Fraunhofer ISE, 
Freiburg, Germany.)
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evaporation of uncovered water reservoirs can 
cause an annual loss corresponding to a reduction 
of about 2.5 m of water depth!

Another concept that regained substantial 
interest is that of building-integrated PVs. The 
novelty has been the change in focus from discrete 
roof-mounted PV systems fixed to preexisting 
buildings to new fully integrated systems where 
the PV device becomes part of the building struc-
ture. Making the PV module part of the building 
envelope (e.g., tiles, windows, walls) contributes to 
the energy efficiency of the buildings but can also 
become more aesthetically appealing to the general 
public than bolted-on panels. The design of tall 
buildings with integrated PV systems is a challenge 

for engineers. Shadows from other buildings on 
building facades, chimneys, etc., depending on the 
direction of the sunlight, can lead to strong varia-
tions in generated voltage and power during the day 
and from panel to panel. This requires shaded pan-
els to be bypassed with diodes, as they have high 
impedance in reverse bias, and also needs care in 
the design of the following electronic inverter. The 
solution relies on smart electronic systems, com-
bined with active monitoring.

At the other end of the scale, there has been 
a very large increase in small add-on rooftop 
installations, such as on individual houses and 
commercial buildings. Offices and other places 
of work, particularly factories, use electricity 

Figure 24.5 Aerial photo of Topaz Solar Farm, one of the largest PV solar plants in operation in 2015. 
(Photo Courtesy of BHE Renewables, Des Moines, IA.)

Airtight membrane

Square floating torus Water (Tank, lake, or retention dam)

Skirt to prevent air overpressure from escaping when there are waves

Air overpressure < 100 kg/m2 (i.e., 1% of the atmospheric pressure)

10–40 m length

Solar receivers (Photovoltaic panels) Low pressure
pump (blower)
and one way
valve

Figure 24.6 Sketch of a floating solar island concept. (Image Courtesy of Novaton, Zürich, 
Switzerland.)
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mostly during the day, thus having a high degree 
of self-consumption. However, in most residen-
tial buildings, there is a mismatch between the 
period of the day that electricity is produced (e.g., 
during the day) and the time when it is mostly 
consumed (e.g., during the evening). Because 
most households are connected, additional 
energy that is not used can, with intelligent elec-
tronics, be introduced into the grid for others 
to use. This is advantageous, but it means that, 
as more and more homes are using PV panels, 
energy companies and regulators may, at times, 
have to be able to cope with that increase in sup-
ply. Therefore, much effort has been put into 
researching ways of increasing self-consumption 
of PV electricity. This problem, which also applies 
to larger solar farms and wind energy systems, 
can potentially be resolved by storing energy 
locally. In the home, only smaller scale energy 
storage is possible, for example, by heat pumps to 
store it as heat or to use the electricity to charge 
batteries. As these additional storage units can be 
expensive, it is important to assess each project 
individually to find the more cost-effective solu-
tion, which can include the combination of heat 
pumps and batteries.

24.4  IMPACT ON THE ELECTRIC 
GRID

The increase of variable PV electricity genera-
tion introduces ever-increasing challenges to the 
management of the electric grid. Knowledge of 
the available sun energy resource at the location 
of interest requires long-term measurement of 
daily temperature, direct beam irradiance, diffuse 
irradiance from the sky, and irradiance from the 
ground surface. Irradiance measurements are nor-
mally measured using a pyranometer, an instru-
ment that is capable of measuring global solar 
irradiance. It measures all incoming energy in the 
hemisphere above the plane of the instrument. It is 
also possible to measure only the diffuse irradiance 
by projecting a shadow that blocks the sun’s disk 
only, while the desired diffuse irradiation com-
ponent is measured. For measurement of direct 
irradiance, a pyrheliometer can be used. In this 
case, a thermopile placed at the end of a long tube 
aimed at the sun allows selective measurement 
of sunlight radiation with an acceptance angle 
of about 5°. Measurement of direct irradiance is 

important for specific applications, such as con-
centrator PVs, where diffuse irradiance does not 
generate much energy. For regions with no solar 
irradiance measurement capabilities, cloud cover-
age data obtained from local weather stations (and 
sometimes from satellite data) have also been used 
to predict solar irradiance levels (Figure 24.7).

With sufficient statistical meteorological data, 
seasonal and daily variations can be modeled, and 
the PV plant capacity can be designed accordingly. 
However, unfortunately, actual sunlight intensity 
does not follow statistical probability curves, and 
there are very significant variations in the instan-
taneous power incident on real panels. Coping 
with these very large variations in generation (e.g., 
due to shadows by clouds) is much more challeng-
ing. One particular difficulty is that it can be local-
ized to only part of a module (or even of a whole 
solar farm!), leading to sudden drops in voltage or 
reversed current polarity through the diodes on 
individual “dark” cells or groups of cells.

As discussed in Volume II, Chapter 16, a PV 
module is composed of multiple solar cells that can 
be connected in series or in parallel to achieve the 
desired voltage and current output characteristics, 
providing power in a range from a few watts to 
hundreds of megawatts. These modules are often 
subdivided into strings of connected cells, and also 
use bypass diodes to minimize the effect of local-
ized loss in performance on the overall module 
output. Even with this precaution, a single under-
performing cell will negatively affect the output 
voltage of the string. More advanced module tech-
nology uses power optimizer chips (DC–DC con-
verters) connected directly to smaller elements of 
the string to allow an increased range of maximum 
power point and facilitate connection of modules 
that are exposed to different external conditions. 
These chips can be combined with intelligent 
power inverter electronics in the grid to maximize 
module and array performance. All these features 
are needed to minimize energy loss and potential 
damage to the module and to the grid.

There are different possible solutions to tackle 
the problem of variability in power output, a feature 
common to other energy generation technologies 
that rely on intermittent sources (such as wind). 
For small installations, energy storage (e.g., batter-
ies) during the peak production hours can be used 
to offset short periods of decreased production. For 
that to work, fast and intelligent electronics needs 
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to be in place to monitor and quickly change the 
power output of the production plant.

The most obvious storage means for electricity 
is to charge secondary cells (batteries) and dis-
charge them when needed. Unfortunately, this is 
still a very expensive option, as lithium batteries 
are very expensive and the cheaper lead acid bat-
teries have shorter lifetimes, particularly when 
deeply discharged. Without great care in design of 
the charging circuitry, they can also easily become 
overcharged. The voltage can get too high if energy 
continues to be supplied after battery reaches full 
charge. This will convert water in the electrolyte to 
gaseous hydrogen and oxygen, which can only be 
partially replaced by catalytic conversion, leading, 
as with discharging too deeply, to faster degrada-
tion. Voltage regulators are used to prevent over-
heating, and control set points can be defined to 
vary with battery temperature. However, good tem-
perature control of the charger is challenging and 
relies on temperature probes being positioned in a 
location where the temperature is as close as possi-
ble to that of the battery (ideally directly attached).

In future, the prices of lithium batteries are 
likely to reduce dramatically due to the expected 
greatly increased use for electric vehicles, and this 
also conveniently forms an outlet for excess elec-
tricity in the home. It may happen that the family 

car helps to provide an electricity storage system 
for the home, if not needed for long journeys the 
next day! At least one electric vehicle manufac-
turer has started to market their lithium storage 
units for home use.

The other form of energy storage in the home 
is in the use of excess electricity to produce heat, 
either rather inefficiently to heat the hot water tank 
or more efficiently with a heat pump to heat the 
floor of the house, which can form a large storage 
heater. The latter is, of course, only really useful in 
winter months.

For energy storage on a larger scale, many more 
options are available. In hilly areas, the power can 
be used to pump water to a lake on a hilltop and 
recover energy later using a hydroelectric plant. 
The energy can also be used to pump gas into a 
large high-pressure vessel or underground cav-
ern and recover it with a gas turbine generator, 
but very large vessels or existing caverns with no 
gas leaks to the surface are required. Other pos-
sibility is to use the power to drive high-efficiency, 
ultra-low-energy-loss flywheels, storing the energy 
mechanically, such that the flywheel can later 
drive an alternator to recover the energy. This is, 
of course, only a short-term storage method. One 
of the most recent energy storage ideas appears at 
first rather bizarre but when examined in detail 

Figure 24.7 Instruments for solar irradiance measurements. Pyranometer with thermal sensor for 
global irradiance measurements (left top). Two-axis tracked pyrheliometer for direct normal irradiance 
measurements (left bottom). Pyranometer with shading ball for diffuse irradiance measurements (right). 
(Reproduced from http://www.volker-quaschning.de; for further information, see Quaschning,  V., The 
sun as an energy source, Renewable Energy World 05/2003, pp. 90–93. With permission.)

http://www.volker-quaschning.de
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has great engineering attractions. This is to pump 
air through repetitive nozzles to liquefy it (as is 
already done commercially to produce liquid air, 
oxygen and nitrogen), then to store the air as a liq-
uid. Unlike storage of energy as compressed air, 
this does not need a high-pressure vessel, and the 
thermal insulation requirements are simpler when 
scaled up, so liquified air can be stored for very 
long periods, if desired. Energy is recovered sim-
ply by allowing it to boil (it will do this anyway at 
ambient temperatures of course) and use it to gen-
erate electricity with a conventional gas turbine. 
No novel technology is required, and it appears to 
become a more attractive engineering concept as it 
is scaled up in size.

Figure 24.8 shows how the use of storage 
devices as a buffer can increase self-consumption 
of generated PV electricity and reduce the required 
electricity from the grid, throughout the year*. 

* For more information see J. Binder, C.O. Williams, 

T. Kelm, Increasing PV self-consumption, domestic 

energy autonomy and grid compatibility of PV systems 

using heat-pumps, thermal storage and battery stor-

age, EU PVSEC Proceedings, pp. 4030–4034 (2012).

Another possibility is to use a decentralized power 
plant system, where power plants are built at dif-
ferent sites but act as a single power plant source. 
Studies have shown that such system would drasti-
cally reduce the effect of unexpected supply condi-
tions as clouds in one location will often not affect 
the others. It is clearly more attractive when large-
scale energy storage systems are available. Despite 
the requirement for transmission lines between 
sites, studies indicate that estimated additional 
costs beyond those of conventional systems would 
range from $0.003 to $0.03/kWh. The more cost-
effective option will certainly be region depen-
dent and will need to take into account the impact 
on the grid structure. For instance, when more 
energy is fed into the power grid than is removed 
from it, the grid frequency can increase and ren-
der it unstable. To ensure network security, the 
German’s System Stability Act of May 2012 sched-
uled retrofit of PV systems to include power invert-
ers that are able to reduce output when frequency 
rises too high or to turn themselves off smoothly. 
Similar measures were taken in other countries. 
It is, therefore, clear that high levels of electronic 
control will be required in future PV systems and 
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Figure 24.8 Examples of how storage solutions can be used as buffer to balance energy generation 
and consumption. (Image Copyright ©ZSW, Stuttgart Germany.)
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that the accuracy of power measurement and tim-
ing will be crucial for consumer and investor trust.

Currently, PV electricity is sold in units of actual 
generated energy (in kWh), but the PV system price 
is based on nominal kWp, which is the peak power 
generated by the solar module under standard test 
conditions (as defined in IEC 60904), adjusted by 
the “performance ratio” of the system. The adjust-
ment is based on models that estimate efficiency 
losses using available data to predict the generated 
system output in a specific location. Standard test 
conditions of 25°C, 1000 W/m2 AM1.5G direct 
irradiance at normal angle of incidence are rarely 
encountered in the real world and do not take into 
account a number of environmental parameters 
that affect the performance of a PV system in real 
operation, such as spectral changes, the depen-
dence of solar cell efficiency on incidence angle, low 
light behavior of the solar device, and the behavior 
at realistic temperatures. This, combined with the 
fact that different PV technologies may present 
different dependencies on the parameters listed 
previously, indicates that peak efficiency is not a 
very meaningful parameter when consumers and 
investors (including governments) need to make 
informed decisions about where PV power plants 
should be built and which type of PV technology 

should be used. The Technical Committee 82 of 
the International Electrotechnical Commission is 
in the process of developing an energy-rating stan-
dard (IEC 61853), which would be an energy-based 
metric for PV.

24.5  CONCLUSIONS

Electricity generation by solar energy has become 
a reality both for stand-alone applications and for 
grid-connected energy supply, but, at the time of 
writing, is currently being held aloft by gener-
ous subsidies. The future world energy mix will 
be diverse. Solar, because of its low maintenance 
requirement, unobtrusive nature, and ever-
decreasing cost, is particularly well positioned to 
play an increasing role. As with many alternative 
energy schemes, it poses challenges for engineers 
to integrate intermittent energy sources with the 
grid, which will require intelligent power elec-
tronics, intelligent system design, and, as energy 
production by this means increases, a viable large-
scale method of storing the energy. Perhaps, more 
than all other technologies, it also brings the real 
possibility of a future of energy security (abun-
dant energy supply from the sun) with less human 
impact on our environment.



http://www.taylorandfrancis.com
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25
Advantages of fiber optical sensors 
for power generation

RALF D. PECHSTEDT AND DAVID HEMSLEY
Oxsensis Ltd.

25.1 ADVANTAGES OF FOS FOR 
POWER GENERATION

Gas turbine engines have been widely used in elec-
trical power generation for decades. More recently, 
there has been an increasing interest in optimizing 
gas turbine design and operation to improve fuel 
efficiency and to reduce pollution together with 
enhanced fuel flexibility under greater variable loads 
and ramp rate conditions. The combustion concepts 
addressing these demands are generally prone to 
generating instabilities in the gas turbine compressor 
and combustion systems [1]. As a result, events such 
as surge and stall could occur with potentially cata-
strophic damage to the gas turbine plant, risk to lives, 
and severe disruption of electricity delivery capacity.

Fiber optical sensor (FOS) technology is now 
becoming available that is capable of providing 
critical real-time information regarding the onset 
of combustion instabilities in the hitherto inacces-
sible region of the gas turbine combustor. A key 
advantage of FOS for gas turbine applications is 
therefore their ability to operate at elevated tem-
peratures [2,3]. This allows, for example, a more 
direct dynamic pressure measurement in close 
vicinity to the combustion process. Figure 25.1a 
is a schematic of a gas turbine, indicating possible 
locations of optical pressure sensors. A picture 

of a gas turbine driving an electrical generator is 
shown in Figure 25.1b.

FOS could replace piezoelectric transducers 
that are commonly mounted via a “semi-infinite” 
tube that attenuates higher frequencies and thus 
limits its potential to detect the onset of combus-
tion instabilities.

Figure 25.2a shows a ruggedized fiber optical 
pressure sensor together with a fiber optical con-
nector box loaded onto a transportation trolley. The 
sensor head was designed to fit a monitoring port 
in the combustor of a gas turbine of an industrial 
power generating plant. A picture of the installed 
sensor is shown in Figure 25.2b. Also visible in the 
foreground is the semi-infinite tube arrangement 
used for mounting conventional pressure sensors.

At ultra-high temperatures, thermocouples suf-
fer from increased drift and reliability problems. 
Sapphire is being investigated as a base material for 
optical sensors capable of measuring temperatures 
up to ∼1500°C and beyond [4], and the first success-
ful prototypes are emerging from laboratories. These 
sensors have the potential for direct combustor tem-
perature measurements, the knowledge of which is 
critical for design and operation of more efficient 
gas turbines.

A unique advantage of fiber Bragg grating-based 
FOS systems is their ability to measure at multiple 
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discrete positions along a single fiber strand. This 
enables, for instance, densely spaced gas turbine 
exhaust gas temperature measurements [5] that 
would be difficult to implement using conventional 
thermocouples due to the significant amount of 
electrical wiring required. In addition, FOS avoid 
problems related to electromagnetic pickup and 
temperature gradients along the electrical wires 
carrying the thermocouple signals, thanks to their 
immunity to electromagnetic interference and the 
dielectric nature of the fiber optical cable.

For a more detailed description, we refer to 
Chapter 18.
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(Continued)

Table IX.1 Summary of applications of optoelectronics in medicine, healthmonitoring, and biotechnology

application technology advantages Disadvantages
Current situation  

(at time of writing)
More 

reading

External 
examination of 
individual body 
regions, or of 
the whole body, 
using cameras.

Visible or infrared 
cameras to detect 
signs of illness from 
optical images. 
(hot-spot detection 
and skin coloration)

Simple, large-area, 
noninvasive technology. 
Potentially should be more 
objective than a human 
observer. Infrared sensors 
are very good at observing 
unusual temperatures 
arising from localized 
illness or inflammation. 

In many cases, humans 
are still better at visual 
examination and 
performing a diagnosis 
from what they see. 
Machine vision is still 
poor at detecting 
major illnesses such as 
tumors with low error 
rate. 

Has great potential, as 
multispectral imaging is 
possible, and as the 
associated signal 
processing algorithms are 
improved. There should be 
no reason why the 
diagnostic capability 
should not exceed human 
capability, particularly as a 
wider spectral range is 
available.

See Volume II, 
Chapter 4 
(Camera 
Technology)

External 
spectroscopic 
examination of 
smaller regions 
through the skin 
(subcutaneous).

Many types of 
spectroscopic/
colorimetric sensors 
for oximetry, glucose 
levels, etc. 

Noninvasive. Usually only measures 
over small areas.

Sensors for blood oximetry 
are most developed. 

External laser 
examination of 
smaller regions 
through the 
skin, or via 
organs, such as 
the eye or ear.

Laser Doppler 
velocimetry to 
measure blood flow. 
Optical coherence 
methods, such as 
OCT, to resolve 
in-skin and 
subcutaneous 
features. 

Noninvasive methods giving 
very useful information 
which is difficult to achieve 
by other means. 

Usually only measures 
over small areas.

Optical coherence methods 
are becoming a highly 
valuable tool in medical 
diagnostics. It can be used 
to see in-skin and 
subcutaneous features. In 
the eye, it can measure 
and detect many 
abnormalities. 

See this section 
for OCT
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Table IX.1 (Continued ) Summary of applications of optoelectronics in medicine, healthmonitoring, and biotechnology

application technology advantages Disadvantages
Current situation  

(at time of writing)
More 

reading

Use of cameras 
for guidance of 
robotic surgery 
tools.

Short-focus camera 
used with robotic 
surgery arm, the latter 
mechanically geared 
to give higher 
precision cuts (with 
laser or knife) than an 
unaided surgeon 
could make.

A major development for 
precision surgery. 

None Very sophisticated (and 
expensive) commercial 
devices exist, and are 
being used in many 
well-equipped hospitals.

Fiber optical 
sensors for 
temperature, 
pressure, and 
strain.

Bragg grating sensors, 
Fabry Perot sensors 
and various 
distributed sensors. 

No electrical connections, so 
much safer using invasive 
(in-body) sensors. Really 
tiny sensors (small is 
“beautiful” in the body!). 
Bragg grating sensors can 
be formed into a 
multisensor array in a 
single length of fiber. 
Distributed fiber sensors 
can measure over 
extended lengths and 
distributed Bragg grating 
sensors could potentially 
measure at many closely 
spaced points.

More expensive than 
traditional electrical 
sensors. Most 
distributed sensors 
require multiple delay 
loops of fiber to 
effectively enhance 
distance resolution.

Still relatively little use, 
considering the 
advantages. Bragg grating 
sensors and Fabry Perot 
types are probably used 
the most. 

The use of multiplexed 
pressure sensors by 
Flanders University (this 
section) may lead to more 
widespread use of these. 

See Volume II, 
Chapter 11 
(Optical Fiber 
Sensors) and 
this section.

(Continued)
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Table IX.1 (Continued ) Summary of applications of optoelectronics in medicine, healthmonitoring, and biotechnology

application technology advantages Disadvantages
Current situation  

(at time of writing)
More 

reading

Optical sensing of 
oxygen and 
CO2

Optical monitoring of 
sensing layers with 
active indicator 
ingredients 
embedded in 
gas-permeable 
polymers. Dissolved 
oxygen sensors rely 
on quenching of 
fluorescent lifetime of 
reagents such as 
ruthenium complexes.

Again, no electrical 
connections when using 
invasive (in-body) sensors. 
Really tiny sensors—small 
is “beautiful” in the body!

Dissolved oxygenation 
sensors using fluorescent 
dyes do not consume 
oxygen, so the sensors do 
not change the 
environment, and so are 
less affected by surface-
contamination films. 

Reaction time relies on 
diffusion of gas 
through the polymer. 
CO2 sensors are 
essentially pH sensors, 
so can be affected by 
other compounds. 
Sensors require 
temperature 
compensation in some 
applications.

Commercial dissolved 
oxygen sensors are 
manufactured by several 
companies. They have a 
big market for bioreactors, 
again due to not 
consuming oxygen.

See also: 
Wolfbeis, OS, 
Fiber Optical 
Chemical 
Sensors and 
Biosensors, 
CRC Press 
(1991).

Selective optical 
detection of 
metals, ions, 
and biological 
molecules 
(including DNA)

Chemical absorption 
indicators for ions or 
molecules. Selective 
fluorescence, either 
intrinsic to the 
biomolecule or via a 
binding indicator. 
Selective binding sites 
to give ultraselective 
detection 

Very many possible methods. 
Selective binding gives the 
best fingerprinting. The 
methods are particularly 
well-suited for producing 
very large, close-packed, 
sensor arrays in small 
volumes. 

Many of the methods 
need care to prevent 
contamination of 
samples. Occupation 
of binding sites by 
similar contaminant 
molecules could be a 
problem. 

Becoming a very important 
technique for large-
detector cell-count sensor 
arrays. 

See also: 
Wolfbeis, OS, 
Fiber Optical 
Chemical 
Sensors and 
Biosensors, 
CRC Press 
(1991).

(Continued)
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Table IX.1 (Continued ) Summary of applications of optoelectronics in medicine, healthmonitoring, and biotechnology

application technology advantages Disadvantages
Current situation  

(at time of writing)
More 

reading

Photodynamic 
therapy

Selective bonding of 
chemical agents to 
tissue (e.g., staining), 
such that it is 
sensitized to high-
energy light. This can 
be used to destroy 
the undesirable 
tissue, such as 
malignant regions of 
the body, when 
illuminated with high 
energy light.

Prospect of treatment of 
some forms of cancer, etc., 
without chemotherapy or 
ionising-radiation 
treatment. 

Need to find suitable 
selective binding 
agents, to ensure only 
unhealthy tissue is 
affected. 

Is finding uses, but, as with 
many cancer treatments, 
has yet to advance to be a 
real “game changer”

Breath analysis 
using 
spectroscopy.

Many diseases or 
medical conditions 
give rise to changes 
in the organic 
compound 
composition of 
human breath. This 
can most easily be 
analyzed by 
absorption 
spectroscopy, with 
strongest lines in the 
Infrared region. 

Rapid, noninvasive analysis of 
breath using spectrometers 
provides a useful 
diagnostic tool. Fourier 
transform IR spectroscopy 
is the most versatile 
measurement method.

In some cases, diet may 
affect the compounds 
in the breath, but this 
is not a major 
problem. 

A recent development, 
having great promise due 
to the rapid diagnostic 
capability. 

(Continued)



340 A
p

p
licatio

ns fo
r m

ed
icine, health m

o
nito

ring
, and

 b
io

techno
lo

g
y

Table IX.1 (Continued ) Summary of applications of optoelectronics in medicine, healthmonitoring, and biotechnology

application technology advantages Disadvantages
Current situation  

(at time of writing)
More 

reading

Spectroscopic 
sensors for 
testing of 
drugs.

Many solid drugs are 
produced in the form 
of highly scattering 
powders or pills, so 
Raman spectroscopy 
or fluorescence 
spectroscopy are very 
useful tools. For 
soluble drugs, many 
other spectroscopic 
methods are 
applicable.

Raman spectroscopy is a 
highly versatile tool for 
analysis of scattering 
powders. It can probe for 
characteristic spectral lines 
in regions inaccessible to 
absorption measurements 
Fluorescence is a far less 
versatile analytical tool, 
and also many products do 
not fluoresce anyway. It 
can, however, be enhanced 
using staining of molecules 
using fluorescent 
indicators. 

Weak signals from 
Raman spectroscopy. 
Fluorescence cannot 
provide such good 
analytical 
“fingerprinting”.

The viability of Raman 
spectroscopy has been 
transformed by the 
availability of compact 
high-power semiconductor 
and solid-state lasers. It is 
now a far more valuable 
analytical tool than before.

See Volume II, 
Chapter 15

Optical coherence 
tomography.

Location of light 
reflection points from 
within tissues based 
on interfererometric 
ranging methods. 
White light 
interferometry can 
determine the 
reflection profile as a 
function of distance 
into the tissue.

Particularly useful for 
ophthalmology, as the lens 
of the eye is clear and 
transparent. 

Very attractive method for 
analysis of skin and any 
subcutaneous tissue just 
below the skin. 

Fairly expensive systems. This is a rapidly developing 
field of medical 
diagnostics. Applications 
are mainly in the 
ophthalmology and 
dermatology fields so far.

See Volume II, 
Chapter 11 
(Optical Fiber 
Sensors) and 
this section.

(Continued)
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Table IX.1 (Continued ) Summary of applications of optoelectronics in medicine, healthmonitoring, and biotechnology

application technology advantages Disadvantages
Current situation  

(at time of writing)
More 

reading

Laser surgery Use of high-power 
lasers to cut, ablate, 
or cauterize tissues, 
and/or to kill 
undesirable cells, such 
as malignant ones.

Very precise cutting, and 
compatible with robotics. 
Noncontact, so no need to 
sterilize tools. The heating 
from the laser can cauterize 
wounds, so reduces 
bleeding. Particular organs 
or parts of organs can be 
dyed to give selective 
absorption. The skin is 
most easily treated, but 
most parts of the body can 
be operated on. Possible 
to correct focal length of 
cornea lens with lasers, for 
eyesight correction.

Expensive equipment. 
Need to control skin 
penetration at 
wavelengths where 
tissue has a lower 
absorption. 

Cost of compact high-power 
semiconductor lasers (or 
lasers to pump other 
solid-state lasers) has 
fallen dramatically. Laser 
eyesight correction was 
initially viewed with 
skepticism, but is now an 
established technique.

3D printing of 
medical and 
dental 
prosthetics. 

Use of light projectors 
and scanned lasers to 
cure resins to produce 
3D objects. In many 
cases, the basic 
digital data used to 
produce the image 
can also be obtained 
using optical 3D 
scanners.

A huge variety of objects of 
any desired shape (including 
ones with cavities) can be 
produced or copied in this 
manner. Even very strong, 
hard, and rigid objects can 
be produced using fillers in 
polymer or by using lasers 
to sinter even high-
temperature materials. 
The data necessary for 
production of parts can be 
transmitted to anywhere in 
the world.

The highest precision 
professional 
equipment is still 
expensive, but getting 
less as the industry 
expands. 

Costs are falling rapidly and 
the ability of these 
processes to produce the 
objects will lead to ever 
greater use. Equipment to 
produce simple polymer 
parts is becoming 
available for home use.

See https://
en.wikipedia.
org/wiki/
EnvisionTEC 
as an 
example of 
use of the 
technology.

(Continued)

https://en.wikipedia.org/wiki/EnvisionTECas
https://en.wikipedia.org/wiki/EnvisionTECas
https://en.wikipedia.org/wiki/EnvisionTECas
https://en.wikipedia.org/wiki/EnvisionTECas
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Table IX.1 (Continued ) Summary of applications of optoelectronics in medicine, healthmonitoring, and biotechnology

application technology advantages Disadvantages
Current situation  

(at time of writing)
More 

reading

Human eye-
implanted 
semiconductor 
image cameras 
to provide some 
degree of vision 
to the blind.

A semiconductor image 
camera is implanted 
in the eye and the 
electrical output is 
connected to the 
optic nerve, such that 
the brain can 
eventually learn to 
decipher images from 
the electrical signals.

Some degree of sight is 
restored to otherwise 
totally blind people.

At the time of writing, 
the quality of sight 
achieved is still poor. 
There is a desire to be 
able to power the 
sensor for longer 
periods than currently 
possible.

Progress in this field is 
considerable, as both the 
miniaturization of sensors 
and their power 
consumption improves. 
Research is also aimed at 
improving the signals from 
detector to brain, to best 
allow the brain to learn 
how to decipher the 
image from electrical 
signals. 
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26.1  INTRODUCTION

Over the past two decades, optic and photonic 
technologies have become exceedingly ubiquitous 

in the key enabling devices that are central to many 
aspects of everyday life. The importance of these 
paradigm-shifting technologies has so been rec-
ognized and appreciated that the United Nations 
Educational, Scientific and Cultural Organization 
adopted a resolution declaring 2015 as the 
International Year of Light. The impact of photonic 
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technologies on medicine and life  sciences has also 
been significant. Light-based innovations have the 
potential to improve the quality of life and progno-
sis of patients but also contribute to the decline of 
the steeply rising cost of health care. Technological 
advances in the areas of lasers, detectors, and sen-
sors have enabled the introduction and, relatively 
quick, acceptance of a number of optical technolo-
gies into clinical practice. At the same time, the 
room for further penetration of photonic technolo-
gies in medicine, rather than shrinking, seems to 
be expanding into both established and new areas.

The purpose of this chapter is to introduce sci-
entists and engineers of various disciplines related 
to photonics to the nature of the interaction of light 
with biological material and the established and 
emerging applications of light-based technologies 
in medicine. Photonics technologies are being used 
for both diagnostic and therapeutic applications. 
In the case of diagnosis, this can be performed 
in vitro (i.e., with tissue cultures or samples “in 
glass”), ex vitro (i.e., using samples excised from 
the human body), or in vivo (i.e., in the living 
human body). In vitro techniques have mostly been 
developed for mass and inexpensive screening of 
disease. However, in vivo photonic-based diagnos-
tics allow a complete investigation of the tissue of 
interest without the need for biopsies (sample exci-
sion and processing) and can be performed in real 
time. This chapter provides an overview of pho-
tonic technologies for in vitro, ex vivo, and in vivo 
diagnostic and therapeutic applications. Future 
prospects are also briefly discussed.

26.2  BASICS OF TISSUE AND ITS 
INTERACTION WITH LIGHT

In multicellular organisms, the basic building 
blocks of life are the cells. These membrane-encap-
sulated units are composed of an abundant num-
ber of molecules and molecular complexes, which 
provide functionality to the cell. The major com-
ponents of a cell are its membrane, nucleus, cyto-
plasm, and various types of organelles, which, in 
a coordinated fashion, orchestrate the processes 
that maintain life. Cells of similar structure and 
function are organized into tissues, which serve a 
specific common goal. Several groups of tissue are 
organized into organs, and organs are combined 
into systems, each serving a particular function. 
Just like any other collection of organic materials, 

organized in a complex and intricate structure, 
tissues exhibit common radiation–material inter-
actions. Reflection and refraction occur at the 
interfaces of different materials. At the level of the 
molecules and small subcellular structures, incident 
light can be either scattered (elastically or inelasti-
cally) or absorbed, with subsequent reemission in 
the form of fluorescence [1]. These interactions can 
be exploited to both provide an understanding of 
the underlying structure and physiology, leading 
to the diagnosis of disease, and enable light-based 
interventions, leading to therapeutic benefits.

26.2.1  Reflection and refraction

The index of refraction of biological structures 
differs depending on their constituent molecular 
concentrations. Usually, the index of refraction 
of tissues varies from close to 1.33 (the index of 
refraction of water) to 1.70 (the index of refraction 
of melanin) in the range of visible to near-infrared 
(NIR) light. As a result, reflection and refraction 
occur at the surface and the various interfaces of 
the cells and tissues of the human body.

26.2.2  Scattering

Scattering describes the change in the direction of 
propagation and, sometimes, energy of light when 
incident on heterogeneities within a bulk medium. 
The heterogeneities are usually nonuniform spa-
tial and/or temporal distributions of the refractive 
index in the medium due to physical inclusions or 
random thermal motion. Scattering depends on 
the size, morphology, and structure of the con-
stituents of tissue (e.g., lipid membrane, collagen 
fibers, nuclei). Changes in the characteristics of 
these elements, due to disease, affect their scatter-
ing properties, thus providing a means for detec-
tion and diagnosis of pathophysiology.

Scattering can be elastic or inelastic. In the case 
of elastic scattering, there is a change in the direc-
tion of propagation but no energy shift. Elastic scat-
tering by particles smaller than one-tenth of the 
wavelength of the incident light is called Rayleigh 
scattering and is isotropic and proportional to the 
inverse of the fourth power of the wavelength. 
Elastic scattering by larger particles is called Mie 
scattering and is anisotropic (mostly forward). Mie 
scattering exhibits a complex  oscillatory  wavelength 
dependence that is characteristic of the particle size 
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relative to the incident light wavelength. During 
inelastic scattering, the energy of the incident pho-
tons, as well as the direction, changes. The energy 
is transferred to or from the vibrational energy lev-
els of the molecules, a phenomenon called Raman 
scattering. Because the vibrational energy levels are 
usually characteristic of the chemical bonds of the 
molecules, the energy shifts due to Raman scatter-
ing are  representative of the biochemical structure 
of the material irradiated.

26.2.3  Absorption

Absorption is the transfer of energy from light to 
a molecular species. It occurs when the photon 
frequency matches the “frequency” associated 
with the molecule’s energy transitions. Electrons 
absorb the energy of the light and transform it to 
vibrational motion. The energy is subsequently 
dissipated as thermal energy via the interaction 
with neighboring atoms and the molecule returns 
to its ground state. Unlike the ultraviolet and vis-
ible regions of the spectrum, infrared (IR) light is 
absorbed due to the presence of vibrational energy 
levels. Transitions between energy levels are well 
defined for different molecules and can serve as a 
spectral fingerprint to be exploited for understand-
ing the variations in the chemical composition of 
cells due to the presence of disease.

26.2.4  Fluorescence

In addition to nonradiative relaxation pathways, 
energy absorbed by some molecules can be dissi-
pated by emission of radiation. In biological samples, 
this can occur by fluorescence emission. During this 
transition, some of the absorbed energy is converted 
to heat by nonradiative processes. Subsequently, the 
molecules relax from the lowest vibrational energy 
level of the excited state to a vibrational energy 
level of the ground state, simultaneously emit-
ting the energy difference in the form of fluoresce. 
The resulting photons have lower energy than the 
incident photons (red shifted). Because for a given 
excitation wavelength, the emission transitions are 
distributed over different vibrational energy levels, 
a broad fluorescence spectrum is generated and can 
be measured. There are many naturally occurring 
molecules that can fluoresce, termed endogenous 
fluorophores. They include amino acids, structural 
proteins, enzymes and coenzymes, vitamins, lipids, 

porphyrins, etc. Exogenous fluorescent molecules 
can also be administered as contrast agents (e.g., 
cyanine dyes), molecular markers (e.g., green fluo-
rescent protein), etc.

26.2.5  Light transport and photon 
migration

Light transport in tissues is governed by the rela-
tive magnitudes of absorption and scattering. 
Describing the light propagation through the intri-
cate structures of most tissues is rather complex 
and usually relies on diffusion theory (applicable 
when scattering dominates in the region of the 
visible and NIR) and transport theory or Monte 
Carlo simulations (when absorption and scatter-
ing are of similar magnitudes). These approaches 
result in complex analytical models or numerical 
solutions, which can be used to predict the behav-
ior of  emitted light, given an incident wave on an 
object, or, inversely, given that the characteristics 
of the emitted light predict the structure and opti-
cal characteristics of an unknown sample.

26.3  IN VITRO AND EX VIVO 
APPLICATIONS

When solid or liquid samples are available, these 
can be processed away from the patient, in vitro 
or ex vivo. Optical and photonic tools can be 
used to significantly speed the processing time 
and increase the processing volume while, at the 
same time, reducing the cost. Such technologies, 
 including DNA sequencers and biochips, are revo-
lutionizing our understanding of biology, health, 
and disease.

26.3.1  DNA sequencing

DNA sequencing is the delineation of the pre-
cise series of nucleotides in a DNA molecule or 
even an entire genome. The methodology that 
dominated the DNA sequencing efforts for many 
years was the detection of radioactive nucleotides 
inserted in the DNA during the replication pro-
cess [2]. Electrophoresis of these samples revealed 
the distribution of radioactive bands of varying 
lengths from which sequence could be read. A 
major improvement to this process was the result 
of  labeling of each type of nucleotide with a dif-
ferent fluorescent dye, thus enabling much faster 
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sequencing without radiography. The fluorescent 
DNA passed through an electrophoresis tube 
where a detector distinguished the nucleotides by 
their color [3]. The resulting automation greatly 
increased throughput, reduced cost, and enabled 
deciphering large sequences contributing to the 
success of the human genome project [4,5]. In order 
to fully expand our understanding of the genomic 
code and the variations characteristic of each 
individual, there is now a push for so-called next-
generation sequencing. New methods are being 
developed to allow complete, fast, and inexpensive 
sequencing of entire genomes. Most of these meth-
ods are based on highly parallel processes with the 
use of either luminescent moieties or fluorescence 
molecules as the enabling sensors [6].

26.3.2  Biochip and microarrays

The terms “biochip” and “microarray” are some-
times used interchangeably. However, there are 
important differences in both the design and the 
concept behind each device. Biochip refers to a 
material or a substrate that has a two-dimensional 
array of probes for biochemical assays as well as 
appropriate measurement and/or recording cir-
cuitry [7]. Biochips imply both miniaturization, 
usually in microarray formats, and the possibility 
of low-cost mass production. They can be classified 
either by the nature of their probes or by the type 
of transducer used. If the probes are nucleic acids, 
the devices are called DNA biochips, DNA chips, 
genome chips, DNA microarrays, gene arrays, or 
genosensor arrays. If the probes consist of anti-
bodies or proteins, the devices are referred to as 
protein chips or protein biochips. A recently devel-
oped system with both DNA and antibody probes 
on the same platform is referred to as a multifunc-
tional biochip [8] (Figure 26.1).

Biochips can also be classified by the type of 
transducers used. Typical transducer techniques 
involve (1) optical measurements (fluorescence, 
luminescence, absorption, Raman, surface plasmon 
resonance, etc.), (2) electrochemical measurements, 
and (3) mass-sensitive measurements (surface 
acoustic wave, microbalance, etc.). Because of its 
inherently sensitive detection capability, fluores-
cence is the most commonly used technique in DNA 
hybridization assays. Other approaches include 
a type of spectral label for DNA probes based on 
surface-enhanced Raman scattering (SERS) for 

use in cancer diagnostics [9]. The development of 
a biosensor, also for DNA probes, using visible and 
NIR dyes has also been reported [10]. Microarrays, 
however, consist only of arrays of probes but do not 
include sensor microchips integrated into the sys-
tem [11]. Microarrays usually have separate, rela-
tively large, detection systems that are more suitable 
for laboratory-based applications. They can incor-
porate large numbers of probes (tens of thousands), 
which could be used to identify multiple biotargets 
with very high speed and high throughput. These 
devices are very useful for mass screening for gene 
and drug discovery applications.

Both microarrays and biochips use probes oper-
ating as biological recognition systems, also called 
bioreceptors. A bioreceptor is a biological molecu-
lar species (e.g., an antibody, an enzyme, a protein, 
or a nucleic acid) or a living biological system (e.g., 
cells, tissue, or whole organisms) that uses a bio-
chemical mechanism for recognition. Bioreceptors 
are the key to specificity for biochip technologies, 
responsible for binding the analyte of interest to 
the sensor for the measurement. Bioreceptors can 
take many forms and are as numerous as the differ-
ent analytes that can be monitored using biosen-
sors. They can generally be classified into five major 
categories: (1) antibody/antigen, (2) enzymes, 
(3) nucleic acids/DNA, (4) cellular structures/cells, 
and (5) biomimetic probes (synthetic probes that 
mimic receptors of living systems). DNA micro-
arrays, including those in biochips, can be fab-
ricated using high-speed robotics on a variety of 
substrates. The substrates can be thin plates made 
of silicon, glass, gel, gold, or a polymeric material 
such as plastic or nylon or may even be composed 
of beads at the ends of fiber-optic bundles [12]. 
Oligonucleotide microarrays are fabricated either 
by in situ light-directed combinatorial synthesis 
that uses photographic masks for each chip [13] or 
by conventional synthesis followed by immobili-
zation on glass substrates [14]. Arrays with more 
than 250,000 different oligonucleotide probes or 
10,000 different complementary DNAs (cDNAs) 
per cm2 have been produced [15]. These arrays have 
been designed and used for quantitative and highly 
parallel measurements of gene expression, to dis-
cover polymorphic loci, and to detect the presence 
of thousands of alternative alleles.

The most noteworthy impact of microarray and 
biochip technologies, in conjunction with bio-
informatics, is the facilitation of an entirely new 
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approach to biological and biomedical research. In 
the past, researchers investigated one or a few genes 
at a time. With new, automated, high-throughput, 
microarray, and biochip technologies, they can 
now study a medical problem systematically and 

on a large scale. They can examine all the genes 
in a genome or all the gene products in a partic-
ular tissue, tumor, or organ in the context of the 
interconnected pathways of a living system. Such 
knowledge will have a profound impact on the 
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Figure 26.1 (a) Photograph of the 8 × 8 IC microchip. (b) Schematic diagram of an integrated biochip. 
Integrated biochips also include an Integrated Circuit (IC) microsensor, which makes these devices 
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manner by which disorders are diagnosed, treated, 
and/or prevented and can bring about revolution-
ary changes in biomedical research and clinical 
practice [7]. Looking further into the future, the 
ultimate challenge in biochip research is to realize 
a truly implantable sensor for reliable, real-time, in 
vivo health monitoring. In order to reach this goal, 
issues of biocompatibility, remote detection, wire-
less telemetry, and miniaturization will have to be 
successfully addressed [7].

26.3.3  DNA probes

Nucleic acids have been widely used as biorecep-
tors for microarray and biochip systems [16,17]. 
In DNA biochips, the biorecognition mechanism 
involves hybridization of DNA or RNA, which are 
the building blocks of genetics. The microarrays 
of probes on DNA biochips serve as reaction sites, 
each reaction site containing single strands of a 
specific sequence of a DNA fragment. These frag-
ments can either be short oligonucleotide (about 
18–24) sequences or longer strands of cDNA. The 
sequence of any known part of DNA (target) can 
be amplified by the polymerase chain reaction 
(PCR) and labeled with an optically detectable 
compound (e.g., a fluorescent label) inserted dur-
ing the PCR process. When the targets contain 
more than one type of sample, each is labeled with 
a different tag so that they can be detected simulta-
neously. The complementarity of adenine:thymine 
(A:T) and cytosine:guanine (C:G) pairing in DNA 
provides the basis for the specificity of biorecogni-
tion in DNA biochips. When unknown fragments 
of single-strand DNA react (or hybridize) with 
the probes on the chip, double-strand DNA frag-
ments form only when the target and the probe 
are complementary according to the base-pairing 
rule. Finally, the sample is tested for hybridization 
to the microarray by detecting the presence of the 
attached labels. Probes based on a synthetic bio-
recognition element, peptide nucleic acid (PNA), 
have also been developed [18]. PNA is an artificial 
oligo amide that is capable of binding very strongly 
to complementary oligonucleotide sequences.

26.4  IN VIVO DIAGNOSTIC 
APPLICATIONS

Photonic techniques can provide powerful tools 
for detecting the presence of disease, especially 

early neoplastic changes. Detection of early neo-
plastic changes is critical because once carcinoma 
becomes invasive and metastatic treatment is dif-
ficult. At present, excisional biopsy followed by his-
tology is considered to be the “gold standard” for 
the diagnosis of early cancer. In some cases, cytol-
ogy rather than excisional biopsy is performed. 
The use of staining and processing can enhance 
the contrast and specificity of histopathology and 
provide high-resolution spatial and morphological 
information of the cellular and subcellular struc-
tures. However, physical removal of tissue speci-
mens is required followed by processing in the 
laboratory. As a result, these procedures incur a 
relatively high cost and diagnostic information is 
not available in real time. More importantly, in the 
context of detecting early neoplastic changes, both 
excisional biopsy and cytology can have unaccept-
able false negative rates often arising from sam-
pling errors due to the limited number of biopsies, 
which can be practically collected from each loca-
tion. Furthermore, biopsies cannot be obtained, 
at all, from certain tissues, e.g., some neurologi-
cal tissues. Photonic technologies have the poten-
tial to perform in situ diagnosis, without the need 
for sample excision and processing, providing 
diagnostic information in real time. In addition, 
because removal of tissue is not required for opti-
cal diagnostics, a more complete examination of 
the organ of interest can be achieved than with a 
finite number of excisional biopsies or cytology. 
Currently used optical diagnostic technologies can 
be broadly divided into two categories: (1) spectro-
scopic diagnostics and (2) optical imaging.

26.4.1  Spectroscopic diagnostics

Spectroscopy is the detection of spectral proper-
ties that are related to the molecular composition 
and/or structure of biochemical species in the 
tissue of interest. There are several spectroscopic 
methods that are utilized for optical diagnostics: 
 fluorescence, elastic scattering, Raman (inelastic) 
scattering, IR absorption, etc. Each of these tech-
niques, which have been studied for the purpose of 
disease diagnosis with varying degrees of  success, 
will be described in Sections 26.4.1.1 through 
26.4.1.3. It should be noted that the application 
of spectroscopic detection in two dimensions can 
result in, so-called, spectroscopic imaging.
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26.4.1.1  FLUORESCENCE SPECTROSCOPY

Fluorescence tools are important for medical 
diagnostics [19] and can be grouped into two 
main categories: (1) methods that detect endog-
enous fluorophores in tissues, often referred to 
as  autofluorescence, which usually detect varia-
tions in the biochemistry of the tissue and, thus, 
infer the presence or absence of disease based on 
the changes of the fluorescent chromophores; and 
(2) methods that detect or use exogenous fluoro-
phores or fluorophore precursors, such as 5-ami-
nolevulinic acid (ALA). These agents are explicitly 
synthesized so that they target specific tissue types 
(e.g., dysplasia versus normal) or are activated by 
functional changes in the tissue. In either case, the 
tissue is exposed to excitation light at some spe-
cific wavelength, typically near ultraviolet or vis-
ible, which excites the tissue molecules and results 
in fluorescence emission. The emission spectrum 
(emission intensity versus wavelength) is then mea-
sured as a function of wavelength. The shape of the 
emission spectrum is characteristic of the endog-
enous or exogenous fluorophores present and its 
intensity is analogous to their concentration.

A number of research groups have investigated 
laser-induced fluorescence (LIF) as a method 
to discriminate tumors from normal tissues. 
However, due to the limited penetration of opti-
cal wavelengths into biological tissues, the most 
common type fluorescence analyses performed in 
vivo are cancer diagnoses of optically accessible 
tissues. Vo-Dinh and coworkers have developed a 
LIF diagnostic procedure for in vivo detection of 
gastrointestinal cancer that uses 410 nm laser light 
from a nitrogen-pumped dye laser passed through 
a fiber optic probe to excite the tissue. The sensi-
tivity of this method in classifying normal tissue 
and malignant tumors is 98% [20]. The ability 
to distinguish between various types of tissues, 
in vivo, based upon multicomponent analysis has 
also been demonstrated [21]. Richards-Kortum 
and coworkers have used LIF, employing 337 nm 
excitation to differentiate in vivo cervical intraepi-
thelial neoplasia, nonneoplastic abnormal, and 
normal cervical tissues from one another [22]. In 
a study of lung cancer, it was found that the sen-
sitivity of the autofluorescence bronchoscopy was 
86%, which is 50% better than conventional white 
light bronchoscopy, for the detection of dysplasia 
and carcinoma in situ [23,24]. Like other cancers 

involving mucosal membranes, oral and laryngeal 
carcinomas have also been studied by autofluores-
cence. Fluorescence spectroscopy has been used to 
differentiate normal tissue from dysplastic or can-
cerous tissue with a sensitivity of 90% and a speci-
ficity of 88% in a training set, and a sensitivity of 
100% and a specificity of 98% in a validation set 
[25]. An alternative approach to conventional fixed 
excitation fluorescence is the synchronous lumi-
nescence method, which involves scanning both 
excitation and emission wavelengths simultane-
ously while keeping a constant wavelength interval 
among them [26]. This method has been developed 
for multicomponent analysis and has been used 
to obtain fingerprints of samples with enhanced 
selectivity in an assay of complex systems.

A major limitation of most of the hardware used 
in the early studies clinical application of fluores-
cence spectroscopy was that they could only per-
form point measurements, leading to inadequate 
sampling of the tissue or organ under investigation. 
Fluorescence imaging allows a more global view of 
the target, although fluorescent images are formed 
using only selected emission wavelength bands. 
Emission bands are selected using special optical 
filters, and then detected by separate cameras to 
form the final displayed fluorescence image (Figure 
26.2) in real time as false color maps [27]. The first 
clinical demonstration involved imaging of the 
bronchus to screening for dysplasia and carcinoma 
in high-risk patients [28]. This led to a commercial 
system (LIFE-Lung; Xillix Technologies Corp., 
Richmond, BC, Canada). Using LIFE in combina-
tion with white-light endoscopy, the detection of 
moderate to high-grade bronchial dysplasia was 
increased by 171%, compared with white light 
bronchoscopy alone, with only a 22% decrease in 
specificity [29]. Similar systems are currently eval-
uated for gastrointestinal endoscopy [30,31].

Exogenous fluorophores are used in many clini-
cal applications. The reason for using such com-
pounds is, often, to provide a contrasting agent, 
which would make the medical diagnoses easier. 
The most common of the exogenous fluorophores 
used for these studies are photosensitizers that are 
being developed for photodynamic therapy (PDT) 
treatments, which will be covered in Section 26.5.2. 
These drugs generally exhibit strong fluores-
cence properties and preferentially accumulate in 
malignant tissues. The photosensitizer Photogem, 
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for lung, larynx, skin, gastric, esophageal, and 
gynecological cancers [32]; ALA-induced proto-
porphyrin IX, for tumor demarcation of liver ade-
nocarcinoma and aggressive basal cell carcinoma 
[33]; Photofrin-enhanced LIF, for Barrett’s meta-
plastic epithelium and esophageal adenocarcinoma 
[34], and diagnosis of bladder cancer based on the 
LIF of exogenous fluorophores [35] are some of the 
studies that have been performed. Another class of 
compounds, which is beginning to be tested for in 
vivo tumor demarcation, is fluorescently labeled 
antibodies. Fluorescence analyses revealed that the 
dye-labeled antibodies localize preferentially in the 
tumor tissue. Such immune photodiagnoses may 
prove very useful in the clinical setting for rapid 
tumor demarcation and surgical guidance in the 
colon and potentially other organs [36].

26.4.1.2  ELASTIC SCATTERING 
SPECTROSCOPY

Elastic scattering spectroscopy involves detection 
of the backscattering of a broadband light source 
irradiating the tissue [37]. In general, the tissue is 
illuminated with the excitation light delivered to 
a specific point location via an optical fiber, and 
the scattered light is measured from a nearby loca-
tion. A spectrometer records the backscattered 
light at various wavelengths and produces a spec-
trum that dependents on tissue structure as well 
as chromophore constituents. The physical quanti-
ties affecting the measurements are the absorption 

and scattering properties of the sample and/or 
the wavelength dependence of these properties. 
Several characteristics of the tissue structure can 
be deduced from such a spectrum, e.g., the distri-
bution of nuclear size (inferred from the oscillatory 
nature of the wavelength dependence of the back-
scattering spectrum). Nuclear size and its distribu-
tion are the important parameters for the diagnosis 
of malignancies, such as cancer, because they are 
a critical part of a pathologist’s assessment when 
determining his/her diagnosis during histological 
examination. Calculations based on Monte Carlo 
methods have been used to investigate the pho-
ton scattering process. This has led to some varia-
tions of this type of methodology where the optical 
transport properties of the tissue can be measured 
directly. Elastic scattering techniques have been 
developed for in vivo cancer diagnostics [38,39].

26.4.1.3  RAMAN AND IR SPECTROSCOPY

Raman scattering and IR absorption spectrosco-
pies both exhibit spectral variations due to tran-
sitions between vibrational energy levels. They 
are, typically, highly specific because they provide 
vibrational information directly related to the 
molecular bonds of the samples. Thus, they can 
be used for qualitative identification of biological 
compounds as well as for in vivo medical diagnos-
tics [40]. The selection rules and relative intensities 
of IR and Raman peaks are not similar, so they 
are often viewed as complementary techniques. 
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With IR spectroscopy, the ever-present intense 
absorption bands of water (present in all biologi-
cal samples), which overlap with most of the other 
tissue component spectra, hamper possible in vivo 
applications. Most biological molecules are Raman 
active with fingerprint (i.e., specific) spectral char-
acteristics. Hence, vibrational spectrometry can 
provide another alternative for diagnosis. For this 
reason, Raman spectrometry has been investigated 
for the detection of cancer in many organs [41,42]. 
Additional applications include the detection of 
infectious diseases [43,44].

However, the magnitude of Raman scattering is 
typically small, making either high-illumination 
intensities or relatively long measurement times 
necessary in order to obtain good signal-to-noise 
ratios comparable to fluorescence techniques. One 
way to overcome this limitation is to take advan-
tage of the phenomenon of surface enhancement 
[45]. SERS is a variation of Raman spectroscopy 
that offers significant enhancement of the signal 
(up to 1014 times), thus making detection faster, 
simpler, and more accurate. The enhancement is 
a result of the effect of plasmon resonance, i.e., 
the unison oscillation of electrons on the surface 
of a metallic nanostructure as a result of incident 
light of the right, resonant, and frequency. These 
oscillations produce an enhanced electromagnetic 
field in the proximity of the surface. If a sample is 
within a few nanometers from the nanostructure, 
it will experience this enhanced field and exhibit a 
stronger Raman signal. The enhancement is such 
that even single molecules can be detected [46,47].

26.4.2  Imaging

Optical imaging offers a number of advantages 
over other radiological imaging techniques 
because it (1) can be performed noninvasively 
or minimally invasively especially using optical 
fibers; (2) significantly reduces patient exposure to 
harmful radiation by using nonionizing radiation, 
which includes visible and IR light; (3) can easily 
distinguish soft tissues with contrast provided by 
absorption and scattering and, in certain cases, can 
provide unprecedented resolution; (4) can be eas-
ily combined with other imaging techniques, such 
as magnetic resonance imaging (MRI) or X-rays, 
to provide enhanced information; and (5)  can 
multiplex different wavelengths to interrogate mul-
tiple tissue properties. There are various optical 

techniques by which tissues can be imaged in vivo 
and in situ. Each method has a different contrast 
mechanism and provides different levels of pen-
etration and resolution. The choice depends on the 
tissue properties and the specific application.

26.4.2.1  VARIOUS TYPES OF MICROSCOPY

Microscopy has been the workhorse of medical 
imaging for centuries. From the humble begin-
nings of the single-lens microscope to today’s 
modern devices, it has become an invaluable part 
of medical, clinical, and scientific work. The use of 
staining, either with dies or antibodies, provides 
the necessary contrast to delineate even the most 
subtle features of disease in tissue biopsies, thus 
becoming the “gold standard” of diagnosis. Over 
the years, novel microscopic approaches were 
developed to exploit additional contrast mecha-
nisms (dark field, phase, fluorescence) without 
the need for staining thus making microscopy, in 
some cases, compatible with in vitro imaging of 
live cells.

In dark-field microscopy, contrast is generated 
in the image by altering the illumination pattern 
so as to reject the light directly passing through the 
sample. In phase contrast and differential interfer-
ence contrast (DIC) microscopy, the illumination 
is also modified. However, in these cases, comple-
mentary optical accessories (e.g., filters or prisms) 
condition the light before it strikes the specimen 
and manipulate the light after it has interacted 
with the specimen. These alterations provide con-
trast based on the phase difference of light pass-
ing through the sample versus through air and 
result in desirable imaging features such as high 
resolution and reduced artifacts [48]. Fluorescence 
microscopy incorporates excitation and emission 
wavelength-selecting filters to visualize the fluo-
rescence emission from tissue samples. The flores-
cence can originate from either endogenous or 
exogenous fluorophores. It, thus, provides tissue-
specific contrast and even functional characteriza-
tion because the exogenous fluorophores can be 
designed to bind to specific cellular moieties.

Confocal microscopy and multiphoton micros-
copy are two variations of microscopy offering 
optical sectioning capabilities, thus allowing 
three-dimensional visualization of tissue samples 
down to 500–800 μm below the surface. In confo-
cal microscopy, the light from out-of-focus planes 
is rejected by a pinhole placed at the so-called 



352 Medical applications of photonics

confocal plane. A laser beam is usually scanned 
to create the cross-sectional image in reflectance, 
transmission, or fluorescence mode [49]. In mul-
tiphoton microscopy, as the name implies, two or 
more photons are needed to provide the necessary 
excitation of the fluorophores in the tissue sam-
ple. Because the simultaneous absorption of two 
or more photons is probabilistically an unlikely 
event, this effect occurs only at the focus of the 
laser beam where the photon concentration is 
higher. Because there is no fluorescence from out 

of focus planes, a cross-sectional image can be 
obtained without the need for additional optical 
elements [50]. In stimulated emission depletion 
(STED) microscopy, which has recently received 
much attention due to the Nobel prize in chem-
istry, an additional donut-shaped beam is used 
to deplete most of the excited molecules at the 
periphery of the focus, thus allowing fluorescence 
emission only from a region even smaller than 
what would be allowed by the diffraction limit of 
the focusing lens [51] (Figure 26.3).
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Figure 26.3 (a) Principles of operation. Although the blue excitation (EXC) beam is focused to a 
diffraction-limited excitation spot, shown in the adjacent panel in blue, the orange STED beam is able 
to de-excite molecules. The STED beam is phase modulated to form the focal doughnut shown in 
the top right panel. Superimposition of the two focal spots confines the area in which fluorescence is 
possible to the doughnut center, yielding the effective fluorescent spot of subdiffraction size shown 
in green in the lower panel. All spots represent measured data and are drawn to scale. The profile of 
the green effective fluorescent spot has an Full width at halt maximum (FWHM) of 66 nm as well as 
a sharp peak. The green spot shows an 11-fold reduction in focal area beyond the excitation diffrac-
tion value (compare with blue spot). (b) Comparison of confocal (left) and STED (right) counterpart 
images of a labeled  preparation reveals a marked increase in resolution by STED. Scale bar: 500 nm. 
(From Willig, K.I.; Rizzoli, S.O.; Westphal, V.; Jahn, R.; Hell, S.W., Nature, 440(7086), 935–939, 2006. 
With permission.)
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26.4.2.2  OPTICAL COHERENCE 
TOMOGRAPHY

Optical coherence tomography (OCT) is a tech-
nique that provides high-resolution cross- sectional 
images of tissue microstructure in vivo, in situ, 
and in real time [52]. It is analogous to ultrasound 
imaging, but, instead of acoustic waves, it measures 
the backscattered intensity of light from structures 
within the tissue. In contrast to ultrasound, because 
the velocity of light is extremely high, the echo 
time delay of reflected light cannot be measured 
directly. Interferometric detection techniques 
must therefore be used [47]. An image is formed 
by performing repeated axial measurements at dif-
ferent transverse positions as the optical beam is 
scanned across the tissue. The resulting data yield 
a two-dimensional map of  backscattering or reflec-
tance from the internal architectural morphology 
and cellular structure in the  tissue. The axial reso-
lution is 1–10 μm, i.e., higher than any clinically 
available diagnostic modality. Imaging depth is 
limited to 2–4 mm due to optical attenuation from 
scattering and absorption. OCT was originally 
developed and applied to tomographic imaging 
in ophthalmology to noninvasively provide high-
resolution images of the retina. It is now routinely 
used in clinical ophthalmologic practice [53]. OCT 

devices can also be constructed with fiber optic 
probes, which can be incorporated into catheter-
based or endoscopic systems.

OCT is a promising imaging technology 
because it allows real-time and in situ visualiza-
tion of tissue microstructure without the need to 
excisionally remove and process a specimen as 
in conventional biopsy and histopathology. It is a 
diagnostic tool that is complementary to spectro-
scopic techniques and has great potential for in situ 
microscopic imaging of the cellular attributes of 
malignancies and precancers. The microstructural 
images generated rival those of a histopatholo-
gist examining a tissue biopsy specimen under a 
microscope. Although staining techniques and 
contrast agents have not yet been designed for 
this technique, the microstructural information 
and the measurement of the sizes of cellular and 
subcellular elements in vivo can provide unique 
insights into dysplastic and malignant process and 
can be linked to therapeutic procedures once a sus-
picious area is identified. OCT has been applied in 
vivo to (1) image arterial pathology, where it can 
differentiate plaque morphology and monitor stent 
placement; (2) image the gastrointestinal track, 
where it can detect esophageal dysplasia and intes-
tinal cancers (Figure 26.4); (3) guide surgical breast 
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Figure 26.4 (1) 3D-Optical Coherence Tomography (OCT) images of columnar epithelial tissue in 
the human colon. (a) En face image constructed by axial summation of the entire data set. Dashed 
lines show locations of cross sections. (b) XZ cross section showing typical columnar structure. (c) YZ 
cross section. (d) Enlarged view of (a), showing an en face crypt pattern. (e) Representative en face 
histology of human colon. (f) White light video endoscopy image of region analyzed with 3D-OCT. 
(2) 3D-OCT images near the dentate line. (a) En face image constructed by axial summation of 
entire dataset. Dashed lines show locations of cross sections. (b) XZ cross section showing typical 
squamous structure. (c) YZ cross section showing shift from columnar C to squamous S epithelium 
over a transition zone T. (d) White light video endoscopy image of region analyzed with 3D-OCT. (e) 
Representative cross-sectional histology of columnar epithelium. (f) Representative cross-sectional 
histology of squamous epithelium. Arrows in b and f indicate normal anal vessels. (From Adler, D.C.; 
Zhou, C.; Tsai, T.H.; Schmitt, J.; Huang, Q.; Mashimo, H.; Fujimoto, J.G., Opt. Express, 17(2), 784–796, 
2009. With permission.)
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tumor excision, where it can identify the  tumor 
margins; and (4) image dental structures, where it 
can identify the enamel layers and caries, among 
others  [54]. Several preclinical, life science, and 
material science applications of OCT are also 
being investigated [55].

26.4.2.3  PHOTOACOUSTIC IMAGING

Photoacoustic tomography, also referred to as opto-
acoustic tomography, is an emerging biomedical 
imaging method based on the photoacoustic effect 
[57]. This effect was reported by Alexander Graham 
Bell in 1880 and refers to the generation of acoustic 
waves by substances illuminated by light of varying 
power. The photoacoustic effect results from the 
oscillatory thermal expansion within the material 
as it absorbs the light energy. Because absorption 
reflects a material’s characteristics, physical and 
chemical information can be gathered by study-
ing the photoacoustic signals [58]. Photoacoustic 
imaging is a three- dimensional imaging method. 
Pulsed light illumination is delivered to the tissue 

where it generates photoacoustic signals from the 
illuminated volume [59]. The imaging systems, 
then, records these time-resolved pressure signals 
around the boundary of the tissue volume. The 
initial pressure distribution, resulting from opti-
cal absorption and subsequent thermal expansion, 
can be reconstructed. Two-dimensional imaging 
of an entire volume at once can be demanding in 
terms of detector elements needed and geomet-
ric constrains. Other approaches include focus-
ing the ultrasound detection on a plane through 
the illuminated volume [60] or sampling one 
point in the field of view at a time, using spheri-
cally focused ultrasound detection or focused light 
[61]. Applications include cancer imaging [62] and 
quantitative methods [63] including contrast agents 
for optoacoustic imaging [64]. A recent develop-
ment in photoacoustics is multispectral opto-
acoustic tomography, an imaging approach using 
multiple excitation wavelengths and, thus, simul-
taneously interrogating a broad range of biologi-
cal processes (Figure 26.5) [54]. At the same time, 
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Figure 26.5 (a) Schematic illustrating the operation of the Fabry–Perot interferometer (FPI)-based 
photoacoustic imaging system. Photoacoustic waves are generated by the absorption of nanosec-
ond optical pulses provided by a wavelength-tunable Optical Parametric Oscillator (OPO) laser and 
detected by a transparent Fabry–Perot polymer film ultrasound sensor. The sensor comprises a pair 
of dichroic mirrors separated by a 40-μm-thick polymer spacer, thus forming an FPI. The waves are 
mapped in two-dimensions by raster-scanning a Continuous Wave (CW)-focused interrogation laser 
beam across the sensor and recording the acoustically induced modulation of the reflectivity of the 
FPI at each scanning point. (b) Maximum amplitude projection of the complete three-dimensional 
image data set (depth: 0–6 mm), showing two embryos (indicated by the arrows). (From Xia, J.; 
Yao, J.; Wang, L.V., Photoacoustic Tomography: Principles and Advances. Electromagnetic Waves, 
Cambridge, MA, 147, 1, 2014. With permission.)
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the development of real-time handheld scanners 
for clinical use [65] is promoting the translation of 
photoacoustic imaging to novel applications, such 
as breast, vascular, and skin imaging.

26.4.2.4  PHOTON MIGRATION AND DIFFUSE 
OPTICAL IMAGING

Photon migration techniques can be utilized to 
perform point measurements or imaging in deep 
tissues (several centimeters) by use of multiply 
scattered light. Unlike X-rays, direct imaging with 
visible or NIR light cannot be performed due to 
multiple scattering. Various techniques and asso-
ciated instrumentation, both time domain and 
frequency domain, based on photon migration in 
tissues, have been investigated to overcome this 
limitation [66]. In time domain methods, the time 
delay of the photons coming out from another 
point on the surface, a few centimeters away from 
the illuminating source, can be measured by using 
picosecond laser pulses launched into the tissue via 
optical fibers. The transit time is the optical path 
length divided by the speed of light in the tissue 
medium, and the attenuation of the signal intensity 
is due to the absorption within the tissue through 
which the light has migrated. In frequency domain 
techniques, the incident light intensity is modu-
lated, thus producing a photon number density, 
which oscillates in space and time. The resultant 
photon density waves scatter from tissue inhomo-
geneities (e.g., tumors in a tissue volume) and, if 
properly recorded, can be used to reconstruct the 
unknown inhomogeneity distribution into a two-
dimensional image [67,68].

Diffuse imaging is still a research tool because 
it has not been clear, so far, how optical imag-
ing could replace any of the established imaging 
methods. However, many niche applications exist 
where optical imaging could have a significant 
impact as a stand-alone tool or in conjunction 
with other methods [69]. The most established 
of these applications, at the moment, is optical 
topography of babies and infants, where all rival 
methods have significant safety drawbacks [70]. 
Diffuse image could also play a role in breast can-
cer. Although X-ray mammography is a sound 
tool for screening, it is not well suited for imaging 
younger women or for repeated imaging for moni-
toring of response to treatment, which could be 
performed optically [71].

26.5  IN VIVO THERAPEUTIC 
APPLICATIONS

26.5.1  Laser therapy and surgery

Laser-induced photocoagulation or ablation can be 
used to alter the tissue shape for surgical or other 
therapeutic purposes. It is based on the absorp-
tion of high-intensity pulses by the targeted tissues 
causing either protein denaturation or complete 
evaporation without carbonizing or bleeding. The 
precise control of the wavelength as well as tem-
poral and power parameters of laser therapeutic 
techniques can restrict the interaction to specific 
target areas of tissue. Laser therapy is the current 
standard of care for the treatment of some retinal 
diseases such as proliferative diabetic retinopa-
thy, diabetic macular edema, and some types of 
subretinal neovascularization [72]. Vision correc-
tion using photorefractive keratectomy or laser-
assisted in situ keratomileusis is also based on 
this effect [73]. In dermatology, careful control 
of laser parameters permits selective destruction 
of specific loci in the skin, for example, in tattoo 
removal, treatment of port-wine stains, and vari-
ous cosmetic applications (Figure 26.6) [74].

Interstitial laser photocoagulation (ILP) is a 
laser-based procedure that uses optical fibers (typi-
cally 0.2–0.4-mm core diameter) inserted directly 
into the target tissue (usually through a needle of 
about 18 gauge) so laser light is delivered to the tis-
sue from the end of the fiber as a point source (bare 
tip fiber) or emitted from the end section of the fiber 
(diffuser fiber, where the diffuser section can be up 
to several centimeters long) [75]. One or more fibers 
can be used. The energy is absorbed within the sur-
rounding tissues causing local thermal necrosis. 
The heating is designed to prevent tissue carboniza-
tion and vaporization, thus permitting the body’s 
immune system to gradually remove the dead cells 
over a period of time. For surgical applications, 
effects ranging from thermal cautery with hemosta-
sis to precision ablation can be achieved. By virtue 
of the way that they are delivered, optical therapeu-
tic techniques can often reduce the invasiveness 
of conventional surgical procedures or enable new 
procedures that are not possible with conventional 
surgical tools. For example, ILP has recently been 
approved for treatment of benign prostatic hyper-
plasia as an outpatient procedure. For treatment of 



356 Medical applications of photonics

tumors of the breast, the procedure can be carried 
out under local anesthetic and mild sedation. Up to 
four needles can be placed directly into the tumor 
under either ultrasound or MRI guidance [76].

26.5.2  Photodynamic therapy

An important application of optical technologies 
for site-selective therapy is the use of PDT [77]. In 
PDT, a photoactive compound, with some degree 
of selective affinity for cancerous tissue, is admin-
istered topically, orally, or intravenously. After a 
period of time (typically 6–48 h), the compound 
accumulates selectively in areas of malignancy. 
The molecule is then photoactivated with light 
of the appropriate wavelength, producing singlet 
oxygen (1O2) preferentially in the malignant tis-
sues. Although the exact mechanism of cell death 
is still under investigation, it has been shown that 
the presence of 1O2 has a cytotoxic effect on the 
target cells. The interaction of light at a suitable 
wavelength with the photosensitizer produces an 
excited triplet state photosensitizer that gives rise to 
1O2 [78]. The highly reactive 1O2 has a short lifetime 
(<0.04 μs) in the biological milieu and therefore a 
short radius of action (<0.02 μm). Consequently, 
1O2-mediated oxidative damage will occur in the 
immediate vicinity of the subcellular site of pho-
tosensitizer localization. Depending on photosen-
sitizer pharmacokinetics, these sites can be varied 
and numerous, resulting in a large and complex 
array of tissue and cellular effects. The relative 
importance of each has yet to be fully determined. 
PDT is most beneficial if the light is delivered when 
the concentration of photosensitizer in the tumor 

tissue is greater than that of adjacent normal tis-
sue. Development of a noninvasive technique to 
estimate photosensitizer concentration in tissue, 
preferably in real time, is desirable. Although the 
fluorescence of the photosensitizers may be used to 
localize tumors, it does not provide a quantitative 
measure of drug concentration.

Originally developed for treatment of various 
solid cancers, the applications of PDT have been 
expanded to include treatment of precancerous 
conditions (e.g., actinic keratoses and high-grade 
dysplasia in Barrett’s esophagus) and noncancer-
ous conditions (e.g., various eye diseases such as 
age-related macular degeneration) [79]. PDT is 
also being investigated for applications in several 
other clinical fields, including skin cancer, bladder 
cancer, carcinoma of the gastrointestinal tract, and 
lung cancer [74].

26.5.3  Low-level laser therapy

Low-level laser therapy (LLLT), also known as 
photobiomodulation, involves exposing cells or 
tissues to low levels of red and/or NIR light at 
energy densities below the tissue damage thresh-
old [80]. Although LLLT is now widely used, it 
remains controversial as a therapy for two main 
reasons: (1) the underlying biochemical mecha-
nisms remain poorly understood; and (2) a large 
number of parameters such as the wavelength, 
fluence, power density, pulse structure, and tim-
ing of the applied light are empirically chosen 
for each treatment [75]. Dosimetry in LLLT is a 
major challenge due to the considerable level of 
complexity resulting in, largely, empirical choice 
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Figure 26.6 (1) Multicolored professional tattoo before (a) and after (b) lesional clearance after 
nine treatments with quality-switched 755-nm alexandrite laser (blue/black inks) and four treat-
ments with frequency-doubled 532-nm neodymium: yttrium–aluminum–garnet laser (yellow/red 
inks). (2) Port-wine stain in infant before treatment (a) and resolution after 8585-nm pulsed dye laser 
 treatments (b). (From Tanzi, E.L.; Lupton, J.R.; Alster, T.S., J. Am. Acad. Dermatol., 49(1), 1–34, 2003. 
With permission.)
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of parameters. As far as the LLLT mechanism of 
action, evidence now suggests that the laser irradi-
ation acts on the  mitochondria, increases adenos-
ine triphosphate production, modulates reactive 
oxygen species, and induces transcription factors. 
Immune cells, in particular, appear to be strongly 
affected by LLLT leading to increased infiltration 
of the illuminated tissues by leukocytes. LLLT also 
enhances the proliferation, maturation, and motil-
ity of fibroblasts, and increases the production of 
basic fibroblast growth factor [75].

LLLT is used for three main purposes: (1) to 
promote wound healing, tissue repair, and the 
prevention of tissue death; (2) to relieve inflam-
mation and edema because of injuries or chronic 
diseases; and (3) as an analgesic and a treatment for 
neurological problems. These applications appear 
in a wide range of clinical settings, ranging from 
dentistry, to dermatology, to rheumatology, and to 
physiotherapy. LLLT is also being considered as a 
viable treatment for serious neurological condi-
tions such as traumatic brain injury, stroke, spinal 
cord injury, and degenerative central nervous sys-
tem disease. One of the most commercially suc-
cessful applications of LLLT is the stimulation of 
hair regrowth in balding individuals [75].

26.6  FUTURE APPLICATIONS OF 
PHOTONICS IN MEDICINE

26.6.1  Point-of-care testing

Correct diagnosis of >50% of all diseases relies on a 
large number of laboratory analyses that, addition-
ally, aid in the monitoring of drug therapy in many 
other cases. Therefore, laboratory medicine is a vital 
component of the differential diagnosis [81]. Most 
laboratory analyses are, currently, offered by cen-
tralized facilities. However, in recent years, there 
has been a trend to a more efficient and decentral-
ized approach, located at the site of primary care 
or first contact, using so-called point-of-care test-
ing (PoCT). PoCT shortens the laboratory testing 
turnaround time but it is only useful if the results 
produced lead to immediate therapeutic decisions. 
However, evidence of improved patient outcomes 
is slow to emerge [82]. Although the numbers vary 
between reports, the total in vitro diagnostics mar-
ket was believed to be worth US$51 billion in 2011, 
of which approximately US$15 billion was PoCT 
with a projected annual growth of 4% [83].

A typical classification of PoCT technology 
splits devices into small handheld ones, includ-
ing quantitative and qualitative strips, and those 
that are larger benchtop devices with more com-
plex built-in fluidics, often variants of those used 
in conventional laboratories [78]. Irrespective of 
size, all PoCT devices should, as far as possible, be 
simple to use, use reagents and consumables that 
are robust in storage and usage, provide results 
that are concordant with an established laboratory 
method, and, together with associated reagents 
and consumables, be safe to use [84].

A myriad of small devices exists for PoCT that 
range from the, so-called, dipstick to the sophis-
ticated, small cartridge devices used in blood gas 
analysis. These devices are portable and, typically, 
used by the patient themselves or by health-care 
professionals at the bedside, in the clinic, or at the 
patient’s home. However, most of the technologies 
currently being used for PoCT have not fundamen-
tally changed in the last decades but only improved 
incrementally through advances in materials, elec-
tronics, and computing technologies [79,85]. The 
quest for better technologies has focused on (1) the 
continuing efforts to develop the biochip concept, 
particularly for microbiology and infectious dis-
ease applications where serological assays are being 
replaced by molecular testing; and (2) the develop-
ment of paper-based analytical devices that are 
cheaper, can be massed  produced, and require only 
small sample volumes. Comprehensive reviews of 
recent progress in the development of paper-based 
PoCT, so-called lab-on-a-stamp, devices can be 
found in the literature [86]. Examples of other 
technologies, which look promising for the future, 
include contact lens  glucose sensors [87], tattoo-
based sensors [88], and smart holograms [89].

26.6.2  Optical molecular imaging 
and theranostics

Optically active or activatable contrast agents, 
accumulating at the lesion location prior to imag-
ing, can be used to visualize a broad range of 
molecular variations and therefore facilitate the 
detection of disease at the earliest possible stages 
[90]. Furthermore, the ability of optical  molecular 
imaging to noninvasively image the spatial and 
 temporal distribution of multiple biomark-
ers simultaneously has the potential to improve 
treatment through better selection of targeted 
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therapeutic agents, real-time imaging for in situ 
guidance, and assessment and monitoring with-
out the need for biopsy (Figure 26.7) [85]. Optical 
molecular imaging systems consist broadly of three 
components: (1) an optically active or activatable 
contrast agent targeting a specific biomarker of 
clinical relevance; (2) a method to safely deliver 
the contrast agent to the tissue at risk; and (3) an 
 optical imaging system to acquire, process, and 
interpret the resulting images of the labeled tissue.

A molecular theranostic (therapeutic + diag-
nostic) system is one that combines the diagnostic 
information provided by molecular imaging with 
the delivery of therapy, to patients who are most 
likely to benefit from the specific agent, as well as 
monitor the response to that therapy. The main 
reason for the tremendous excitement regarding 
theranostics is the promise of improved therapy 
selection, based on specific molecular features 
of the disease, greater predictive power to avoid 

adverse effects, and new ways to objectively moni-
tor therapy response. These properties are funda-
mental elements of the drive for more personalized 
medicine [91]. Ideally, the molecular imaging com-
ponent of a theranostic system would provide cru-
cial diagnostic information regarding the presence 
and anatomic location of cellular targets for which 
the therapeutic agent is intended [86]. At pres-
ent, the most widely used in vivo optical molecu-
lar imaging modalities are bioluminescence and 
fluorescence imaging. Because these tools are low 
cost, are portable, and can be miniaturized, they 
are capable of expanding access to early detection 
and improving minimally invasive treatment in a 
wide variety of urban and rural health-care set-
tings. However, achieving the full potential of ther-
anostics requires coordinated efforts in biomarker 
discovery and validation, design and delivery of 
contrast agents, and engineering of optical instru-
mentation [92,93].
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Figure 26.7 Activateable cell-penetrating peptides delineate residual tumor in the surgical margin. 
(a–d) Activatable cell-penetrating peptides labeled with Cy5 delineate a green fluorescent protein-
expressing human melanoma cell line (MDA-MB 435) xenograft (large arrows) in the tumor bed. (e 
and f) Following excision, the tumor bed appears to be tumor free (∗) under white light and Green 
Fluorescent Protein (GFP) signal. (g and h) However, the Cy5 channel identifies residual fluorescence 
signal (small arrows) in the surgical margin. (i) Using Cy5 to guide resection, a small piece of residual 
tumor is identified under the muscle. (j–l) The residual tumor is removed and clear surgical margins 
confirmed by the green fluorescent protein and Cy5 channels. Insets depict the excised residual tumor 
magnified and brightened ×5. (From Burtis, C.A.; Ashwood, E.R.; Bruns, D.E., Tietz Textbook of Clinical 
Chemistry and Molecular Diagnostics, St. Louis, Elsevier Health Sciences, 2012. With permission.)
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26.6.3  Recommendations of the 
National Research Council

A recent report by the National Research Council 
of the National Academies, Washington, DC 
[94] included the following recommendations 
regarding optics and photonics as key enabling 
technologies:

 ● Develop new instrumentation to allow 
 simultaneous measurement of all immune 
system cell types in a blood sample (key 
recommendation).

 ● Develop new approaches, or dramatic 
 improvements in existing methods and 
instruments, to increase the rate at which new 
pharmaceuticals can be safely developed and 
proved effective (key recommendation).

 ● Prioritize the development of low-cost 
 diagnostics for extremely drug-resistant and 
multidrug-resistant tuberculosis, malaria, HIV, 
and other dangerous pathogens, and low-cost 
blood serum and tissue analysis technology to 
potentially save millions of lives per year.

 ● Prioritize the development of new  optical instru-
ments and integrated incubation  technology 
capable of imaging expanding and differentiat-
ing cell cultures in vitro and in vivo to provide 
important tools for predicting the safety and 
efficacy of stem cell-derived tissue transplants.

 ● Prioritize the development of new soft-
ware methods automating the extracting, 
 quantifying, and highlighting the important 
features in large, two-, and three-dimensional 
data sets to optimize the utility of the latest 
generation of imaging instruments.

 ● Prioritize the development of the next 
 generation of super-high-throughput 
 sequencing devices, required for lowering the 
cost of sequencing down to the target cost of 
$1000 per genome.

 ● The U.S. government should expand 
 investment in multidisciplinary centers (e.g., 
at universities with medical and  engineering 
schools) at which critical  developments 
 combining medical and engineering 
 discoveries can be efficiently fostered.

 ● The U.S. government, in cooperation with 
 scientific and medical societies, should 
 facilitate the creation of an information 
technology infrastructure for sharing large 

amounts of medical and clinical data (e.g., 
quantitative imaging and molecular data) and 
open-source analysis tools.

26.7  CONCLUSIONS

In conclusion, photonic technologies have the 
ability to provide rapid in vivo diagnosis of dis-
ease. Sensitivity and specificity in various organ 
systems will be the deciding factor on which tech-
nology is best suited for application. Combination 
of various optical technologies may be important 
for improving the sensitivity and specificity. With 
combined detection modalities, new information 
can be gathered, thus improving our understand-
ing of the basic pathophysiology of not only can-
cers but also other, nonmalignant, diseases such 
as benign structures and inflammatory diseases 
whose mechanisms are currently poorly under-
stood. Areas of increased research interest include 
technologies for the noninvasive measurement 
of the concentration of various drugs and bio-
logical species in tissues and advances in biochip 
technologies for the development of inexpensive, 
portable, or handheld PoCT devices. In the long 
term, even if only a few of the promises of optical 
diagnostic technologies are realized, both the cost 
savings and the improvement in patient progno-
sis and quality of life will still be substantial, thus 
justifying expending more effort and resources in 
this field.
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27.1  INTRODUCTION

Exhaled human breath (EB) contains a variety of 
volatile disease biomarkers, which could either be 
endogenously produced or administered and sub-
sequently metabolized within the human body. 
The ancient Greek physicians knew that the spe-
cific odor of EB could be associated with certain 
diseases or health conditions. For example, a sweet 
smell in the breath may be an indication of diabe-
tes, a fishy smell could be a result of a liver disease, 
and a urine-like smell could be related to kidney 
failures. Modern interest in human breath analy-
sis was initiated in 1971, when Pauling et al. (1971) 
published a method to detect ∼250 volatile organic 
compounds (VOCs) in breath via gas– liquid parti-
tion chromatography. Over the past few decades, 
an increasing number of analytical detection meth-
ods have been developed for addressing breath 
constituents, and several biogenic trace gases have 
been identified as markers for cancer, schizophre-
nia, diabetes, and other diseases. Currently, the 

most common breath tests rely on the detection of 
nitric oxide in EB serving as a diagnostic indicator 
of airway inflammation and on the quantification 
of exhaled 13C-labeled  carbon dioxide indicative 
of an infection of the gastric mucosa  originating 
from Helicobacter pylori. To date, the breath 
test for H. pylori infection is one of the very few 
breath tests approved by the U.S. Food and Drug 
Administration.

The major components in EB are nitrogen 
(∼78%), oxygen (∼17%), carbon dioxide (∼4%), 
and water vapor. In addition, several hundred 
volatile organic species in the concentration 
range of few tens of parts per billion by volume 
(ppbv) and below are found in human breath. 
However, human breath contains only few VOCs 
at  concentrations higher than a few tens of parts 
per billion. Due to these very low concentrations, 
enrichment strategies are frequently required 
for reliable detection/quantification. A variety of 
 preconcentration techniques are applied in breath 
analysis, including, solid-phase microextraction, 
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membrane extraction with a sorbent interface, 
and sorbent enrichment methods (Ras et al. 2009). 
Preconcentration of VOCs onto solid sorbents fol-
lowed by thermal desorption is among the most 
commonly applied techniques when analyzing 
breath (Alonso and Sanchez 2013).

One of the major advantageous characteristics 
of exhaled breath analysis methods is the non-
invasive nature of the procedure. Consequently, 
analyzing exhaled biomarkers enables noninvasive 
monitoring of patients for disease detection and 
diagnosis, and/or therapy progress monitoring as 
well as compliance testing during, for example, 
clinical drug trials. Ideally, EB analysis is applied 
as a direct detection scheme or after brief sample 
preconcentration rather than discontinuous labo-
ratory analysis that requires extensive breath sam-
pling, storage, and sample preparation.

A particular advantage of breath analysis based 
on optical/spectroscopic techniques is the capabil-
ity of in situ and online measurements, along with 
a substantial potential for system miniaturiza-
tion toward compact—ideally handheld—device 
footprints. Here, the direct analysis of EB in real 
time—or quasi-real time if a brief preconcentra-
tion step is required—is considered an online mea-
surement herein; hence, the clinician is provided 
with an instantaneous response rather than await-
ing the results of conventional laboratory analy-
ses. Nevertheless, in routine clinical diagnostics, 
for example, using gas chromatography coupled 
to mass spectrometry (GC-MS), offline  analysis 
remains the most commonly applied breath 
 diagnostic strategy, and EB is usually collected 
into inert Tedlar bags and electropolished stainless 

steel canisters, or adsorbed onto specific sorbent 
materials for subsequent analysis, as schematically 
shown in Figure 27.1. Thus, collected breath sam-
ples are then either preconcentrated or separated 
into the pattern of VOCs using laboratory-based 
separation and analysis techniques (i.e., offline 
breath analysis).

Besides the time offset to obtain diagnostically 
relevant data, potential problems associated with 
offline methods include the reproducibility and 
repeatability of the breath collection and storage 
routine, and potential changes of the sample com-
position or contamination during sampling or sam-
ple storage. Hence, analyzing/monitoring EB (quasi) 
online or at least without the requirement of sample 
storage may overcome these problems next to pro-
viding direct feedback to the clinician or physician.

27.2  EQUIPMENT

Infrared spectroscopy is an optical measure-
ment technique that provides direct access to the 
 fundamental vibrational and vibro-rotational 
signatures of molecular constituents, and is thus 
ideally suited as a molecularly selective sensing 
technique specifically for VOC analysis. IR sens-
ing instrumentation is usually based on three main 
components: (1) broad- or  narrowband radiation 
source, (2) transducer/waveguide/gas cell (or a 
combination thereof), and (3) radiation detector, as 
schematically illustrated in Figure 27.2. Radiation 
propagation in between these components may be 
guided either in free space using appropriate optics 
(e.g., mirrors, lenses, etc.) or within optical wave-
guides (e.g., optical fibers, light pipes, etc.).

Exhaled breath
Sample collection/preparation

Sorbent trap/thermal desorption

Collection container

Dehumidification unit

Direct deliveryTrace level
breath marker

Measurement

Figure 27.1 Schematic of commonly applied breath sampling and measurement routines. (Reprinted 
with permission from Konvalina, G., and Haick, H., Accounts of Chemical Research 47 (1): 66–76. 
Copyright 2014 American Chemical Society.)
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Conventionally, infrared spectrometers— 
especially Fourier transform infrared (FTIR) 
spectrometers—equipped with a broadband black-
body thermal emitter (e.g., SiC filament) serve as 
light source. Thus, the entire MIR spectral range 
(2.5–20 μm; 500–5000 cm−1) is available for analy-
sis. Alternatively, given their much more compact 
dimensions, recent technological advancements 
in terms of emission wavelength regime, tunabil-
ity, robustness, ease of operation, and commercial 
availability, infrared laser light sources are increas-
ingly used for advanced IR gas sensing systems:

 ● Tunable diode lasers (TDLs) covering the 
spectral range from approximately 0.75 to 
2 μm; MIR TDLs (e.g., lead salt laser diodes) 
have largely been replaced by QCLs (explained 
next). Optical mixing technique (e.g., dif-
ference frequency generation) is commonly 
employed to extend the useful spectral range.

 ● Quantum cascade lasers (QCLs), which rely 
on epitaxially grown superlattices (i.e., a stack 
of bandstructure-engineered semiconductor 
layers). The thicknesses of the layers (i.e., the 
quantum well) largely govern the emission 
wavelength of the QCL. By integrating a dif-
fraction grating within the device, the laser can 
be forced to emit at a single frequency (i.e., dis-
tributed feedback laser). Control of the device 
temperature provides tunability in a narrow 
range (typically <10 cm−1). Operating the 
QCL in combination with an external cavity 

(EC-QCL) and an appropriate grating enables 
tuning across a wavelength band up to several 
hundreds of wavenumbers.

 ● Interband cascade lasers (ICLs) use similar 
semiconductor structures and device con-
cepts as QCLs, yet photons are generated via 
interband transitions rather than intersubband 
transitions, which should in principle facilitate 
lower (electrical) power device operation.

Depending on the targeted analyte and application 
(e.g., requiring portable systems), several detector 
types are available for MIR breath diagnostics:

 ● Bolometers, which register changes in 
resistance

 ● Thermopiles relying on the thermoelectric effect
 ● Pyroelectric detectors using materials such as 

deuterated (l-alanine doped) triglycine sulfate 
(DTGS and DLaTGS)

 ● Photovoltaic or photoconductive 
 semiconductor-based devices, including 
 mercury–cadmium–telluride (MCT)

 ● Intersubband detectors, which may be oper-
ated either in photoconductive mode (quantum 
well infrared photodetector) or in photovoltaic 
mode (quantum cascade detector (QCD))

Given the required sensitivities in the gas phase 
and specifically in breath diagnostic applications, 
usually cooled photoconductive or intersubband 
detectors are applied, whereas thermal detectors 
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Figure 27.2 Schematic overview of the fundamental measurement principles commonly applied in IR 
sensing devices. (Mizaikoff, B., Chem. Soc. Rev., 42 (22), 8683, 2013. Reproduced by permission of The 
Royal Society of Chemistry.)
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such as thermopiles are useful for higher concen-
tration levels.

Most commonly, DTGS and MCT  detectors 
are used. Although the latter provide the  highest 
 sensitivity, they have to be operated at  cryogenic 
temperatures for maximum detectivity, which 
requires liquid nitrogen, thermoelectric or mechan-
ical (e.g., Stirling) cooling; pyroelectric detectors 
provide the advantage of room temperature opera-
tion without additional cooling requirements, albeit 
at lower detectivities.

In the following text, the sample compartment 
responsible for reproducible interaction between 
photons and gas-phase molecules (i.e., gas cell) will 
be discussed in detail, as light source and detectors 
are largely the same for all MIR breath diagnos-
tic devices. Smartly structuring the gas cell and/or 
hollow waveguide structure enables tailoring the 
sensitivity of MIR breath diagnostics in terms of 
maximizing the absorption path length and/or the 
achievable signal-to-noise ratio (SNR).

The required sensitivities are largely governed 
by the occurrence of volatile biomarkers within the 
exhaled breath matrix. Table 27.1 gives a brief over-
view of selected biomarkers and the anticipated 
concentration range to set the stage for the ultra-
trace sensitivities demanded in breath diagnostics.

27.3  SINGLE- AND MULTIPASS 
ABSORPTION-BASED SENSING 
METHODS

Direct absorption spectroscopy is probably the 
most robust optical detection method in gas 
analysis, and may detect and discriminate a wide 

variety of molecular species at trace levels. As 
previously indicated, the basic optical setup com-
prises a (broadband or narrowband) light source, 
a sampling cell/transducer, and a photon detec-
tor. Usually, the MIR beam is passed through a 
 so-called gas cell, which encompasses the gas phase 
sample/analyte(s), and provides for a well-defined 
absorption path length; the reduced radiation 
transmittance due to analyte absorption is moni-
tored as a function of the wavelength and quanti-
fied via the Beer–Lambert law (A = logI0/I). Due 
to the usually minute analyte concentrations and/
or concentration changes to be monitored within 
EB (compare Table 27.1), it is essential to maximize 
(1) the signal intensity (by selecting an appropri-
ate absorption path length) and (2) the signal-to-
noise ratio for discriminating small concentration 
changes against the background noise of the sen-
sor system. Maximizing the analytical signal is 
usually achieved by propagating the IR beam mul-
tiple times within the gas cell, thereby extending 
the absorption path length. White- or Herriott-
type multipass cells have successfully been used in 
gas phase MIR spectroscopy, extending the effec-
tive optical path length up to several tens or even 
several hundreds of meters using sophisticated 
mirror arrangements. Yet, it should be noted that 
such long-path gas cells require substantial vol-
umes of sample gas (i.e., several hundreds of mil-
liliters to several liters), thereby limiting the utility 
of this strategy to acceptable volumes and sample 
transient times in case of continuous monitoring 
applications.

For example, Jouy et al. (2014) have reported the 
application of a multipass gas cell-based sensing 

Table 27.1 Selected endogenous trace gases/biomarkers found in exhaled breath

Breath constituent Spectral fingerprint (μm) average fraction

Acetone 5.7 0–1 ppm
Ammonia (NH3) 10.0 0–1 ppm
Carbon monoxide (CO) 4.6 1–10 ppm
Carbonyl sulfide (OCS) 4.9 0–10 ppb
Ethane (C2H6) 3.4 0–5 ppb
Isoprene (C5H8) 11.1 50–200 ppb
Methane (CH4) 3.35 0–20 ppm
Nitric oxide (NO) 5.0 10–30 ppb
Nitrous oxide (N2O) 4.5 0–20 ppb
Pentane (C5H12) 3.4 0–5 ppb

Source: NATO Advanced Research Workshop on Middle Infrared Coherent Sources (MICS), 2007.
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system combining QCLs and QCDs for the analy-
sis of the 13CO2/12CO2 isotope ratios. This isotope 
ratio (aka, “delta value”) is a commonly used 
marker value in breath monitoring reflecting a 
variety of pulmonary conditions such as, for exam-
ple, sepsis (Wilk et al. 2012). A compact sensing 
system (Figure 27.3) has been developed, compris-
ing a III/V semiconductor QCL lasing at 2310 cm−1 
combined with an innovative toroidal mirror cell 
(Figure 27.4), generating an absorption path length 
of up to 40 m, yet maintaining a device footprint of 
13 cm × 30.5 cm.

To refocus the laser beam, the mirror surface 
of the toroidal cell is appropriately carved at the 
inside of the metallic cylinder with an inner diam-
eter of 8 cm, thus making it act as a multipass gas 

cell (cell volume: 40 cm3). The suitability of this 
sensor concept was verified by achieving an Allan 
deviation—for 400 parts per million by volume 
carbon dioxide—of 2‰ after 1 s acquisition time 
and 0.2‰ after 600 s.

Although the detectivity of QCDs is lower 
compared to conventionally applied MCT detec-
tors, their high level of integration and potential 
for assisting compact device footprints provides an 
attractive strategy toward portable devices.

Further reduction of the size, mass, and vol-
ume (i.e., to a few hundreds of microliters or less) 
of such sensors may be achieved by the application 
of so-called hollow waveguides (HWGs), which 
may simultaneously serve as miniaturized gas cells, 
and as light conduits for propagating MIR photons. 
Light guiding is established by reflection along the 
inside walls of a hollow core tube coated, for exam-
ple, with a metal film (e.g., Ag or Au) and a layer of a 
dielectric material (e.g., AgI). For applications with 
reduced availability of sampling gas (e.g., investigat-
ing mouse breath, minute gas  volumes above plant 
or animal cells, etc.), HWGs offer considerable 
advantages compared to conventional multipass gas 
cells. Recently, Mizaikoff and collaborators (Wilk 
et al. 2013) developed a new generation of devices, 
the so-called substrate-integrated HWGs (iHWGs), 
which pave the way toward ultra-compact MIR gas 
sensing platforms providing a yet unprecedented 
level of integration. These waveguides are based 
on the integration of a waveguide channel struc-
ture within a solid substrate such as aluminum 
(Figure  27.5), brass, plastics, and semiconductors, 

(a) (b)

Figure 27.4 (a) Schematic beam propagation within the toroidal multipass gas cell simulated by ray 
tracing. (b) Multiple reflections demonstrated by a red laser diode reflected within the toroidal gas 
cell. (Jouy, P. et al., Analyst, 139 (9), 2039–46,2014. Reproduced by permission of The Royal Society of 
Chemistry.)

Figure 27.3 Miniaturized gas sensor with 
QCL, toroidal multipass gas cell, and QCD. , 
(Jouy, P. et  al., Analyst, 139 (9), 2039–46,2014. 
Reproduced by permission of The Royal Society 
of Chemistry.)
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which may be conveniently coated with any kind 
of additional material at the surface (e.g., for 
enhancing the reflectivity) due to the open chan-
nel structure. A remarkable feature of the iHWG is 
the opportunity to fully integrate complementary 
sensors (e.g., optical oxygen sensors, temperature 
and pressure sensors, etc.) within the iHWG, and 
even to fully integrate a light source and a detector 
into the same substrate without the requirement of 
additional coupling optics. Hence, it is anticipated 
that iHWGs will be the future platform technol-
ogy facilitating MIR-lab-on-a-chip functionality 
for establishing ultra-compact vapor- phase sensing 
systems applicable in EB diagnostics.

Recently, the Mizaikoff team has demonstrated 
the utility of an iHWG with only 22 cm optical path 
length (OPL) in combination with a miniaturized 
preconcentration unit (i.e., same footprint as the 
iHWG) for the analysis of volatile biomarkers in 
EB (Perez-Guaita et al. 2014). Isoprene (C5H8), an 
endogenous VOC in human breath, was analyzed 
with the iHWG coupled to a compact BrukerIR-
Cube FTIR spectrometer. A limit of detection 
(LOD) of 106 ppbv was achieved, thus, covering 
medium to high concentrations of isoprene in 
EB. With the developed preconcentration device, 
an improvement by a factor of 120 was obtained 
in comparison to direct sensing. Additionally, EB 
from a human smoker was analyzed using that 
sensing device—it could determine a concentra-
tion of 467 ± 18 ppbv of isoprene in the EB. This 
functional demonstration combining iHWG tech-
nology and miniaturized preconcentrator devices 
indicates the potential for addressing even low 
concentrated breath biomarkers that have not been 
detectable using MIR sensing techniques to date.

27.3.1  Photoacoustic sensing 
techniques

Another frequently applied sensing technique for 
trace gas analysis in breath diagnostics is photo-
acoustic spectroscopy (PAS), which is nowadays 
frequently performed in combination with QCLs. 
In contrast to conventional absorption spectros-
copy, PAS does not directly measure the absorp-
tion of light. Instead, modulated light generates 
an acoustic wave (i.e., pressure wave) that can be 
detected using a simple yet sensitive microphone 
and a phase-sensitive lock-in amplifier. Here, the 
concentration of the analyte gas is directly propor-
tional to the amplitude of the sound wave. Hence, 
a calibrated system allows the direct determina-
tion of absolute constituent concentrations within 
gas-phase samples. The sensitivity of the sensor 
may be improved by optimizing the modulation 
of the (laser) radiation at a frequency equivalent to 
the acoustic mode supported by the gas cell (i.e., 
operating the photoacoustic cell in resonance). 
Additionally, due to the acoustic detection, which 
results only from interactions of the photons with 
the absorber, the background signal is substan-
tially reduced. PAS may be operated with broad-
band and narrowband light sources such as lasers; 
hence, using high optical power readily translates 
into sensitivities at ppbv to parts per trillion by vol-
ume (pptv) concentration levels. Some innovative 
PAS-based concepts are briefly summarized here.

As an interesting biomedical example, human 
skin damage caused by ultraviolet radiation may 
be monitored via the ethylene (C2H4) concentra-
tion in EB. In particular, Harren et al. (1999) have 
identified ethylene as a suitable biomarker for lipid 
peroxidation upon exposure of human subjects 
to solarium-produced UV (ultraviolet) radiation. 
Combining an infrared CO2 laser with an intra-
cavity photoacoustic cell, the authors reported on 
a sensing system that was able to detect concen-
trations down to approx. 6 pptv of ethylene. As 
depicted by the profile shown in Figure 27.6, the 
ethylene concentration in EB starts to increase 
2 min after the onset of UV light exposure.

Recently, Wojtas et al. (2014) measured ammonia 
(NH3) in human breath using a so-called quartz-
enhanced PAS (aka, QEPAS) technique combined 
with a widely tunable EC-QCL. Ammonia has been 
established as relevant biomarker for liver disease, 
stomach ulcers, and duodenal ulcers caused by 

Figure 27.5 Examples of iHWG structures based 
on uncoated and Au-coated Al substrates. 
(Mizaikoff, B., Chem. Soc. Rev., 42 (22), 8683, 
2013. Reproduced by permission of The Royal 
Society of Chemistry.)
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Helicobacter pylori. Here, a further improvement 
in PAS sensitivity was achieved by using a resonant 
quartz tuning fork (QTF) instead of the conven-
tional microphone for detecting the pressure wave. 
QEPAS sensors comprise a simple design and high 
stability against environmental acoustic noise. Yet, 
the major advantage of this technique is the rather 
small dimension of the tuning fork. Miniaturized 
sensor systems demanded in handheld diagnostics 

generally rely on ultra-low sample volumes and 
accordingly small sensing components. Hence, 
QEPAS sensors may play an important role in 
future breath gas diagnostics, as only ∼1 mm3 
of sampling volume is required for analysis. The 
Wojtas group has recently compared conventional 
PAS with the QEPAS technique (Figure 27.7). In 
the PAS setup, the laser beam was propagated 
through a 9 cm path length photoacoustic cell, 
whereas the QEPAS setup used a QTF detection 
module of ∼1 cm length placed after a spatial fil-
ter. The EC-QCL was locked to the peak of the 
absorption line of ammonia at 10.5 μm. With both 
sensor systems, ammonia LODs of ∼3 ppbv were 
achieved. Recently, PAS and QEPAS sensing tech-
niques have been proven versatile tools not only 
in breath diagnostics, but also for environmental, 
and trace gas sensing in general.

27.3.2  Cavity-enhanced sensing 
techniques

Cavity-enhanced spectroscopic techniques are 
based on high-finesse optical cavities for increas-
ing the interaction of the period of light with the 
analyte(s) of interest.

Amongst these techniques, cavity ring-down 
spectroscopy (CRDS) is probably the most com-
monly applied sensing technique, and has been 
established since decades in trace gas analysis. 
CRDS uses a high-finesse cavity encompassing 
the gas sample. Basically, a laser beam is trapped 
in between two highly reflective mirrors estab-
lishing a cavity. Once sufficient photons have 
been injected into the cavity, the source is turned 
off (e.g., by an acousto-optic modulator). With 
time, the intensity of the light propagating in 
between the cavity mirrors decays exponentially, 
as with each reflection, the intensity is minutely 
reduced (i.e., leaking out of the cavity). In a CRDS 
setup, a photodetector located behind the second 
mirror monitors this decay (aka, “ring-down” of 
the light intensity). For calculation of the con-
centration, both “ring-down times” of an empty 
 cavity and a cavity containing an absorbing gas 
are compared.

Using cavities, extended effective absorption 
path lengths of up to 10 km have been achieved 
(NATO Advanced Research Workshop on Middle 
Infrared Coherent Sources (MICS) et al. 2007).
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Figure 27.6 Ethylene concentration in EB with 
and without UV shielding. (Reprinted with permis-
sion from Harren, F. J. M. et al., Appl. Phys. Lett. 
74 (12), 1761. Copyright 1999, American Institute 
of Physics.)
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Figure 27.7 PAS and QEPAS setup. (Reprinted 
with permission from Wojtas, J. et al., Int. J. 
Thermophys., 35 (12), 2215–25. Copyright 2014, 
American Institute of Physics.)
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Cavity-enhanced absorption spectroscopy 
(CEAS) is considered a variation of the ring-down 
technique, and thus reveals strong similarities with 
CRDS. In CEAS, the absorption is calculated from 
the mirror-transmitted intensities with and with-
out absorption of sample molecule within the cav-
ity. Using broadband sources, CEAS is capable of 
detecting larger molecules with spectrally broader 
characteristics.

A portable ultra-sensitive nitric oxide (NO) 
CEAS sensor (Wojtas et al. 2014) has already been 
demonstrated (Figure 27.8). The portable case 
hosts a compact DBF-QCL lasing at 5.26 μm. The 
laser head is mounted inside a housing suitable for 
dissipating high heat loads, which is temperature-
stabilized by a water-cooled heat changer. Besides, 
the actual sensor comprises a cavity, a simple gas 
sample cell, a detection module, and a signal pro-
cessing unit. At room temperature operating con-
ditions, a LOD of 30 ppbv NO was reported. For 
asthma patients, this portable sensor presents a 
comfortable and noninvasive opportunity to mon-
itor the nitric oxide fraction within their EB.

Dahnke et al. (2001) have reported on the real-
time analysis of ethane traces in EB by MIR cavity 
leak-out spectroscopy (CALOS) in the 3 μm spec-
tral region. While CALOS and CRDS are based on 
the same multipass scheme to enhance the sensi-
tivity, CALOS is a continuous wave (CW) varia-
tion of CRDS. Here, relatively low laser powers are 
required; yet, in turn a higher spectral resolution 
is provided.

The CALOS sensing system developed by 
Dahnke et al. was successfully demonstrated for 
precise time-resolved measurements of the eth-
ane fraction in human breath after smoking. A 

CO overtone laser output frequency of 2.6–4.0 μm, 
and a gas cell operating at 760 torr were used. An 
LOD of the order of 100 pptv ethane in human 
breath was achieved during a 5 s integration time, 
thus rendering sample preconcentration unnec-
essary. The measurements performed during this 
study showed a decaying ethane exhalation 1 to 3 h 
after smoking. Moreover, this technique is capa-
ble of ethane detection within single exhalations, 
thereby, rendering this tool suitable for breath-to-
breath monitoring. Like ethylene, ethane is con-
sidered a volatile biomarker for the noninvasive 
investigation of lipid peroxidation.

27.3.3  Chemometrics in breath 
diagnostics

Initially, the data obtained from most spectro-
scopic analytical methods were evaluated using 
univariate strategies simply based on the Beer–
Lambert law. However, nowadays—and particu-
larly in the case of complex multi-signal breath 
matrices and the diagnosis of medical conditions 
via breath usually involving panels of biomark-
ers—multivariate data analysis methods (aka, 
chemometric methods) are essential. Instead of 
using only a single wavelength (i.e., univariate 
data evaluation), chemometrics utilizes the entire 
spectrum or several selected features or feature 
ranges. The advantages of multivariate calibration 
and data evaluation techniques compared to less 
calculation-intensive univariate methods may be 
summarized as follows:
Interfering constituents such as water 
 (Perez-Guaita 2013), or systematic variation due 
to changes of the optical setup as well as instru-
ment fluctuations are taken into account or 
eliminated, thereby improving the sensitivity;
Simultaneous multi-component analysis even with 
highly overlapping spectral features is enabled;
Using more sophisticated algorithms,  robustness 
(i.e., of the calibration) against unknown constitu-
ents and uncalibrated  features may be achieved;
Multivariate classification of samples/ 
group allocation determining, for exam-
ple, different medical health status or dis-
ease progression via patient breath samples is 
attainable using spectral pattern recognition.
Multivariate strategies may be assigned by their 
designated goal into two general groups: (1) clas-
sification methods using pattern recognition, for 
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Figure 27.8 Portable NO sensor. (Reprinted 
with permission from Wojtas, J. et al., Int. J. 
Thermophys., 35 (12), 2215–25. Copyright 2014, 
American Institute of Physics.)
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example, assigning/grouping clinical symptoms, 
and (2) quantification methods for determining 
the presence and concentration of individual or 
multiple target analytes/biomarkers.

Some of the most common algorithms are 
briefly summarized in Table 27.2.

We will only explain PLS (partial least squares) 
and PCA/PCR (principal component analysis/
regression) in detail as they are the most com-
monly applied multivariate algorithms in 
literature.

PCA is based on the mathematical  concept of 
singular value decomposition (SVD). Simplified, 
SVA condenses the entire spectrum into few 
 eigenvectors, which are frequently called  principal 
components (PCs). The spectra of each  individual 
sample can be reconstructed from a set of 
 eigenvectors using a scores matrix (see scheme in 
Figure 27.9).

The scores can later be used in a regression 
called (PCR) to calculate the corresponding ana-
lyte content (i.e., referring back to the known 
concentrations of the constituents within the 

calibration samples). The disadvantage of this 
method is that a priori knowledge of the constitu-
ent concentrations of the calibration samples used 
to build the calibration model is not immediately 
utilized during the decomposition (i.e., SVD) step, 
which may sometimes reduce the predictive power 
of the PCR when dealing with minimal spectral 
changes caused by a constituent compared to the 
general, and potentially high intensity of the spec-
tral features as such.

This is improved when using PLS, which readily 
considers the known constituent concentrations 
within the calibration samples during the SVD. 
The eigenvectors in PLS are commonly called 
latent variables (LV).

As an example, PLS was used to separate the 
overlapping 13CO2/12CO2 peaks (see Figure 27.10) 
during isotope ratio studies via an FTIR spectrom-
eter coupled to a hollow waveguide gas cell for ana-
lyzing these constituents in exhaled mouse breath 
samples. The so-called tracer-to-tracee ratio (TTR) 
after administering 13C labeled glucose in exhaled 
mouse breath was determined with a precision of 
±0.02% (Seichter 2013, Multivariat 13C).

Nowadays, most statistical software packages 
(e.g., MATLAB, SAS, SPSS, R, etc.) offer ready-
to-use routines for the most common algorithms. 
Moreover, standalone software packages (e.g., The 
Unscrambler, SIMCA, Pirouette, PLS Toolbox for 
MATLAB/Solo, etc.) are available and may readily 
be used for evaluating complex IR breath data.

27.4  FUTURE DIRECTIONS

In summary, breath analysis based on MIR  sensing 
techniques shows great potential for noninva-
sively monitoring physiologically relevant patient 
 conditions. Breath analysis provides information 
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Figure 27.9 Schematic principle of PCA. A 
data matrix X (samples × spectral  dimension) 
is  decomposed by SVD into a scores matrix 
S  (samples × number of PCs) and a  principal 
 components matrix P (spectra dimen-
sion ×  number of PCs); residuals of the SVD are 
contained in the error matrix E.

Table 27.2 Common multivariate algorithms

Classification method Quantification method

k-Nearest neighbor Classical least squares
Discriminant analysis (DA) Inverse least squares, multiple linear regression
Partial least squares-discriminant analysis Principal component analysis/regression (PCR)
Soft independent modeling of class analogies Partial least squares regression
Bayesian classifiers

Note: Artificial neural networks and support vector machines may be adapted for both data evaluation 
 strategies. Principal component analysis is an explorative data analysis technique that maybe combined 
with either a classification (i.e., DA) or a regression algorithm (i.e., PCR)
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on the health condition based on several hundreds 
of VOCs present in the exhaled breath matrix at 
ulra-trace-to-trace concentrations. Although lab-
on-a-chip functionality remains to be demon-
strated, in particular, iHWG technologies pave 
the way toward potential on-chip integration and 
ultra-compact vapor-phase sensing/analyzer sys-
tems applicable in EB diagnostics.

Taking advantage of most recent laser 
 technologies—QCLs and ICLs—IR breath diag-
nostics is gaining increased attention as real-time 
sensing technology suitable for analyzing and 
 monitoring exhaled trace gases with the required 
sensitivity, molecular selectivity, and time  constant. 
Hence, breath analyzers for bedside monitoring or 
even handheld analyzers for physician or patient 
use may be conceived. However, given the com-
plexity of biomarker panels associated with a wide 
range of pulmonary diseases and also complex dis-
eases such as various cancers, the reliable detection, 
diagnosis, and disease or  therapy progression mon-
itoring require further substantial research into the 
disease pathogenesis, the associated breath pattern, 
and the potential combination of complementary 
sensing techniques for reliable clinical applications.
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28.1  FIBER OPTIC PRESSURE 
SENSORS

The human body presents some unique challenges 
for sensors. The sensing volume is not large, and 
the point of interest is never more than a few cen-
timeters away from the “outside world”; however, 
many regions of the body have stubbornly resisted 
attempts at detailed measurement without simul-
taneously perturbing the self-same systems and 
processes under investigation.

The gastrointestinal tract is a case in point. Viewed 
as a single organ, it stretches up to 8 m in length and 
spans from mouth to anus in a  complex and convo-
luted fashion. Accessing the regions below the stom-
ach in a minimally invasive  fashion requires skill and 
ingenuity from both  medical and engineering com-
munities. Technologies such as SmartPills, Pillcams, 
magnetic resonance, and scintigraphy (Dinning et al. 
2010) can record images, pH, temperature, anatomy, 

and  luminal transit to varying degrees; however, the 
“pill” technologies only gather information from 
their immediate vicinity as they traverse the gut, and 
the latter two technologies only provide snapshots of 
the anatomy and luminal content. To generate time-
varying data from physiologically significant lengths 
of the gut, it is necessary to resort to intraluminal 
manometry. Manometry involves placing a catheter 
with one or more pressure sensors into the lumen of 
the gut to record pressures and contact forces gener-
ated as the gut wall contracts to mix, transport, and 
extract nutrient from digesta. A variant on manom-
etry has been the introduction of large numbers of 
sensors spaced at ∼10 mm intervals along a catheter 
to generate a pseudo-continuous image of muscu-
lar activity occurring along the gut that greatly 
assists the interpretation of the recorded data. This 
approach is referred to as high-resolution manom-
etry (HRM) (Clouse 2001). Although the activity 
in the oesophagus and the anorectum is now being 
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described in detail using HRM, detailed descrip-
tions of contractile patterns below the stomach have 
only been superficially investigated.

The unique advantages of optical fiber, including 
high flexibility, small size, and the ability to define 
multiple information channels using spectrally 
separated windows, make this technology ideal for 
monitoring this region deep within the human gut 
in a minimally invasive manner (Arkwright et al. 
2009; Voigt et al. 2010; Singlehurst et al. 2012).

In this chapter, we present the design and 
realization of our fiber optic HRM catheter and 
report the status of an on-going series of clinical 
trials designed to study motility (the movement 
of digesta within and through the gastrointestinal 
tract) using these devices.

28.2  FIBER OPTIC CATHETER 
DESIGN

The transducers used to form the fiber optic HRM 
catheters are based on fiber Bragg gratings (FBGs) 
(Kashyap 1999), which, in their simplest form, can 
be thought of as localized optical fiber strain gauges. 
The transduction mechanism has been described in 
detail elsewhere (Arkwright et al. 2014); in brief, the 
design consists of a curved FBG rigidly bonded at 
each end to a stainless steel substrate. The structure 
is covered with a pressure sensitive diaphragm so 
that any changes in pressure or contact force dis-
tort the FBG sideways, changing its reflected wave-
length (see Figure 28.1). Compared to the sideways 
deflection of a linear fiber, the curved aspect of the 
fiber significantly increases the sensitivity of the 

transducer and also allows pressure and vacuum 
signals to be differentiated. By using an array of 
spectrally separated FBGs, a large number of dis-
crete, individually addressable transducers can be 
located along a single length of fiber.

To provide the necessary strength and also enable 
a 10 mm spacing between each FBG, draw tower grat-
ings (DTGs) from FBGS (FBGS International NV, 
Geel, Belgium) were used. Each FBG was 3 mm in 
length with center wavelengths ranging from ∼1515 
to ∼1590 nm spaced at ∼2 nm intervals. A solid-state 
spectrograph with a wavelength range of 1510–1595 
nm and four optical inputs was used (FBG-scan 
804D; FBGS International NV). In practice, approx-
imately 36 FBGs can be located in a single fiber 
without risk of wavelengths merging when pressure 
is applied to a single sensing element. This enables 
up to 144 sensors to be detected at total acquisition 
rates of up to 500 Hz, which is more than required 
for gastrointestinal investigation (we typically use 
10 Hz acquisition rates for colonic motility tests). The 
sensor elements are linear over the range of −50 to 
+200 mmHg; hence, to map the wavelength change 
onto variations in pressure, the catheters were cali-
brated in a pressure vessel at 0 and 100 mmHg prior 
to each in vivo use.

28.3  IN VIVO RECORDINGS

Catheters are currently being used in a number of 
ongoing clinical studies to record muscular activity 
in the human colon. To date, we have recorded data 
in healthy volunteers (N = 17) and in patients suf-
fering from slow transit constipation (N = 21), fecal 

Optical fiber

Pressure sensitive
diaphragm

Location of FBG
Epoxy bond

Stainless steel
substrate

Figure 28.1 FBG pressure transducer.
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incontinence (N = 14), and irritable bowel syndrome 
(N = 6). All participants in the studies had given 
written, informed consent, and the studies were 
approved by the Human Ethics Committees of the 
South Eastern Area Health Service, Sydney, and the 
University of New South Wales (05/122; May 2010), 
and The Southern Adelaide Health Service/Flinders 
University Human Research Ethics Committee 
(419.10; March 2011). On the day prior to the proce-
dure, the bowel was cleared using sodium picosul-
fate and polyethylene glycol (Pharmatel Fresenius 
Kabi Pty Ltd., Hornsby, Australia). All subjects were 
asked to drink only clear fluids overnight.

The manometry catheter was fed into the colon 
via the rectum using a colonoscope with the subjects 
under light sedation. The catheter was advanced 
towards the cecum (close to the junction with 
the small bowel), and the distal tip of the cath-
eter was clipped to the mucosa of the colon using 
two endoclips (Resolution Clip; Boston Scientific, 
Marlborough, MA, USA). This ensured that the cath-
eter remained in place throughout the subsequent 
recordings. Figure 28.2 shows an X-ray taken of a 
catheter placed in the colon of a healthy volunteer.

Recording was started within 2 h of placement 
and continued for 4–24 h depending on the nature 
of the study.

28.4  DATA ACQUISITION

The data from the catheters was recorded using 
custom software written in LabVIEW© (National 
Instruments, Austin, TX, USA) and was then 
analyzed using PlotHRM software written in 
MATLAB© (The MathWorks, Natick, MA, USA) 
and JavaTM (Sun Microsystems, Santa Clara, CA, 
USA) (Dinning et al. 2013). A photograph of the 
catheter, data acquisition unit, and computer is 
shown in Figure 28.3. For analysis, the data can 
be viewed in either a line plot or an intensity plot 
format. Figure 28.4a shows a typical section of 
data recorded using the fiber optic catheter but 
displayed at low spatial resolution to simulate the 
output from a traditional solid-state manometry 
catheter (indicated by the sensor numbers shown 
in red in Figure 28.2). Figure 28.4b shows the 
same data at high resolution using the full data 
set recorded at 1 cm spacing. Figure 28.4c shows 
an interpolated intensity plot of the same data. In 
Figure 28.4b and c, the direction, extent, and con-
nectivity of the contractions running along the gut 
can clearly be seen, whereas the low-resolution plot 
results in considerable ambiguity regarding the 
extent and even the direction of the contractions.

28.5  CLINICAL INSIGHTS

Using the fiber optic catheter has allowed us to 
extend the range of HRM over the full length of 
the colon for the first time. Unlike other regions 
of the digestive tract, content moves through the 
colon very slowly, typically taking 24–48 h to 
traverse its length. This slow progress allows the 
colon to perform its physiological functions, which 
includes the absorption of water and electrolytes. 
Colonic studies using low-resolution manometry 

Figure 28.2 X-ray image of a catheter placed 
in the colon of a healthy volunteer. Every 10th 
sensor is marked in red to indicate the sen-
sor spacing typically available using traditional 
technologies.

Figure 28.3 Fiber optic manometry system, 
including catheter, data acquisition unit, calibra-
tion tube, and controlling computer.
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have identified some characteristic propagating 
motor patterns, the most prominent of which was 
labeled the high-amplitude propagating sequence 
(HAPS). These motor patterns are known to be 
associated with mass movements of colonic con-
tent and with defecation, and historically have 

been used as the best differentiator between 
health and disease. Other motor patterns that 
were  identified using low-resolution manometry 
included low-amplitude propagating sequences, a 
variety of nonpropagating contractions, and occa-
sional episodes of retrograde (oral) propagating 
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pressure waves. However, these descriptions were 
all based on recordings made by colonic catheters 
with recording sites spaced at least 7 cm apart (the 
majority >12 cm), and they have not provided any 
satisfactory links between symptoms and diagno-
ses, nor have they improved our understanding of 
the underlying cause of disorders such as constipa-
tion and incontinence.

With the development and use of high- 
resolution fiber optic manometry catheters, we 
have reexamined the colonic motor patterns and 
have been able to demonstrate that the established 
definitions of motor patterns are very inaccurate 
(Dinning et al. 2013). Our high-resolution data 
strongly suggest that conventional sensor spacing 
(>7 cm) leads to very significant underestimations 
of the number of propagating sequences that are 
present in the human colon and that most of these 
events are, in fact, contractions that propagate 
over short distances, often in the retrograde direc-
tion. These newly quantified retrograde patterns 
are likely to explain the slow progress of content 
through the colon and may also play an impor-
tant role in normal maintenance of fecal and gas 
continence.

In our latest research, we have been able to 
characterize all propagating pressure waves 
(amplitude, gradient, and duration) in the healthy 
human colon, and then, using discriminant and 
multivariate analysis, we have been able to statis-
tically separate these propagating motor patterns 
into two distinct groups. The first group consists 
of the HAPSs, which appear to be influenced by 
input from the central nervous system via  neural 
pathways from the spinal column. The second 
 statistically significant set of motor patterns is 
 generated and controlled locally within the muscle 
of the colon.

The ability to differentiate motor patterns into 
these two types is significant for two reasons. First, 
it will allow us to better understand the nature of 
colonic activity in health and disease, and second, 
it is likely to provide insight into the root cause of 
different subtypes of motility disorders.

We have also used our high-resolution cath-
eters to examine the effects of interventions upon 
colonic function. In patients with fecal inconti-
nence, a novel treatment known as sacral nerve 
stimulation (SNS) has been shown to dramatically 
improve the patients’ ability to maintain conti-
nence of their stool. However, the action of SNS 

is still a matter of conjecture. In a recent study on 
SNS, our data have revealed that in patients with 
fecal incontinence, this stimulation increased the 
locally controlled retrograde propagating motor 
patterns in the distal parts of the colon. This is 
presumed to reduce premature rectal filling, which 
in turn helps the patient to maintain continence 
(Patton et al. 2013).

Although we are still in the early stages of clini-
cal investigation using these fiber optic catheters, 
the association of different motor patterns with 
health and diseased states is very encouraging and 
is already being hailed as a paradigm shift in our 
understanding of colonic motor disorders. The 
realistic hope now is that we will be able to use this 
high-resolution data to identify various subtypes 
of colonic disorders and hence develop more effec-
tive targeted therapies for a range of patients suf-
fering from these debilitating disorders.

28.6  CONCLUSIONS

The unique properties of optical fiber lend them-
selves particularly well to monitoring inside the 
human body. The small size and extreme flexibility 
of the fiber enables intubation deep into the com-
plex and convoluted regions of the gastrointes-
tinal tract below the stomach. Using wavelength 
division multiplexing techniques to simultane-
ously monitor large numbers of sensing regions 
along the fiber has allowed us to gather data at an 
unprecedented spatial resolution that is providing 
new insights into the nature and cause of colonic 
motor disorders.
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29.1 INTRODUCTION

Optical coherence tomography (OCT) is rapidly 
becoming an established medical imaging tech-
nique for capturing high (micrometer)-resolution, 
two- (2D) and three-dimensional (3D) images 
from optically scattering media such as biologi-
cal tissue. Today, commercially available optical 
coherence tomography systems are employed for 
many diverse applications of diagnostic medicine. 
It is particularly useful in ophthalmology, where it 
can be used to obtain detailed images from areas 
within the retinal layers, for examination of sub-
surface layers of the skin, for tumor investigation, 
for examination of the gastrointestinal tract, and 
for interventional cardiology (where, for example, 
it can help to diagnose coronary artery disease). It 
is also a valuable aid for subsurface examination 
of works of art, becoming an essential tool for the 
detection of forgeries and to assist art conservation.

OCT is based on low-coherence interferometry 
(LCI), typically using a near-infrared light source, 
allowing it to penetrate better into a scattering 
medium. The data obtained from OCT are, in many 
ways, similar to those obtained from ultrasound 

“B-mode” imaging, another method that allows 
cross-sectional imaging of the tissue microstruc-
ture as a function of depth. However, instead of 
acoustic waves, OCT uses light and performs 
imaging by measuring the backscattered intensity 
of light from structures in tissues. In contrast to 
ultrasound, which utilizes intensity versus echo 
time delay, coherent (interferometric) detection 
techniques are employed. Since the wavelength of 
light is so much shorter, the depth resolution is 
much better than is possible with ultrasound.

With OCT, an optical beam is directed into the 
tissue and the light scattered or reflected from the 
microstructure at different depths is measured 
using interferometry. The axial resolution is typi-
cally 1–10 μm, far better than that from any other 
clinically available diagnostic modality. Imaging 
depth is media dependent and it is limited by opti-
cal attenuation due to scattering and absorption. 
In human tissue, penetration depths are on the 
order of 1–4 mm. The data can yield a 2D map of 
the structure if a simple line scan over the surface 
is made, using the backscattering or reflectance 
from internal architectural morphology and cellu-
lar structure in the tissue. This can be extended to 
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give 3D image information by performing repeated 
axial measurements along many such lines, with 
the light beam scanned to eventually enter at all the 
different points over the 2D surface of the tissue.

Today, many OCT instruments employ fiber 
optic probes to provide more compact and  flexible 
optics. They are used for a variety of applications, 
including dental imaging and catheter-based or 
endoscopic systems for gastrointestinal tract and 
arterial imaging. “Histology-like” images are 
obtained in real time with no need for excision, 
providing great advantages for diagnosis of early 
neoplasia and for surgical guidance. OCT has 
been applied in vitro to image arterial pathologies, 
where it can differentiate plaque morphology with 
a resolution superior to that possible with ultra-
sound. OCT is a promising imaging technology 
because it can permit real-time and in situ visual-
ization of tissue microstructure without the need 
to excise it and later process a specimen in a labo-
ratory, as would normally be necessary in conven-
tional biopsy and histopathology [1].

OCT was originally developed and applied 
to tomographic diagnostics in ophthalmology, 
and the first cross-sectional retinal images were 
 demonstrated in 1991 [2]. The first commercial oph-
thalmic OCT instrument became available in 1996, 
and it received the Federal Drug Administration 
clearance in 2002 [3]. At the time of writing, oph-
thalmic OCT is presently the largest application 
area for OCT. The technique has revolutionized 
the treatment of eye diseases, because it provides 
detailed images of the retina with resolutions of 
a few micrometers. It is now used routinely on a 
global basis to make clinical decisions regarding 

patients having potentially blinding diseases, such 
as macular degeneration, diabetic retinopathy, and 
glaucoma; it is also used during many surgical 
 procedures on the eye.

OCT provides a diagnostic tool that is com-
plementary to spectroscopic techniques and has 
great potential for in situ microscopic imaging of 
 cellular features. It can detect attributes of malig-
nancies and precancers, in a way that rivals that of 
a histopathologist examining a tissue biopsy speci-
men under a microscope. Although cell staining 
 techniques have not yet been designed to improve 
the contrast of this technique, the histopatholo-
gist can still observe the orientation of the tissue 
within a 3D matrix and measure the sizes of cellu-
lar and subcellular elements in vivo. This informa-
tion can provide unique information and insights 
into the dysplastic and malignant process and can 
be linked to therapeutic procedures, once a suspi-
cious area is identified.

29.2  BASIC ARRANGEMENT OF 
OCT INSTRUMENTS

The standard method of OCT is to use white light 
interferometry or LCI, where light from the light 
source is split into two branches, one interacting 
with the sample and the other passing through 
a reference branch. Light signals from the two 
branches are recombined such that the interfer-
ence is detected. The optical setup is usually con-
structed in a Michelson configuration, as described 
next, and illustrated in Figures 29.1 and Figures 
29.3 through 29.5. A Michelson interferometer is 
composed of an input branch (I), an output branch 
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(O), a sample branch  (S), and a reference branch 
(R). Light from a low-coherence light source travel-
ing along the input branch is split into two beams 
that travel along the reference (R) and sample 
branches (S), respectively. Light signals reflected 

off the sample located in the sample branch (S) and 
other light signals reflected back from the refer-
ence branch  (R) are recombined into the output 
branch (O) of the interferometer, where the light 
intensity, resulting from coherent interference, is 

(a)

(b)

Figure 29.2 False color images of a normal retina using (a) TD-OCT and (b) FD-OCT.
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measured by a detector. Constructive interference 
with visible fringes only occurs at distances where 
the optical path lengths of light reflected off the 
sample and reference branches are the same.

Today, there are a variety of modalities of OCT 
instruments that are commercially available. 
These include time-domain OCT (TD-OCT), 
frequency-domain OCT (FD-OCT), swept-source 
OCT (SS-OCT), and full-field OCT (FF-OCT), 
also called en face OCT. Examples of these are 
shown in Figures 29.1 through 29.4, respectively. 
All of these OCT modalities are based on LCI. 
Conventional interferometers use lasers with long 
coherence lengths as their light source, so that 
interference of light with visible fringes would 
occur over distances of meters. In OCT, how-
ever, visible interference fringes occur only over 
distances of a few to tens of micrometers, owing 
to the use of broad-bandwidth light sources hav-
ing short coherence lengths. Examples of these 
are superluminescent diodes or lasers with arti-
ficially broadened spectra. The latter can be 
swept-wavelength tunable lasers or other lasers 
with extremely short pulses (femtosecond lasers), 
where the spectrum is broadened because of the 
short pulse length (a very short pulse has a broad 
Fourier spectrum).

29.3  TIME-DOMAIN OCT

The original OCT instruments were time-domain 
instruments, and an example time-domain con-
figuration is shown in Figure 29.1. Light from a 
broadband light source (labeled BBLS), typically 

a superluminescent light-emitting diode located 
in the input branch (I) of the Michelson inter-
ferometer, is coupled into a single-mode optical 
fiber. Using a single-mode optical fiber coupler, 
the light is split into two single-mode optical fiber 
paths to form a sample branch (S) and a refer-
ence branch (R). Light traveling along the sample 
branch (S) is incident on an optical probe which 
focuses light on a sample, which we will call as the 
“scattering structure.” Light is reflected and scat-
tered off of each of the optical interfaces of the 
sample and a portion of this reflected and scat-
tered light is collected by the optical probe and 
returns via the sample optical fiber. Light travel-
ing along the reference branch (R) is collimated by 
a lens and is incident on a depth scanning refer-
ence mirror. A portion of the light incident on the 
reflector is reflected back through the collimating 
lens and returns via the  reference optical fiber. 
The light reflected from the sample and reference 
mirror is recombined at the 2 by 2 optical coupler 
and sent through the output optical fiber (O) and 
into a photodetector (D). This signal is amplified, 
demodulated, conditioned and analyzed.

In TD-OCT, the path length of the reference 
arm is increased by arranging the path to be trans-
lated longitudinally in time. In LCI, interference 
(i.e., a series of light and dark bands, or “fringes”) 
only occurs when the optical path length differ-
ence between the sample and reference branches 
lies within the coherence length of the light source. 
Demodulation of the interference signal produces 
the fringes having an envelope varying in inten-
sity as the depth of the reference reflector is varied. 
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Figure 29.4 Schematic of an SS-OCT instrument.
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The location of the peak of the envelope (point of 
maximum fringe visibility) corresponds to the 
path length matching condition and the full width 
at half maximum of the peak is equal to the coher-
ence length of the BBLS (typically 5–20 μm).

The optical path lengths of the sample and ref-
erence branches of the interferometer are closely 
matched and the reference depth-scanning mir-
ror is scanned with a path-length change sufficient 
to observe all the desired optical interfaces in the 
sample. By scanning the depth of the mirror in the 
reference arm, a reflectivity profile of the sample 
(scattering structure) is obtained. Areas of the 
sample that reflect more light will create greater 
interference than areas that reflect weakly. Any 
light that has a path difference outside the short 
coherence length of the source will not noticeably 
interfere to produce visible fringes. This reflectiv-
ity profile as a function of depth is also called an 
A-scan, and it contains information about the spa-
tial dimensions and location of structures within 
the item of interest. An example amplified signal 
obtained for the example scattering structure as a 
function of depth for a single depth scan of the ref-
erence mirror is included in Figure 29.1. The four 
major peaks shown in the depth scan correspond 
to the four optical surfaces in the sample scattering 
structure.

The optical probe in the sample branch of the 
interferometer can also be scanned laterally, as 
indicated by the double arrow on the probe in 
Figure 29.1. A cross-sectional tomographic image 
(B-scan) may be achieved by laterally combining a 
series of these axial depth scans (A-scan). Usually, 
a false color image or a grey scale image is used to 
represent the intensity of the interfering light as a 
function of position. In a false color image, white 
and red colors usually represent high reflectivity 
regions, whereas black and blue colors represent 
low reflectivity regions. Examples of false-color 
OCT images of a retina are shown in Figure 29.2. 
Figure 29.2a shows a TD-OCT image and Figure 
29.2b shows an FD-OCT image [4]. The arrow 
indicates the inner segment/outer segment pho-
toreceptor junction and the arrow head indicates 
the inner border of the retinal pigment epithelium. 
The measurement speed of the TD-OCT configu-
ration is limited by the time it takes to scan the 
entire scan depth of the reference mirror, which is 
typically 3–10 mm—this limits the measurement 
repetition rates to a few kilohertz or less.

29.4  FREQUENCY-DOMAIN OCT

In FD-OCT, the interference pattern is acquired 
using spectrally separated detectors. This can be 
performed by either dispersing the interfering low-
coherence light in a spectrometer (FD-OCT) or 
using a frequency-swept narrowband light source 
and a single detector (SS-OCT). Figure 29.3 shows 
a typical FD-OCT instrument configuration. The 
only differences from the TD-OCT setup shown 
in Figure 29.1 is that the reference mirror is now 
stationary and the detector is replaced with a spec-
trometer. The output fiber in Figure 29.3 is shown 
to be coupled to a collimator, which directs near-
parallel light onto a diffraction grating (DG). The 
light from the DG is diffracted to leave at angles 
that are a function of wavelength, defined by the 
usual Bragg relationship. The diffracted light is sent 
to a line scan camera, where the diffraction pattern 
is processed in a digital signal processing unit and 
converted to an amplitude versus depth plot.

The raw camera data are in the form of ampli-
tude versus optical frequency, shown as the inter-
ference signal in Figure 29.3. By taking the Fourier 
transform of this interference signal, the result is 
the amplitude versus depth plot. In the diagram, 
this is shown to the right of the interference sig-
nal, which is similar to that obtained in the time-
domain instrument. Since all the data are obtained 
effectively and simultaneously, much higher mea-
surement rates are obtainable than with TD-OCT. 
Usually, high-speed linear charge-coupled devices 
(CCDs) are used and measurement rates up to 
50 kHz or higher have been realized in practice. 
However, the signal-to-noise ratio is typically not 
as high as with TD-OCT.

29.5  SWEPT-SOURCE OCT

In swept-source OCT (SS-OCT) the low-coherence 
light source is replaced by a rapidly tuned laser 
(Figure 29.4). The detector is again a single-point, 
high-speed photodetector, as in TD-OCT, and the 
reference reflector is also stationary, as in FD-OCT. 
As in FD-OCT, the amplitude versus optical fre-
quency plot is first generated for each wavelength 
scan, and then the Fourier transform is taken to 
provide amplitude versus depth information. 
SS-OCT has advantages in both SNR and measure-
ment rates. Measurement rates >200 kHz have been 
obtained to date.
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29.6  FULL-FIELD (EN FACE) OCT

In FF-OCT, a 2D charge coupled device (CCD) 
or complementary metal oxide semiconductor 
(CMOS) high-speed camera is utilized to produce 
successive images of the interfering light, with the 
reference mirror located at a single plane in each 
frame (also called an en face image). During opera-
tion, sequential images are obtained at different 
monotonically increasing or decreasing depths 
of the reference mirror. This results in a 2D grid 
of interference images at each pixel of the image. 
Figure 29.5 shows a typical FF-OCT measurement 
arrangement. A BBLS is coupled to an optical fiber. 
The light at the end of the fiber is collimated and set 
through a beam splitter, where it is split into sample 
and reference beams. An area of the sample is illu-
minated all at once, so that lateral scanning is not 
required. The area of light that is reflected and scat-
tered off the sample is recombined with the area of 
light that is reflected back from the reference reflec-
tor. The recombined interfering light is incident on 
a camera. Each pixel of the camera forms an inter-
ferogram as a function of scan depth. 3D images of 
the depth scan are obtained similar to that in the 
TD-OCT case, but now all in one depth scan.

29.7  CONCLUSIONS

The technique of optical coherence tomography, 
despite being a relatively new diagnostic tech-
nique for medical and biomedical applications, 
has already become established as a vital clinical 

tool. It is being used routinely to obtain high reso-
lution images of both the anterior segment of the 
eye and the retina, and in the diagnosis of many 
eye diseases, including macular degeneration, 
diabetic retinopathy, glaucoma, and uveitis. It has 
also begun to be utilized in the area of interven-
tional cardiology, to evaluate obstructions in the 
gastrointestinal tract, and to evaluate skin cancers. 
Equipment is still evolving at a dramatic pace, and 
it is expected that the capability and economic 
viability of equipment will continue to improve 
to further future medical diagnostics. OCT also 
enables subsurface analysis of many other living 
organisms and many inanimate objects, such as 
paints, varnishes, and multilayer coatings. It can 
be used to assess valuable works of art. This highly 
versatile tool can be used to evaluate almost any 
material that is semitransparent and contains 
reflective and light-scattering particles or regions. 
As a result, OCT is starting to be used in a variety 
of industrial applications such as nondestructive 
testing and material thickness measurements.
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PART    X

Home and mobile portable 
equipment applications

This chapter is an overview of applications for 
home and mobile portable equipment outlined 
first in the form of a summary table. Please see the 

last column of the  table for where more detailed 
information on specific applications outlined here 
can be found.
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Table X.1 Summary of applications of optoelectronics for home and entertainment

application technology advantages Disadvantages
Current situation (at the 

time of writing) More reading

Home lighting Now almost 
exclusively light-
emitting diode 
(LED) lighting, 
whether for new or 
replacement 
installation

High efficiency, long 
lifetime, instant turn-on, 
with no wait to reach full 
intensity

None Have developed rapidly to 
take over all applications. 
For replacement purposes, 
new LED bulbs and other 
lighting units (luminaires) 
are available in the same 
form, geometry, electrical 
base and connectors to 
match earlier types

See Volume 1, 
Chapter 10 
(LEDs), and this 
section.

Television (TV) Solid-state camera to 
create images, 
radio, satellite, or 
fiber network 
transmission to 
distribute signal 
and solid-state 
technology using 
liquid crystal, 
plasma, or LED 
array to display the 
images

Image size, quality of 
display, and power 
efficiency are improving 
to give home cinema 
capability. A host of 
associated features, 
traditionally available 
only on home 
computers, are 
becoming common 
parts of modern TVs.

Three-dimensional (3D) TV 
is available.

None, except 
perhaps for lack of 
physical exercise 
and undesirable 
distraction of 
children at times! 

The flat TV screens are starting 
to be being replaced by 
larger curved displays. A 
host of associated features, 
traditionally available only 
on home computers, are 
becoming common parts of 
modern TVs.

3D TV is available.
The sci-fi dream of fully realistic 

holographic type images 
may eventually arrive!

See Volume II, 
Part II (Cameras 
and Display 
Technologies).

(Continued)
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Table X.1 (Continued ) Summary of applications of optoelectronics for home and entertainment

application technology advantages Disadvantages
Current situation (at the 

time of writing) More reading

Recording and 
playback of 
TV video 
signals

Now mainly (non-
optical) digital 
versatile disks 
(DVDs) for 
purchased 
recordings or 
digital flash 
memories for home 
recording. High-
density optically 
recorded disks are 
a potential 
competitor.

Modern recorders can be 
equipped with TV 
network program data, 
capability for presetting 
recordings at future 
times, and parallel 
recording of one or 
more programs while 
watching.

None, as memory 
capability is 
expanding at least 
as fast as the 
storage capacity 
needed for higher 
and higher 
definition TV 
signals

Storage capability is currently 
enough to store of order 
1000 programs or TV films.

As communications bandwidth 
to the home increases, 
programs may eventually all 
become on-demand in type.

See Volume II, 
Chapter 13, 
noting that 
nonoptical digital 
flash memory is 
currently the 
most common.

Optical remote 
control units

Handheld coded 
transmitters, to 
control electrical 
equipment via 
line-of-sight optical 
link

Appliances can be 
controlled from the 
armchair. The main 
example is control of TV 
channels and video 
recorders.

Lack of exercise! As costs reduce, the use of 
such controllers is 
expanding, to control many 
other appliances, garage 
(carport) doors, entrance 
gates, etc. 

See Chapter 31 on 
free-space 
Optical 
Communications.

(Continued)
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Table X.1 (Continued ) Summary of applications of optoelectronics for home and entertainment

application technology advantages Disadvantages
Current situation (at the 

time of writing) More reading

Pocket 
calculator

Optoelectronic 
display, usually 
(because of need 
for low-power 
consumption) a 
liquid crystal 
display (LCD) type, 
although LED 
displays sometimes 
used. To give better 
visibility, LED 
backlighting of LCD 
display is also used. 
Often use small 
solar cell to avoid 
need for battery.

An optoelectronic display 
is an essential feature!

Solar powering is highly 
desirable.

Reduced battery life 
if LED display or 
backlighting is 
used. Also, the 
very small solar 
cells used will not 
normally provide 
enough power for 
LED displays.

Nearly, every home has one. 
However, the same 
functions are available on 
home personal computers 
(PCs) mobile phones, and 
even the TV, thus the 
calculator is now becoming 
less necessary.

See Volume II, 
Part II (displays).

Home PC The major computing 
power in the home, 
utilizing LCD, 
plasma, or LED 
screens for display

Has revolutionized many 
areas, including news 
updates, financial 
housekeeping, online 
purchase of travel, 
hotels, food, and many 
electrical appliances. 
Uses much of the same 
display technology as 
the TV. The mouse can 
also be equipped with 
optical movement 
detection.

Often occupies too 
much time!

The home computer, just like 
the telephone landline, is, in 
many homes, being 
replaced by the portable 
tablet or i-phone.

Later, might be the smart 
watch (or even medical 
implants!!??).

See Volume II, 
Part II (displays).

(Continued)
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Table X.1 (Continued ) Summary of applications of optoelectronics for home and entertainment

application technology advantages Disadvantages
Current situation (at the 

time of writing) More reading

Home printer, 
scanner, 
photocopier, 
and facsimile

Laser or dot matrix 
printer, often 
combined with 
line-scan document 
reader to provide 
photocopier or 
facsimile function

Combining units in one 
case saves considerable 
cost and space.

None This is a standard add-on unit 
to most desktop home 
computers.

See Volume II, 
Part II (imaging 
and displays).

Energy Use of sunlight to 
provide thermal or 
electrical energy. 
Thermal systems 
simply heat water 
from absorbed 
sunlight, so not 
really involve 
optoelectronics. 
Electrical power is 
provided by large 
photovoltaic (PV) 
panels.

It is only necessary to use a 
tiny fraction of the 
sunlight energy striking 
the Earth, to provide all 
our energy needs.

Thermal solar systems use 
this energy in a more 
efficient manner, as no 
energy conversion 
involved.

Cost and relatively 
poor efficiency of 
current PV panels 
(∼20% maximum at 
the time of writing)

No generation at 
night and very 
little on cloudy 
days. Requires a 
breakthrough to 
provide low-cost 
electrical energy 
storage to give 
huge boost to 
viability, but this 
may come from 
batteries of future 
electrically 
powered cars.

The efficiency of panels is 
improving slowly, but costs 
of panels are reducing 
dramatically. Use in 
temperate zones still needs 
to be encouraged by 
subsidies.

Development of low-cost 
batteries for electric cars is 
proceeding rapidly and 
would give huge boost to 
use of domestic-roof solar 
panels.

See Volume II, 
Chapter 16, and 
Part VIII (Energy 
Applications) in 
this volume.

(Continued)
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Table X.1 (Continued ) Summary of applications of optoelectronics for home and entertainment

application technology advantages Disadvantages
Current situation (at the 

time of writing) More reading

Home security 
systems

Use of pyroelectric 
infrared (IR) 
intruder detectors, 
or beam 
interruption 
systems. These are 
used to switch on 
alarms or LED area 
lights as an intruder 
deterrent.

CCTV video cameras 
to record events

Systems are relatively 
cheap, and cameras can 
provide useful evidence 
for prosecution.

Intruders, thieves, 
etc. can wear 
hoods or masks!

Some people dislike 
the lack of 
personal privacy.

Are becoming more common 
in almost every “walk” of 
life.

See Volume I, 
Chapter 12 on 
detectors and 
Volume I, 
Chapter 10 on 
LEDs.

Mobile phones 
and 
“smartphones” 
(e.g., iPhone)

All recent models 
have a built-in 
solid-state cameras 
and LCD display, 
with LED 
backlighting.

Many also have a LED 
flash unit.

Provide a mobile 
telephone and camera in 
a very compact case. 
Photos can be 
transmitted using the 
phone function. Can 
replace need for 
telephone landline.

iPhones also provide a 
portable platform for 
many of the functions of 
the home PC.

The widespread use of 
cameras is becoming a 
useful deterrent to 
criminals. 

One of the most 
common targets of 
robbers, 
particularly 
muggers!

Persistent callers can 
be a nuisance.

Many personal 
accidents involve 
“selfie” 
photographs.

Some regard the 
camera as an 
invasion of privacy. 

The volume of manufacture 
and miniaturization of these 
devices has driven down the 
cost and size of many 
electronic components. The 
cost of high-end devices is 
high, but still remarkably 
low, if the internal 
complexity is considered.

See Volume II, 
Chapter 4 on 
cameras, Volume 
II, Chapters 5–9 
on displays, and 
Volume I, 
Chapter 10 on 
LEDs.

(Continued)
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Table X.1 (Continued ) Summary of applications of optoelectronics for home and entertainment

application technology advantages Disadvantages
Current situation (at the 

time of writing) More reading

Tablet computer Essentially, a portable 
version of the 
home PC, with 
higher processing 
power and higher 
definition display 
than the iPhone. 
With Wi-Fi or 
“dongle,” online 
links are available 
in most places and 
telephone interface 
can transmit photos 
instantly. 

As above, but less 
compact, and needs a 
linked smartphone or an 
additional dongle 
interface to provide the 
telephony 

As above Often now used instead of 
home PC

See Volume II, 
Chapter 4 on 
cameras, Volume 
II, Chapters 5–9 
on displays, and 
Chapter 10 on 
LEDs.

Electronic 
books (e.g., 
“kindle”)

Just a Wi-Fi or 
hardwire interface 
needed to 
download digital 
books and display 
pages on LCD 
screen, usually with 
LED backlight.

This is a cut-down 
version of tablet 
computer, with less 
processing power 
and no camera.

Lowers cost of reading Less easy to read 
than a real book!

Becoming less common, as 
the tablet computer 
contains all the necessary 
functions

See Volume II, 
Chapter 4 on 
cameras, Volume 
II, Chapters 5–9 
on displays, and 
Chapter 10 on 
LEDs.

(Continued)
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Table X.1 (Continued ) Summary of applications of optoelectronics for home and entertainment

application technology advantages Disadvantages
Current situation (at the 

time of writing) More reading

Personal 
cameras, 
home video 
cameras, and 
“action 
cameras”

Solid-state cameras, 
with costs 
dependent on the 
size, image quality, 
and pixel 
resolution. The 
viewfinder is usually 
an LCD display, 
except in reflex 
cameras.

Video cameras can 
take and record 
many images per 
second. Action 
cameras are small 
versions worn on 
headband or 
clothing. 

No need to buy or develop 
photographic film! Many 
hundreds of images can 
be stored on flash 
memory. Multiple shots 
can be made at no extra 
cost, and the best ones 
selected later. Digital 
technology allows easy 
processing, storage, and 
transmission of images. 
Tiny video cameras in 
vehicles, or worn on 
headgear or clothing, 
are becoming a useful 
record of events and 
deterrent to criminals.

Action cameras worn 
on the head have 
been blamed for 
increasing 
vulnerability to 
accidents. 

Cameras, iPhone cameras, 
and tablet cameras are 
everywhere! 

See Volume II, 
Chapter 4 on 
cameras, Volume 
II, Chapters 5–9 
on displays, and 
Chapter 10 on 
LEDs.

Multifunction 
“smart” 
watch

Essentially like an 
iPhone worn on the 
wrist

Depending on users’ 
opinions, it is more 
available than the 
iPphone.

Needs to be VERY 
small in order to 
be comfortable, 
but then screen is 
very small to read.

Strongly hyped as the next 
must-have gadget

See Volume II, 
Chapter 4 on 
cameras, Volume 
II, Chapters 5–9 
on displays, and 
Chapter 10 on 
LEDs.
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30.1  OPTOELECTRONICS 
FOR HOME AND LEISURE 
ACTIVITIES

Optoelectronic technology is making an ever-
increasing impact on home and social life, with the 
ubiquitous TV set being a feature in almost every 
dwelling. Far more optoelectronic devices and 
systems are now being used in the home, and the 
major application areas are described briefly in this 
chapter. Naturally, most readers will be  familiar 
with the majority of these, as they will prob-
ably be present in their own homes, but we hope 

that  nonspecialists will still be able to gain useful 
knowledge and insights from the chapter.

30.2  HOME LIGHTING

The development of electrically powered artificial 
lighting has made a dramatic effect on people’s lives, 
both at work and in the home, offering convenient 
illumination and removing the fire risks from can-
dles and from oil and gas lamps. A brief summary of 
the types of lighting units that have been used is pre-
sented here, but the earlier Volume I, Chapters 3, 10, 
11, and 19 cover the technology in far more detail.
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Figure 30.1 shows a selection of various types of 
home lighting (candle, safety oil lamp, incandescent 
lamp, compact fluorescent lamp, and LED lamp). All 
three on the right have approximately the same illu-
mination power (∼500 lumens) but have power con-
sumptions of 60, 10, and 7 W, respectively.

The first electrical lights used incandescent car-
bon filaments, formed from charred organic fabric 
threads, which were heated by electrical currents 
(ohmic I2R heating). Their development led to the 
need for the first widespread electricity grids, tak-
ing electrical power to every home. The lifetime of 
these first lamps was very poor, but was improved 
to ∼1000 h using tungsten wire to replace the car-
bon filament. Efficiency and brightness were later 
improved by incorporating halogen in the bulb to 
redeposit vaporized metal on the filament, enabling 
the filament to be run at a higher temperature for a 
reasonable lifetime.

Most home incandescent bulbs and home light-
ing units have been replaced in recent years by far 
more efficient (and longer lived, giving ∼8000 h 
use) compact fluorescent light bulbs, but, because 
they still have major disadvantages (they contain 
toxic mercury and take several minutes to reach 
full brightness after switching on), they are, in 
turn, being rapidly replaced by LED lighting, as 
the output power and radiance (spot brightness) 
improve and their cost reduces. Provided they 
are not overdriven, LED sources have even better 
lifetime than the fluorescent sources, so much so 
that low-radiance types never normally have to be 
replaced. As already mentioned, these lamps are 
shown in Figure 30.1, along with a far-less-bright 
candle and old safety oil lamp for comparison.

In a similar example, from the home of one 
of the authors, a 750-lumen recessed lighting 

incandescent BR30 65 W light bulb was replaced, 
first by a 13 W compact fluorescent unit and later 
by 8.5 W LED lights. The incandescent BR30 light 
bulb had an expected lifetime of 2000 h. The com-
pact fluorescent BR30 variety should last about 
10,000 h but requires a few minutes of warm up 
time to reach full illumination, whereas the LED 
BR30 equivalent turns on to full power in 1 ms, 
will last 30,000 h, and will be dimmable.

An interesting side application of home lighting 
is for entrance path or garden path lighting. Here, a 
low-cost solar cell is used to charge a battery during 
the day, and, when dusk is detected (no signal from 
the solar cell), a small low-brightness LED light is 
switched on to illuminate the path. The brightness 
has to be low to conserve charge, but very little is 
needed to show the line of the path in the dark! 
Inexpensive photo cells are also being utilized to 
turn on lamp posts at night and to control outdoor 
lighting on porches only when people are detected. 
This is illustrated and discussed in more detail 
next, when home security is considered.

The compact nature and the relatively low 
heat output of LED lights mean that they can be 
employed in far more flexible ways. A common 
example of this is narrow light strips using linear 
arrays of LEDs mounted on electrically conductive 
ribbons, which allow their installation in cylindri-
cal tubular luminaires designed to replace fluo-
rescent tubes, which can now be made of polymer 
rather than glass. The ribbon is flexible, allowing 
it to be bent into more complex shapes if desired. 
Wired arrays of LEDs are also commonly available 
as decorative lights, for example, for trees.

The LED arrays can also be two dimensional, 
and large arrays have been developed for the 
back-lighting of large-screen liquid crystal display 
(LCD) TVs. They are also available, therefore, as 
large-area, ultra-low-profile light panels, which 
can be attached to walls or ceilings to provide a 
dazzle-free illumination source, which occupies 
less space and is more easily cleaned than more 
protruding fittings.

30.3  TELEVISION

John Logie Baird made the first demonstration 
of televised moving images in 1926, but this was 
achieved using a very crude electromechanical 
system to record and display the images. A major 
advance was made using “cathode ray” tubes Figure 30.1 Evolution of home lighting.



30.3 Television 399

(CRTs), where electronically scanned electron 
beams were used to scan and interrogate light-sen-
sitive spots on the face of a vidicon camera in order 
to record images of a photographed scene. A similar 
electronically scanned electron beam was then used 
to cause illumination of special phosphor powders 
in a CRT display unit. Despite the rather bulky, and 
somewhat hazardous nature of the CRT (they could 
implode violently if the glass envelope was ruptured 
and require very high voltages to operate), this led to 
the widespread use of home TVs in the mid-1930s.

Since these early days, there have been a series 
of remarkable advances, using many of the cam-
era and display technologies described in the 
earlier chapters. These advances have led to flat, 
large-area screens, brighter pictures, and superior 
power efficiency. Plasma displays are also used in 
some modern TVs. Newer technology includes 
ultra high definition (UHD) TVs having 3840- 
by 2160-pixel resolution and curved screen UHD 
TVs. The curved screen TVs have a better capabil-
ity at removing reflections from light sources in the 

room and other reflective objects. The curved TV 
also provides the viewer with a more immersive 
experience, and the screen appears to have more 
depth to the images. Contrast is also improved 
over the equivalent sized flat-screen TV, and the 
viewing angle is increased. Another new technol-
ogy is the organic light emitting diode (OLED) 
TV, which has improved contrast and dynamic 
range over LEDs because blacks are really black. 
Figure 30.2 shows a pictorial representation of the 
history of TV over the past nine decades.

Cameras now use solid-state technology, such as 
charge-coupled devices (CCD) or complementary 
metal oxide semiconductor (CMOS) (see Chapter 4, 
Volume II), and displays have virtually all moved to 
a flat-screen format, using a variety of technologies, 
such as LED-illuminated LCDs, and brighter, faster 
responding display screens use arrays of plasma light 
generating points or large arrays of color LEDs.

The latest advances in the technology are help-
ing to make 3D TV more common and are also 
directed at producing the flexible or curved screens 

Figure 30.2 Evolution of TV. (Courtesy of the dailystar.net http://www.thedailystar.net/
the-evolution-of-television-an-infograph-42861.)

http://www.thedailystar.net/the-evolution-of-television-an-infograph-42861
http://www.thedailystar.net/the-evolution-of-television-an-infograph-42861
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discussed earlier to allow a more cinematic home 
movie experience. The other advances of a non-
optical nature are in the electronic hardware and 
software areas, adding computing power, memory 
for storing channel information, Wi-Fi and other 
modems, and incorporating recording and play-
back technology (see descriptions next). These are 
blurring the differences between the capabilities of 
the home PC and the TV to an extent where the 
only need for separate devices is to have two dis-
plays to permit two users to do different tasks.

Regarding the transmission of signals from the 
broadcast transmitter to the receivers, this used to 
be done using analog (amplitude modulated vesti-
gial sideband) transmission, but digital transmis-
sion of encoded signals is now the norm. This has 
led to rapid advances in digital recording equipment 
to store whole TV programs, and to “smart” TVs, 
where they contain most of the elements of a home 
computer (see next). The other advance is in cable 
TV, where large numbers of channels were “piped” 
along high bandwidth coaxial cables, but are now 
multiplexed digitally on ultra-high-bandwidth opti-
cal cables.

Another important aspect of TV is how the 
video signals are encoded at the transmitter and 
decoded in the home TV set. Because of the ubiq-
uitous nature of TV, a logical person might have 
thought that this would be standardized in the 
early days, but politics and commercial interests 
have been unsuccessful at reaching international 
agreement on standards, even in the present day. 
In the days of analog TV, extending till the early 
days of this century, there were still three main 
decoding systems, each with several perceived 
advantages and disadvantages. In Europe, with 
the exception of France, the phase alternating line 
(PAL) system with 625 horizontal lines in the ras-
ter scan was prevalent, whereas in the Americas, 
the lower resolution National Television System 
Committee system with ∼425 lines was used. In 
France, Russia, and many former French colonies, 
particularly in West Africa, the SECAM (Séquentiel 
Couleur à Mémoire) system was used.

Because digital TV and newer high-definition 
standards, of typically 1000-line resolution or more, 
have been developed, there are still at least three or 
four separate standards, depending on geographi-
cal location. Fortunately, now complex digital pro-
cessing chips are commonplace, most commercial 
TVs available have decoders for different standards 

already built into them. For example, it is possible 
to buy a TV in France, where SECAM analog and 
its newer digital TV standard existed side by side, 
and expect it to self-adapt in an intelligent man-
ner to operate successfully in European countries 
where PAL was the analog costandard. Of course, 
now most countries have adopted digital TV and 
phased out their old analog transmissions, but 
this was inevitably a slow process because so many 
homes still had the older TVs, which were incapa-
ble of decoding digital signals.

For further reading on TV decoding and stan-
dards, there are of course numerous textbooks, 
but, because of the huge and dynamic interest in 
this topic, it is an area where there are also excel-
lent reliable articles on Wikipedia, which cover 
these in useful detail.

30.4  RECORDING AND PLAYBACK 
OF VIDEO AND TV SIGNALS

The earliest TV recorders used in studios stored 
analog video signals on very wide, high-transit-
speed magnetic tape, but these have been replaced 
in turn by DVD recorders (see below) and compact 
solid-state flash memories, the latter not using any 
optoelectronics in their construction. Various forms 
of optical disc and more recently Blu-ray and other 
storage/playback units have become a very common 
part of home entertainment equipment. The optical 
disc was discussed in detail in Chapter 13, Volume 
II, but a brief review is in order here. This optoelec-
tronic device uses a focused laser to encode patterns 
in a spinning disk coated with suitable recording 
materials. This sounds simple to achieve, but in 
reality, it is an extremely complex optoelectronic 
system, as it is necessary to control the laser focal 
position to fractions of a micron, control the spot to 
follow the recording tracks faithfully, and modulate 
when used to “burn” coded patterns. The system 
then has to allow conversion to readout mode to 
detect reflected intensity changes as the disk spins, 
again following the tracks, while maintaining cor-
rect focusing. That this has been achieved, at a price 
little more than one can purchase a simple labora-
tory laser, is a remarkable achievement.

Technology has inevitably moved on in this area, 
and now most home TV recorders now use hard-disk 
or solid-state flash memories, so this use of optoelec-
tronics is reducing. However, it might eventually 
return in the form of Blu-ray recording devices where 
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blue lasers are used to increase the storage density on 
an optical disk. DVD and Blue-ray disks are of the 
same size. However, the DVD format uses a red laser 
at 650 nm and has a 4.7 Gb capacity, whereas the Blu-
ray players use a 405 nm laser with a smaller focal 
spot size and has a 25 Gb capacity. Double-layer Blu-
ray disks have a 50 Gb capacity. The DVD player has 
a 480 horizontal line resolution, whereas the Blu-ray 
player has a 1080 horizontal line resolution.

30.5  OPTICAL REMOTE CONTROL 
UNITS

All modern TVs are supplied with a handheld 
remote control unit, which now nearly always uses 
line-of-sight optoelectronic signaling. According 
to Wikipedia, however, the first remote control 
intended to control a TV remote (perhaps appro-
priately called “Lazy Bones”!) was developed by 
Zenith Radio Corporation and was physically con-
nected to the TV by an electrical wire. Modern 
controls use a broad-beam 940 nm LED trans-
mitter to send pulse-coded signals to a detector/
decoder built into the TV set. The brightness is 
such that accurate pointing is not necessary, and it 
can often code the TV with diffusely reflected light 
from a wall.

Such controls are now used for far more home 
appliances rather than just the TV, being supplied 
with digital and satellite TV decoder set-top boxes, 
TV program recorders, children’s toys of various 
kinds, motorized windows and curtains, garage 
(carport) doors, and automatic gates, to name just 
a few.

Sadly, for optoelectronic enthusiasts, this is one 
area where many such remote devices are being 
replaced by units using new “Bluetooth” technology, 
which is based on ultra high frequency radio signals.

30.6  OPTICAL FIBER 
COMMUNICATIONS 
TO THE HOME

Optical fiber communications dominated the mar-
ket for long-distance terrestrial communications 
and also for medium-scale networks for many 
years, but it is only at the time of writing that these 
links are now being extensively used to communi-
cate into and out of the home.

This trend is continuing rapidly, as fiber optics 
enables broadband multimedia communications 

for all the information-hungry devices being devel-
oped for the home. The technologies for this form 
of communication have already been described 
in detail in Volume II, Part I, so their operating 
systems will not be repeated here. The main thing 
to emphasize is that this trend is revolutionizing 
the speed of the Internet and other systems. The 
links to the home now allow, in particular, ultra-
fast downloading of video signals and movies, 
which contain ever more information content as 
ever-higher definition standards are becoming the 
standard.

30.7  OTHER OPTICAL 
COMMUNICATIONS IN HOME 
EQUIPMENT

Optical fiber cables are starting to be used to inter-
connect in-home electronics systems. For example, 
many present-day home theater sound systems are 
now using optical digital cables for connecting from 
the TV to the surround sound system. It is antici-
pated, however, that more use will be made in future 
of more direct optical line-of-sight modems using 
LED to optical detector links. Because of the small 
size of most rooms, and even most of the private gar-
dens, diffuse reflections off ceilings and walls will 
usually give sufficient signal to give the desired sig-
nal-to-noise ratio, even when no direct line of sight 
is possible. The big advantage of such a technology is 
that it can reduce the number of trailing cables, with 
only a short power cable (or rechargeable internal 
battery) needed to each device. Also, the bandwidth 
capability is far higher than that of simple cables, and 
the link can be designed to be free of cross talk and 
electrical interference.

The home of the future may see a whole variety 
of “smart” appliances, all interconnected via opti-
cal line-of-site or diffusely reflected optical links. 
If coupled to the home TV, a PC, Wi-Fi, or the 
Internet, these may then be programmed, either 
locally or remotely. It is then possible, for example, 
to switch appliances on or off or even control them 
in a predetermined fashion, in a far more intelli-
gent manner than possible with simple timers.

30.8  POCKET CALCULATOR

The pocket calculator was once a feature of every 
home and workplace, but now is becoming less of 
a necessary feature, as nearly all PCs and mobile 
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phones have the same facility. The calculator must, of 
course, have a display to check for correct input data 
and to read the result. It requires very low-power 
consumption to allow the use of either a small solar 
cell or a small battery to provide its power. Usually, 
they use LCDs to achieve this; as being essentially 
operated by electrostatic forces, they draw hardly 
any current (the electrical drive to perform the actual 
calculation requires very little energy, as the time 
period for which it consumes power is very small).

If they have to be operated in darker conditions, 
a higher power LED display (or LCD, which back 
lit by a LED) must be used, as most LCD displays 
in calculators usually rely on reflected ambient 
light. This normally then precludes the use of solar 
power, as the surface area available for the solar 
cell is very small, and often the ambient light level 
is a lot lower than that present in direct sunlight.

30.9  HOME PC

The home PC uses essentially the same display 
technologies as the TV. Just like the TV, early 
PCs used heavy and bulky CRT display tubes, but 
now all use flat screens or curved screens of vari-
ous types. The PC generates the display signals in 
digital form with a plug-in circuit board card, from 
signals generated by software in the PC or  from 
image information received via a modem from a 
communications network or “off-air” radio sig-
nal. This is again an area where technology has 
advanced remarkably. The computing power of the 
home PC is now many orders of magnitude higher 
than the early mainframe computers, which used 
to fill whole rooms of buildings. The technology 
developed for the larger desktop computer has 
spun off into smaller units, such as small notebook 
and iPad units, and microminiature computers 
built into mobile phones and even wrist watches 
(see later paragraphs for more details of these).

30.10  HOME PRINTER UNITS

Apart from the obvious display unit, the PC usu-
ally has a number of peripherals, which also use 
optoelectronics. Most home PCs use a printer, 
which can produce text or images on conventional 
mat paper or on glossy photographic paper. There 
are various printing technologies, as discussed in 
Volume II, Chapter 10, but the most commonly 
used are currently dot matrix ink projectors 

(which, as the name implies, produce a number of 
ink spots in a matrix) or laser printers where a laser 
fuses a powder to produce the images.

Most home printers also include scanner, pho-
tocopy, and facsimile functions. In most printers, 
the document to be scanned is placed on a flat glass 
plate, and a flat white cover is placed over the docu-
ment. An intense lamp illuminates the document, 
and a line scan head, including mirrors, lenses, 
filters, and a CCD detector array, is moved slowly 
over the surface of the document by a belt attached 
to a stepper motor until the entire document is 
scanned. Some scanners use three-color filters, 
one for each primary color to perform color image 
scanning.

Exciting recent developments have been in 
the area of 3D printing, where a number of 2D 
images are built up by stepping the printer in the 
orthogonal direction to produce a step-by-step 3D 
image. Many of these are nonoptical in nature, 
with  nozzle-ejected material being built up, layer 
by layer, as the printer scans, but some use lasers 
or ultraviolet lamps to fuse or cure the material, 
which is ejected to produce a solid material.

30.11  ENERGY IN THE HOME

There are two main ways in which solar power 
is utilized in the home. The first, which does not 
really use optoelectronics as such, involves the use 
of highly absorbing panels (or blackened water 
pipes or heat pipes, within evacuated tubes) to 
convert the incident solar energy to useful heat 
and is mainly used to heat water using a fluid (usu-
ally water with added antifreeze and anticorrosion 
agents) to transfer heat to a hot water storage tank 
in the home. This type of system is highly efficient, 
using close to 100% of the energy passing through 
the optical windows of the collector. The only way 
that electronics may be involved here is when tem-
perature sensors are used to control water circula-
tion pumps, which are activated by an electronic 
controller when the panels become hot.

The second way of using solar energy is using PV 
optical-to-electrical energy conversion (“micro-
generation”), where the incident energy is collected 
by semiconducting panels, which produce DC elec-
tricity, albeit with currently rather poor efficiency, 
on the order of 10%–20%, although the technology 
is advancing very rapidly. This topic was dealt with 
at far greater length in Volume I, Chapter 12 and 
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Volume II, Chapter 16, but, for completeness, it is 
useful to comment here on aspects that are specific 
to home use.

It must first be admitted that, because of the 
poor efficiency and rather high cost of panels, this 
form of solar energy collection has still, at least at 
the time of writing, only marginal real economic 
benefit, except in countries with near-constant 
sunshine, where it is already a viable option. 
However, the situation is changing rapidly, and, 
for future environmental reasons, solar PV has 
been actively encouraged in most countries, even 
in ones with more limited hours of solar incidence. 
This is achieved by means of generous state subsi-
dies to homeowners or installers, usually arranged 
in the form of feed-in tariffs, where the state pays 
for any excess energy generated by the system, 
which is not used in the home. This excess is fed 
back into the electricity grid.

Home solar panels are usually connected in 
serial arrays, giving a high-voltage DC output (typ-
ically 30–40 V for each panel, so on the order of 
500 V for a 14-panel array). In order to match this 
to the home electrical system, a high-power “pure 
sine wave” inverter is needed, which converts high-
voltage DC from a series array of solar panels to 
AC mains power for the home (typically 240 V 
AC in Europe, 110 V AC in the United States). The 
output power of this is synchronized with the fre-
quency of the town electricity grid and it can con-
trol feed-in of excess power, not used by the home, 
back into the grid.

An essential safety feature of this arrangement 
is that the system must shut down instantly if the 
grid supply to the house is interrupted by a power 
failure, or repair electricians working inside the 
house, or even externally, would be in great danger 
of electrocution!

The feed-in arrangement to export excess elec-
tricity not used by the home is a very important 
economic feature, because energy generation tends 
to be maximum in the middle of the day, when all 
but retired people and housewives/househusbands 
are usually at work, and when electricity demand 
for the home itself is usually at a minimum. 
Fortunately, at this time of day, the industry still 
needs more electricity than PV generation is cur-
rently providing. Of course, in future, this situation 
could change, if nearly every home and factory has 
panels, and if more farmland factory roofs and der-
elict city grounds are used for larger-scale arrays!

In some countries, the state subsidizes home 
solar “microgeneration” by paying a substantial 
part of the cost of the system cost, or even pays the 
whole initial cost, and recovers it from the con-
sumer via regular electricity bill payments. These 
arrangements are called names to appeal to envi-
ronmentalists, such as “green deals.”

It is the high reliability and passive nature of 
panels, plus the initial generous state subsidies, 
which enable householders to make good long-
time returns, leading to increasing use, even 
though the environmental benefit is still only mar-
ginal except in countries with high levels of daily 
sunshine. Fortunately, however, as a consequence 
of this, the rapidly increasing scale of manufac-
ture of panel is driving down costs at a remarkable 
rate. We would expect that by the time of publica-
tion, or soon after, most systems will reach “grid 
parity” (e.g., the point at which they become the 
most economic medium-term option for in-home 
electricity generation), even in countries with only 
moderate annual solar irradiance.

One remaining disadvantage is that there is only 
a direct benefit during daylight hours! The eventual 
hope is that, if suitable economically viable energy 
storage systems can eventually be developed, solar 
PV should be able to power the complete energy 
uses of most homes and factories without any diffi-
culty. The best hopes here are either in new battery 
or ultracapacitor technology or in novel hybrid 
energy storage systems using gyroscopes, com-
pressed air, or liquefied gases, in conjunction with 
motor + alternator energy conversion/reconversion 
systems. These energy storage developments are 
already being pursued actively for electrical road 
vehicles and vehicles with kinetic energy storage 
and huge investments are being made by all the 
major automobile and truck manufacturers.

A diagram (Figure 30.3) of the various energy 
transfer possibilities into and out of the home has 
kindly been provided by Dr. Jann Binder of ZSW 
(Zentrum für Sonnenenergie- und Wasserstoff-
Forschung Baden-Württemberg or Centre for Solar 
Energy and Hydrogen Research, Stuttgart, Germany).

In Figures 30.4 and 30.5, some photographs 
of the roof-mounted solar panels and the power 
inverter for the obtained standard AC mains volt-
age from the DC output of panel arrays and con-
trolling inputs to the grid are shown.

As mentioned above, a solar power inverter is 
used to convert high-voltage DC from a series array 
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of solar panels to AC mains power for the home. 
This synchronizes with the frequency of the town 
electricity grid and can control feed-in of excess 
power not used by the home back into the grid.

30.12  HOME SECURITY SYSTEMS

As set out below, there are many commercially 
available systems available for improving home 
security. (We shall only discuss these very briefly 
here, as there is a separate Volume III, Part III on 
security and surveillance.)

First, darkness is the friend of the criminal 
intruder, so good lighting systems are the first 
weapon for improved home security. The most 
popular method of achieving this, without energy 
wastage, is to have a light, which is triggered by 
movement or by the proximity of the intruder. 
There are now many energy-efficient commer-
cial systems, which achieve this using three key 
components:

 1. An IR detector, usually based on the 
 pyroelectric effect, as these also respond best to 
a  moving (IR) signature. This is used to switch 
on the illuminator, when people are detected.

 2. An illuminator designed to cover the area to 
be protected. This not only makes the intruder 
visible but also acts as a strong deterrent to any 
further intrusion. Most of these now use arrays 
of high-brightness white light LEDs.

 3. A power supply, a detector signal processor, 
and an electronic switch control unit for the 
illuminator. This can be powered from the main 

Balance of energy input and loss
Reference: Binder et al. 27th European photovolataic conference, Franfurt, 2012

Energy inputs
•  Solar radiation

•  Electricity produced through PV
•  Heat input through windows

•  Electricity consumed from grid

Energy consumption
•  Electricity for household appliances
•  Electricity for heating purposes

•  Spacial heating
Feed in to grid

Excess energy sold to grid supplier

Storage
•  Electrical battery storage (when economical)

•  Thermal storage through hot water tank or
     via phase-change materials

Thermal energy demand
•  Proportional to temperature difference
•  Decreasing with improved building standard
•  Decreased by solar radiation and heat
    produced by appliances
•  Increased by hot water demand
Thermal demand linked to electrical demand
through electrical heating (e.g., heat pump)

•  Kinetic storage (gyros/motor/generators)

•  Hot water

Figure 30.3 Diagram showing balance of energy input and loss for a solar-powered home. (Courtesy 
of Dr. Jann Binder, ZSW, Stuttgart, Germany) 

Figure 30.4 A home with 14-panel solar collec-
tor array on the roof. Total power ~3.5 kW in full 
sunlight.

Figure 30.5 A 4 kW DC-to-AC inverter in attic 
space of a home.
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electricity supply, or from a battery, which is 
kept charged by a solar panel. Very little average 
power is needed, as the light only comes on 
when personnel are detected (Figure 30.6).

The pyroelectric detector is also commonly 
employed within homes to detect the presence of 
intruders who have actually entered and then to 
sound an alarm. Of course, although the IR con-
trolled lighting system above is useful to light dark 
areas for the benefit of the home owner, it can use-
fully be left active most of the time  (particularly if 
powered from a solar panel). However, the internal 
intruder detector clearly needs to be switched off 
while the home is normally occupied to avoid false 
alarms.

A third major security aid is the CCTV camera. 
Again, this can be arranged to be only switched 
on when an intruder is detected, using the same 
type of IR detector. The camera can either be an 
IR  camera, to allow recording in darkness, or be a 
conventional low-cost visible CCTV  camera, mak-
ing use of the LED illuminator. Usually,  camera 
systems are mounted on a wall at a height sufficient 
to be out of easy reach, and often have a flashing 
LED lamp so they can be seen, thus acting as a psy-
chological deterrent to intruders.

Storage of high-bandwidth video security-
related data was originally a big problem, but now, 
as with the TV recorders discussed earlier, com-
pact digital memories of large capacity (both flash 
memories and DVD-based ones) can allow many 
hours of recording. Of course, if the system is only 
activated intermittently by sensors such as an IR 
event detector, there is even less need for large-
volume data storage. There are then less data to be 
sorted, if it is wished to try to play back and observe 
only the key event period from the information in 
the data store.

30.13  MOBILE PHONES AND 
OTHER PORTABLE DEVICES

The mobile phone is, as the name implies, a phone 
that can be carried on the person. It is usually pow-
ered by rechargeable lithium batteries and can be 
rapidly recharged via mains power points, auto-
mobile connectors, from standby primary cells, 
or even using solar panel or portable mechanical 
generators, driven by physical movement.

It is only a very short time since the mobile 
phone was first introduced, but now it is so ubiq-
uitous that every child wishes to have one and 
most in the prosperous nations already do. They 
are also becoming remarkably common in poorer 
third world countries too, because the cable infra-
structure is so badly developed, so they are the 
only viable means of rapidly setting up the vital 
communications links needed for fast developing 
societies.

Technology here has advanced rapidly and 
the usual mobile phone is a now a multifunction 
device, with all variety of “smartphone” features, 
which the original telephone inventor, A G Bell, 
would simply marvel at. Whereas the only opto-
electronics is the early generation mobile phones 
was a simple LCD display to show the numbers 
dialed, current smartphones have multiple soft-
ware features and high-resolution cameras and 
LCD color displays to enable functions such as 
electronic clock, still-photo camera, action vid-
eophone, and often a geographical mapping and 
satellite navigation device. The early cameras in 
mobile phones had rather low picture resolution, 
but now, despite their small size, they are capable 
of taking pictures of quality approaching that of 
lower-cost, single-function, digital cameras, and 
video cameras.

This latter feature is having as dramatic an 
influence on activities in our world as did the intro-
duction of TV, as now nothing outside (and often 
inside) the home is hidden from view. There are 
now so many widely distributed mobile devices, 
each capable of filming and recording events, that 
nothing can be guaranteed to occur in a private 
unobserved manner. Although this is in some ways 
deeply disturbing to our human rights of privacy, 
it also has real advantages of making life very dif-
ficult for inconsiderate people, bad highway users, 
criminals, and even repressive totalitarian regimes 
to hide their actions.

Figure 30.6 A solar-powered home illuminator/
security light with pyroelectric detector.
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30.14  TABLET COMPUTER

This portable device, which is essentially a thin 
and generally compact version of the PC, man-
ages to incorporate a digital camera, a reasonably 
high-resolution display, high computing power, 
and many of the features of the smartphone into a 
device that can easily be carried in a handbag.

30.15  ELECTRONIC BOOKS 
(E.G., THE KINDLE)

Simpler versions of a tablet computer, without 
many of the functions, are available as electronic 
books. The main advantage is that many such 
books can be downloaded via networks and stored 
for future reading. However, because this same 
function can be performed by the more recently 
introduced tablet, which now costs little more than 
the e-book, it is likely that the single function book 
devices will probably soon disappear from use.

30.16  MULTIFUNCTION SMART 
WATCH

As miniaturization of computer technology con-
tinues, apparently unabated, it is likely that many 
smartphones will eventually take the form of a 
wristwatch, as they can combine the primarily 
desired function of electronic clock, with all the 
other features. Of course, wearing on the wrist 
makes it easier to access, yet less likely to be acci-
dentally lost. Such devices are already here, but still 
requiring size reduction to be more aesthetically 
pleasing and less mechanically intrusive.

30.17  HOME PHOTOGRAPHY, 
VIDEO PHOTOGRAPHY, 
AND ACTION CAMERA

The science and engineering behind modern cam-
eras has been dealt with in great detail in Chapter 4, 
Volumes I and II. Photographic film is now hardly 
ever used, and the normal camera in personal and 
professional use is now based on digital solid-
state technology. This not only replaces the need 
for photographic film and its associated develop-
ment time and cost but greatly eases the ability to 
record, process, and transmit the pictures to any-
where in the world. Video photography is merely 

an extension of this, where photographs are taken 
in rapid succession.

The technology has also greatly reduced the size 
and weight of typical cameras, taking miniaturiza-
tion to a level, which would have been unthinkable, 
even at the end of the last century.

A recent “must-have” item of technology for 
the adventurous outdoor enthusiast is the compact 
action camera that can be worn on the body or on 
the head. This is a compact digital video camera 
capable of recording, with the aid of semiconduc-
tor flash memories, many minutes, or even a few 
hours of dramatic moving images. For the sports 
enthusiast or activity vacation tourist, it can pro-
vide home movies to record the more dramatic 
moments. There has been some controversy of 
the safety aspects of wearing cameras, particu-
larly head cameras, while taking part in dynamic 
sports such as horse jumping, skiing, and surfing, 
so clearly care is needed, but otherwise the use of 
such devices is becoming more and more popular. 
As discussed earlier, similar wearable cameras are 
also worn (either visibly, or hidden) as an aid to 
personal security, for recording of incidents such 
as abusive incidents or criminal behavior. Police 
officers now usually have these cameras.

30.18  FUTURE DEVELOPMENTS

Many of the future advancements will, of course, 
be ongoing developments of the devices mentioned 
earlier, with a tendency to add ever more internal 
processing power, as the cost of electronics reduces. 
However, there are many desirable features, which 
are just wish lists, others, which are already start-
ing to appear, and others with a real possibility of 
being developed in future.

Perhaps the greatest desire for visual home 
entertainment is to have full holographic TV, 
which would be capable of showing true 3D images 
in an apparently open space. Such images have 
been a frequent feature of science fiction films, 
where the emphasis is on giving a vision of what 
the future will create. The closest to this so far has 
been the creation of monochromatic 3D images 
using laser beams, scattered from a holographic 
screen. Unfortunately, real 3D systems having suf-
ficient fidelity and a realistic visual effect in full 
color appear to be still some way off and will prob-
ably always require the presence of some form of 
screen or mist to scatter light.
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Another area, which is the subject of extensive 
R&D, is that of having an automaton, for example, 
a robotic housewife or househusband to do the 
chores. This is a dream which is slowly becoming 
reality for some simple tasks. These are the ones 
where household appliances move in two dimen-
sions to cover larger areas, such as vacuum clean-
ers, floor washers, and lawn mowers, as they are 
battery powered using compact lithium cells and 
can be programmed to cover all the floor areas 
without too much overlap of areas already covered 
and, with the aid of sensors, such as video cameras, 
optical proximity detectors, or acoustic transpon-
ders, avoid obstacles and detect the edges of the 
area to be covered (e.g., house wall or lawn edge).

For the robots to work in the complex 3D volume 
of a house and handle delicate objects such as glass, 
move light papers and flower arrangements, and so 
on., they require several other levels of capability 
and artificial intelligence, but progress in this area 
is very rapid, so it cannot be discounted. Walking 
and stair climbing robots are already here, so it is 
just the visual appreciation and handling capabili-
ties, which still need to be fully developed, apart 
from the cost aspects!

Perhaps the aspect that will most change our 
homes in the near to mid-future will be the level 
of centralized monitoring and control that is being 
envisaged for the “smart” home. The basic concept 
is to have all the electronics-based (or electronics-
compatible) devices in the home connected to a 
central control system, such as a super PC, in such a 
way that all can be monitored, controlled, and pre-
programmed to perform their desired functions at 
any time of day or night. This way, a householder 
could, just as one example, preprogram breakfast 
to be cooked and ready soon after a PC-controlled 
wake-up call has raised them from slumber. 
Optoelectronics would find its place in cameras 

to allow the activity to be monitored and the com-
munications links could be achieved by line-of-
sight or diffusely scattered remote control units, 
such as those used for TV. If the householder is at 
work or on vacation, the house could still be pro-
grammed and observed (via cameras in the home 
and local displays on his/her tablet PC) from afar, 
using a combination of Wi-Fi and Internet links, in 
this case taking advantage of the huge bandwidth 
available over optical fiber cables to the home.

Clearly, the extent to which technology will 
enter our homes will, as always, be limited not by 
only technical limits but also by affordability and 
the willingness to add complexity to our lives. 
History so far has suggested that the last two fac-
tors of cost and complexity are sometimes not as 
powerful as one might think, and many people 
have a pressing desire not just to have the latest 
gadgets, despite the expense and extensive learn-
ing curve needed to operate them, but to be seen 
to have them!

A CRT TV of a few decades ago (note the very 
deep profile, compared to modern TVs).

A more recent flat TV design, circa 2004.
 Curved screen UHD TV.
Curved TV, with liquid crystal display, from 

circa 2008.
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PART    XI

Free space optical 
communications

In earlier chapters (Part 1, Volume II), the subject 
of communication over optical fiber waveguides, 
one of the principle modes of use of optical tele-
communications, was covered in extensive techni-
cal detail. Therefore, it is not discussed further in 
this chapter, allowing us to concentrate more on 
the growing use and future potential of free-space 
optical links.

Table XI.1 shows a number of different appli-
cations for free-space communications. Outdoor 
free-space communications is commonly referred 
to as free-space optics (FSO). Links operating 
over ranges from tens of meters (e.g., between 

buildings) up to several hundred thousand kilome-
ters through space fall into this category. In indoor 
environments, optical wireless systems can con-
veniently use free-space transmission to provide 
wireless connectivity without electrical interfer-
ence with other devices. There has also been a lim-
ited amount of work on free-space transmission 
between and inside racks of electronic equipment 
inside data centers.

This chapter provides a brief introduc-
tion to FSO and rack-to-rack communications, 
and then focuses on indoor optical wireless 
communications.
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Table XI.1 Summary of technology and applications for free-space optical line-of-sight communications

application technology advantages Disadvantages
Current situation (at the 

time of writing)
More 

reading

Ultra-long-distance 
communications

Range > 1000 km

Modulated laser 
beams, expanded 
with lens to give a 
wide-diameter 
beam to reduce 
diffraction 

Because of shorter wavelength, 
(less  diffraction spread), beam 
collimation is much better than 
possible with microwaves or 
radio waves.

Limited to line-of-
sight applications. 
Can be disrupted 
by bad weather 
conditions, except 
when used in space 
applications

Used for communications 
between satellites and to 
and from satellites to the 
earth. Has also been 
used for attempts to 
communicate with alien 
planets [search for 
extraterrestrial 
intelligence (SETI)]

This chapter

Long-distance 
(outdoor) 
terrestrial 
communications.

1000 km 
> range >10 km

Modulated lasers, 
with beam 
expansion if 
necessary, to 
reduce beam 
divergence

Beam collimation is much better 
than possible with microwaves 
or radio waves.

Limited to line-of-
sight applications. 
Can be disrupted 
by bad weather 
conditions, such as 
fog, mist, and even 
thermoclynes

Not used very much, 
because it can be 
disrupted by bad 
weather conditions

This chapter

Medium-distance 
(outdoor) 
terrestrial 
communications

10 km > range > 
100 m

Modulated and 
directed narrow-
beam lasers, or 
wider-angle 
broadcast systems 
using LEDs or lasers 

Very useful for high-bandwidth 
transmission over moderate 
distances, for example, building 
to building

Limited to line-of-sight 
or diffusely reflected 
applications. Can be 
disrupted by bad 
weather conditions

Systems under 
development for 
communication to 
personal handsets and 
to moving vehicles

This chapter

Medium- and 
short-distance 
(indoor) 
communications 
(less than 100m)

Mainly wide-angle 
broadcast systems 
using LEDs or 
lasers. Will often 
make use of diffuse 
reflections from 
walls and ceilings

Very useful and convenient for 
high-bandwidth transmission 
without need for wires .Great 
potential for links between 
cabinets of equipment. Very 
flexible and can use wavelength 
division multiplexing (WDM) 
Being indoor, it is not affected 
by weather.

Limited to line-of-
sight or diffusely 
reflected 
applications

Established technology 
for remote control of 
home appliances, and 
children toys but 
otherwise not used a lot 
at time of writing. 
Wider use likely to 
expand as technology 
improves

This chapter 
(see also 

Chapter 
30, 
Volume III 
for home 
use)

(Continued)
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Table XI.1 (Continued ) Summary of technology and applications for free-space optical line-of-sight communications

application technology advantages Disadvantages
Current situation (at the 

time of writing)
More 

reading

Intra-cabinet and 
intra-device 
communications

Wide-angle broadcast 
systems or directed-
beam systems using 
LEDs or lasers

Very high bandwidth possible, 
particularly with WDM

Adds flexibility to communications 
within electronics equipment, 
without disruption of, or 
interference to, electrical 
connections

No earth loop problems 

No real disadvantages Not used a lot at the time 
of writing, but potential 
is huge, now that 
component costs are 
low

Use likely to expand 
dramatically, as 
technology improves

This chapter

Inter-board and 
inter-chip 
communications

Wide-angle broadcast 
systems or directed-
beam systems using 
LEDs or lasers

Very high bandwidth possible, 
particularly with WDM

Adds flexibility to communications 
within electronics equipment, 
without disruption of, or 
interference to, electrical 
connections

No earth loop problems and 
directed beams can cross over 
in space without crosstalk.

Most systems still 
being developed

Not used a lot at the time 
of writing, but potential 
is huge, now that 
component costs are 
low

Use likely to expand 
dramatically, as 
technology improves

This chapter

Intra-chip 
communications

Directed-beam 
systems using LEDs 
or lasers

Very high bandwidth possible, 
particularly with WDM

Adds flexibility to communications 
within electronics equipment, 
without disruption of, or 
interference to, electrical 
connections

No earth loop problems

Most systems still 
being developed

Not used a lot at the time 
of writing, but potential 
is huge now that 
component costs are 
low

Use likely to expand 
dramatically, as 
technology improves

This chapter
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31.1 INTRODUCTION TO 
FREE-SPACE OPTICAL 
COMMUNICATIONS

Optical communication via line of sight has been 
a key feature of the natural world. The earliest 
humans used signal beacons, with a human act-
ing as an optical receiver. Later, more sophisticated 
semaphore systems using the same principle were 
deployed and heliographs were also developed. 
Perhaps the earliest FSO link with an electronic 
receiver was the photophone developed by Bell [1]. 
This used a microphone to modulate a mirror, 
which in turn modulated a transmitted beam of 

light. An electronic receiver used a selenium pho-
tocell to create an electrical signal that modulated 
the microphone.

FSO is now extensively researched, with a num-
ber of companies selling links, over a wide range of 
different ranges and data rates. Figure 31.1 shows a 
typical FSO system. A laser or light-emitting diode 
(LED) source is used as a transmitter, and optics is 
used to control the emitted light, creating a trans-
mitted beam with known divergence. This beam 
propagates to a receiver, where collecting optics 
focuses it onto a photodetector. A transimped-
ance or other amplifier is used to amplify the pho-
tocurrent output from the detector and create an 
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electrical signal, from which data is recovered. 
Links are normally bidirectional and are created by 
using a pair of identical transmitters and receivers.

At the transmitter, the diameter of the trans-
mission aperture is usually set by eye safety con-
siderations, in order to ensure that the optical 
power density at the aperture is below allowable 
limits. The beam divergence depends on applica-
tion and range. For links between buildings, flex-
ing of the structures causes terminal movement, 
and for short-range links (typically hundreds of 
meters), using a divergence of several degrees 
removes the need for any active alignment of the 
transmitter and receiver to compensate for this. 
Tracking is required (due to terminal movement) 
for narrow divergence links, but the lower path 
loss created by the low divergence allows these to 
operate over longer ranges, or have an enhanced 
link margin.

There are a number of commercially available 
Gbit/s class links (for instance, [2,3]). These oper-
ate in either the near-infrared (IR) (<1000 nm) 
wavelength region, taking advantage of low-cost 
optoelectronic devices, or near 1500 nm, taking 
advantage of optical fiber telecommunications 
components. The major impairments to the opera-
tion of such links are fog (see, for instance, [4]) and 
atmospheric turbulence [5]. Modest gains in link 
performance in fog can be obtained at longer wave-
lengths, but these are not sufficient to overcome the 
attenuation of hundreds of decibels per kilometer 
that fog can create.

The market for such links is greatest where 
 visibility is good, or link lengths are short (<1000 m 
or so). Many applications are in data communica-
tions, for example, to create redundant links or 
implement campus networks. More recently, the 

low latency of these links compared with an indi-
rect fiber route has found application in commu-
nications for high-frequency trading on financial 
markets.

A number of different approaches to implement-
ing the terminals have also been taken. Links using 
light from an optical fiber, which is then colli-
mated, propagated through free space, and coupled 
back into a receiving fiber, have also been reported. 
In this case, the free-space link is transparent to 
the particular data format and communications 
wavelength. Tbit/s capacity links can be achieved 
using this approach [6]. However, adaptive optical 
systems are required for longer links in order to 
ensure that any distortion of the optical wavefront 
can be corrected to allow efficient coupling of light 
into the optical fiber at the receiver [7].

A different variant is to use a modulated retro-
reflector (MRR)-based terminal. In this case, light 
from the transmitter propagates to the receiver and 
is returned to it by the action of a retroreflector. A 
receiver colocated with the transmitter decodes the 
returned signal. The data is imposed on the beam 
of light by the use of a modulator in the beam path 
at the retroreflector. A number of links have been 
demonstrated using this principle [8]. The advan-
tage is that the MRR is lightweight, and no source 
of light is required at the MRR terminal. In addi-
tion, the retroreflector removes the need for the 
MRR terminal to perform tracking. This allows a 
low mass, low power terminal which makes it suit-
able for placement on airborne mobile terminals 
such as unmanned aerial vehicles (UAVs) [9].

A number of longer link experiments have been 
performed, from aircraft to ground, aircraft to 
satellite, satellite to satellite [10], and the moon to 
the earth [11]. The European Data Relay Satellite 
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Figure 31.1 FSO system.
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(EDRS) network incorporates long-range optical 
links from low earth orbit (LEO) satellites to geo-
stationary earth orbit (GEO) satellites as part of its 
space data relay network [12].

31.2  FREE-SPACE LINKS INSIDE 
ELECTRONIC EQUIPMENT

Data centers and warehouse-scale computing 
environments use optical fibers to connect racks 
together, and are beginning to deploy rack-level 
optical communications. This is because the speed 
of the electrical interconnect required between 
boards requires complex electronic transmission 
protocols, high-speed impedance matched lines 
with consequent high-power requirements due to 
terminations, and complex expensive multilayer 
printed circuit boards.

Board-to-board free-space interconnection was 
widely researched several decades ago. The major 
challenge is to create free-space links that can align 
themselves to the tolerances created by the elec-
tronic racks in which the transmitter and receiver 
boards are placed and to create an  optical inter-
connect structure that is compatible with the tol-
erances and fabrication techniques of electronics.

Broadly, three approaches have been followed to 
achieve this:

 1. Build alignment-free links to match the toler-
ances available. Such short-range links between 
boards have been demonstrated. An array of 
sources and a detector array are used, and the 
particular source–detector pair that creates a 
link is selected after the boards are positioned 
[13]. Other approaches to reduce misalign-
ment using link redundancy have also been 
reported [14].

 2. Build precise, independently stable optical 
bus structures, with precision connectors to 
allow alignment of boards into these. This 
is the approach taken in [15,16], and has the 
 advantage that high-density interconnection 
can be achieved, albeit at the cost of bulky, 
expensive components.

 3. Use adaptive alignment techniques to 
 compensate for misalignments. This is the 
approach taken in [17], where a crossbar 
 architecture is used to allow reconfigurable 
interconnection between a transmitter array 
and a receiver array. Figure 31.2 shows a 
 schematic of this system. Light from an array 

VCSEL array
collimated using  a

matching microlens
array 

Liquid crystal over
silicon SLM  

Photodetector array

Conventional
electronic
backplane 

Plug in cards

Figure 31.2 Adaptive board-to-board optical interconnect.



416 Optical communications through free space

of lasers is steered to an array of  detectors 
using a spatial light modulator (SLM). This 
offers a great degree of flexibility in the 
interconnection but requires complex costly 
components. A similar approach, using a 
 different type of liquid crystal beamsteering, is 
reported in [18].

Work on free-space approaches has been super-
seded by the use of optical fibers or waveguides. 
One approach that incorporates a wave-guiding 
layer in a conventional printed circuit board and 
uses custom connector interfaces to launch and 
detect light is reported in [19]. This has the advan-
tage that it is compatible with existing electronic 
rack-based systems and printed circuit board 
manufacture. There are a number of methods 
used to create the waveguide layer, but typically 
multimode waveguides are used. This approach 
is gaining widespread acceptance and is likely to 
be incorporated into backplanes of storage net-
works and other applications with high bandwidth 
requirements in the near future.

31.3  INDOOR OPTICAL WIRELESS 
COMMUNICATIONS

Radiofrequency (RF) wireless systems have 
been immensely successful, and users now see 
Wi-Fi and mobile data services as a utility that 
will always be available. These systems use car-
rier frequencies in the low gigahertz region of 
the electromagnetic spectrum, which offers an 
excellent coverage, due to the diffraction and 
reflection from the built environment. The key 
challenge for RF systems is that the available 
spectrum is limited and not able to support the 
data rates that will be required in the  future. 
High-frequency RF approaches can provide this 
capacity, but coverage is more challenging, as the 
RF carrier propagates in a similar manner as a 
beam of light.

Optical wireless systems have access to hun-
dreds of terahertz of spectrum, with much of it 
accessible using low-cost sources and detectors 
(falling within the sensitivity region of silicon). 
This is unlicensed and regulated only by the need 
to consider eye safety. The availability of almost 
unlimited spectrum is the major attraction of 
 optical wireless systems. The key challenge for 
optical wireless systems is the link margin that is 

available, which is much lower than equivalent RF 
systems, due to the limitations of the receivers used 
and the non-coherent optical detection.

In this section, we present an introduction 
to optical wireless systems, covering both the IR 
and visible regions of the spectrum (where optical 
wireless communications is known as visible light 
communications (VLC) or Li-Fi).

31.3.1  Basic configurations

Figure 31.3 shows a schematic of a typical optical 
wireless system. In each case, an optical source illu-
minates the room. This illumination (which could 
be in the IR or visible region of the optical spec-
trum) is modulated to transmit information. The 
illumination propagates to the receiver, either via 
some intermediate reflection from surfaces within 
the room or via a line of sight. The receiver collects 
this radiation and converts the optical  signal to an 
electrical signal from which the information can 
be recovered.

Optical wireless systems can be classified 
according to whether they use line of sight or dif-
fuse paths. Figure 31.3a shows a diffuse configura-
tion, where good coverage is obtained by allowing 
light to reflect off intermediate surfaces and create 
a large number of paths from the transmitter to the 
receiver. This configuration is robust to blocking 
of any particular path but has high loss and the 
different path lengths lead to dispersion. (This is 
described in more detail in later Section 31.6.4.2). 
Controlling the beam spread of the optical source 
restricts paths to line of sight and the configura-
tions in Figure 31.3b through d show various 
degrees of restriction. Narrow beam configura-
tions allow lower path loss, which allows higher 
data rate systems, due to the increased power den-
sity at the receiver.

31.4  HISTORY

Early work in optical wireless communications 
focused on diffuse IR systems [20], using LEDs 
and low-speed photodetectors. In [21], a 50 Mbit/s 
 diffuse system was demonstrated. Architectures 
suitable for high-speed communications have 
also been developed, including imaging diver-
sity [22,23], angle diversity [24], and quasi-dif-
fuse architectures, with recent predictions of 
multi-gigabit systems [25]. More recent systems 
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demonstrations include [26] where Gbit/s commu-
nications was demonstrated.

31.4.1 Visible  light communications

VLC has been enabled by the adoption of 
 solid-state lighting using LEDs. Lighting LEDs can 
be modulated at rapid rates compared with fluo-
rescent or incandescent alternatives, offering the 
 potential to combine illumination with communi-
cations. VLC originated in Japan, with much early 
work undertaken by members of the Visible Light 
Communications Consortium (VLCC) [27–30]. In 
the past decade, research in this area has grown 
rapidly, including the Smart Lighting Engineering 
Research Center in the United States [31], groups 
in Europe and Asia, and a number of start-up 
 companies [32].

31.5  SYSTEM DESCRIPTION

31.5.1  Transmitter

VLC typically uses white light LEDs as both an 
illumination and a communications source. White 
light is generated using either a mixture of light 
from red, green, and blue (RGB) emitters packaged 
together or a blue gallium nitride (GaN) emitter 
that is combined with a yellow inorganic phosphor. 
The RGB approach has the advantage that the color 

can be tuned to that desired by weighting the emis-
sion of each component appropriately. Each emit-
ter can also be modulated separately, offering the 
potential for data transmission using wavelength 
division multiplexing (WDM), or a data symbol 
constellation using color as a degree of freedom 
[33,34]. Most commercially available luminaires 
used for general lighting purposes use a GaN LED 
that illuminates a phosphor coating applied to the 
LED chip. This phosphor absorbs a proportion of 
the blue light and reemits a broad spectrum yellow 
color. The combination of the blue light that passes 
through the coating with this yellow light results 
in a white emission. Figure 31.4 shows a typical 
emission spectrum, with a narrow blue emission 
peak from the GaN emitter and a broad yellow 
emission peak from the phosphor. Typically, the 
modulation bandwidth of the white emitter is sev-
eral megahertz, due to the slow phosphor response 
[35]. Using an optical filter that blocks the yellow 
component at the receiver allows only the blue 
channel to be used for information transmission, 
which increases the bandwidth to 10 MHz or so for 
a typical commercial device [35].

A number of approaches have been used to 
improve the bandwidth of the emitter. In [36], an 
array of LEDs is used, each with their peak optical 
output frequency tuned to a different point, using 
an analog equalization technique. This created a 
white light emitter with a bandwidth of 25 MHz. 

(a) (b)

(c) (d)

Figure 31.3 Typical room showing optical wireless configurations: (a) Diffuse; (b) wide line of sight; 
(c) narrow line of sight. (d) Quasi-diffuse.
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Other circuit-based pre-emphasis techniques have 
been demonstrated, with a 45 MHz bandwidth 
emitter reported in [37]. The GaN emitter band-
width can also be increased by reducing the size of 
the emitter area, and GaN micro-LEDs have been 
demonstrated with electrical–optical bandwidths 
of 400 MHz [38].

Some recent work has focused on combining 
micro-LEDs with blue-to-yellow color converters 
that have high bandwidth. A “fast-white” LED that 
uses a GaN micro-LED combined with an organic 
color converter has recently been reported [39]. In 
this case, the converter has a bandwidth of several 
hundred megahertz, which is much greater than 
that of the micro-LED.

IR systems can use either LEDs or lasers 
as sources. LEDs provide low-bandwidth, low-
cost sources. Lasers can be used to provide high- 
bandwidth sources that are more efficient than 
LEDs, at the cost of greater complexity. Eye safety 
is of concern for emitters in the IR. For regions 
between visible wavelengths and 1400 nm, the eye 
can still focus radiation onto the retina, and there 
is a retinal thermal hazard [40]. This is a function 
of the emitter power, the position of the eye  relative 
to the emission, and the apparent angular subtense 
of the emitter (which governs the size of the focused 
spot on the retina). Hazard evaluation is complex, 
but for a simple point source, the allowed accessible 
emission limit (AEL) might be <1 mW at 800 nm. At 
wavelengths longer than 1400 nm, water absorption 
stops radiation reaching the retina, and the hazard is 

that of corneal damage. This leads to a much greater 
AEL. (As an example, the AEL is 10 mW at 1500 nm.)

High-emission powers that are safe can be 
achieved in the IR region by using a diffuser to 
increase the apparent emitting area. Some sys-
tems use Lambertian diffusers such as ground 
glass or opal. More recently, large area holographic 
diffusers with controlled beam angle have been 
developed for the displays industry. These pro-
vide a low-cost alternative, and in [26], a 180 mW 
laser-based class 1 eye-safe emitter that uses this 
approach is reported.

Achieving high data rates using IR systems 
requires relatively narrow beams in order to pro-
vide the power density required at the receiver. 
Multiple beam, or tracking, systems are therefore 
required to achieve a wide field of view coverage at 
these rates. Both angle diversity [24] and imaging 
diversity [22] architectures can be used to achieve 
this. Figure 31.5 shows both approaches. In the 
angle diversity case, sources with a limited field of 
view are combined to increase the overall value. 
Imaging receivers achieve the same result by using 
an array of sources combined with a lens system. 
In both cases, the transmitter and the receiver both 
have matched fields of view.

VLC systems typically use multiple sources to 
illuminate an indoor coverage space, so there is 
the potential to send different data on each LED 
or separate lighting fixture. Such optical multiple 
input multiple output (MIMO) systems are an area 
of growing interest as they allow increased data 
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Figure 31.4 Emission spectrum of GaN/phosphor emitter.
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rate compared with a single information stream 
(see [41] for an early example).

31.5.2  Receiver

Figure 31.6 shows a typical optical receiver. Light 
passes through an optical filter, and is then focused 
using either a concentrator or lens system. The 
resulting output beam then illuminates a photode-
tector. This converts the optical signal to an elec-
trical output, which is then amplified and passed 
to a demodulation stage. Each of these elements is 
described in the following sections.

31.5.1.1  OPTICAL FILTER

White light VLC systems typically use a filter to 
remove the yellow light (which has low modulation 
bandwidth) emitted from the phosphor, whereas in 
IR systems, a bandpass filter is used to only allow 
the data transmission wavelengths to be detected, 
thus removing unwanted ambient light. Optical 
filters use material absorption to remove unwanted 
optical wavelengths, and these typically have simi-
lar performance for a wide range of illumination 

angles. Interference filters have an excellent rejec-
tion of unwanted wavelengths with lower insertion 
loss, but at the cost of sensitivity to the illumina-
tion angle. For a receiver with a wide field of view, 

TxSource array

Multiple element
transmitter

Switching
and control 

Base station

(d)(c)

(b)(a) 

Figure 31.5 Multielement transmitters of different types: (a) Angle diversity transmitter  schematic; 
(b) imaging diversity transmitter schematic; (c) angle diversity terminal showing the receiver 
(right) and the transmitter (left); (d) imaging diversity transmitter. Note that (c) shows a terminal 
 incorporating both the transmitter and the receiver.

Optical
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Optical system

Photodetector

Amplifier

Output

Input radiation

Figure 31.6 Typical optical receiver.
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this can have a substantial effect, which must be 
considered in receiver design.

31.5.1.2  CONCENTRATING OPTICS

An ideal receiver would accept light over a wide 
field of view, have a large collection area, and con-
centrate it to a small photodetector. Nonimaging 
optical concentrators (for a recent example, see 
[42]) provide the most efficient method of achiev-
ing this. The performance of all optical systems is 
constrained by the conservation of etendue, and 
nonimaging concentrators offer performance that 
can theoretically achieve that predicted by this 
constraint. Figure 31.7 shows a typical concen-
trator, with field of view θ and collection area Ac. 
Conservation of etendue leads to

 
≤

θ
A
A

n
sin

c

d

2

2

where Ad is the detector area and n is the concen-
trator refractive index.

31.5.1.3  PHOTODETECTOR/PREAMPLIFIER

The combination of photodetector and preampli-
fier is critical in determining the sensitivity, and 
hence the overall performance of the communica-
tions link. Both positive–intrinsic–negative (PIN) 
photodiodes and avalanche photodiode types are 
used. The detector area is a key factor, as increas-
ing the area brings a proportionate increase in col-
lected power. However, this increased area can lead 
to high capacitance, which limits the bandwidth, 

and hence the system data rate. An ideal detector 
would have low capacitance per unit area, and the 
ideal preamplifier would be tolerant to high input 
capacitance. There has been some work on opti-
mizing these components [43–45], but substantial 
gains are still thought to be available.

31.5.3  Multielement receivers

The capacitance and optical gain constraints of 
single channel receivers can be circumvented by 
using multiple receivers, using similar approaches 
as that used in the transmitter. Figure 31.8 shows 
angle and imaging diversity examples. Angle 
diversity uses single-channel receivers with a lim-
ited field of view (and thus high gain), which are 
arranged to cover a large range of angles. In imag-
ing diversity receivers, a planar detector array is 
combined with optics to allow small individual 
detectors (and therefore high speed), yet have large 
overall field of view. These receivers can be used for 
single input single output systems where only one 
data stream is received. In this case, some form of 
receiver selection is required, so the best (in some 
sense) received signal is recovered. For MIMO 
applications, processing to separate multiple data 
streams [41] or to ascertain the location of active 
transmitters [46] has also been developed.

31.5.4  Channel modeling and 
characterization techniques

The performance of the system is highly dependent 
on that of the channel, which can be characterized 
by a measure of path loss and temporal disper-
sion. Path loss is a function of the transmitter and 
receiver geometry and relative location in the case 
of line-of-sight systems. For fully diffuse systems, 
the environment also determines path loss. There 
is no dispersion in a line-of-sight system, but where 
there are multiple paths, incoherent interference 
between the multiple copies of the data signal leads 
to intersymbol interference.

31.5.4.1  LINE OF SIGHT

Estimation of the path loss of a line-of-sight link 
can be achieved by ray tracing if models of the 
transmitter and receiver structures are used or by 
analytical techniques. Typically, a higher order 
Lambertian model of the emitter output beam 

θ

θo

Ac

Ad

Figure 31.7 Optical concentrator.
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profile is assumed, and this allows the intensity at 
the receiver to be determined. Knowledge of the 
receiver optical system, typically, the concentrator 
gain, and the photodetector area then allows link 
loss to be calculated. A full calculation is shown in 
[26]. The path loss increases rapidly with an increas-
ing field of view in line-of-sight links, and for IR sys-
tems, the margins available mean that high-speed 
links (Gbit/s and greater) require more than one 
transmitter and receiver to achieve good coverage.

31.5.4.2  DIFFUSE

Diffuse channel models based on ray tracing (see, 
for instance, [47]) and integrating sphere [48] 
have been developed. In a fully diffuse environ-
ment, all surfaces are evenly illuminated, and 
typical losses are in the range of 65–80 dB cm2 
Sr−1 [48,49]. Bandwidths as low as 10 MHz have 
been measured for a fully diffuse environment 
[48], but for Rician-like channels with a dominant 
path, there may be no channel limitation due to 
dispersion (such “transparency” is noted in [48] 
and measured in [50]).

The importance of channel modeling and char-
acterization depends on the particular application 
and wavelength regime used. For VLC, the power 
levels are set by illumination constraints, and for a 
well-illuminated space, a level of 400 lux is required. 
Using a communications system with a typical PIN 
receiver, this leads to very high received signal-to-
noise ratio (SNR > 40dB) and no detailed channel 
modeling is required to determine path loss.The 
bandwidth of the VLC channel is typically in the 
hundreds of megahertz [51], and as this is far greater 
than the bandwidth available from the LED trans-
mitters, the channel dispersion is not significant 
and therefore does not require detailed modeling.

For the IR region, the power levels used are typ-
ically much lower, and path loss is an important 
factor that requires detailed investigation.

31.5.5  Modulation

Optical wireless systems typically use intensity mod-
ulation combined with direct detection, and both 
pulse-based modulation, and linear modulation 

(d)(c)

(b)(a)

RxPhotodetector array

Multiple element
receiver

Switching
and control

User terminal

Figure 31.8 Multielement receivers of different types: (a) Angle diversity receiver schematic; 
(b)  imaging diversity receiver schematic; (c) angle diversity terminal showing the receiver (right) and 
the transmitter (left); (d) imaging diversity receiver. Note that (c) shows a terminal that incorporates 
both the transmitter and the receiver.
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schemes can be used over such a channel. On–off 
keying offers simple transmission and detection cir-
cuitry and high spectral efficiency in channels with 
modest SNR. It has been used extensively, including 
in the fastest system demonstrations [26]. There has 
also been extensive investigation of pulse position 
modulation (PPM) and variants [52,53].

The most used scheme for VLC is orthogonal 
frequency division multiplexing (OFDM) (see, 
for instance, [54,55]). There are many different 
 variants of this scheme, but all use Hermitian sym-
metry to create real-valued data for transmission. 
The VLC channel has very high SNR at low fre-
quencies, leading to usable SNRs much beyond the 
3dB bandwidth of the channel (including trans-
mitter and receiver). OFDM allows each carrier to 
be optimized to the SNR available, and therefore 
efficiently uses the resources available. In addition, 
it can easily combat any dispersion that there may 
be. There has been extensive research in how to 
compensate for the nonlinearities in LED trans-
mitters, accommodate dimming, and provide mul-
tiple access. This has led to several high-rate data 
transmission demonstrations, including [56,57].

31.6  DEMONSTRATIONS, 
COMMERCIAL PRODUCTS, 
AND FUTURE PROSPECTS

31.6.1  IR

IR remote control is ubiquitous, and diffuse IR 
finds limited use in some shelf-labeling systems 
(see, for example, [58]). There has been recent 
interest in very high-speed short-range links [59]. 
Links operating at 1500 nm, using telecommuni-
cations components, have also been demonstrated. 
In [60], a WDM link operating at ∼50 Gbit/s is 
demonstrated. Fiber-to-fiber links using orbital 
angular momentum representations have achieved 
100 Tbit/s data rates [61]. In [62], a fiber-to-fiber 
link with a field of view of 60° and a rate of ∼100 
Gbits/s is reported.

31.6.2  Visible light communications

VLC was initiated by members of the VLCC. A 
wide range of demonstrations have been reported, 
including information broadcast from luminaires, 

display screens, music broadcast, and long-range 
point-to-point communications. Short-range 
high-speed links have also been used to con-
nect peripherals [63]. A full-scale demonstra-
tion of information broadcasting within a room 
was reported as part of a European Community-
funded project [64]. Recently, a number of compa-
nies have begun to commercialize this technology 
(see, for instance, [32,65–67]). The use of cellphone 
cameras as  software-defined communications 
receivers has been demonstrated by a number of 
different groups (see, for instance, [68]). A num-
ber of approaches to mitigate the effects of the slow 
camera frame rate and the order in which pixels 
are interrogated have been developed, and a special 
interest group has started work on a revision to the 
Institute of Electrical and Electronics Engineers 
standard on VLC (IEEE 802.15.7 [69]).

Positioning and location-based information 
systems are an area of growing interest, as systems 
relying on the Global Positioning System do not 
operate reliably indoors. The use of luminaires as 
positioning beacons is being pursued by both a 
number of academic groups (see [70] for an early 
example) and commercial organizations [71,72].

31.6.3  Challenges and future 
prospects

Figure 31.9 shows a possible future wireless system 
for an indoor environment. RF wireless is ubiqui-
tous and can provide reliable broad area coverage. 
VLC provides an excellent downlink capacity and 
can support a very high user density; a provision of 
1–10 Gbit/s per user is likely to be achievable using 
this approach. For rates higher than this point-to-
point IR links using telecommunications compo-
nents is an attractive approach, as the challenge 
of interfacing the wired and wireless network is 
much reduced compared with a distributed VLC 
infrastructure.

In all cases, it is the cooperation between dif-
ferent wireless networks that will allow the user 
to obtain the data rates they require. Widespread 
adoption of this approach will require research at 
the network, transceiver, and individual compo-
nent level, together with a more widespread adop-
tion of LED lighting in the case of VLC and “fiber 
to the desk” in the case of IR-based systems.
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2D “unwrapped” annular image, 69
3D printing applications, 227

directed energy deposition, 230
material jetting, 228
postprocess, 232

part finishing, 232–233
quality control and testing, 

233–234
powder bed fusion, 229
preprocess, 230

production of, 3D data, 231
raw material, testing of, 

231–232
process monitoring, 232
sheet lamination, 230
vat photopolymerization, 230

360° catadioptric camera, 68
on-vehicle usage of, 68–69
overview of, 68

360° image viewing, 66
equirectangular projection, 67
spherical projection, 66–67

360° polycamera, 69
overview of, 69–70
on vehicle usage of, 70

360° spherical mosaic, 71
360° wide-angle and fisheye, 71

a

Absorption, 117, 345
-based sensors, 193
broadband absorption detectors, 

194–196
coefficient, 193
in gases, 196
path length, 368–369
by phytoplankton pigments, 105

Absorption spectroscopy, 193, 223, 
225, 245, 368

cavity-enhanced absorption 
spectroscopy (CEAS), 372

Accelerometer, 12, 13, 281, 288–291
typical optical, 290

Access control, case study example, 
40

Accessible emission limit (AEL), 418
Acoustic amplitude data, 27
Acoustic waves, 8, 280, 354, 370
Acousto optic modulator (AOM), 

24, 25
Action camera, 406
Active imaging systems, 198
Advanced spaceborne thermal 

emission and reflection 
radiometer (ASTER), 314

Advanced Very High Resolution 
Radiometer (AVHRR) 
sensor, 99

AEL, see Accessible emission limit
Aerosol and cloud measurement 

instruments, 132–133
Aerosol leak detection, 200
Afghanistan, 149–150
ALA, see, 5-Aminolevulinic acid
Alkane gases, 198
Alkyne gases, 198
All-round viewing systems, 58–59
All-round vision systems, 178
Alpine and Cross City Tunnels, case 

study example, 39–40
ALPR camera, see Automatic license 

plate recognition camera
5-Aminolevulinic acid (ALA), 349, 

350
Ammonia, 370, 371

ANPR, see Automatic number plate 
recognition

Antiaircraft seekers, 172
Anti-Stokes shift, 247
AOM, see Acousto optic modulator
AOP, see Apparent optical 

properties
Aperture, 151, 160, 414
Apparent optical properties (AOP), 

116, 117
Aqua spacecraft, 94
Aromatic gases, 198
Arthrobacter sulfonivorans, 253
ASTER, see Advanced spaceborne 

thermal emission and 
reflection radiometer

Atmospheric factors, 147
Atmospheric path radiance, 105
Atmospheric properties, 

compensation for, 217
A-Train, 94
ATR spectroscopy techniques, 

see Attenuated total 
reflection spectroscopy 
techniques

Attenuated total reflection (ATR) 
spectroscopy techniques, 
308

Audi cars, 57
Autofluorescence, 349
Automatic license plate recognition 

(ALPR) camera, 30–32, 
33–34, 37–38

embedded ALPR camera, 33–34, 
38

for smart cities, 35
Alpine and Cross City 

Tunnels, 39–40
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Automatic license plate recognition 
(ALPR) camera (cont.)

critical infrastructure and 
access control, 40

Low Emission Zone (LEZ), 
38–39

National Traffic Control 
Centre, 39

public safety and security, 
35–37

ring of steel, 37
road user charging and 

JTMS 37–38
Automatic number plate 

recognition (ANPR), 29, 
30, 32–40

Autonomous vehicles, 30, 34, 41, 47, 
60–63, 68

application on, 125–126
Avalanche photodiode, 157, 420
AVHRR sensor, see Advanced 

Very High Resolution 
Radiometer sensor

Axial compression test, 10

B

Back-illuminated LCD displays, 58
Backscatter coefficient, 24
Band-pass filters, 302, 303
Bar code reading, 219–220
Beamriding, 158, 170, 171
Beer–Lambert law, 122, 193, 368, 

372
Bidirectional reflectance 

distribution function 
(BRDF) model, 101

Biochip, 346–348, 357
Biological carbon pump, 108, 109
Biological hazards, 103
Bioreceptors, 346, 348
Bitumen joint monitoring, 15–16
Board-to-board free-space 

interconnection, 415
Bolometers, 367
Boltzmann distribution, 248, 249, 

250
Border security, 22, 41, 79–80
Boyd cycles, 150, 151
Bragg grating strain sensors, 7
Brake-lights, 56

BRDF model, see Bidirectional 
reflectance distribution 
function model

Breathalyzers, 201
Breath analysis, 252

with mid-infrared diagnostics, 
365

equipment, 366–368
future directions, 373–374
single- and multipass 

absorption-based sensing 
methods, 368–373

Breath diagnostics, 367, 368
chemometrics in, 372–373

Bridge crack detection, 12–15
Brillouin distributed temperature 

sensors, 8–9
Broadband absorption detectors, 

194–196
Brownian motion, 219

C

Cable types for distributed acoustic 
sensing, 277–279

CALIPSO satellite, see Cloud-
Aerosol Lidar and 
Infrared Pathfinder 
Satellite Observations 
satellite

“Call cancel” technology, 45
CALOS, see Cavity leak-out 

spectroscopy
Camera architecture, 33
Camera-based EVI-JTMS (Journey 

Time Measurement 
Systems) solutions, 35

Cameras
360° camera, 59, 63
ALPR camera, 31, 32, 33–34, 

35–36, 38
ANPR camera, 39, 40
-based EVI-JTMS solutions, 35
CCD cameras, 167, 222
CCTV cameras, 45, 75, 220, 405
CMOS high-speed camera, 388
infrared, 30
infrared forward-looking video 

camera, 60
military optoelectronics, 152
state-of-the-art video camera, 45

stereoscopic camera systems, 
221

TV camera, 152, 173, 215, 220
Camera systems, for surveillance 

and security, 65
360° image acquisition, 67–68

catadioptric camera, 68–69
polycamera, 69–70
spherical mosaic, 71
wide-angle and fisheye, 71

360° image viewing, 66
equirectangular projection, 

67
spherical projection, 66–67

applications
robotics, 73
static, 360° surveillance, 72
vehicle-mounted, 360° 

surveillance, 71–72
video conferencing, 73

Carbon dioxide, 109, 198
hydrates, 312–313
measurement of, 199–200

Carbon emission reduction, fiber 
optical sensors for, 240

Catadioptric annular image, 68
Catadioptric camera, see, 360° 

catadioptric camera
Catheters, 377–379, 381
“Cathode ray” tubes (CRTs), 

398–399
Cavity-enhanced absorption 

spectroscopy (CEAS), 372
Cavity-enhanced sensing 

techniques, 371–372
Cavity leak-out spectroscopy 

(CALOS), 372
Cavity ring-down spectroscopy 

(CRDS), 371
CCDs, see Charge-coupled devices
CCT, see Cross City Tunnels
CCTV cameras, see Closed-circuit 

television cameras
CDOM, see Colored dissolved 

organic matter
CEAS, see Cavity-enhanced 

absorption spectroscopy
Central London Congestion 

Charging Scheme, 38
Centre National d’Etudes Spatiales 

(CNES), 94, 100
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Charge-coupled devices (CCDs), 
387

Chemometrics in breath 
diagnostics, 372–373

Chlorophyll concentration, 
103–105, 107, 109

Cirrus cloud identification, 97
City transport, optoelectronics for 

control of, 43
background, 43–44
future, 46–47
split cycle offset optimization 

technique (SCOOT) 
system, 44–45

traffic information, provision of
to road users, 46

traffic monitoring and 
management, 45–46

CLA, see Cut-level algorithm
13C-labeled benzene, 253
Classification

of, 3DP systems, 230
of industrial LMP laser, 208
nonimaging techniques, 155
of PoCT technology, 357

Climate change, 89, 100, 103, 310
and ocean carbon uptake, 

107–109
Closed-circuit television (CCTV) 

cameras, 45, 75, 220, 405
Cloud-Aerosol Lidar and Infrared 

Pathfinder Satellite 
Observations (CALIPSO) 
satellite, 94

CloudSat, 94
CMOS, see Complementary metal 

oxide semiconductor
CNES, see Centre National 

d’Etudes Spatiales
Coastal zone color scanner (CZCS), 

105, 107, 110
Coherent laser measurements, 

216–217
atmospheric properties, 

compensation for, 217
laser Doppler velocimetry 

(LDV), 217–218
photon correlation spectroscopy 

(PCS), 218–219
speckle interferometry, 219

Colle Isarco Bridge, 9, 10

Collimated optical beams, 192
Collision avoidance systems, 58
Colored dissolved organic matter 

(CDOM), 105, 116
Command guidance, 170–171
Commercial optical sensors, case-

study examples of, 198
NDIR measurement of carbon 

dioxide, 199–200
TDLS-based detection of leaks, 

200–201
Communications

between cameras and typical 
back office, 33

covert, 178
“handshaking” 

communications, 62
links, protection of, 25–26
military optoelectronics, 178
optical fiber communications, 

401
remote communications 

capability, 33
telecommunications, 19, 79
through free space, see 

Free space, optical 
communications through

wireless serial, 9
Complementary metal oxide 

semiconductor 
(CMOS), 388

Concentrating optics, 420
Condensation particle counters 

(CPCs), 135–137
Conflicts, 149–150, 166
Confocal microscopy, 351
Continuous Wave (CW), 200

-focused interrogation laser 
beam, 354

mode, 210
variation, 372

Control line, 273–274, 279
Cooled photon-detecting thermal 

imagers, 152–154
Cooling, 99, 152–154, 271

adiabatic, 198
Joule–Thomson cooling, 152
Stirling cycle cooling engines, 

153
Cooperative wireless landscape, 423
Copernicus, 89, 94, 95, 98

Corridor managers, 43
Corrosion resistance, 293
Countermeasures, self defence/

protection, 175–176
Covert communication, 178
CPCs, see Condensation particle 

counters
CRDS, see Cavity ring-down 

spectroscopy
Critical infrastructure and access 

control, case study 
example, 40

Cross City Tunnels (CCT), 38, 40
“Crossed-beam” proximity 

detector, 221
CRTs, see “Cathode ray” tubes
Crude oil, 301, 303, 310, 313
Cut-level algorithm (CLA), 

269, 271
CW, see Continuous Wave
CZCS, see Coastal zone color 

scanner

D

Damage assessment, 173
Dark-field microscopy, 351
DAS, see Distributed acoustic 

sensing
Data protection, 32–33
Dedicated short range 

communication/
radio frequency 
identification (DSRC/
RFID) readers, 34

Deforestation, 97, 98
Delayed homodyne/heterodyne, 

24–25
Designators, 157, 171, 179
DFA spectrometer, see Downhole 

fluid analysis 
spectrometer

Diatomic homonuclear molecules, 
245

Diffuse channel models, 421
Diffuse irradiance, 328, 329
Diffuse optical imaging, 355
Diode pumped solid state (DPSS) 

laser, 207
Directed energy deposition, 230
Directed energy lasers, 173
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Direct optical sensors, 116
in situ sensors, 116–118
satellite and remote sensing, 116

Dissolved oxygen, detection of, 202
Distributed acoustic sensing (DAS), 

19, 277, 296
cable types for, 277–279
communications links, 

protection of, 25–26
fracturing, 279–280
helically wrapped cable (HWC), 

281
interferometric bias, 23
for perimeter security, 80–81
pipeline security and 

monitoring, 27–28
railroads, monitoring of, 26–27
roads and highways, monitoring 

of, 26
for security and surveillance, 79

border security, 79–80
for perimeter security, 80–81

surface seismic, 281
theoretical background of

delayed homodyne/
heterodyne, 24–25

dual pulse technique, 25
optical time domain 

reflectometry (OTDR), 
20–21

phase-sensitive detection, 
23–24

simple DAS, limitations of, 22
vertical seismic profiling (VSP), 

280
Distributed sensing, 25, 271

applications, 274
installation, types of, 273–274

Distributed sensor, 5, 16, 265, 281
Distributed temperature sensing 

(DTS), 271, 274, 296
DiTeSt system, 8, 15, 16, 17
DLR, see Dual luminophore 

reference
DMT, see Droplet Measurement 

Technologies
DNA probes, 346, 348
DNA sequencing, 345–346
Doppler broadening, 248
Downhole fluid analysis (DFA) 

spectrometer, 302

accuracy, 303
hardware, 302–303
interpretation, 303

Downhole pressure gauge, 269, 271
DPSS laser, see Diode pumped solid 

state laser
Draeger tube, 201
Draw tower gratings (DTGs), 378
Driving aids, 176

all-round viewing systems, 
58–59

infrared night-vision, 60
lane-following sensors, 58
parking/reversing aids and 

simple collision avoidance 
systems, 58

sensors to detect driver’s state of 
attention, 58

Droplet Measurement Technologies 
(DMT), 135, 136

DTGs, see Draw tower gratings
DTS, see Distributed temperature 

sensing
Dual luminophore reference (DLR), 

118
Dual pulse technique, 25
DVD recorders, 400–401
Dynamic pressure frequency 

response improvement, 
240–242

Dynamic range, 31, 105, 122, 294

E

Earth observation (EO)
programmes, 97
from satellites, 89

future of, 94–95
Landsat imaging capabilities, 

90–93
small-sats, 93–94

Earth resources and environmental 
and pollution monitoring

applications of optoelectronics 
in, 84–87

EB, see Exhaled human breath
Edge-emitting LEDs (ELEDs), 215
EDRS network, see European Data 

Relay Satellite network
EFPI, see Extrinsic Fabry–Perot 

interferometer

Elastic scattering spectroscopy, 
344, 350

Electric grid, impact on, 328–331
Electricity generation, applications 

of (by solar panels), 323
grid-connected PV systems, 

326–328
impact on the electric grid, 

328–331
stand-alone systems (off-grid), 

324–326
Electrochemical gas sensors, 192, 

245
Electrochemical sensing, 245
Electroluminescent, 58
Electromagnetic immunity, 235
Electromagnetic interference, 265, 

334
Electromagnetic threats, 160
Electronic books, 413
Electronic equipment, free-space 

links inside, 415–416
Electronic vehicle 

identification 
(EVI), 29, 30–32

Electro-optical technologies, 146, 
161–164

Elizabeth River Crossings, 39
Energy generation, applications 

of optoelectronics in, 
318–321

Energy in the home, 402–404
En face OCT 386, 388
Engagement, military 

optoelectronics, 169–174
Enhanced thematic mapper 

(ETM+) sensor, 90
Environmental applications, 

Raman gas spectroscopy, 
253–255

Environmental studies, 146–147, 
160–165

EO, see Earth observation
Equation of state (EoS), 

305–306
Equirectangular projection, 360° 

image viewing, 67
Estuaries, 123
Etendue, conservation of, 420
European Data Relay Satellite 

(EDRS) network, 414–415
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European Space Agency (ESA) 
Sentinel missions, 
98, 100

EVI, see Electronic vehicle 
identification

Exhaled human breath (EB), 365
Exogenous fluorophores, 349–351
Extrinsic Fabry–Perot 

interferometer (EFPI), 7
Eyjafjallajökull eruption, 130, 131

F

FAAM, see Facility for Airborne 
Atmospheric 
Measurements

Fabry–Perot based transducers, 
236

Fabry–Perot interferometers (FPI), 
302

-based PA imaging system, 354
Fabry–Perot strain sensors, 7
Fabry Perot tunable filter, 267
Facility for Airborne Atmospheric 

Measurements (FAAM), 
131, 134

False color composite of land 
surface, 100

Faraday rotator mirror (FRM), 291
Fast Fourier transform 

spectroscopy (FFT), 223
Fast repetition rate fluorometry 

(FRRF), 117
“Fast-white” LED 418
FBG, see Fiber Bragg grating
FDM, see Frequency division 

multiplexing; Frequency-
domain OCT

FEFS, see Fiber optic evanescent 
field spectroscopy

FERS, see Fiber-enhanced Raman 
spectroscopy

FF-OCT, see Full-field OCT
FFT, see Fast Fourier transform 

spectroscopy
FGOC, see Free gas–oil contact
Fiber Bragg grating (FBG), 7, 236, 

265, 333–334, 378
developments, 267
requirements, 267
results, 267–268

Fiber-enhanced Raman 
spectroscopy (FERS), 248, 
251, 252

Fiber in metal tube (FIMT), 275, 276
Fiber optical dynamic pressure 

sensor endurance tests, 
238–239

Fiber optical sensor (FOS), 333–334
advantages of, for power 

generation, 333–334
Bitumen joint monitoring, 15–16
Bragg grating strain sensors, 7
bridge crack detection, 12–15
Brillouin distributed 

temperature sensors, 8–9
Colle Isarco Bridge, 9, 10
extrinsic Fabry–Perot 

interferometer (EFPI), 7
gas pipeline monitoring, 16–17
I35W Bridge, Minneapolis, 

11–12
Luzzone Dam, 12, 14
for monitoring industrial gas 

turbines, 235
applications, 238
for carbon emission 

reduction, 240
dynamic pressure frequency 

response improvement, 
240–242

fiber optical dynamic 
pressure sensor 
endurance tests, 238–239

high-density FOS and 
instrumentation, 242–243

interrogator, 237–238
sensor solutions, 236–237

oilfield production monitoring 
with, see Oilfield 
production monitoring 
with fiber-optic sensors

pile loading test, 9–11
Raman distributed temperature 

sensors, 8
SOFO displacement sensors, 

6–7
types, 6

Fiber optic downhole pressure 
gauge, 271

Fiber optic evanescent field 
spectroscopy (FEFS), 311

Fiber optic manometry catheters 
for in vivo monitoring of 
peristalsis, 377

clinical insights, 379–381
data acquisition, 379
fiber optic catheter design, 378
fiber optic pressure sensors, 

377–378
in vivo recordings, 378–379

Fiber optic pressure gauges, 268
in-well level monitoring, 269
pressure gauge deployment, 

269–270
Fiber optics, status of

in oil and gas industry, 
281–283

Fiber protection in cable, 293
Fiber rod, 273, 274, 278, 279
Fibre Bragg Grating (FBG)-

based reflectometric 
interferometric 
system, 289

Field architecture structure, 
265–267

Field cabinet with solar panel, 272
Field data architecture, building 

blocks of, 267
Field of view (FOV), 59, 69, 91, 99, 

151
Field trial HWC 281
FIMT, see Fiber in metal tube
Flory–Huggins–Zuo EoS 306
Flow cytometry, 118
Fluid spectra in oil/gas wells, 

300–301
Fluorescence, 117, 224, 344, 345
Fluorescence imaging, 349, 358
Fluorescence spectroscopy, 224, 

349–350
Focal-plane phosphor, 57
Formation tester, 304–305
Forward Scattering Aerosol 

Spectrometer Probe 
(FSSP), 131, 134

FOS, see Fiber optical sensor
Fossil fuels, 264, 310
Fourier frequency components, 219
Fourier-transform infrared (FTIR) 

spectroscopy, 302, 308
FOV, see Field of view
FOWC, see Free oil–water contact
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FPI, see Fabry–Perot 
interferometers

Fracturing, 279–280
Free gas–oil contact (FGOC), 269
“Free length of stay” policy, 40
Free oil–water contact (FOWC), 269
Free space, optical communications 

through, 410–411, 
413–415

adaptive board-to-board optical 
interconnect, 415

challenges and future prospects, 
422

channel modeling and 
characterization 
techniques, 420

diffuse, 421
line of sight, 420–421

electronic equipment, free-space 
links inside, 415–416

history, 416
visible light 

communications, 417
indoor optical wireless 

communications, 422
basic configurations, 416

IR 422
modulation, 421–422
multielement receivers, 420
receiver, 419

concentrating optics, 420
optical filter, 419–420
photodetector/preamplifier, 

420
transmitter, 417–419
visible light communications 

(VLCs), 422
Frequency division multiplexing 

(FDM), 291
Frequency-domain OCT 

(FD-OCT), 385, 
386, 387

FRM, see Faraday rotator mirror
FRRF, see Fast repetition rate 

fluorometry
FSSP, see Forward Scattering 

Aerosol Spectrometer 
Probe

FTIR spectroscopy, see Fourier-
transform infrared 
spectroscopy

Full-field OCT (FF-OCT), 386, 388
Fully autonomous vehicles, new age 

of, 60–63

G

GAC, see Global area coverage
Gallium nitride (GaN), 417
Games lanes, 44
Gas chromatography (GC), 255, 303
Gas chromatography–mass 

spectrometry (GC–MS), 
245, 308, 366

Gases, direct detection of, 192
broadband absorption detectors, 

194–196
gas imaging systems, 197–198
laser-based sensors, 196–197

Gases, indirect detection of
using indicator chemistry, 

201–202
Gases measured using direct 

optical methods, 198
Gas hydrate formation, influence of 

detergents on, 311–312
Gas imaging systems, 197–198
Gas pipeline monitoring, 16–17
Gas-to-oil ratio (GOR), 303
Gas turbine (GT) engines, 235, 333
Gas turbine operation condition 

monitoring
high-density FOS and 

instrumentation for, 
242–243

Gated imaging, 157–158
Gaussian line shape, 248
GC, see Gas chromatography
GC–MS, see Gas chromatography–

mass spectrometry
Global area coverage (GAC), 99
Global Change Observation 

Mission-Water 
(GCOM-W1) satellite, 94

Global scale monitoring, 99–100
GOR, see Gas-to-oil ratio
Götaälvbron Bridge, 12, 14
Gradio Logging Tool, 271
Greeks, 148
Grid-connected PV systems, 

326–328
Griess assay, 122

Guidance, 170–173
Gulf Conflict, 150

H

HAB, see Harmful algal bloom
HAPS, see High-amplitude 

propagating sequence
Harmful algal bloom (HAB), 109, 

110
Head-lights, 56–57
Helically wrapped cable (HWC), 

281
field trial, 281

Helicobacter pylori, 365, 371
High-amplitude propagating 

sequence (HAPS), 
380–381

High-energy lasers, 148, 150, 157, 
233

High power (kW) laser processing, 
210–211

High-pressure combustor test rig
dynamic pressure frequency 

response improvement in, 
240–242

High-resolution manometry 
(HRM), 377

High-temperature fibers, 274–277
Historical overviews

military optoelectronics, 
148–150

optical communications 
through free space, 
416–417

Hollow waveguides (HWGs), 368, 
369, 373

Home and mobile portable 
equipment, applications 
for, 390–396

action camera, 406
electronic books, 406
energy in the home, 402–404
future developments, 406–407
home lighting, 397–398
home PC 402
home photography, 406
home printer units, 402
home security systems, 404–405
mobile phones and other 

portable devices, 405
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multifunction smart watch, 406
optical communications in 

home equipment, 401
optical fiber communications to 

the home, 401
optical remote control units, 401
optoelectronics for home and 

leisure activities, 397
pocket calculator, 401–402
recording and playback of video 

and TV signals, 400–401
tablet computer, 406
television, 398–400
video photography, 406

Home lighting, 397–398
Home PC 402
Home photography, 406
Home printer units, 402
Home security systems, 404–405
Homing, military optoelectronics, 

170, 171
Hot spot detectors, 172
HRM, see High-resolution 

manometry
Huff-and-puff method, 274
HWC, see Helically wrapped cable
HWGs, see Hollow waveguides
Hydrocarbon recovery and 

processing, 264
Hydrogen cyanide, 267, 268
Hydrogen, measurement of, 202
Hydrophone, 288, 289, 291, 293, 294

typical optical, 290

I

I35W Bridge, Minneapolis, 11–12
Icelandic volcanoes, monitoring of 

ash from, 129–131
ICLs, see Interband cascade lasers
Identification, 155, 255

military optoelectronics, 
154–155, 178–179

visual “identification” criteria, 
154–155

iHWGs, see Integrated HWGs
ILP, see Interstitial laser 

photocoagulation
Image “stitching” 69
Image tubes, 151–152
Imaging

diffuse imaging, 355
fluorescence, 349, 358
flying/driving aids, 176
gas imaging systems, 197–198
Landsat imaging capabilities, 

90–93
laser-gated imaging, 157–158
military applications, 151–154, 

176, 178
optical, 351
optical molecular imaging, 357
photoacoustic, 354
spectrophotometers, 116
thermal imaging and night 

vision, 179
Imaging resolutions of satellites, 93
Indicator lights, 56
Indirect optical sensors, 118

reagent-based in situ, 119–122
Indoor optical wireless 

communications, 416
Inductive loop detectors, 34
Industrial applications

of optical spectroscopy, see 
Optical spectroscopy, 
industrial applications of

Raman gas spectroscopy, 255
Industrial robotics, 220
Industry

applications of optoelectronics 
in, 184–189

aviation industry, 129, 131
oil and gas, see Oil and gas 

industry, fiber optics in
optical gas-sensing methods for, 

see Optical gas-sensing 
methods for industry

optical metrology in, see Optical 
metrology in industry

Inelastic scatter measurements, 117
Infantry devices, 178
Infrared (IR), 418, 422

absorption spectroscopy, 245
cameras, 30
light, 345
military optoelectronics, 146, 

149
night-vision driving aids, 60
search and track, 167–169
spectroscopy, 308, 366
system design, 146

see also Mid-infrared (MIR) 
spectroscopy

Infrared sensors, for mineral 
exploitation, 313

in the field, 313–315
oil shale characterization via 

IR-based methods, 313
Infrastructure field, applications of 

optoelectronics in, 2–4
Inherent optical properties (IOP), 

116, 117
In Situ aquatic oxygen sensors, 118
In situ fluid property measurement, 

305
In situ lab-on-chip sensors, 120, 122

autonomous vehicles, 
application on, 125–126

first generation chemical sensors 
for icy ecosystems, 123–124

Macronutrient Cycles in the 
Christchurch estuary, 123

ocean observatories, application 
in, 125–126

In situ sensors, 116–118
Insoluble organic matter, 313
Installed optical sensor and semi-

infinite tube, 334
Integrated HWGs (iHWGs), 369, 370
Intelligent infrastructure, 29

automatic license plate 
recognition/electronic 
vehicle identification, 
30–32

camera architecture, 33
capabilities of, 30
data protection, 32–33
embedded ALPR camera, 

33–34
intelligent transport materials, 

34–35
for smart cities, 35

Alpine and Cross City 
Tunnels, 39–40

critical infrastructure and 
access control, 40

Low Emission Zone (LEZ), 
38–39

National Traffic Control 
Centre, 39

public safety and security, 
35–37
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Intelligent infrastructure (cont.)
ring of steel, 37
road user charging and 

JTMS 37–38
Interband cascade lasers (ICLs), 

196, 197, 367
Interferometric bias, 23
Interferometric detection 

techniques, 353, 383
Interferometric distance monitor, 

217
Interferometric measurement laser, 

216
Interferometry, 6, 216, 218

speckle, 219
white-light interferometry, 215

International Telecommunications 
Union (ITU), 292

Interrogator, 25, 237–239, 243, 267
Interstitial laser photocoagulation 

(ILP), 355
Intersubband detectors, 367
In-vehicle displays, 57–58
In vitro and ex vivo applications, 345

biochip and microarrays, 
346–348

DNA probes, 348
DNA sequencing, 345–346

In vivo diagnostic applications, 348
elastic scattering spectroscopy, 

350
fluorescence spectroscopy, 

349–350
microscopy, various types of, 351
optical coherence tomography 

(OCT), 353–354
photoacoustic imaging, 

354–355
photon migration and diffuse 

optical imaging, 355
Raman and IR spectroscopy, 

350–351
In vivo recordings, 378–379
In vivo therapeutic applications, 355

laser therapy and surgery, 
355–356

low-level laser therapy (LLLT), 
356–357

photodynamic therapy, 356
In-well level monitoring, 269
IOP, see Inherent optical properties

IP (Internet protocol) camera 
systems, 72

iRobot/Kongsberg Seaglider, 126
IR, see Infrared
Isoprene, 370

J

Japan Aerospace Exploration 
Agency (JAXA), 94

JTMS (Journey Time Measurement 
Systems)

road user charging and, (case 
study example), 37–38

L

Lab-on-chip sensors, 122, 123, 125, 
126

Lab-on-chip technologies, 119, 125
LAC, see Local area coverage
Land monitoring, satellite-based, 

see Satellite-based land 
monitoring

Landsat, 2, 97
Landsat, 5, 90, 91
Landsat, 7, 90, 97
Landsat, 8, 89–93, 95, 97, 314
Landsat Data Continuity Mission, 

92
Landsat imaging capabilities, 90–93
Landsat satellite, 89–90, 94, 97, 314
Land surface temperature (LST), 

94, 99, 102
Lane-following sensors, 58
Laser Doppler velocimetry (LDV), 

217–218
Laser-induced fluorescence (LIF), 

349
Laser materials processing (LMP) 

applications, 207
Laser metrology, 214

bar code reading and product 
scanning, 219–220

coherent laser measurements, 
216–217

compensation for 
atmospheric properties, 
217

laser Doppler velocimetry 
(LDV), 217–218

photon correlation 
spectroscopy (PCS), 
218–219

speckle interferometry, 219
industrial robotics, 220
laser distance measuring, 

214–215
laser measurement of, 3D 

profiles, 215
laser “straight line” 214
optical safety beams and 

curtains, 219
precision distance resolution 

and surface profiling, 
215–216

Lasers
-based sensors, 196–197
beamriding, 158, 170, 171
cutting, 210–211
designators, 157, 171, 178
-gated imaging, 157–158
high-energy, 157
high power laser processing, 

210–211
low-level laser therapy, 356
machining, 207–208, 214
marking, 208–210
micromachining, 209–210
military optoelectronics, 

149, 155–158, 170–171, 
173, 178

radar, 158
rangefinders, 155–157
therapy and surgery, 355–356
warning systems, 175
welding, 211

Laser Sintering process, 229, 232
Laser surface treatment (LST) 

applications, 208
Latent variables (LV), 373
LCDs, see Liquid crystal displays
LCI, see Low-coherence 

interferometry
LDV, see Laser Doppler velocimetry
Lean Premix Combustion systems, 

240
LED (light-emitting diode), 43, 302, 

386, 413
LED-based sensing systems for 

industry, 220
liquid level sensors, 222
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medium-range distance-
measuring detectors, 
221–222

optical position encoders and 
tachometers, 222

optical safety interlock systems, 
220–221

short distance proximity 
detectors, 221

LED side-lights, 56
LEO satellites, see Low earth orbit 

satellites
LEZ, see Low Emission Zone
License plate recognition, see 

Automatic license plate 
recognition (ALPR) 
camera

LIDAR (light detection and 
ranging), 58–59, 61, 116, 
131, 214–215, 217

LIF, see Laser-induced fluorescence
light-emitting diode, see LED
Lighting, see Vehicle lighting
Light transport and photon 

migration, 345
Limit of detection (LOD), 122, 370
“Line-guided” vehicles, 58
Line of sight, 158, 160, 165, 195, 413, 

420–421
Liquid crystal displays (LCDs), 56
Liquid level sensors, 222
Lithium batteries, 329, 405
LLLT, see Low-level laser therapy
LMP applications, see Laser 

materials processing 
applications

Local area coverage (LAC), 99
LOD, see Limit of detection
Logging while drilling (LWD), 302
London Congestion Charging 

Scheme, 38
London Streets Traffic Control 

Centre (LSTCC), 45
London Volcanic Ash Advisory 

Centre, 130
Longer-range sensors, 220
Low-coherence interferometry 

(LCI), 6, 383
Low earth orbit (LEO) satellites, 415
Low Emission Zone (LEZ), 38

case study example, 38–39

Low-level laser therapy (LLLT), 
356–357

LST applications, see Laser surface 
treatment applications

LST, see Land surface temperature
Luzzone Dam, 12, 14
LV, see Latent variables
LWD, see Logging while drilling

M

Manometry, 377
Marine ecology, phytoplankton 

productivity and, 107
Market applications, 31
Material jetting, 228
MCT, see Mercury–cadmium–

telluride
Meadowhall installation, 40
Measurement requirements, 

115–116
Medical applications, 343–359

Raman gas spectroscopy, 
252–253

Medium-range distance-
measuring detectors, 
221–222

Medium Resolution Imaging 
Spectrometer (MERIS) 
sensor, 100, 105, 111, 112

“Melt and blow” effect, 210
Mercator’s projection, 67
Mercury–cadmium–telluride 

(MCT), 367
MERIS sensor, see Medium 

Resolution Imaging 
Spectrometer sensor

MET (metrology laboratory) group, 8
Methane, 119, 198, 310, 312
Metop-A 99
Metop-B 99
METRIC computer model, 91, 92
Metropolitan Police Service (MPS), 

44
Michelson configuration, 384
Microarrays, 346–348
Microfluidic chip, 119, 120
Microfluidics, 119
Microgeneration, 402, 403
Micromill facility, 119
Microscopy, various types of, 351

Microstructural analysis, 234
Mid-infrared diagnostics, breath 

analysis with, see Breath 
analysis: with mid-
infrared diagnostics

Mid-infrared (MIR) spectroscopy, 
307

carbon dioxide hydrates, 312–313
gas hydrate formation, influence 

of detergents on, 311–312
of gas hydrates, 310, 311

carbon dioxide hydrates, 
312–313

influence of detergents on 
gas hydrate formation, 
311–312

IR sensors for mineral 
exploitation, 313

IR sensors in the field, 
313–315

oil shale characterization via 
IR-based methods, 313

volatile organic constituent 
(VOC)

“fingerprinting,” in aqueous 
environments, 308–309

quantification of, in marine 
environments, 309–310

Mie scattering, 344
Mie theory, 131, 134
Military applications, 145–180

electro-optical technologies, 
161–164

engagement, 169–174
environmental factors, 146–147, 

160–165
examples, 165–179
historical overviews, 148–150
imaging technology, 151–154, 

176, 178
lasers, 149, 155–158, 170–171, 

173, 178
navigation, 176–177
operational impact, 179
piloting, 176–177
reconnaissance, 165–167
roles, 165–179
self defence, 174–176
surveillance and target 

acquisition, 167–169
training, 177–178
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MIMO systems, see Multiple input 
multiple output systems

MIR spectroscopy, see Mid-infrared 
spectroscopy

Mixture-tuned matched filtering 
(MTMF), 314

MMFs, see Multi-mode fibers
Mobile phones and other portable 

devices, 405
Moderate resolution imaging 

spectrometer, 105
Moderate Resolution Imaging 

Spectroradiometer sensor, 
100

Modulated retroreflector 
(MRR)-based 
terminal, 414

Modulation, 421–422
Molecular theranostic system, 358
Monte Carlo simulation, 293, 345
MPS, see Metropolitan Police 

Service
MSI, see Multispectral instrument
MTMF, see Mixture-tuned matched 

filtering
Multielement receivers, 420, 421
Multielement transmitters, 419
Multifunction smart watch, 406
Multi-mode fibers (MMFs), 278
Multiphoton microscopy, 351, 352
Multiple input multiple 

output (MIMO) 
systems, 418

Multispectral instrument (MSI), 98
Multispectral Scanner, 314

N

NAME (Numerical Atmospheric-
dispersion Modeling 
Environment), 130

N-(1-Naphthyl)-ethylenediamine 
dihydrochloride (NED), 
122

National Aeronautics and Space 
Administration (NASA), 
97

National Research Council, 359
National Traffic Control Centre 

(NTCC), 38
case study example, 39

Natural biogeochemical cycles, 115
Natural gas, 198, 202, 241, 255, 313
Navigation, 148, 176–177
Near-infrared (NIR) light, 344
Night-vision, 151–152, 178, 179
NIR light, see Near-infrared light
Nitrate sensors, 122, 123–125
Nitrogen assist gas, 210
15N-labeled substrate, 254
NOAA-18 99
NOAA-19 99
Noise performance, 294
Nondispersive IR (NDIR), 195

measurement of carbon dioxide, 
199–200

Nonimaging techniques, 155
Nonoptical technologies, 60
Nuclear power, 264
Nucleic acids, 346, 348

O

Obstacle avoidance, 158, 177
Ocean carbon uptake, climate 

change and, 107–109
Ocean color measurements, 

principles of, 103–105
“Ocean color” satellite sensors, 103, 

107, 110
Ocean color sensors, 105–107
Ocean Land Colour Instrument 

(OLCI), 107
Ocean observatories, application in, 

125–126
Oceans and aquatic environments, 

115
direct optical sensors, 116

in situ sensors, 116–118
satellite and remote sensing, 

116
indirect optical sensors, 118

reagent-based in situ indirect 
optical sensors, 119–122

in situ lab-on-chip sensors, 120, 
122

autonomous vehicles, 
application on, 
125–126

first generation chemical 
sensors for icy ecosystems 
(DELVE), 123–124

Macronutrient Cycles in the 
Christchurch estuary, 123

ocean observatories, 
application in, 125–126

measurement requirements, 
115–116

OCT, see Optical coherence 
tomography

OFDM, see Orthogonal frequency 
division multiplexing

OH bond, see Oxygen–hydrogen 
bond

Oil and gas industry, fiber optics 
in, 263

distributed acoustic sensing 
(DAS), 277

cable types for DAS 
277–279

fracturing, 279–280
helically wrapped cable 

(HWC), 281
surface seismic, 281
vertical seismic profiling 

(VSP), 280
distributed sensing, 271

applications, 274
types of installation, 273–274

Fiber Bragg grating (FBG) 
interrogator, 267

developments, 267
requirements, 267
results, 267–268

fiber optic pressure gauges, 268
in-well level monitoring, 269
pressure gauge deployment, 

269–270
high-temperature fibers, 

274–277
status of fiber optics in, 281–283
well constructions, 265

field architecture structure 
basics, 265–267

Oil and gas wellbores, applications 
inside, 303

advanced applications, 305–306
formation tester, 304
in situ fluid property 

measurement, 305
sampling program optimization, 

304–305
sampling quality assurance, 305
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Oilfield production monitoring 
with fiber-optic 
sensors, 287

mechanical design issues, 
292–293

sensing principles, 289–292
system qualification and 

reliability assessment, 293
dynamic range, 294
field testing, 295
noise performance, 294
operational issues, 294–295

Oil/gas wells, fluid spectra in, 
300–301

Oil industry, 264–265
Oil shale characterization via 

IR-based methods, 313
Oil spills, 103, 110–112
OLED (organic light emitting 

diode), 58
Oligonucleotide microarrays, 346
OLI, see Operational land imager
Omnisens, 8
On-vehicle usage

of, 360° catadioptric camera, 
68–69

of, 360° polycamera, 70
OODA loops, 150, 151
OPD, see Optical path difference
Operational impact, military 

applications, 179
Operational issues, 294–295
Operational land imager (OLI), 90, 

92, 97
OPL, see Optical path length
OPO laser, see Optical Parametric 

Oscillator laser
Optical absorbance cell, 122
Optical aerosol spectrometers, 

131–136
Optical capacitor, 251
Optical coherence tomography 

(OCT), 215, 353–354
in medicine, 383

basic arrangement, 384–386
frequency-domain, 387
full-field (en face), 388
swept-source (SS-OCT), 387
time-domain, 386–387

Optical communication, 413
in home equipment, 401

Optical concentrator, 420
Optical dynamic pressure sensors, 

238
Optical fiber communications to 

the home, 401
Optical filter, 417, 419–420
Optical gas-sensing methods for 

industry, 191
advantages of optical gas 

detection, 192
case-study examples of 

optical indicator 
methods, 202

commercial optical sensors, 
case-study examples of, 
198

NDIR measurement of 
carbon dioxide, 199–200

TDLS-based detection of 
leaks from pressurized 
cans, 200–201

direct detection of gases, 192
broadband absorption 

detectors, 194–196
gas imaging systems, 

197–198
laser-based sensors, 196–197

gases measured using direct 
optical methods, 198

indirect detection of gases using 
indicator chemistry, 
201–202

Optical imaging, 351, 355
Optical metrology in industry, 214

laser metrology, 214
bar code reading and 

product scanning, 
219–220

coherent laser 
measurements, 216–219

industrial robotics, 220
laser distance measuring, 

214–215
laser measurement of, 3D 

profiles, 215
laser “straight line” 214
optical safety beams and 

curtains, 219
precision distance resolution 

and surface profiling, 
215–216

LED-based sensing systems for 
industry, 220

liquid level sensors, 222
medium-range distance-

measuring detectors, 
221–222

optical position encoders and 
tachometers, 222

optical safety interlock 
systems, 220–221

short distance proximity 
detectors, 221

Optical molecular imaging and 
theranostics, 357–358

Optical Parametric Oscillator 
(OPO) laser, 354

Optical path difference (OPD), 216, 
236, 237

Optical path length (OPL), 193, 
196–197, 355, 368, 370

Optical position encoders and 
tachometers, 222

Optical profilometry, 120, 121
Optical remote control units, 401
Optical remote sensing, 103

climate change and ocean 
carbon uptake, 107–109

harmful algal bloom (HAB), 
109, 110

ocean color measurements, 
principles of, 103–105

ocean color sensors, 105–107
oil spills, 103, 110–112
phytoplankton 

productivity and 
marine ecology, 107

pollution monitoring, 103, 
109–110

Optical safety beams and curtains, 
219

Optical safety interlock systems, 
220–221

Optical Sensor Unit (OSU), 293
Optical spectroscopy, industrial 

applications of, 222
absorption spectroscopy, 223
fluorescence spectroscopy, 224
photon correlation spectroscopy, 

225
Raman spectroscopy, 224–225
reflection spectroscopy, 223
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Optical time domain reflectometry 
(OTDR), 20–21, 271, 277

Optical wireless systems, 416, 421
Optoacoustic tomography, 

see Photoacoustic 
tomography

Optodes (optical electrodes), 118, 
125

Orbiting Carbon Observatory, 2 
(OCO-2), 94

Orthogonal frequency division 
multiplexing (OFDM), 422

Osram blue lasers, 57
OTDR, see Optical time domain 

reflectometry
Oxygen–hydrogen (OH) bond, 301

P

Packer, 265, 279, 304
PAN band, see Panchromatic band
Panchromatic (PAN) band, 97
Pan, tilt, and zoom (PTZ) cameras, 

65
Parking/reversing aids, 58
PAR, see Photosynthetically 

available radiation
Part finishing, 232–233
Partial least squares regression, 

303, 313
PAS, see Photoacoustic 

spectroscopy
Passive IR imaging, 197–198
PCA, see Principal components 

analysis
PCBs, see Printed circuit boards
PCR, see Polymerase chain reaction
PCs, see Principal components
PCS, see Photon correlation 

spectroscopy
PDT, see Photodynamic therapy
Pedestrian SCOOT 45
Pellistors, 192, 199
Peptide nucleic acid (PNA), 348
Perimeter security, 219

distributed acoustic sensing 
(DAS) for, 80–81

Periscopes, 160, 169
Permanent reservoir monitoring 

(PRM), 287–288, 292–293
Phase-sensitive detection, 23–24

Phosphor, 417
re-emitted light from, 57

Photoacoustic sensing techniques, 
370–371

Photoacoustic sensors, 196
Photoacoustic spectroscopy (PAS), 

196, 370, 371
Photoacoustic tomography, 

354–355
Photobiomodulation, see Low-level 

laser therapy (LLLT)
Photodetector/preamplifier, 420
Photodiodes sensitivity, 302
Photodynamic therapy (PDT), 

349, 356
Photogem, 349
Photon correlation spectroscopy 

(PCS), 218–219, 225
Photonics, 343–359

absorption, 345
fluorescence, 345
future applications of, 357

National Research Council, 
recommendations of, 359

optical molecular imaging 
and theranostics, 357–358

point-of-care testing (PoCT), 
357

in vitro and ex vivo applications, 
345–348

biochip and microarrays, 
346–348

DNA probes, 348
DNA sequencing, 345–346

in vivo diagnostic applications, 
348

imaging, 351–355
spectroscopic diagnostics, 

348–351
in vivo therapeutic applications, 

355
laser therapy and surgery, 

355–356
low-level laser therapy 

(LLLT), 356–357
photodynamic therapy, 356

light transport and photon 
migration, 345

reflection and refraction, 344
scattering, 344–345

Photon migration techniques, 355

Photosynthetically available 
radiation (PAR), 117

Photovoltaic (PV) process, 323
Photovoltaic/photoconductive 

semiconductor-based 
devices, 367

Physical threats, 160
Phytoplankton productivity and 

marine ecology, 107
π-electrons, 301
“Pig” transiting a pipeline, 27–28
Pile loading test, 9–11
Piloting, 176–177
PIN photodiodes, see Positive–

intrinsic–negative 
photodiodes

Pipeline security and monitoring, 
27–28

Planet Labs, 93
Plasma displays, 58, 399
Platform characteristics, 165
Plavinu Dam in Latvia, 15
PlotHRM software, 379
PLS (partial least squares), 373
PMMA, see 

Poly(methylmethacrylate)
PNA, see Peptide nucleic acid
Pocket calculator, 401–402
PoCT, see Point-of-care testing
Point-of-care testing (PoCT), 357
Point sensors, 5, 19, 265
Pollution monitoring, 103, 109–110
Poly(methylmethacrylate) 

(PMMA), 119
Polycamera, see, 360° polycamera
Polyethylene glycol, 379
Polymerase chain reaction (PCR), 

348, 373
Polymer-coated zinc selenide 

(ZnSe) waveguide, 308
Polystyrene latex spheres (PSL), 134
Positive–intrinsic–negative (PIN) 

photodiodes, 420
Postprocess, 232

part finishing, 232–233
quality control and testing, 233

accuracy, 233–234
microstructural analysis, 234
surface roughness, 233
tensile testing, 233

Powder bed fusion, 229, 230
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Power generation, 235
advantages of fiber optical 

sensors for, 333–334
Power optimizer chips, 328
PPM, see Pulse position modulation
Preamplifier, 420
Precision distance resolution 

and surface profiling 
using white-light 
interferometry, 215–216

Preprocess, 230
production of, 3D data, 231
testing of raw material, 231–232

Pressure gauge deployment, 
269–270

Pressure sensors, 236, 333, 334
Pressure–volume–temperature 

analysis, 305
Principal components (PCs), 373
Principal components analysis 

(PCA), 313, 373
Printed circuit boards (PCBs), 120, 

209
PRM, see Permanent reservoir 

monitoring
Process monitoring, 232
Production wells, 265
Product scanning, 219–220
Prototype system, 295
Pseudomonas stutzeri, 254
PSL, see Polystyrene latex spheres
PTZ cameras, see Pan, tilt, and 

zoom cameras
Public safety and security, case 

study example, 35–37
Pulse position modulation (PPM), 

422
Pumped fiber, 274
PV process, see Photovoltaic 

process
Pyranometer, 328, 329
Pyroelectric detector, 367, 405

Q

QCD, see Quantum cascade 
detector

QCLs, see Quantum cascade lasers
QTF, see Quartz tuning fork
Quality control and testing, 233

accuracy, 233–234

microstructural analysis, 234
surface roughness, 233
tensile testing, 233

Quantum cascade detector (QCD), 
367

Quantum cascade lasers (QCLs), 
197, 200, 367, 369, 370

Quantum mechanical selection 
rules, 247

Quantum well infrared 
photodetectors (QWIPs), 
91

Quartz-enhanced PAS (QEPAS) 
technique, 370, 371

Quartz tuning fork (QTF), 371
Quasi-distributed sensor, 265
QWIPs, see Quantum well infrared 

photodetectors

r

Radar, 60, 94, 158
laser radar systems, 158

Radiance reflected at the sea 
surface, 105

Radiofrequency (RF) wireless 
systems, 416

Radiometers, 116
Railroads, monitoring of, 26–27
Raman and IR spectroscopy, 

350–351
Raman distributed temperature 

sensors, 8
Raman gas spectroscopy, 245

environmental applications, 
253–255

industrial applications, 255
measurement principle, 249–251
medical applications, 252–253
theory of, 246–249

Raman scattering, 8, 116, 202, 224, 
246, 247, 249, 255, 345, 
350, 351

Raman spectroscopy, 118, 224–225, 
245, 249, 251–255, 351

Rangefinders/rangefinding, 155–157
Raw material, testing of, 231–232
“Rayleigh” distribution, 22
Read event, generation of, 31
Reagent-based in situ indirect 

optical sensors, 119–122

Receiver, 158, 170, 288, 419
concentrating optics, 420
multielement, 420
optical filter, 419–420
photodetector/preamplifier, 420

Reconnaissance, 165–167
Red, green, and blue (RGB) 

emitters, 417
Re-emitted light from phosphor, 57
Reflection, 7, 20, 68, 344
Reflection spectroscopy, 223
Refraction, 344
Regional land surface 

characterization, 100–102
Regional monitoring, 97–99
Remote-piloted vehicles (RPVs), 60
Resolution, 7, 100, 105

high-resolution cameras, 405
precision distance resolution, 

215–216
reconnaissance systems, 166–167

Retroreflector, 177, 214, 288, 414
Reversing aids, 58
RGB emitters, see Red, green, and 

blue emitters
Ring of steel, case study example, 37
Roads and highways, monitoring 

of, 26
Road user charging and JTMS

case study example, 37–38
Robotics, 73

industrial, 220
RPVs, see Remote-piloted vehicles
Ruggedized fiber optical pressure 

sensor, 333–334

S

S&TA, see Surveillance and target 
acquisition

Sacral nerve stimulation (SNS), 381
SAGD wells, see Steam-assisted 

gravity drainage wells
Sampling program optimization, 

304–305
Sampling quality assurance, 305
SAR, see Synthetic aperture radar
Satellite and remote sensing, 116
Satellite-based land monitoring, 

90, 97
global scale monitoring, 99–100



442  Index

Satellite-based land monitoring 
(cont.)

regional land surface 
characterization, 100–102

regional monitoring, 97–99
Satellite-derived chlorophyll 

concentrations, 109
Satellites, earth observation 

from, 89
future of, 94–95
Landsat imaging capabilities, 

90–93
small-sats, 93–94

Scanning electron microscopy, 232
Scattering, 344–345

Brillouin scattering sensors, 8
elastic, 344
inelastic, 345
Mie scattering, 344
Raman scattering, 8, 116, 224, 

246, 247, 249
Rayleigh scattering, 20, 218, 246

Scatter sites, 21–22
SCOOT system, see Split cycle offset 

optimization technique 
system

Scout vehicles, 173
SDS, see Sodium dodecyl sulfate
Seaviewing Wide Field-of-view 

Sensor (SeaWiFS), 105, 110
SeaWiFS, see Seaviewing Wide 

Field-of-view Sensor
SECAM (Séquentiel Couleur à 

Mémoire) system, 400
Security and surveillance field

applications of optoelectronics 
in, 76–78

distributed acoustic sensing
border security, 79–80
distributed acoustic sensing 

(DAS) for perimeter 
security, 80–81

Selective Laser Melting, 229
Self defence, 174–176
Sentinel-1A 94
Sentinel-3 94
Sentinel-3A 89, 95
Sheet lamination, 230
Short distance proximity detectors, 

221
Shortwave infrared (SWIR), 97

SIBO, see Small intestinal bacterial 
overgrowth syndrome

Siemens, 300 MW SGT5–4000F 
commercial GT 
combustor, 238–239

Siemens, 501-KB7S 5 MW aero-
derivative gas turbine, 334

Signals, 135
de-polarization, 135
photoacoustic, 354
processing, 149
Raman signal, 247, 249, 351
Stokes signal, 247

Signal-to-noise ratio (SNR), 21, 153, 
192, 197, 200, 221, 223, 
361, 368, 401, 421, 422

Silica-based fiber Bragg grating 
(FBG) sensors systems, 
236, 242–243

Single- and multipass absorption-
based sensing methods, 
368

cavity-enhanced sensing 
techniques, 371–372

chemometrics in breath 
diagnostics, 372–373

photoacoustic sensing 
techniques, 370–371

Singular value decomposition 
(SVD), 373

SLI programme, see Sustained land 
imaging programme

Slipstreaming, 62
SLM, see Spatial light modulator
Small intestinal bacterial 

overgrowth syndrome 
(SIBO), 252–253

Small-sats, 93–94
SMARTape sensors, 15, 16, 17
Smart cities, ALPR for, see 

Automatic license plate 
recognition (ALPR) 
camera: for smart cities

SMARTEC 6, 8, 12, 16
Smartphone, 405, 406
Smart watch, multifunction, 406
SNR, see Signal-to-noise ratio
SNS, see Sacral nerve stimulation
Sodium dodecyl sulfate (SDS), 311
Sodium picosulfate, 379
SOFO displacement sensors, 6–7

Solar irradiance measurements, 
328, 329

Solar panel
applications of electricity 

generation by, see 
Electricity generation, 
applications of (by solar 
panels)

field cabinet with, 272
Solar-powered bin, 325
Solar radiation, 147
Spatial light modulator (SLM), 416
Speckle interferometry, 219
Spectral absorption attenuation 

meters, 117
Spectroradiometers, 117
Spectroscopic diagnostics, 348–351
Spectroscopy, 222

absorption, 193, 223
cavity-enhanced absorption 

spectroscopy (CEAS), 372
cavity ring-down spectroscopy 

(CRDS), 371
elastic scattering, 350
fluorescence, 224
fluorescence, 349–350
IR 350–351, 366
MIR spectroscopy, 310–313, 368
photon correlation, 225
photon correlation spectroscopy 

(PCS), 218
Raman spectroscopy, 118, 

224–225, 245, 350–351
reflection, 223
tunable diode laser spectroscopy 

(TDLS), 196
wavelength modulation 

spectroscopy (WMS), 196
see also Raman gas spectroscopy

Spherical projection, 360° image 
viewing, 66–67

Split cycle offset optimization 
technique (SCOOT) 
system, 44–46

Stand-alone systems (off-grid), 
324–326

Star tracking, 176–177
Star Wars, 148
Static, 360° surveillance, 72
Steam-assisted gravity drainage 

(SAGD) wells, 274, 275
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Stereolithography, 233
Stereoscopic camera systems, 221
Stimulated Brillouin amplification, 

8
Stokes shift, 247
Stokes-shifted Raman signal light, 

251
Strain minimization, 293
Strategic Defense Initiative, 148
Structural health monitoring, 

5–17
Submarine periscopes, 160, 169
Submarines, 169
Surface-enhanced Raman 

scattering, 346
Surface enhanced Raman 

spectroscopy, 118
Surface roughness, 233
Surface seismic, 281–282
Surveillance, 175

static, 360° surveillance, 72
vehicle-mounted, 360° 

surveillance, 71–72
Surveillance and target acquisition 

(S&TA), 167–169
Sustained land imaging (SLI) 

programme, 93
SVD, see Singular value 

decomposition
Swept-source OCT (SS-OCT), 386, 

387
SWIR, see Shortwave infrared
Synthetic aperture radar (SAR), 110

t

Tablet computer, 406
Target engagement, 169–174
TDLs, see Tunable diode lasers
TDLS, see Tunable diode laser 

spectroscopy
TDM, see Time Division 

Multiplexing
TD-OCT, see Time-domain OCT
Television, 398–400
Tensile testing, 233
Terrain matching, 176
Tetrahydrofuran (THF), 311
Theranostics, 357–358
Thermal imaging

military applications, 151–154

Thermal infrared sensor (TIRS), 90, 
91, 97

Thermopiles, 367
THF, see Tetrahydrofuran
Thin tinted walls, 121
Threat suppression, 175
Threat warning, 174–175, 178
Time Division Multiplexing 

(TDM), 292
Time-domain OCT (TD-OCT), 

384, 385, 386–387
Time-resolved fluorescent 

spectroscopy, 224
TIRS, see Thermal infrared sensor
Toyota, 35
Tracer-to-tracee ratio (TTR), 373
Tracking, 155, 167–169, 176–177
Traffic information, provision of

to road users, 46
Traffic monitoring and 

management, 45–46
Transmissometers, 117
Transmitter, 171, 413, 414, 417–422
Transport field

applications of optoelectronics 
in, 50–53

Transport for London (TfL), 38, 
43, 44

Transport for London Road 
Network (TLRN), 43

Transport materials, intelligent, 
34–35

True color composites, 101, 111
TTR, see Tracer-to-tracee ratio
Tunable diode lasers (TDLs), 367
Tunable diode laser spectroscopy 

(TDLS), 195, 196, 197, 198
-based detection of leaks from 

pressurized cans, 200–201
Turrets, 166–167
TV signal

recording and playback of, 
400–401

U

UAVs, see Unmanned aerial 
vehicles

Ultra high definition (UHD) TVs, 
399

Uncooled thermal imagers, 154

United States Geological Survey 
(USGS), 97

Unmanned aerial vehicles (UAVs), 
157, 414

UV transmission spectroscopy, 118

V

Variable message signs (VMS), 34
Vat photopolymerization, 230
Vehicle–infrastructure cooperative 

systems, 35, 36
Vehicle lighting, 56

brake-lights, 56
indicator lights, 56
in-vehicle displays, 57–58
LED side-lights, 56
main automobile head-lights, 

56–57
Vehicle-mounted, 360° 

surveillance, 71–72
Vehicle sights, 174
Vertical seismic profiling (VSP), 

277, 280
Video and TV signals

recording and playback of, 
400–401

Video conferencing, 73
Video photography, 406
VIIRS, see Visible Infrared Imager 

Radiometer Suite
Virtual, 3D pan, tilt, and zoom 

(VPTZ), 68
Virtual pan, tilt, and zoom, 69
Visible and near infrared (VNIR) 

image sensors, 151, 223
Visible Infrared Imager Radiometer 

Suite (VIIRS), 105
Visible light communications 

(VLC), 416, 417, 418, 422
Visible Light Communications 

Consortium (VLCC), 417
Visible to near-infrared (VIS/NIR) 

spectroscopy, 299, 314
applications inside oil and gas 

wellbores, 303
advanced applications, 

305–306
formation tester, 304
in situ fluid property 

measurement, 305
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Visible to near-infrared (VIS/NIR) 
spectroscopy (cont.)

sampling program 
optimization, 304–305

sampling quality assurance, 
305

downhole fluid analysis 
(DFA) spectrometer 
example, 302

accuracy, 303
hardware, 302–303
interpretation, 303

fluid spectra in oil/gas wells, 
300–301

hardware design considerations, 
301

calibrations and 
maintainability, 302

mechanical shock and 
vibration, 302

pressure, 302
spatial limitation, 302
temperature, 301–302

Vision systems, 147, 154–155, 178
VIS/NIR spectroscopy, see 

Visible to near-infrared 
spectroscopy

Visual identification criteria, 
154–155

Visual systems, 147, 154–155, 178

VLC, see Visible light 
communications

VLCC, see Visible Light 
Communications 
Consortium

VMS, see Variable message signs
VNIR image sensors, see Visible 

and near infrared image 
sensors

Voigt profile, 248
Volatile organic compounds, 365
Volatile organic constituent, 315

“fingerprinting,” in aqueous 
environments, 308–309

quantification of, in marine 
environments, 309–310

Volcanic eruptions, monitoring 
of, 129

condensation particle counters 
(CPCs), 135–137

Icelandic volcanoes, monitoring 
of ash from, 129–131

optical aerosol spectrometers, 
131–135

Voltage regulators, 329
VSP, see Vertical seismic profiling

W

Warrior system, 173

Wars, 149–150
Water-leaving radiance, 103–105
Wavelength division 

multiplexing (WDM), 
289, 292, 381, 417

Wavelength modulation 
spectroscopy (WMS), 196

WDM, see Wavelength division 
multiplexing

Weapon aiming, 155, 169–170
Weigh-in motion (WiM) monitors, 

34
Well constructions, 265

field architecture structure, 
265–267

White-light interferometry
precision distance resolution 

and surface profiling 
using, 215–216

WiMax system, 271
WiM monitors, see Weigh-in 

motion monitors
WMS, see Wavelength modulation 

spectroscopy
World War, 2, 149, 150, 151, 

175, 178

Z

Zinc selenide (ZnSe) waveguide, 308
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