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Preface

Within the past few decades, information technologies have been evolving at a
tremendous rate, causing profound changes to our world and our ways of life. In
particular, fiber optics has been playing an increasingly crucial role within the
telecommunication revolution. Not only most long-distance links are fiber based,
but optical fibers are increasingly approaching the individual end users, providing
wide bandwidth links to support all kinds of data-intensive applications such as
video, voice, and data services.

As an engineering discipline, fiber optics is both fascinating and challenging.
Fiber optics is an area that incorporates elements from a wide range of technolo-
gies including optics, microelectronics, quantum electronics, semiconductors, and
networking. As a result of rapid changes in almost all of these areas, fiber optics is
a fast evolving field. Therefore, the need for up-to-date texts that address this
growing field from an interdisciplinary perspective persists.

This book presents an overview of fiber optics from a practical, engineering
perspective. Therefore, in addition to topics such as lasers, detectors, and optical
fibers, several topics related to electronic circuits that generate, detect, and process
the optical signals are covered. In other words, this book attempts to present fiber
optics not so much in terms of a field of “optics” but more from the perspective of
an engineering field within “optoelectronics.” As a result, practicing professionals
and engineers, with a general background in physics, electrical engineering, com-
munication, and hardware should find this book a useful reference that provides a
summary of the main topics in fiber optics. Moreover, this book should be a useful
resource for students whose field of study is somehow related to the broad areas of
optics, optical engineering, optoelectronics, and photonics.

Obviously, covering all aspects of fiber optics in any depth requires many vol-
umes. Thus, an individual text must out of necessity be selective in the topics it
covers and in the perspectives it offers. This book covers a range of subjects, start-
ing from more abstract basic topics and proceeding towards more practical issues.
In most cases, an overview of main results is given, and additional references are
provided for those interested in more details. Moreover, because of the practical
character of the book, mathematical equations are kept at a minimum, and only es-
sential equations are provided. In a few instances where more mathematical details
are given and equations are derived, an elementary knowledge of calculus is suffi-
cient for following the discussion, and the inconvenience of having to go through
the math is well rewarded by the deeper insights provided by the results.

The logical flow of the book is as follows. The first three chapters act as
a foundation and a general background for the rest of the book. Chapter 1 covers
basic physical concepts such as the nature of light, electromagnetic spectrum, and
a brief overview of fiber optics. Chapter 2 provides an overview of important net-
working concepts and the role of fiber optics within the telecommunication infrastruc-
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ture. Chapter 3 provides an introduction to fiber optics from a signal viewpoint.
This includes some basic mathematical background, as well as characterization of
physical signals in the electrical and optical domains.

Chapters 47 cover the main elements of a fiber optic link in more depth. Chapter 4
is dedicated to diode lasers which are the standard source in fiber optics. Chapter 5
deals with propagation of optical signals in fibers and signal degradation effects.
PIN and APD detectors that convert photons back to electrons are the topic of
Chapter 6. Thus, these three chapters deal with generation, propagation, and detec-
tion of optical signals. Chapter 7, on the other hand, deals with light coupling and
passive components. Therefore, Chapter 7 examines ways of transferring optical
signals between elements that generate, detect, and transport the optical signals.

The next two chapters, Chapters 8 and 9, essentially deal with electronic circuits
that interface with diode lasers and optical detectors. In particular, Chapter 8 exam-
ines optical transmitter circuits and various electronic designs used in driving high-
speed optical sources. Chapter 9 examines the main blocks in an optical receiver
circuit as well as ways of characterizing the performance of a receiver. A feature of
this book is that in addition to traditional CW transceivers, burst mode transmitter
and receiver circuits, increasingly used in PON applications, are also discussed.

The final three chapters of the book cover areas that have to do with fiber op-
tics as a viable industry. Chapter 10 presents an overview of reliability issues for
optoelectronic devices and modules. A viable fiber optic system is expected to op-
erate outside the laboratory and under real operating conditions for many years,
and this requires paying attention to factors outside pure optics or electronics.
Chapter 11 examines topics related to test and measurement. In an engineering
environment, it is crucial not only to have a firm grasp on theoretical issues and
design concepts, but also to design and conduct tests, measure signals, and use test
instruments effectively. Finally, Chapter 12 presents a brief treatment of fiber op-
tic related standards. Standards play a crucial rule in all industries, and fiber optics
is no exception. Indeed, it is oftentimes adherence to standards that enables a de-
vice or system to go beyond a laboratory demonstration and fulfill a well-defined
role in the jigsaw of a complex industry such as fiber optics.
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Chapter 1
Fiber Optic Communications: A Review

1.1 Introduction

There is no doubt that telecommunication has played a crucial role in the makeup
of the modern world. Without the telecommunication revolution and the electronic
foundations behind it, the modern life would be unimaginable. It is not hard to
imagine why this is the case, after all, it is communication that shapes us as human
beings and makes the world intelligible to us. Our daily life is intricately inter-
twined with telecommunication and its manifestations. While we are driving, we
call our friend who is traveling on the other side of the world. We can watch
events live as they are unfolding in another continent. We buy something in Aus-
tralia and our credit card account is charged in United States. We send and receive
emails with all kinds of attachments in a fraction of second. In short, under the ef-
fects of instant telecommunications, the world is shrinking from isolated lands
separated by vast oceans to an interconnected global village.

If telecommunication is a product of modern technology, communication itself
in the form of language has been with humans as long as there have been humans
around. Whether we are talking about human language or electronic communica-
tions, there are certain common fundamental features at work. To begin with, let
us consider the case of common spoken language. Let us assume I am talking to
my friend who is sitting next to me in a restaurant.

Conceptually, we can break down the process to certain stages. In the first
stage, the process starts in my mind. I have some thoughts, memories, or concepts
that I like to share with my friend. We can call these initial stages the processing
layers (Fig. 1.1). The term “processing layers” in its plural form is meant to repre-
sent the extremely complex set of functions that logically constitute some sort of
hierarchy. Data processing takes place in these various layers until eventually in
the last stage the intended message is converted to a serial stream of data, for in-
stance in the form of a sentence. The next process involves converting this stream
of data into a physical signal. I can achieve this task by using my speech organs,
through which I can produce and modulate sound waves in a precise manner, rep-
resenting the sentence that I intend to communicate to my friend. Effectively, my
vocal system acts as an audio transmitter.

Next comes the transmission of the physical signal. Sound waves carrying en-
ergy travel through the medium of the air until they reach my friend. The next step
is receiving the physical signal and converting it back to a format that can be
processed by the brain. This is achieved by the ear, which acts as the receiver. The
function of the receiver is to convert the physical signal back to a form that is suit-
able for further processing by the nervous system and ultimately the brain.

M. Azadeh, Fiber Optics Engineering, Optical Networks,
DOI 10.1007/978-1-4419-0304-4 1, © Springer Science+Business Media, LLC 2009
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Fig. 1.1. Simple model depicting the essential elements in a communication link

Several crucial features of a communication link are evident from this example.
Let us spend some time discussing these points, as they are directly relevant to all
communications systems, including fiber optic links.

e First, note that the whole process can be divided into two separate domains
which we have called “date processing layers” and “physical layer.” This em-
phasizes the hierarchical nature of the process. More specifically, the physical
layer does not care about the nature and details of the processing that takes
place in the brain. The physical layer represents the process of converting data
to a physical signal and sending that signal to the destination effectively with-
out losing data.

e The information that needs to be transferred has to be processed and eventually
converted into a representation that is understood by both sides. In the case of
humans, this would be the common language. In a communication system, this
would mean some form of formatting or coding, as well as a set of standards
known by both the transmitter and the receiver that govern those formats and
codes.

e Communication requires modulation of energy. Indeed, it is precisely the
modulation of some form of energy, and not just the existence of energy (in this
case sound waves), that can represent information. A constant monotonic sound
cannot represent any information, even though it has energy and it travels from
one point to another, unless some aspect of it is changed. For instance, it must
be turned off and on. In every case, a transmitter must modulate some form of
energy that carries the information from the sender to the receiver and thus en-
ables communication. No modulation, no communication!
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e Another feature is that the more information I intend to transmit to my friend in
a given time, the faster I must modulate the sound waves. If I want to tell a long
story about all the interesting things that I saw in my trip to South America,
I need to talk much faster than if I just wanted to complain about the weather.
This obvious fact lies behind much of the efforts to achieve higher modulation
speeds in communication links.

e The modulated energy must travel through a medium or a channel. This chan-
nel should support the propagation and transfer of the modulated energy: obvi-
ously sound waves can propagate in the air. Electromagnetic waves do not need
a physical medium, as they can propagate in free space. So in that case vacuum
can also act as the channel. Moreover, anytime information is transferred in the
form of modulated energy through any medium some form of degradation takes
place. It may get weaker as it propagates through the medium, or it could be
mixed with other unwanted noise signals, or the waveform of the signal itself
may distort.

e In order to combat these degradations, either the transmitter or the receiver (or
both) should somehow compensate them. If my friend is sitting further away
from me, or if the restaurant is too busy and the noise level is high, I must talk
louder. If he misses something that I say, he may ask me to repeat what I said
or I may have to talk slower. If neither the transmitter nor the receiver is will-
ing to modify itself to accommodate the signal degradation, the communication
link may break down.

These observations, simple as they seem, are directly relevant to all practical
telecommunication systems. We will revisit these concepts throughout this book
on different occasions, especially as they apply to fiber optic links.

1.2 The nature of light

The main distinction of fiber optic links is that they use light as the form of energy
that they modulate, and they use optical fibers to propagate that energy from the
source to the destination. Indeed the main advantage of using light energy for
communication is the ease with which light can be modulated with high-speed sig-
nals and transported over long distances in an optical fiber with minimal degrada-
tion. Thus, in order to understand the nature of optical communications we must
start with a brief discussion about the nature of light.

In spite of the abundance of our various experiences and encounters with light,
the actual nature of light remains elusive and mysterious. In ancient times, the in-
terest in light was mainly expressed as a fascination with one of the most amazing
optical instruments, i.e., the eye. Thus, there was debate between philosophers
about the nature of vision, how it takes place, and how it results in the perception
of shapes and colors. For instance, Aristotle, who exercised great influence on sci-
entific thinking for centuries, explained light and vision in terms of his theoretical
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concepts like potentiality, actuality, and form and matter. He thought that the form
of an object, as opposed to its matter, can somehow travel through space in the
form of an image and be received by the viewer. Perception then takes place when
this form is impressed upon the soul. Furthermore, transparency is a potentiality in
some substances, and brightness (i.e., light) is the actualization of that potential
[1]. The Atomists on the other hand, and chief among them Democritus, believed
that everything consisted of atoms. Therefore they thought in terms of “atoms of
light” [2]. There were also theories that regarded vision and light as rays emanat-
ing from the eye and reaching toward the objects. Plato, for instance, believed that
light emanating in the form of rays from the eye combines with the light of day,
and the result, in the form of a ray, will reach the object [3]'.

These views, alien as they may seem today, in some ways remind us of the
modern views of light. For example, Aristotle’s theories about an image traveling
in the air have some resemblance to the modern theory of imaging. More notably,
the belief in the particle nature of light has resurfaced in twentieth century quan-
tum physics [4,5].

In the past few centuries, discussion on the nature of light had divided scientists
in mainly two camps. On one side was the particle or corpuscular theory of light.
One of the most prominent supporters of this view was Sir Isaac Newton. Partly
due to Newton’s influence, the corpuscular theory held sway for almost a century
after him. On the opposite side was the wave theory, a main proponent of which
was Christian Huygens. Eventually, however, Newton’s name and prestige was
insufficient to overcome the weight of experimental evidence favoring the wave
theory, and this is how the wave theory became the first thoroughly scientific the-
ory that was able to explain all the known phenomena at the time.

1.2.1 The wave nature of light

Numerous optical phenomena such as diffraction and interference provide strong
evidence for the wave nature of light. One of the first scientists responsible for the
wave theory in its modern form was Thomas Young who is famous for his ex-
periments on interference [6]. Eventually, however, the wave theory of light found
its most eloquent expression in nineteenth century by James Clerk Maxwell and
his electromagnetic theory. Maxwell combined all known phenomena related to
electricity and magnetism and summarized the results in his famous four equa-
tions, which in their differential form are as follows? [7]:

! Although it must be said that Plato always talks through other characters, most notably Socra-
tes. So we should be careful in assigning a view to Plato directly.

2 In fact, the four equations that are commonly known as Maxwell’s equations are more properly
called Maxwell-Heaviside, as their current formulation is due to Oliver Heaviside. Maxwell’s
own formulation was much more cumbersome [8].
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VxE:—a—B (1.1)
ot

VxH:J+a—D (1.2)
ot

VD=p (1.3)

VB=0 (1.4)

In these equations E is the electric field vector, H is the magnetic field vector, D is
the electric flux density vector, B is the magnetic flux density vector, p is the
charge density, and V is the differential operator representing space derivatives.
These equations are based on earlier works from Faraday, Ampere, Coulomb, and
Gauss, among others. Notice that in these equations we have two magnetic vari-
ables and two electric variables. These variables are further related to each other
according to the constitutive relations*:

D=¢E (1.5)
B=uH (1.6)

Here € is the permittivity and # is the permeability of the medium. It is through
these constitutive relations that the dynamics of bound charges and currents in real
materials come into play. Before moving on, we should make a few comments.
These equations summarize a body of experimental evidence, obtained earlier
by scientists like Faraday, Ampere, and Gauss. More specifically, setting the time
derivatives to zero, we get the familiar electrostatic and magnetostatic field equa-
tions. Moreover, there are certain symmetries between magnetic and electric
fields, with one major exception, which is clearly evident from Egs. (1.3) and
(1.4). Equation (1.3) states that electric fields can “diverge” from a charge density.
In other words, electric field lines can have beginnings and ends. However,
Eq. (1.4) states that magnetic fields do not begin or end, which means they always
have to be in the form of loops. Physically, this means that no magnetic charge or
magnetic monopole exists. The lack of a “magnetic current” term similar to J in
Eq. (1.1) is another aspect of this fact. This curious lack of symmetry has
prompted an extensive search for magnetic monopoles, but with no results so far.
An elegant consequence of Maxwell’s theory is that light is identified as a form
of electromagnetic waves, and indeed all classical optics can be driven from Max-
well’s equations. It can be seen from these equations that the field variables £ and

3 Technically these relationships hold only for linear, homogenous materials. More complex
forms of constitutive relations must be used for more exotic materials.



6 1 Fiber Optic Communications: A Review

H are coupled together. Thus, the equations can be combined to arrive at a single
equation for a single variable. For example, in free space (or in a non-conducting
dielectric) the current term J in Eq. (1.2) is zero. We can then take the curl of
Eq. (1.1) and, after some manipulation including using the constitutive relations,
arrive at [9]

2
VzEzsya—E (1.7)
ot?

which is the well-known wave equation for electric field. The same wave equation
can be obtained for the magnetic field. The general solution for wave equation can
conveniently be expressed in the mathematical form using the complex notation

E(r,t) = A(r)ej(k'r_wt)

(1.8)
where r is the space vector and non-harmonic space variations are lumped into the
vector variable A(r). Harmonic time variations are represented by the angular fre-
quency @, and harmonic space variations are represented by the wave vector k.

The solution represented by Eq. (1.8) describes a wave propagating in the
direction of the vector k, with a speed that can be shown to be

c=—r (1.9)

Maxwell himself realized that the speed calculated from Eq. (1.9) was remarkably
similar to the available experimental measurements of speed of light. He con-
cluded that light waves are transverse electromagnetic waves which like any other
wave can be described by amplitude, frequency, and wavelength. Therefore, elec-
tromagnetic waves in general and light in particular are in fact one class of solu-
tions to Maxwell’s equations.

Because electric and magnetic fields are vectors, in general they have compo-
nents in x, y, and z directions (in the Cartesian coordinates). However, in fiber op-
tic applications, we are generally interested in waves that propagate along a single
direction, for instance along the fiber, or along the optical axis of a device. In such
cases we can write the wave solution as

E(r,1) = A(r)e/ (=@ (1.10)
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where now z is the direction of wave propagation, and & is the component of wave
vector K in the z direction.* Equation (1.10) can describe a plane wave traveling in
the z direction or a guided wave propagating along a wave guide such as an optical
fiber. We will revisit this equation in Chapter 5 where we discuss light propaga-
tion in optical fibers. Note that in Eq. (1.10) the electric field E (and the field am-
plitude A) is still a vector and a function of three spatial coordinates.

Let us now analyze the term (kz—a¥) in Eq. (1.10). The angular frequency @ 1is
given by @ = 2nf, where fis the frequency in Hertz and is related to the oscillation
period T as @w=2n/T. Moreover, k is related to the wavelength A as k = 2n/A. There-
fore, k represents the periodicity of the waves in space, and @ represents the pe-
riodicity in time. To better appreciate the meaning of these quantities, we should
remember that a phase front is a point in the wave where the phase does not
change. In terms of Eq. (1.10), this means all the points in space where the argu-
ment of the exponential function is constant. Setting the argument equal to a con-
stant and differentiation with respect to time, we obtain

a)—k%:O (1.11)
dt

The term dz/dt can be recognized as the speed of the wave along the z direction,
which is in fact the speed of light. After substituting the wave vector and angular
frequency with wavelength and frequency, we arrive at the simple but important
relationship between the speed of light, its wavelength, and its frequency:

c= 1 (1.12)

Equation (1.12) simply states that the speed of light is equal to the number of
wavelengths that pass from a point in space in a second (frequency) times the
length of one wavelength. Of the two quantities on the right-hand side of
Eq. (1.12), f is determined by the source and, under normal circumstances, re-
mains constant as the wave propagates through various media. In other words, we
can think of frequency as an inherent property of the light, i.e., a property that is
determined by the source and (usually) remains the same once the light is gener-
ated. On the other hand, A changes as the wave goes from one medium to the next.

From an optical point of view a medium is characterized by its index of refrac-
tion, n. The index of refraction of vacuum is one, but other media have indices of
refraction greater than unity. If we represent the vacuum speed of light and wave
length by ¢, and A, respectively, we obtain c=c/n and A=A /n. In other words,
both the speed of light and its wavelength decrease as it enters a medium with an

4 Technically, we should add a subscript z to k and denote it as k. as a reminder of the fact that it
is the z component of the wave vector Kk, and that the wave vector in general has other compo-
nents as well. However, to keep the notation simple, we will drop the z subscript whenever we
are only interested in propagation along the z direction.
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index of refraction of n. Therefore, the speed and wavelength are extrinsic proper-
ties of light, i.e., properties that are affected by the medium.

A harmonic wave described by Eq. (1.10) may seem too artificial. But we can
think of it as a building block for constructing more complex waveforms. This is
possible because of a very important property of Maxwell’s equations: their line-
arity. This means that if we find two solutions for the equations, for example two
plane waves with two different frequencies or amplitudes, any linear combination
of those two plane waves is also a solution to the equations. In this way, complex
waveforms with arbitrary profiles in space or time can be studied.

1.2.2 The particle nature of light

In spite of the success of Maxwell’s theory in describing a wide range of optical
phenomena, in twentieth century the picture once again changed, especially with
the advent of quantum theory. Although a wide range of phenomena are best ex-
plained through the wave nature of light, there are other instances, such as the
photoelectric effect, that are easier to explain by taking light to consist of individ-
ual packets of energy, called photons. Later in the twentieth century certain phe-
nomena such as the Lamb shift and photon antibunching were discovered that,
unlike the photoelectric effect, do not have any classical field explanation. As a
result, although quantum field theories present fundamental challenges to our clas-
sical notions of reality, quantum optics is now a well-established and growing
field [10-13]. In fact, quantum light states in which a precise and known number
of photons are present can now be realized experimentally [14].

One of the first triumphs of quantum theory of light came when Max Planck
realized that he could explain the problem of black body radiation spectrum by as-
suming that the electromagnetic energy could be radiated or absorbed only in mul-
tiples of a minimum amount of energy, or quantum of energy, whose value is di-
rectly proportional to the frequency of electromagnetic radiation [15]. The result is
the well-known relationship:

E=hf (1.13)

where E is the energy in Joules and 4 is the Plank’s constant whose value in the
international system is 6.623x10* Joules times seconds.

Note that by itself, all Eq. (1.13) claims is that the energy of a photon is propor-
tional to its frequency. When it comes to interaction of light with atomic systems,
the quantization of energy comes from another equation, called the Schrodinger
equation, whose steady-state solutions in a potential field are discrete. One of the
most important (and abundant!) examples of such a system is the atom. The nu-
cleus provides the potential field, and the steady-state solutions of the Schrodinger
equation result in the familiar discrete energy levels the electrons can occupy. Ac-
cording to Maxwell’s equations an electron orbiting a nucleus is an accelerating
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charge which must radiate electromagnetic energy. If it were not for energy quan-
tization and if the electron could change its energy continuously, it would have to
radiate all its energy in a flash and crash into the atom’s nucleolus.

However, the electron can move between the allowed discrete levels in an
atom. If an electron moves from a higher energy level to a lower energy level,
conservation of energy requires that energy be released in some other way. A ra-
diative transition is one where the energy difference is released in the form of a
photon whose frequency is related to the energy difference according to Eq.
(1.13). That is why this equation is of primary importance to lasers. We can think
of a laser as a system with two energy levels. When the electrons are somehow
pushed into the higher level, a situation known as population inversion is created.
When they jump back to the lower level in a coherent manner, they produce co-
herent electromagnetic waves, or laser light. The frequency of the light is deter-
mined by Eq. (1.13). In semiconductors, the two levels are typically the valence
band and the conduction band, and the energy difference between the two levels
can be as high as a few electron-Volts.> By knowing this energy difference, we
can calculate the frequency or the wavelength of the light generated by that laser
through Eq. (1.13).

1.2.3 The wave particle duality

So is light wave or particle? This is for sure an interesting and still challenging
question for physicists. As a result of both theoretical and experimental evidence
and in spite of persistent mysteries in interpretation of the evidence, it has now
been accepted that light has a dual nature in that it can behave both as particle and
as wave [16—18]. In fact, such a duality is not limited to light. According to quan-
tum theory, not only light waves can have particle-like properties, particles of mat-
ter can and do have a wave-like nature. One way to appreciate this dual nature is
through the well-known de Broglie equation:

A= (1.14)

n
p

which postulates a wavelength A for any particle with a momentum of p. Thus, an
electron that is moving with a certain speed can show wavelike behavior, some-
thing indeed verified experimentally. The reason that cars and billiard balls do not
act like waves is that due to their large masses, and because of the small value of
Planck’s constant, the wavelength associated with them is so exceedingly small
that for all practical purposes it can be neglected.

> An electron-Volt (eV) is the energy needed to move an electron up a potential barrier of 1 volt.
We remember that increasing the potential of a charge of 1 Coulomb by 1 Volt requires 1 Joule.
Thus, 1 eV is 1.60x10™" J, because the electron charge is 1.60x10 " C.
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The denominator of Eq. (1.14) represents the momentum of a particle. When it
comes to electromagnetic waves, Maxwell’s theory indeed predicts a momentum
for the wave. For uniform plane waves, we have [6]

p= (1.15)

E
c
where E is energy (per square meter per second), p is the momentum (per square
meter of cross section), and c is the speed of light. If we substitute p from
Eq. (1.15) for p in Eq. (1.14) and use Eq. (1.12) to convert wavelength to fre-
quency, we arrive at the familiar Planck equation, Eq. (1.13). This shows that the
pieces of the puzzle fit together once we recognize that the wave-like and particle-
like behaviors are not contradictory but complementary.

Equation (1.14) yields another important insight. When the energy of a wave
increases, so does its momentum, and an increase in momentum means a decrease
in wavelength. Thus, we can expect high-energy waves to show particle-like be-
havior more clearly. In fact, gamma rays, which are the shortest wavelength and
highest energy form of the electromagnetic spectrum, behave not like waves, but
like rays of high-energy particles. On the other hand radio waves, which are in the
lower side of the electromagnetic spectrum, have such low energies that for all
practical purposes their particle nature can be neglected.

What is the practical relevance of all these concepts to engineering applica-
tions? From a practical point of view, the light behaves more like particles when it
is being generated or detected. On the other hand, when it comes to propagation of
light, it behaves more like waves. This approach has resulted in a view known as
semiclassical theory of light. If we want to study the generation or detection of
light in such devices as semiconductor lasers and detectors, we use the quantum
physical approach and think of light as photons. When it comes to propagation of
light in free space or other media, we use classical field theory, as described by
Maxwell’s equations.

1.3 The electromagnetic spectrum

As mentioned in the previous section, when it comes to light propagation, we can
safely treat it as an electromagnetic wave. The electromagnetic spectrum covers a
wide range of frequencies, and visible light occupies only a small fraction of it
[19]. It is imperative for engineers to gain an overall understating of this spectrum.
In fact, a large portion of electrical engineering deals with frequencies that corre-
spond to the low side of this very same spectrum. In these lower frequencies, we
can manipulate signals through electronic devices such as transistors. The optical
frequency is far too high to be handled directly by electronic devices. Therefore,
in fiber optic applications we are in fact dealing with two separate bands of the
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spectrum: the optical frequency and the much lower modulation frequencies.
Thus, it is doubly important for optical engineers to be familiar with the character-
istics of electromagnetic waves at different regions of the spectrum.

An overview of the electromagnetic spectrum is shown in Fig. 1.2. Electromag-
netic waves can be characterized according to their frequency or wavelength. Gener-
ally, at the low side of the spectrum working with frequency is more convenient.
Thus, we have the AM radio band which functions in the range of hundreds of kilo-
hertz or VHF and UHF TV signals that operate up to the range of several hundred
megahertz. The microwave and millimeter range includes wavelengths in the range
of roughly 1 cm—1 mm. The corresponding frequency varies roughly from a giga-
hertz to tens of gigahertz. Above these frequencies the ability of electronic circuits to
modulate the electromagnetic waves starts to diminish. But the spectrum itself con-
tinues into the infrared region, where most fiber optic communication links operate.
Here the frequencies start to get so large that it becomes more convenient to talk in
terms of wavelength. That is why the higher regions, including the visible light, are
usually characterized by wavelength. Beyond visible light and at shorter wave-
lengths, we have ultraviolet, X-rays, and finally gamma rays.

One way to gain a better insight into the behavior of electromagnetic waves in
practical systems is to divide the spectrum into three regions, based on the ratio of
the system’s physical dimensions to the wavelength of signals of interest. Depend-
ing on this ratio, the behavior of signals can be studied by application of circuit
theory, wave theory, or ray theory. If we denote the physical size of the system
that we work with as D, the three regions are as follows:

e D << A= circuit theory
e D= ]l —=wave theory
e D >> A= ray theory

When the wavelength is much larger than the dimensions of our system, we are
in the domain of circuit theory. In this regime we can neglect the wave nature of
the electromagnetic energy, assume instantaneous energy propagation within the
system (infinite wave speed), and use simplified lumped circuit analysis. This is
where most of conventional electronic circuits operate. Thus, we can think of cir-
cuit theory as the low-frequency approximation to Maxwell’s equation.

The other extreme is the case where the wavelength is much shorter than the
dimensions of our system. In this case we can also neglect the wave nature of elec-
tromagnetic waves and treat them as rays. The best example of this approximation
is geometrical optics. The mid range, however, is where we cannot utilize either of
the above approximations. Here we have to use wave theory which in its most
complete form is expressed by Maxwell’s equations, although depending on the
application oftentimes certain simplifying assumption are made here too.

The above categorization can also illuminate various modes of transmission in
each region of spectrum, which is also shown in Fig. 1.2. Theoretically, all elec-
tromagnetic waves can propagate in free space. However, at low frequencies the
most efficient mode of transferring electromagnetic energy is through conducting
wires. This is the domain of circuits and lumped elements.
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Fig. 1.2. The electromagnetic spectrum

But as the frequency is increased, the wavelength decreases, and the wave na-
ture of the signals must be taken into account. That is why for transmission dis-
tances comparable to the wavelength we need to use a controlled impedance me-
dium, such as a coaxial cable. Still at higher frequencies, a waveguide must be
used. In a waveguide we have essentially electromagnetic waves subject to the
boundary conditions forced by the geometry of the waveguide. This is the case for
microwave frequencies where hollow pipes guide the electromagnetic energy in
the desired direction. In fact, the optical fibers that are used to guide light waves at
much higher optical frequencies are also waveguides that enforce boundary condi-

Mode

tions on light waves and hence prevent them from scattering in space.
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Figure 1.2 also shows the relatively small portion of the spectrum used in fiber
optics. The most common wavelengths used in fiber optic communication range
from 800 to 1600 nm, which happen to be mostly in the infrared range. The rea-
sons these wavelengths are particularly attractive for optical communication have
to do with both light sources and the fiber medium. Many useful semiconductor
laser structures have bandgap energies that fall in this range, which makes them
efficient light sources at these wavelengths. On the other hand, propagation losses
in silica fibers reach their minimum values in this range. The availability of effi-
cient light sources and suitable propagation properties of fibers make this range of
wavelengths the optimal choice for fiber optic communications.

1.4 Elements of a fiber optic link

We started this chapter with a model of communication based on common lan-
guage. With that background in mind, and with the insights into the electromag-
netic spectrum, we can now narrow down the discussion further and go over the
building blocks of a typical fiber optic link, as shown in Fig. 1.3.

First, notice that the figure is divided vertically into two domains: a physical
layer and a set of data processing layer(s). This is meant to be a schematic reflec-
tion of the layered structure of most fiber optic systems. The processing layers are
where complex signal processing functions such as multiplexing and demultiplex-
ing, error detection, routing, and switching take place. This is equivalent to what
happens in the brain in our language model of Fig. 1.1.

Voice Video Data Voice Video Data
Information Information
Processing Processing

Data Processing Layers

Physical Layer

Optical 5 —»| Coupler Q Coupler |_)] Optical

Source Detector
Modulator Optical Fiber
— J . J
~— — ——
Transmitter Medium Receiver

Fig. 1.3. Elements of a typical fiber optic link
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The physical layer, on the other hand, does not care (at least directly) about the
contents or formatting of the data. Its purpose is to convert the electrical data to
optical data, send the optical signal over the fiber, receive it on the other side of
the fiber, and convert it back to electrical data. Once this is done, the data will be
sent back to the higher levels where further processing in the electrical domain
will take place to recover the actual contents in their original format.

The exact architecture of the data processing layers varies and depends on the
application. In a simple system, for instance, it may consist of a simple transducer
that converts some physical quantity, for example, sound energy, into an electrical
signal. That electrical signal then is converted to optical signal and sent over the
fiber. On the other hand, in a complex system, the processing layers may include a
complicated structure with many layers, each specialized at performing a specific
task. Moreover, in such a system each layer makes the layers below itself “trans-
parent” to layers above it. By doing so, each layer can focus on a specific task
without having to worry about the details of what goes on below or above it.

As we move up and away from the physical layer, the functions become in-
creasingly algorithmic and require complex data processing. Therefore, in general,
moving down toward the physical layer means more hardware, and moving up
toward processing layers means more software. In this book we are mainly con-
cerned with the physical layer, although major concepts related to processing lay-
ers are reviewed in Chapter 2.

As can be seen from Fig. 1.3, the physical layer consists of an optical transmit-
ter, an optical fiber or channel, and a receiver. The optical transmitter includes a
light source along with a modulator. It provides the necessary optical energy that
carries the information along the fiber. In practice, this source is either an LED or
a semiconductor laser. The modulator’s function is to modulate the light from this
source with the serial sequence of data. Modulators can be divided into two broad
categories. Direct modulators modulate the light by directly controlling the cur-
rent that is running through the light source. As a result, in a direct modulation
scheme the same device, say a semiconductor laser, both generates and modulates
the light. Direct modulation schemes are very attractive because of simplicity and
low cost and are preferred at lower modulation speeds. External modulators, on
the other hand, do not generate the light themselves. Instead, they manipulate the
constant or CW light that is generated by a separate optical source. As a result, ex-
ternal modulation is more complex and costly. However, external modulators can
operate at higher speeds and provide better performance.

Once the optical signal with the desired modulation is generated, it must be
coupled into the fiber. This is done through a coupler. The reason a separate block
is dedicated to this function in Fig. 1.3 is to emphasize its non-trivial nature and
the involved challenges. Unlike electrical signals that can easily be coupled from
one conductor to the next through physical contact, transferring optical signals in
fiber optic systems involves more mechanical challenges and requires, among
other things, careful alignment. Even then, every time an optical signal is trans-
ferred from one medium to another a portion of it is lost.
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Once the optical signal is coupled into the optical fiber, it can generally propa-
gate for long distances with relatively little degradation. The exact nature and
amount of these degradations is a function of the structure of the fiber, wave-
length, and spectral width of the optical source. Single-mode fibers can generally
support longer distances with much less degradation, while multimode fibers are
suitable for shorter distances.

The final stage in the link is the receiver. Once the light reaches the other side
of the link, it has to go through another coupler which directs the light to an opti-
cal detector. The detector converts the modulated optical signal to an electrical
signal. However, the electrical signal coming out of a detector is generally too
weak to be useful for further processing. As a result, the receiver must provide ad-
ditional amplification in order to bring up the amplitude of the electrical signals
within acceptable levels. This is typically done through adding a preamplifier, or a
transimpedance amplifier, immediately after and at close physical proximity to the
detector. The receiver may also perform further signal processing and condition-
ing after the preamplifier stage. At any rate, the receiver must provide a clean rep-
lica of the original signal at its output, something that can then be passed up to the
processing layers, where various functions such as demultiplexing, error correc-
tion, and routing take place.

1.5 Light sources, detectors, and glass fibers

In the previous section we discussed some of the main characteristics of fiber op-
tic links in general terms. In order to complete our general discussion, it is neces-
sary to have a brief review of optical sources, optical detectors, and the fiber.

1.5.1 Optical sources

The role of the optical source is to generate light energy that once modulated car-
ries the information across the fiber. Although there are a multitude of ways to
generate light, in almost all fiber optic systems a semiconductor device is used for
this purpose. These devices include diode lasers and light-emitting diodes (LEDs).
There are many reasons for using these devices. For one thing, they are generally
easy to operate and integrate with electronic circuits. From a circuit standpoint,
diode lasers and LEDs all behave like a diode. In order to turn them on, a forward
voltage must be applied to them, which in turn results in a current flow, which in
turn will turn the device on. To increase the optical power, all we need to do is to
increase the current. To turn the device off, we just need to turn off the diode by
shutting down the current. Thus, in many applications the modulation of light is
achieved by directly modulating the current flow through the device.
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This method, called direct modulation, is very convenient and can be utilized
up to modulation rates of several gigahertz. Figure 1.4 shows a simple circuit for
converting an electric signal to an optical signal using a semiconductor laser.

Semiconductor 1 Light Output

Laser —Y— J\N

l 1) = V()R

Fig. 1.4. Simplified laser driver circuit

The circuit converts the voltage of the source to a proportional current signal
that flows through the laser. Because the laser behaves more or less linearly above
its threshold current, the voltage signal is converted to a similar optical signal. Al-
though this simple circuit has several shortcomings, it serves well to illustrate the
basic idea behind a laser driver.

Another advantage of semiconductor lasers is that these devices are generally
very efficient light sources. Semiconductor lasers are characterized by their
threshold current and slope efficacy. A typical semiconductor laser optimized for
high-speed communication applications may have a threshold current of 5 mA and
a slope efficiency of 0.5 mW/mA at room temperature. This means that it will start
generating light as soon as the current flowing through it exceeds 5 mA. After
that, the optical output power increases by 0.5 mW for every milliampere increase
in current. Thus, at 10mA above threshold, this device can generate 5 mW of opti-
cal power. If we assume a forward voltage of 2 V, this represents a power dissipa-
tion of 2 Vx15 mA=30 mW. The overall efficiency of this device at this particular
biasing point is 5/30=0.17, which is not bad at all.

Semiconductor devices also have an important advantage in terms of the optical
wavelengths they produce. The wavelength generated or absorbed by a semicon-
ductor is a function of its bandgap energy. The bandgap of semiconductors used in
optoelectronics is in the range of 0.5-2 eV. This range corresponds to a wave-
length range of approximately 500-4000 nm, which happens to include the wave-
length windows of 1300 and 1500 nm, where the attenuation of glass fiber is
minimum. Therefore, the light output of these devices can propagate in fibers for
long distances with little attenuation. Semiconductor devices are also very small in
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size, generally cheap, and very reliable. They can be produced in large quantities
through wafer processing techniques similar to other semiconductor devices. All
these advantages make these devices ideal sources for numerous optical commu-
nication applications.

We mentioned that semiconductor light sources used in optical communica-
tions can be either LEDs or lasers. LEDs are cheaper, and thus they are mainly
used in low data rates or short-reach applications. The main disadvantage of LEDs
is that their light output has a wide spectrum width, which in turn causes high dis-
persion as the light propagates in the fiber. Dispersion causes the smearing of
sharp edges in a signal as it propagates in the fiber and is directly proportional to
the spectral width of the source. This is why LEDs cannot be used for long dis-
tance or high modulation rates in optical communication. Semiconductor lasers,
on the other hand, have much narrower spectral widths, and therefore they are
usually preferred in high-speed or long-reach links. In this book, we focus our dis-
cussions on lasers.

The properties of these lasers depend on the materials used in constructing
them as well as the physical and geometrical structures used in their design. Gen-
erally speaking, a laser is an optical oscillator, and an oscillator is realized by ap-
plying feedback to an amplifier. Semiconductor lasers can be divided into two
main categories depending on the nature of this feedback.

In a Fabry—Perot (FP) laser, the feedback is provided by the two facets on the
two sides of the active region. The optical cavity in FP lasers generally supports
multiple wavelengths. Therefore, the output spectrum, although much narrower
compared to an LED, still consists of several closely located peaks, or optical
modes. A distributed feedback (DFB) laser, on other hand, includes additional
structures that greatly attenuate all but one of those modes, and therefore a DFB
laser comes closest to producing an ideal single wavelength output. This is why
DFB lasers can minimize dispersion and support the longest attainable reaches.

Both FP and DFB lasers are edge-emitting devices, i.e., the light propagates in
parallel to the semiconductor junction and comes out from the sides. A different
structure is the vertical cavity surface emitting laser, or VCSEL. In a VCSEL the
light output is perpendicular to the surface of the semiconductor. VCSELs are
very attractive because of low threshold current and high efficiency. Moreover,
many VCSELSs can be integrated in the form of one-or two-dimensional arrays, a
feature not available for edge-emitting devices.

However, VCSELSs usually work at short wavelengths around 850 nm, a wave-
length unfortunately unusable for long haul communication. Although research
into production of VCSELs at longer wavelengths of 1300 and 1500 nm is intense,
such devices are still not available in an industrial scale [20]. As a result,
VCSELs like LEDs are usually used for short-distance links. We will come back
to these various laser structures in Chapter 4 where we discuss their principles of
operation and properties as well as their advantages and disadvantages in more
depth.
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1.5.2 Optical detectors

Like optical sources, the optical detectors used in fiber optics are almost exclu-
sively semiconductor devices in the form of PIN diodes and avalanche photo di-
ode (APD) detectors. From a circuit perspective, these are again diodes that like
any other diode (including laser diodes or LEDs) can be forward or reverse biased.
However, for them to act as detector, they must be reverse biased. A PIN diode
can operate with a very low reverse bias. This makes the PIN diode attractive be-
cause it can be operated as an element within a standard electronic circuit that runs
at a low supply voltage of say 3.3 V. Figure 1.5 shows a simple detector circuit.
The output of the detector is a current that is proportional to the light power re-
ceived by the detector. Thus, the detector can be considered as a light-controlled
current source. A transimpedance amplifier (TIA) converts the photocurrent gen-
erated by the detector to a voltage.

PIN or APD Bias Voltage

Light Input PIN or APD
A = ZS detector

I(r) < Light l

Vi) =R x1(2)

Fig. 1.5. Simplified detector using PIN diode or APD

APD detectors are not very different from a circuit point of view. However,
they require a much higher reverse bias voltage to operate. Currently low-voltage
APDs require at least 3040 V of reverse bias. Moreover, the required optimal re-
verse bias voltage for an APD varies with temperature. As the temperature rises,
the reverse bias applied to the APD must also increase to maintain the gain of the
APD constant. Because of these complications, APDs are harder to use and more
care must be taken in designing them. They are also more costly in terms of both
the APD itself and the additional required support circuitry. However, APDs have
a big advantage that makes them attractive for high-end receivers: unlike PIN de-
tectors, an APD detector provides inherent current gain. This additional gain di-
rectly translates to improved performance. Typically an APD can work with a
fraction of the optical power needed for a similar PIN diode, and this means
longer links can be supported with an APD receiver.
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1.5.3 The optical fiber

Perhaps the most critical factor that has made fiber optic communication possible
is the development of low-loss silica fibers. The idea that light can be “guided” in
a medium other than air is not inherently revolutionary. The physical principle be-
hind such guiding is the refraction of light, as summarized by Snell’s law:

n, sin(@,) = n, sin(8,) (1.16)

where 6 and 6, are the angles of incidence and refraction, and n, and n, are the in-
dices of refraction of the two media (Fig. 1.6). This means that when light enters
from a medium with a lower index of refraction to a medium with a higher index
of refraction, it bends toward the line normal to the two media. Going the opposite
direction, the light bends away from the normal direction. In this case if the angle
of incidence is more than what is known as the critical angle, &, all the energy re-
flects back into the medium with the higher index of refraction. This phenomenon
is called rotal internal reflection. This is what happens if you try to look outside
from under the water. You can see things that are immediately above you, but as
you look away, beyond a certain angle the surface of water acts like a mirror, re-
flecting light from under the water while blocking light from outside. The same
principle is behind the light guiding properties of an optical fiber.® An optical fiber
consists of a core with higher index of refraction and a cladding with a lower in-
dex of refraction. If light is launched into the fiber either in parallel with its axis or
with a small angle, total internal reflection will trap all the energy inside the fiber
and the optical wave will be guided along the axis of the fiber.

6,

n

Fig. 1.6. Snell’s law of refraction and total internal reflection

This would constitute a guided mode that the fiber can support. If the light en-
ters with a large angle with respect to the axis of fiber, at each reflection a portion
of energy is radiated out, and therefore after a few reflections the energy inside the

® To be more accurate, multi-mode transmission of light can be understood in terms of total in-
ternal reflection. However, single-mode transmission requires the wave theory of light. We will
discuss this point in Chapter 5.
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fiber will attenuate to undetectable levels. This would be an example of a leaky
mode, i.e., a mode the fiber cannot support.

An optical fiber can normally support several optical modes depending on the
thickness of its core. There are two ways to look at wave propagation in a fiber.
Based on geometrical optics, we can think of each mode as being a certain path for
light rays as they bounce back and forth between the sides of the fiber core while
traveling forward. However, a more accurate description requires the wave theory
of light, where each mode is like a resonant state in which Maxwell’s equations
along with the appropriate boundary conditions are satisfied. As the size of the
core reduces, so does the number of modes that it can support. Of particular inter-
est is the case where the size of the core is so small that only one mode can propa-
gate in the fiber in parallel with the fiber’s axis. This would be a single-mode fiber.
In a single-mode fiber the loss can be as low as 0.25 dB/km.” This means after
1 km, more than 90% of the original optical power remains in the fiber. This is in-
deed a remarkable degree of transparency. Imagine a piece of glass 1 km thick that
only absorbs 10% of the light going through it! In comparison, normal glass starts
to become opaque only after a few centimeters. This is why an optical signal can
travel as much as 100 km or more in a fiber without any additional amplification
and still be detected.

1.6 Advantages of fiber optics

In the beginning of this chapter when we introduced the model of human commu-
nication through language, we mentioned the rather obvious fact that in order to
transfer more data in a given time, one needs to talk faster. In communication sys-
tems, this is equivalent to increasing the modulation speed of signals. In an elec-
trical link, the transmitter and the receiver are connected through a conductive
path, for example a pair of twisted wires or a coax cable. However, copper con-
nections suffer from increased attenuation of signals at higher frequencies. The
sources of these losses include the skin effect in the conductors, radiation, and loss
within the dielectrics and the shields [21].

Optical fibers, on the other hand, provide much higher bandwidths. The fre-
quency bandwidth corresponding to the wavelength range of 850-1600 nm is
roughly 100 THz. With advanced techniques, single channel modulation speeds in
excess of 50 GHz have been demonstrated and components for 40 Gbps transmis-
sion are commercially available [22]. Much higher aggregate data rates can be
achieved through wavelength division multiplexing (WDM). As long as the opti-
cal power remains low, the fiber acts as a linear medium, which means various
wavelengths of light can travel simultaneously within the same fiber without af-
fecting each other. It is this property that is used in WDM systems to increase the
link capacity even further. In a WDM system, several wavelengths are launched

7 Later in this chapter we will discuss the decibel unit of power.
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into the fiber in parallel, each modulated with an independent stream of data. At
the other side of the link, optical filters separate each wavelength, sending each
signal to a separate receiver. In this way the available bandwidth of the fiber is
multiplied by the number of wavelengths or channels. For instance, in a course
WDM (CWDM) system, four to eight wavelengths are used. In a dense WDM
(DWDM) system 80 or more channels may be used. Using advanced techniques,
transmission with aggregate data rates well into terra bits per second (Tbps) have
been demonstrated [23-25].

We should mention that regardless of the inherent wide bandwidth of the fiber
and the multiplexing techniques that utilize that bandwidth, optical signals suffer
degradation mainly due to attenuation and dispersion. However, and in spite of
these degradations, the bandwidth of an optical fiber far exceeds that of a similar
coax cable or electrical conductor. For instance, sending an optical signal at the
rate of 10 Gbps in a single mode fiber over a distance of 10 km is well within the
capabilities of commercially available parts. If we assume a voice channel takes
up 100 Kbps of bandwidth, a single strand of fiber can support around 100,000
simultaneous voice channels. To establish this bandwidth capacity through copper
cables requires massive amounts of parallel cabling and a lot of physical space and
supporting infrastructure.

The benefits of fiber are not limited to higher bandwidth and lower volume of
physical infrastructure. Because fibers carry information in the form of light, they
are immune to external electromagnetic interference. A copper cable can act as an
antenna, receiving electromagnetic radiations from other manmade or natural ra-
diation sources. Typical manmade sources include the power grid and radio and
TV stations. Typical natural sources of noise include lightening or microwave ra-
diation from outer space. None of these sources can interfere with the optical sig-
nals in a fiber. This isolation works both ways, i.e., fibers do not radiate energy ei-
ther. This makes them more suitable for applications where security is a matter of
concern. Once a fiber link is established, it is very difficult, if not impossible, to
“tap into it” without breaking it. Another advantage of fiber links is that they do
not need to carry electrical signals, and more generally, they do not require a con-
ductive path between the transmitter and the receiver. This makes them ideal for
applications where the link must pass through an environment where presence of
electrical signals poses safety risks or cases where it is desired to keep the two
sides of the link electrically isolated.

1.7 Digital and analog systems

So far we have not distinguished between the various ways in which information
can be represented. In the physical world, and at least in the macro-level which we
deal with in everyday life, most variables are analog. This means that the quanti-
ties of interest vary continuously within a range of possible values. In fact we per-
ceive most of the physical quantities that we sense, like light, heat, and pressure,
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in an analog manner. Likewise, the most fundamental electrical quantities that rep-
resent signals are analog. The voltage of a point in a circuit or the current that
flows through an element is an analog variable. However, in spite of the analog
nature of these physical quantities, most fiber optic communication links are cate-
gorized as digital and function in a digital manner. The reason behind this is that
digital signals are more immune to noise, less sensitive to nonlinearities, and eas-
ier to produce and detect.

From a historic perspective, the information revolution is inherently tied with
computers. Internet, after all, was invented to connect digital computers together.
Likewise, all the applications that somehow are related to computers are naturally
digital and deal with digital data. This is why when it comes to fiber optics, not
only the physical layer, but also most of the backbone data-intensive links are
digital, precisely because they have to handle digital data. In spite of this, analog
links are still used in some applications, such as video transmission and RF feeds
[26]. For this reason, throughout this book, we mostly focus on digital links, al-
though whenever appropriate we also include discussions on analog links.

1.8 Characterization of fiber optic links

So far we have reviewed the building blocks that make up a fiber optic link. How-
ever, it is also important to characterize the performance of a particular link in a
quantitative way. This is particularly important when a link is being designed. We
want to know, for instance, what kind of components are needed in order to
achieve our target performance characteristics. Alternatively, we may want to
know what kind of margin an existing link is operating at. If a link is working
with little or no margin, it means a small change in the performance of any com-
ponent used in the link may cause problems. This is why we need the concept of
link budgeting in order to quantify the performance of a link.

We should start by discussing the important notion of decibel or dB, which is a
logarithmic measure of the ratio of two optical powers. The ratio of two optical
powers P, and P, in decibels is defined as follows:

dB =1010g10(£J (1.17)
PZ

For example, if P, is ten times larger than P,, we can say P, is 10 dB higher than
P,. Equation (1.17) also provides a way of measuring power as long as we agree
on a reference power level. By definition, a power level of 1 mW is used for such
a reference. That allows for defining a logarithmic scale, referred to as dB-
milliwatt or dBm, to measure optical power:

Py, =10log,, (£, ) (1.18)
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where P, is the power in dBm and P is the power in units of mW. Note that
Eq. (1.17) is the same as Eq. (1.18) when P, is set to 1 mW. It should be noted that
in both these equations the logarithm is defined in base 10.

One may question the reason for using a logarithmic scale instead of the more
familiar linear scale. In a linear scale, the optical power is usually expressed in
units of milliwatt. Likewise, the ratio of two powers (or any other quantity) is just
a number, for example 0.5 or 10. So why should we go to the trouble of calculat-
ing logarithmic powers and ratios? The answer lies in some of the very useful
properties of the logarithm function.

Remember that logarithm is an operator that converts multiplication to addi-
tion, and exponents to multiplication. In other words: log(ab)=log(a)+log(b), and
log(a”)=bxlog(a). These properties become handy in link budget calculations be-
cause the optical power generally decreases exponentially in optical fibers with
distance. That is why the attenuation of a particular kind of fiber is usually given
in units of decibel per kilometer. For example, a single mode fiber at the wave-
length of 1310 nm has a typical attenuation of 0.5 dB/km. This means that for
every kilometer of this fiber, we should expect 0.5 dB reduction in power. Another
reason that using logarithmic scales is useful is the fact that gain and loss are in-
herently multiplicative. Therefore, whenever we want to calculate the effects of
gains or losses, logarithmic scales allow us to add or subtract instead of multiply
or divide. To summarize, once we are used to thinking in terms of decibels, it be-
comes much easier to understand and visualize the status of an optical signal or an
optical link without going through more complex calculations. Table 1.1 summa-
rizes approximate equivalences between linear and logarithmic powers and ratios.

Table 1.1. Linear ratios (powers) and their logarithmic equivalent in dB (dBm)

Amplification/power higher than 1 mW Attenuation/power lower than 1 mW
Ratio/mW dB/dBm Ratio/mW dB/dBm
1000 30 1 0
100 20 0.99 —0.05
10 10 0.9 -0.5
5 7 0.8 -1
3 5 0.5 -3
2 3 0.3 -5
1.25 1 0.2 -7
1.1 0.5 0.1 -10
1.01 0.05 0.01 -20
1 0 0.001 -30
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It is very useful to remember some of the more common ratios as rules of
thumb. For example, doubling the power means adding 3 dB to it, while dividing
it by two means subtracting 3 dB from it. Similarly, multiplying by a factor of 10
means adding 10 dB to the signal power, and attenuating a signal by a factor of 10
is equivalent to subtracting 10 dB from its power. Thus, the left side of the table
represents amplification of a signal by the given ratios, and the right side repre-
sents attenuation of the signal by the given ratios.

This table can also be used to convert back and forth between linear power and
decibel-milliwatt. For example, a laser with 2 mW of optical power has an output
power of 3 dBm. A receiver with a sensitivity of —30 dBm is capable of working
properly with optical power levels as low as 0.001 mW. We should note that in this
table decibel equivalences for numbers other than exponents of 10 are approximate.
However, exact conversions can easily be done through Egs. (1.17) and (1.18).

We are now in a position to discuss the topic of link budgets. To illustrate the
topic, let us consider Fig. 1.7 which illustrates an example of an optical link along
with the power levels at each point in the link. The transmitter’s output power is as-
sumed to be at =3 dBm. The output of the transmitter has to go through a coupler
with a loss factor of 0.5 dB before it enters the fiber. This means the power level at
the beginning of the fiber is —3.5 dBm. The fiber has a length of 20 km and is as-
sumed to have a loss of 0.5 dB/km at the operating wavelength. This means for each
kilometer of fiber, the power is reduced by 0.5 dB. That adds up to a total loss of
10 dB, which means if the power is —3.5 dBm at the input of the fiber, at the output
it is reduced to —13.5 dBm. Then there is another coupler that couples the output of
the link to the receiver. Thus, the power level at the receiver is —14 dBm.

Let us now assume that the receiver has a sensitivity of =21 dBm at the data
rate and wavelength of interest. In this case, the receiver can work with much
lower power levels than it is actually receiving. To be exact, we can say that this
link has 7 dB of margin. Referring to Table 1.1 we find that 7 dB corresponds to a
factor of 5, and —7 dB corresponds to a factor of 0.2. In other words, in this exam-
ple the receiver can work with 5 times less power than what it is now receiving.
This is indeed a fair amount of margin.

What does it mean to have extra margin in a link? In reality, there are always
reasons for component degradation over time. The power of the transmitter may
degrade over time because of aging of the laser, just as the sensitivity of the re-
ceiver may get worst as the receiver ages. Other causes that influence the behavior
of the link include environmental factors such as temperature. If the numbers
given in the example are not guaranteed over the entire temperature range in
which the link is designed to work, then temperature degradations must also be
taken into account. Another cause for additional loss is accumulation of dust parti-
cles or lack of perfect mating in optical couplers which could cause further degra-
dation. All these factors must be considered when a link is being designed. As a
result, extra margin should always be set aside for these various degradations.
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Fig. 1.7. Link budget in a simple optical link

On the other hand, having too much margin could indicate that the link is over-
designed, i.e., it is likely that more expensive components have been used where
cheaper parts could have worked just as well. Transmitters with higher power or
receivers with better sensitivity are generally more expensive.

The choice of link margin is a tradeoff between many factors such as link
specifications, cost, robustness, and link quality. Oftentimes standards define the
link budget for a specific class of application. Moreover, reliability models based
on statistical measures can provide a means of forecasting the performance of in-
dividual elements as they go through environmental stress and aging. We will dis-
cuss some of these topics as well as the relevant standards in the last chapters of
this book.

1.9 Summary

This chapter provided an introduction to fiber optic communication. Through the
example of language, we highlighted several basic concepts, including the fact
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that communication typically involves some hierarchy, and that at the lowest
level, it requires modulation of energy.

The form of energy used in fiber optics is light, and therefore it is important to
gain some insight into the nature of light. From the classical perspective, the most
complete description of light (and more generally electromagnetic waves) is given
by Maxwell’s equations. From the viewpoint of modern physics, light is character-
ized in terms of discrete packets of energy or photons. These two perspectives are
not contradictory, but complementary. In fact, as we move from the long wave-
length side of the electromagnetic spectrum to the low wavelength extremes, the
energy of waves/photons increases, and particle-like behavior becomes more
dominant. From a practical and engineering perspective, it is usually sufficient to
describe the generation and absorption of light in terms of photons and the propa-
gation of light in terms of classical fields described by Maxwell’s equations.

With this basic view of light in mind, we next turned to the description of a ge-
neric fiber optic link. Here again we encountered the hierarchical nature of the
flow of data, from higher data processing layers to a physical layer and vice versa.
In the next chapter we will examine the hierarchical structure of communication
networks in more detail. However, in this book we are mainly concerned with the
physical layer, which consists of optical sources, optical detectors, and optical
fibers. These elements were briefly introduced in this chapter and are examined
more carefully in the other chapters of this book.

Fiber optics has become an integral part of the modern telecommunication in-
frastructure, and for good reasons. We discussed some of the main advantages of
fiber optics, which for the most part, can be summarized in terms of higher band-
widths and longer distances. These two elements directly address the bottlenecks
that modern telecommunication systems have to deal with, in both digital and ana-
log domains.

We also introduced the concept of link budgeting, which takes the concept of a
fiber optic link one step further by quantifying it in terms of link margin. Of par-
ticular importance here are the units of decibels and decibel-milliwatt for optical
power, which are ubiquitous in the analysis and design of fiber optic links. Getting
used to these logarithmic units will be helpful in gaining intuitive insight into a
wide range of problems having to do with link budgeting, range, gain, and loss.
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Chapter 2
Communication Networks

2.1 Introduction

In the previous section we reviewed the basic blocks that make up a fiber optic system.
We divided a link vertically into two domains: the processing layers and the physical
layer. The function of the physical layer is to convert an electrical signal into an optical
signal, transmit the optical signal through the fiber, and convert it back to an electrical
signal at the receiver. The performance of a physical layer system can be measured by
the signal fidelity at the receiver end, i.e., by comparing the regenerated electrical sig-
nal at the receiver to the original electrical signal at the transmitter.

The processing layers, on the other hand, include the hardware and the software
that handle tasks such as switching, routing, error detection, multiplexing, demul-
tiplexing, as well as a wide range of other data processing tasks. Oftentimes these
higher layers are generically called networking layers. In this book we are mainly
concerned with fiber optics at the physical layer. However, before getting into the
details of the blocks that make up the physical layer, we need to gain a better un-
derstanding about the networking layers.

The networking layers make up the backbone of the infrastructure that connects
the users around the world together. These layers fill the space between the end
users and the physical layer systems that handle the optical or electrical signals in
cables and fibers. In a way, the networking layers use the services of the physical
layer in order to move information contents around in communication networks.

Within the last few decades, networking has been a dynamic, fast-evolving
area, going through continuous and at times fundamental changes in terms of
technology, data rates, nature of traffic, scale, governing standards, and economy
[1-2]. In this chapter we will go over some of the fundamental concepts in net-
working, with an eye on the role of fiber optics. In this way the contents of the
data processing layers in Fig. 1.3 would become more meaningful, and we will get
a better context for the topics of the remaining chapters.

2.2 Network topologies

In the first chapter we discussed the concept of a fiber optic link, which basically
consists of an optical source, a fiber, and an optical receiver. We can think of an
optical link as the basic building block for constructing more complex networks.
One way to study networks from a more abstract perspective is by modeling them
as a graph. A graph can be thought of as a set of connected points. The points, or
nodes, are connected to each other via links. Thus, a graph is a set of nodes and
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links. Moreover, by assigning a failure probability to the links in a graph, the per-
formance and reliability of real networks can be modeled [3—6].

Let us consider the example of language again. When two individuals talk, we
have a case of a simple network: each individual is a node, and the communication
channel between them is the link (Fig. 2.1a). However, we can easily expand this
example: we can think of three people sitting around a table, all talking the same
language. Here we have a case of a network with three nodes and three links, be-
cause each individual can talk to the other two (Fig. 2.1b). On the other hand, con-
sider the case where one individual, A, speaks only English, and the second, B,
only French, while only the third, C, speaks both English and French. Here we
have a case of a network with three nodes and two links. The individual who
speaks both languages is in the middle, separately linked to the other two nodes
(Fig. 2.1c). If C leaves the room, the link between A and B is broken, i.e., they
cannot talk to each other because they can only communicate through this third
node (Fig. 2.1d).

>
w

Cc

(b) (d)

Fig. 2.1. Logical structure of a simple network

This simple example serves well to demonstrate the logical structure, or topol-
0gy, of a network, as represented by a graph. The graph is a schematic representa-
tion of the flow of information between various nodes and how nodes are posi-
tioned with respect to each other. Each node can only talk directly to the nodes to
which it is connected. The number of links is a measure of the interconnectedness
of the network. Moreover, a more interconnected network is (naturally) more
complex, but more resistant against disruption. For example, Fig. 2.1b represents a
more robust network compared to Fig. 2.1c, because if any of the individuals in
Fig. 2.1b leaves the room the other two can continue to talk, whereas in Fig. 2.1c,
C is a critical node, because A and B are linked through C, and if C leaves the
room, the communication between C and B is broken.
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Communication networks work very much under the same principles. Each
node is a point in the network that is capable of sending and receiving informa-
tion, and the links are channels that they use to communicate to each other. The
performance of a network is strongly affected by its topology [7]. Naturally, two
nodes can communicate as long as they “talk the same language.” Networking
languages are defined in networking standards such as SONET and Ethernet. We
will cover some of the main standards in fiber optics in Chapter 12.

We can now examine some of the common network topologies and their prop-
erties. Some of these common structures are shown in Fig. 2.2. One of the most
straightforward ways to connect a certain number of nodes together is the linear or
bus topology. Although connection details may vary, in general in a bus topology
all the nodes have access to the same cable or channel.

e Q

(a) Bus ¢) Ring
(b) Star ) Mesh

Fig. 2.2. Logical network topologies

If a node wants to talk, it broadcasts a message on the bus, but only the destina-
tion node responds to the message. The bus topology has the advantage of simplic-
ity, and in terms of physical cabling requirement it needs the minimum amount of
cables. It is also very scalable: adding one node requires adding one link. How-
ever, there are several shortcomings. For one thing, the diameter of the network is
large. We can think of the diameter as the maximum length a signal must travel
between any two nodes. If the two nodes at the edges of the bus want to talk, the
signals must travel the entire network back and forth. This also exposes another
weakness in the bus architecture: a single failure anywhere in the link brings down
the whole network. Thus, bus topologies are less reliable compared to other to-
pologies.

The star topology shown in Fig. 2.2b resolves some of these limitations. It con-
sists of a central node, called a hub. All the other nodes have to talk through the
hub. Thus, the hub’s load is disproportionably heavier than the rest of the nodes,
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because it must handle the traffic from all nodes. Compared to the bus architec-
ture, the star topology is more complex. In practice, it also requires more cabling.
Consider the case where two of the nodes are close to each other but physically far
from the hub. We need to have two separate links running side by side to the hub.
However, the star topology has several advantages. In a star network, if any of the
links fails, only the node connected to that link will fail, and the rest of the net-
work can function normally (the exception is the central node or the hub, which if
failed, brings down the entire network). The diameter of the network is also much
smaller. It takes a maximum of two links for any two nodes to talk to each other.
The star topology is also easily scalable. Adding one node requires adding one
link from that node to the hub.

Another common topology is the ring topology shown in Fig. 2.2c. Here
the load is more evenly distributed, resulting in a more organized network.
Bi-directional rings also are advantageous in terms of fault tolerance. A single
failure in the network still leaves the other path for the nodes to communicate. Ef-
fectively, a single failure reduces a ring to a bus-type topology. The diameter of
the network is somewhere between those of the bus and star structures. If the two
nodes happen to be at the opposite ends of the ring, the number of links required
for them to talk to each other is approximately half the number of nodes. A disad-
vantage of ring topology is that any change in the network may cause disruption in
the entire network. Also, a ring topology is not easily scalable. If a new node is to
be added, it has to go in between two other nodes, and generally two additional
cables are needed.

The mesh topology, shown in Fig. 2.2d is the most interconnected network to-
pology. In a fully connected mesh, all nodes are connected to all other nodes. The
obvious advantage is that the network becomes very fault tolerant. Each node is
connected to the rest of the network via multiple links; and therefore single or
even multiple failures tend to remain contained. A fully connected mesh also pro-
vides the minimum diameter possible: each node is only one link away from any
other node. But these advantages come at a price. A mesh network requires the
maximum amount of physical cabling. Moreover, unlike the other topologies, the
signals have more than one path to go from one node to another. This means that
switching or routing decisions are needed. Obviously, then, a mesh network can
become very complex if the number of nets gets large.

In practice, the choice of network topology depends on the specific situation
and is dictated by many parameters. For example, for small networks within a
house or a small office, a bus or star network may be an optimal solution. How-
ever, for larger networks, it becomes increasingly difficult to justify a single to-
pology, and therefore a mixture of topologies must be used. Still larger networks
may not even belong to a single company and could consist of many patches de-
veloped separately for various applications and purposes. This is especially true
with the telecommunication infrastructure, which expands whole cities or conti-
nents. For example, individual users may be connected to a local central hub in a
star configuration, the local hubs connected to each other through a ring topology
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that circles a city, and the ring topologies in several cities connected to each other
in the form of a mesh, either partially or fully connected.

In fiber optic networks, the nodes in a particular topology consist of optical trans-
mitters and receivers. We shall discuss these from a hardware perspective in more de-
tail in Chapters 4 and 6. The links themselves are made of optical fibers that are con-
nected to the nodes (and to each other) through optical couplers and other passive
components. These components are the subjects of Chapters 5 and 7.

2.3 Telecommunication networks

Fiber optics is an integral part of the telecommunication infrastructure that has
come to be such a dominant feature of modern life. Thus, in order to gain a better
understanding of fiber optic networks, it is necessary to gain a general perspective
on the telecommunication infrastructure [8—10]. This perspective clarifies the
position of fiber optics within the broader context of telecommunication indus-
try and provides insight into the forces behind the evolution of the fiber optic
industry.

The oldest and perhaps the most familiar telecommunication network is the
telephone system. Currently, most major points on earth are interconnected via the
telephone networks. Each user has direct access to this network via a dedicated
line, which is typically a real pair of copper wires that connect the user to the rest
of the system. Voice signals do not require much of a bandwidth, typically only a
few kilohertzs of bandwidth is sufficient for a telephone conversation. This band-
width is provided to each user separately. Telephone networks are usually circuit
switching networks, which means the system, at least on a conceptual level, pro-
vides a direct path between the two users at the two sides of a phone conversation.
This path is provided by the switching systems that use the information in the
phone number to connect the source with the intended destination, and it is estab-
lished as long as the phone connection is continuing, regardless of the actual sig-
nal contents. In other words, a channel with the required bandwidth is established
between the two sides, regardless of the two sides using it or leaving it idle. The
technical details are hidden from the users: they can be in two rooms next to each
other or at opposite sides of the world. As far as they are concerned, it is as if a
pair of wires is connecting the two sides together.

In reality, the signals from individual users go to local telephone centers, where
they are converted to digital signals and aggregated through time division multi-
plexing with signals from other users. Thus, a hierarchy is created: lower data
rates are combined together to form higher rates. In case of long-distance calls,
these higher data rate signals are typically carried on optical fibers to their destina-
tion, where they are de-multiplexed into separate signals, and ultimately switched
to their individual destination.

The other major telecommunication system is the Internet. Compared to the
telephone network, the roots of Internet are much more recent. What is currently
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called Internet originated in military applications in the 1960s and 1970s, with
various academic institutions joining later. The idea was to connect various com-
puters together through a network based on packet switching, as opposed to circuit
switching, which was the basis of the telephone system. By mid 1990s the expo-
nential growth of Internet had already started, and the rest is history.

Unlike the telephone system which is designed for the transfer of real-time au-
dio signals, the Internet is designed with the purpose of transfer of digital data. In-
dividual users are connected to the Internet through a variety of ways. These typi-
cally include traditional phone lines, digital subscriber line (DSL), and services
provided by cable companies. Larger users such as companies or universities have
direct access to the Internet. The principle of signal aggregation is valid for Inter-
net too. For long-distance transmission, several low data rate signals are combined
into fewer high data rate signals through time division multiplexing. Once data is
aggregated into these high data rate streams, it is often mixed with other data for-
mats and carried on the same backbone infrastructure that carries high-speed
switching-based signals. At the destination, the signals are unpacked and then
routed toward their individual destinations.

Another major component of the telecommunication infrastructure is the radio
and TV broadcasting systems. Unlike the telephone and Internet networks, the ra-
dio and TV systems were primarily designed for one-way transmission: the same
data stream flows from a central TV radio station to all the users within the reach
of the signal. Cable TV companies are more or less based on the same model: they
transmit the same signal to all the users that are connected to their services, al-
though they may scramble certain prime channels and only provide the descram-
bler equipment to those subscribers who are paying for those prime channels.

In general, TV and radio broadcasting have their roots in analog transmission
formats, based on frequency multiplexing of different channels with different car-
riers. This means broadcast signals generally cannot be baseband, otherwise all the
sources will have to use the same frequency band for their signals, which causes
significant interference and renders all the signals useless. Frequency multiplexing
thus allows each user to tune in to a specific signal. A clear example is radio: all
the stations broadcast their signals on individual carriers at various frequencies
that span from approximately 500 to 1600 kHz for AM bands and from 88 to
108 MHz for FM bands. Thus, frequency multiplexing provides a solution for
broadcast communications. However, as far as the analog nature of broadcasting is
concerned, things are changing. This is especially evident in TV broadcasting.
Many TV stations and cable TV companies are already broadcasting in high-
definition digital formats (HDTV), and the other stations are following.

Telephone, data, and broadcasting applications are, of course, by no means
separate or isolated. Many individual subscribers are connecting to Internet via
telephone or cable TV lines, just as many broadcast stations receive or transmit
their contents between themselves and other major content sources through backbone
Internet structures. In general, the farther we get from the individual users, the
more convergence we encounter in terms of data formats, speeds, and standards.
This is a requirement based as much on technological reasons as on economic
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grounds. If a specialized content is to be transmitted across the globe, and if it is
going to use the existing long-haul telecommunication structures such as the sub-
marine fiber optic cables, it has to conform to the standards and formats of digital
optical signals. As a result, sooner or later it has to be transformed into a digital
format and multiplexed within the rest of the traffic that the fiber optic link will
ultimately carry. Fortunately, the hierarchical structure of the networks hides these
complications from users. The content is converted into the right format by the in-
termediate processing layers and converted back to its original form on the other
side. The end users do not have to worry about these conversions. On the other
hand, as far as the fiber optic link (physical layer) is concerned, everything is 1s
and Os: it receives a digital stream at the source side from the higher processing
layers, and it must deliver the same signal at the other side of the link to the higher
processing layers.
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Fig. 2.3. A simple illustration of telecommunication infrastructure

Figure 2.3 is a simple illustration of the telecommunication infrastructure. It
should be noted that what is depicted in this figure is merely an illustration since
each particular network differs from others in many details. Thus, this figure is
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like a representative map that only serves to clarify and illustrate the concepts. In
general, this figure is arranged in terms of physical distance from left to right. Lo-
cal or access networks that are limited to smaller geographical areas are in the left
side. These could be the networks within a corporate or university campus or the
infrastructure that connects individual homes to the main networks. The reach of
access networks is typically up to a few kilometers. Regional or metro networks
are the next level. These are networks that connect local telephone companies or
Internet providers within a larger geographical area such as a city. The reach of
these networks can be up to a few hundred kilometers. The next level comprises
the long-distance carriers. These carriers transfer the aggregated data from re-
gional phone companies and Internet providers and transfer them across long dis-
tances, for instance across a country or from one continent to another. An example
of long-distance networks is the submarine fiber optic cables that transfer the traf-
fic across the Atlantic or Pacific oceans.

We can see that individual homes are connected to the network via regular
phone lines, DSL lines, or cable connections to the cable companies. It used to be
the case that various companies offered distinct services, for example cable com-
panies offered TV programming, while phone companies offered standard phone
services. But we see an increasing merger of these services. With the expansion of
Internet, phone lines were also used to carry data signals, although in slow rates,
while digital subscriber line (DSL) modems offered faster data rates. However, in-
creasingly, cable companies offer both phone and internet services over their cop-
per cables. A new development, as far as fiber optics is concerned, is the emer-
gence of fiber to the home (FTTH) technology, which satisfies all user data
requirements with a single strand of fiber while providing very high data rates by
taking advantage of the high bandwidth of the optical fibers.

There are also campus-wide networks (usually called LANs or local area net-
works) that connect the computers within a university or company campus. These
networks then usually have a direct access to the main data networks through
Internet service providers. Typically, they also have an internal phone network,
and thus they require dedicated connections to the local phone companies as well.

The next level up in the network is the regional or metro networks, which typi-
cally include local phone companies and various Internet providers. If a call origi-
nates from a subscriber, it typically goes to the local switching board where it is
handled by a local phone service company. If the destination is another local sub-
scriber within the same area, the signal stays within the same area. If the destina-
tion is a subscriber in the same region, the call may be switched from one regional
office to another, or even it may be handled by more than one phone company. If
the destination is farther away, for example in an international call, the signal is
passed on to a long-distance carrier, where it is transferred on specialized high
bandwidth links to other geographical areas.

Long-distance carriers typically function on a different business model. They
do not interact with individual users directly. Instead, they are specialized in re-
ceiving relatively high-speed signals from regional phone companies and Internet
providers and multiplexing them in yet higher data rates, in formats suitable for
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long-distance transmission usually in fiber optic links. Before the growth of fiber
optics, these long-distance communications had to be handled by microwave links
or specialized copper-based systems. However, with the advantages offered by fi-
ber optics, long-distance communication is now almost exclusively the realm of
fiber optics.

Figure 2.3 also illustrates the role of fiber optics in the telecommunication in-
frastructure. In this figure the links that are likely to be fiber optic based are
marked with a circle on the connections between the nodes, while copper connec-
tions are just simple lines. It can be seen that in general, the farther the distances,
and the higher the data rates, the more likely it is for a link to be fiber based. This
is of course a direct consequence of the characteristics of fiber optics that makes it
the main technology of choice for long-distance communications. For example,
submarine fiber optic cables transfer data streams at speeds of many gigabits per
second under the oceans for thousands of kilometers. The only practical alterna-
tive to long rang fiber-based links are satellite links. For example, as shown in
Fig. 2.3, a cable TV company may receive some of its contents through a satellite
link from a main feed. Satellite links are also useful for areas where the fiber-
based infrastructure does not exist.

However, as we get closer to the individual users, where the distances are
shorter and the data rates are lower, more competing technologies exist. Depend-
ing on the special circumstances and the existence of legacy infrastructure, local
phone companies or switching offices may be interconnected to each other
through either copper cables or fiber links. Likewise, depending on their sizes and
complexities, local area networks can be copper or fiber based, although in many
cases new installations tend to be fiber.

Individual homes, on the other hand, are still connected mostly through copper
wires and cables. On one side, this is a result of legacy: copper cables and tele-
phone wires have a long history, and telephone and cable companies are reluctant
to incur cost and modify existing (and working) systems. On the other hand, ex-
panding fiber toward individual subscribers must result in an economically viable
system, and for that to happen, the cost of the fiber optic box that goes in each
subscriber’s house along with the cables that connect each house to a central of-
fice should be low enough to make the resulting service a consumer product. In
spite of these challenges, the fiber is finding its way to individual homes. This is
an area at its beginning phases, but is expanding fast. In practice, this means in
many cases the fiber does not stop at a local cable or phone company office, but
comes closer to individual users, perhaps to an apartment complex, or in many
cases even to individual homes. The fiber to the premise (FTTP) or fiber to the
curb (FTTC) or fiber to the home (FTTH) infrastructures are all variations on the
same idea and are sometimes categorized together under the more generic name of
FTTX. We will examine this subject again later in this chapter.
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2.4 Networking spans

Topology is just one attribute that can be used to describe and categorize net-
works. Another useful way to categorize networks is based on their span or range.
From this perspective, networks are usually divided into local area networks
(LAN), metropolitan area networks (MAN), and wide area networks (WAN). Al-
though these categories are already evident in Fig. 2.3, we should discuss them in
some more detail for future reference.

2.4.1 Local area networks (LANSs)

A LAN is typically a small network that connects computers and other resources
in a small geographical distribution. Examples include university campuses, hos-
pitals, and corporation or factory buildings. As a result, usually LANs are main-
tained by and belong to the same organization. The maximum distance a LAN
covers is determined by the mode of communication. Fiber optic links can extend
to tens of kilometers, whereas copper cables are more limited. The reach of a WiFi
LAN is limited by the power of the transceivers, and it could extend to tens of meters.

The important feature of a LAN is that it allows the connected resources to
share information with each other. For example, in a company, all computers, sev-
eral printers, and several servers may be connected together through a LAN.
A very popular protocol for LANs is the Ethernet, specified in various flavors of
the IEEE 802.3 standard, which in its original form defined a 10 Mbps protocol on
a coaxial bus topology [11-12].

However, the bus topology is not very successful for fiber optic links. The rea-
son is that without using optical to electrical converters, tapping a link off an opti-
cal bus requires a coupler, and using couplers causes loss of power, which in turn
limits the number of nodes that can be connected to a LAN.

In a LAN, each node can access the network at any time, and this may cause
access collisions. Thus, it is the responsibility of protocols to resolve any potential
conflicts arising from the use of the same resources by many users. Usually LANs
are not isolated, rather, they are connected to larger and more extended networks.

2.4.2 Metropolitan area networks (MANs)

The next level of span in a network is when the network range extends beyond
that of a LAN, perhaps to several blocks, multiple neighborhoods or districts, or
an entire city. Such a network is usually known as a metropolitan area network or
a MAN.

Unlike LANs, MANs are usually not managed or used only by a single indi-
vidual or organization. For instance, a group of service providers may share the
ownership of a MAN in a city, although it is possible for a company to lease
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bandwidth on a MAN from another company. Generally speaking, individual us-
ers do not have access to a MAN directly. Instead, MANSs are used to interconnect
other networks such as individual LANSs. Therefore, individual users can connect
to a MAN either through a LAN or through an access network, such as community
access TV (CATYV) network or a DSL line.!

Because MANSs typically cover longer distances and higher data rates com-
pared to LANSs, they are more frequently based on fiber optic links. A MAN can
have a physical reach of up to 100 km and may carry data rates as high as 40 Gbps.
Moreover, because of the pressure toward larger bandwidths and because the costs
can be shared between a larger number of end users, MANs afford to use more
sophisticated technologies and devices. Routers and switches, and bandwidth-
enhancing techniques such as WDM, can be used in a MAN. A typical protocol
for MANSs is asynchronous transfer mode (ATM), although migration toward
Ethernet standards such as 10 Gbps Ethernet is taking place as well [13].

2.4.3 Wide area networks (WANSs)

Networks that extend to many cities, countries, or even continents are designated
as wide area networks or WANSs. Because WANs have the longest physical range
among the networks, they are usually not owned by a single entity. Instead various
entities may own and operate various segments of WANSs. Like the case of metro-
politan area networks, individual users do not have direct access to WANSs. In-
stead, WANSs are used to connect smaller MANs and LANSs.

WANS handle large amounts of data at high data rates and over large distances.
As a result, fiber optics plays a dominant role in WANs. Moreover, advanced mul-
tiplexing techniques, especially WDM techniques, are more likely to be used in
WANS, because they increase the effective bandwidth of existing fiber. A clear
example is the submarine cables that carry the traffic between the continents. It is
much more expensive to deploy a submarine cable than it is to add sophisticated
equipment at the two sides of an existing link to improve the bandwidth effi-
ciency.

Because of the large reach of WANs and the fact that they typically connect
many other types of networks with a vast array of devices and technologies,
WANS tend to use a mixture of different topologies. WANS, like other kinds of
networks, have to follow well-defined specific protocols. Common protocols in-
clude ATM and SONET (synchronous optical network).

! That is why sometimes access networks are also considered a form of LAN.
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2.5 Hierarchical structure of networks

So far we have described the networks from a “horizontal” perspective. Describ-
ing a network from a topological viewpoint, for instance, is essentially a descrip-
tion of how various nodes are connected to each other and communicate with each
other. Likewise, categorizing networks as LANs, MANs, or WANS is a horizontal
categorization, because it divides the networks based on their geographical reach.
However, a complete description of networks requires some level of hierarchical
or vertical description as well. A vertical description refers to the fact that infor-
mation must go through several layers of processing before it can be converted to
a physical signal and transferred in a physical medium. In the example of human
language in Chapter 1, this hierarchy refers to the processes that take place in the
brain in the form of structuring an idea in terms of language, organizing and refin-
ing the language into a set of letters, words, and sentences, changing these linguis-
tic units into neural signals, and finally modulating the air through the vocal sys-
tem driven by those signals. Once the resulting sound waves travel through the
medium, the opposite processes must take place to convert the physical signal
back into ideas.

While this vertical or hieratical process can be immensely complex and “fuzzy”
in case of human conversation, for communication networks it must be well de-
fined and logically clear. All the required processes must be well thought of and
be divided into manageable, clear steps. These steps or layers must be defined in a
way that each has a clear and separate function, so that the whole task of commu-
nication between two separate points can be divided into small, manageable, logi-
cally separate chunks. Moreover, each layer should ideally interact only with the
layers above and below it.

Such a division of labor is clearly advantageous for many reasons. It simplifies
the task of each layer and makes improvements easier, because the changes in
each layer do not have to affect other layers. Thus, each layer can specialize and
excel in a particular task, resulting in networks with improved design, better effi-
ciency, and more reliability.

2.5.1 Open System Interconnect (OSI) model

One of the most common models for this hierarchical approach is the Open Sys-
tem Interconnect (OSI) model developed in 1984 by International Organization for
Standardization (ISO) [14-16].2 The OSI model itself is not a protocol or standard,
and it is not even followed in all practical systems. However, it defines a concep-
tual framework that can be used as a reference for other hieratical structures and,
as such, is a widely used and referenced model. Figure 2.4 shows an overview of
the OSI model.

2 For more information on ISO and its activities see Chapter 12.
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Fig. 2.4. The OSI hierarchical network model

The higher layers in this model are closer to the end users, while the lower lay-
ers deal with more hardware-oriented tasks such as addressing, switching, and
multiplexing functions. The physical layer, which is the lowest layer, deals with
physical signals such as electrical voltages and optical signals. It receives the in-
formation from the datalink layer and sends it over the physical channel, which
can be fiber, cable, free space, etc. The physical layer on the other side of the link
receives the signal and sends it up to the datalink layer. The highest layer, or the
application layer, is the closest layer to the end users. Although in the OSI model
it does not interact directly with the end users, both the end user and the applica-
tion layer interact with various programs that have some form of communication
function, for example web browsers, and email programs.

Figure 2.4 also illustrates another feature of the OSI model. In general, each
layer communicates both vertically and horizontally. Vertically, it communicates
with the layers below or above itself. A higher layer requests some kind of service
from the layer immediately below itself, and the lower layer provides that service
to the higher layer. The interface between the two layers is called a service access
point (SAP). Therefore, the relationship between the layers is a client—server rela-
tionship.

Horizontally, each layer interacts with its peer layer on the other side of the
link. For example, the network layer is receiving data from the transport layer and
passing it down to the datalink layer. At the same time, it is interacting with its
peer network layer on the other side of the link, although it does not care about the
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details of how that communication has actually been achieved through the lower
layers. That is why in Fig. 2.4 all the horizontal connections are designated as vir-
tual: only the physical layer provides physical connection between the nodes.

As noted before, the major focus of this book is fiber optics communication
from the physical layer perspective. The physical layer interacts directly with the
physical medium. In case of fiber optics, this includes the modulation of light in
the form of optical signals and sending and receiving it through the optical fiber.
We will cover these topics in detail throughout this book. However, we should
have some insight into the higher layers, especially those that are closer to the
physical layer. Therefore, we will have a brief review of these higher layers, with
an emphasis on those closer to the physical layer.

2.5.2 Datalink layer

The datalink layer (layer 2) is the closet layer to the physical layer. In the OSI
model, the datalink layer is responsible for reliable transfer of data between adja-
cent nodes. In other words, the datalink layer does not concern itself with sending
data to its ultimate destination; it is just concerned with sending data out to the
next available node(s).

The unit of data in the network layer is usually called a frame. A frame at the
datalink layer consists of data from layers above encapsulated in headers and trail-
ers added by the datalink layer. These headers and trailers are intended for use by
the datalink layer in the destination and are transparent to higher layers on both
sides. Functions of the datalink layer generally include such tasks as encapsulating
data into frames, ensuring the frames are transmitted and received without errors,
and controlling the flow of frames.

Following the IEEE 802 standard, sometimes the datalink layer itself is divided
into two sublayers: the logical link control (LLC) and media access control
(MAC) sublayers, where the LLC layer is located above the MAC layer. In 802.2,
the LLC is responsible for communication between devices located on a single
link. This is done by dedication of various overhead fields in the frame such that
higher layers can use and share the same physical link through these fields. The
MAC layer is responsible for organizing access to the physical layer. For example,
in many cases the same medium is shared between several nodes, such as in a bus
topology where all the nodes use the same link. Therefore, a set of rules must be
established to avoid conflict. IEEE 802 also defines physical MAC addresses that
uniquely identify each device on the network (not to be confused with the IP ad-
dress, which is a higher layer concept). Note that the datalink layer is the lowest
level in which data frames and various fields within a frame are meaningful, be-
cause the lower physical layer does not distinguish between these various fields
and simply treats data as a serial digital stream.

Some of the most popular protocols that define the datalink layer include IEEE
802.3 Ethernet (carrier-sense multiple access with collision detection LAN) and
IEEE 802.5 (token ring LAN).



2.6 Circuit switching and packet switching networks 43

2.5.3 Network layer

The network layer (layer 3) is the next layer up in the OSI model. The main task
of network layer is the transfer of information from source to the final destination,
which in general involves routing functions. The unit of information in the net-
work layer is sometimes called a packet. The network layer makes packets by re-
ceiving data from higher layers and encapsulating them with its own headers and
trailers. These headers and trailers are intended for network layer operation and
are transparent to layers below and above. Thus, the datalink layer below treats a
packet as data and adds its own headers and trailers, as explained before.

2.5.4 Higher layers

The first three layers in the OSI model (physical, datalink, and network layers) are
sometimes grouped together as interface layers. These layers are directly involved
in the telecommunication functions. On the other hand, the higher layers (trans-
port, session, presentation, and application) are involved with end-to-end (also
called peer-to-peer) tasks. The functions of these layers include establishment and
termination of sessions, data compression and decompression, interactions with
operating systems, translating data into standard formats, user interface services,
etc. Moreover, these higher layers are very “fluid” and are highly dependent on
evolving technologies and protocols [17]. We do not go into the details of these
layers, because for the most part, these layers are not directly involved in the tele-
communication aspects of networking.

As noted before, the OSI model is a useful tool for understanding network con-
cepts. In reality, not all networks conform to this model. In practical networks
some of these layers may be omitted, expanded, or mixed. It is also possible that
some technologies define their functions in a way that does not clearly correspond
to the standard OSI layers. For instance, SONET has provisions to deal with end
to end connections defined in the network layer. However, SONET has other func-
tions too that do not correspond to the network layer. Despite these conformance
details, the OSI model provides a useful conceptual tool for mapping other proto-
cols, standards, and technologies.

2.6 Circuit switching and packet switching networks

Communication services generally fall in two categories: connection oriented and
connectionless. These types of services are closely related to the ways networks
(and related protocols that operate over the networks) function.

Generally, there are three different approaches to digital communication. In a
broadcast network, all the messages that are sent from any of the nodes are re-
ceived by all other nodes. For example, consider an Ethernet LAN, where all
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computers are connected to a single bus. When one computer sends a message, all
other computers on the network receive that message. It is only the content of cer-
tain fields within the message that marks the destination. Obviously things can get
more complicated, for instance, when two computers send their messages simulta-
neously and a collision happens. The network protocol must therefore have provi-
sions to resolve the contention. A broadcast network is thus like a gathering at the
dinner table, where everybody can hear what everybody else says. It can be seen
that a broadcast approach is not suitable for large networks with multiple nodes.
The alternative to a broadcast strategy is to implement some form of switching or
routing, so that data from one node can be directed only to its destination node.
This gives rise to two alternative approaches: circuit switching and packet switch-
ing [18-19].

2.6.1 Circuit switching

The circuit switching approach has its origins in the telephone network. In a phone
conversation, the two sides are connected together through a real circuit. In other
words, there must be a channel that connects the two sides for the duration of con-
versation. As long as the two sides keep the connection (even if they do not talk)
they have the channel only to themselves. This is because voice is a time-sensitive
application. If I talk to my friend, I like my friend to hear my words in the same
order that I speak them. Indeed, all real-time audio and video applications are time
sensitive. The receiver must receive the signals in the same order and at the same
rate that the transmitter is sending them. This could automatically be obtained in a
single point-to-point link: after all, the signal sent through a fiber link reaches the
other end of the link at the same rate and in the same order.
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Fig. 2.5. Schematic of a circuit switching network
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However, in a network where signals must be multiplexed and routed, the issues
can be more complex and require special attention. This is why telephone net-
works are based on the concept of circuit switching. As shown in Fig. 2.5, when
two individuals talk over the phone, various switches in the network provide a di-
rect path between them, so that during their conversation they are connected in
real time and have the entire bandwidth of a standard telephone line to themselves.

Of course in reality the signal will be multiplexed into successively higher
rates and then demultiplexed back as it approaches its destination. Nevertheless,
these details are transparent to the two subscribers at the two sides. A prominent
example of circuit switching architectures is SONET. We will talk more about
SONET later in this chapter.

2.6.2 Packet switching

Unlike voice and video applications, data applications are not so sensitive to time
delays. Moreover, data traffic tends to come in bursts. At one point in time the ap-
plication may produce a large amount of data that needs to be transmitted, while in
the next moment it may not need to transmit any data. Obviously dedicating an en-
tire channel to this kind of traffic is not efficient, because the channel may have to
be idle most of the time. The solution is to break down the data into packages and
send each packet independently over the network. Here a technique called statisti-
cal multiplexing can be used: packets from various nodes will be transmitted
through the same channel as they arrive. If the number of packets exceeds the
available bandwidth of the channel, they must be buffered or stacked and sent later
once the bandwidth is freed up. In this way, digital content can be broken down
into several pieces and transmitted separately, even over different paths. Once all
the pieces arrive at the destination, the original content can be reconstructed.

Network
Input Terminal

Network
output Terminal

Fig. 2.6. Packet switching network
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This process is schematically shown in Fig. 2.6. Here some digital content
needs to be sent across the network. Instead of having a direct dedicated channel,
the file is divided into several pieces or packets. Next, the packet is embedded
with additional data called headers. The header includes information such as the
address of the destination to which the file must be sent. The packets are then sent
across the network. Various routers and switches in the way decide on the path
that each packet will take by looking at the destination address in the header, as
well as by considering the load on each available link. If no link is available at the
time, the packet may be buffered and sent in a later time where a link becomes
available. As a result, depending on the particular protocol in use, not all pieces
may travel along the same path, and they may not even arrive at the destination in
the same order that they were sent (more on this later). Once all the packets arrive,
the original content will be reassembled based on the additional information in
each packet.

As noted above, the advantage of packet switching is that available bandwidth
is used much more efficiently. However, the disadvantage is that time-sensitive
applications may suffer, because unless explicit provisions are made, no real-time
relationship between the source and the destination exists. Examples of packet
switching technology include IP, ATM, and MPLS.

Naturally, one may ask if there is any way to accommodate time-sensitive ap-
plications with packet switching. Conceivably, a direct connection may be “emu-
lated” by a packet switching network through provisions that ensure packets arrive
at their destination in the same order and time frame that they were sent. As a re-
sult of such considerations, packet switching networks can be divided into two
further categories: connectionless and connection oriented.

In a connection-oriented network, a virtual path between the source and the
destination must be established first. In the next phase, all the packets are sent
through this same path. Finally, once all the packets are transferred, the connec-
tion will be terminated. A connection-oriented network is different from a circuit
switching network in that several virtual paths may share the same bandwidth, i.e.,
the channel is not solely dedicated to any single virtual path. Primary examples of
connection-oriented networks include ATM and MPLS.

In a connectionless packet switching network, on the other hand, no virtual
path between the source and the destination is established and each packet is
treated individually. The fact that no prior connection has been established means
that the information may be sent without verifying if the receiver has a valid ad-
dress or is actually capable of receiving the information. A primary example of
connectionless networks is the Internet protocol (IP).

2.7 SONET/SDH

As noted above, a prominent example of circuit switching is SONET, which is an
acronym for synchronous optical network. Closely associated with SONET is its
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international counterpart, the synchronous digital hierarchy or SDH. SONET and
SDH are well-established robust technologies in wide use, especially in backbone
networks. Since their introduction in the late 1980s and early 1990s, SONET/SDH
have had a fundamental role in optical networks by defining a clear set of optical
signals, hierarchical multiplexing schemes, bit rates, and signal management rules
[20-23].

The origins of SONET and SDH go back to the telephone network and band-
width requirements for voice. Although humans can be sensitive to audio frequen-
cies as high as 20 kHz, for a normal conversation only a fraction of this bandwidth
is sufficient. Therefore, a standard telephone channel assigns 4 kHz of bandwidth
for a normal conversation. The audio signal is then sampled at twice this rate or
8000 times per second. This assures that later on it can be faithfully reproduced
when it is converted back to analog format. Moreover, each audio sample is digi-
tized with a resolution of a byte, which represents 128 possible values. This brings
the number of bits per second for a digitized signal to 8000x8=64,000. Thus, we
can think of the rate of 64 Kbps as a “unit” of bandwidth.

To utilize the available bandwidth of communication channels more effec-
tively, several voice channels can be multiplexed. The DS standard, adopted in
North America, defines such a multiplexing scheme for higher data rates. The next
level of multiplexing defined by the DS standard is when 24 voice channels are
combined, which results in a bandwidth of 24x64 Kbps=1.544 Mbps. Such a sig-
nal is known as a digital signal 1 (DS-1), or T1. Higher data rates can be achieved
by multiplexing more voice channels. Of particular interest to our discussion is the
DS3 (also known as T3) signal which consists of 672 voice channels and corre-
sponds to a data rate of 44.736 Mbps.

Outside North America, the same hierarchy was defined slightly differently
through the ITU-T standards. ITU-T defines the first level of multiplexing with 30
voice channels. The result is called an E1 signal and corresponds to a data rate of
30x64 Kbps=2.048 Mbps. Multiplexing more voice channels results in succes-
sively higher data rate signals, for instance, the E3 signal consists of 480 voice
channels and corresponds to a data rate of 34.368 Mbps.

The SONET standard originally proposed by Telcordia (formerly known as
Bellcore) developed out of the need to multiplex several DS signals such as the T1
signal and transmit them optically. Because SONET was not exactly conforming
to ITU’s digital hierarchy signal structure, ITU defined a similar set of standards
to SONET called synchronous digital hierarchy (SDH), which was suitable for
multiplexing ITU’s digital signals. We should note, however, that the SDH stan-
dard was defined in a way to accommodate SONET signals too, and therefore all
SONET standards comply with SDH.

Both SONET and SDH handle data in the form of frames. Figure 2.7 shows the
basic structure of a SONET frame. The SONET frame can be represented as a
two-dimensional array of bytes with 90 columns and 9 rows.
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Fig. 2.7. Structure of the basic SONET frame

Data is transmitted serially starting from left to right and from top to bottom,
with the most significant bit in each byte transmitted first. The first three columns
are set aside as transport overhead and are used for SONET’s internal functions.
The remaining 87 columns are called synchronous payload envelope. Also, an-
other column is set aside as path overhead, which leaves 86 columns for users’
data.

Each SONET frame is defined to be 125 us long, corresponding to 8000 frames
per second. Since each frame has 9x90=810 bytes, and each byte is 8 bits, the
base bit rate in a SONET signal would be: 8000x810x8=51.84 Mbps. This base
rate is defined as a STS-1 signal. Note that not all this bandwidth is user data.
From Fig. 2.7 it can be seen that the payload is 86 columns out of the total 90 col-
umns, or 774 bytes out of the 810 bytes. This means a SONET signal can support
user payloads of up to 8000x774x8=49.536 Mbps. Looking back at the DS stan-
dard, we see that this bandwidth is sufficient for a DS-3 signal.

The STS-1 signal described above is a logical signal. By itself, this signal may
not be very easy to transmit over the fiber, because it may include long sequences
of identical bits, a situation that can cause problems for an optical transmitter. To
avoid these problems, and also to make clock recovery easier on the receiver side,
the STS-1 signal is scrambled before being converted to an optical signal. The re-
sulting optical signal, after this scrambling, is called an OC-1 signal, where OC
stands for optical carrier.

SONET allows multiplexing several STS-1 signals into a higher level STS-N
signal. This is done by dividing each column in the SONET frame into N columns.
Obviously, then, an STS-N frame contains N times as many bytes as an STS-1
signal and involves a physical layer data rate N times higher. The corresponding
optical signal would then be called an OC-N signal. According to existing SONET
standards, values of N equal to 3, 12, 24, 48, 192, and 768 are allowed. These val-
ues correspond to approximate data rates of 155 Mbps, 622 Mbps, 1.25 Gbps, 2.5
Gbps, 10 Gbps, and 40 Gbps, respectively. In practice, the electrical STS-N and
optical OC-N signals are not usually differentiated, and both signals are referred to
under the generic OC-N designation.
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Table 2.1 SONET and SDH signal levels and physical layer data rates

SONET SDH
Logical signal Optical signal SDH signal Data rate (Mbps)
STS-1 0C-1 Not defined 51.84
STS-3 0C-3 STM-1 155.52
STS-12 0C-12 STM-4 622.08
STS-24 0C-24 STM-8 1,244.16
STS-48 0C-48 STM-16 2,488.32
STS-192 0C-192 STM-64 9,953.28
STS-768 OC-768 STM-256 39,813.12

The SDH signal structures are very similar to SONET, with the difference that
SDH does not have an equivalent for STS-1. Instead, it starts from the equivalent
of STS-3, or 155.52 Mbps. In SDH, such a signal would be called a synchronous
transport module level 1, or STM-1 signal. The designation for higher data rates is
STM-N, where N=1, 4, 16, 64, and 256. Thus, in order to obtain the equivalent
SONET signal we should multiply N by 3. For example, a STM-16 signal in SDH
is equivalent to an OC-48 signal in SONET. Moreover, in SDH no distinction is
made between the logical and optical signals, and they are both represented under
the same STM level signal designation. Table 2.1 includes a summary of the
SONET and STM signals.

The above discussion gives an overview of SONET and SDH. For the most
part, from a physical layer perspective the most important parameter of a
SONET/SDH signal is its data rate. There are many details about the internal
structure of a SONET/SDH frame and methods of multiplexing lower signal levels
into higher levels. But such details fall outside the scope of this book [22,24].

2.8 WDM networks

Throughout the evolution of telecommunications, one of the few constants in the
otherwise evolving scene has been the need for higher data rates. This has been a
direct consequence of the replacement of text-oriented traffic with bandwidth-
intensive graphics and video-rich applications. As a result, the need to squeeze
more bandwidth out of a channel has always been present and is likely to continue
for the foreseeable future. One solution to this problem has come from the time
division multiplexing schemes like SONET which allow for packaging data in
higher and higher data rates.
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Time division multiplexing is a very effective tool, but it has its own limita-
tions. In particular, it becomes increasingly difficult to handle higher speed signals
at the physical layer. It is more difficult to modulate light at higher data rates,
and higher data rate optical signals suffer more from effects such as disper-
sion. As a result, the physical reach of an optical link decreases as the data
rate increases.

A different approach to use the wide bandwidth potential of optical fibers is the
wavelength division multiplexing (WDM) technology [25-28]. In this technology,
multiple wavelengths of light are modulated separately and sent into the fiber si-
multaneously. As long as the power within each signal is not too high, the fiber
acts as a linear medium, the interaction of different wavelengths on each other will be
negligible, and each wavelength propagates in the fiber independent of the others. [29]

.
J

M A2 A3

10GHz —Pl |<— 4?‘ 25GHz }47

Channel BW Channel Spacing

|< WDM Band

Fig. 2.8. WDM multiplexing

As a result, the effective usable bandwidth of the channel will be multiplied by
the number of wavelengths in use. Figure 2.8 illustrates an example of WDM mul-
tiplexing. Here N wavelengths have been used, each modulated with 10 GHz of
bandwidth. The wavelengths are spaced 0.2 nm apart in wavelength, which corre-
sponds to a frequency spacing of 25 GHz. All these signals can travel together in a
fiber, as long as they all fall within a low-loss transmission window. For instance,
the C band is defined between 1530 and 1565 nm, which covers approximately 4.3
THz of bandwidth.® Given a 25 GHz channel spacing, we can fit approximately
170 WDM channels in the C band, while the electronic circuits that modulate and
demodulate light operate at the reasonable speed of no more than 10 GHz. In prac-
tice, the wavelengths used in WDM systems are set by standards [30]. The rec-
ommended value for channel spacing is 50 GHz (0.4 nm) and 100 GHz (0.8 nm),
referenced to a frequency of 193.1 THz (1552.524 nm). In a practical WDM link,
as many as 80 wavelengths can be used, which would result in a tremendous in-
crease in bandwidth otherwise unachievable.

3 For a discussion of optical spectral band designations and transmission windows, see Chapter 5.
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WDM technology has also opened new possibilities in the area of optical net-
working. The different types of networks we have discussed so far use a mixture
of optical and electrical technologies. As we noted, the common trend is that as
the range of a network and/or the amount of traffic a network carries increase, op-
tical fibers become more attractive and are more widely used. However, the role
of optics in these networks is limited mainly to data transmission. Higher level
functions are realized in the domain of electronics.

What makes it hard for optics to play a more active role at the higher layers is
the difficulty of processing signals in the optical domain. Thus, we have to use
optical-electrical-optical (OEO) converters, where signals must be converted from
the optical domain to electrical domain, processed in the electrical domain, and
then converted back into optical domain and sent into fibers toward their destina-
tion [31]. Such a network is sometimes called a non-transparent network, meaning
there is no direct optical path between the source and the destination.

A disadvantage of an OEO link is that at higher data rates the burden on the
electronics in the routers and switches increases, causing higher cost and complex-
ity. Thus, it would be useful to find ways to keep optical signals within the optical
domain, and only convert them to the electrical domain at the destination. WDM
technology provides one of the few practical ways of achieving this goal. In prin-
ciple, this is doable because WDM allows access to components of an aggregate
signal in the optical domain. Without WDM, all the various streams multiplexed
within a signal are bundled into one optical signal. Therefore, any data processing
on any of the individual signals requires a conversion to electronic format. In other
words, the optical signal must be terminated, and after processing, regenerated.

This is what happens, for instance, in a SONET Add/Drop Multiplexer (ADM),
where a higher level SONET signal can be decomposed into its constituent lower
level SONET signals. Some of those signals whose destination is different can be
extracted (or dropped), and other SONET streams whose destination is the same
can be added into the stream from. The regenerated SONET signal can then be
sent back into the fiber to continue its path toward its destination. In this way the
ADM is very much like a bus station, and the individual lower rate signals like the
passengers in a bus. The station provides an opportunity for individual passengers
to get off the bus, while allowing other passengers to get on. The bus can then
continue its trip toward its destination.

WDM allows a similar process to take place only in optical domain. The reason
is that the individual data streams that have made up the multiplexed signal can be
distinguished optically. This optical “marker” is the wavelengths of individual
streams, which provides granularity at optical level. This allows for certain routing
functions to be carried out completely in optical domain. In this way, we get closer
to the realizations of all optical networks.

WDM technology depends on advancements in several fronts. From the stand-
point of networks, the appearance of wavelength switching and routing devices
has been a key enabling development. Two examples of these devices are Optical
Add/Drop Multiplexers (OADMs), and Optical Crossconnects (OXCs).



52 2 Communication Networks

An OADM is a device that operates on a WDM signal and allows extracting or
adding some wavelengths at a node while allowing other wavelengths to pass
through without interruption. For example, the signals whose destinations are the
local node can be terminated and extracted from the WDM signal, while the sig-
nals that the local node needs to add to the stream can be added. Other wave-
lengths whose destinations are elsewhere continue through the OADM.

An OADM can be implemented in a variety of ways, but Fig. 2.9 shows a typi-
cal block diagram. Let us consider one direction of traffic flow, say, from left to
right. A WDM signal comprising N wavelengths A, to A, enters a WDM demulti-
plexer which separates the signal into individual wavelengths. Each wavelength
goes through a 2x2 switch, which can be in one of the two states: it can either di-
rectly connect its input and output ports or it can cross connect the inputs and out-
puts to the local ports. In the former case, the wavelength passes through the
switch undisturbed. In the latter case, the wavelength is dropped from the traffic to
be used locally. If needed, a different signal can be added to the traffic on the
same wavelength. The outputs of the switches are then multiplexed again and sent
out on the other nodes.
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Fig. 2.9. An optical add/drop multiplexer (OADM)

An OADM operates on a single fiber and is a useful device for networks with
simple topologies. However, for more complex topologies, a multi-port device is
needed which would be capable of arbitrary routing of wavelengths between sev-
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eral fibers. This is a function an OXC can fulfill. Figure 2.10 shows the concept of
an OXC. Each optical port is connected to a fiber which carries m wavelengths.
Each fiber goes to a demultiplexer which decomposes the signal into various
wavelengths. There are also m NxN optical switches. Each switch is dedicated to a
particular wavelength and can connect one of its inputs to one of its outputs. The
outputs from all the switches are then multiplexed, and are coupled back into the
N output ports. It can be seen that an OXC is a very flexible device, as it is capable
of selectively switching and routing different wavelengths between various fibers.
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Fig. 2.10. An optical cross-connect (OXC)

To illustrate the application of these devices in an optical WDM network, let us
consider Fig. 2.11 which depicts a network with five nodes, A—E, and four wave-
lengths, 4,—4,. In this network node A transmits signals on three wavelengths A4—
A.. These wavelengths go through an OADM which drops 4, to node B. Therefore,
node A communicates to node B through A,. The other two wavelengths 4, and 4,
pass through the OADM and arrive at the OXC. The OXC has two input and two
output ports. One of the input ports receives A, and A, from the OADM. The other
input port receives A, from node C. The OXC is configured to separate A, and A,
and combine A, with A, and route them to node E, while sending A, to node D.
Thus, A is connected to B via A,, A is connected to D via 4,, A is connected to E
via A, and C is connected to E via A,.

This example can be used to highlight a few important concepts. First, note that
connections are established between nodes via lightpaths. A lightpath is a con-
tinuous uninterrupted optical link, akin to a virtual fiber, along which signals
travel without being converted back and forth between electrical and optical do-
mains. An example of a lightpath is the dashed line shown in Fig 2.11 representing
A, that originates from A, passes through the OADM, and is routed to D via the
OXC. This makes such a WDM network an example of a circuit switching net-
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work, because the lightpath acts as a real-time connection that establishes a dedi-
cated channel between two nodes.

Fig. 2.11. Wavelength routing in a WDM network

Moreover, because each wavelength is routed and switched in optical domain,
the lightpaths are protocol agnostic. Another way to state this is to say that several
protocols can simultaneously use the networks without interfering with each other.
This is a very important feature, because it makes the network very flexible. In
practice, for instance, a wavelength can be leased to a customer, and the customer
chooses the protocol and the data rate of the leased channel without having to
worry about compatibility issues or interference with other traffic that use the
same fibers.

Note also that the addition of the OXC adds considerable flexibility to the net-
work. Obviously, as a router it can control the flow of traffic. For instance, it can
swap 4,and A4, by routing 4, to D and A, to E. In that case C would be connected to
D and two channels would be established between A and E. This dynamic recon-
figurability allows for the topology of the network to be changed based on real-
time parameters such as the status of the traffic or load on the nodes.

From this simple example it can be seen that WDM networks offer great poten-
tials for wideband optical networking. This is further illustrated by the fact that the
standards bodies have recognized the potentials in this technology and are already
moving toward providing encompassing standards and protocols for taking advan-
tage of these capabilities. Emerging technologies and protocols such as optical
transport networks (OTN) are establishing the basis upon which next-generation
optical networks are expected to be based [32-33].
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2.9 Passive optical networks (PONSs)

The need for wider bandwidths is not limited to large companies. Increasingly,
smaller customers such as residential complexes and individual homes require
wider bandwidths. This need is driven by data-intensive applications such as high-
definition TV (HDTV), bandwidth-intensive Internet applications, as well as other
voice and video services. As a result, network architectures known as fiber to the
curb (FTTC), fiber to the home (FTTH), fiber to the premise (FTTP), or more gen-
erically fiber to X (FTTX) have been developed [34-36].

In an FTTX network some or all of copper cables that are normally used to es-
tablish the communication link between end users and the larger communication
infrastructure are replaced by fibers. The basis for most FTTP architectures is a
passive optical network (PON), shown in Fig. 2.12.
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Fig. 2.12. Typical passive optical network (PON) architecture

A PON system consists of an optical line terminal (OLT) and a number of opti-
cal network units (ONUs). The ONU is also called optical network terminal or
ONT. Thus, the terms ONU and ONT are often used interchangeably. The OLT is
located at a central office, and the ONUs are located close to the end users. The
connection between the OLT and the ONUs is established by optical fibers and
through a passive splitter. The OLT provides the connection of the PON to the
network backbone. On the other hand, the ONUs establish the connection to the
individual users. The individual user can be a single subscriber, or a number of
subscribers, like in the case of a residential complex.

In a PON architecture, the traffic flow from the OLT to the ONUs is usually re-
ferred to as downstream traffic, while the direction from the ONUs to the OLT is
referred to as upstream traffic. The downstream and upstream traffics are typically
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carried over different wavelengths. Some PON deployments also use a third wave-
length in the downstream direction for an analog overlay, usually for a video sig-
nal. Therefore, a PON deployment is an example of WDM architecture. Moreover,
PONSs can be symmetric or asymmetric in terms of data rate, as the transmission
rates in the downstream and upstream directions are usually not equal. Most PON
systems are asymmetric in this respect, i.e., the downstream data rate is higher
than upstream data rate. This is because the end user’s receiving bandwidth needs
are typically higher than their transmitting bandwidth needs.

As can be seen from Fig. 2.12, the central piece in a PON is a passive split-
ter/coupler. We will discuss passive devices such as couplers in Chapter 7 in more
detail. The transmitted signal from the OLT is divided equally between the ONUs
through this splitter. Thus, if the output power of the OLT is P, the power received
by each ONU is roughly P/n, where n is the splitting number, also known as the
splitting ratio. A 50:50 split represents a 3 dB loss, thus, a splitting ratio of n
represents a loss of 3 xlog(n). For example, a splitting ratio of 32 represents a
splitting loss of 15 dB. Obviously, there is a trade-off between the splitting ratio
and the physical distance the PON can support. Most PONs are implemented with
a splitting ratio of 16 or 32, with a typical distance of 20 km. Another constraining
factor is data rate, as higher data rates imply reduced distance.

Note that in this architecture, in the downstream direction, all ONUSs receive
the signal transmitted by the OLT. As such, a PON is an example of a broadcast
network. Consequently, if the OLT intends to address only a specific ONU, it
must add additional addressing information to the data to specify which ONU is
the target of the message. On the other hand, in the upstream direction, the signals
sent by individual ONUs are added together by the coupler and received simulta-
neously by the OLT. To prevent the mixing of signals, a time division multiplex-
ing scheme is used that ensures only one ONU transmits at any given time. This
scheme is shown in Fig. 2.13. Each ONU is assigned a particular time slot during
which it can transmit its data, while it should stay off in the remaining time slots.
In this way, the OLT can distinguish between the signals from various ONUs.

ONT;,

OLT

Fig. 2.13. Upstream burst mode traffic in a PON
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The fact that the ONUs can be at different physical distances from the OLT
complicates the structuring of traffic in the upstream direction. When the PON is
being set up, through a process known as ranging, the OLT interrogates each
ONU separately to determine the round trip delay associated with each branch.
Only after knowing each individual delay exactly can the OLT assign time slots to
the ONUs; otherwise the packets issued by the ONUs can collide. Because these
delays are not completely deterministic and because the ONUs need some time to
turn on and off, a guard time is inserted between packets to reduce the collision
probability.

Another consequence of the difference in physical distances is that the optical
powers of signals originated from different ONUs are different. The signals from
closer ONUs are stronger than signals from farther ONUs. As a result, once the
signals are added, the average power in the resulting stream may vary from one
packet to the next. The burst mode nature of traffic in the upstream direction cre-
ates special challenges both for ONU transmitters and OLT receivers. We will
discuss some of these challenges in Chapters 8 and 9.

From the above discussion it becomes clear that a particular PON implementa-
tion involves several parameters, among which are the upstream and downstream
data rates and wavelengths, the splitting ratio, and the distance. Several standards
exist that determine these parameters. Currently the most popular standards are
broadband PON (BPON), Ethernet PON (EPON), and Gigabit PON (GPON).
Work has also started in defining 10G-based PONs. We will revisit these stan-
dards again in Chapter 12.

2.10 Summary

Fiber optics is a crucial part of the communication networks. Therefore, a full un-
derstanding of fiber optics is not possible without having a general perspective on
some main networking concepts and the role that fiber optics plays within the
telecommunication infrastructure. Thus, this chapter presented an overview of net-
working concepts with an emphasis on the role of fiber optics communications.

We started first by examining networks from a topological perspective and re-
viewed common topologies such as star, ring, and mesh. The topology of a net-
work does not say anything about its physical properties. Instead, it describes the
logical structure of a network.

From the perspective of rang, networks are generally divided into LANS,
MANSs, and WAN:S, in the order of physical area they cover. Although the distinc-
tion between these categories can sometimes be fuzzy, this classification is still a
useful framework to keep in mind, especially because a network’s management
requirements oftentimes depend on the geographical area it is covering.

It is also useful to look at networks from both a “horizontal” and “vertical” per-
spective. Aspects such as topology or physical distance can be considered horizon-
tal, as they deal with connectivity between various nodes in a network or how far a
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network is extended. However, equally important are issues related to the hierar-
chy within each individual node, i.e., the way data is organized and handed from
higher levels down to the physical layer and vice versa. A popular model for this
purpose is the seven-layer OSI model. Not all networks can be mapped directly
into the OSI model; nevertheless, the OSI model gives a useful framework for un-
derstanding and categorizing networking hierarchies. In the OSI model each layer
acts as an interface between the layer above and the layer below it and hides the
unnecessary details of each from the other.

Another way to categorize networks is according to the way they transfer in-
formation. From this point of view, networks can be divided into packet switching
and circuit switching. In packet switching networks, data is divided into separate
packets, and each packet is individually routed by the network. Thus, in principle,
various packets belonging to the same set of data can travel through different
routes and arrive at their destinations at different times. The advantage of this ap-
proach is bandwidth efficiency. However, time-sensitive applications such as
voice or video may suffer. On the other hand, in circuit switching networks a di-
rect connection in real time is established between the source and the destination.
This may give rise to inefficient use of bandwidth, because the actual amount of
data that needs to be transferred may not need a full dedicated channel. However,
time-sensitive applications can run more reliably because a certain level of quality
of service is guaranteed by the nature of the link. A well-established example of
circuit switching protocols is SONET, which is in wide usage in fiber optic com-
munications.

Traditional networks utilize optical links at the physical layer, i.e., mainly for
transfer of information from one node to another. The need to conduct all higher
level networking functions in the electronic domain is a big burden and a limiting
factor in achieving higher speeds. It is expected that transferring more complex
tasks into the optical domain will increase the speed and efficiency of networks.
Wavelength division multiplexing (WDM) technology is the primary candidate for
realization of this goal. In WDM networks, the ability to dedicate various wave-
lengths to different and independent data streams has created exciting new oppor-
tunities, yielding to concepts such as wavelength switching and wavelength rout-
ing. WDM technology has also allowed for much more efficient use of fiber
bandwidth, because each wavelength can be modulated separately without much
interference from other wavelengths present in the fiber.

Fiber optics is also expanding its reach toward individual users. An exciting
new development in this area involves fiber to the home (FTTH) networks. These
networks provide very wide bandwidths to the end users through fiber. FTTX
networks are mainly based on passive optical network (PON) architecture, where
several users are connected to a central office through optical fibers passively
coupled together. Traffic is bidirectional, and separate wavelengths carry the up-
stream and downstream data. These networks provide another example of the po-
tentials of fiber optics and the key roles it can play in modern telecommunication
infrastructure.
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Chapter 6
PIN and APD Detectors

6.1 Introduction

As mentioned in Chapter 1, in a fiber optic link an optical source, such as semi-
conductor laser, converts an electrical signal to an optical signal. The optical sig-
nal, once coupled properly into an optical fiber, can travel as a guided wave for
relatively long distances. At destination, the optical signal must be converted back
from the optical domain to the electrical domain. This conversion is accomplished
by using a photodetector, which is a light-sensitive device that converts the re-
ceived photons into electrons.

There are a wide variety of photodetectors that can be used for different pur-
poses. In fiber optics, two types of photodetectors are of primary interest: PIN di-
odes and APD diodes. Almost all practical fiber optic receivers use one of these
two devices at their front end. Therefore, this chapter is dedicated to these two de-
tector structures. Later in Chapter 9, we discuss complete optical receiver circuits,
in which the electrons generated by the detector are converted into a useful elec-
trical signal that represents the original data sent from the transmitter.

6.2 The PIN diode and photon—electron conversion

As noted in Chapter 1, the generation and detection of light is a phenomenon that
is most properly described by quantum physics [1]. The photoelectric effect pro-
vides a clear example where the absorption of photons results in the release of free
electrons. If high-energy photons hit a metal, they knock out electrons from the
surface of the metal. If an external electric field is applied, these electrons can be
collected and generate a photocurrent. This is the operating principle behind vac-
uum tube devices such as vacuum photodiodes and vacuum photomultipliers.
However, such devices are not very useful for fiber optic applications, because
they are bulky, require high voltage, and hard to operate. Semiconductor
photodetectors provide several advantages in terms of size, cost, operating volt-
age, responsivity, reliability, and integration with other optoelectronic devices.
That is why virtually all photodetectors used in fiber optic receivers are semicon-
ductor based.

In many ways, the process of conversion of photons to electrons in a semicon-
ductor is the opposite of the process of electron to photon conversion that takes
place in a semiconductor laser. We start by examining the process of photo-
detection in PIN diodes.

M. Azadeh, Fiber Optics Engineering, Optical Networks,
DOI 10.1007/978-1-4419-0304-4_6, © Springer Science+Business Media, LLC 2009
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6.2.1 PIN diode, static characteristics

The most widely used semiconductor detector is a revered biased p-i-n (PIN) junction
[2-10]. Figure 6.1 outlines the basic operating principles of a PIN photodetector. As
can be seen from the figure, the PIN diode consists of a p-doped and an n-doped semi-
conductor separated by an intrinsic material. The junction is reverse biased by an
external source. The bias voltage, V,, appears almost entirely across the intrinsic
section in the middle. This is because the intrinsic section is almost devoid of free
charges, and therefore is much more resistive compared to the p and n sections. As
a result, a strong electric field is formed in the intrinsic section.

When photons hit this section, they cause valence band electrons to jump into
the conduction band, leaving a positive charge, or hole, behind. Thus, a population
of photo-generated carriers is created in the intrinsic region. These carriers drift
out of the intrinsic region because of the present electric field. The electrons move
toward the n-region, and the holes move toward the p-region. This causes a photo-
current to flow in the circuit.
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Fig. 6.1. Energy band diagram and schematic of a reverse bias PIN photodetector
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From this description, it is obvious that a photon can knock an electron out of
the valence band and into the conduction band if its energy exceeds the bandgap
energy of the semiconductor:

W 2E (6.1)

g

where E = E, — E, is the bandgap energy, fis the photon’s optical frequency, and h
is Planck’s constant. The efficiency of a photodetector is characterized by its re-
sponsivity, which is defined as

1
P 5 (6.2)
where [ is the photocurrent, P is the optical power incident on the detector, and p
is responsivity in units of A/W.

Equation (6.2) provides the definition of responsivity in terms of measurable
quantities. It is also instructive to express Eq. (6.2) in terms of quantum mechani-
cal parameters. This is rather straight forward. If P is the optical power and E=hf
is the energy of a photon, then P/E or P/hf is the number of photons that hit the
photodetector. Because not every absorbed photon generates an electron/hole pair,
we need to define a quantum efficiency, n, which represents the fraction of pho-
tons that generate an electron—hole pair and thus contribute to the photocurrent.
Therefore, the number of generated electrons (or holes) in a second is given by
nP/hf. Multiplying by e, the charge of an electron, we get the value of photocur-
rent I as enP/hf. Finally, using the definition given by Eq. (6.2), we get

=&l
P=0r (6.3)

which is an expression relating responsivity (which is a measurable parameter) to
the quantum mechanical parameters and frequency.

From a circuit point of view, a PIN detector can be thought of as a light-
controlled current source. Figure 6.2 shows the typical IV characteristic of a PIN
diode. As long as the junction is reverse biased, application of optical power gen-
erates a photocurrent proportional to the optical power.! It can also be seen that
even in the absence of light application of voltage results in a small current. This
is because the intrinsic region also includes thermally generated free carriers
which contribute to a current even in the absence of light. This is known as the dark
current.

! The diode can also generate photocurrent when it is forward biased. This is called the photo-
voltaic mode of operation, where light is converted to forward bias current. Photocells work in
the photovoltaic mode. However, PIN detectors work in the reverse-biased region, also known as
photo-conductive mode.
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Fig. 6.2. Current vs. voltage characteristics of a reverse-biased PIN diode

The characteristic of a current source is that its voltage must be determined by
other elements in the circuit. Thus, as shown in Fig. 6.3, if the diode is connected
to a load resistance of R,, the output voltage of the circuit is given by

V =PpR, (6.4)

This equation is valid as long as V < V.. Figure 6.3 shows the simplest way to bias
a PIN diode to convert the optical signal into a voltage signal. However, as a prac-
tical circuit, this scheme suffers from certain shortcomings, which we will discuss
further in Chapter 9.

VszRL

Fig. 6.3. Biasing a PIN photodetector
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6.2.2 PIN diode, dynamic characteristics

The static response of a PIN diode provides a sufficient description when the input
optical signal varies slowly compared to the internal time constants of the device.
However, when the signal has high-frequency components, it is also important to
take into account the dynamic response of a PIN diode [11].

The dynamic response of a PIN diode is determined by several factors, some of
which are a result of the structure of the diode and others result from the external
circuits. In general, carriers can move as a result of diffusion and drift. Drift is the
main mechanism behind carrier movement in the intrinsic depletion region, be-
cause it is where the electric field is strong. On the other hand, as a result of the
high conductivity in the p and n regions, the voltage drop and thus the electric
field is small, and carrier movement takes place as a result of diffusion. Among
the limiting factors, the most important are
e Transit time: The drift of carriers across the intrinsic region is not instantaneous,
and this is a major factor that limits the response time of the detector. The transit
time is a function of the speed of the carriers and the width of the depletion region.
To reduce the transit time, either the speed of carriers will have to be increased by
increasing the reverse voltage or the width of the intrinsic region must be reduced.
Increasing the reverse voltage is effective as long as long as carrier velocities do
not saturate. On the other hand, the intrinsic region cannot be made very thin be-
cause then the photons may pass through it without being absorbed [11]. Carrier
speeds can be in the order of thousands of meters per second, and the width of de-
pletion region can be around a few microns. This can result in sub-nanosecond
transits times.

e Diffusion time: Diffusion is a slower process compared to drift, and therefore to
reduce the response time, it is desirable to minimize the amount of carriers that are
generated in the p and n regions. One way to achieve this is to reduce the length of
the p or n regions. For instance, in Fig. 6.1 the photons have to pass through the
p region before they can reach the depletion region. Therefore, by making the p
region narrower, we can minimize the number of carriers that are generated there.
e Capacitance: Another limiting factor is the capacitance of the junction as well as
the parasitic capacitance of the package. The reverse-biased PIN junction acts like
a capacitor because charge can be stored in the p and n sides with the depletion
layer acting as a dielectric. Notice that although reducing the length of the deple-
tion region helps transit time, it cannot be made very narrow, because it increases
the junction capacitance. The package capacitance includes the capacitance of the
pads provided for wirebonding to the detector. These capacitances, in conjunction
with the external load connected to the detector, form a low-pass filter.

To analyze the operation of a photodetector, it is useful to develop models that
can predict its behavior based on the detector’s parameters [12—15]. Figure 6.4
shows a simple linear ac equivalent circuit of a PIN diode along with the load
resistor attached to it.
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Fig. 6.4. ac model of a PIN detector

The photodetector is represented by a current source, with the junction capaci-
tance C, and the internal resistance of the depletion layer, R, parallel to it. Typi-
cally there is some extra series resistance associated with the p and n regions,
which is shown as R,. The inductance of the wire bonding used to connect the di-
ode to the load is shown by L, and the load itself is shown by R,.

It is obvious that this circuit acts as a low-pass filter, with a possible resonance
created by L, and by C,. Normally, the resistance of the depletion layer R, is high,
while the series resistance of the p and n regions is relatively low. This means R,
and R, may be ignored for approximate analysis. Also, assuming very short wire-
bondings, L, can be ignored. With these simplifications, the circuit’s behavior can
be approximated as a regular low-pass RC filter, with the 3dB frequency given by

1

I 6.5
£ 27R,C, ©5)

Thus, in order to maximize the frequency response of the diode, both its capaci-
tance and the resistance of the load it is attached to must be minimized. Minimiz-
ing the junction capacitance can be achieved by careful design of the diode struc-
ture, and practical highspeed diodes can have capacitances in the order of sub-pF.
Minimizing the load resistance is not a function of the diode itself, but is related to
the receiver’s electrical design. This is a subject we will consider in Chapter 9.

6.3 Avalanche photodiode (APD)

The PIN diode described in the previous section is the most commonly used detec-
tor in fiber optics. However, in some cases the responsivity of a PIN diode is not
sufficient to achieve the needed performance, in which case an avalanche photo-
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diode structure (APD) is typically used. The main difference between an APD and
a regular PIN detector is that an APD provides inherent current gain. This is a
clear advantage, because in a receiver, if the signal is amplified in an earlier stage,
the signal-to-noise ratio will be improved. In an APD, the reverse bias voltage ap-
plied to the junction is much higher. As a result, once a photon generates an elec-
tron—hole pair, the intense electric field present in the depletion region greatly ac-
celerates the pair. These high-energy carriers then collide with other atoms. As a
result of these collisions the atoms are ionized, releasing additional pairs of elec-
tron holes. This process is known as impact ionization or avalanche multiplica-
tion. Therefore, a single photo-generated carrier pair can ultimately generate many
more carriers, resulting in a very high current gain.

Figure 6.5 shows a popular APD structure known as a reach-through APD
[16,17]. Also shown are the electric field and energy diagrams along the junction
under reverse bias. Note that the band gap voltage is small compared to the re-
verse bias.
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Fig. 6.5. The structure of a reach-through APD as well as the energy and electric field diagrams
along the junction
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The structure consists of highly doped p+ and n+ regions on either side of a
lightly doped, almost intrinsic region in the middle. The intrinsic region is some-
times referred to as the 1 region. There is also an additional p layer sandwiched
between the n+ and p regions. When the structure is reverse biased, most of the
voltage drop appears across the n+p junction. The photons enter from the p+ side,
and are absorbed in the intrinsic region where they generate electrons and holes.
These are primary photo-generated carriers. The holes drift back toward the p+
side. But the electrons drift toward the reverse bias junction where the electric
filed is intense. In a reverse bias junction, the width of the depletion region on ei-
ther side of the junction is inversely proportional to the doping level. Therefore, in
this structure, the depletion region extends in the p side, and with enough reverse
bias, “reaches through” to the intrinsic region. Once the electrons enter the high
electric field region, they accelerate and cause avalanche multiplication through
impact ionization. These secondary carriers are the main contributors to the over-
all APD current. Note that in this device only electrons migrate toward the high
field area and initiate the avalanche multiplication. This is beneficial for noise pur-
poses, because the noise performance of devices that rely on one primary carrier is
better than the performance of those relying on both carriers.

The current gain of an APD, denoted by M, is a function of the reverse bias
voltage. As the reverse bias voltage approaches the breakdown voltage, V,,, the
gain starts to increase. An empirical description of this behavior can be given by
the following formula [18]:

1

M=—
1= 1V, )

(6.6)

where V is the reverse bias voltage and 7 is an empirical parameter that varies be-
tween 2 and 7. For long wavelength detectors based on InGaAs, typical break-
down voltages can range from 30 to 100 V, and gains of 10-30 are achievable.
Gains of 100 and higher can be achieved by silicon-based APDs, but the break-
down voltage is higher, and they cannot be used for long-wavelength applications.
We will discuss the wavelength response of different semiconductors later in this
chapter.

It may seem from Eq. (6.6) that it would be better to bias the APD as close to
the breakdown voltage as possible to maximize the APD gain. In practice, how-
ever, there is a relatively narrow optimal range to bias an APD. Beyond that range,
the additional gain of the APD is quickly offset by excess noise.

Figure 6.6 shows a typical plot of M and signal-to-noise ratio as a function of
bias voltage. The optimal bias range may lie up to few volts below the breakdown
voltage. Biasing the APD beyond that point will result in a lower signal-to-noise
ratio, thus deteriorating the sensitivity of the receiver.

We should also note that the gain of an APD decreases at higher temperatures.
This is because at higher temperatures the mean free path between carrier-atom
impacts decreases.
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Fig. 6.6. Signal-to-noise ratio and current gain vs. reverse bias voltage

In other words, as a result of more thermal vibration, the carriers are scattered
more frequently and do not reach high-enough velocities needed to initiate secon-
dary ionization. As a result, the breakdown voltage generally increases with tem-
perature. To first order, this dependence is linear, and can be described by

Ver (D) =V o (T))+ K o (T—T,) (6.7)

where T and T, are two temperatures, V, (T) and V,(T,) are the breakdown volt-
ages at those two temperatures, and K, is the breakdown voltage temperature co-
efficient in volts/°C. Typical values for K, are in the range of 0.1-0.3 volts/°C.

Another phenomenon that one needs to consider when using APDs is gain
saturation. The current gain expression given by Eq. (6.6) holds at low optical
powers. As the received optical power increases, the differential current gain re-
duces. Thus, an optical power—photocurrent curve starts linearly at low powers but
becomes sub-linear at high optical power. This behavior can be attributed to a
field screening effect of very high concentrations of free carriers, so that at very
high powers, the effective electric field inside the device is reduced [19].

The dynamic performance of the APD is also crucial for highspeed applica-
tions. Here the common figure of merit is APD’s gain-bandwidth product. We ex-
pect that biasing an APD at a higher gain should result in a reduction of its band-
width. In reality, the gain-bandwidth product is a complex parameter and is a
function of many factors, including quantum efficiency, material, device geome-
try, and even the gain itself. Bandwidths in the range of 20-30 GHz, and gain-
bandwidth products as high as 150 GHz, have been achieved [20].
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6.4 Noise in photodetectors

In discussing the gain of an APD we alluded to the fact that merely increasing the
current gain in an APD does not necessarily improve the performance of a re-
ceiver. Beyond a certain point, the noise generated by the APD starts to dominate,
causing the detected signal to deteriorate. Noise always accompanies physical sig-
nals, and anytime a signal is detected or amplified, the accompanying noise is also
amplified. Moreover, any electronic device adds some additional noise of its own
to the signal. As a result, it is common to keep track of the signal-to-noise ratio
(SNR) as a signal propagates through a system. To reconstruct a signal at the re-
ceiver faithfully, the noise power must be small compared to the signal level. In
other words, the SNR is a figure of merit in characterizing a receiver circuit.

In a photodetector, noise can be attributed primarily to two factors. The shot
noise, also known as quantum noise, originates from the statistical nature of pho-
ton to electron conversion. Thermal noise, on the other hand, is an intrinsic prop-
erty of any electrical circuit that is connected to the photodetector.

6.4.1 Shot noise

Photon to electron conversion is fundamentally a quantum mechanical process.
When a photon is absorbed, a pair of electron—holes is generated. Therefore, the
photo-generated current is not truly continuous, but has a discrete nature. It fluctu-
ates around some average value as a result of the discrete charge of the carriers
that contribute to it.

Because of the random nature of the current fluctuations, the noise current must
be characterized in a statistical manner. It is common to describe the noise current
by its mean square value. For a PIN detector, the mean square value of the shot
noise is [18]

<ifv> = 2el ,B (6.8)

where I, is the photocurrent, e is the electron charge, and B is the bandwidth
within which the noise is being measured. Equation (6.8) implies that shot noise
has a constant spectral density, an assumption that holds for all frequencies of in-
terest. Normally, B is set by the bandwidth of the receiver. This shows that one
way to minimize the effects of shot noise is to keep the bandwidth of circuit as
narrow as possible.

The current flowing through a PIN diode is not just photo-generated. Any re-
verse bias junction has a leakage current. For photodetectors the leakage current is
called dark current, because it exists even when these is no optical power. As a re-
sult, the mean square value of the total shot noise is given by
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(iv)=2el1,+1,)B (6.9)

For APDs, both the photocurrent and the dark current are amplified by the inher-
ent current gain of the device. It can be shown that the mean square value of the
total shot noise for an APD is given by

<i§v> =2e(l,+1,)BM*F(M) (6.10)

where F(M) is the excess noise factor, and describes the statistical nature of the
avalanche multiplication [21]. An expression for F(M) is given by [22]

F(M)y=M —(1-k)M?>(M -1)? (6.11)

In Eq. (6.11), k is the ratio of the ionization coefficient of the holes to that of the
electrons, assuming that the electrons initiate the multiplication.

Figure 6.7 shows an equivalent circuit for analysis of noise in a photodetector.
This figure is a simplification of Fig. 6.4 when R, >>R,, R << R, and L = 0.

P

e D6 o ln 7

Fig. 6.7. Modeling shot noise as an extra current source

As noted earlier, the junction capacitance and the load resistance form a low-
pass filter. As a result, the noise bandwidth term B in Egs. (6.9) and (6.10) is de-
termined by the bandwidth of this low-pass filter as defined by Eq. (6.5).

6.4.2 Thermal noise

Shot noise is a consequence of the quantum nature of light detection. Therefore, it
is a fundamental property of the photodetector and sets a maximum limit on the
value of SNR. In such a case, the SNR is said to be quantum limited. In reality,
however, almost always there are other sources of noise present. Chief among
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these 1s thermal noise, also known as Johnson noise, associated with the electric
circuits connected to the detector.

The source of this noise is the thermal motion of electrons in the load resistor
R,. The mean squared of the thermal noise in the load resistor is given by

<.2>: 4kTB

iy R (6.12)

L

where k is Boltzmann’s constant, T is the absolute temperature, and B is band-
width. Like shot noise, thermal noise has a constant spectral density. This is an-
other reason to keep the bandwidth of a receiver as low as possible, i.e., just suffi-
cient to pass the signals of interest. We can incorporate the thermal noise as an
additional current source into our circuit model, with the result shown in Fig. 6.8.
This figure is similar to Fig. 6.7 with the difference that all band-limiting effects
including those of the junction capacitance are lumped together in the form of a
low-pass filter (LPF) with bandwidth B.
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Fig. 6.8. Circuit schematic of the thermal and shot noise

If the photocurrent drives an amplifier instead of a resistor, B will be determined
by the bandwidth of the amplifier. In either case, the total noise current at the input
of an optical receiver is limited by the effective bandwidth of the receiver. This is
why receivers with a higher bandwidth generally have a lower sensitivity.

6.4.3 Signal-to-noise ratio (SNR)

Once we have characterized the noise level at the input of a receiver, it is possible
to analyze the SNR. The SNR is an important parameter because it determines the
performance of a receiver. In digital receivers, SNR can be related to the bit error
rate. In analog receivers, SNR is the main figure of merit and characterizes the
quality of the analog link.
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Let us assume that the optical power is given by a signal P(7). Assuming the re-
sponsivity is given by Eq. (6.3), the detector current is given by

1(t)=M %P(t) (6.13)

Note that a gain current gain term M is added to account for APD detectors. For a
PIN detector, M=1. The electrical signal power associated with this current is
given by

2
Py(t)= R, 1(1)* = RLMZ(%j P(1)> (6.14)

where P,(?) is the electrical power delivered to the load.
On the other hand, the total noise power delivered to the load, consisting of
shut and thermal noise, can be expressed as

Py = [<zfv> + <i%>]RL - 2{% P(t)+ ID}BM2 F(M)R, +4kTB  (6.15)

where P, is the total noise power delivered to the load. Again, the two terms M
and F(M) relate to APD detectors, and for a PIN diode they are both 1. From Egs.
(6.14) and (6.15) we can calculate SNR, defined as P (7)/P,. After simplification,
we obtain

7 P(t)’

SNR = X
2Bhf [

(6.16)

P(t)+hfID}F(M)+22hszT
en ne"M-R;

This equation provides several insights into the SNR behavior of a receiver.
Notice that as expected, increasing the optical power P(f) increases the SNR. On
the other hand, increasing the bandwidth of the receiver, B, reduces the SNR. The
denominator of Eq. (6.16) shows the contribution of thermal noise and shot noise
to SNR. An interesting point is that as R, increases, the effects of thermal noise
decrease. In a practical circuit, however, R, cannot be increased too much because
it will reduce the bias headroom of the photodetector diode (refer to Fig. 6.3). As
we will see in Chapter 9, using a transimpedance amplifier removes this limita-
tion. Another point to notice is the effect of current gain, M. Higher M values re-
duce the effects of thermal noise, and therefore improve the SNR. That is why an
APD detector provides a higher sensitivity compared to a PIN diode. However,
beyond a point, the F(M) term in the denominator starts to take over and will
cause SNR degradation. This means that when an APD is used, there is an optimal
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biasing point for best SNR. We discussed this point qualitatively in a previous sec-
tion, where we noted that usually the best point to bias the APD is a few volts be-
low the breakdown voltage (see Fig. 6.6).

Equation (6.16) can be simplified in several cases. For example, we can con-
sider a case where the optical power is not very low, in which case the dark cur-
rent /, can be ignored. Now, consider a case where thermal noise power is much
less than the shut noise. In this case, known as the quantum or shut noise limit, Eq.
(6.16) simplifies to

7
R = SBFGD P(?) (6.17)

which represents the best possible SNR attainable from a detector. Note that in
this case using an APD does not provide a clear advantage, except possibly in re-
ducing the effects of thermal noise by diminishing the thermal noise term in the
denominator of Eq. (6.15).

On the other hand, we can consider the case where thermal noise dominates
over shut noise. In this case, Eq. (6.16) simplifies to

2
SNR = (ezjjyj f—;P(t)z (6.18)

Note that in this case, which usually corresponds to low optical powers, the SNR
is more sensitive to both optical power and the current gain M. As expected, this
implies that using an APD is very effective in improving the SNR at low optical
powers.

6.5 Photodetector materials and structures

So far we have concentrated on the operational principles behind PIN and APD
diodes. In this section we briefly review the different materials and structures that
are used in building these detectors.

6.5.1 Photodetector materials

We mentioned before that in order for a photon to be absorbed and generate carri-
ers, its energy must be larger than the bandgap of the semiconductor material. As a
result, the responsivity of a detector to light is a function of the material and wave-
length. This dependence is characterized by the quantum efficiency, 7. This makes
responsivity a function of wavelength and material.
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Fig. 6.9. Typical responsivity curves for silicon, InGaAs, and germanium

Figure 6.9 shows the responsivity of the common semiconductors used in
photodetectors as a function of wavelength. It can be seen that the responsivity of
a detector varies widely with wavelength and is maximum at a particular wave-
length for each material. At longer wavelengths responsivity drops sharply be-
cause the photons do not have enough energy to knock electrons from the valence
band to the conduction band. At lower wavelengths the responsivity also reduces
because of increased absorption. For long wavelength applications at 1300 and
1550 nm, InGaAs is an excellent choice, as its response extends beyond the 1550
nm window. Moreover, it provides the highest responsivity, which approached
1IA/W at 1550 nm. Figure 6.9 shows the inherent responsivity of the materials,
without any additional current gain. In an APD, as a result of the avalanche gain
M, the overall device responsivity can be much higher.

Table 6.1. Typical parameters for silicon, germanium, and InGaAs detectors

Wavelength Responsivity Dark current Avalanche
range (nm) (A/W) (nA) gain
Silicon 400-1100 0.4-0.6 0.1-10 20-400
Germanium 800-1600 0.4-0.5 50-500 50-200

InGaAs 1100-1700 0.7-1 0.5-50 10-50
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Table 6.1 provides a summary of typical values for the critical receiver parame-
ters for these three materials.

6.5.2 PIN diode structures

Practical APD and PIN diode structures are based on the same principles we dis-
cussed before. Figure 6.10 shows an example of a practical InGaAs PIN diode
structure. The light enters from the top and goes through an aperture surrounded
by a metal contact. The aperture is anti-reflection coated to minimize light reflec-
tion. Because of the high index of refraction of semiconductors, without anti-
reflection coating a large percentage of incident light will be reflected, causing a
substantial reduction in the efficiency. Typical anti-reflection coatings may consist
of quarter-wavelength single or multi-layers.

Metal Contact Anti-Reflection Coating
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Fig. 6.10. Structure of a practical InGaAs PIN diode

The diode itself consists of a lightly doped, almost intrinsic InGaAs surrounded
by two n-doped InP layers. On the top side, an additional diffused p layer makes
up the p side of the junction. The top InP layer has a wider bandgap and therefore
allows photons to pass through and reach the internal InGaAs layer. Therefore, the
wavelength response of the detector is determined by the intrinsic layer, as pho-
tons are mostly absorbed in this region. Metal contacts on both sides provide the
electrical connections to the junction.

6.5.3 APD structures

A practical APD structure is in many ways similar to a PIN diode. Figure 6.11
shows an example of an InGaAs APD structure similar to the PIN structure of Fig.
6.10. The difference is the addition of a p layer between the intrinsic region and
the bottom n contact. When the APD is reverse biased, most of the voltage is
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dropped across the n+p junction. Because of the higher level of doping in the n+
layer, the depletion region extends into the p layer, and with enough reverse bias
reaches the intrinsic region. This is the basis of the “reach-through” APD structure
that we discussed previously. Like the PIN structure, the InP has a wider bandgap
and is almost transparent for the long wavelengths that pass through it and are ab-
sorbed by the intrinsic InGaAs layer. These photons generate the primary carriers.
However, the avalanche gain occurs in the p-doped InP layer, which is where the
electric field is much higher because of the reverse voltage drop in this layer.
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Fig. 6.11. Structure of a practical InGaAs PIN diode

In effect, absorption and avalanche multiplication are separated in this struc-
ture. This is advantageous, because each layer can be optimized for a different
purpose. For instance, the InP layer is more suitable for impact ionization, because
as a result of its higher bandgap tunneling current is reduced, and therefore higher
electric fields can be supported.

6.6 Summary

As the front end of optical receivers, photodetectors convert photons to electrons.
Although a variety of devices can accomplish this function, for fiber optic com-
munications almost exclusively PIN and APD diodes are used. These devices pro-
vide very good responsivity in the wavelengths used in fiber optics. Moreover,
they are robust, cheap, small in size, and mechanically compatible with other op-
toelectronic devices and optical subassemblies.
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A PIN diode consists of an intrinsic semiconductor layer sandwiched between
p- and n-doped materials. Typically, the device is reverse biased as a photodetec-
tor. The photons are absorbed in the intrinsic region, as long as the photon’s en-
ergy is larger than the bandgap of the material. Photons are absorbed in the intrin-
sic region and generate carrier pairs. Because of the electric field in the intrinsic
region, these carriers are swept out of the junction, making up the output current
of the device. This process is characterized by the quantum efficiency, defined as
the number of generated electrons for every 100 photons absorbed. Related to this
is the responsivity of a detector, defined as the ratio of photocurrent to the optical
power. Responsivity is a parameter that can easily be measured and is a key factor
in the performance of a receiver. Typical responsivities vary from 0.5 to 1 A/W.

An APD detector’s primary advantage over a PIN detector is internal current
gain, which can substantially improve the sensitivity of an optical receiver. In an
APD, the junction is reverse biased at a much higher voltage. Therefore, photo-
generated carriers are accelerated to very high speeds and, as a result of impact
ionization, generate additional secondary carriers. These secondary carriers them-
selves accelerate to high speeds and generate more carriers. This is known as ava-
lanche multiplication. In the way very high current gains can be achieved. Usu-
ally, the optimum biasing point for an APD is a few volts below the breakdown
voltage of the junction.

Noise is a key parameter to consider in photodetectors. There are two primary
mechanisms for noise: shot noise or quantum noise, and thermal or Johnson noise.
While there are some ways to reduce the effects of thermal noise, shot noise is al-
ways present and sets a limit on the maximum achievable signal-to-noise ratio.
Simple mathematical results allow for the study of the effects of these two noise
sources.

The most common materials used in building PIN and APD detectors are Si,
Ge, and InGaAs. These materials have different operating wavelengths. For long-
wavelength applications, InGaAs provides an excellent choice both in terms of re-
sponsivity and in terms of optical bandwidth. Its operating wavelength spans from
almost 1000-1700 nm and its responsivity peaks around the 1550 nm. Conse-
quently, in practical PIN and APD structures it is common to use InGaAs as the
absorption layer.
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