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FOREWORD

In view of recent advances in photonic devices and optical fiber communica-
tions systems, it is clear to me that electrical engineering students should have
considerable exposure to optoelectronics and fiber optics in their undergraduate
educations, even if their areas of specialization are not photonics. Since photon-
ics comprises many different disciplines, a text on optoelectronics and fiber op-
tics, even at the introductory level, must cover a multitude of topics. It should
provide a broad overview of many of those topics and an in-depth treatment of
selected subjects in lightwave technology. An overview is necessary for the
reader to be able to discern subtle differences in existing photonic devices and
appreciate the significance of new developments in photonic technology. An in-
depth discussion should help the reader prepare for future graduate studies and
professional updates. With this in mind, I have organized the materials in this
text into 10 self-contained chapters. They include geometrical optics and
gaussian beams, the generation and detection of light, the modulation and de-
flection of light beams, integrated optic waveguides and optical fibers, and
guided-wave components. Each subject is discussed by starting with thc basic
principles and with emphasis on the physical concepts. Ample sketches and
illustrations are included. Often, simplifying assumptions are made and special
cases are considered, so that meaningful results can be deduced without relying
on advanced mathematics. Extensions or generalizations are then presented.
Whenever possible, final results are couched in terms of normalized parameters.
Figures of merit of several photonic devices are also introduced to facilitate
comparisons.

More than enough material is presented in the text for a typical one-semester,
three-credit-hour course for electrical engineering seniors. Instructors can then
select a subset of topics to suit their needs. The minimum mathematics require-
ments are calculus and elementary differential equations. Prerequisites also in-
clude introductory courses on modern physics and electromagnetics. Some ex-
posure to basic semiconductor physics and devices would be helpful. However,
a knowledge of quantum mechanics is neither assumed nor required.

I have presented the materials contained in this text at regular classes for
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Foreword

senior electrical and computer engineering students at Purdue University and
as short courses elsewhere. I owe much to the students in those classes and short
courses. They made numerous suggestions for improvement and discovered sev-
eral errors and omissions in the lecture notes on which this book is based. In a
sense, they are the co-authors of this book. I am indebted to my colleagues at
Purdue University for their active interest and free advice throughout the years.
In addition, I would like to express my sincere appreciation to Professor Greg-
ory J. Sonek of the University of California, Irvine, Professor James J. Burke
of the University of Arizona, Professor John Buck of the Georgia Institute of
Technology, and Professor Monish Chatterjee of the State University of New
York at Binghamton for their thorough reading and constructive critiques of
the manuscript.

Finally, I am grateful to my wife, Ching-Fong, for her constant smile, ever-
lasting patience, and continuing encouragement, and for maintaining a pleas-
ant, comfortable, and worry-free home in which to work and to watch our chil-

dren laugh, grow, and mature.
Chin-Lin Chen



CONTENTS

Chapter 1
Introduction to Optoelectronics and Fiber Optics 1
1.1  Introduction I
1.2 Compact Disk Players 2
1.3  Integrated Optic Temperature Sensors 5
1.4  An Optical Frequency Division Multiplexing Distribution System 8
1.5  Optical Fiber Gyroscopes 13
1.6  Overview and General Outline 17

Chapter 2
Optical Beams and Their Transformations 23
2.1 Introduction 24
2.2 Ray Vectors, Ray Transfer Matrices, and ABCD Matrices 25
2.3 Optical Systems Synthesis 44
24 Fundamental Gaussian Beams 49
2.5 Optical Components and Gaussian Beams 55
2.6  Higher-Order Modes 61
277 ABCD Law 64
2.8 Gaussian Beam Transformations by Thin Lenses 68
2.9 Optical Cavities 74

Chapter 3
Elements of Lasers 93
3.1 Introduction 94
3.2 Boltzmann’s Distribution, Photons, and Blackbody Radiation 99
3.3  Lasers: A Qualitative Description 100
3.4  Absorption, Stimulated Emission, and Spontaneous Emission 102
3.5 Line Broadening 109

vii



viii

Contents

3.6 Rate Equations for Lasers with Optical Pumping

3.7 Q-Switched Lasers 125

3.8 Mode Locking Operation 133

3.9 Description of Gas Laser Systems 140

3.10 Description of Dye Lasers 149

3.11 Description of Solid-State Lasers 153
Appendix A

Identification of Atomic Energy Levels 169

Chapter 4
Semiconductor Injection Lasers, Light Emitting Diodes, and
Superluminescent Diodes 181

4.1 Introduction 182
4.2  Intrinsic and Extrinsic Semiconductors 183
4.3 The Interaction of Semiconductors with Electromagnetic Waves
4.4 Ternary and Quaternary Semiconductors 197
4.5 Homojunctions and Heterojunctions 202
4.6  Basic Semiconductor Luminescent Diode Structures 206
4.7 Light Emitting Diodes 217
4.8 Basic Parameters: Semiconductor Injection Lasers 230
4.9  Dynamic Characteristics: Semiconductor Injection Lasers 239
4.10 Superluminescent Diodes 250
4.11 Comparison of ILDs, LEDs, and SLDs 251
Chapter 5
Optical Detection and Detectors 259
5.1 Introduction 260
5.2 Thermal Detectors 263
5.3 Photon Detectors 265
5.4 Noise and Noise Equivalent Power 285
5.5 Coherent and Incoherent Detection 290
5.6  Circuit Topology 298
Chapter 6

Modulation and Deflection of Optical Beams 305

6.1
6.2
6.3
6.4

Introduction 306
State of Polarization 308

Simplified Acoustooptic, Electrooptic, and Magnetooptic Effects

110

Faraday Rotation, and Magnetooptic Modulators and Isolators

190

315
322



Contents

6.5 Index Ellipsoids 327
6.6  Linear Electrooptic Effects 337
6.7 Electrooptic Modulators 341
6.8 Elasticity and Acoustooptic Effects 351
6.9  Acoustooptic Modulators and Deflectors 357
Appendix B
Elasticity for Three-Dimensional Objects 377
Chapter 7
Integrated Optics 391
7.1  Introduction 392
7.2  Guided Waves: A Physical Picture 392
7.3 Guided Wave Phase and Group Velocities 397
7.4  Reflection by Planar Dielectric Boundaries 400
7.5  Step Index Thin-Film Waveguides 403
7.6  Graded Index Thin-Film Waveguides 418
7.7  Prism Couplers 421
7.8  Film Index and Thickness Measurement: An Application 424
7.9  Optical Directional Couplers 426
Chapter 8
Optical Fibers 437
8.1 Introduction 438
8.2  Simple Characteristics of Step Index Fibers 440
8.3  Linearly Polarized Modes Guided by Weakly Guided
Step Index Fibers 444
8.4 Information Capacity 457
8.5  Fiber Fabrication Processes 466
8.6  Fiber Losses 472
Appendix C
Bessel and Modified Bessel Functions 481
Appendix D
Weakly Guided Fibers with a Parabolic Index Profile 485
Chapter 9
Multimode Fiber Components and Systems 489
9.1 Introduction 490
9.2 Taps and Star Couplers 491



Contents

9.3 Multimode Fiber Switches 502

9.4  Power Coupled into Fibers 508

9.5 Connector Loss 517

9.6 Risetime, Pulse Width, and Bandwidth 523

9.7 Power Budget and Risetime Budget Example 526

Chapter 10

Polarization Effects: Single-Mode Fibers and Components 533
10.1 Introduction 534

10.2  Birefringent Media and Jones Calculus 535

10.3  Single-Mode Fiber Birefringence 550

10.4  Single-Mode Fiber Polarization Components 557

10.5  Single-Mode Fiber Directional Couplers 562

10.6  Erbium-Doped Fiber Amplifiers 564

Appendix E
Jones Matrix for a Linearly Birefringent Medium in Strong
Magnetic Fields 575

Appendix F
Jones Matrix for a Linearly Birefringent Medium with a Continuously
Rotating Axis 579

Index 585



INTRODUCTION TO
OPTOELECTRONICS AND
FIBER OPTICS

CHAPTER OUTLINE

1.1
1.2
1.3
1.4

1.5

1.6

Introduction
Compact Disk Players
Integrated Optic Temperature Sensors

An Optical Frequency Division Multiplexing Distribution System
1.4.1 Multiplexing

1.4.2 Demultiplexing

Optical Fiber Gyroscopes

1.5.1 Sagnac Interferometers

1.5.2  Fiber Gyroscopes

Overview and General Outline

References
Problems

1.1 INTRODUCTION

In the not-too-distant past, optics and electrical engineering were viewed as two
separate disciplines, each flourishing independently of the other. However, with
the invention of ruby lasers in 1960, GaAs injection lasers in 1962, and the
realization of low-loss optical fibers in 1970, the two technologies quickly
merged into one. Several words or terms have since been coined to identify
this emerging technology. They include, for example, photonics, optoelectronics,
electrooptics, etc. These terms are often used yet rarely defined. There is no

generally accepted definition for any of them.

An explanation for “photonics” has been offered in a report issued by the

U.S. National Research Council [1], which states:

Photonics is concerned with the use of
trons in certain communications, com

carried out by electronics.

CHAPTER 1

photons to work with or to replace elec-
puter, or control applications traditionally
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In the same report, photonics is also cited as “one of the key technologies of
the information age” A more succinct definition for photonics was given by
1. M. Ross in his address at the IEE’s Michael Faraday Bicentennial Conference
in 1991 [2), in which he stated that photonics is “the science and application of
the photon.” We may view the short definition of photonics as a paraphrase of
the definition for electronics, “the science and application of the electron.” Ross
also identified two perspectives of optoelectronics:

One is that optoelectronics is basically concerned with an integration of electronics
and optics at a level where new physical phenomena are observed, and new func-
tionality is created—functionality not possible with electrons or electromagnetic
waves separated. The other perspective is that optoelectronics is concerned with
optical implementation of tasks that were previously done electronically.

The use of dielectric cylinders as transmission media for electromagnetic
waves is not a new concept. The propagation of electromagnetic waves along
dielectric waveguides was studied by Hondros and Debye in 1910 [3). However,
low-loss (10 dB/km or less) silica glass fibers were not realized until the early
1970s. Since then, optical fibers have been used extensively in various communi-
cations systems. Lately, optical fibers have become almost synonymous with
long distance telecommunications. In addition, optical fibers are used in local
networks connecting offices and computers, as signal processing components,
and as sensors to monitor physical, chemical, and biological variables. A new
and major thrust for fiber technology is the prospect of incorporating fibers into
cable television systems for bidirectional voice, video, and data transmission.
This could lead to the massive deployment of fibers in cities and urban areas in
the near future.

Clearly, there exist many optoelectronic devices and systems which make use
of electrons and photons, and use optical fibers as the medium for transmitting
electromagnetic waves. Existing devices or systems have been improved by re-
placing some electronic components with their optical counterparts. New de-
vices have been conceived to take advantage of optic and electronic technolo-
gies. These new devices simply could not function with one technology alone.
To design or improve such devices, an engineer must be conversant in both
optoelectronic and fiber technologies. The purpose of this book is to introduce
these subjects to the reader, and to provide the foundations for understanding
and the tools necessary for designing these components and devices. As indi-
cated by the title, the book covers two major topics: optoelectronics and fiber
optics. Before the contents of the major topics are introduced, four specific
examples that illustrate the concepts and the use of the two technologies are
described.

1.2 COMPACT DISK PLAYERS

Many readers probably own, or at least have listened to, a compact disk (CD)
player. The basic configuration of a CD player, so far as its reading function is
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concerned, is essentially the same as the playback unit of a video disk player,
CD-ROM reader, or other optical data retrieval device. This is not surprising,
since CD players were originally intended for use as video disk playback units
for television. The early products were referred to as video long-play (VLP)
systems [4].

The same basic setup also exists in equipment used for archiving optical data,
laser direct patterning of semiconductor wafers, laser machining, welding, en-
graving, and other applications. However, the power levels involved in these
systems are much higher.

Figure 1.1 is a schematic of the original VLP system playback unit. Audio
and video information is encoded in the form of etched pits on the video disk.
Pits of width 0.8 wm and depth 0.16 pwm are etched on the flat reflecting surface
of the video disk and protected by a transparent layer. The depth of the pits
is approximately a quarter wavelength of the probing light in the protective
transparent layer. Coherent and monochromatic light is used as the probing
light, so that it can be focused to a small spot on each pit. In the original VLP
design, HeNe lasers were used as the light source. Light with a wavelength of
0.633 pm from a low-power (~ 1 mW) HeNe laser is routed by prisms and
focused by an objective onto the reflecting surface of the disk. Light falling on
the flat reflecting surface without pits is reflected through the objective to the
photodetector. Light hitting a pit is diffracted by it. Because of the divergence

F(g\.!re 11 S'chematic diagram of VLP playback unit (1, Optical disk; 2. HeNe laser; 3, objective;
4, pivoting mirror; 5, prism; 6, photodetector. ) 4]
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of diffracted light, a substantial fraction of diffracted light is diverted away from
the light detector. Thus, there is a decrease in the light intensity reaching the
photodetector. The phase of the light reflected by the pits is also delayed, relative
to the light returning from the flat surface, by approximately a half wavelength.
When two reflected beams are superimposed at the detector, the total light in-
tensity is reduced due to destructive interference. The light intensity is converted
to an electrical signal by the photodetector. The electrical signals thus generated
are proportional to the light intensity incident upon the detector surface and
are therefore a good replica of the information encoded on the disk.

Video disks have a diameter of 30.5 cm. Although the precise overall dimen-
sions of the playback unit shown in Figure 1.1 are not known, a rough estimate
is possible from the size of the HeNe laser. For HeNe lasers of 1970 vintage, the
plasma tube is approximately 30 cm long and 5 cm in diameter. In modern CD
audio players, units are smaller and HeNe lasers have been replaced by GaAlAs
injection lasers with emissions near 0.82 wm. Figure 1.2 is an artist’s impression
of the optical pickup unit of a commercially available CD player. The pickup
device is about 4.5 cm in length and 1.2 cm in diameter [5]. The essential optical
components are shown schematically in Figure 1.3. The discrete optical compo-
nents are fabricated individually and then assembled in a robust and compact
manner. Two additional features should be noted. First, the reflected light is
directed to four photodetectors. Electrical outputs from the photodetectors are
combined to provide the audio information, as well as the electrical signals for

Figure 1.2 Artist’s impression of the
pickup unit of a CD player [5]
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S Disk

ILD

Det: Detector

ILD: Injection laser diode

L: Lens

P: Prism

WP: Quarterwave plate
Figure 1.3 Essential optical
elements of an optical pickup unit

tracking and error correction. Second, a quarterwave plate is inserted between
the beam splitter and the lenses. Because of the quarterwave plate and the polar-
izing beam splitter, the reflected beam is diverted to the photodetectors, rather
than to the laser diode. As a result, instabilities due to optical feedback are
minimized and system performance is greatly enhanced.

An integrated optic pickup unit has been reported in the literature (Figure
1.4). In this unit, optical beams are guided by thin-film waveguides, rather than
propagated in an unguided manner in free space. The discrete or “bulk™ optic
components, like lenses and beam splitters, are replaced by their integrated optic
counterparts. For example, gratings are used to both focus and split the guided
beams. In addition, photodetectors are built on the same substrate used to form
the thin-film waveguides, grating reflectors, and lenses [6, 7). Note, however, that
the pickup unit shown in Figure 1.4 is not yet fully “integrated,” since the laser
diode is attached separately to the pickup chip. In the future, it can be expected
that the injection laser diode will be built monolithically onto the pickup unit.
The resulting fully integrated pickup devices will be truly compact and very
rugged.

1.3 INTEGRATED OPTIC TEMPERATURE SENSORS

Not all integrated optic devices are as complicated as the CD pickup unit shown
in Figure 1.4. In this section, the operation of a relatively simple and yet sensi-
tive temperature sensor is described. It is an integrated optic Michelson interfer-



Chapter One  Introduction to Optoelectronics and Fiber Optics

Optical disk

Focusing grating

coupler
Twin grating
focusing beam
splitter

* Readout signal

I_Jl>—> Focus error
’:1>——> Tracking error

Figure 1.4 Schematic diagram of integrated optical disk pickup device with
gratings for beam focusing and splitting ([7] © 1986 IEEE)

ometer. The essential components of the temperature sensor are shown schemat-
ically in Figure 1.5. In particular, the waveguide junction serves as both an
optical beam splitter and a beam recombiner. The waveguides to the right of
the junction have different lengths, L, and L,. We will show shortly that the
temperature sensitivity of the interferometric sensor increases with the path
length difference, AL = L, — L,. To make the device robust, the reflectors termi-
nating the waveguides are deposited directly on the waveguide ends.

Light of a known wavelength A from a coherent source is fed to the input
arm to the left of the junction. Because of the junction, the input is split between
the two arms on the right. Let the fields emerging from the junction be E, and
E,. These fields traverse from the junction to the mirrors and then back to the
junction. The round-trip phase delays in the two arms are 2kNL, and 2kNL,,
where N is the effective index of refraction of the thin-film waveguides and
k = 2m/\. Also, k can be expressed in terms of frequency f, i.e., k = 2mflc. It
will be shown in Chapter 7, “Integrated Optics,” that N depends on the material
properties and the waveguide geometry. We assume that the reflection coeffi-
cients introduced by the two reflectors are the same and they are set to 1 for
simplicity. The fields returning to the junction are E,e /> and E,e /%M, re-
spectively. The reflected fields are combined by the junction. The fields in the
detector arm are:

— —j(2kN. —j2kNL
E = Ee/®Nh+®) 4 e 2NL
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Junction L,

Source [=»=| | ==
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Detector arm
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Figure 1.5 Integrated optic temperature sensor

where ¢ is the phase introduced by the waveguide junction. In Chapter 5, “Opti-
cal Detection and Detectors,” it will be demonstrated that the detector output
is proportional to | E |°. A little manipulation will show that

|EP = E> + E2 + 2E,E, cos [2kN(L, — L,) + ]
Thus, the detector output is of the form
V =1+ mcos 2kNAL + ¢) (1.1)

where m = 2E E,J(E? + E3). Clearly, the detector output is a periodic function
of 2kNAL + ¢ and varies between 1 + m and | — m. Both N and AL are
temperature dependent. As temperature changes, N,AL, and therefore V' change
as well. By monitoring the change in ¥, we infer the temperature change. This
is the operating principle of the Michelson interferometric temperature sensor.
To estimate the temperature sensitivity, we write 2kN, AL, + ¢ = @, where
AL, = AL(T,), N, = N(T,), and T, is the reference temperature. At tempera-
ture 7,

2kKNAL + ¢ ~ @, + 2K [diT (NAL)| (T — T,).

The derivative term at 7' = T, is:

d dN dAL dN N, dAL
NAL) = AL, + N,— = AL + 0 - 1.2
rNVAD = or dT o Car AL, ar” (12)

dN . .
The term I is the rate of index change as temperature changes, and
( 1 dAL

AL, dT
terms depend on the material properties and the geometry of the waveguide

) is the linear thermal expansion coefficient of the waveguide. These

. d . . . L
cross section. Thus, o7 (NAL) increases linearly with AL, which is also pro-

portional to AL.
An integrated optic temperature sensor, as depicted in Figure 1.5, has
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been reported by Izutsu, et al. [8]. Their sensor was built on an LiNbO, sub-
strate. By using published values of material properties, such as the thermal
expansion coefficient of LiNbO,, the specific waveguide dimensions ('AL =
9.6 mm), and the operating condition (A = 0.633 pm), they estimated

that [2k ;T—(NAL)] is about 7. Thus, for a temperature increment of

0.44°C, 2kNAL + ¢ changes by m In other words, a temperature change of
0.44°C would cause ¥ given in (1.1) to change from its peak value to a valley,
or vice versa. Such a variation in F can easily be monitored. The measured

value is 0.32°C. As indicated in (1.2), ddf (NAL) increases linearly with AL. By

increasing the path length difference, the temperature increment needed to
change 2kNAL + ¢ by mdecreases; in other words, the temperature sensitiv-
ity increases. Izutsu, et al., predicted that this type of temperature sensor might
be used to discern temperature variations as small as 0.01°C.

1.4 AN OPTICAL FREQUENCY DIVISION MULTIPLEXING
DISTRIBUTION SYSTEM

The principal use of optical fibers is to transmit optical signals, with little atten-
uation and distortion. There are many types of fiber communications systems
with various degrees of complexity and sophistication. The simplest fiber com-
munications system consists of a transmitter at one end of a fiber and an optical
detector at the other end. In such a simple configuration, the fiber transmits a
single signal channel. In actuality, the fiber bandwidth is quite wide, and fibers
can carry many signal channels. Therefore, a more economical use of fibers
would be to transmit a large number of signal channels from several transmitters
on one end to a multitude of receivers on the other end. Various signal multi-
plexing and demultiplexing schemes have been conceived for transmitting many
signal channels over a single fiber. In this section, we will describe an optical
frequency division multiplexing distribution system, originally presented by
Toba, et al. [9].

[n an optical frequency division multiplexing distribution system, optical sig-
nals with several carrier frequencies, separated by a small frequency separation,
are transmitted in the same fiber. Each carrier is individually modulated and
carries different information. For example, suppose that the optical signals have
a wavelength near 1.5 ., which in terms of frequency is about 200 THz, and
that the frequency separation between neighboring channels is 10 GHz. The
carrier frequencies, then, can be 200.00 THz, 200.01 THz, and 200.02 THz, etc.
A block diagram of such an optical frequency division multiplexing distribution
system is shown in Figure 1.6a. The optical signals are combined in a multi-
plexer and then fed to the fiber. If necessary, the optical signals are amplified
along the way by one or more semiconductor amplifiers or, more likely, by
doped fiber amplifiers. At the other end of the fiber, signals are branched out to
several receivers. All receivers receive all the signal channels. The desired signal



