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PREFACE TO THE SECOND EDITION

Since the publication of the First Edition in 1991, Fundamentals of Photonics has
been reprinted some 20 times, translated into Czech and Japanese, and used worldwide
as a textbook and reference. During this period, major developments in photonics
have continued apace, and have enabled technologies such as telecommunications
and applications in industry and medicine. The Second Edition reports some of these
developments, while maintaining the size of this single-volume tome within practical
limits.

In its new organization, Fundamentals of Photonics continues to serve as a self-
contained and up-to-date introductory-level textbook, featuring a logical blend of the-
ory and applications. Many readers of the First Edition have been pleased with its
abundant and well-illustrated figures. This feature has been enhanced in the Second
Edition by the introduction of full color throughout the book, offering improved clarity
and readability.

While each of the 22 chapters of the First Edition has been thoroughly updated, the
principal feature of the Second Edition is the addition of two new chapters: one on
photonic-crystal optics and another on ultrafast optics. These deal with developments
that have had a substantial and growing impact on photonics over the past decade.

The new chapter on photonic-crystal optics provides a foundation for understand-
ing the optics of layered media, including Bragg gratings, with the help of a matrix
approach. Propagation of light in one-dimensional periodic media is examined using
Bloch modes with matrix and Fourier methods. The concept of the photonic bandgap
is introduced. Light propagation in two- and three-dimensional photonic crystals, and
the associated dispersion relations and bandgap structures, are developed. Sections on
photonic-crystal waveguides, holey fibers, and photonic-crystal resonators have also
been added at appropriate locations in other chapters.

The new chapter on ultrafast optics contains sections on picosecond and femtosec-
ond optical pulses and their characterization, shaping, and compression, as well as their
propagation in optical fibers, in the domain of linear optics. Sections on ultrafast non-
linear optics include pulsed parametric interactions and optical solitons. Methods for
the detection of ultrafast optical pulses using available detectors, which are relatively
slow, are reviewed.

In addition to these two new chapters, the chapter on optical interconnects and
switches has been completely rewritten and supplemented with topics such as wave-
length and time routing and switching, FBGs, WGRs, SOAs, TOADs, and packet
switches. The chapter on optical fiber communications has also been significantly
updated and supplemented with material on WDM networks; it now offers concise
descriptions of topics such as dispersion compensation and management, optical am-
plifiers, and soliton optical communications.

Continuing advances in device-fabrication technology have stimulated the emer-
gence of nanophotonics, which deals with optical processes that take place over
subwavelength (nanometer) spatial scales. Nanophotonic devices and systems include
quantum-confined structures, such as quantum dots, nanoparticles, and nanoscale
periodic structures used to synthesize metamaterials with exotic optical properties
such as negative refractive index. They also include configurations in which light (or
its interaction with matter) is confined to nanometer-size (rather than micrometer-
size) regions near boundaries, as in surface plasmon optics. Evanescent fields, such
as those produced at a surface where total internal reflection occurs, also exhibit
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such confinement. Evanescent fields are present in the immediate vicinity of sub-
wavelength-size apertures, such as the open tip of a tapered optical fiber. Their use
allows imaging with resolution beyond the diffraction limit and forms the basis of
near-field optics. Many of these emerging areas are described at suitable locations in
the Second Edition.

New sections have been added in the process of updating the various chapters. New
topics introduced in the early chapters include: Laguerre—Gaussian beams; near-field
imaging; the Sellmeier equation; fast and slow light; optics of conductive media and
plasmonics; doubly negative metamaterials; the Poincaré sphere and Stokes parame-
ters; polarization mode dispersion; whispering-gallery modes; microresonators; optical
coherence tomography; and photon orbital angular momentum.

In the chapters on laser optics, new topics include: rare-earth and Raman fiber
amplifiers and lasers; EUV, X-ray, and free-electron lasers; and chemical and random
lasers. In the area of optoelectronics, new topics include: gallium nitride-based struc-
tures and devices; superluminescent diodes; organic and white-light LEDs; quantum-
confined lasers; quantum-cascade lasers; microcavity lasers; photonic-crystal lasers;
array detectors; low-noise APDs; SPADs; and QWIPs.

The chapter on nonlinear optics has been supplemented with material on parametric-
interaction tuning curves; quasi-phase-matching devices; two-wave mixing and cross-
phase modulation; THz generation; and other nonlinear optical phenomena associated
with narrow optical pulses, including chirp pulse amplification and supercontinuum
light generation. The chapter on electro-optics now includes a discussion of electroab-
sorption modulators.

Appendix C on modes of linear systems has been expanded and now offers an
overview of the concept of modes as they appear in numerous locations within the
book. Finally, additional exercises and problems have been provided, and these are
now numbered disjointly to avoid confusion.

In this full-color edition, we have used the color code illustrated in the following
chart for most of the illustrations. Light beams and field distributions are colored red
(except when light beams of multiple colors are involved, as in nonlinear optics). Glass
and glass fibers are depicted in light blue. Semiconductors are cast in green, with
various shades representing different doping levels, and metal is indicated by the color
of copper. Energy diagrams are marked in blue and forbidden photonic bandgaps in
pink, as indicated.

—_—
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Energy levels
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Optical beam
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Organization

In its new incarnation, Fundamentals of Photonics comprises 24 chapters compart-
mentalized into six parts, as depicted in the diagram below. The form of the book
is modular so that it can be used by readers with different needs; it also provides
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instructors an opportunity to select topics for different courses. Essential material from
one chapter is often briefly summarized in another to make each chapter as self-
contained as possible. For example, at the beginning of Chapter 24 (Optical Fiber
Communications), relevant material from earlier chapters that describe fibers, light
sources, detectors, and amplifiers is briefly reviewed. This places the important features
of the various components at the disposal of the reader before the chapter proceeds with
a discussion of the design and performance of the overall communication system that
makes use of these components.

Fundamentals Laser Optics

J

1. Ray Optics

2. Wave Optics
3. Beam Optics
4. Fourier Optics

6. Polarization Optics

Wave Propagation \

7. Photonic-Crystal Optics
8. Guided-Wave Optics
9. Fiber Optics

\ / Lightwave Deviceq

13. Photons and Atoms
14. Laser Amplifiers
15. Lasers

19. Acousto-Optics
20. Electro-Optics
21. Nonlinear Optics

10. Resonator Optics

5. Electromagnetic Optics

11. Statistical Optics
12. Photon Optics

16. Semiconductor Optics

22. Ultrafast Optics

17. Semiconductor Sources

18. Semiconductor Detectors

23. Interconnects/Switches
24. Optical Communications

L Optoelectronics f

\ Lightwave Systems f

Recognizing the different degrees of mathematical sophistication of the intended
readership, we have endeavored to present difficult concepts in two steps: at an intro-
ductory level providing physical insight and motivation, followed by a more advanced
analysis. This approach is exemplified by the treatment in Chapter 20 (Electro-Optics),
in which the subject is first presented using scalar notation and then treated again using
tensor notation.

Commonly accepted notation and symbols have been used wherever possible. Be-
cause of the broad spectrum of topics covered, however, there are a good number of
symbols that have multiple meanings; a list of symbols and units is provided at the
end of the book to clarify symbol usage. Throughout the book, important equations
are highlighted by boxes to facilitate future retrieval. Sections dealing with material
of a more advanced nature are indicated by asterisks and may be omitted if desired.
Summaries are provided throughout at points where a recapitulation is deemed useful
because of the involved nature of the material.

Each chapter also contains exercises, problem sets, and updated selected reading
lists. Examples of real systems are included to emphasize the concepts governing appli-
cations of current interest, and appendixes summarize the properties of one- and two-
dimensional Fourier transforms, linear-systems theory, and modes of linear systems.

Representative Courses

The chapters of this book may be combined in various ways for use in semester or
quarter courses. Representative examples of such courses are provided below. Some of
these courses may be offered as part of a sequence. Other selections may be made to
suit the particular objectives of instructors and students.

Optics/Photonics
1. Ray Optics ;

7. Photonic Crystals 13. Photons and Atoms 19. Acousto-Optics
2. Wave Optics 8. Guided-Wave Optics  14. Laser Amplifiers 20. Electro-Optics
3. Beam Optics 9. Fiber Optics 15. Lasers 21. Nonlinear Optics

10. Resonator Optics 22. Ultrafast Optics
23, Interconnects/Switches

24. Optical Communications

4. Fourier Optics
5. Electromagnetic Optics = 11. Statistical Optics
6. Polarization Optics 12. Photon Optics

16. Semiconductor Optics
17. Sources
18. Detectors
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The first six chapters of the book are suitable for an introductory course on Optics or Photonics.
These may be supplemented by Chapter 11, Statistical Optics, to introduce incoherent and partially
coherent light, or by the introductory sections of Chapters 8 and 9, Guided-Wave Optics and Fiber
Optics, which offer applications.

Optical Information Processing

1. Ray Optics 7. Photonic Crystals 13. Photons and Atoms 19. Acousto-Optics

2. Wave Optics 8. Guided-Wave Optics  14. Laser Amplifiers 20. Electro-Optics

3. Beam Optics 9. Fiber Optics 15. Lasers 21. Nonlinear Optics

4. Fourier Optics 10. Resonator Optics 16. Semiconductor Optics ~ 22. Ultrafast Optics

5. Electromagnetic Optics 11. Statistical Optics 17. Sources 23. Interconnects/Switches
6. Polarization Optics 12. Photon Optics 18. Detectors 24. Optical Communications

A course on Optical Information Processing may begin with a background of wave and beam optics,
and cover Fourier Optics (including coherent image formation and processing), along with incoherent
and partially coherent imaging in Statistical Optics. This may be followed by material on devices used
for analog data processing, such as Acousto-Optics, and end with switches and gates (Chapter 23),
which are used for digital data processing.

Guided-Wave Optics
1. Ray Optics 7. Photonic Crystals 13. Photons and Atoms 19. Acousto-Optics
2. Wave Optics 8. Guided-Wave Optics  14. Laser Amplifiers 20. Electro-Optics
3. Beam Optics 9. Fiber Optics 15. Lasers 21. Nonlinear Optics
4. Fourier Optics 10. Resonator Optics 16. Semiconductor Optics ~ 22. Ultrafast Optics
5. Electromagnetic Optics 11. Statistical Optics 17. Sources 23. Interconnects/Switches
6. Polarization Optics 12. Photon Optics 18. Detectors 24. Optical Communications

A course on Guided-Wave Optics may begin with an introduction to wave propagation in layered
and periodic media (Chapter 7, Photonic-Crystal Optics) and follow with the chapters on Guided-
Wave Optics, Fiber Optics, and Resonator Optics. Additional topics may include Electro-Optics and
Optical Interconnects and Switches.

Lasers
1. Ray Optics 7. Photonic Crystals 13. Photons and Atoms 19. Acousto-Optics
2. Wave Optics 8. Guided-Wave Optics 14, Laser Amplifiers 20. Electro-Optics
3. Beam Optics 9. Fiber Optics 15. Lasers 21. Nonlinear Optics
4; Fourief Optics‘ 10. Resonator Optics 16. Semiconductor Optics  22. Ultrafast Optics
5. Electromagnetic Optics 11. Statistical Optics 17. Sources 23. Interconnects/ SMiches
6. Polarization Optics 12. Photon Optics 18. Detectors 24. Optical Communications

A course on Lasers could begin with Beam Optics and Resonator Optics, and follow with the theory
of interaction of light with matter (Chapter 13) and laser amplification and oscillation (Chapters 14
and 15), and include semiconductor LEDs and lasers (Chapters 16 and 17). An introduction to
femtosecond lasers can be provided by including appropriate sections from Ultrafast Optics.

Optoelectronics

1. Ray Optics 7. Photonic Crystals 13. Photons and Atoms 19. Acousto-Optics

2. Wave Optics 8. Guided-Wave Optics  14. Laser Amplifiers 20. Electro-Optics

3. Beam Optics 9. Fiber Optics 15. Lasers 21. Nonlinear Optics

4. Fourier Optics 10. Resonator Optics 16. Semiconductor Optics ~ 22. Ultrafast Optics

5. Electromagnetic Optics 11. Statistical Optics 17. Sources 23. Interconnects/Switches
6. Polarization Optics 12. Photon Optics 18. Detectors 24. Optical Communications

The three chapters covering semiconductor optics, sources/amplifiers, and detectors form a suitable
basis for a course on Optoelectronics. This material may be supplemented with optics background
from earlier chapters, and extended to include topics such as liquid-crystal devices (Secs. 6.5 and
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20.3), semiconductor electroabsorption modulators (Sec. 20.5), and an introduction to the use of
photonic devices for switching and/or communications (Chapters 23 and 24, respectively).

Photonic Devices

1. Ray Optics 7. Photonic Crystals 13. Photons and Atoms 19. Acousto-Optics

2. Wave Optics 8. Guided-Wave Optics  14. Laser Amplifiers 20. Electro-Optics

3. Beam Optics 9. Fiber Optics 15. Lasers 21. Nonlinear Optics

4. Fourier Optics 10. Resonator Optics 16. Semiconductor Optics ~ 22. Ultrafast Optics

5. Electromagnetic Optics 11. Statistical Optics 17. Sources 23. Interconnects/Switches
6. Polarization Optics 12. Photon Optics 18. Detectors 24. Optical Communications

Photonic Devices is another possible topic for a course that combines photonic-crystal and guided-
wave devices with electro-optic, acousto-optic, and nonlinear optical devices, and includes ultrafast
optics and optical interconnects/switches.

Fiber-Optic Communications

1. Ray Optics 7. Photonic Crystals 13. Photons and Atoms 19. Acousto-Optics

2. Wave Optics 8. Guided-Wave Optics  14. Laser Amplifiers 20. Electro-Optics

3. Beam Optics 9. Fiber Optics 15. Lasers 21. Nonlinear Optics

4. Fourier Optics 10. Resonator Optics 16. Semiconductor Optics  22. Ultrafast Optics

5. Electromagnetic Optics 11. Statistical Optics 17. Sources 23. Interconnects/Switches
6. Polarization Optics 12. Photon Optics 18. Detectors 24. Optical Communications

A course on Fiber-Optic Communications could include optical waveguides and fibers, semiconduc-
tor sources and amplifiers (possibly also Secs. 14.3C and 14.3D on optical-fiber and Raman-fiber
amplifiers), as background material for the chapter on Optical Fiber Communications (Chapter 24).
If fiber-optic networks are to be emphasized, Sec. 23.3 on photonic switches may also be included.
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PREFACE TO THE FIRST EDITION

Optics is an old and venerable subject involving the generation, propagation, and de-
tection of light. Three major developments, which have been achieved in the last thirty
years, are responsible for the rejuvenation of optics and for its increasing importance
in modern technology: the invention of the laser, the fabrication of low-loss optical
fibers, and the introduction of semiconductor optical devices. As a result of these de-
velopments, new disciplines have emerged and new terms describing these disciplines
have come into use: electro-optics, optoelectronics, quantum electronics, quantum
optics, and lightwave technology. Although there is a lack of complete agreement
about the precise usages of these terms, there is a general consensus regarding their
meanings.

Photonics

Electro-optics is generally reserved for optical devices in which electrical effects play a
role (lasers, and electro-optic modulators and switches, for example). Optoelectronics,
on the other hand, typically refers to devices and systems that are essentially electronic
in nature but involve light (examples are light-emitting diodes, liquid-crystal display
devices, and array photodetectors). The term quantum electronics is used in connection
with devices and systems that rely principally on the interaction of light with matter
(lasers and nonlinear optical devices used for optical amplification and wave mixing
serve as examples). Studies of the quantum and coherence properties of light lie within
the realm of quantum optics. The term lightwave technology has been used to describe
devices and systems that are used in optical communications and optical signal pro-
cessing.

In recent years, the term photonics has come into use. This term, which was coined
in analogy with electronics, reflects the growing tie between optics and electronics
forged by the increasing role that semiconductor materials and devices play in optical
systems. Electronics involves the control of electric-charge flow (in vacuum or in
matter); photonics involves the control of photons (in free space or in matter). The
two disciplines clearly overlap since electrons often control the flow of photons and,
conversely, photons control the flow of electrons. The term photonics also reflects the
importance of the photon nature of light in describing the operation of many optical
devices.

Scope

This book provides an introduction to the fundamentals of photonics. The term pho-
tonics is used broadly to encompass all of the aforementioned areas, including the
following:

m The generation of coherent light by lasers, and incoherent light by luminescence
sources such as light-emitting diodes.

m The transmission of light in free space, through conventional optical components
such as lenses, apertures, and imaging systems, and through waveguides such as
optical fibers.

» The modulation, switching, and scanning of light by the use of electrically, acous-
tically, or optically controlled devices.

» The amplification and frequency conversion of light by the use of wave interac-
tions in nonlinear materials.

m The detection of light.

Xi



Xii PREFACE

These areas have found ever-increasing applications in optical communications, signal
processing, computing, sensing, display, printing, and energy transport.

Approach and Presentation

The underpinnings of photonics are provided in a number of chapters that offer concise
introductions to:

® The four theories of light (each successively more advanced than the preceding):
ray optics, wave optics, electromagnetic optics, and photon optics.

m The theory of interaction of light with matter.

® The theory of semiconductor materials and their optical properties.

These chapters serve as basic building blocks that are used in other chapters to describe
the generation of light (by lasers and light-emitting diodes); the transmission of light
(by optical beams, diffraction, imaging, optical waveguides, and optical fibers); the
modulation and switching of light (by the use of electro-optic, acousto-optic, and
nonlinear-optic devices); and the detection of light (by means of photodetectors). Many
applications and examples of real systems are provided so that the book is a blend
theory and practice. The final chapter is devoted to the study of fiber-optic communica-
tions, which provides an especially rich example in which the generation, transmission,
modulation, and detection of light are all part of a single photonic system used for the
transmission of information.

The theories of light are presented at progressively increasing levels of difficulty.
Thus light is described first as rays, then scalar waves, then electromagnetic waves,
and finally, photons. Each of these descriptions has its domain of applicability. Our
approach is to draw from the simplest theory that adequately describes the phenomenon
or intended application. Ray optics is therefore used to describe imaging systems and
the confinement of light in waveguides and optical resonators. Scalar wave theory
provides a description of optical beams, which are essential for the understanding of
lasers, and of Fourier optics, which is useful for describing coherent optical systems
and holography. Electromagnetic theory provides the basis for the polarization and
dispersion of light, and the optics of guided waves, fibers, and resonators. Photon optics
serves to describe the interactions of light with matter, explaining such processes as
light generation and detection, and light mixing in nonlinear media.

Intended Audience
Fundamentals of Photonics is meant to serve as:

= An introductory textbook for students in electrical engineering or applied physics
at the senior or first-year graduate level.

= A self-contained work for self-study.

= A text for programs of continuing professional development offered by industry,
universities, and professional societies.

The reader is assumed to have a background in engineering or applied physics,
including courses in modern physics, electricity and magnetism, and wave motion.
Some knowledge of linear systems and elementary quantum mechanics is helpful
but not essential. Our intent has been to provide an introduction to photonics that
emphasizes the concepts governing applications of current interest. The book should,
therefore, not be considered as a compendium that encompasses all photonic devices
and systems. Indeed, some areas of photonics are not included at all, and many of the
individual chapters could easily have been expanded into separate monographs.



PREFACE  Xiii

Problems, Reading Lists, and Appendices

A set of problems is provided at the end of each chapter. Problems are numbered
in accordance with the chapter sections to which they apply. Quite often, problems
deal with ideas or applications not mentioned in the text, analytical derivations, and
numerical computations designed to illustrate the magnitudes of important quantities.
Problems marked with asterisks are of a more advanced nature. A number of exer-
cises also appear within the text of each chapter to help the reader develop a better
understanding of (or to introduce an extension of) the material.

Appendices summarize the properties of one- and two-dimensional Fourier trans-
forms, linear-systems theory, and modes of linear systems (which are important in
polarization devices, optical waveguides, and resonators); these are called upon at
appropriate points throughout the book. Each chapter ends with a reading list that
includes a selection of important books, review articles, and a few classic papers of
special significance.
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