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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-



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 4–7 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.  

*  *  * 
I am greatly indebted to many individuals for this project. In particular, I would 

like to thank Dr. A. Nourbakhsh who inspired and encouraged me to take on this 
work. I would also like to acknowledge my past and present colleagues at Source 
Photonics for the enriching experience of many years of working together. In par-
ticular, I would like to thank Dr. Mark Heimbuch, Dr. Sheng Zheng, Dr. Near 
Margalit, Dr. Chris LaBounty, and Dr. Allen Panahi, for numerous enlightening 
discussions on a variety of technical subjects. Without that experience and those 
discussions, this book could not have been created. I would also like to thank 
Springer for accepting this project, and in particular Ms. Katelyn Stanne, whose 
guidance was essential in bringing the project to its conclusion. 
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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. 

• 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.  

• 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. 

• 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!  

Processing 

Transmitter            Channel              Receiver 

Energy Modulation and Propagation 

Data Processing 
Layers 

Physical Layer 
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• 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.  

• 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. 

• 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]1.   

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 follows2 [7]: 

                                                           
1 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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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, ρ is the 
charge density, and ∇ 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 relations3: 

 ED ε=  (1.5) 

 HB μ=  (1.6) 

Here ε is the permittivity and μ 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 Eqs. (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 E and 

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

2
2

t∂

∂=∇ EE εμ  (1.7) 

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 

 ).()(),( tjet ω−= rkrArE  (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-
quencyω, 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 

 
εμ
1=c  (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 

 )()(),( tkzjet ω−= rArE  (1.10) 
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where now z is the direction of wave propagation, and k is the component of wave 
vector k in the z direction.4 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−ωt) in Eq. (1.10). The angular frequency ω is 
given by ω = 2πf, where f is the frequency in Hertz and is related to the oscillation 
period T as ω=2π/T. Moreover, k is related to the wavelength λ as k = 2π/λ. There-
fore, k represents the periodicity of the waves in space, and ω 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 

 0=−
dt
dzkω  (1.11) 

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: 

 λfc =  (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, λ 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 c0 and λ0, respectively, we obtain c=c0/n and λ=λ0/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 kz as a reminder of the fact that it 
is the z component of the wave vector k, 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: 

 hfE =  (1.13) 

where E is the energy in Joules and h is the Plank’s constant whose value in the 
international system is 6.623×10−34 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 Schrödinger 
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 Schrödinger 
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.5 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: 

 
p
h=λ  (1.14) 

which postulates a wavelength λ 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.  

                                                           
5 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 1.60×10−19 J, because the electron charge is 1.60×10−19 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] 

 
c
Ep =  (1.15) 

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: 

• D << λ ⇒ circuit theory 
• D ≈ λ ⇒wave theory 
• D >> λ ⇒ 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-
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.  

 

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.  

 

 

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 V×15 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 VCSELs can be integrated in the form of one-or two-dimensional arrays, a 
feature not available for edge-emitting devices.  

However, VCSELs 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.  

 

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 30–40 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: 

 )sin()sin( 2211 θθ nn =  (1.16) 

where θ1 and θ2 are the angles of incidence and refraction, and n1 and n2 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, θT, all the energy re-
flects back into the medium with the higher index of refraction. This phenomenon 
is called total 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.6 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.  

 
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 

                                                           
6 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.7 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 P1 and P2 in decibels is defined as follows: 
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For example, if P1 is ten times larger than P2, we can say P1 is 10 dB higher than 
P2. 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: 

 dBm 10 mW10log ( )P P=  (1.18) 
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where PdBm is the power in dBm and PmW is the power in units of mW. Note that 
Eq. (1.17) is the same as Eq. (1.18) when P2 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(ab)=b×log(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 

Ratio/mW  dB/dBm Ratio/mW  dB/dBm 

1000 
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3 
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1.25 
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1.01 
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7 
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1 
0.99 
0.9 
0.8 
0.5 
0.3 
0.2 
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0.01 
0.001 

0 
−0.05 
−0.5 
−1 
−3 
−5 
−7 
−10 
−20 
−30 

Attenuation/power lower than 1 mW    
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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 Eqs. (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.  

References  

[1] Aristotle, On The Soul, Book II 

[2] R. L. Oldershaw, “Democritus-scientific wizard of the 5th century BC,” Speculations in Sci-
ence and Technology, Vol. 21, pp. 37–44, 1988 

[3] Plato, Timaeus 

[4] K. Seyrafi, Light, The Mystery of Universe. Electro-Optical Research Company Los Angeles, 
CA, 1986 



References      27 

[5] R. Loudon, The Quantum Theory of Light, 3rd Ed., Oxford University Press, Oxford, 2000 

[6] E. Hecht, Optics, 4th Ed., Addison-Wesley, Menlo Park, CA, 2002 

[7] W. C. Chew, M. S. Tong, and B. Hu, Recent Advances in Integral Equation Solvers for Elec-
tromagnetics, Morgan and Claypool, San Rafael, CA, 2009 

[8] J. Z. Buchwald, “Oliver Heaviside, Maxwell’s apostle and Maxwellian apostate,” Centaurus, 
Vol. 28, pp. 288–330, 1985 

[9] G. Keiser, Optical Fiber Communications, McGraw-Hill, New York 1999 

[10] V. Jacques, “Experimental realization of Wheeler's delayed-choice gedanken experiment,” 
Science, Vol. 315, pp. 966–968, 2007 

[11] V. V. Dodonov, “Nonclassical states in quantum optics: a 'squeezed' review of the first 75 
years,” Journal of Optics. B, Quantum and Semiclassical Optics, Vol. 4, pp. R1–R33, 2002 

[12] M. M. deSouza, “Classical electrodynamics and the quantum nature of light,” Journal of 
Physics A-Mathematical and General, Vol. 30, pp. 6565–6585, 1997 

[13] D. F. Walls, “Evidence for the quantum nature of light,” Nature, Vol. 280, pp. 451–454, 
1979 

[14] B Lounis and M. Orrit, “Single-photon sources,” Reports on Progress in Physics, Vol. 68, 
pp. 1129–1179, 2005 

[15] S Gasiorowicz, Quantum Physics, John Wiley & Sons, Hoboken; NJ, 1974 

[16] T. L. Dimitrova and A. Weis, “The wave-particle duality of light: a demonstration experi-
ment,” American Journal of Physics, Vol. 76, pp. 137–142, 2008 

[17] K. Camilleri, “Heisenberg and the wave-particle duality,” Studies in History and Philosophy 
of Modern Physics, Vol. 37, pp. 298–315, 2006 

[18] S. S. Afshar et al., “Paradox in wave-particle duality,” Foundations of Physics, Vol. 37, pp. 
295–305, 2007 

[19] D. W. Ball, “The electromagnetic spectrum: a history,” Spectroscopy, Vol. 22, pp. 14–20, 
2007 

[20] D. Supper et al. “Long-wavelength VCSEL with integrated relief for control of singlemode 
emission,” Optics Communications, Vol. 267, pp. 447–450, 2006 

[21] C.C. Xu and S. A. Boggs, “High frequency loss from neutral wire-shield interaction of 
shielded power cable,” IEEE Transactions on Power Delivery, Vol. 23, pp. 531–536, 2008 

[22] Y. D. Chung et al., “A 60-GHz-band analog optical system-on-package transmitter for fiber-
radio communications,” Journal of Lightwave Technology, Vol. 25, pp. 3407–3412, 2007 

[23] K. Gnauck et al., “25.6-Tb/s WDM transmission of polarization-multiplexed RZ-DQPSK 
Signals,” Journal of Lightwave Technology, Vol. 26, pp. 79–84, 2008 

[24] H. Suzuki et al., “12.5 GHz spaced 1.28 Tb/s (512-channel×2.5 Gb/s) super-dense WDM 
transmission over 320 km SMF using multiwavelength generation technique,” IEEE Photon-
ics Technology Letters, Vol. 14, pp. 405–407, 2002 

[25] J. X. Cai et al., “Long-haul 40 Gb/s DWDM transmission with aggregate capacities exceed-
ing 1 Tb/s,” Journal of Lightwave Technology, Vol. 20, pp. 2247–2258, 2002 

[26] C. H. Cox, Analog Optical Links, Cambridge University Press, Cambridge, 2004 



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). 

 

Fig. 2.1. Logical structure of a simple network 

This simple example serves well to demonstrate the logical structure, or topol-
ogy, 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. 

 

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 0s: 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.  

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 (LANs) 

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, MANs are used to interconnect 
other networks such as individual LANs. Therefore, individual users can connect 
to a MAN either through a LAN or through an access network, such as community 
access TV (CATV) network or a DSL line.1  

Because MANs typically cover longer distances and higher data rates com-
pared to LANs, 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 MANs 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 (WANs) 

Networks that extend to many cities, countries, or even continents are designated 
as wide area networks or WANs. 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 WANs. Like the case of metro-
politan area networks, individual users do not have direct access to WANs. In-
stead, WANs are used to connect smaller MANs and LANs.  

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).  

                                                           
1 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 
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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). 
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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. 

 

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.  

 

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 



2.7 SONET/SDH       47 

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 8000×8=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 24×64 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 
30×64 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’ 
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Each SONET frame is defined to be 125 μs long, corresponding to 8000 frames 
per second. Since each frame has 9 × 90=810 bytes, and each byte is 8 bits, the 
base bit rate in a SONET signal would be: 8000 × 810 × 8=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 8000 × 774×8=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 
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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 
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Table 2.1 SONET and SDH signal levels and physical layer data rates 

 
 
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] 

 

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.3 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).  
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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 λ1 to λN enters a WDM demulti-
plexer which separates the signal into individual wavelengths. Each wavelength 
goes through a 2×2 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.   

 

Fig. 2.9. An optical add/drop multiplexer (OADM) 
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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 N×N 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.  

 

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, λ1–λ4. In this network node A transmits signals on three wavelengths λ1–
λ3. These wavelengths go through an OADM which drops λ1 to node B. Therefore, 
node A communicates to node B through λ1. The other two wavelengths λ2 and λ3 

pass through the OADM and arrive at the OXC. The OXC has two input and two 
output ports. One of the input ports receives λ2 and λ3 from the OADM. The other 
input port receives λ4 from node C. The OXC is configured to separate λ2 and λ3 
and combine λ3 with λ4 and route them to node E, while sending λ2 to node D. 
Thus, A is connected to B via λ1, A is connected to D via λ2 , A is connected to E 
via λ3, and C is connected to E via λ4.  

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 
λ2 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 λ2 and λ4 by routing λ4 to D and λ2 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 (PONs) 

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. 

 

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, 
PONs 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 × log2(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 ONUs 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.  

 

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, 
MANs, and WANs, 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 3  
Signal Characterization and Representation 

3.1 Introduction 

Fiber optic systems utilize the wide bandwidth of the fiber to transfer very high 
data rates over long distances. As noted in Chapter 1, in order to represent infor-
mation, a physical quantity must be modulated. A “signal” is the representation of 
information, and a physical signal is realized when a voltage, a current, or an elec-
tromagnetic wave is modulated. In fiber optics, we deal with electrical and optical 
signals. At the level of physical layer, a fiber optic link converts an electrical sig-
nal to an optical signal, transmits it over the fiber, and converts it back to an elec-
trical signal at the other side.   

From a design perspective, it is crucial to understand the nature of these electri-
cal and optical representations of information. In the electrical domain, working 
with high-speed signals requires special attention both in design and in implemen-
tation. In the optical domain, several parameters affect signal integrity both during 
propagation through the fiber and at detection. Thus, because optical and electrical 
signals are converted back and forth, any limitation or degradation in one directly 
affects the other.  

In this chapter, we focus on the characterization of high-speed optical and elec-
trical signals, both in time domain and in frequency domain. We first start by re-
viewing some mathematical foundations, including Fourier transform and its prop-
erties. Fourier transform is the main tool for frequency domain analysis and 
provides valuable insight into issues such as modulation and multiplexing. After 
that we proceed to characterization of physical waveforms, that is, electrical and 
optical signals that transfer the information across physical media.   

3.2 Signal analysis  

A signal can be represented as a waveform which varies with time. Mathemati-
cally, a signal is represented by a function, x(t). However, certain important fea-
tures of a signal such as its bandwidth and spectral shape are not immediately ob-
vious from a time domain representation. Frequency domain techniques provide 
powerful tools which make these hidden features much easier to examine and ana-
lyze. From a mathematical perspective, frequency domain analysis is based on 
Fourier transforms. Therefore, we start this section by a review of the Fourier 
transform and some of its important properties. 

M. Azadeh, Fiber Optics Engineering, Optical Networks,  
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3.2.1 Fourier transform 

The Fourier transform of a time signal, x(t), is defined as [1] 

 ∫
∞

∞−

−= dttfjtxfX )2exp()()( π  (3.1) 

where X(f) is the frequency spectrum of x(t). The inverse Fourier transform is de-
fined as 

 ∫
∞

∞−

= dftfjfXtx )2exp()()( π  (3.2) 

Therefore, x(t) and X(f) form a Fourier pair, representing the same signal in the 
time and frequency domains. We use the ⇔ notation to show this, thus, we can 
say x(t) ⇔ X(f). In general, X(f) is a complex quantity, which means it has both 
amplitude and phase. However, Fourier transforms of real functions have spectral 
symmetry: 

 )()( * fXfX =−  (3.3) 

where the * represents complex conjugate. Moreover, often we are interested not 
in the phase information in X(f) but only in the energy spectral density of the sig-
nal, S(f), which is defined as 

 
2)()( fXfS =  (3.4) 

A direct consequence of Eqs. (3.3) and (3.4) is that the energy spectral density of 
real signals is an even function, i.e., S(−f) = S(f). A number of results with impor-
tant physical interpretations follow from these definitions.  

• Rayleigh/Parseval energy theorem: In time domain, the total energy of a sig-
nal can be obtained by integrating the signal over time. Likewise, in frequency 
domain, the energy can be obtained by integrating the spectrum over all frequen-
cies. The energy theorem states that these two quantities are equal: 

 dttxdffX ∫∫
∞

∞−

∞

∞−

= 22 )()(  (3.5) 

• Multiplication and convolution: One of the results of Fourier transform is that 
multiplication of two signals in time domain is equivalent to convolution in 
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frequency domain (and vice versa). In other words, xy and X*Y, or x*y and XY, 
form Fourier pairs: 

 
)()()(*)(
)(*)()()(

fYfXtytx
fYfXtytx

⇔
⇔

 (3.6) 

Here the operator “*” (not to be confused with complex conjugate) defines the 
convolution of two signals: 

 ∫
∞
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• Signal scaling: Changing the time scale of a signal is equivalent to a reciprocal 
change of scale in frequency domain (and vica versa): 
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In the next section we will discuss the physical implications of these results with 
regards to physical signals.  

3.2.2 Fourier analysis and signal representation  

As noted before, Fourier transform is a representation of a signal in frequency 
domain. The frequency contents of a signal are important in how linear systems 
interact with the signals. For example, if y(t) is the response of a linear system to 
an input signal x(t), we have 

 )()()( fXfHfY =  (3.9) 

where H(f) is the transfer function of the system obtained by taking the Fourier 
transform of the impulse response of the system. This is a direct result of Eqs. 
(3.6), because the response of a system in time domain can be obtained by convo-
lution of the input signal and the system’s impulse response.  

Another interesting insight can be gained from Eq. (3.8). Essentially, this equa-
tion states that localizing a signal in time inevitably results in increasing the 
bandwidth of the signal. On the other hand, localizing a signal in frequency do-
main (i.e., band-limiting it) increases its time span. This is known as Fourier un-
certainty principle [2]. The extreme example is a pure harmonic function whose 
time profile extends to infinity, but whose frequency spectrum is a delta function 
with an infinitely small span at the harmonic frequency. The other extreme case is 
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a delta function in time, which is completely localized temporally, but whose fre-
quency components extend to infinity. As an example of the application of this 
principle, ultrashort pulse shaping techniques are usually based on manipulating 
the spectrum of signals in frequency domain [3,4]. 

Fourier analysis is also very useful in providing insights about standard com-
munication techniques such as modulation and frequency multiplexing. As an ex-
ample, let us assume we need to transmit several baseband signals over a single 
channel. Let us assume these signals are given by a1(t) to an(t) in time domain and 
A1(f) to An(f) in frequency domain. We face two problems in transmission of these 
signals. First, many useful communication channels (including optical fibers) are 
not efficient at low frequencies, and therefore they cannot be used. Second, be-
cause the frequency spectrum of these signals overlap, we cannot transmit them 
over any channel simultaneously.  

An efficient solution to both these problems is modulation and frequency mul-
tiplexing. If a1(t) is multiplied by a harmonic function such as cos(2πf1t), the result 
is the shifting of the frequency profile A1(f) to the carrier frequency f1. This is a 
consequence of Eqs. (3.6) and (3.7). As mentioned before, the Fourier transform 
of a harmonic wave is a delta function. Thus, modulation of a1(t) by cos(2πf1t) re-
sults in the convolution of A1(f) with a delta function at f1. This, in turn, converts 
A1(f) to a bandpass signal centered at f1. Therefore, efficient bandpass channels 
like free space, waveguides, or optical fibers can now be used to transmit a1(t).  

Of course modulation is widely used in radio and microwave applications. By 
the same token, by using different carrier frequencies, we can stack A1(f) to An(f) 
next to each other in the frequency domain (Fig. 3.1), and as long as the carrier 
frequencies are far enough from each other, no overlap occurs.1 

 

Fig. 3.1. Spectrum shifting and signal aggregation through frequency multiplexing 

                                                           
1 Notice that the overall bandwidth requirement is twice that of the sum of each signal’s band-
width, as each baseband signal yields two sidebands after frequency shifting. Single side band 
modulation can improve bandwidth efficiency by transmitting only one sideband for each signal. 
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The same principle is at work in fiber optic communication. Light is used as an 
optical carrier, so the frequency contents of the signals are shifted to optical fre-
quencies where fibers can be used to transfer them. Moreover, in analog fiber op-
tic links, it is not uncommon to frequency multiplex several analog signals at dif-
ferent frequencies and then use the resulting composite signal to modulate an 
optical carrier. On the other hand, in wavelength division multiplexing (WDM), 
several wavelengths are used as optical carriers, each being modulated by a sepa-
rate signal. So a WDM scheme is also a frequency multiplexing scheme, in which 
f1 to fn in Fig. 3.1 will be optical frequencies.  

3.2.3 Digital signals, time and frequency domain representation 

So far we have not made any particular assumptions about x(t). However, digital 
signals have additional time and frequency structuring. A simple square wave can 
provide a good starting point for analyzing a digital signal. The Fourier transform 
of this function is shown in Fig. 3.2 [5]. We see that the square wave has dimin-
ishing components at harmonics of the fundamental frequency. Theoretically, the 
spectrum extends to infinity. This should not be surprising, because the square 
wave has infinitely fast rise and fall times, corresponding to infinite bandwidth in 
frequency domain.  

 

Fig. 3.2. A square wave in time and frequency domains  

A simple square wave, like a simple sinusoidal wave, cannot carry information. 
To transfer information, the square wave must be modulated, and for this we need 
to somehow change one of its features. That brings us to the topic of coding. 

3.2.4 Non-return-to-zero (NRZ) and pseudorandom (PRBS) codes  

In fiber optic applications, the most common coding scheme for digital signals is 
the non-return-to-zero (NRZ) code, where a logical 1 is represented by a constant 
high value, and a logical 0 is represented by a constant low value [6–8]. Once 
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converted to a physical signal, an NRZ signal is typically a voltage or an optical 
waveform that toggles between two physical levels, as shown in Fig. 3.3. 

 

Fig. 3.3. Binary data, NRZ representation, and physical signal   

Note that the physical signal deviates from an ideal NRZ code in several as-
pects, i.e., the physical signal has both amplitude noise and phase noise or jitter. A 
very convenient way of representing a digital signal in time domain is through an 
eye diagram. Because of their importance to optical signals, we will discuss eye 
diagrams separately later in this chapter. In an NRZ signal the bit period deter-
mines the bit rate. In Fig. 3.3, a sequence of 10 bits is shown: 1001011010. For 
instance, if the length of time shown in the figure is 10 ns, this data stream 
represents a data rate of 1 bits per ns, or 1 Gbps.  

Another point to emphasize is the random nature of an information carrying 
NRZ stream. Assuming a balanced signal, each bit has a 50% probability of being 
1 or 0, regardless of the past bits. In other words, a true random signal is memory-
less. However, for test purposes, a true random signal has to be approximated by a 
pseudo-random bit sequence (PRBS) signal. PRBS signals are widely used for 
testing the performance of digital systems, including in fiber optic applications. 
Typically a PRBS generator consists of a series of shift registers with an XOR 
feedback tap. Applying a clock to the shift registers results in the generation of the 
pseudo-random patterns [9–11]. 

A PRBS pattern is characterized by its length. A PRBS pattern of a particular 
length has the property of including all combinations of bits in a word with that 
length, except for an all-zero combination. For example, a PRBS-7 pattern gener-
ates all the possible 7-bit long combinations of 1s and 0s, expect 0000000. Thus, 
such a pattern is 27−1 or 127 bits long and is therefore called 27−1. In other words, 
such a code repeats itself after 127 bits. On the other hand, a PRBS-31 pattern, 
which is typically the longest pattern used in practical systems, is 2, 147, 483, 647 
bits long. Common PRBS pattern lengths include 7, 11, 15, 23, and 31.  
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Naturally, longer PRBS patterns are better approximations for true random 
NRZ data. A longer PRBS pattern has more consecutive identical digits (CIDs), 
and therefore it has more low-frequency contents. This raises the question of 
bandwidth requirements and frequency contents of random and pseudorandom 
NRZ signals, a topic which we turn to next.  

3.2.5 Random and pseudo-random signals in frequency domain 

In order to obtain the spectrum of random NRZ signals, a mathematical result can 
be used, which states that the energy spectral density of a function is equal to the 
Fourier transform of its autocorrelation [12]. Using simple arguments based on the 
random nature of an NRZ data stream, it can be shown that the autocorrelation of 
a random NRZ stream is a triangular function, as shown in Fig. 3.4a [13]. This re-
sult can also be obtained by more rigorous mathematical approaches [14]. Thus, 
the Fourier transform of this triangular function, which is a Sinc function, gives us 
the energy spectrum of the NRZ signal, S(f): 
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where Tb is bit period, and all the proportionalities are lumped into a constant A. 
This function is shown in Fig. 3.4b. Note that the spectrum has very low fre-
quency contents, in fact theoretically all the way down to dc. Also note that the 
spectrum has zeros at the fundamental frequency and its harmonics. For example, 
a random NRZ stream at 1 Gbps has nulls at 1 GHz, 2 GHz, etc.  

 

 

Fig. 3.4. (a) The autocorrelation and (b) the energy spectrum of a random NRZ signal  

Tb -Tb 

1/Tb 2/Tb 3/Tb -1/Tb -2/Tb -3/Tb f 

(a) 

(b) 



68      3    Signal Characterization and Representation 

Moreover, the spectrum diminishes with the square of frequency, and in fact most 
of the power in the signal is concentrated in the first lobe, below the first zero. This 
fact can be used to set the bandwidth of circuits that handle random NRZ signals. 

The energy spectrum of a PRBS signal is similar to that of a random NRZ sig-
nal, except that the Sinc becomes an envelope for a series of discrete frequency 
components that are spaced at 1/TPRBS intervals, where TPRBS is the time period at 
which the PRBS pattern repeats itself. This spectrum is shown in Fig. 3.5. As 
the code-length of the PRBS signal increases (i.e., from PRBS-7 to PRBS-15, to 
PRBS-31, etc.), the frequency spacing between the components decreases, and at 
the limit of infinite code-length (true random NRZ signal) the spectrum reduces to 
the waveform shown in Fig. 3.4b. 

 

Fig. 3.5. Spectrum of a PRBS signal 

With this brief mathematical introduction, we will now turn our attention to 
physical waveforms, starting with electrical signals.  

3.3 High-speed electrical signals  

Working with high-speed electrical signals is a crucial part of design process in 
modern fiber optic systems. In a fiber optic transceiver, usually the transmitter and 
the receiver have to operate at very high speeds, and therefore management of 
high-speed signals becomes a crucial factor in the design. Here we will review 
several important concepts related to characterization and handling of high-speed 
electrical signals.  

3.3.1 Lumped and distributed circuit models 

One point that needs to be clarified in advance is the definition of a “high-speed 
signal” [15–17]. In terms of operating frequency, circuits can be divided into two 
categories: lumped and distributed. Lumped circuits consist of resistors, capaci-
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tors, inductors, and electrical interconnects and obey Kirchhoff’s laws of current 
and voltage. The critical (but often unstated) assumption is that of infinite speed 
for voltage and current signals. In other words, once a signal is applied to a node, 
it appears instantaneously on all the points connected to that node. The only 
source of delay in a lumped circuit is time constants created by circuit compo-
nents, such as charging of capacitors, etc.  

We know in reality that nothing travels instantaneously. As noted in Chapter 1, 
Maxwell’s equations result in a wave equation for electromagnetic fields with the 
traveling speed of c=1/(εμ)1/2. In fact, Kirchhoff’s laws are approximations of 
Maxwell’s equations. Kirchhoff’s voltage law can be obtained from Eqs. (1.1) and 
(1.6) by setting μ =0. Likewise, Kirchhoff’s current law can be obtained from Eqs. 
(1.2) and (1.5) by setting ε =0 [15]. Setting permittivity and permeability to zero is 
equivalent to setting the speed of light to infinity. Therefore, Kirchhoff’s laws 
hold as long as the signals travel instantaneously.  

This simplifying assumption is valid when the physical size of the circuit is 
small compared to the wavelength of the signals involved, and therefore delays 
can be neglected. For instance, for a dc voltage, the wavelength is infinite, and 
therefore all circuits regardless of their size can be modeled as lumped elements. 
On the other hand, if the size of the circuit is comparable to the wavelength of the 
signal, not all points in the circuit will be in phase at a given point of time, and 
therefore delays become noticeable. In this case, lumped models are no longer 
valid and the circuit must be considered a distributed circuit. We can summarize 
the requirement for lumped circuits as 
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where D is the physical dimension of the circuit, λ is the wavelength of signal, c is 
the speed of light in vacuum, f is the highest frequency in the signals, and n is the 
index of refraction of the medium which for typical circuit materials is in the 
range of 2–3. Although the factor 10 in this expression is somewhat arbitrary, it 
serves well as a rule of thumb for most cases. For example, if f =5 GHz and n =2, 
the right-hand side of Eq. (3.11) is 0.3 cm. This means that any circuit (or circuit 
element) larger than 0.3 cm behaves like a distributed element at this frequency, 
and therefore lumped models cannot be used for it anymore.  

But what exactly is the highest frequency involved in a circuit? The situation is 
clear for narrowband or passband signals that are concentrated around a carrier 
frequency. This is usually the case for analog signals. In these cases, the carrier 
frequency can be used to calculate the relevant wavelength. The situation is 
somewhat more complicated for broadband digital signals, such as the random or 
PRBS NRZ streams that we discussed earlier. As we saw, the frequency contents 
of such signals extend beyond the nominal bit rate. However, the energy content 
of the higher lobes is indeed small compared to the first lobe. In fact, the higher 
lobes correspond to the edges of the signal, where the rate of change of the signal 
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is fastest. So the question of highest frequency contents of the signal is indeed re-
lated to the purpose of the circuit in question. If the intention is signal fidelity, es-
pecially when it comes to maintaining rise and fall times, then perhaps higher 
lobes must be maintained. However, for most applications, it is sufficient to con-
sider only the first lobe. Thus, the highest frequency in a PRBS or random NRZ 
signal can be approximated by the bit rate.  

Once we determine that Eq. (3.11) is not satisfied for a given circuit, we need 
to treat it as a distributed circuit. The first elements that are affected as frequency 
increases are electrical interconnects, because typically they have the largest di-
mensions in a circuit. Therefore, we need to treat them not as simple intercon-
nects, but as transmission lines. However, we should note that at still higher fre-
quencies lumped models are not adequate for other common elements such as 
resistors and inductors, and distributed models must be used for them also. How-
ever, in this chapter we only cover transmission lines, because in most circuits 
they are the main elements that must be specifically designed and managed for 
signal integrity purposes.  

3.3.2 Transmission lines 

A transmission line is composed of two parallel, uniform conductors that are sepa-
rated by a uniform dielectric [18–20]. Two conductors are needed to eliminate 
low-frequency cutoff, in other words, a transmission line is a baseband channel 
that can conduct electric energy at very low frequencies, including dc.  

The important property of transmission lines is that as long as frequencies are 
not too high, they can support only a transverse electromagnetic (TEM) wave. 
TEM waves are electromagnetic waves in which the electric and magnetic fields 
are perpendicular to the direction of wave propagation. Figure 3.6 shows the elec-
tric and magnetic fields around a two-wire transmission line.  

 

Fig. 3.6. TEM wave propagation in a transmission line  
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As noted in the previous section, a transmission line is inherently a distributed 
element and is best described through Maxwell’s equations. However, it is possi-
ble to approximate a transmission line with a series of lumped circuit elements, 
i.e., series inductances and shunt capacitances. A small length of transmission line, 
dz, is then analyzed using Kirchhoff’s laws which are assumed to be valid within 
that small length. The result is the following differential equation for voltage: 
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The same equation can be obtained for current. In this equation L is inductance per 
unit length and C is capacitance per unit length. Equation (3.12) can readily be 
recognized as the wave equation. The solutions are right or left traveling wave-
forms of arbitrary shape, with their velocity given as 
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If we take the approach of Maxwell’s equation we reach the same conclusion, 
provided we neglect non-TEM solutions. The phase velocity for the TEM waves is 
found to be V = 1/(εμ)1/2 where ε and μ are the permittivity and permeability of the 
dielectric that surrounds the conductors. Comparing this with Eq. (3.13), we con-
clude that for a transmission line, LC=εμ . Moreover, the velocity of the TEM 
voltage waves is the same as the speed of light in the medium.  

3.3.3 Characteristic impedance  

Perhaps the most important characteristic of a transmission line from a design 
point of view is its characteristic impedance. Following circuit theory, the imped-
ance of a transmission line is defined as the ratio of voltage to current phasors for 
the voltage and current waves that propagate along a transmission line. For low-
loss transmission lines it is found that [18] 
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where Z is impedance in Ohms. This relationship shows that impedance of a 
transmission line is a function of its geometry and the dielectric separating the two 
conductors. Moreover, for a lossless transmission line of infinite length, the im-
pedance is a real number, which means voltage and current signals are in phase. 
Equation (3.14) confirms the intuition that as the shunt capacitance of a transmis-
sion line increases, its impedance drops. On the other hand, as the series inductance 
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of the transmission line increases, its impedance also increases. Typical values for 
Z are 50–200 Ω. 

The importance of characteristic impedance for signal integrity is the require-
ments of impedance matching [21–23]. Consider the case of a transmission line 
with characteristic impedance of Z0 that is terminated by a load with impedance ZL 
(Fig. 3.7). To understand what happens at the load, we can apply Kirchhoff’s volt-
age and current laws at the termination point. If Z0 =ZL, that means the ratio of 
voltage to current within the transmission line is equal to the ratio of voltage to 
current in the load. This ensures that the load does not introduce any discontinuity 
as far as the traveling waves are concerned. In other words, to a wave traveling to 
the right, it appears as if the transmission line is continuing to infinity. Now con-
sider the case of Z0 ≠ ZL. Here the ratio of voltage to current at the two sides of the 
termination point is not equal, which means the load is introducing a discontinuity 
in the transmission line. To satisfy Kirchhoff’s law, part of a right traveling wave 
reaching this point must reflect back toward left. The ratio of this left traveling re-
flected wave to the original right traveling wave is given by 
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R is called the reflection coefficient of the load. We can see that the special case of 
Z0 = ZL results in a reflection coefficient of zero, which means all the energy in a 
right traveling wave is absorbed by the load. This situation is often desirable in 
high-speed design and is a requirement for signal integrity. Impedance mismatch 
causes part of the energy to reflect back from the load, causing degradation in the 
shape of the waveforms. If there is impedance mismatch at both ends of a trans-
mission line, multiple reflections can take place and the wave may bounce back 
and forth between the two ends.  

 

Fig. 3.7. Voltage and current waves in a transmission line and its load 
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An important part of handling high-speed electrical signals is impedance 
matching between signal sources, transmission lines, and loads. This could mean 
controlling the impedance of the transmission line by tweaking its geometrical 
parameters or adding additional elements to achieve impedance matching.  

3.3.4 Microstrip and striplines 

Transmission lines between electronic systems are typically coax cables. These 
cables provide acceptable performance up to tens of gigahertzs for short distances. 
However, using coax cables is not practical in printed circuit boards. As a result, 
microstrip and stripline structures are commonly used for implementing transmis-
sion lines [24–26]. Figure 3.8 shows the cross section of these structures.  

A microstrip is a rectangular conductor that runs in parallel with a reference 
plane with a dielectric filling the space between the two. A stripline is a conductor 
that is buried inside the dielectric between two reference planes. In standard 
printed circuits the conductors are copper and the dielectric is usually FR-4, a ma-
terial made of woven glass and epoxy-resin [27–29]. 

A microstrip is technically not a transmission line, because the dielectric sur-
rounding it is not uniform. The waves above the conductor travel in air, and the 
waves under the conductor travel in the dielectric with a slower speed. As a result, 
true TEM modes cannot be supported. However, if W and h are small compared to 
wavelength, the waves are close to TEM modes. In practical circuits W and h are 
usually less than a millimeter, which makes a microstrip a good approximation of 
a transmission line for frequencies up to many gigahertzs.  

 

Fig. 3.8. (a) Microstrip and (b) stripline transmission lines 

We can use Eq. (3.14) to estimate the characteristic impedance of the micro-
strip. To do this, we need to estimate the capacitance and inductance per unit 
length. For capacitance, we can use the standard formula for a parallel plate ca-
pacitor. However, in this case the width of the two plates are not equal, one is W 
(the trace) and the other is infinite (the reference plane). Therefore, we can expect 
the capacitance to be larger than if both plates had a width of W. As a first-order 
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approximation, we assume, somewhat arbitrarily, that the “effective width” is 2W. 
Based on this assumption we get 

 
h
WC 2ε=  (3.16) 

To estimate the inductance per unit length, we can assume that the wave velocity 
in the medium is given by both V = 1/(εμ)1/2 and Eq. (3.13). Equating these two 
expressions for wave velocity yields 
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If we substitute C from Eq. (3.16) in this equation and solve for L and insert the 
results for L and C back into Eq. (3.14), we arrive at 
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This is a simple (but approximate) formula for impedance of a microstrip line. For 
example, in a standard FR-4 printed circuit board, μ = μ0 = 1.25 × 10−6 H/m, ε = εrε0, 
and εr ≅ 4.5 (typical), and ε0=8.85 × 10−12 F/m. If we assume W=2h, Eq. (3.18) 
yields an impedance of 44 Ω.  

More precise formulas are available based on more accurate assumptions and 
careful approximations to numerical results. For example, a common formula is 
[30] 
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Note that here the thickness of the conducting trace t has also entered the equation. 
If we use the same numbers that we used to evaluate Eq. (3.18) with this equation, 
and set t =0, we get the value of 47 Ω, about 6% higher than the estimate of Eq. 
(3.18). More accurate estimates can be obtained by more complicated formulas or 
impedance calculating softwares.  

The stripline structure shown in Fig. 3.9b can also be analyzed using the same 
techniques. We can repeat our simple analysis if we note that the separation be-
tween the track and reference plane is half, which makes the capacitance twice as 
large. Moreover, there are two reference planes, one on each side, and this also 
doubles the effective capacitance. Based on these observations, we expect an ap-
proximate impedance of  
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for the stripline. Here too more precise estimates are available. As a reference, a 
more accurate formula for the impedance of stripline is [31] 
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The microstrip and stripline line structures use a single conductor along with a 
reference plane. A different implementation of these structures that is very popular 
in high-speed connections is a differential transmission line. Differential transmis-
sion lines are typically used for differential signaling, a topic we will discuss later 
in this chapter. A differential microstrip consists of two parallel traces with a 
common reference plane. Similarly, a differential stripline consists of two parallel 
traces sandwiched between two reference planes. To utilize the advantage of dif-
ferential signaling, usually the two tracks run close to each other, and this causes 
mutual inductive and capacitive coupling between the traces. 

For these structures, just like their single-ended counterparts, it is important to 
characterize impedance and propagation speed. However, here the situation is 
slightly more complex. In principle, two modes can exist in a coupled differential 
structure: an odd mode and an even mode [32]. Odd modes consist of signals of 
opposite polarity traveling next to each other. This is indeed the mode under 
which differential signaling is to operate. Even modes, on the other hand, consist 
of signals of the same polarity. In differential signaling schemes, (ideally) the 
main signal is carried purely by differential modes, whereas any noise signal is in 
the form of even modes. Figure 3.9 is an illustration of the odd and even modes.  

 

Fig. 3.9. Odd and even modes in a differential transmission line 

To characterize the odd and even modes, in addition to the inductance and ca-
pacitance per unit length, we need to take into account the mutual inductance per 
unit length, Lm, and mutual capacitance per unit length, Cm. The odd and even 
mode impedance of the line can be calculated as follows [32]:  
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And the velocity for each mode is 
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From these equations it can be seen that when the mutual coupling terms Lm and 
Cm are zero, the odd and even modes become identical and these expressions re-
duce to Eqs. (3.13) and (3.14). But as the coupling increases, the impedance of the 
odd mode reduces while that of the even mode increases. Moreover, as the mutual 
coupling increases, the velocities of the two modes start to deviate from the single-
ended transmission line. As a result, for a differential coupled transmission line we 
have four impedance terms:  

• odd mode impedance, which is lower than a similar single-ended trace; 
• differential impedance, which is twice the odd mode impedance; 
• even mode impedance, which is higher than a similar signal-ended trace; 
• common mode impedance, which is double the even mode impedance. 

3.3.5 Differential signaling 

As noted above, differential transmission lines are commonly used with differen-
tial signaling schemes. In differential signaling, two out-of-phase copies of the 
signal are produced and sent simultaneously. If a differential transmission line is 
used, each trace carries one of the signals. Differential signaling obviously has 
some disadvantages in terms of complexity. It requires two conductors instead of 
one, and it requires differential sources and loads. However, there are some impor-
tant advantages that make differential signaling unavoidable in many high-speed 
applications.  

A key advantage of differential signaling is immunity to common mode noise. 
In any real system there are many noise sources that could cause problems for sig-
nals. However, in most cases these noise sources affect both signals in a differen-
tial scheme in the same way, i.e., the noise source adds the same amount of noise 
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to both signals, in terms of both amplitude and phase. On the other hand, differen-
tial receivers are intentionally designed to respond to differential modes and to re-
ject common modes, a property known as common mode rejection ratio (CMRR).  
Therefore, differential receivers are generally less sensitive to noise.  

Moreover, differential signaling reduces the amount of noise generated by the 
source. This is a consequence of the fact that a differential source generates both 
polarities of the signal, and thus the total current draw remains constant. On the 
other hand, the current draw in a single-ended source varies greatly during the 
generation of the signal. 

Differential signaling is also beneficial in terms of radiative noise. A single-
ended line that carries a high-frequency signal can act as an antenna and radiate 
part of that energy, causing interference problems. However, in a differential 
scheme usually the two transmission lines run side by side. As a result, the net 
current passing through the small cross section of the differential structure is zero. 

Because of these advantages, differential signaling is used extensively espe-
cially in high-speed digital signals. Here we will review several widely used dif-
ferential signal families.  

• CML: One of the most common families is current mode logic (CML). Figure 
3.10 illustrates a CML transmitter. The source consists of a differential pair of 
transistors biased with a constant current which is switched between the two out-
puts by the transistors. The output transistors are set up in a common emitter con-
figuration with collectors terminated to the supply voltage through load resistors. 
These load resistors, which are usually 50 Ω, provide a bias path for the collectors 
of the transistors. As a result, CML signals are referenced to supply voltage. The 
resistors also provide back termination for any possible back reflection. The bias 
current for the differential pair is typically in the range of 10–20 mA, which re-
sults in a single-ended voltage swing of few hundred millivolts. Therefore, CML 
is considered a low swing family. A lower voltage swing corresponds to less sup-
ply current, less power supply switching noise, and less electromagnetic radiation.  

 

Fig. 3.10. CML signal structure 
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This, added to the fact that a CML receiver also has a nominal differential im-
pedance of 100 Ω, makes the CML signal both source and load terminated. As a 
result, CML signals are easy to use and generally have very good signal integrity. 
Another advantage of a CML structure is that both the source and the receiver 
have their own biasing circuits. This allows for ac-coupling the two sides, which is 
convenient in cases where the dc operating points of the CML source and CML 
receiver are not the same.   

• PECL: Another family of differential signals is the positive emitter coupled 
logic (PECL) and its low-voltage counterpart, LVPECL. The supply voltage for 
PECL is 5 V and for LVPECL is 3.3 V. A PECL structure uses a pair of emitter 
follower transistors as its outputs (Fig. 3.11). As a result, a PECL source has a 
very low output impedance (in the range of few ohms) and is capable of driving 
high currents. The source usually does not have a dc path for biasing the output 
transistors. Thus, a dc path must be provided through external termination. The 
termination is also important because a typical PECL receiver has relatively high-
input impedance in the range of kilo-Ohms. Without proper termination, this high 
impedance causes reflections back toward the source.  

 

Fig. 3.11. PECL signal structure 

A PECL signal must be terminated through a 50 Ω resistor to 2 V below the 
supply voltage. In practice, this is achieved by a variety of methods. A popular 
way is through the so-called Y termination, where the two 50 Ω resistors are con-
nected to ground via a third resistor. For PECL signals (5 V supply) the values of 
the third resistor is around 110 Ω, for LVPECL signals (3.3 V supply) it is 50 Ω. It 
can be seen from Fig 3.11 that unlike CML, a PECL signal is only load termi-
nated. This usually causes signal integrity degradation. Moreover, PECL signals 
have higher swings compared to CML. Typical values range from 400 to 800 mV 
for each signal. The common mode voltage is VCC-1.3 V. The relatively high 
swing of PECL makes it suitable for high-speed signal transmission over longer 
ranges in a printed circuit board or back plane.  

• LVDS: Another common family is low-voltage differential signaling (LVDS). 
LVDS has a lower voltage swing compared to PECL and CML, and thus it has the 
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least power consumption among the three. Typically the voltage swing is around 
400 mV. The low-voltage swing allows operation under low-voltage supplies, 
commonly 2.5 V. LVDS is generally considered a lower speed signaling scheme 
compared to PECL or CML. The output stage in an LVDS source is a push–pull 
transistor pair. LVDS requires a load termination at the far end of the transmission 
line, with a typical value of 100 Ω differential.  

Figure 3.12 gives a summary of logic levels for these common differential 
families. Also for reference, logic levels for low-voltage TTL (LVTTL) and low-
voltage CMOS (LVCMOS) families are included in this figure. 

 

Fig. 3.12. Typical voltage levels for common logic families  

Note that for logic families like TTL and CMOS, absolute logic levels are criti-
cal. However, for differential families, it is the difference between the two signals 
that defines the logic state. As a result, the absolute levels may vary from case to 
case.  

3.4 Optical signals 

Optical signals are the physical implementation of signals in the optical domain 
and obviously play the central role in fiber optics. It is important to start our dis-
cussion by defining exactly what we mean by an “optical signal.” Physically, an 
optical signal refers to the optical power of light, just like voltage (usually) is the 
physical representation of an electrical signal.2 This point, simple as it may seem, 
requires some clarification. 
 

                                                           
2 This assertion holds for almost all practical fiber optic systems. Although it is possible to use 
the phase or frequency of light to encode information, almost all practical fiber optic systems 
modulate the amplitude of light and therefore can be considered AM modulation schemes. 
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Fig. 3.13. Optical signal as the average of instantaneous optical power  

  The instantaneous power in an optical wave is the sum of powers in its electric 
and magnetic fields and is a quantity that oscillates at twice the optical frequency. 
The instantaneous optical power is almost never a quantity of interest in fiber op-
tic applications, because it is oscillating at a frequency that is far beyond the 
bandwidth of electronic circuits. However, if we average this instantaneous field 
power over thousands of optical cycles, we get to a time constant of around 10–12 s, 
which starts to become meaningful for electronics. As a result, this average power 
(from an optical frequency perspective) becomes the instantaneous power from the 
viewpoint of electronic circuits. This is what we normally call the optical signal, a 
quantity that can be modulated in a variety of digital or analog formats (Fig. 3.13). 
An obvious result of dealing with power is that there is no “negative” light. Unlike 
electronic signals that can be bipolar, optical signals are only positive.  

3.4.1 Average power 

One of the most important characteristics of an optical signal is its average power. 
The output signal from a transmitter, the input signal to a receiver, as well as sig-
nal transmission through many active or passive parts are all characterized either 
directly by average power or by average power loss (or gain). Moreover, as dis-
cussed in Chapter 1, average power is a quantity that is used in link budgeting. 
Later in Chapter 11 when we discuss measurement methods we will see that in 
many cases the negative effects of a phenomenon such as dispersion are measured 
in terms of power penalty. The average power of a signal is usually measured in 
the logarithmic scale of decibel-milliwatt, defined in Eq. (1.18), and repeated here 
for convenience: 

 dBm 10 mW10log ( )P P=  (3.26) 

where PmW is the optical power in milliwatt.  
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3.4.2 Eye diagram representation 

The most common way of representing digital signals is through the eye diagram. 
The eye diagram is widely used in all digital signals; however, in the case of an 
optical signal, we may have to pay particular attention to certain characteristics 
that are not necessarily so important in other systems. In an eye diagram, many 
cycles of the signal are superimposed on top of each other, which highlights cer-
tain features otherwise not readily visible. We will discuss the process behind ac-
quiring an optical eye diagram in Chapter 11. Here, we just focus on signal 
parameters regardless of how the eye diagram is generated. The main signal 
parameters characterized by an eye diagram are shown in Fig. 3.14.  

 

Fig. 3.14. Major parameters in an optical eye diagram 

Because an eye pattern represents numerous signal cycles, it is an excellent tool 
for showing long pattern dependencies in a signal. As a result, it characterizes the 
“quality” of the signal and to what extent a particular signal deviates from an 
“ideal” digital signal. Note that the eye diagram for an ideal digital signal is a rec-
tangle. Thus, an eye diagram is not only a tool from which quantitative parameters 
about the signal can be extracted; it provides a quick snapshot on the quality of a 
signal as well.  

The signal parameters that can be extracted from an eye diagram can be divided 
into two categories: amplitude-related parameters and time-related parameters. We 
will discuss each of these separately.  
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3.4.3 Amplitude parameters 

• Average power: The eye pattern can provide an easy way of both visualizing 
and estimating the average optical power. Typically, the average power corre-
sponds to the middle of the eye in terms of the amplitude, where the rising and fal-
ling edges cross. The average power is related to the one and zero state power lev-
els as follows: 

 0 1
avg 2

P PP +=  (3.27) 

The eye diagram is a useful tool to visualize the average power with respect to 
other features of signal. However, for accurate measurements of average power an 
eye pattern cannot be used, and optical power meters with accurate low bandwidth 
broad area detectors should be used.  

• Logical one and zero levels (P1 and P0): An eye diagram can be used to esti-
mate the power level for the zero or one state in an optical signal. Because these 
power levels cannot be measured with a power meter, the eye diagram is a very 
useful tool for this purpose. Moreover, the thickness of the one or zero state is an 
indication of amplitude noise. The noise may originate in the electrical signals that 
drive the optical source, or they can be generated by the optical source itself. 
However, it is important to note that the instrument used to measure the eye pat-
tern (usually a sampling scope) always adds some noise to the signal, and the re-
sulting eye pattern includes noise from all the sources, including the equipment. 
We will come back to this issue in Chapter 11.  

• Eye amplitude: The eye amplitude, also known as optical modulation amplitude 
(OMA), is the difference between the one and zero states. Since an eye pattern 
represents a random digital signal, it includes consecutive 1s and consecutive 0 
bits too. Physically, this allows the signal to reach its steady state levels either at 1 
level or at 0 level. Eye amplitude is then the difference between the steady-state 
one and steady-state zero. 

• Vertical eye opening: This is a parameter that is directly related to the eye am-
plitude. However, it takes into account the effects of inter-symbol interference and 
noise. Inter-symbol interference is the inability of a signal to reach its final steady 
state during a bit. For example, in a 010 sequence, the signal may not have enough 
time to settle to the 1 state during a single bit period. The result is then vertical eye 
closure. Vertical eye opening is a critical parameter when it comes to detection of 
the signal, because it is a measure of the signal to noise ratio (SNR). With decreas-
ing eye opening, the detection of the logical state of the signal becomes more dif-
ficult and eventually impossible. This situation corresponds to loss of signal due to 
insufficient SNR. 

• Overshoot: Anytime a transition from a low to high (or high to low) takes place, 
overshoot (or undershoot) may occur. In optical signals, however, overshoot is 
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much more prevalent. One reason behind this is the simple fact that optical signals 
are always positive. Therefore, even if the electrical signal that drives the optical 
signal has both overshoot and undershoot, the optical signal reflects the overshoot 
much more clearly. Another reason which is particularly relevant to optical signals 
generated by direct modulated lasers has to do with the nonlinear nature of semi-
conductor lasers which reveals itself in the form of large relaxation oscillations. In 
general, the overshoot in an optical eye can be a result of a combination of relaxa-
tion oscillation and imperfect driving electrical signals. We will discuss this phe-
nomenon in more detail in Chapter 4.  

• Extinction ratio (ER): This is a parameter that represents the depth of modula-
tion in an optical signal. By definition, it is the ratio of the power in one state to 
the power in zero state, and like other power parameters, it is commonly expressed 
in decibels: 

 1
dB 10

0

10 log PER
P

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 (3.28) 

where P1/P0 is the linear extinction ratio. In principle, the optical power in the zero 
stated is “wasted,” because only the difference between the one and zero states 
carries information. Therefore, ideally, we would like the zero state to be com-
pletely dark. This requires the optical source to be turned off completely during 
the zero bits. This may be done at low bit rates. However, at higher bit rates turn-
ing the source completely off causes unwanted effects such as turn-on delay and 
frequency chirping. As a result a very high extinction ratio cannot be achieved, 
unless an external modulator is utilized. Common values of extinction ratio may 
be in the range of 8–12 dB.  

Combining Eqs. (3.27) and (3.28) for the zero and one power levels we obtain 
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where ER is the linear extinction ratio defined as P1/P0. Subtracting Eq. (3.30) 
from Eq. (3.29) yields an expression for eye amplitude in terms of average power 
and extinction ratio: 
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3.4.4 Time parameters 

• Unit interval (UI): The width of an optical eye corresponds to a single bit 
within the data stream. For example, in a 1.25 Gbp signal, the width of the eye is 
800 ps. Sometimes this width is expressed explicitly in units of time (ps). But in 
many cases it is also convenient to simply refer to it as unit interval (UI). Other 
time parameters can then be expressed in this normalized unit, which is useful be-
cause it provides information about the percentage of the eye width that the par-
ticular parameter in question occupies.  

• Rise and fall time (tr, tf): Rise and fall times define the time it takes for the sig-
nal to transition from a low to high state or vice versa. Because it is hard to meas-
ure (and even define) the exact moment the signal reaches its steady-state power 
level, it is common to define tr and tf in terms of 20 and 80% levels. These num-
bers are somewhat arbitrary, for instance, one can also use 10 and 90%. However, 
if these thresholds get too close to the zero and one states the probability of inac-
curate measurements increase, because close to the zero and one states measure-
ments may be hindered by the zero and one noise levels.  

Notice that rise and fall times are the times the signal is changing the fastest. 
Consequently, they correspond to the highest frequency components present in the 
signal. Therefore, it would be very useful to estimate the bandwidth of the signal 
based on the rise and fall times. The exact bandwidth depends on how we model 
the rise and fall times. For example, a triangular shaped rise time has different fre-
quency contents compared to an exponential shape [32]. For triangular waveforms 
a useful rule of thumb is3 

 
τ
1=BW  (3.32) 

Here BW is in Hz and τ is the rise or fall time in seconds. For instance, a rise time 
of 200 ps corresponds to a bandwidth of 5 GHz.  

The fact that rise and fall times include the highest frequency components of a 
signal implies that any time the signal goes through the equivalent of a low-pass 
filter (either in electrical or optical domain) the rise and fall times will increase, 
and usually this results in the closure of the optical eye. However, sometimes 
these edge rates are intentionally slowed down. For example, it is sometimes pos-
sible to trade off fast rise and fall times with the amount of noise in the zero and 
one states, especially in the electrical domain. Faster edge rates cause more over-
shoot and more ringing, which means it takes longer for the signal to reach steady 
state. This in turn causes vertical eye closure. In frequency domain, making the 

                                                           
3 A relationship commonly given in literature is BW=0.35/τ. This equation is derived based 
on the 3 dB bandwidth of a single pole RC-type network. Also, τ is defined based on 10–90% 
levels. However, in optical signal 20 and 80% levels are more commonly used, and the wave-
forms are more triangular like than exponential.  
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rise and fall times faster increases the signal bandwidth, and therefore the parasitic 
effects become more critical. In such cases slowing down the rise and fall times 
can in fact help the quality of the eye pattern. 

• Jitter: One of the most critical parameters in an eye pattern is phase noise, or jit-
ter. Ideally, all transitions should take place in exactly the same phase relationship 
with the signal. In reality, the transition time varies from one transition to the next, 
and this causes a distribution of transitions edges in time. Jitter is the deviations of 
the transition times from the ideal (or expected) point.  

Jitter can be divided into two kinds: random and deterministic. Random jitter, 
as the name suggests, is due to random noise sources that are always present in all 
systems. From a probability point of view, random jitter follows a Gaussian distri-
bution, and consequently it is unbounded. As a result, it is common to use statisti-
cal parameters to characterize it. A Gaussian distribution is completely defined by 
its mean and standard deviation. Therefore, random jitter can be characterized by 
its mean and standard deviation. The mean value is simply the relative point where 
the center of distribution happens to be. In eye pattern measurements, we can set 
this point to t=0 or the starting point of unit interval (Fig. 3.15). 

 

Fig. 3.15. Characterization of jitter in an eye diagram by Gaussian statistics 

The standard deviation of the distribution, oftentimes called the rms value of 
jitter, is the amount of time that extends one sigma from the center on each side. 
Based on standard Gaussian statistics, this time interval includes 68% of the total 
number of samples in the distribution. Likewise, moving two sigma away from the 
center, around 95% of the samples will be included. 

It is oftentimes helpful to have an estimate of total jitter. However, because a 
Gaussian distribution is inherently unbounded, to establish total jitter we must 
specify the percentage of samples that we wish to include within the total jitter 
time interval. Note that occurrence of a transition represents a possibility that the 
corresponding bit is sampled incorrectly. Naturally, then, we can connect the total 
number of samples we wish to include in the interval with a target bit error rate 
(BER). Thus, to obtain a bit error rate of 10−12 (which is a common target rate in 
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many fiber optic applications), we would like to capture (1−10−12)×100% of sam-
ples. In a Gaussian distribution, this means seven sigma away from the center on 
each side, or a total of 14 sigma. Therefore, the total jitter for a BER of 10−12 is 14 
times the rms value of jitter. In the next section we will further elaborate on the re-
lationship between an eye diagram and BER.  

Deterministic jitter is caused by factors such as pattern dependence, inadequate 
bandwidth, crosstalk, and pulse width distortion. Unlike random jitter, determinis-
tic jitter is bounded, because it is caused by a non-random source. In cases where 
deterministic jitter exists, the total jitter will be the sum of deterministic and ran-
dom jitters. Therefore 

 total det rmsJ J KJ= +  (3.33) 

where the constant K is a function of the desired BER. For instance, for a BER of 
10−12, K=14. Because of the various factors that may cause jitter, separation of 
random and deterministic jitter may not always be easy. In practice, a model con-
sisting of both random and deterministic jitter with several free parameters is as-
sumed. The parameters can then be tweaked until an acceptable fit with the actual 
distribution of the jitter is obtained.  

• Horizontal eye opening (WO): Subtracting the jitter from the whole length of 
the bit yields the horizontal eye opening. This is the effective “jitter-free” width of 
the eye. In an ideal jitter-free eye pattern, the horizontal eye opening would be 
equal to the unit interval. However, in reality the horizontal eye opening is always 
smaller.  

3.4.5 Eye pattern and bathtub curves 

An optical signal should ultimately be detected by an optical receiver, and the re-
ceiver must convert the sequence of optical bits to a sequence of electrical bits. To 
do this, the receiver must make a decision: it should sample the optical eye at a 
particular point in time and at a particular threshold. However, not all points in the 
eye diagram are equally suited for sampling. In order to minimize the probability 
of error, the detector must sample the eye almost in the middle, in terms of both 
time and amplitude. From a time perspective, this is a point farthest from transi-
tion edges. From an amplitude point of view, this is the point farthest from noise 
on both zero and one levels.  

Obviously, as the sampling point is moved away from this optimal point the 
probability of error increases, and therefore BER increases. We can therefore 
think of an eye pattern as a set of equi-BER contours. As we get closer to the 
edges, the BER increases, until it reaches a maximum of 0.5 at the crossing points 
and at the one and zero levels. However, as the sampling point is moved away 
from the edges, the error probability decreases exponentially.  



3.4 Optical signals      87 

 

Fig. 3.16. Eye diagram from a bit-error-rate perspective 

Figure 3.16 illustrates the equi-BER contours in an eye pattern as well as the 
BER curves in time and amplitude at the midpoint crossing sections. Usually these 
BER curves are also called BER bathtub curves. Figure 3.16 also shows the verti-
cal and horizontal eye openings. We see that in fact, speaking of “eye opening” is 
meaningful only at a specified BER. For example, Fig. 3.16 shows the eye open-
ing at a BER of 10−12. Eye opening at lower BERs can be estimated by extrapolat-
ing the bathtub curves, assuming there are no error floors. In practice, BERs much 
lower than 10−12 become less meaningful because it is impractical to measure such 
a BER.  

Figure 3.16 provides a useful relationship between the eye opening and jitter at 
a particular BER: 

 total( ) ( )OW BER UI J BER= −  (3.34) 

Essentially, this equation states that both eye opening WO and total jitter Jtotal are a 
function of BER, and at any particular BER, they add up to the unit interval.  

Note that Fig. 3.16 depicts a situation where both jitter and amplitude noise are 
assumed to be purely random. In cases where deterministic noise is present, the 
bathtub curves and the equi-BER contours within the eye may have more complex 
shapes. For example, the bathtub curves may be skewed, and thus the optimal 
sampling point may not be in the middle. This effect is sometimes utilized in digi-
tal receivers in order to optimize the performance of the link. 
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3.5 Spectral characteristics of optical signals 

So far we have been discussing the optical signals in time domain. However, it is 
equally important to pay attention to the spectral characteristics of optical signals. 
These characteristics are particularly critical in determining the behavior of the 
optical signal as it propagates in the optical fiber.  

As noted before, an optical signal is the result of modulation of an optical car-
rier. When talking about the spectrum of an optical signal, we can distinguish be-
tween two domains: the spectral characteristics of the modulating signal and the 
spectrum of the carrier itself. For high-speed applications, the spectral characteris-
tics of the modulating signal can extend up to tens of gigahertzs. On the other 
hand, the optical spectrum of the carrier is at much higher frequencies, around 1014 Hz. 
In this section, we are specifically interested in the optical spectrum of the signal, 
i.e., those that are inherently related to the nature of light.  

3.5.1 Single-mode signals 

We noted in the beginning of this chapter that the spectrum of a pure harmonic 
wave is a delta function. This picture holds for optical frequencies too: a “pure” 
optical signal has only a single frequency (wavelength). In other words, a pure 
harmonic waveform has infinite coherence, i.e., it always remains perfectly in 
phase with itself over time.  

Physically, the output light from a laser is the closest we can get to such an 
ideal waveform. However, as a result of light generation processes, lasers always 
produce not a single wavelength, but a range of wavelengths. Moreover, because 
of inherent noise processes, their light output has a finite non-zero spectral width. 
Therefore, optical signals always have a spectral linewidth and a finite coherence 
time. More coherent sources generate signals with narrower spectral linewidth, 
and the narrower the linewidth, the closer the signal will be to an ideal harmonic. 

 

Fig. 3.17. Main parameters of an optical signal in frequency domain 
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In fiber optics, the most coherent optical signals are generated by single-mode 
diode lasers. Figure 3.17 shows the optical spectrum of such a signal. Note that the 
spectrum is plotted against wavelength and not frequency. As we mentioned in 
Chapter 1, this is because at optical frequencies, it is conceptually easier to work 
with wavelength instead of frequency. It can be seen that the spectrum consists of 
several modes that are spaced more or less equally. However, there is only one 
dominant mode. We will discuss the reasons behind this shape in the next chapter. 
However, here we just concentrate on the main spectral features of the signal. 

• Center wavelength (λ0): The main parameter in an optical signal is the center or 
peak wavelength, where the spectrum is maximum. This is a critical property of 
the signal because it determines how the signal will travel in an optical fiber. As 
we will see in Chapter 5, in fiber optic links mainly three wavelength windows are 
used: 850, 1310, and 1550 nm.  

• Spectral width (SW): The width of the dominant mode in the spectrum is a 
measure of coherence for the optical signal and is referred to as spectral width. 
Because the shape of the peak is not rectangular, one must be more specific about 
the power level at which the width is measured. To avoid ambiguity, usually the 
width is defined at 20 dB below the peak power. The spectral width can be speci-
fied either in units of length or units of frequency. To convert between the two 
units, the equation f=c/λ can be differentiated with respect to λ, and assuming 
small bandwidth (which is a valid assumption for coherent sources) the following 
relationship is obtained: 

 λ
λ

Δ−=Δ
2

cf   (3.35) 

For example, a typical single-mode semiconductor laser may have a linewidth of 
1 nm. Based on Eq. (3.35), the linewidth of this laser is 117 GHz. This may seem 
like a huge bandwidth; however, we should remember that compared to the optical 
frequency, this is indeed a very narrow band. As a side note, it is worth noting that 
actively stabilized single-mode lasers with sub-hertz linewidths have been demon-
strated [33–34]. 

Earlier we mentioned that the coherence time of a signal is a measure of the 
coherence of the source. The coherence time tc may be approximated by the in-
verse of the bandwidth: 

 
f

tc Δ
≈ 1

 (3.36) 

Closely related to coherence time is the concept of coherence length, which is the 
distance the optical signal can travel before it loses its coherence with itself. The 
coherence length dc is simply related to coherence time: 
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 cc ctd =  (3.37) 

Coherence time and coherence length become important when it comes to consid-
ering the effects of the interaction of an optical signal with itself. For example, an 
optical signal may be reflected from a facet and travel back toward the optical 
source. If the round trip distance from the source to the reflection point is less than 
the coherence length, the optical signal will interact with itself coherently, i.e., the 
two waves must be added together as vector fields, and interference patterns may 
result. On the other hand, if the round trip distance is greater than coherence 
length, the two signals will interact incoherently with no interference.   

• Side mode suppression ratio (SMSR): The ratio of peak power in the main 
mode to the peak power in the next dominant mode is called side mode suppres-
sion ratio or SMSR. Typically, SMSR is expressed in decibels. An optical signal 
from a typical single-mode laser may have an SMSR of more than 40 dB. The 
higher the SMSR, the closer the optical signal is to an ideal single wavelength 
waveform. As we shall see in Chapter 5, signal degradation due to dispersion is di-
rectly related to spectral characteristics such as SW and SMSR.  

3.5.2 Multimode signals 

Not all optical signals are single mode. If special care is not taken to suppress 
other modes, a laser will generally produce an output signal with more than one 
dominant mode [35]. Therefore, in a multimode signal the optical power is divided 
between several modes. As a result, the effective spectral width of the signal is 
much higher, and therefore the signal is much more prone to dispersion.  

• Center wavelength (λ0): For a multimode optical signal, the center frequency is 
defined by a weighted average over the modes: 
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where P is the total optical power, and λi and Pi are the center wavelength and 
peak power of the ith mode.  

• rms spectral width (λrms):  For multimode signals, the root-mean-square value 
of the central wavelength of each of the modes can be used as a measure of the 
spectral width of the signal: 
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The spectral width defined by Eq. (3.39) also can be used to determine the coher-
ence time and coherence length of multimode signals. In a typical multimode sig-
nal, there may be as many as tens of simultaneous optical modes, and the overall 
linewidth may be in the range of 10 nm or more. As a result, multimode signals 
are much more prone to suffering from dispersion effects.  

3.6 Summary 

In communication systems, signals are the physical representation of information. 
From a mathematical point of view, signals can be represented either in the time 
domain or in the frequency domain. Both representations are important as each 
underlines certain features not immediately obvious in the other. The basis of fre-
quency domain representation is Fourier analysis, which transforms a given func-
tion from time to frequency domain. Frequency domain representation is espe-
cially useful in characterizing modulation and frequency multiplexing. Modulating 
a baseband signal will shift its frequency contents to the carrier frequency. In fact, 
an optical signal is the result of modulating an optical carrier. In frequency multi-
plexing, many signals can be stacked next to each other in frequency domain. The 
optical equivalent of frequency multiplexing is WDM, where different wave-
lengths are used as optical carriers. Digital signals have additional time and fre-
quency structuring. We examined random and pseudo-random NRZ signals, 
which are widely used in fiber optics.  

After this mathematical introduction, we proceeded to physical waveforms, i.e., 
electrical and optical signals. We reviewed transmission lines, which are the pri-
mary means of transferring high-speed electrical signals. Of particular importance 
to the designer are the impedance of a transmission line and impedance matching. 
These are issues that, if not handled properly, can greatly deteriorate signal qual-
ity. We also considered differential transmission lines as well as differential sig-
naling families, because most high-speed electrical signals encountered in fiber 
optic systems are indeed differential.  

For optical waveforms, we first examined the concept of instantaneous power 
which is the basis for the concept of an optical signal. We then proceeded to 
time domain characteristics of optical signals. We divided time domain charac-
teristics into amplitude and time. Amplitude characteristics include extinction 
ratio, optical amplitude, and overshoot. Time characteristics include rise and fall 
time and jitter.  

For frequency characterizations, we distinguished between the optical and elec-
trical frequency contents. Electrical frequency components of an optical signal are 
similar to other electrical signals as they cover ranges of frequency that can be 
handled by electronic circuits. These frequencies typically coincide with the data 
rate of the signal. On the other hand, the optical frequency contents are far beyond 
data rate frequencies. The most important optical frequency characteristics include 
spectral width and center wavelength, which we considered for both single-mode 
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and multimode optical signals. The center wavelength is an important parameter 
that determines the loss and dispersion that the signal experiences as it propagates 
through the fiber. Spectral width is a measure of the coherence of the optical sig-
nal and determines to what extent a signal is close to an ideal harmonic wave.  
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Chapter 4  
Semiconductor Lasers  

4.1 Introduction 

In this chapter we discuss the basic principles of operation of semiconductor la-
sers. These devices are by far the most common optical source in fiber optic 
communication. Properties such as high-speed modulation capability, high effi-
ciency, wavelengths in the infrared communication band, small size, and high reli-
ability make these devices an indispensable part of fiber optic links. This chapter 
starts with the theory of light amplifiers and oscillators. Next we discuss optical 
amplification in semiconductors, which is the basis of semiconductor lasers. We 
will also introduce the rate equations, which are an essential tool in understanding 
the behavior of semiconductor lasers. Next we will study various properties of 
these lasers, both in frequency and in time domains. Finally, we will review some 
of the practical semiconductor devices in use. 

4.2 Optical gain and optical oscillation 

Any electrical engineer who has worked with a high-gain amplifier is aware of the 
possibility of oscillation. A high-gain amplifier oscillates if part of the output is 
fed back to the input with sufficient phase shift to establish a positive feedback 
loop. This is also the principle behind the operation of a laser. The term laser is an 
acronym for Light Amplification through Stimulated Emission of Radiation. Basi-
cally, a laser consists of a light amplifier combined with optical feedback. The 
feedback causes the amplifier to oscillate at optical frequencies, generating light as 
the output of the device.  

The concept behind a laser is shown in Fig. 4.1. Here an optical amplifier is 
placed between two mirrors which provide the needed optical feedback (we will 
examine the mechanisms behind optical amplification later in this chapter). The 
light bounces back and forth between the two mirrors, and every time it passes 
through the amplifier it experiences some gain. An optical cavity formed by two 
reflecting surfaces is called a Fabry–Perot (FP) cavity [1–3]. Let us assume that 
the reflectances of the mirrors are given by R1 and R2, and the electric field profiles 
for the right and left traveling light waves are A+(z) and A−(z). Then the electric 
field itself for either waves can be written as  

 )()(),( tkzjezAtzE ω−=  (4.1) 
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We have dropped the + and – signs from A temporarily to keep the expression 
general. Equation (4.1) is essentially similar to Eq. (1.8), with vector r in Eq. (1.8) 
having been substituted with z. Because the medium has gain, the z dependence of 
the amplitudes is exponential.1 This exponential dependence is usually written as 

 
( )zgeAzA α−Γ= )0()(  (4.2) 

where g and α are the gain and loss per unit length of the amplifier, respectively, 
and Γ is called the optical confinement factor and represents the fraction of optical 
power in the cavity that is subject to optical gain. Now consider a round-trip travel 
of the optical wave along the cavity, where it propagates to right, experiences a re-
flection coefficient of R2, travels back to the left, and experiences a reflection coef-
ficient of R1. As shown in Fig. 4.1, in steady state, the wave must repeat itself after 
a round trip, requiring that 

 
( ) LgeRRALAA 2)0()2()0(
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This equation yields  
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Equation (4.4) defines the steady-state value of gain needed for laser oscillation. It 
simply states that in order to have laser oscillation the net gain of the medium 
must be equal to the loss of optical power due to R1 and R2 plus the loss due to the 
absorption of the amplifying medium.  

 

Fig. 4.1. A Fabry–Perot laser and power profiles inside the cavity 

                                                           
1 This assumption is valid as long as the power is low enough for amplifier not to saturate. 
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Only after the optical gain equals the loss does the lasing action begin. As a re-
sult, as shown in Fig. 4.2, the typical light vs. current (LI) curve of a laser shows a 
threshold current, which corresponds to the point where the gain is almost equal 
to loss. The slope of the LI curve above threshold is called the quantum or slope 
efficacy of the laser, because it shows the efficiency of electrical to optical con-
version. The LI curve shown in Fig. 4.2 is typical of many laser systems, including 
semiconductor lasers. Above threshold the optical power changes linearly with 
current and remains linear for reasonably low currents. However, if the current is 
increased sufficiently, the efficiency starts to decrease and the LI curve flattens.  

 

Fig. 4.2. Typical LI curve of a laser 

The above description was based on power (or amplitude) of light. We can also 
analyze the optical wave inside the cavity from the perspective of its phase. The 
phase condition requires that after a round trip the optical wave should end up 
with the same phase. From Eq. (4.1), this condition can be expressed as 

 jkLe21 =  (4.5) 

Using Euler’s formula, we can convert this equation into a real cosine part and an 
imaginary sine part. Equation (4.5) holds if 

 mkL π22 =  (4.6) 

where m is an integer. Using k=2π/λ, c= fλ, and c0=nc (n is the index of refraction 
of medium and c0 is the vacuum speed of light) we obtain 

 
nL
cmf m 2

=  (4.7) 

where fm is the frequency of light. Equation (4.7) defines a set of resonant discrete 
frequencies fm that the cavity can support. This is the optical equivalent of a familiar 
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phenomenon. For instance, in musical instruments, an oscillating string can sup-
port only certain notes, similar to the discrete frequencies given by Eq. (4.7). 
These frequencies are known as the longitudinal modes of the cavity. It follows 
that the frequency of the output of the laser must satisfy Eq. (4.7). A given Fabry–
Perot cavity could potentially support a very large number of longitudinal modes. 
The actual lasing frequency is further constrained by the spectral gain profile of 
the amplifier. Any given optical amplifier can provide optical gain only in a cer-
tain range of frequencies. This means that the term g in Eq. (4.2) in reality is a 
function of frequency. Therefore, only those cavity modes that overlap with the 
spectral gain profile of the amplifier experience enough gain to start lasing. This 
situation is illustrated in Fig. 4.3. 

 

Fig. 4.3. Lasing modes in a Fabry–Perot laser 

Because the spectral gain profile is usually wider than the cavity mode spacing, 
normally many optical modes satisfy the threshold, and the result is a multi-
longitudinal mode laser. However, for many applications, it is desirable to have a 
single lasing frequency. To achieve this, further measures must be taken to in-
crease the wavelength selectivity of the optical cavity to increase the loss for all 
the modes but one. We will discuss some of these methods later when we discuss 
single-mode semiconductor lasers.  

4.3 Physical processes for optical amplification  

So far we have not discussed how optical gain can be achieved. The phenomenon 
of optical gain is a result of interaction of light waves with atomic systems. Al-
though there are ways to describe such interactions using classical theories of 
physics, a full and rigorous description requires quantum physics, where both en-
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ergy levels in atoms and electromagnetic fields are quantized. However, for al-
most all practical applications, a semi-classical treatment is sufficient. In a semi-
classical theory, the interaction of light and atoms is described in terms of photons 
of light interacting with electrons that can occupy discrete energy levels. Wave 
propagation (if taken into account) would be described by Maxwell’s equation.  

Figure 4.4 illustrates this process. The atom is defined as a system with two 
discrete energy levels, E1 and E2. These two levels define a resonant system, very 
much like a pendulum or a spring-mass system that can oscillate at its resonant 
frequency if stimulated by an input with a frequency close to resonance. The reso-
nant frequency is defined by Planck’s equation: 

 
h

EE
f 12 −

=  (4.8) 

which states that any electromagnetic wave with a frequency close to or equal to 
that given by Eq. (4.8) is likely to interact with the atom strongly. The electrons 
normally occupy the lower energy state. However, under external stimulus, they 
can be pushed to the higher energy level. Because this is not a normal state of af-
fairs for the atom, it is called population inversion. There are three main ways of 
interaction between light and an atomic system, as shown in Fig. 4.4. One way is 
for a photon with a frequency close to resonance to be absorbed by the atom. The 
photon’s energy is transferred to the electron in the lower energy state and causes 
it to jump up to the higher energy level. 

 

Fig. 4.4. Three main ways of interaction of light with a two-level atomic system  
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Note that the result in this case is an example of population inversion. Indeed, op-
tical pumping is one way of achieving population inversion in many atomic sys-
tems. A different case is when an electron that has ended up in a higher energy 
level jumps down to the lower level spontaneously and releases the energy in the 
form of a photon with a frequency given by Eq. (4.8). This process is known as 
spontaneous emission. The reason this transition is called spontaneous is that the 
generated photon does not have a phase correlation with the rest of the electro-
magnetic fields present in the cavity. As such, spontaneous emission acts like 
“noise” with respect to the coherent fields. 

For laser action the most important case is the third case known as stimulated 
emission. This occurs when a photon close to the resonant frequency causes an 
electron in the higher state to jump down to the lower state and release its energy 
in the form of a second photon. The importance of stimulated emission is that the 
second photon is now in phase with the stimulating photon; as a result, the process 
starts with one photon and ends with two photons, both at the same frequency. In 
other words, the energy associated with the optical field has increased, and optical 
amplification has been achieved.  

Stimulated emission is the fundamental physical process behind light amplifi-
cation. From the discussion above, it can be concluded that here are two require-
ments for stimulated emission: first, a state of population inversion must be in-
duced, and second, a light wave with resonant frequency must be present to start 
the light amplification. We will discuss these requirements in the case of semicon-
ductor lasers. 

4.4 Optical amplification in semiconductors 

Semiconductor lasers are by far the most common source in optical communica-
tion. As a result, in the rest of this chapter, we will focus on these devices. From 
the perspective of energy levels, a semiconductor can essentially be considered a 
two-level system. These energy levels are derived from Schrödinger’s equation 
which governs the behavior of particles of mass m in a potential energy field V: 

 
t

iV
m ∂

Ψ∂=Ψ+Ψ∇− 2
2

2
 (4.9) 

where Ψ is the wave function which describes the probability of finding the parti-
cle in a given state and m is the mass of electron. The whole semiclassical theory 
of lasers is derived from combining this equation with Maxwell’s equations. In 
spite of its appearance, Eq. (4.9) states a simple idea: the total energy of a particle 
can be expressed as the sum of kinetic and potential energies. In an individual 
atom, the particles are electrons and the potential fields are produced by the nu-
cleus. Steady-state solutions of Eq. (4.9) can be obtained by assuming that Ψ can 
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be expressed as a product of two parts, a space-dependent part and a time-
dependant part. Using this assumption, Eq. (4.9) can be reduced to two ordinary 
differential equations for the two parts.  

For individual atoms sufficiently far apart (such as atoms in a gas) Schrö-
dinger’s equation results in the familiar sharp energy levels. However, when the 
atoms get close together and their potential fields overlap, the sharp energy levels 
of isolated atoms split into energy bands, as shown in Fig. 4.5.  

 

Fig. 4.5. Formation of energy bands in semiconductors 

This is the case in semiconductors, where the atoms are covalently bonded in a 
crystal, and the confining potential of a single nucleus is substituted by the peri-
odic potential function of the lattice. As a result, semiconductors are characterized 
by a valence and a conduction band. The top of the valence band Ev and the bot-
tom of the conduction band Ec are separated by an energy gap, called the band gap 
energy, Eg. In a pure crystal the band gap is a forbidden energy zone, which means 
no electrons can exist in it.  

The valence and conduction bands represent the available energy states that 
electrons can occupy. However, not all these states are equally likely to be filled 
by an electron. The probability of actually filling a state with energy E is given by 
the Fermi–Dirac distribution [4]: 
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Here Ef is the Fermi level, k is Boltzmann’s constant (=1.38×10−23 J/K), and T is 
the absolute temperature. At T=0, the Fermi–Dirac distribution reduces to a step 
function around Ef. That is, the probability of an available state being filled below 
the Fermi level is 1, and above the Fermi level it is 0. Physically, this means all 
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the electrons occupy the valence band and the conduction band is empty. Such a 
material behaves like an insulator. At higher temperatures, some electrons are 
thermally excited and fill some of the available states in the conduction band. 
When an electron makes a transition from the valence band to the conduction 
band, it leaves an empty state behind in the valence band, called a hole. Holes be-
have like positively charged particles and, like electrons, contribute to electric 
conduction. This process, essentially, yields the two-level system needed for laser 
action. For an intrinsic material with no impurity and no defect, the Fermi level is 
located almost in the middle of band gap. Note that f(E) described by Eq. (4.10) 
approaches 0 or 1 on either side of Ef very quickly and within a few kTs. This 
means that for an intrinsic semiconductor, relatively few available states in the 
conduction band are filled.  

The quantity that is ultimately important to the conduction characteristics of 
semiconductors and plays a critical role in the diode laser is the carrier density, 
which includes the electron and hole densities n and p. In an intrinsic semiconduc-
tor, carrier generation is the result of transition of thermally excited electrons 
from valence band to conduction band, and therefore, n=p.  

The situation can be changed drastically by adding small amounts of impuri-
ties. Introduction of such impurities generally creates additional levels within the 
band gap. In particular, certain impurities result in the creation of donor levels 
close to the conduction band that are filled with electron. As a result, when T≠0 
and even at low temperatures, electrons from this donor level fill in the conduction 
band in great numbers. These impurities are called donors, and the result is an 
n-type semiconductor. In contrast, some impurities create acceptor levels close 
to the valence band. These levels have plenty of empty states, which are not 
filled at T=0. However, when T≠0 and even at low temperatures, electrons from 
the valence band fill these acceptor levels, leaving behind great concentration of 
holes in the valence band. These impurities are called acceptors, and the result is a 
p-type semiconductor. 

The existence of conduction and valence bands in a semiconductor provides a 
means of realizing a two-level system such as the one we discussed before. How-
ever, for light amplification, a situation of population inversion is needed, which 
can be achieved by forward biasing the pn junction. It is well known that at the in-
terface of the p-type and the n-type materials, electrons from the p-side diffuse 
into the n-side and holes from the p-side diffuse into the n-side. This diffusion es-
tablishes a built-in electric field that ultimately stops the diffusion of more carri-
ers. Applying an external forward voltage reduces the built-in electric field and 
more carriers start to flow. Figure 4.6 illustrates this process. It can be seen that 
within the transition region, population inversion is realized: the excess electrons 
from the n-side and the excess holes from the p-side exist in the same region. This 
area where population inversion is realized is called the active region.  

Because a forward biased junction is not in the condition of thermal equilib-
rium a single Fermi level does not describe the carrier distribution.  
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Fig. 4.6. Population inversion in a forward biased semiconductor  

However, the Fermi–Dirac distribution is still applicable if a separate quasi 
Fermi level is defined for each of the two populations of electrons and holes. In 
Fig, 4.6 these quasi Fermi levels are represented by EqFn and EqFp for electrons and 
holes, respectively. Note that quasi Fermi levels separate in the active region, but 
combine in the p or n region where they essentially reduce to the ordinary conduc-
tion or valence band Fermi levels. Also note that in Fig. 4.6 the Fermi levels are 
within the conduction and valence bands. This is caused by high doping, which 
indeed is the case for pn junctions used in diode lasers.  

Figure 4.6 shows the band diagrams of a homo-junction. In a homo-junction, 
both the p and n semiconductors are based on the same material. Although it is 
possible to create population inversion in a homo-junction, it is not easy to create 
high gain, because the carriers diffuse into the opposite region, preventing popula-
tion inversion to build up. It would be nice to create some sort of barrier to the dif-
fusion of carriers, so that a large carrier density could be built up in the active re-
gion. This goal can be achieved by sandwiching a low band gap material in 
between two higher bandgap materials, effectively creating a potential barrier to 
the diffusion of carriers. Such a structure is known as a hetero-junction, and the 
resulting lasers are far more efficient. Nevertheless, the principle of operation is 
the same: by forward biasing a pn junction, a condition of population inversion is 
created, and stimulated emission yields optical gain.  

4.5 Rate equation approximation 

As noted before, a rigorous treatment of interaction of light with atoms requires 
the coupling of Maxwell’s and Schrödinger’s equations. This approach was first 
developed by Lamb [5–8] and later on extended and elaborated by numerous others 
[9–16]. 
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While such an approach can yield rigorous results, generally speaking it is 
complicated and involves extensive mathematical treatment. An alternative is to 
use a phenomenological approach usually known as rate equation approximation. 
In this approach, the behavior of the diode laser is modeled in terms of two inde-
pendent variables: N, the density of carriers, and P, the density of photons, both in 
the active region. We start by considering the carrier density rate equation [17–21]. 

4.5.1 Carrier density rate equation 

The carrier rate equation is essentially a book-keeping equation, simply stating 
that the rate of increase of carrier density equals the rate at which carriers enter the 
cavity minus the rate at which they leave the cavity: 

 RECGEN RR
dt
dN −=  (4.11) 

where RGEN is the carrier generation rate, and RREC is the carrier recombination rate, 
both in the active region. Note that N can represent either the electron or the hole 
density, as charge neutrality requires these two to be equal.  

The next step is to describe RGEN and RREC more explicitly. In a diode laser RGEN 
is a result of the junction current I. If the volume of active region is V, the injec-
tion current creates I/(eV) electrons per second per unit volume of active region. 
However, not all the current goes into generating useful carriers, because some of 
the current will bypass the active region through other conductive paths. As a re-
sult, an internal efficiency coefficient η must be added to account for this extra 
leakage, yielding 

 
eV

IRGEN
η=  (4.12)  

For RREC we must account for the different processes through which carriers re-
combine. Generally, carrier recombination can be either radiative or non-
radiative. Radiative recombination can be either spontaneous or stimulated. We 
know from our discussion before that the stimulated recombination is responsible 
for coherent laser light, whereas spontaneous recombination generates incoherent 
light which acts as a source of phase noise in the laser light. Non-radiative recom-
bination removes the carriers without any light generation and therefore reduces 
the efficiency of the laser. 

As a result, RREC can be written as 

 NRSPSTREC RRRR ++=  (4.13) 
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where RST, RSP, and RNR are stimulated, spontaneous, and non-radiative recombina-
tion rates. Let us examine each of these terms more carefully. The first term, RST, 
represents the rate of carrier recombination due to stimulated emission. Therefore, 
RST is the underlying mechanism for optical gain. More explicitly, RST is related to 
the optical gain and photon density: 

 gPvR gST =  (4.14) 

In this equation g is the optical gain, P is the photon density, and vg is the group 
velocity of light in the active region. The rationale behind Eq. (4.14) is that in a 
short length of time dt, the optical signal travels a short distance dz, such that 
vg=dz/dt. Moreover, RST can be expressed as RST=dP/dt. If we substitute vg and RST 
in Eq. (4.14), we obtain 

 gP
dz
dP =  (4.15) 

which indeed defines the optical gain for a signal traveling in the z direction.  
The next task is to express optical gain in terms of carrier density. In general, g 

is a nonlinear function of N. For instance, a logarithmic fit matches experimental 
data over a wide range of parameters [17]: 
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Here N0 is the transparency carrier density, Ns is a fitting parameter, g0 is a fitting 
parameter representing the inherent gain of the material, and ε is the gain com-
pression factor. Note that ε represents gain saturation at high optical powers. 
Moreover, note that when N=N0, g=0, which is the point that the net gain is equal 
to the net loss and therefore the material is at the margin of becoming transparent.  

Because of the complexity of nonlinear fits, a common approximation is to as-
sume a linear relationship around the transparency point: 

 ( )0NNGg −=  (4.17) 

where G is the differential gain at transparency. Therefore, either Eq. (4.17) or 
Eq. (4.16) can be used in Eq. (4.14) for an explicit expression of RST. 

Next, we need to consider RSP and RNR and express them explicitly in terms of 
carrier density. One way to proceed is to calculate these rates from first principles 
of quantum mechanics and semiconductor physics. However, it is common to de-
scribe the recombination terms simply in terms of powers of carrier density [17]: 
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 32 CNBNANRR NRSP ++=+  (4.18) 

Theoretical and experimental considerations show that the term BN2 corresponds 
to spontaneous emission rate, where for common semiconductors, B≅ 10−10 cm3/s. 
The term AN represents defect recombination, and the term CN3 corresponds to 
Auger recombination. Defect recombination refers to additional energy levels in 
the band gap that act as a trap for carriers and are caused by crystal defects. Auger 
recombination refers to the collision of two electrons in the conduction band, 
which knocks one of them to the valence band and the other to a higher energy 
state in the conduction band.  

As a further simplification, we may lump all the non-radiative terms together 
and approximate them by a linear decay process with a carrier life timeτ : 

 ( )
τ
NNCNACNANRNR =+=+= 23  (4.19) 

It should be noted that in general, the lifetime defined by τ is carrier dependent. How-
ever, in cases of low Auger recombination or low carrier density, the dependence of τ 
on N can be neglected. Equation (4.19) states that without stimulated and spontaneous 
emission, the carrier density will decay exponentially with a time constantτ. 

Now we have all the pieces needed to express the carrier rate equation explic-
itly in terms of carrier density. By combining Eqs. (4.11), (4.12), (4.13), (4.14), 
(4.17), and (4.19) we arrive at the most familiar form of the rate equation for car-
rier density: 

 ( )PNNGvBNN
eV

I
dt
dN

g 0
2 −−−−=

τ
η

 (4.20) 

The right-hand side terms of Eq. (4.20) represent carrier generation, non-radiative 
carrier recombination, carrier recombination due to spontaneous emission, and fi-
nally carrier recombination due to stimulated emission. Other forms of Eq. (4.20) 
can also be used, for instance, by using the more accurate Eq. (4.16) instead of the 
linear approximation of Eq. (4.17). Note that in Eq. (4.20) N is coupled to the pho-
ton density, P. Thus, we also need a rate equation for P.  

4.5.2 Photon density rate equation 

Ideally photons should be generated at the rate of RST, because RST represents the 
depletion rate of carriers due to stimulated emission. However, not all photons 
generated by stimulated emission contribute to the photon density in the active re-
gion, because the active region is a fraction of the overall volume of the cavity in 
which photons exits. As noted in Eq. (4.2), the ratio of photons in the active region 
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to the total number of photons is called the confinement factor and is denoted by 
Γ. Therefore, the rate at which stimulated photons contribute to the photon density 
in the active region is ΓRST, or equivalently, ΓvggP.  

Spontaneous emission is another process for photon generation. To account for 
the contribution of these photons to the laser mode, two factors must be taken into 
account. First, a fraction of these photons is coupled to the lasing mode. We can 
represent this fraction by a factor β, called the spontaneous emission factor. The 
second factor is the confinement factor Γ, which, like its role for stimulated emis-
sion, accounts for the fraction of photons that occupy the active region. Combin-
ing these two factors, the overall contribution of spontaneously emitted photons to 
the photon density in the active region would be ΓβRSP.  

Finally, to account for photon reduction, we can define a photon life time τP. 
This decay can be due to the loss in the medium or the loss from the cavity mirrors 
in the form of output light from the laser.  

Based on these terms, we can write the photon density rate equation as 

 
P

SPg
PRgPv

dt
dP

τ
β −Γ+Γ=  (4.21) 

Equation (4.21) clearly shows the contribution of stimulated and spontaneous 
emissions (the first two terms) as well as absorption and radiation out of cavity 
(the third term) in the dynamic behavior of photon density. This equation can also 
be written in a more explicit way, for instance, by expressing RSP as BN2 and the 
linear expression for g. The result is 

 ( )
P

g
PBNPNNGv

dt
dP

τ
β −Γ+−Γ= 2

0  (4.22) 

Therefore, Eqs. (4.20) and (4.22) together constitute a complete set which can de-
scribe the dynamic behavior of the photon and carrier densities in a diode laser. In 
general, these equations can be solved by numerical methods. However, further 
insight can be gained by considering two special cases of steady-state conditions 
and small sinusoidal signals. 

4.5.3 Steady-state analysis 

Steady-state analysis is applicable when the rate of change of variables is much 
slower than the inherent time constants of the system. For diode lasers, the inher-
ent time constants of the system are τp andτ, which are in the picosecond and 
nanosecond range. Mathematically, the steady-state solutions are obtained by set-
ting the time derivatives in the rate equations to zero. To keep the analysis general, 
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we keep the gain term in its implicit form, g. Setting the time derivatives in 
Eqs. (4.20) and (4.22) to zero, we obtain 
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Moreover, we note that the variable we are interested in is the output power of the 
laser, L, which is related to photon density as follows2: 

 
P

VPhfL
τ

η
Γ

= 0  (4.25) 

Here η0 is the internal optical efficiency of the cavity representing the percentage 
of photons that reach the mirrors. The physical interpretation of Eq. (4.25) is sim-
ple. If P is the photon density, VP is the number of photons in the active region, 
and VP/Γ is the total number of photons in the optical cavity. Thus, hf VP/Γ is the 
total optical energy in the cavity. We also need an efficiency factor, η0, to model 
the percentage of these photons that yield useful optical energy in the lasing mode. 
Finally, dividing the result by the photon life time yields the rate at which this en-
ergy is removed from the active region, i.e., optical power of the laser.  

Let us first focus on Eq. (4.24). We know that g is a monotonously increasing 
function of carrier density and therefore current. Thus, as the current increases, g 
also increases. We can see that for a certain value of g the denominator of Eq. 
(4.24) will be zero, resulting in an infinite photon density. Therefore, physical re-
quirements should prevent the gain from reach this limiting value. This limiting 
value of gain is called the threshold gain or gTH and is given by 

 
gP
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 (4.26) 

The value of carrier density corresponding to gTH is the threshold carrier density 
NTH: 

                                                           
2 Normally, we express power quantities by P. However, because in rate equations P is usually 
reserved for photon density, here we use L for output power. This choice is also consistent with 
the standard notation of denoting the current–light characteristic of the laser as LI curve.  
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 ( )THTH Ngg =  (4.27) 

Thus, as N approaches NTH, g approaches gTH, and the optical power increases rap-
idly, as predicted by Eq. (4.24). This means that N never really reaches NTH, be-
cause that yields an infinite value for P, obviously a non-physical situation. Thus, 
we can conclude that in steady state, as the driving current increases, both g and N 
must be clamped at a value very close to their threshold values. We can use this 
limiting value and evaluate Eq. (4.23) above threshold: 
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Solving for P in Eq. (4.28), using Eq. (4.26) for threshold gain, and using Eq. 
(4.25) to convert P to L, we get the following relationship for the output power of 
the laser: 

 ( )THII
e

hfL −= 0ηη  (4.29) 

where the threshold current of the laser is defined as 
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Figure 4.7 illustrates the behavior of P, N, and g as a function of the drive current. 
To summarize, as the current increases, both N and g asymptotically approach 
their threshold value. This means non-radiative and spontaneous recombination 
will also clamp at threshold, as suggested by the first two terms in the right-hand 
side of Eq. (4.28).  

 

Fig. 4.7. Steady-state behavior of critical laser parameters vs. drive current 
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Therefore, spontaneous emission will also be clamped at threshold. However, 
stimulated photon density will increase linearly with I. This can be seen from the 
last term in the right-hand side of Eq. (4.28) and is expressed explicitly by 
Eq. (4.29).  

4.5.4 Temperature dependence of LI curve 

Like any other semiconductor device, diode lasers are sensitive to temperature. In 
general, as the temperature increases, it takes more current to achieve a given 
value of gain. This is mainly due to broadening of the Fermi function given by Eq. 
(4.10). At T=0, the transition from filled states to empty states is abrupt. As T 
rises, this transition becomes less abrupt and the carrier distribution broadens. So a 
given carrier density occupies a wider energy band at a higher temperature. More-
over, it can be shown that NTH also increases with temperature. There are also 
some effects that depend on the material used. For example, in InGaAsP-based 
lasers Auger recombination seems to have a large impact on the temperature be-
havior [22]. It is common to model temperature effects by assigning an exponen-
tial relationship between temperature and threshold current: 

 0/
0

TT
TH eII =  (4.31) 

Here T0 is some characteristic temperature that models the thermal sensitivity of 
the device. A lower value of T0 corresponds to higher temperature sensitivity. For 
GaAs lasers T0 is in the range of 150–200 K, whereas for InGaAsP lasers T0 is 
generally lower and is in the range of 70 K. Strained layer quantum wells achieve 
somewhat higher values, in the range of 90 K [23]. 

In addition to threshold current, the slope efficiency of a laser generally dete-
riorates at higher temperatures. This effect too can be approximated by an expo-
nential temperature dependence similar to Eq. (4.31).  

 

Fig. 4.8. Typical behavior of LI curve with temperature  
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However, slope efficiency is generally less sensitive to temperature compared to 
the threshold current. Moreover, long wavelength lasers (1300 and 1500 nm) are 
more sensitive to temperature degradations [17, 24].  

The overall result of temperature degradation on the typical LI curve of a laser 
is shown in Fig. 4.8. As we will see in Chapter 8, temperature effects are very im-
portant in designing power and modulation control circuits. We should also note 
that the behavior shown in Fig 4.8 is typical, but not necessarily universal. One 
exception can be made in DFB lasers, where the frequency of the dominant mode 
is selected not by the gain profile, but by the Bragg wavelength of the distributed 
feedback. Both the Bragg wavelength and the gain profile move with temperature, 
but usually the gain profile moves much faster. As a result, it is possible to design 
a laser structure in which the two wavelengths are detuned more at room tempera-
ture, but coincide better at higher temperatures. In such a laser, the effective gain 
can actually increase with temperature, yielding to a lower threshold current at 
high temperature. However, such anomalous behavior is not typical, and the gen-
eral rule is that a laser’s efficiency deteriorates as the temperature rises.  

4.5.5 Small signal frequency response 

To study the dynamic behavior of lasers analytically, one method is to assume all 
signals are small in amplitude and sinusoidal in time. The advantage of this 
method is that it yields information about the frequency response of the laser.  

The small signal frequency response analysis starts with decomposing the 
quantities of interest into the sum of a (larger) dc value and a (smaller) ac compo-
nent at a given frequency of ω in the form of exp(jω t). These assumed forms are 
substituted back into the original rate equations, and are further simplified by not-
ing that the dc parts should satisfy the steady-state equations. Moreover, any har-
monic terms at frequencies other than ω are neglected. The remaining terms can 
be grouped together and a small signal expression for the modulation transfer 
function of the laser above threshold can be obtained:    
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where A is the small signal dc gain from current to power. The transfer function 
defined by Eq. (4.32) is that of a second-order system with a resonance frequency 
ωR and a damping factor γ. The resonance frequency can be approximated as 
[17, 25] 
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and is known as the relaxation oscillation frequency of the laser. In Eq. (4.33) a is 
the differential gain, and POP is the average photon density, both at the operating 
point. If we use Eq. (4.16) for optical gain, a can be expressed as 
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The damping factor is defined as 
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Although rate equations can be used to model more complicated effects, the sim-
ple model we have discussed here is sufficient to highlight many important fea-
tures [26]. Figure 4.9 illustrates representative plots of the magnitude of the trans-
fer function and the resonance frequencies at several bias points. Below the 
resonance frequency, the response is essentially flat and the laser optical output 
can follow the input. The frequency response peaks at a frequency ωP: 

 22

2
1 γωω −= RP  (4.36) 

After this point the response drops fast and approaches the limit of −40 dB/decade. 
Note that according to Eq. (4.33), ωR (and therefore ωP) is proportional to the 
square root of optical power.  

 

Fig. 4.9. Frequency response of diode lasers 
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This means that if the laser is biased at a higher operating point, the relaxation os-
cillation frequency and the bandwidth of the laser will be higher. On the other 
hand, based on Eq. (4.35), biasing the laser at a higher power will increase the 
damping and therefore reduces the “peaking” of frequency response near reso-
nance. 

4.5.6 Time response 

The time response of the laser is especially important in digital modulation where 
the drive current for each transition is essentially a step function [26, 27]. From 
linear system theory we know that the response of a second-order system to a step 
function can be over-damped, marginally damped, or under-damped, and therefore 
we can expect to observe the same type of behavior in lasers. In particular, if the 
laser is under-damped, the output goes through a period of ringing before it settles 
down at the final steady state.  

A critical parameter in digital direct modulation transmitters is the maximum 
bit rate achievable with a particular diode laser. In non-return-to-zero (NRZ) cod-
ing, if the length of a bit is shorter than the settling time of the laser, the starting 
point of the next transition will no longer be the same for all bits. For example, in 
a pattern of 1110, the output has a long time to settle to the steady-state level dur-
ing the first three 1s. Thus, the initial condition for the transition to the zero level 
for the fourth 0 bit is very close to the steady state. However, when a pattern like 
0010 is being transmitted, the output does not settle within the 1 bit, and therefore 
the initial condition for the last zero transition becomes pattern dependent. As 
shown in Fig. 4.10, this causes pattern-dependence jitter.  

Figure 4.10 shows the jitter as a result of only two patterns. It is not hard to 
imagine that in a random signal where all pattern combinations are present, the jit-
ter starts to accumulate in the form of a jitter distribution, effectively reducing the 
horizontal eye opening. Thus, the frequency response of the laser ultimately limits 
the maximum bit rate at which its output can be modulated.  

 

Fig. 4.10. Pattern-dependent jitter as a result of bit rate approaching relaxation oscillation of laser 
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As a side note, we should add that in reality the frequency or time response 
of the laser is a result of the dynamic response of the diode itself combined with 
the response of the electronic circuits that drive it. We will revisit this issue in 
Chapter 8 where we discuss the design of optical transmitters.  

4.5.7 Frequency chirp 

The rate equations we have been discussing so far describe the photon and car-
rier densities. However, any change in the carrier density inevitably will result in a 
change in the index of refraction of the semiconductor as well. On the other hand, 
any change in the index of refraction will cause a change in the optical frequency 
of the lasing mode. Therefore, any time we modulate the intensity of light through 
direct modulation we are also modulating the optical frequency of the light gener-
ated by the laser. This frequency modulation, which is similar to FM modulation 
in radio frequency applications, is known as frequency chirping [28–30]. Fre-
quency chirping implies an increase in the spectral linewidth of the diode laser 
[31]. As we will see in Chapter 5, an optical signal with a wider spectral width is 
more prone to degradation due to dispersion. Thus, it is important to characterize 
the frequency chirping of a laser. Using rate equations, the magnitude of chirp or 
the change in frequency Δf is found to be [32–33] 
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where κ is a parameter that characterizes the material, and α is known as the 
linewidth enhancement factor.   

  

Fig. 4.11. Spectral broadening due to static and dynamic chirp  

f(t) 

P(t) 

O
pt

ic
al

 P
ow

er
 

O
pt

ic
al

 F
re

qu
en

cy
 Spectral Width 

Time 



4.5 Rate equation approximation      115 

 
For common semiconductor lasers, the value of α is in the range of 8–4. Equation 
(4.37) suggests that frequency chirping can be divided into two components. The 
first component, known as dynamic or transient chirp, is proportional to the rate 
of change in optical power and dominates in large signal modulation or fast transi-
tions. The second term, called static or adiabatic chirp, is related to the structure 
of material and wavelength through the parameter κ [33]. Figure 4.11 illustrates 
the spectral broadening as a result of the dynamic and static components of chirp 
in a direct modulation scheme. 

The important point to notice is that direct modulation can significantly in-
crease the spectral width of the output light from a diode laser. This is why fiber 
optic links based on direct modulation schemes are ultimately limited by disper-
sion. As we will see in Chapter 8, external modulation can significantly reduce 
chirping and therefore increase the performance of an optical ink. 

4.5.8 Large signal behavior 

Small signal approximations of rate equations provide great insight into the behav-
ior of diode lasers. However, in digital schemes oftentimes the modulation ampli-
tude can be large. In these cases, although small signal analysis tools can be used 
with approximation, the laser shows new behaviors without small signal equiva-
lent. Although numerical solutions are the main tool available for analyzing these 
equations in their general form, it is still possible to describe the large signal be-
havior of the laser qualitatively.  

In digital modulation we are interested in the response of the laser to a pulse of 
current in the form of a step function. Because for link budget purposes it is better 
to maximize the modulation depth or extinction ratio, the nonlinear behavior of 
the laser shows up in the form of asymmetry between rise and fall times, differ-
ence in relaxation oscillation in the zero and one states, and turn on delay.  

 

Fig. 4.12. Comparison of small and large signal behavior of a diode laser 
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Figure 4.12 compares the large signal and small signal behavior of a diode laser 
as characterized by typical eye patterns in the two cases. Let us consider some of 
the main features highlighted in Fig. 4.12. When the laser is biased well above its 
threshold and is driven by a relatively small modulation current, as in Fig. 4.12a, 
the eye pattern is symmetrical, i.e., the rise and fall times as well as the relaxation 
oscillation are the same for both a positive and negative transitions.  

In Fig. 4.12b the modulating current has been increased by keeping the one 
level as before, but bringing the zero level closer to threshold. The eye pattern in 
this case becomes asymmetrical. Some of these features can be understood in 
terms of the dependence of the small signal parameters on photon density. For in-
stance, according to Eq. (4.33) the relaxation oscillation frequency increases with 
optical power. As a result, we can expect that the ringing frequency should be 
higher at the one state compared to the zero state. Moreover, because the photon 
density cannot become negative, the ringing at the zero state is compressed to en-
sure the optical output always remains positive.  

The asymmetric rise and fall times are another feature of large modulation. 
Generally, the rise time becomes shorter compared to the fall time as a result of 
the dynamic interplay between the photon and carrier densities during a positive 
and a negative pulse of current.  

Another phenomenon illustrated in Fig. 4.12 is the turn-on delay. In the case of 
small signal modulation, the rise and fall time transitions are aligned in time. But 
for large signal modulation, there is a delay between the time the current pulse is 
applied to the time optical power starts to rise. As a result, the rise and fall time 
edges are no longer aligned. This turn-on delay becomes especially noticeable if 
the laser is pushed below the threshold. It can be shown that in this case the turn-
on delay is given approximately by [17] 
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In this equation I1 is the current in the one state, I0 is the current in zero state, ITH is 
the threshold current, and τ is the total carrier life time (corresponding to sponta-
neous and non-radiative carrier recombination).  

Turn-on delay can cause significant jitter in directly modulated digital transmit-
ter at high bit rates. The reason is that the delay is a function of I0 or the current in 
the 0 level. In practice this current itself is not constant, but goes through ringing 
after each 1 to 0 transition, before it settles down at its steady state. Therefore, if a 
0 to 1 transition occurs before the ringing is damped, pattern dependence jitter fol-
lows. This is another limiting factor in achieving signal integrity in high bit rate 
direct modulated transmitters.   
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4.6 Semiconductor laser structures 

As described in the beginning of this chapter, a semiconductor laser is essentially 
a forward biased diode where population inversion results from the flow of major-
ity carriers in the active region. Figure 4.13 shows the structure of a simple pn 
junction and the flow of current and light when the junction is forward biased. The 
current flows from the p to the n side through the metal contacts. The active region 
between the p and the n sides is where optical gain is realized, and the light propa-
gates perpendicular to the direction of flow of current. The facets at the two sides 
of the device act as mirrors and provide the optical feedback necessary for lasing 
action. In a typical semiconductor, the facets provide a reflectivity of ~30%. In 
general, light flows out of both facets and forms the optical output of the device.  

This structure is called a homo-junction, because the device is made of a single 
semiconductor material only doped differently on the two sides of the pn junction. 
However, as noted before, a simple homo-junction is not an efficient structure for 
laser action, mainly because there are no provisions for light or carrier confine-
ment. This lack of confinement causes a decline in both carrier and photon densi-
ties and therefore reduces the optical gain. As a result, this device lacks the per-
formance needed from practical optical sources. We will examine more practical 
devices shortly. 

Modern semiconductor lasers are made through processes based on epitaxial 
growth of several layers of semiconductor materials with different compositions. 
 

 

Fig. 4.13. Structure of simple homo-junction diode laser 
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Ga with Al or In, the properties of the ternary material can be tailored and tweaked 
for various applications. The bandgap energy of GaAs corresponds to around 
850 nm. Because Al atoms are almost the same size as Ga, AlxGa1–xAs is lattice 
matched to GaAs and the resulting system is the basis for short-wavelength lasers 
(700–900 nm) commonly used in multimode fiber links.  

It is also possible to add a fraction of a fourth element to a ternary compound 
and obtain a quaternary compound. One such compound is In1–xGaxAsyP1–y. By tun-
ing the ratios of x and y it is possible to shift the bandgap energy to the critical 
wavelengths of 1300–1600 nm window, where most fiber optic communication 
systems operate. At the same time, it is possible to obtain lattice-matched or 
strained epitaxial layers on the substrate, which for long-wavelength lasers is usu-
ally InP. As a result, most long-wavelength communication lasers are heterostruc-
tures based on the InGaAsP/InP system.  

4.6.1 Heterostructure laser 

One of the key characteristics of modern lasers is that they achieve higher effi-
ciencies by carrier and light confinement. Modern diode lasers use heterostruc-
tures for the purpose of carrier confinement. Figure 4.14 illustrates the cross sec-
tion of a typical long-wavelength buried heterostructure laser [34]. It can be seen 
that the active InGaAsP layer is sandwiched between InP layers, both vertically 
and laterally. Because the index of refraction of the InGaAsP is higher, the optical 
fields will be mostly confined laterally and vertically to the active region. At the 
same time, because of the insulating SiO2 structure and the geometry of the p and 
n junctions, the current is also confined to the active region. The high carrier and 
photon densities substantially improve the efficiency of the device.  

 

Fig. 4.14. Typical InGaAsP/InP buried heterostructure  
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A heterostructure such as that shown in Fig. 4.14 is called an index-guided laser. 
This is because optical confinement is achieved by creating an effective waveguide 
inside the device. It is also possible to achieve optical confinement merely as a re-
sult of the higher gain in the active region, because higher gain will by itself cause 
a change in the index of refraction. Such structures are called gain-guided lasers. 
However, the performance of gain-guided lasers is usually inferior to that of the 
index-guided lasers. Figure 4.14 also shows the profile of light intensity in the ver-
tical and lateral directions. The light exits the device parallel to the plane of the 
junction (perpendicular to the page). As a result, this structure is also called an 
edge-emitting laser.  

4.6.2 Quantum well lasers 

As mentioned above, making the active layer thinner will improve the efficiency 
of the laser because it yields a higher carrier density. When the thickness of active 
layer gets in the order of tens of nanometers or smaller, a quantum well is formed 
[35–36]. The waves associated with carriers become quantized very much like the 
standing waves on a string hold on its two ends. The quantization changes the en-
ergy levels of carriers and impacts the gain. Consequently, a quantum well can 
have a much higher gain compared to a bulk semiconductor. Moreover, the thick-
ness of a quantum well can be used to control the energy band gap between the 
conduction and valence bands.  

 

Fig. 4.15. Energy band diagram of (a) bulk heterostructure, (b) single quantum well, (c) multiple 
quantum well laser 
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on the top side. In a bulk semiconductor laser (Fig. 4.15 a), the confinement is 
achieved by the large potential well formed by the whole active region. However, 
in a quantum well structure additional layers of heterostructures are used to realize 
one or several quantum wells within the active region.  

Figure 4.15b shows a single quantum well structure implanted within the active 
region. The problem with a single quantum well is that it may be so thin that it 
cannot provide sufficient optical confinement. As a result, the overlap between 
carriers and the optical field may decrease, causing a decrease in the efficiency of 
the laser. Multiple quantum well lasers (Fig. 4.15 c) address this problem by pro-
viding additional quantum wells and thus increasing the overlap between photons 
and carriers.  

4.6.3 Distributed feedback (DFB) lasers  

In the laser structures we have discussed so far the optical feedback is provided by 
the cleaved facets on the two sides of the cavity. As we noted earlier in this chap-
ter, such a laser is called a Fabry–Perot laser. In principle, a Fabry–Perot cavity 
can support many optical modes. Therefore, Fabry–Perot lasers will generally end 
up lasing in several longitudinal modes, each with a slightly different wavelength. 
As a result, Fabry–Perot lasers are usually multimode lasers.  

An ideal optical source must have a narrow spectral width, and therefore all but 
one of these lasing modes must be suppressed. The most common way of achiev-
ing this goal is to provide the optical feedback not through the cleaved edges, but 
by a periodic diffraction grating along the active region. Such a structure is called 
a Bragg reflector, and these lasers are called distributed feedback (DFB) lasers 
[37]. In a DFB laser, each grating reflects a little bit of light. Reflection is only 
significant in the wavelength where the reflected waves add constructively, 
whereas in all other wavelengths they will be out of phase and add destructively.  

 

Fig. 4.16. Longitudinal cross section of a DFB laser 
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Therefore, the cavity provides optical feedback only in a single wavelength. The 
reflectivity from the two facets are minimized (for instance by the application of 
anti-reflection coating) to minimize any potential Fabry–Perot mode. Figure 4.16 
illustrates the longitudinal cross section of a DFB laser. 

The Bragg wavelength, that is, the wavelength at which maximum reflection 
within the active region takes place is given by 

 
m

nE
B

Λ
=

2λ  (4.39) 

where Λ is the period of grating, nE is the effective index of refraction for the 
mode, and m is an integer representing the order of coupling between the incident 
and reflected waves The strongest reflection takes place for the lowest order 
(m=1), although in some cases higher orders are also used because they allow for a 
longer grating period which could be easier to manufacture.  

In an actual DFB laser the lasing wavelengths will be distributed symmetrically 
on both sides of the Bragg wavelength. Thus, in a normal DFB laser without addi-
tional provisions, two dominant modes around the Bragg wavelength can exist si-
multaneously. A common way to remove this degeneracy is to use a quarter-
wavelength shifted grating, where an additional grating with a (spatial) phase shift 
of Λ/2 is introduced in the cavity [38]. This results in a single-mode operation at 
the Bragg wavelength. In this case, almost all the laser energy is concentrated in 
one main mode. The ability of a DFB laser to “suppress” all but one single mode 
is known as side mode suppression ratio (SMSR). Modern DFB communication 
lasers have an SMSR of 45 dB or better, although SMSR can suffer under large di-
rect modulation.  

4.6.4 Vertical surface emitting lasers (VCSELs) 

The main difference between VCSELs and other types of laser structures lies in 
the direction of light propagation. In regular edge-emitting lasers the light propa-
gates along the direction of the active region and exits from the two facets on the 
two sides of the junction. On the other hand, in a VCSEL the light propagates per-
pendicular to the plane of active region and exits from the top or bottom surface of 
the device [39–40]. 

Figure 4.17 shows a typical GaAs VCSEL structure. The active region consists 
of multiple layers of quantum wells, surrounded on both sides with multiple layers 
of Bragg reflectors. The light travels in the vertical direction back and forth be-
tween the Bragg reflectors. Because of the relatively short length of the active 
layer along the path of light, the Bragg mirrors must provide very high reflectivity 
to support the necessary optical feedback needed for lasing. The current is injected 
from the contact ring on the top and flows down within the structure and through 
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the active region. A second current confinement ring is implanted within the struc-
ture to help in focusing the current and achieving higher carrier concentration.  

The small volume of active layer in VCSELs makes their threshold current 
relatively low. Moreover, because the length of the optical cavity is very short, 
longitudinal modes are spaced very far from each other, and therefore a VCSEL 
typically has only one longitudinal mode. In edge-emitting lasers because of the 
aspect ratio of the active region the output light tends to have an elliptical profile, 
which can reduce the coupling efficiency into a circular aperture like that of an op-
tical fiber. However, because of the symmetrical structure of VCSELs, the output 
light tends to have a circular profile. Also, because the light exits from the surface 
of the device coupling it into a fiber can be much easier, as the fiber can be 
brought in direct contact and mounted to the surface. Another advantage of 
VCSELs is that they can be tested and operated in arrays, without the need to 
separate them into individual devices. This makes them very attractive for parallel 
optical interconnects and smart pixel applications. Also the fact that they can be 
tested as arrays makes it possible to test them at wafer-level, thus reducing the 
cost of testing. Because of these advantages, VCSELs are extensively used in low-
cost transmission systems, especially in multimode short-distance applications.  

However, there are several problems that have prevented the proliferation of 
VCSELs for higher end data and telecom applications. The most important prob-
lem is that long-wavelength VCSELs in the 1300–1600 nm window have been 
proven difficult to build. Most practical VCSELs operate in the 850 nm wave-
length range, which corresponds to the bandgap of GaAs. VCSELs based on 
strained InGaAs can operate in the 980 nm range. However, construction of In-
GaAsP based VCSELs for the longer wavelengths has been more challenging be-
cause Bragg reflectors based on InGaAsP have a low reflectivity.  

 

Fig. 4.17. Cross section of a VCSEL 
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Another challenge in VCSELs is their tendency for multi-transverse-mode op-
eration. Because of their large surface, the optical cavity can support more than 
one transverse mode, and under modulation, mode hopping between these lateral 
modes can occur. This becomes more of a problem especially when the bias cur-
rent gets much higher than the threshold current. These lateral modes have differ-
ent optical frequencies and thus the overall spectrum can be multimode. More-
over, because of different far-field profile of these transverse modes coupling into 
a fiber can be greatly affected. As a result of these limitations, VCSELs have not 
found wide application in long wavelength fiber optic communication yet, al-
though efforts in this direction continue.  

4.7 Summary 

Semiconductor lasers are the main source of light used in fiber optic communica-
tion. Their size, technology, electrical properties, and modulation bandwidth are 
among the properties that make these devices ideal candidates for telecommunica-
tion applications.  

We started this chapter by discussing the general concepts behind the operation 
of a laser. A laser is essentially an optical oscillator made up of an optical ampli-
fier and feedback. In semiconductor lasers, optical gain is realized through popula-
tion inversion of carriers in a pn junction, and optical feedback is usually achieved 
by the facets of the semiconductor material.  

A simple and effective tool in theoretical studies of semiconductor lasers is the 
rate equation approach, which is based on a phenomenological description of car-
rier and photon densities. Using this approach one can gain great insights into the 
steady-state and dynamic behavior of semiconductor lasers without having to go 
through complex theories and difficult mathematical formulations. We outlined 
these equations in some detail and discussed some of their implications. In par-
ticular, we examined the LI curve and the modulation response of the laser. We 
also discussed important large signal effects such as turn-on delay and frequency 
chirping.  

Finally, we reviewed some practical diode laser structures. Practical diode la-
sers are almost always based on heterostructures. Thus, we discussed the buried 
heterostructure laser as an example and used it to illustrate several important con-
cepts related to laser structures. We also discussed quantum well and distributed 
feedback lasers, which are examples of advanced diode lasers with superior per-
formance in many aspects. Finally, we considered VCSELs, which are surface 
emitting structures. These devices are somewhat different from standard edge 
emitting lasers and thus provide certain advantages and drawbacks. As a result, 
they are widely used in cost-sensitive, lower data rate applications. On the other 
hand, long wavelength telecommunication applications still rely mostly on edge 
emitting lasers, based on their advantages in terms of wavelength, power, and sin-
gle-mode operation.  
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Chapter 5  
Optical Fibers  

5.1 Introduction 

The revolution in fiber optic communication has been made possible by techno-
logical advancements that have resulted in the availability of low-loss silica fibers. 
The attenuation in a single-mode fiber can be as low as 0.25 dB/km. This allows 
for the propagation of optical signals for long distances without the use of repeat-
ers or amplifiers. In this chapter we will discuss different types of fibers com-
monly used in fiber optic communication, as well as the parameters that affect 
light coupling into the fiber.  

We will also examine the principles behind light propagation in single-mode 
and multimode optical fibers. Closely related to light propagation is the topic of 
signal degradation. In general, signal degradation phenomena can be divided into 
linear and nonlinear. In linear phenomena, the degradation is not a function of the 
optical intensity. On the other hand, nonlinear degradations generally show up at 
high optical intensities.  

Attenuation and dispersion are the main forms of linear degradation. Signal at-
tenuation is mainly due to absorption and scattering, while dispersion can be a re-
sult of factors such as waveguide properties of the fiber or wavelength dependence 
of the index of refraction.  

Nonlinear degradation mechanisms include self and cross-phase modulation, 
stimulated Raman and Brillouin scattering, and four wave mixing. Although 
nonlinear effects are usually small, they can become significant for very long dis-
tance or high-power links. Such long distances and high intensities were not com-
mon in the early days of fiber optics, but are now much easier to achieve because 
of the availability of high-power lasers and optical amplifiers. 

In this chapter we will also examine a very important class of optical devices, 
i.e., optical fiber amplifiers. In these devices the mechanism for attenuation is re-
versed, and optical gain is realized through an additional pump signal. The most 
important class of these devices is the erbium-doped fiber amplifier (EDFA), 
which we will discuss briefly at the end of this chapter.  

5.2 Optical fiber materials, structure, and transmission windows 

As we know from the classical electromagnetic theory, electromagnetic waves can 
propagate freely in a homogenous dielectric at the speed of light. Alternatively, it 
is possible to guide these waves by confining them to certain geometries. Such a 
geometry is called a waveguide. Waveguides are used extensively in microwave 
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applications to channel the signals from a source to a destination. Microwave 
waveguides are commonly made of hollow metal pipes which create the boundary 
conditions for the electromagnetic waves that propagate inside them. In principle, 
it is possible to transfer electromagnetic energy of any frequency with the appro-
priate waveguide. However, the dimensions of the waveguide must be approxi-
mately comparable to the wavelength that it transfers, so lower frequencies require 
a larger waveguide. Thus, it is not practical to build waveguides for, say, radio 
waves that have wavelengths of tens to hundreds of meters. Since light waves are 
high-frequency electromagnetic waves, they too could be transferred in a 
waveguide with appropriate size, and an optical fiber is essentially a waveguide 
for light waves [1].  

Obviously, an optical waveguide must be made from a transparent material. In 
general the materials used in the construction of optical fibers include plastics and 
glasses. Therefore, optical fibers can be divided into glass fibers and plastic opti-
cal fibers (POFs). Optical attenuation in plastics is much higher than the attenua-
tion in glasses. For instance, materials such as polymethacrylates (PMMA) or 
polystyrene, which are commonly used in plastic fibers, show losses in the order 
of 100–1000 dB/km [2]. Nevertheless, plastic fibers are mechanically sturdy and 
easier to manufacture. As a result, plastic fibers can provide an economic solution 
for very short-distance applications.  

On the other hand, glasses are excellent candidate materials for optical 
waveguides because of their very low loss. As a result, virtually all communica-
tion fibers are glass based. The most common glass used in fabrication of fibers is 
silica (SiO2). In particular, the index of refraction of silica can be modified 
through doping. Dopants such as P2O5 and GeO2 slightly increase the index of re-
fraction of silica, while dopants like B2O3 and F reduce the index of refraction [3]. 
With these materials, the achievable loss in optical fibers reduced from 20dB/km 
in 1970 to almost 0.2 dB/km (at 1550 nm) in 1979 [4]. Although this is close to 
the theoretical limit of 0.15dB/km, optical fibers have continued to evolve since 
then in response to the evolution of fiber optic industry [5]. 

The standard form of optical fibers is the cylindrical structure shown in 
Fig. 5.1. Because the size of an optical waveguide must be comparable to the 
wavelength of light, the diameter of optical fibers are typically in the order of few 
to tens of micrometers.  

 

Fig. 5.1. Basic construction of optical fiber 
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The structure consists mainly of three sections. The center of the structure is 
called the core, and this is the area most of the optical energy is confined to. The 
core is surrounded by a layer of cladding. Both the core and the cladding are made 
of glass, but the index of refraction of the core is slightly higher than that of the 
cladding. As we shall see, this slight difference in index of refraction ensures that 
certain modes of light can propagate along the fiber as guided modes while most 
of their energy remains confined to the core. The cladding is usually covered by 
additional layers of protective material. These additional layers do not have a di-
rect role in light confinement. Their role, however, is to provide mechanical sup-
port and protection for the inner core and cladding layers. It is also possible to in-
clude several optical fibers in optical cables. Such cable assemblies are commonly 
used in actual optical communication infrastructures.  

As noted above, the core must have a slightly larger index of refraction com-
pared to the cladding. The transition of the index of refraction from the core to 
cladding can take many forms, and several optical properties of the fiber are de-
termined by the radial profile of the index of refraction. Figure 5.2 includes some 
of the most common profiles used in optical fibers. Single-mode1 fibers have a 
much narrower core diameter, usually in the range of 9 μm. Multimode fibers, on 
the other hand, have a larger core diameter, typically in the range of 50 μm. The 
typical diameter of the cladding is around 125 μm [6, 7]. 

 

Fig. 5.2. Common profiles for index of refraction, (a) step-index multimode, (b) graded index 
(GRIN) multimode, (c) step-index single mode, and (d) dispersion shifted fiber 

                                                           
1 We will discuss the single and multimode fibers later in this chapter. 
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Index profiles are by no means limited to those shown in Fig. 5.2. More com-
plex index profiles have also been proposed that result in different dispersion 
properties [8–12]. 

As noted above, achievement of low loss in silica was the main enabling factor 
in the realization of practical fiber optic links. However, this loss is a function of 
wavelength, and therefore only those wavelengths where the loss is minimum can 
be used for practical systems. The wavelengths used in fiber optic communica-
tions can be divided into two broad ranges of short wavelengths and long wave-
lengths. Short wavelengths cover the range of ~800 to 900 nm. As we will see 
later in this chapter, the attenuation of silica fibers in this range is low enough to 
allow for short-range links. On the other hand, long-distance links are possible in 
the range of ~1200 to ~1600 nm, where fiber attenuation reaches its minimum val-
ues. Because of the absorption peaks that used to dominate certain wavelength 
values within this range, it was common to refer to the 800–900 nm range as the 
first transmission window, and divide the low loss regions in the 1200–1600 range 
into second, third, and fourth transmission windows. However, it is now possible 
to build fibers that do not exhibit the local absorption peaks [13]. As a result, it is 
now common to divide the 1200–1600 nm range into spectral bands. Figure 5.3 
shows the designation for these spectral bands. 

 

Fig. 5.3. Long-wavelength spectral band designation 

As we will see in this chapter, for single-mode fibers, the dispersion becomes 
zero within the O-band. This means the links operating in this window tend to be 
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limited.  
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5.3 Guided waves in fibers 

Intuitively, we tend to think of light as rays propagating in straight lines. Obvi-
ously, this intuition is deeply rooted in our daily experiences. The ray theory of 
light formalizes this intuition into a theory that can explain many observations. In 
reality, however, ray theory can be thought of as the zero wavelength limit of the 
more general wave theory.  

In spite of the wave nature of light, the idea of a ray of light is still a very use-
ful conceptual tool for analyzing cases where the dimensions of the objects that 
the light interacts with are much larger than the wavelength of light. We can make 
the connection between a ray and the wave nature of light by thinking of a ray as 
the direction of light propagation, which is perpendicular to the phase fronts of the 
light waves, as illustrated in Fig. 5.4 for the case of ideal spherical waves. Thus, 
the concept of a ray incorporates information about the direction of propagation of 
optical energy without including any wave behavior.  

 

Fig. 5.4. Illustration of light waves, phase fronts, and rays 

5.3.1 Guided modes, ray description 
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remain contained within the fiber core due to total internal reflection. Figure 5.5 
illustrates the situation for one such ray. The indices of refraction of the core, 
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The angle of incidence of light from the surrounding medium is φ. Part of the light 
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to couple 100% of the light into the fiber, as there is always some loss associated 
with the transport of an optical signal between two media with different indices of 
refraction. The angle of incidence and the angle of refraction are related according 
to Snell’s law: 

 )sin()sin( 10 θφ nn =  (5.1) 

The light ray that has entered the core travels inside the fiber until it reaches the 
core–cladding interface. The ray has to go through total internal reflection at this 
point if it is to remain inside the fiber. 

Fig. 5.5. Ray tracing inside a fiber 

The minimum angle of incidence that will result in total internal reflection is given 
by 
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Using Eqs. (5.2) and (5.1), and noting that sin(θ)=cos(ϕ), we can relate ϕM to φM, 
the maximum possible angle of incidence that will result in a guided ray: 
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Because of the axial symmetry of the fiber, φM describes a cone around the axis of 
the fiber. Any ray that enters the fiber and lies in this cone will remain confined 
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inside the fiber due to total internal reflection. This cone describes the numerical 
aperture of the fiber, defined as 

 2
2

2
10 )sin( nnnNA M −=≡ φ  (5.4) 

Note that numerical aperture is a dimensionless quantity that depends only on n1 
and n2. For commonly used glass fibers, n2 is very close to n1, typical values are 
n1=1.48 and n2=1.46. Therefore, Eq. (5.4) predicts that the acceptance angle is 
very small, in other words, the only rays that remain guided within the fiber are 
those that are approximately parallel to the axis of the fiber.  

Our analysis so far does not put any restriction on the angle of incidence other 
than the maximum limit set by Eq. (5.3). Therefore, it seems as if any ray that en-
ters the fiber with an angle less than that given by Eq. (5.3) can be guided by the 
fiber. However, in reality the fiber can only support a finite number of modes, 
which correspond to a finite number of angles of incidence. Here is a case where 
the ray theory cannot describe all aspects of the physical phenomena involved, and 
we need to use the wave theory to obtain a more accurate picture.  

5.3.2 Guided modes, wave description 

As mentioned in Chapter 1, the most comprehensive description of electromag-
netic wave propagation is given by Maxwell’s equations, given by Eqs. (1.1), 
(1.2), (1.3), and (1.4), which, combined with the constitutive relations, give rise to 
the wave equation given by Eq. (1.7). To obtain the behavior of light waves in an 
optical fiber, the wave equation must be solved in the fiber subject to the boundary 
conditions imposed by the geometry of the fiber core and cladding. From a 
mathematical point of view, this is an involved process, and it has been the subject 
of extensive work [14–17]. A detail analysis is beyond the scope of this book, but 
the process can be outlined as follows [18]. First, because of the geometry of the 
optical fiber, the wave equation is written in cylindrical coordinates. Next, it is as-
sumed that the z and t dependence of the waves is given by expj(βz-ωt). The radial 
and azimuthal dependencies are also assumed to be in the form of the product of 
two separate functions. The azimuthal function must have a periodic dependence 
on angle, because it must repeat itself after 2π. Substitution of these assumed 
forms in the wave equation results in a Bessel differential equation for the remain-
ing radial component of the field.  

As expected, application of boundary conditions will yield to discrete solutions 
or modes. Although the mathematical description of these modes is complicated, 
conceptually it is not hard to imagine why such modes may exist. The modes in a 
dielectric slab waveguide,2 although not exactly similar to those in a circular 

                                                           
2 A dielectric slab waveguide consists of a layer of waveguide with one index of refraction 
sandwiched between two dielectric layers with a different index of refraction. 
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waveguide, can serve as an illuminating case. Figure 5.6 presents a conceptual 
representation of such modes.  

The waves propagate in the z-direction, while they are restricted in the y-direction 
by the two layers of a dielectric with a lower index of refraction. Because there are 
no reflections in the z-direction, the waves propagate freely along the z axis. How-
ever, in the y-direction the waves are reflected back from the boundary separating 
the two dielectrics, as a result, standing waves form in the y-direction. Figure 5.6 
shows the first few modes in the waveguide. The main mode, designated as k=1, 
has one peak in the center, while subsequent modes have more peaks. Note 
that the power profile of these modes does not go to zero at the boundary. 
Boundary conditions require that fields exist on both sides of the boundary. 
Solving the wave equation yields evanescent fields that propagate along with 
the main mode in the z-direction, but have an exponentially decaying profile in 
the y-direction.  

 

Fig. 5.6. Illustration of guided modes in a dielectric slab waveguide 

Figure 5.6 explains why a waveguide supports only a finite number of modes 
along the direction in which its size is limited.3 In the y-direction, a standing wave 
is formed when an integer number of half wavelengths fit in the distance separat-
ing the two dielectrics (−a/2 to a/2 in Fig. 5.6). Those waves which do not satisfy 
this condition will radiate out of the waveguide and will not propagate for long.   

It is obvious from Fig. 5.6 that the main mode designated as k=1 has the long-
est wavelength, and thus the lowest optical frequency, compared to the other 
modes. Consequently, we can say that the waveguide has a cut-off frequency (or 
                                                           
3 The situation is very similar to the wave function of an electron in a quantum well. When the 
size of a potential well gets so small that it becomes comparable to the wavelength of the elec-
tron, standing waves form and the electron can occupy only certain discrete energy levels. Each 
energy level corresponds to one mode, very similar to what is depicted in Fig. 5.6. Moreover, the 
wave function of the electron decays exponentially outside the potential well. 
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wavelength). In other words, by choosing the dimensions of the waveguide we can 
select the modes that it can support. This is indeed what is done in single-mode 
optical fibers. As we will see, having only a single mode in the fiber significantly 
enhances the distance that optical signal can propagate without being distorted. As 
a result, long-distance optical communication is based on single-mode transmis-
sion in the fibers.  

5.3.3 Signal degradation in optical fibers 

As optical signals propagate in the fiber, they experience several forms of degra-
dation which ultimately limit the range of a particular fiber link. The signals can-
not be transmitted beyond this limit, unless they go through some form of active 
reconditioning. For instance, a repeater may be used to detect the signal, convert it 
to the electrical domain, and then regenerate the signal in the optical domain. Ob-
viously, it is desirable to extend the reach of an optical link by minimizing the de-
terioration of signals.  

Signal degradations can be divided into the two general categories of linear and 
nonlinear. Linear degradations are those that do not depend on the optical power 
and affect weak and strong signals equally. In nonlinear degradations, on the other 
hand, the effects become significant at high-power levels. Thus, nonlinear effects 
limit the maximum power that can be launched into the fiber.  

The most common types of linear degradation are attenuation and dispersion, 
which we will consider next. Important nonlinear effects include self and cross-
phase modulation, four wave mixing, stimulated Raman scattering, stimulated 
Brillouin scattering, and four wave mixing. The last sections of this chapter deal 
with these nonlinear effects. 

5.4 Attenuation 

The most common form of signal degradation is attenuation. In fact, it was only 
after manufacturing of low loss silica fiber became possible that the field of fiber 
optics communication took off. As we noted in Chapter 1, attenuation is com-
monly characterized in units of decibel per kilometer. The rationale behind this 
choice becomes clear once we recognize that the power in an optical signal at-
tenuates exponentially with distance: 

 
zFeIzI α−= 0)(  (5.5) 

Here z is the distance along the length of the fiber, I is the optical power, I0 is 
power at z=0, and αF is the attenuation factor. Equation (5.5) can alternatively be 
written as 
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 zIzI Fα343.4)log(10)(log10 0 −=  (5.6) 

where we have used ln(x)≈2.302log(x). Equation (5.6) provides a simple and con-
venient way of expressing the power loss as a function of distance. If we define 
α=4.343αF, Eq. (5.6) becomes 

 dBm dBm( ) (0)P z P zα= −  (5.7) 

where power is now expressed in units of decibel-milliwatt, and α is known as the 
attenuation coefficient of the fiber in units of decibel per kilometer. To obtain the 
power at a point z along the fiber, one needs only to multiply the attenuation coef-
ficient α by the distance z and subtract the result from the launching power at 
z=0.4 

 

Fig. 5.7. Attenuation profile of silica fibers 

Figure 5.7 shows the typical attenuation profile of modern silica glass fibers as 
a function of wavelength. Traditionally, three wavelength windows have been ex-
tensively used in optical communication: the 850, 1310, and 1550 nm windows. 
Because of higher attenuation, the 850nm window is used for short-distance links. 
This window corresponds to the bandgap of GaAs. Long-distance links are based 
on the two other windows, where the nominal loss is 0.5 dB/km at 1310 nm and 
0.3 dB/km at 1550 nm. The longer wavelengths correspond to the bandgap of ter-
nary and quaternary semiconductors such as InGaAs and InGaAsP.  

Attenuation of light in glass fibers can be contributed to a number of factors. 
Most important among these are absorption and scattering. We will briefly discuss 
these mechanisms here. 

 

                                                           
4 Note that Eq. (5.7) does not take into account the coupling losses. In reality, there is always 
some additional loss when light is coupled in and out of fiber.  
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5.4.1 Absorption 

Absorption refers to dissipation of optical energy as the waves propagate in the fi-
ber. Part of the absorption is inherent to the glass substance of the fiber. This 
component of absorption can be attributed to the interaction of light with the at-
oms and molecules that make up the bulk of material in a glass fiber. As described 
in Chapter 4, light can interact with electrons in a material when a photon of light 
is absorbed and causes transition of an electron to a higher energy level. However, 
photons interact not only with electrons, but also with molecules. Like electrons, 
molecules also have energy levels as a result of their various vibration states asso-
ciated with their internal atomic bonds. In optical fibers, electronic transitions cor-
respond to shorter wavelengths, and the loss associated with these electronic tran-
sitions decreases exponentially as wavelength increases. Moreover, these losses 
are much smaller than scattering losses (to be discussed later). Therefore, for the 
most part, ultraviolet losses can be ignored. On the other hand, infrared wave-
lengths interact with molecular transitions, causing infrared absorption. These 
transitions are the main component of the total loss in the longer wavelength re-
gion. These losses increase exponentially with wavelength as shown in Fig. 5.7. 

Another component of absorption is due to impurities, that is, materials other 
than glass that find their way in during the production process. These materials in-
clude metals such as copper and iron, and water. In order to have acceptable levels 
of impurity absorption, the concentration of these impurities must be kept at ex-
tremely low levels. For instance, water has an absorption peak around 2.7 μm, 
which results in harmonics at 1400, 950, and 725 nm. Originally, the transmission 
windows of glass fibers had to lie between these absorption peaks. Most commer-
cially available fibers still have a water peak at around 1400 nm, as shown in 
Fig. 5.7. However, it is possible to eliminate water almost completely, and the re-
sult will be a fiber which shows low loss over a wide range of wavelengths, start-
ing from 1300 nm all the way to 1600 nm [13]. 

5.4.2 Scattering 

The dominant form of attenuation at shorter wavelengths is scattering. This is in 
fact the same phenomena known as Rayleigh scattering, responsible for the blue 
color of sky. Shorter (bluer) wavelengths of sun light scatter more as they travel 
through the atmosphere and encounter the gas molecules in the air, giving rise to 
the blue color of the sky. Longer (redder) wavelengths scatter less, and therefore 
tend to travel in straight line. Rayleigh scattering essentially functions the same in 
fibers. As light propagates in glass, it encounters random local variations of index 
of refraction resulting from random defects, material composition fluctuations, 
and various inhomogeneities. Rayleigh scattering scales as λ−4, and therefore drops 
rapidly at longer wavelengths. In optical fibers, the losses associated with 
Rayleigh scattering dominate at shorter wavelengths, mainly below 1000 nm.  
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To summarize, the typical total absorption curve of Fig. 5.7 is the result of at 
least three mechanisms. At short wavelengths, Rayleigh scattering is the dominant 
cause of loss, where the λ−4 dependence results in the sharp decrease in attenuation 
as the wavelength increases toward the communication windows. At longer wave-
lengths, infrared absorption dominates, and this causes the sharp increase in total 
attenuation as wavelengths increase beyond the communications windows. Fi-
nally, around the communications windows, impurity absorption can cause local 
peaks in the attenuation profile, such as the dominant water peak at 1400 nm.  

5.5 Dispersion 

An important factor that limits the performance of optical links especially at 
higher data rates is dispersion. In general, dispersion refers to the spreading of the 
pulses that make up a signal as it travels along the fiber. Figure 5.8 illustrates 
pulse spreading due to dispersion for a representative byte of data as it travels 
along the fiber. 

 

Fig. 5.8. Pulse dispersion as function of the distance traveled within the fiber 
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components, while the second half consists of lower frequency components. As 
this byte of data travels, the sharp edges start to round. Initially, all the individual 
bits are still clearly distinguishable, as shown in Fig. 5.8b. However, as the pulse 
travels further, the rounding effect continues, and at some point the first four bits, 
which represented a higher transition rate, start to merge. This is the situation in 
Fig. 5.8c. Eventually, after sufficient distance, the last four bits of the packet also 
start to merge, which means soon after this point all this byte of data will be com-
pletely lost.  

This example demonstrates that dispersion affects higher data rates more se-
verely, because at lower data rates the width of each bit is wider and thus it takes a 
longer distance before the edges completely collapse as a result of pulse broaden-
ing. Therefore, the product of data rate and distance is usually used as a figure of 
merit to characterize the information capacity of fibers. For instance, a fiber with a 
capacity of 100 Mbps.km can support a data rate of 100 Mbps over a distance of 
1 km, or a data rate of 1 Gbps over a distance of 100 m, etc. Multimode fibers 
have generally a much lower capacity compared to single-mode fibers, and this is 
because the dominant mechanism of dispersion is different in a single-mode fiber 
compared to a multimode fiber, as discussed shortly. 

Pulse broadening or dispersion can be due to several mechanisms. Therefore, 
dispersion can be divided into several categories, the most important of which are 
modal, chromatic, waveguide, and polarization dispersion. The first mechanism 
dominates in multimode fibers, whereas the others dominate in single-mode fibers. 

5.5.1 Modal dispersion 

In multimode fibers, modal dispersion is the dominant form of dispersion. To un-
derstand the root of modal dispersion, it is easier to use the ray theory to describe 
the propagation of light. Although a rigorous treatment requires the wave theory, 
the ray theory provides a sufficient qualitative description. Let us consider Fig. 5.9 
which depicts a pulse of light that is launched into the fiber. The pulse starts as 
several overlapping modes.  

Fig. 5.9. Modal dispersion in a multimode fiber 
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To keep the figure simple, only three modes are shown which are represented 
by three rays, S1–S3. At the launch point, all the three modes that make up the 
pulse are aligned. However, as they propagate along the fiber, the mode repre-
sented by S1 travels a shorter distance relative to the other modes, and as a result 
moves ahead of the others. On the other hand, the mode represented by S3 travels a 
longer distance relative to others, and therefore lags behind the others. The result 
of this difference in effective propagation speeds is that the original pulse spreads 
out in time, and if it is part of a sequence of pulses, it will merge with other pulses.  

Graded index (GRIN) fibers can significantly reduce signal deterioration due to 
modal dispersion. In a GRIN fiber, the rays that propagate further from the axis of 
the fiber travel a longer distance in a medium with a lower index of refraction, and 
therefore travel faster. As a result, they catch up with those rays that propagate 
closer to the center and travel at a lower speed. Therefore, as shown in Fig. 5.10, 
the rays that start diverging at the launch point get refocused periodically as they 
travel along the fiber. 

 

Fig. 5.10. Trajectory of various modes in a graded index fiber 

As noted earlier, modal dispersion is the dominant cause of signal distortion in 
multimode fibers. In step-index fibers, the information capacity is limited to ap-
proximately 20 MHz⋅km. GRIN fibers have a much higher capacity, typically in 
the range of 2 GHz⋅km or even higher. On the other hand, single mode fibers do 
not show modal dispersion precisely because only one mode carries all the optical 
energy. 

5.5.2 Chromatic dispersion 

Although in most cases the index of refraction of glass is treated as a constant, in 
reality it is a weak function of frequency. At the same time, optical signals do not 
have an infinitely narrow-band spectrum, i.e., their energy consists of a range of 
optical frequencies. Therefore, various frequency components of an optical signal 
experience a slightly different index of refraction as they travel through the fiber. 
Because the speed of propagation is a function of index of refraction, these various 
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components travel at different speeds. The result is that a given pulse of light 
spreads out as the pulse propagates, giving rise to what is normally called chro-
matic dispersion. It should be noted that chromatic dispersion (also known as in-
tra-modal dispersion) is different from modal dispersion discussed before, because 
it affects signals within a single mode. Thus, in a multimode fiber both modal and 
chromatic dispersion exist, although modal dispersion dominates. On the other 
hand, a single-mode fiber eliminates modal dispersion, but still shows chromatic 
dispersion.  

Chromatic dispersion is usually characterized in terms of the dispersion coefficient, 
D, expressed in units of picosecond per (nanometer-kilometer). Knowing the disper-
sion coefficient of the fiber, we can estimate the time spread of a given pulse as  

 DBL=τ  (5.8) 

where τ is total delay introduced between the frequency components of the pulse 
in ps, B is the spectral width of the light source in nm, and L is the distance the 
pulse has traveled.  

Equation (5.8) provides a simple tool for analyzing the effects of various pa-
rameters in dispersion. First, it is obvious that dispersion is more detrimental at 
higher data rates, because a given value of pulse spreading that can easily be toler-
ated at a low data rate can completely distort a signal at a higher data rate. In gen-
eral, in order for dispersion to be negligible, the pulse spreading τ must be much 
smaller than the bit period TB: 

 BT<<τ  (5.9) 

Moreover, to minimize the effects of dispersion for a given distance, either D or B 
must be minimized. Reduction of B can be achieved using a source with a nar-
rower spectral width. For example, an LED can have a spectral width of 50 nm, a 
multimode Fabry–Perot diode laser may have a spectral width of 10 nm, and a 
DFB laser may have a spectral width of less than 1 nm. Moreover, as explained in 
Chapter 4, direct modulation can cause spectral broadening. As a result, an exter-
nally modulated DFB laser can show the narrowest spectral width achievable, 
therefore minimizing chromatic dispersion. 

On the other hand, the dispersion coefficient D is a function of the structure of 
the fiber. In standard fibers the dispersion is at a minimum at around 1300 nm. 
Thus, using a source with a wavelength close to 1300 nm can significantly reduce 
the dispersion. This coincides with the transmission window of the fiber at the 
same wavelength. It is also possible to change the dispersion characteristics of fi-
ber by manipulating the profile of the index of refraction. For example, it is possi-
ble to shift the zero-dispersion wavelength of a fiber to longer wavelengths. The 
resulting fiber, known as dispersion-shifted fiber, has a zero dispersion wave-
length around 1550 nm. The advantage of this fiber is that its zero dispersion 
wavelength coincides with the transmission window of 1550 nm where the loss 
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reaches the overall minimum value of 0.2 dB/km. However, these fibers have cer-
tain shortcomings, for instance, they yield to more crosstalk between adjacent 
channels in WDM applications [19]. Another kind of fiber, called dispersion-
flattened fiber, shows a relatively constant dispersion characteristic over a wider 
wavelength range. Like dispersion-shifted fibers, this can be achieved by careful 
manipulation of index profile [20]. Figure 5.11 shows the dispersion curves of 
standard and dispersion-shifted fibers. 

 

 

Fig. 5.11. Dispersion coefficient for standard and dispersion-shifted fibers 

Another interesting structure is the dispersion compensating fiber [21–23] It is 
possible to design fibers that have a waveguide dispersion with the opposite sign 
compared to the standard fibers. These fibers are called dispersion compensating 
fibers (DCFs), and they can be used to offset the effects of accumulation of chro-
matic dispersion in standard fibers. The overall magnitude of dispersion in a DCF 
is usually very high, say, 100 ps/nm⋅km. As a result, a short patch of DCF can be 
used to counteract the dispersion resulting from much longer signal transmission 
in a standard fiber. However, DCFs are usually implemented with a very narrow 
core, which can result in high power densities and thus nonlinear effects.  

5.5.3 Waveguide dispersion 

Like chromatic dispersion, waveguide dispersion results from non-zero spectral 
width of an optical source. However, unlike chromatic dispersion which results 
from wavelength dependence of the index of refraction of glass, waveguide dis-
persion is a result of the fact that in a single-mode fiber part of the light energy 
propagates in the cladding. Because the index of refraction in the cladding is 
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slightly less than that of the core, the portion of signal that is in the cladding 
moves faster, causing the spread of energy in a pulse.  

Although the effects of waveguide dispersion are usually small, in some cases 
they become important. For example, as noted above, in dispersion compensating 
fibers, waveguide dispersion effects are deliberately utilized and their effects are 
maximized to achieve an overall dispersion coefficient opposite to that of the 
standard fibers.  

5.5.4 Polarization dispersion 

Another form of dispersion results from pulse broadening due to polarization of an 
optical pulse and the birefringence of fibers. To be more accurate, a given pulse 
may consist of different polarization components or states, and fibers do not pro-
vide an identical index of refraction for these polarization states. Factors such as 
stress, fiber bends, variations in the composition or geometry, and non-circularity 
of the fiber can preferentially cause slight changes in the effective index of refrac-
tion of fiber along different polarization directions. When different polarization 
components of an optical signal experience different indices of refraction, they 
propagate with different speeds, causing pulse broadening and dispersion. This ef-
fect is known as polarization mode dispersion (PMD) [24–26]. 

 

 

Fig. 5.12. Polarization mode dispersion (PMD) as a result of fiber birefringence 

Figure 5.12 is an illustration of PMD. We can think of a given pulse of light as 
being consisted of two orthogonal polarizations. Because of the birefringence of 
the fiber, the two modes travel at different group velocities, and therefore they 
start to separate as the pulse propagates along the fiber. The important point about 
PMD is that unlike other dispersion phenomena, it is random and in general time 
varying. This is because environmental causes of birefringence such as tempera-
ture or stress variations are generally random. However, we should note that PMD 
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effects are generally small, and they start to become important only at very high 
data rates, i.e., around 10 Gbps and above.  

The random nature of PMD results in a sub-linear accumulation of delay as a 
function of distance. The delay between the orthogonal polarization states is ap-
proximated by [18] 

 LDPMD=τ  (5.10) 

where DPMD is known as the polarization dispersion coefficient (in ps⋅km−1/2), and L 
is distance of pulse propagation. As expected, DPMD is a function of the construc-
tion of the fiber, but in general it is in the range of 0.1–1 ps⋅km−1/2.  

It should be noted that the random nature of PMD can be controlled by inten-
tionally introducing birefringence in the fiber. The additional birefringence, which 
can be a result of non-symmetrical fiber designs, can result in a decoupling be-
tween polarization states. Moreover, it can introduce preferential attenuation for 
one polarization state relative to the other [27]. Using such phenomena, it is possi-
ble to design polarization maintaining fiber structures, which are useful in polari-
zation-sensitive applications [27–30]. 

5.6 Nonlinear effects in fibers 

As noted in the beginning of this chapter, nonlinear effects start to play a role at 
higher optical intensity levels. Such high intensities are typically encountered in 
single-mode fibers where the cross-section is small. Moreover, because of optical 
amplifiers, very high-power signals can now commonly be produced. Nonlinear 
effects in fibers are mainly due to two causes. One root cause lies in the fact that 
the index of refraction of many materials, including glass, is a function of light in-
tensity. This dependence gives rise to effects such as four wave mixing, as well as 
self- and cross-phase modulation. The second root cause is the nonelastic scatter-
ing of photons in fibers, which results in stimulated Raman and stimulated Bril-
louin scattering phenomena [31–35]. In this section we discuss the origin and the 
effects of these phenomena.  

5.6.1 Self- and cross-phase modulation (SPM and XPM) 

As noted above, the index of refraction of many materials has a dependence on the 
intensity of the optical waves that pass through the material. This is in addition to 
the dependence of the index of refraction on wavelength, which gives rise to dis-
persion effects. For most cases, a linear expansion of index of refraction with in-
tensity is sufficient for modeling the resulting effects: 
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 InnIn 20)( +=  (5.11) 

Here n0 is the usual index of refraction of the material at low-intensity limits, n2 is 
the nonlinear index coefficient, and I is the optical intensity in W/m2 [36,37]. For 
silica fibers, n0=1.46 and n2=3.2×10−20 m2/W. [32] 

The effects of an index variation in the form of Eq. (5.11) can be explained as 
follows. The electric field variation in an electromagnetic wave can be described 
by the following equation [15]: 

 [ ]( )tzktzInnitzEE 00200 ),(exp),( ω−+=  (5.12) 

where E0(z,t) is the envelope of the wave, ω0 is the center frequency of the optical 
wave, and k0 is the propagation constant in vacuum. Note that when n2 is zero, Eq. 
(5.12) reduces to the standard form of an electromagnetic wave with the phase 
given by (n0k0z−ω0t). The time dependence of I(z,t) can then be lumped into the 
frequency term by taking the time derivative of the phase, and the result can be 
expressed in terms of an instantaneous frequency, ω(z,t):  

 002),( ωω +
∂
∂=

t
Izkntz  (5.13) 

Equation (5.13) provides an insight into the mechanism responsible for self-phase 
modulation (SPM) [38]. As a pulse of light travels through the medium, a change 
in its intensity causes a change in the optical frequency of the wave. In other 
words, the intensity of the wave causes chirp or spectral broadening. Moreover, it 
can be observed from Eq. (5.13) that the instantaneous frequency is a function of 
the slope of the pulse. The rising and falling edges of the pulse generate the largest 
frequency shift. Figure 5.13 shows this effect.  

 

Fig. 5.13. Self-phase modulation as a result of intensity dependence of index of refraction 
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The addition of self-phase modulation with other dispersion mechanisms can 
result in interesting effects. If the phase shift due to self-phase modulation has the 
same sign as the other dispersion effects, the effects will add and the result is 
faster pulse spread with distance. On the other hand, if the two have the opposite 
sign, they can cancel each other. This is the basis for solitons, pulses that can 
travel for extraordinarily long distances without suffering from dispersion effects.  

The same nonlinear mechanism is the underlying principle behind cross-phase 
modulation (XPM) [39]. The only difference is that in cross-phase modulation two 
(or more) pulses propagate simultaneously, and the intensity variation in one of 
them modulates index of refraction of the medium, which in turn causes phase 
modulation in the other pulse. The typical example is in WDM systems where 
several wavelengths propagate along each other. As a result, cross-phase modula-
tion acts like a crosstalk mechanism, where the existence of one signal disturbs the 
other.  

5.6.2 Four Wave Mixing (FWM) 

Another nonlinear effect that affects signal propagation in fibers is four wave mix-
ing (FWM) [40]. This happens when three pulses at three different frequencies 
travel side by side each other for a long distance in the fiber. If the frequencies of 
these three pulses are f1, f2, and f3, they tend to mix and generate waves at a new 
frequency, fFWM, given by 

 321 ffffFWM −+=  (5.14) 

The energy of this new wave becomes larger when the power of the individual 
waves is larger. It can be checked easily that if the three frequencies are equally 
spaced, and if f2 is between f1 and f3, then fFWM will be at the same frequency as f2. 
This means that f1 and f2 will generate an interference signal for f3. Moreover, the 
more these waves propagate along side each other, the more energy is depleted 
from the signals at f1 and f2 and transferred to the newly generated signal at f3. Fig-
ure 5.14 is an illustration of this situation, where three pulses P1, P2, and P3 are 
shown at the beginning of the fiber and after they have traveled together. Also 
shown are the spectral components of these three pulses, f1, f2, and f3. As a result of 
FWM, P1 and P3 are depleted and additional signal component have been created 
at f2, causing distortion to P2. Obviously FWM can create problems for WDM sys-
tems, causing crosstalk between channels.  

The key to manage FWM lies in the fact that the FWM process is efficient 
when pulses get a chance to travel side by side each other for a long distance. 
However, this happens only close to the zero dispersion wavelength of a fiber, be-
cause it is only at this point that the group velocity of different wavelengths is the 
same and therefore different wavelengths get a chance to interact with each other 
for a long distance.  
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Fig. 5.14. Illustration of four wave mixing 

Therefore, eliminating dispersion completely is not very beneficial for WDM sys-
tems. This is why dispersion-shifted fibers that have zero dispersion at the 1550 nm 
range are not very suitable for WDM applications. Instead, non-zero dispersion 
shifted fibers in which dispersion is reduced, but not totally eliminated show the 
optimal WDM performance. 

5.6.3 Stimulated Raman scattering (SRS) 

When we were discussing the principles behind light amplification in lasers we 
described the phenomenon of stimulated emission. Stimulated Raman scattering 
(SRS) is a somewhat similar process, except that it involves the interaction of pho-
tons with phonons which represent the vibrational modes of molecules in silica fi-
ber. Figure 5.15 shows an overview of the photon–phonon interaction involved in 
SRS. A photon with energy hf1 is absorbed by the molecular structure of the silica, 
causing it to transfer from the initial energy state of EI to ER. The molecule then 
decays down to energy state EF, releasing a photon with energy hf2. This photon, 
whose frequency (and therefore energy) is less than the incident photon, is called 
the Stokes photon. The difference between hf1 and hf2 is the energy of the phonon 
produced by the process. Because part of the energy of the incident photon is ab-
sorbed in the form of a phonon, the energy of the scattered photon will be less. In 
other words, the scattered light will be red-shifted relative to the incident light.  
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Fig. 5.15. Stimulated Raman scattering  

For silica fibers, the spectrum of Raman-generated light increases almost linearly 
below f1 until it reaches a maximum power at ~15 THz (a red shift of ~125 nm). 
After that it drops suddenly, but a tail end extends well beyond 15 THz [41]. 

As expected, this can be a significant degradation factor for WDM systems, be-
cause energy from shorter wavelengths transfers to longer wavelengths, interfering 
with signals that already exist in those longer wavelengths. The effects of SPS can 
be somewhat mitigated by careful choice of wavelengths. Nevertheless, SRS is a 
serious limiting factor in WDM systems. 

5.6.4 Stimulated Brillouin scattering (SBS) 

The scattering of light waves from acoustic waves (low-frequency phonons), known 
as stimulated Brillouin scattering (SBS), is another nonlinear effect in fibers 
[42,43]. The scattered light undergoes a frequency change as a result of the Dop-
pler shift caused by the speed of sound waves (Fig. 5.16). 

The phenomenon is called stimulated because the sound waves can be gener-
ated by the light waves, once the energy of the light wave increases beyond a criti-
cal level. For single-mode fibers this threshold is around 10 mW. In silica fibers, 
the scattered light is red-shifted by approximately 11 GHz. This is a very small 
frequency shift relative to optical frequencies.  

 

Fig. 5.16. Stimulated Brillouin scattering. The scattered wave is red-shifted as a result of 
Doppler shift. 
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As a result, SBS does not introduce crosstalk between WDM channels, which 
are usually spaced farther apart. Instead, SBS depletes the energy out of an optical 
signal and converts it into scattered waves that travel in the opposite direction 
relative to the incident wave. Therefore, the optical signal effectively experiences 
a higher attenuation as a result of SBS, and the extra attenuation increases as the 
launched power is increased. As a result, SBS effectively acts like a saturation 
mechanism for single-mode fibers. Moreover, the reflected light can cause prob-
lems in the source, because certain optical sources (such as DFB lasers) are very 
sensitive to back scattered light. In such cases optical isolators must be used to 
prevent the scattered light from reaching sensitive devices.   

5.7 Fiber amplifiers 

So far in this chapter we have discussed several phenomena related to propagation 
of light in an optical fiber. In particular, the propagation of light in a normal fiber 
always involves attenuation, a factor that limits the range of an optical link. In 
principle, there are two ways to address signal degradation. One way is to detect 
the optical signal before it is degraded too much, convert it into the electrical do-
main, and regenerate a new copy of the optical signal. The advantage of this ap-
proach is that once the signal is converted into electrical domain, additional high 
level processing tasks can also be performed on the signal. An alternative ap-
proach is to use an optical amplifier. An optical amplifier can amplify the optical 
signals in the optical domain without the need to convert them back to the electri-
cal domain. In fact, just like their electrical counterparts, optical amplifiers can be 
used in a variety of applications. They can be used as inline amplifiers to compen-
sate the attenuation of optical signals, they can be used as pre-amplifiers in optical 
detectors to improve the sensitivity of the receiver, or they can be used as power 
boosters to increase the output power of an optical transmitter. 

In general, amplifiers are divided into two categories: semiconductor optical 
amplifiers (SOAs) and fiber amplifiers, also known as doped fiber amplifiers 
(DFAs). SOAs can provide gain in both 1310 and 1550 nm low attenuation win-
dows. We discussed the principles behind optical gain in a semiconductor junction 
in Chapter 4. To summarize, optical gain in semiconductors is based on a forward-
biased junction. If the reflections from the facets of the cavity that encloses the 
junction are minimized, the system will not self-oscillate, and therefore a semi-
conductor amplifier is realized. Fiber amplifiers, on the other hand, are based on 
optical gain in an optical fiber. Because of the importance of fiber amplifiers, we 
briefly review the principals behind their operation [44–49]. 

In fiber amplifiers, an optical fiber is doped with a rare earth element, such as 
neodymium (Nd) and praseodymium (pr) in fluoride-glass fibers for 1310 nm op-
eration, and ytterbium (Yb) or erbium (Er) in silica-glass fibers for the 1550 nm 
window. Just like a semiconductor amplifier, realization of optical gain in a fiber 
amplifier requires population inversion. The introduction of dopants generates 
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new energy bands (corresponding to new transition wavelengths) within the fiber. 
The required population inversion is achieved through optical pumping at a wave-
length corresponding to these new energy levels. This process is schematically 
shown in Fig. 5.17.  

The pump signal, at a frequency fp, interacts with the dopant ions and moves 
them to a higher energy state, EP. The lifetime of these ions in this state (τP) is rela-
tively short, thus, they quickly decay to a lower energy band, E1, where they have 
a longer lifetime (τ1). The difference in energy between E1 and E0 corresponds to 
the frequency of the main signal which needs to be amplified. Because τ1 >> τP, a 
condition of population inversion is created. Photons of the main signal with fre-
quency fs interact strongly with the inverted system, and as a result of stimulated 
emission the signal is amplified. Just like lasers, there is also spontaneous decay 
from the E1 band into E0 band which results in amplified spontaneous emission 
(ASE) adding to the noise at the output of the amplifier.  

 

Fig. 5.17. Band diagram of a doped fiber amplifier (DFA)  

Among fiber amplifiers, the erbium doped fiber amplifier (EDFA) is the most 
popular type, because E1–E0 corresponds to the wavelength of 1550 nm. Thus, 
EDFAs can amplify signals in the window of lowest attenuation in silica fibers, 
and therefore are widely used in long-distance communication [46–49]. In EDFAs 
the pump signal is usually at 980 nm, although a lower energy transition corre-
sponding to 1480 nm is also available. In reality, the bands that are shown as sharp 
lines in Fig. 5.17 are broadened, which means an EDFA can provide gain across a 
range of wavelengths. Typical EDFA amplifiers can provide gain across a 30 nm 
band (~1530–1560 nm) with a gain of 20–30 dB. As a result, they are ideal for 
signal amplification in WDM systems, because a whole range of channels can be 
amplified simultaneously without the need for any electronic processing.  

Figure 5.18 shows a possible EDFA configuration. The main signal which 
needs to be amplified enters the setup from left bottom side, where it is coupled to 
the pump signal through a 2×2 coupler (for a discussion of this and other passive 
devices see Chapter 7). The main output from the coupler enters the doped fiber. 
Here the main and the pump signals travel together in the fiber for a typical length 
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of several meters. Along the way, the energy from the pump signal goes into creat-
ing population inversion in the fiber, which in turn causes amplification of the 
main signal. The other output branch of the coupler can be used for signal moni-
toring purposes. At the end of the doped fiber, another coupler is used to transfer 
the signal to the rest of the network.  

 

Fig. 5.18. Sample EDFA configuration 

The setup illustrated in Fig. 5.18 is an example of co-directional pumping, be-
cause the main and the pump signals travel in the same direction. It is also possi-
ble to have counter-directional pumping, where the pump signal is applied from 
the other side of the EDFA and travels in the opposite direction to the main signal. 
Alternatively, the pump signal can be applied in a bi-directional configuration, 
from both sides of the fiber. A bi-directional setup results in a more steady pump 
power (and therefore gain profile) along the fiber at the price of additional com-
plexity and price.  

EDFAs are crucial components in long-distance fiber optic communication.  
They have enabled signal transmission for thousands of kilometers without the 
need for optical to electrical conversion. Therefore, improving their performance 
and extending their bandwidth is an active research area [50,51]. 

5.8 Summary 

In this chapter we examined both the propagation and the degradation of signals in 
optical fibers. Technological advancements have made the production of ex-
tremely pure glass fibers possible. Fiber optic communication is based on the low 
loss transmission windows in glass silica fibers, which are essentially cylindrical 
optical waveguides.   

An optical fiber consists of a core and a cladding. Because the index of refrac-
tion of the core is slightly higher, certain light modes, once launched into the fiber, 
for the most part remain confined within the core, and thus can travel for long dis-
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tances with relatively small attenuation. If the diameter of the core is large, the fi-
ber can support many such modes. Such fibers are called multimode fibers and are 
usually used in short-distance links, around the wavelengths of 700–800 nm. If the 
diameter of the core is made smaller, eventually a point is reached where the fiber 
can support only one mode. The result is a single-mode fiber, commonly used in 
the wavelength range of 1200–1600 nm.  

As an optical signal travels along the fiber, it suffers from several degradation 
effects. In general, these effects can be divided into linear and nonlinear, depend-
ing on whether they are intensity dependent or not. Linear mechanisms can further 
be divided into attenuation and dispersion. On the other hand, major nonlinear 
mechanisms include stimulated Raman and Brillouin scattering, self-and cross-
phase modulation, and four wave mixing. 

Attenuation can be attributed to several factors. At shorter wavelengths, say, 
below 1000 nm, Rayleigh scattering is the dominating factor. However, at longer 
wavelengths, inherent infrared absorption of glass starts to dominate. The wave-
length range of 1200–1600 nm is the mid-range where both Rayleigh scattering 
and infrared absorption are low, enabling the possibility of long distance links. In 
most fibers, the existence of impurities introduce additional peaks within this 
range. The most important example of such impurities is water which causes sev-
eral absorption peaks, mainly one at around 1400 nm.  

Dispersion, the other major linear cause of signal degradation, can be attributed 
to a host of phenomena that cause pulse broadening. In multimode fibers modal 
dispersion dominates, which is mainly due to different group velocities for various 
modes that make up a given pulse. In single-mode fibers chromatic dispersion is a 
major factor, which is due to the fact that the effective index of refraction of glass 
is a function of wavelength. As a result, the frequency components of a given 
pulse travel at different group velocities, again causing the pulse to spread.  Other 
dispersion mechanisms include polarization mode dispersion and waveguide dis-
persion.  

Among nonlinear degradation mechanisms, self-phase modulation, cross-phase 
modulation, and four wave mixing result from the dependence of index of refrac-
tion on optical intensity, also known as Kerr effect. Self-phase modulation (SPM) 
occurs when a pulse modulates the index of refraction and hence causes a shift in 
its own frequency. In cross-phase modulation (XPM) a given pulse, by modulating 
the index of refraction, affects another pulse which is propagating in the medium 
simultaneously. Kerr effect can also cause four wave mixing (FWM) when three 
(or more) waves with different frequencies propagate together. In this case the 
nonlinearity creates harmonics or beat frequencies.  

Nonelastic scatterings are the root cause of another class of nonlinear effects, 
most notably stimulated Raman scattering (SRS) and stimulated Brillouin scatter-
ing (SBS). In SRS, photons from the incident wave interact with high-frequency 
phonons. From the optical point of view, the scattered wave is red-shifted by 
roughly 12–16 GHz. In SBS, a high-power pulse bounces back off the low-
frequency phonons or acoustic waves that it generates. The reflected waves 
are red-shifted by approximately 11 GHz. These nonlinear effects are especially 



References      153 

important in WDM systems, as they increase the crosstalk between channels and 
limit the maximum power of each channel.  

Although signals generally deteriorate as a result of propagation in fibers, it is 
also possible to use fibers as optical amplifiers to partly counteract the effects of 
attenuation. Doped fiber amplifiers, which are based on optical fibers doped with 
certain rare earth elements, can provide optical gain in certain wavelength ranges. 
The most important example of these is the erbium doped fiber amplifier (EDFA), 
which can provide gain in the low loss 1550 nm window. EDFAs are an essential 
part of long-distance fiber optic technology and constitute the basis for high data 
rate uninterrupted fiber transmission for distances in excess of thousands of kilo-
meters.  
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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,  
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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, Vs, 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.  
 

 

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: 

 gEhf ≥  (6.1) 

where Eg= Ec − Ev is the bandgap energy, f is 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 

 
P
I=ρ  (6.2) 

where I is the photocurrent, P is the optical power incident on the detector, and ρ 
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, η, 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 
ηP/hf. Multiplying by e, the charge of an electron, we get the value of photocur-
rent I as eηP/hf. Finally, using the definition given by Eq. (6.2), we get  

 
hf
eηρ =  (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.1 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.  

                                                           
1 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 RL, the output voltage of the circuit is given by 

 LRPV ρ=  (6.4) 

This equation is valid as long as V < VS. 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.  
 

 

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 
• 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. 
• 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. 
• 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 CJ and the internal resistance of the depletion layer, RJ parallel to it. Typi-
cally there is some extra series resistance associated with the p and n regions, 
which is shown as RS. The inductance of the wire bonding used to connect the di-
ode to the load is shown by LS, and the load itself is shown by RL.  

It is obvious that this circuit acts as a low-pass filter, with a possible resonance 
created by LS and by CJ. Normally, the resistance of the depletion layer RJ is high, 
while the series resistance of the p and n regions is relatively low. This means RJ 
and RS may be ignored for approximate analysis. Also, assuming very short wire-
bondings, LS 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  
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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.  

 

 

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 π 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, VBR, the 
gain starts to increase. An empirical description of this behavior can be given by 
the following formula [18]: 

 ( )n
BRVV

M
/1
1

−
=  (6.6) 

where V is the reverse bias voltage and n 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 

 )()()( 00 TTKTVTV BRBRBR −+=  (6.7) 

where T and T0 are two temperatures, VBR(T) and VBR(T0) are the breakdown volt-
ages at those two temperatures, and KBR is the breakdown voltage temperature co-
efficient in volts/°C. Typical values for KBR 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] 

 BeIi PN 22 =  (6.8) 

where IP 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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 ( )BIIei DPN += 22  (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 

 ( ) )(2 22 MFBMIIei DPN +=  (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] 

 ( )23 1)1()( −−−= MMkMMF  (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 RJ >> RL, Rs << RL, and LS ≅ 0.  

 

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 Eqs. (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 is 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 
RL. The mean squared of the thermal noise in the load resistor is given by 

 
L

T R
kTBi 42 =  (6.12) 

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.  

 

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(t). Assuming the re-
sponsivity is given by Eq. (6.3), the detector current is given by 

 )()( tP
hf
eMtI η=  (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 
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where PE(t) 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 
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where PN 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 Eqs. 
(6.14) and (6.15) we can calculate SNR, defined as PE(t)/PN. After simplification, 
we obtain 
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This equation provides several insights into the SNR behavior of a receiver. 
Notice that as expected, increasing the optical power P(t) 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 RL increases, the effects of thermal noise 
decrease. In a practical circuit, however, RL 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 ID 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 

 )(
)(2

tP
MhfBF

SNR η=  (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 
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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, η. 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 
1A/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 
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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. 

 

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 

p+ 

i 

n+

Metal Contact 

 InP 

 InGaAs  

 InP 

Anti-Reflection Coating 

SiO2 

Metal Contact 

 InP n  InP n 



6.6 Summary      173 

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.   

 

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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Chapter 7  
Light Coupling and Passive Optical Devices 

7.1 Introduction 

In electrical circuits, passive components refer to resistors, capacitors, and induc-
tors; elements that overall consume power. On the other hand, active components 
deliver power to a system. In fiber optic systems, passive components typically re-
fer to those that are not involved in opto-electric conversion, i.e., they neither gen-
erate nor detect light. Instead they are involved in guiding or manipulating the 
light without adding energy to it. 

The most obvious example of a passive optical element is the optical fiber it-
self. Because of the importance of the fiber, we dedicated a complete chapter to it. 
But there are many other areas where passive components play an important role. 

We start this chapter by discussing two critical problems. The first deals with 
methods of coupling light from a laser source into a fiber. The importance of this 
problem lies in the fact that ultimately the integrity and performance of a fiber op-
tic link depends and relies on our ability to couple the light emitted by an optical 
source into the fiber. The second problem has to do with coupling light between 
two fibers. Connecting fibers together, both on a temporary basis (connectors) and 
on a permanent basis (splicing), is critical for all practical and industrial applica-
tions.    

Both of these problems are passive in nature and require passive components 
such as lenses, fiber guides, and connectors. However, there are a wide variety of 
other passive components that are widely used to address other problems, compo-
nents such as beam splitters, couplers, attenuators, and filters. We will provide an 
overview of some these devices and their applications in the remainder of the 
chapter.  

7.2 Coupling light to and from a fiber 

An optical link is based on generation and modulation of light by a source, propa-
gation of light in an appropriate medium, and finally detection of light by a proper 
detector. In fiber optics, these functions are typically carried out by semiconductor 
lasers, optical fibers, and PIN or APD detectors. So far we have examined each of 
these areas separately in various chapters. However, we have not explicitly ad-
dressed the question of coupling light from a laser to the fiber. This is an impor-
tant problem, because the light emerging from a typical semiconductor laser di-
verges rapidly as a result of its original small size, while the core of an optical 

M. Azadeh, Fiber Optics Engineering, Optical Networks,  
DOI 10.1007/978-1-4419-0304-4_7, © Springer Science+Business Media, LLC 2009 



178      7    Light Coupling and Passive Optical Devices 

fiber has a very small diameter. Therefore, directing the divergent light into a 
small fiber core becomes a nontrivial, but crucial problem.  

The coupling between a source and a fiber is expressed in terms of coupling ef-
ficiency or coupling loss. The coupling efficiency is simply the ratio of the power 
that is coupled into the fiber in the form of guided modes, PT, to the total power of 
the source, PS 
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The most efficient coupling methods approach a coupling efficiency of 95%, al-
though much lower efficiencies are more common in normal applications. Another 
common way of characterizing coupling efficiency is in terms of coupling loss, 
expressed in dBs: 
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For example, a coupling efficiency of 79% corresponds to a coupling loss of 1 dB. 
As we shall see, achieving low coupling loss between a source and a fiber is a 
challenging task. In principle, we may have the same problem on the other side of 
the fiber too, where the light exits the fiber facet. However, the problem is not as 
severe there, because photodetectors typically have a much larger diameter and 
wider acceptance angle compared to optical fibers. As a result, we will limit our 
discussion to the problem of light coupling from a source into the fiber, although 
many of the solutions are applicable to light detection as well.  

7.2.1 Direct coupling 

The most straightforward way of coupling light from an optical source to the fiber 
is to bring the two in close physical proximity of each other, as shown in Fig. 7.1. 
For simplicity, we use the ray description of light, while remembering that in real-
ity each ray represents a wave propagating in the direction of the ray.  

The coupling efficiency in direct coupling is a function of the beam size at the 
source, the angle of divergence of the beam, the fiber core size, and the physical 
distance between the fiber and the source. Ideally, if the size of the fiber core is 
large compared to the beam size, and if the beam divergence angle is within the 
acceptance angle of the fiber, and if the source can be brought to very close prox-
imity of the fiber, a high coupling efficiency can be achieved. Unfortunately, in 
most cases, these conditions cannot be met. 
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Fig. 7.1. Direct coupling between a light source and fiber 

As an example, let us consider the problem of reflection and refraction from the 
surface of a flat fiber. Let us assume that the indices of refraction of the medium 
surrounding the source and the fiber core are n0 and n1, respectively. For normal 
incident angle, the reflectance at the fiber surface is given by 
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And the transmittance is given by 
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As can be seen from Fig. 7.1, not all light waves arrive at the surface of the fiber 
with a normal angle of incidence. Thus, Eq. (7.4) sets the maximum limit of 
transmitted power into the fiber.  

However, not all the light waves that enter the fiber will end up as guided 
waves. As shown in Fig. 7.1, some of the light will scatter into the cladding, caus-
ing radiative modes that attenuate rapidly with distance. Only those rays that fall 
within the numerical aperture1 of the fiber will be guided by the fiber. Thus, the 
more divergent the light rays coming out of the source are, the less efficient they 
are coupled into the fiber. A consequence of this result is that light from smaller 
sources is generally harder to couple into the fiber, because light from a smaller 
source diffracts faster with distance.  

As a result of these shortcomings, direct coupling between a source and a fiber 
is used wherever the coupling efficiency is not very critical and low cost and 
manufacturing ease are primary factors. This can be the case for short-distance 
multimode fiber links, especially because the larger core of multimode fibers 

                                                           
1 See Chapter 5 for a discussion on numerical aperture and guided modes in a fiber.  
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makes direct coupling easier. However, for high coupling efficiency single-mode 
fiber applications, more elaborate schemes are needed.  

7.2.2 Lensed fibers 

7.2.3 Fiber coupling via lens 

In cases where using lensed fibers is not practical, a separate lens can be utilized 
[9–13]. In general, using a separate lens provides more degrees of freedom in the 
design. A separate lens is generally large compared to both the laser and the fiber. 
The large size of the lens is a plus because it provides a wider area for light collec-
tion. Moreover, the lens can be placed at some distance from the source and the 
fiber, because the lens now acts as an imaging device, with the source and the fi-
ber located at the imaging planes of the lens. Therefore, if needed, additional de-
vices can be placed in the path of the light. Figure 7.3 shows several commonly 
used lens structures. 

One of the most efficient methods of increasing coupling efficiency is by using 
lensed fibers. These are fibers with tips that are tapered in the form of a microlens 
[1–8]. Figure 7.2 shows two examples of lensed fibers. Because the tip of the fiber 
acts as lens, the effective numerical aperture of the fiber increases and this im-
proves coupling efficiency. In other words, light diffracting at wider angles which 
otherwise would be lost can now be gathered and guided into the fiber.  

 

Fig. 7.2. Examples of lensed fibers: (a) Spherical tip and (b) tapered tip 

One of the main problem with lensed fibers is their sensitivity to alignment. 
Because of the small size of the tip, a slight lateral movement can cause a large 
change in the coupling efficiency. On the other hand, the fiber tip must be brought 
to very close physical proximity of the laser. This proximity has some disadvan-
tages. For instance, if a manual alignment process is used, the fiber can touch the 
laser chip and cause damage either to the laser facet or the fiber tip itself. More-
over, it becomes difficult to incorporate other optical elements such as filters, 
beam splitters, and isolators. Therefore, in general, the physical proximity and 
tight alignment requirements can make lensed fibers less attractive.  

Core Core 

(a) (b) 
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Fig. 7.3. Commonly used lens structures to improve coupling efficiency 

Figure 7.3a shows a standard thin lens used to calumniate the diffracting light 
from a light source. For thin lenses, the position of the object, image, and the focal 
length are related by 
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where DO and DI are the distances of the object and image to the lens and F is the 
focal length.  

From Eq. (7.5) it can be seen that if the source is placed in the focal plane (DO = 
F) then the image will form at infinity, which means the light rays are parallel and 
calumniated at the other side of the lens. In this case, we can say that the lens has 
reduced the diffraction angle of the source, α, to zero.2 More generally, the dif-
fraction angle of the source can be mapped to a narrower diffraction angle of the 
image. The image’s diffraction angle can then be controlled to match the accep-
tance angle of the fiber, thus improving the coupling efficiency.  

Figure 7.3b shows a spherical lens. The interesting point about a spherical lens 
is that by choosing the right index of refraction for lens, it is possible to move the 
focal point of the lens to the surface of the lens. This allows the lens to be placed 
very close to the source. In some cases this results in easier alignment procedures, 
while capturing a larger percentage of the emitted light.  

Figure 7.3c shows a graded index or GRIN lens, also known as a GRIN rod. 
Unlike the other lenses, the GRIN lens is made of an inhomogeneous material. 
Just like a GRIN fiber, in a GRIN lens the index of refraction is a function of radius. 

                                                           
2 Of course, in realty, any finite size column of light traveling in free space will eventually dif-
fract.  

(a) Thin lens (b) Spherical lens 

(c) GRIN Lens (d) Aspheric Lens
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For a parabolic index of refraction profile with the maximum value of profile 
at the center, light rays traveling along a GRIN rod move along sinusoidal paths, 
periodically refocusing at the center. Therefore, by cutting the rod at a length 
equal to half of the distance between two subsequent refocusing points, it is possi-
ble to make the rod behave like a lens. Diverging rays entering from one side will 
exit as parallel rays from the other side. The advantage of GRIN lenses is in their 
small size and short focal lengths. Moreover, the operation of a GRIN lens is in-
dependent of the difference between the index of refraction of the medium and the 
lens. Therefore, it can operate without an air gap between it and the source or the 
fiber, or when the surrounding medium is not air.  

Finally Fig. 7.3d shows an aspheric lens. In standard lenses, the surfaces are 
normally spherical, i.e., they are part of a sphere. Spherical geometries are easy to 
manufacture. However, when it comes to focusing light, spherical lenses suffer 
from aberration, i.e., the focusing point of an optical ray depends on the angle that 
it makes with respect to the optical axis. To eliminate aberration, the surfaces must 
follow more complex geometries, such as hyperboloids or ellipsoids. In general, it 
is possible to improve the optical properties of a lens at the expense of more com-
plex geometries. Such lenses in which one or both surfaces deviate from spherical 
are called aspheric lenses. Because they are harder to manufacture, aspheric lenses 
are more expensive and typically used in high-end applications [14].  

Lenses are used not only in coupling optical sources to a fiber, but also in cou-
pling the light coming out of the fiber to a detector. When light exits the fiber, it 
diffracts, and unless the detector is placed very close to the fiber facet, part of the 
light will be lost. Using a lens, the light can be calumniated as a wider beam or re-
focused into a detector. This is very important in optical receivers, because any 
improvement in coupling efficiency directly results in improving the signal-to-
noise ratio at the receiver.  

7.3 Fiber-to-fiber coupling 

In electrical circuits an electrical connection can be established between two con-
ductors by simply creating a physical contact between them. As a result, a wide 
range of electrical connectors are available for all sorts of electrical applications.  

In Fiber optics, just like electrical circuits, we need to connect various optical 
elements together, and this often requires using fiber jumpers and coupling light 
from one fiber patch to another. Unfortunately, coupling light between fibers or 
other optical elements is much more difficult compared to an electrical connec-
tion and requires great care in terms of mechanical alignment and accuracy. This 
brings us to the problem of coupling light between two fibers. We will consider 
fiber-to-fiber coupling in two sections: temporary connections or connectorized 
coupling, and permanent connections or splicing.  
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7.3.1 Connectorized couplings 

Quite often it is desirable to have a means of connecting two fibers together 
through a temporary mating device or connector [15–19]. Figure 7.4 shows a com-
mon way to implement such a connector. Each fiber is placed in a ferrule whose 
function is to provide the mechanical support for the fiber and hold it in place 
tightly. The ferrule can be made out of plastic, metal, or ceramic materials. The 
central piece of the connector itself is an alignment sleeve. The two ferrules are 
inserted in the sleeve, and proper alignment between the cores is ensured because 
of the tight mechanical tolerances of the ferrules and the sleeve. The gap between 
the two fibers can be controlled by a mechanical stop which determines the exact 
stopping positions of the fibers. In some variations, the alignment sleeve is tapered 
to improve connector mating and demating.  

Well-designed connectors provide low coupling loss, in the order of 0.1 dB or 
less. However, as shown in Fig. 7.5, a number of undesirable situations can reduce 
the coupling efficiency. Figure 7.5a shows a case of two fibers with different core 
diameters. In general, whenever the numerical apertures of two fibers are differ-
ent, the potential for power loss exists. In this case, light coupling from a narrower 
fiber core to a wider fiber core is easier and more efficient compared to coupling 
in the other direction. Figure 7.5b shows an example of poor concentricity. Fibers 
that do not provide a tight concentricity tolerance may show large coupling varia-
tions depending on the orientation or from one pair of fibers to the next. 

A large air gap, shown in Fig 7.5c, is another reason for loss of power. An air 
gap can result from incomplete insertion of the fiber or from mechanical problems 
inside the sleeve. It is also common for microscopic dust particles to get into fiber 
connectors, preventing them from making proper contact, or even scratching and 
damaging the fiber facets.  

 

Fig. 7.4. Connectorized coupling between two fibers 
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Fig. 7.5.  Coupling loss due to (a) fiber core mismatch, (b) concentricity, (c) air gap, and (d) an-
gular and/or lateral misalignment 

More dramatic power reduction results when dust particles land on the fiber 
core, blocking the light path. As a result, constant monitoring and cleaning of fiber 
facets are important to prevent such problems. Angular or lateral displacement, 
shown in Fig. 7.5d, is another potential cause of low coupling. This happens when 
the mechanical tolerances are not tight enough or when the dimensions of the 
sleeve and the ferrule do not match.  

A fiber connector is characterized by several important parameters. As noted 
before, the most important factor is insertion loss, or simply connector loss. An-
other important factor is repeatability. If the same two fibers are connected 
through the same connector a number of times, each time the coupling will be 
slightly different. A good connector assembly provides a small standard deviation 
for coupling efficiency across multiple insertions. Another desirable specification 
of a fiber connector is low return loss, i.e., a low back reflection. Return loss is 
defined as the ratio of the reflected power from the connector to the input power. 
For example, a return loss of 30 dB means 0.001 of the input power is reflected 
back from the connector. A connector must also be resistant and show a minimal 
coupling variation in the presence of normal mechanical forces such as axial and 
lateral forces. This is a practical requirement because in a normal environment it is 
likely for the connector to encounter a range of mechanical forces.  

(a) Fiber core mismatch (b) Concentricity 

(c) Air gap (d) Angular or lateral Misalignment 
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A wide range of connectors have been designed and are in use in the industry. 
Here we give an overview of some of the most popular types. 

Straight tip or ST connectors are one of the more common types of connectors 
and in wide use in many applications. The ferrule diameter in an ST connector is 
2.5 mm. ST connectors are spring loaded and engaged by a twist-and-lock mecha-
nism [20]. 

Fixed connector or FC connectors use an alignment key and a threaded (screw-
on) socket and are similar to the popular SMA connectors used in electronics [21]. 
They are in wide use in single-mode applications and provide low insertion loss 
and high repeatability.  

Subscriber connector, or SC, is another common type of connector [22]. The 
advantage of SC connectors is that they are engaged by a push-and-snap mecha-
nism, without the need for any rotation. This makes plugging and unplugging 
them very easy and also reduces wear out. Moreover, a higher connector density is 
achieved. Many transceivers provide either an SC receptacle connector, or a pig-
tail SC connector, as their optical interface. The push-and-snap feature of SC con-
nectors thus provides a very convenient and easy way of connecting to optical 
transceivers. SC connectors are available in simplex and duplex variations. The 
ferrule diameter in an SC connector is 2.5 mm. 

The LC or small form factor connector is similar to the SC, but with half the 
size [23]. The diameter of the ferrule in an LC connector is 1.25 mm, vs. 2.5 mm 
for most other connectors. This allows for twice the connector density for a given 
space. Because of their compactness, LC connectors have become more popular 
and are used in many high-end transceivers such as SFPs and XFPs. 

Other common connectors that are used in industry include Biconic [24], 
MTP/MPO [25], MTRJ [26], and MU [27].  

7.3.2 Fiber finish 

So far we have not specified the exact shape of the fiber facets, implying a flat 
shape as the standard. Figure 7.2 showed two cases where a non-flat shape is used 
to improve light coupling into the fiber. In fiber connectors, the shape of fiber 
facet is usually referred to as facet finish, and it impacts not only the coupling 
loss, but also the back reflection or return loss. A desirable characterization of a 
fiber connector is low return loss.  

The most common type of finish for fiber-to-fiber coupling is known as physi-
cal contact or PC. In a PC connector, the facets have a slightly convex shape, as 
shown in Fig. 7.6a. This allows the two cores to make physical contact, thus 
eliminating the air gap and improving the coupling efficiency.  
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Fig. 7.6. Standard and angled physical contact fiber facet finish 

Elimination of air gap also reduces the back reflection. Typical PC connectors 
have around 0.2 dB of loss and better than 40 dB of return loss.  

PC connectors offer acceptable performance for most applications and are the 
standard finish on most connectors. However, some applications require even 
lower return loss. For instance, DFB lasers are notoriously sensitive to even min-
ute amounts of back reflection. A standard PC connector may not be able to pro-
vide this level of low back reflection, especially in cases where imperfect mating 
or residual air gap can increase the back reflection. An angled physical contact, or 
APC finish, shown in Fig. 7.6b solves this problem. Because of the angle of the 
surface, any reflected light generates cladding modes, which are highly attenuated 
with distance. The standard angle used in APC connectors is 8 degrees, yielding a 
typical return loss of 60 dB or more.  

Because of the angle of the surface, the two fibers can only mate in a specific 
orientation. This requires additional care to ensure that the angular orientation of 
the two fibers is matched. This is achieved by using keyed ferrules which allow 
the two sides to make contact only in the right angle. Because of this additional 
complexity, APC connectors are typically used only in single-mode applications. 

7.3.3 Fiber splicing 

A fiber connector provides a way to couple two fibers temporarily. However, 
sometimes it is necessary to connect two fibers permanently. For instance, when 
installing long-distance fiber cables, it may become necessary to connect two fi-
ber cables because a single cable is not long enough to support the needed dis-
tance. A permanent connection between two fibers is achieved through fiber 
splicing [28, 29]. 

Fiber splicing can be divided into two categories, mechanical splicing and fu-
sion splicing. In mechanical splicing, typically an external guide such as a sleeve 
or a V-groove is used to align the two fibers. To improve the coupling between the 
two fibers, an index matching gel can be applied to fill the air gap between the two 
fiber facets. Figure 7.7 shows these schemes. 

(a) Physical Contact (PC) (b) Angled Physical Contact (APC) 
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Fig. 7.7.  Examples of mechanical splicing, (a) V-groove alignment and (b) guiding sleeve alignment  

The advantage of mechanical splicing is that it does not require expensive 
splicing equipment. Typical loss is around 0.5–0.7 dB. 

Another from of permanent splicing is through fiber fusion, which essentially 
involves welding the two fibers together. The fiber facets must be cleaned and pre-
pared. They are then aligned accurately by positioning fixtures before welding. 
The welding is usually done by automatic equipment which uses an electric arc (or 
flame or a laser) to fuse the two fibers. Figure 7.8 illustrates this process. The ad-
vantage of fusion splicing is that it results in better matching and lower loss. In 
fact, losses as low as 0.02 dB are attainable [30]. 

 

 

Fig. 7.8. Fiber splicing through fusion 
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Modern fusion splicing equipments are relatively expensive but easy to operate 
and highly automated. This makes fusion splicing the method of choice for single-
mode long-telecom applications where the cost can be justified. Fusion splicers 
can also be used to introduce a specified amount of loss in the link, in which case 
the splice acts as an in-line fixed attenuator.  

7.4 Passive components 

In addition to fibers and the components used to couple light to and between the 
fibers, a variety of other passive devices are used in fiber optics. These include a 
vast array of elements, far beyond what can be covered in a chapter. In the re-
mainder of this chapter we will examine some of the important devices that are 
widely used.  

7.4.1 Splitters and couplers 

Quite often it becomes necessary to combine two or more optical signals into one 
stream or to divide a single optical signal into several branches for different pur-
poses. An obvious example of combining several signals is in the case of WDM 
systems, where several signals of different wavelengths need to be combined into 
one WDM signal which can then be transmitted on a single fiber. An example of 
dividing a single signal into multiple signals is when the received signal at an op-
tical receiver is split into two paths, one path goes to the receiver and the other 
path goes to an optical power meter to monitor the power level at the receiver. A 
coupler is a device that can achieve this function. 

 

Fig. 7.9. A 2×2 coupler  
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One of the most basic forms of couplers is the 2×2 coupler [31–33]. The con-
cept behind this device is shown in Fig. 7.9. The coupler has four ports, numbered 
from 1 to 4 in the figure. This device is usually made by twisting two pairs of fi-
bers together and then pulling them while heating the twisted area. As a result, the 
two claddings fuse and the thickness of cladding at the twisted area reduces, al-
lowing modes to couple from one fiber to the other.  

When light propagates in one fiber, the evanescent fields in the cladding gener-
ate guided waves in the other fiber. The energy oscillates back and forth between 
the two fibers as a function of the coupling distance and the radius of the fibers. 
Therefore by controlling these parameters the coupling ratio can be controlled. In 
general, the power entering from one side splits between the two outputs on the 
other side.  

Let us assume a signal is applied to port 1 as the input. It will then split be-
tween the two outputs, ports 3 and 4. If the optical power associated with the input 
and outputs are PIN, POUT1, and POUT2, for an ideal lossless coupler we have 

 21 OUTOUTIN PPP +=  (7.6) 

In reality, there is a tiny amount of back reflection in port 1 and port 2, as well as 
some power loss within the device itself. The coupler’s insertion loss LINS between 
the input port 1 and the output port 3 (or 4) is defined as 

 
IN

OUTi
INS P

P
L log10=  (7.7) 

where i=1,2. If the power is split equally between ports 3 and 4, the power for 
each of the outputs is half of the input power. In this case, the device is known as 
50/50 splitter or a 3 dB coupler. Obviously the insertion loss for both outputs is 
3 dB in this case. On the other hand, a highly asymmetric splitting ratio can be 
used to tap off a small portion of the signal, for instance, for monitoring purposes.  

The directionality LDIR of the coupler is defined as 
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+

=  (7.8) 

where PR1 and PB2 are any reflected powers from ports 1 and 2. Well-designed 
couplers have negligible return loss and thus very high directionality. This is why 
this device is also known as a directional coupler.  

The same concepts hold if two signals are applied to the two inputs of the de-
vice at ports 1 and 2. In that case, each of the signals will split, and therefore ports 
3 and 4 will each include a mixture of the two inputs.  
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Fig. 7.10. A star coupler 

In general, a coupler/splitter can have several inputs and outputs, in which case 
it is referred to as a star coupler [34–35]. Figure 7.10 shows a representation of an 
m×n star coupler. The device has m inputs, PIN-1 to PIN-m, and n outputs, POUT-1 to POUT-

n. It acts as both a coupler and splitter. All the inputs mix together and then divide 
between the outputs. In the most general form, the Sth output is given by 

 JIN
J

J
S

SOUT PF
K

P −− ∑= 1
 (7.9) 

where KS are the coefficients representing the splitting ratio between the outputs, 
and FJ are the mixing ratios between the inputs. For most practical devices, the in-
put signals are mixed equally and the power is split equally between the outputs. 
In this configuration, each output power is given by 

 ( )mINININSOUT PPP
n

P −−−− +++= ...1
21  (7.10) 

Because couplers are passive elements, they are highly reliable and easy to use. As 
a result, they are widely utilized for mixing, splitting, and routing of signals in op-
tical systems such as PON and WDM networks.  

7.4.2 Attenuators 

Sometimes it becomes necessary to attenuate an optical signal by a known 
amount. For example, the power output from a transmitter may be more than what 
a receiver can handle. Another common case is when an optical signal needs to be 
analyzed by a piece of equipment, but the power is beyond the optimum input 
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range of the equipment. In such cases, an optical attenuator can be used to reduce 
the signal power.  

Optical attenuators can be either fixed or variable. A fixed attenuator is used in 
cases where the required amount of attenuation is constant. A fixed amount of at-
tenuation can be achieved in a variety of ways. One way is to use a splitter. For in-
stance, as we noted in the previous section, a 50:50 splitter yields 3 dB of attenua-
tion in each of its output branches. There are also devices specifically designed to 
work as an attenuator. These are typically coupling sleeves that incorporate a stop 
that ensures a predetermined air gap between the fiber ferrules. Alternatively, a 
metal-doped fiber with high absorption coefficient can be inserted in the path of 
the signal. As a result, the light experiences a fixed amount of attenuation as it 
passes through the device. These attenuators are available for different kinds of 
connectors and in various attenuation values. Standard connector types are SC, 
FC, ST, and LC, and typical attenuation values are from 1 to 20 dB.  

Variable attenuators are somewhat more sophisticated. We noted in the begin-
ning of this chapter that several factors can reduce the coupling between two fi-
bers. In principle, by controlling any of those factors the attenuation can be varied. 
For instance, by changing the air gap between the two fibers, a variable attenuator 
can be achieved. However, because of the very high sensitivity of coupling loss to 
mechanical parameters (such as air gap or alignment), controlling and calibrating 
the attenuation is challenging. As a result, mechanical variable attenuators tend to 
be rather bulky, expensive, and more like a piece of equipment rather than a sim-
ple device. Microelectromechanical systems (MEMS) technology can also be used 
to build variable attenuators. MEMS devices are faster, smaller in size, and con-
sume less supply power. As a result, these devices are becoming increasingly 
popular as MEMS technology matures [36–38]. 

7.4.3 Isolators 

As light travels along fibers and connectors, there are many opportunities for back 
reflection. These reflections usually happen when light passes through an interface 
perpendicular to the direction of light propagation. An angled interface, such as in 
an APC connector, significantly reduces such reflections. However, in most cases 
one does not have control over all the link parameters, and it is necessary to re-
duce the effects of any potential reflection on sensitive devices such as DFB la-
sers. In such cases, an isolator is used to reduce the amount of light reaching back 
to the laser.  

Isolators normally work on the principle of rotation of the light polarization by 
a Faraday rotator [39–41]. As Fig. 7.11 shows, the isolator consists of two polar-
izer plates that are at 45° angle with respect to each other with a Faraday rotator 
placed in between them. 
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Fig. 7.11. Optical isolator based on a Faraday rotator 

Let us first consider a pulse of light, P1, which is propagating from left to right. 
After passing through polarizer 1, the light is polarized in the vertical direction. 
Then the light enters the Faraday rotator which is subject to an external magnetic 
field usually provided by a permanent magnet. The Faraday rotator rotates the po-
larization plane of the light in proportion to its length and the strength of the ap-
plied magnetic field. For this application, the length of the Faraday rotator is cho-
sen such that the plane of polarization rotates by 45°. Thus, once P1 goes through 
the rotator its polarization plane has rotated by 45°. At the output plane, a second 
polarizer plate is inserted whose axis of polarization is also at 45° with respect to 
polarizer 1. As a result, P1 can go through polarizer 2 with little attenuation. It can 
be seen, therefore, that light can travel through the system from left to right with 
relatively little attenuation, except possibly for the attenuation due to the filtering 
of unpolarized light by the first polarizer (if the input light is unpolarized before it 
enters the isolator).  

Now consider a pulse traveling from right to left. Once it passes through polar-
izer 2, it will be polarized at 45°, as represented by P2 in Fig. 7.11. Then it goes 
through the Faraday rotator, which rotates the polarization plane by another 45°. 
Thus, once P2 arrives at polarizer 1, its polarization plane is perpendicular to that 
of polarizer 1. Therefore, it is almost completely absorbed by polarizer 1, and very 
little of it gets through the system. This means any light propagating through the 
system from right to left experiences a large amount of attenuation. As a result, the 
isolator passes light in one direction and blocks it in the opposite direction.  

Practical isolators can provide around 40 dB of isolation, with an insertion loss 
of around 1 dB. As noted before, they are widely used on the output of DFB lasers 
to prevent any back reflected light from entering the laser cavity and causing in-
stability in the laser output.  
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7.4.4 Optical filters 

In electronic systems filters play a crucial role in numerous signal processing ap-
plications. Optical filters play an equally critical role in optical domain [42,43]. 
Optical filters are essentially frequency domain devices that selectively attenuate 
or pass certain wavelengths. For example, a bandpass optical filter can be used to 
select a particular channel in a WDM application from several channels that are 
stacked next to each other. Another example of optical filter application is 
the grating in a DFB laser, which acts as a single wavelength bandpass filter 
by greatly attenuating all but one wavelength, causing DFB lasers to operate as 
single-mode devices.   

The common factor in all optical filters is their dependence on some wave-
length-sensitive phenomena. In general, optical filters are based either on interfer-
ence or diffraction effects. A Fabry–Perot cavity is a common example of an inter-
ferometric filter. As discussed in Chapter 4, the cavity has a set of resonance 
wavelengths (frequencies) at which the transmittivity of the cavity is maximum. 
Thus, close to the wavelength peaks, the cavity acts as an optical filter with a 
strong wavelength-dependent transmission coefficient. We will encounter an ex-
ample of a diffraction-based filter in Chapter 11, where we discuss optical spec-
trum analyzers (OSA). In an OSA, a diffraction grating filter spatially separates a 
signal into its various wavelength components, thus providing the frequency spec-
trum of the signal. Other types of filters, such as arrayed waveguide gratings 
(AWGs), are very useful tools for wavelength-dependent multiplexing and demul-
tiplexing of signals in WDM applications [44]. 

7.5 Summary 

In addition to generation and detection of light, a wide range of functions must be 
performed on optical signals. Most common among these functions is coupling the 
light to and from the fiber, as well as light coupling between two fibers.  

Coupling of light from a source into a fiber can be done through a variety of 
means. The simplest method involves simply positioning the tip of the fiber in 
close proximity to the source. This technique works well for power-insensitive ap-
plications where significant coupling loss can be tolerated. However, in most 
cases, an imaging device such as a lens is used to increase the coupling efficiency. 
The role of the lens is to increase the numerical aperture of the fiber or to match 
the numerical aperture of the fiber to the radiation pattern of the source.  

Fiber-to-fiber coupling can be divided into two categories of permanent and 
temporary connections. Temporary connections are achieved by standard connec-
tor types that provide accurate alignment and almost eliminate the air gap between 
the two cores. The most popular types of connectors include ST, SC, LC, and FC 
connectors. All of these connectors have special alignment sleeves and adaptors 
that allow for connecting two fibers together. Because of their simple push-and-
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snap connection design, SC and LC connectors are also widely used in receptacle 
form in optical transceivers.   

Temporary fiber connectors can also be divided based on the type of their sur-
face finish. A physical contact or PC connector uses a slightly convex finish that 
allows the cores to make physical contact, thus further reducing the insertion loss 
and back reflection. Angled physical contact (APC) connectors use an angled fiber 
facet to significantly reduce any back reflection due to the fiber-to-fiber interface.  

Permanently connecting two fibers is known as fiber splicing. Fiber splicing 
can be by either mechanical means or fiber fusion. In mechanical methods, the 
two fibers are aligned with the aid of some external mechanical guide such as a V-
groove or alignment sleeve, and then a permanent epoxy is used to maintain the 
structure. In fusion splicing, the two fibers are essentially melted and fused to-
gether. Fusion splicing is typically superior to other types of splicing, but needs 
more expensive specialized equipment.  

In addition to the functions that involve fiber coupling, a wide range of passive 
optical components exist. In this chapter, we examined couplers, attenuators, and 
isolators.  

Couplers are passive devices that allow for mixing or splitting light signals. 
One of the simplest of such devices is a 2×2 coupler which has two input ports and 
two output ports. As a coupler, it can mix two optical signals that are applied to its 
inputs and provide a portion of the result at each of its output ports. As a splitter, it 
can split a signal that is applied to one of its input ports into two portions and pro-
vide each portion at one of the outputs. A more general version of a coupler is an 
m×n coupler, also known as a star coupler, which mixes and splits m optical sig-
nals. These devices are widely used in optical networking applications. 

An attenuator is a device that attenuates the optical power by a known amount. 
Attenuators are either fixed or variable. A fixed attenuator is an in-line or plug-
gable device that provides a fixed amount of optical attenuation. Fixed attenuators 
are simple devices that usually operate on the basis of a fixed air gap or misalign-
ment between two fibers. Variable attenuators, on the other hand, can set the 
amount of attenuation over a wide dynamic range. These devices tend to be bulk-
ier and more complex.  

An optical isolator is a device that allows for passage of light in only one direc-
tion. It is usually used to isolate a sensitive source, such as a DFB laser, from any 
potential back reflection. Optical isolators are usually based on a Faraday rotator 
and two polarizing plates aligned at 45° with respect to each other. Isolators can 
provide as much as 40 dB of attenuation for back-reflected light. 

Another class of very useful passive elements is optical filters. These devices 
perform a task similar to their electronic counterparts and allow for discrimination 
of various components in a signal based on wavelength.  

Passive elements, along with optical sources, detectors, and fibers, constitute 
the backbone of physical layer in fiber optic links. In the next two chapters, we fo-
cus our discussion on optical transmitters and receivers, which act as an interface 
between the optical signals and the electronic systems in which the higher level 
signal processing takes place. 
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Chapter 8  
Optical Transmitter Design 

 

8.1 Introduction 

In this chapter we discuss design issues related to optical transmitters. An optical 
transmitter acts as the interface between the electrical and optical domains by con-
verting electrical signals to optical signals. For digital transmitters, the optical 
output must conform to specifications such as optical power, extinction ratio, rise 
and fall time, and jitter. In analog transmitters, the optical output must faithfully 
regenerate the input in terms of linearity, bandwidth, phase delay, etc. It is the re-
sponsibility of the designer to ensure that the transmitter meets all the relevant re-
quirements for the intended application of the design.  

This task, in general, represents challenges in several fronts. Because of the 
universal trend toward higher data rates, the transmitter must be able to modulate 
light at these higher data rates. Currently, state-of-art transmitters can run at 
speeds around 40 Gbps and beyond, and 10 Gbps transmitters are commonly 
available. These high data rates require very careful design practices both in elec-
trical and optical domains. On the other hand, demand for additional functional-
ities is constantly on the rise, and this, coupled with shrinking mechanical dimen-
sions, presents new challenges to the designers.  

From a practical perspective, this means packing more and more circuits in a 
shrinking board space. For example, a small form pluggable (SFP) transceiver, in 
widespread use across industry, has only a few square centimeters of board space, 
in which many circuits such as a laser diver, optical receiver, and control and 
monitoring functions must all fit. In such a small space, problems such as heat 
generation, crosstalk, layout limitations, manufacturability, and reliability should 
be considered carefully. Moreover, it is oftentimes necessary to trade off perform-
ance in these areas, in which case the designer must clearly understand the inter-
play of various parameters in order to come up with an optimal design.  

Because most optical transmitters are laser based, we will focus our discussion 
in this chapter on laser transmitters, although many of the discussed concepts can 
easily be applied to LED-based transmitters as well. We will start by a review of 
optical subassemblies, which are used widely in all fiber optic transmitters. Next, 
we examine the LI curve and biasing of a laser. We then proceed with schemes for 
control of power and modulation in standard laser transmitters. We will also dis-
cuss burst mode transmitters, which are becoming more common thanks to the 
proliferation of passive optical networks.  

The common trend in fiber optic transmitters is the migration to ever-increasing 
data rates. We will therefore conclude the chapter by discussing topics related to the 
design of highspeed circuits that are at the heart of modern optoelectronic systems.  

M. Azadeh, Fiber Optics Engineering, Optical Networks,  
DOI 10.1007/978-1-4419-0304-4_8, © Springer Science+Business Media, LLC 2009 
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8.2 Transmitter optical subassembly (TOSA) 

Semiconductor lasers used in fiber optics industry are small, sensitive devices. 
They are typically a few hundred microns long, with tiny pads for cathode and an-
ode that need wire bonding for electrical connection. Moreover, to couple the light 
generated by them into an optical fiber, focusing lenses with tight alignment toler-
ances are needed. Because of these delicacies, proper packaging is a crucial aspect 
for the performance of these devices. For fiber optic applications, diode lasers are 
often packaged in the form of transmitters optical subassemblies, or TOSAs [1–4]. 
The idea behind a TOSA is illustrated in Fig. 8.1.  

An optical subassembly fulfills several functions. First and foremost, it pro-
vides a stable mechanical platform for the laser chip along with the necessary 
electrical interconnects. Inside the TOSA, the interconnects are wirebonded to the 
laser’s cathode and anode. For simplicity, Fig. 8.1 only shows a laser chip as the 
active electrical component inside the TOSA. But practical TOSAs may include a 
number of other electronic parts, such as power monitoring diodes, TEC coolers, 
and external modulators. The laser diode (and any additional device) is mounted 
on a substrate. The electrical connections for all these devices enter through the 
TOSA’s pins.  
 

 

Fig. 8.1. A transmitter optical subassembly (TOSA) 
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In Fig 8.1, these pins provide the necessary interconnections to the cathode and 
anode of the laser through internal wirebondings and RF transmission lines. In 
cases where highspeed performance is crucial, additional matching circuits such as 
terminations or bias isolators may also be included inside the TOSA. On the other 
hand, for low-speed applications, the laser may simply be wirebonded to the pins 
directly.  

The TOSA also provides optical alignment and optical interface for external fi-
ber connections. In Fig. 8.1, a lens gathers the diverging light and focuses it at the 
center of a fiber stub that is placed in the housing. The housing forms a standard 
connector type, such as SC and LC. As a result, the TOSA can be used with stan-
dard fiber connectors commonly utilized in the industry. Figure 8.1 also shows an 
optical isolator in front of the laser. This is a requirement especially for DFB la-
sers, because DFB lasers are very sensitive to back reflection. Depending on the 
application, other optical components such as optical filters and beam splitters 
may also be included. 

The TOSA also provides a hermetically sealed environment for the laser. Such 
a sealed enclosure is needed to protect the laser from environmental factors such 
as humidity. From the point of view of heat management, the TOSA provides a 
heat sinking path for the laser diode, reducing the risk of overheating and damage 
to the laser. Because of all these functionalities, transmitter optical subassemblies 
are a critical component of optical transmitters and are available and widely used 
in a wide variety of forms and functions. 

8.3 Biasing the laser: the basic LI curve  

From an electrical perspective, a semiconductor laser is a diode, and in order to 
generate light it must be forward biased. So simply connecting a laser diode to a 
current source is sufficient to turn on the laser and bias it at some operating point. 
Figure 8.2 shows the standard LI curve of a typical laser which consists of a sub-
threshold region, a linear region above threshold, and a saturation region. The la-
ser is normally biased in the linear region. 

Also shown is a voltage-controlled current source as the biasing circuit. The in-
put of the driver consists of two components: a bias signal and a modulation sig-
nal, provided by two digital to analog converters (DACs). The reason for using 
DACs is that in almost all modern circuits the bias and the modulation must be 
controlled very accurately, and this is most commonly done through DACs. 
Therefore, we use the schematic diagram of Fig. 8.2 as the basis of our analysis.  

The LI curve of a laser identifies the useful range of biasing a diode laser. This 
range starts from just above the threshold current and extends up to the saturation 
level. This is the linear part of the LI curve. If the laser is biased too close to 
threshold, spontaneous emission starts to dominate, and therefore spectral charac-
teristics of the laser deteriorate. 
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Fig. 8.2. Schematic of a laser driver and the typical LI curve 

If the laser is biased too close to saturation, any change in temperature may 
cause significant power degradations. In practice, the biasing point must be well 
below the saturation to allow room for modulation around the biasing point as 
well as quantum efficiency degradation over temperature and life of the device.  

As Fig. 8.2 suggests, the driving current of a laser can typically be divided into 
two parts, a bias current and a modulation current. The bias current can be thought 
of as a dc current that sets the operating point in the target region of the LI curve 
and corresponds to the dc optical power. The modulation current corresponds to 
the variations in the drive current around the bias point in accordance with the data 
pattern to be transmitted. We will consider these two parts separately, and start 
with the bias portion of the circuit first. 

As noted in Chapter 1, the power of an optical transmitter is measured in units 
of decibel-milliwatt, which provides a “natural” basis for power because power 
loss (and gain) is additive in the logarithmic scale. Optical power is a result of the 
bias current, and because the bias current is ultimately set by a DAC with limited 
resolution, care must be taken as to how the full range of the DAC is mapped on 
the range of the optical power.  

For instance, suppose the DAC is n bits wide, providing 2n steps in the setting 
of power. Also assume the laser has a threshold current of Ith (mA) and a satura-
tion current of Isat (mA) with a slope efficiency of K (mW/mA). The optical power 
in dBm, corresponding to a bias current of I, is then given by 

 ( )dBm 10 log TH THL K I I I I= − >⎡ ⎤⎣ ⎦
 (8.1) 
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If the transconductance gain of the circuit from the DAC voltage to the bias cur-
rent I is given by A, and if the DAC’s value is given by m (m = 1−2n), the power in 
dBm as function of the DAC’s value is given by: 
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where VDAC is the full-range voltage of the DAC. We also need to add another con-
straint, i.e., that the full range of DAC should generate a current less than the satu-
ration current: A× VDAC < Isat. This is a design constraint that ensures the utiliza-
tion of DAC’s resolution is maximized. Equation (8.2) maps the value of the DAC 
to the optical power and determines the minimum step size in power setting. An-
other way to characterize this is by considering the change in power that results 
from a single-step change in the DAC, which follows directly from Eq. (8.2): 
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where IMAX = A× VDAC is the maximum bias current that the circuit can support and 
which corresponds to the full range of the DAC. Note that the step size in not a 
function of the slope efficiency of the laser. Equation (8.3) can be written more 
compactly if we define a ratio R=ITH /IMAX : 
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We see that at lower powers, especially close to threshold (m≈ 1+2nR), the step 
size becomes larger. As a result, when we want to select the width of the power 
control DAC, we must ensure that enough resolution is attained over the entire 
range of power settings. 

This is often an important issue when the circuit is used in a design that must 
support various applications with a wide range of target powers. For instance, as 
we will see in Chapter 12, the SONET standard defines several classes of physical 
layer link budgets such as SR, IR, and LR, with different min/max optical power 
specifications.  

8.4 Average power control (APC) 

Simply biasing the laser with a constant current is not sufficient for most applica-
tions. The reason is that the LI characteristic of a diode laser is strongly affected 
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by temperature [5–8]. Even at a given temperature, the LI curves varies over time 
as a result of aging [9,10]. In general, an optical transmitter must operate over 
some given range of temperatures and over an extended period of time. Thus, 
unless provisions are made to compensate the effects of temperature variation 
and/or aging, the output power of the diode laser will change significantly.  

In general, higher temperature causes a lowering of quantum efficiency in a 
semiconductor laser as well as an increase in the threshold current. As a result, the 
circuit must ensure that optical power stays the same regardless of these changes. 
This is typically done with an average power control (APC) scheme. In general, 
APC schemes can be divided into two main categories of open and closed loop 
control. Closed loop schemes rely on some sort of optical feedback to maintain the 
power. Open loop schemes, on the other hand, do not use an optical feedback loop 
for power control. In the following sections we will discuss the main approaches 
used in the implementation of APC circuits. 

8.4.1 Open loop average power control schemes  

In an open loop temperature compensation scheme, the circuit attempts to correct 
for the effects of temperature variations by changing the biasing point of the laser. 
In its simplest form, a single temperature-sensitive device is added to the circuit of 
Fig. 8.2. For example, a negative temperature coefficient (NTC) element, such as 
a thermistor, can be added to the circuit of Fig. 8.2. The resistance of a thermistor 
drops when the temperature increases. Thus, it can be used as a means of making 
the bias point sensitive to the temperature [11,12]. 

This is a very simple but crude way of controlling the power of a diode laser. 
The reason is that the LI curve of each individual laser is different from another 
laser, and this holds even for laser diodes from the same vendor which are even 
built from the same batch. Moreover, it is very hard to “match” the characteristics 
of any given laser to a temperature-sensitive device such as a thermistor over a 
reasonable range. As a result, the circuit can easily under-compensate or over-
compensate the temperature variations. Another drawback of this approach is that 
any variations not due to temperature (such as degradations due to aging) will not 
be compensated.  

A more accurate method of controlling the biasing point of a diode laser as a 
function of temperature is to use a lookup table. This approach, like the previous 
one, also uses a temperature-sensitive device such as a sensor. However, the dif-
ference is that the temperature sensor does not control the biasing point of the di-
ode laser directly. Instead, the sensed temperature is first digitized through an ana-
log to digital converter (ADC) and then used as an index into a lookup table. A 
lookup table is essentially a table consisting of two columns and a number of 
rows. The two entries in each row include a temperature and the corresponding 
bias point at that temperature. In this way, a state machine or a microcontroller can 
read the temperature from the temperature sensor through an analog to digital 
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converter, look up that temperature in the table, and find the corresponding biasing 
point for that temperature. This scheme is illustrated in Fig. 8.3.  

 
Fig. 8.3. Power control using a temperature look-up table 

The advantage of a lookup table approach is that each circuit can be individu-
ally tuned to the temperature behavior of the particular laser diode the circuit is 
driving. In practice, this means each laser diode must be characterized individually 
over temperature, and the data be used to calculate the lookup table. This approach 
lends itself well to a production process where the transmitter is tested over a 
number of temperature points. At each point, the bias current is tuned until the de-
sired optical power is achieved. The temperature point and the corresponding bias 
current constitute one data point. The test is repeated at several temperature points, 
and the lookup table can be calculated as a curve that is fit to these collected 
points. Essentially, any temperature behavior can be accommodated, because a 
lookup table can implement any function. However, there are several additional 
points that need to be considered. 

One problem arises from the fact that the benefit of accurate power control is 
achieved at the price of the need to individually characterize each and every laser. 
This could be a costly process, especially after the laser is assembled into an opti-
cal transmitter module. Another point is the resolution or “granularity” of the 
ADC and the DAC in the lookup table. This is closely related to the power setting 
error discussed before. As the temperature varies, the pointer jumps from one en-
try in the table to the next, causing a “jump” in the laser power. This jump can be 
reduced by increasing the resolution of the ADC and the DAC and by using a lar-
ger lookup table. In general, both the quantum efficiency and the threshold of a la-
ser degrade almost exponentially with temperature. This calls for more tempera-
ture granularity at higher temperatures. Finally, all open loop schemes, including 
the lookup table approach, cannot compensate for laser aging. For these reasons, 
approaches based on closed power control are frequently used.  
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8.4.2 Closed loop power control 

In a closed loop power control approach, a feedback loop is utilized to stabilize 
the power. Like any feedback loop, a feedback signal must be tapped off the quan-
tity that needs to be controlled, in this case the optical power of the diode laser. In 
edge emitting lasers, this is achieved through using the back facet optical power 
from the laser diode. As discussed in Chapter 4, a semiconductor diode laser typi-
cally has two optical outputs from the two sides of the optical cavity. While one 
output can be coupled into the fiber and used as the main output, the other output 
can be used as a feedback signal to measure the optical power of the diode laser. 
However, this output cannot be used directly by the control circuits in the form of 
light. Therefore, it must be converted back into an electrical signal. This is done 
by placing a photodetector close to the laser diode to monitor the optical power 
output of the laser diode. The current from this photodetector is known as back-
facet current, photodetector monitoring current, power monitoring current, or sim-
ply monitoring current. This current, then, can be used as a means of measuring 
the optical power by the electronic control circuits.  

In a closed loop APC scheme, the circuit attempts to keep the optical power 
constant by keeping the power monitoring current constant. For most diode lasers 
used in telecommunication, the back-facet photodetector is integrated with the la-
ser as part of the optical package, and either its cathode or anode (or both) is pro-
vided as a pin on the package, as shown in Fig. 8.4. 

 
Fig. 8.4. Examples of commonly used packages for laser diodes and power monitoring 
photodetectors  

Once a feedback signal is available, the power control can be implemented in a 
closed loop scheme, as illustrated in Fig. 8.5.  

In this circuit, the photodetector generates a current that is proportional to the 
optical output power of the laser. If the laser is being modulated, the current goes 
through a low pass filter (LPF) to remove higher frequency components. After 
that, it is compared to a set point corresponding to the target optical power. The 
circuit attempts to minimize the difference between the feedback signal and the set 
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point by controlling the optical power through varying the bias current. Thus, the 
user controls the power by setting the photodetector current. The feedback circuit 
will adjust the bias so as to reach the target photocurrent. The magnitude of the 
bias current depends on the power requirements, type of laser, and temperature. 

 
Fig. 8.5. Closed loop APC scheme 

For a VCSEL working at room temperature the bias current may be as low as a 
few milliampere. On the other hand, for a DFB laser operating at high temperature 
(~70–80°C) and high power (3–5 dBm) the bias current may be as high as 
100 mA. Therefore, it must be ensured that the circuit can handle the expected 
maximum bias current with adequate margin.  

The loop time constant is usually set by a capacitor, C, and determines the re-
sponse time of the transmitter. A slow time constant yields more stability against 
pattern dependence, an important issue in direct modulated lasers. If the time con-
stant of the loop is too fast, the loop will start to respond to various bit patterns. 
This would be an undesirable effect because ideally we want the loop to maintain 
the average power constant, while allowing the instantaneous power to vary ac-
cording to the desired modulation. We will come back to this issue shortly. On the 
other hand, a slow time constant means it will take longer for the loop to stabilize 
to a new set value. This could be an issue for hot pluggable or burst mode mod-
ules, where it is important for the transmitter to set up the optical power within a 
given period of time.  

At first glance, a closed loop APC scheme seems to overcome all the shortcom-
ings of open loop schemes. Indeed, the circuit can maintain the monitoring photo-
detector current constant, and to the extent that the optical power is linearly related 
to the photodetector current, power too will remain constant. For example, 
unlike the previous methods that did not provide any protection against aging, a 
feedback-based power control scheme does keep the power constant even as the 
laser diode ages and its efficiency drops.  

LD PD 

LPF 

BIAS 
DAC 

Driver 

+ 

- 

C 



208      8    Optical Transmitter Design 

However, this method too has its own shortcomings. The basic problem comes 
from the fact that the relationship between optical power and the photodetector 
monitor current is not constant over temperature and power. At different tempera-
tures and biasing currents, the ratio of front facet to back facet power does not re-
main completely constant. Moreover, the coupling efficiency of the back facet 
power to the monitoring photodetector changes. All these variations result in a tol-
erance in the amount of photodetector monitoring current for a given amount of 
optical power.  

This tolerance is known as tracking error and is usually given in units of dB. 
The typical value of tracking error for commercially available diode laser assem-
blies is around ±1.5 dB. This means that even when the circuit keeps the 
photodetector monitoring current constant, the laser power can vary as much as 
±1.5 dB. Another way to state this is that for a constant optical power, the 
photodetector current can change as much as ±30%, which is roughly equivalent 
to ±1.5 dB. In some applications, this amount of uncertainty in optical power set-
ting is acceptable. In that case, a closed loop APC scheme would be an acceptable 
and economical solution, because lasers do not need individual characterizations 
or tuning anymore. A module just needs to be set at the desired power point, and 
the feedback loop takes care of the rest.  

However, if more accuracy in power setting is needed, tracking error must be 
compensated, and this again calls for lookup table implementations. But unlike an 
open loop circuit where the lookup table compensates the bias variations over tem-
perature, in this case the lookup table compensates the tracking error in the power 
monitor photodetector. Moreover, in order to characterize the tracking error over 
temperature, either each laser must be characterized individually over temperature 
beforehand or else each module must be tuned at several temperature points, just 
like the case of open loop power control. In this case, the advantages of a closed 
loop APC scheme become less obvious. In such cases the main advantage of a 
closed loop scheme is protection against power variations as a result of aging. The 
above discussion shows that controlling the optical power of an optical transmitter 
especially with accuracies better than approximately ±1.5 dB is a non-trivial prob-
lem.  

8.4.3 Thermal runaway 

In a closed loop scheme, the circuit adjusts the bias current to maintain a constant 
optical power. As the temperature rises, the threshold current and quantum effi-
ciency of the laser degrade, which means more bias current is needed to maintain 
the same level of optical power. However, passing more current through the laser 
diode causes extra heating at the junction, which causes more drop in efficiency. If 
the junction temperature starts to get too high (say, beyond ~90ºC) this process 
may result in thermal runaway: as a result of positive feedback the bias quickly 
increases until the maximum current capacity of the driving circuit is reached, at 
which point the feedback loop can no longer be sustained.  
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The risk of thermal runaway in closed loop APC schemes requires additional 
safety features to prevent it. For example, a current limiter may be added to the 
bias circuit which limits the bias current to a certain safe value regardless of the 
optical power. If the feedback loop attempts to increase the bias current beyond 
this value, an alarm signal could be activated informing the supervisory systems of 
a potential thermal runaway situation that needs attention.  

Prevention of thermal runaway is just one of the safety features that can be 
added to an optical transmitter. In practice, several such safety features may be 
needed in a particular application. For example, most practical laser drivers pro-
tect the laser against accidental shortening of either cathode or anode of the laser 
diode to either supply or ground voltages. Without such protection, an accidental 
shortening may cause a large amount of current flow through the laser and thus a 
very high level of optical power, potentially causing damage to the laser [13–15]. 
It can also pose a risk (in terms of eye safety) to operators that may be working 
with the system.  

8.5 Modulation circuit schemes 

Maintaining a constant average power is only one requirement that the transmitter 
must meet. Another critical parameter in an optical transmitter is the modulation 
depth or extinction ratio. As discussed in Chapter 1, any form of information 
transfer requires modulation of some form of energy, and in optical transmitters 
the light must be modulated in order to transmit information. Therefore, in addi-
tion to biasing the laser to generate light, an optical transmitter must also modulate 
that light in accordance with the data stream that needs to be transmitted. 

The simplest form of modulation is direct modulation. Diode lasers can easily 
be modulated by modulating the flow of current through them, and indeed direct 
modulation schemes are adequate for many applications with data rates below 
10 Gbps. The methods used to modulate the current depend on the application and 
data rate. At very low data rates, signal integrity issues are not crucial and there-
fore not much care is needed, the laser diode can be treated like a normal load, 
with roughly 1–2 V of forward bias. The required modulation current depends on 
the laser type, and in terms of magnitude it is in the order of the bias current. 
However, at higher data rates, signal integrity issues start to become important, 
and special attention must be paid to ensure proper operation.  

8.5.1 Basic driver circuit 

The basic building block used in creating high-speed modulation is a differential 
driver [16–19]. In a direct modulation scheme, the differential driver is directly 
connected to the laser diode. In an external modulator, the differential driver 
drives a separate modulator. Because of the importance of the differential driver, 
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we will start our discussion with the analysis of a direct modulated design based 
on a differential driver, as illustrated in Fig. 8.6. 

The design is based on a current source whose current can be switched by a dif-
ferential pair between two branches. The differential pair is driven by a differen-
tial signal representing the data that needs to be transmitted. A logic “one” causes 
one side of the differential pair to conduct, while a logic “zero” causes the other 
side to conduct. The laser diode is connected to the collector of one of the transis-
tors.  

 
Fig.8.6. Differential structure for high-speed modulation of diode lasers 

The other transistor is connected to a dummy load, with characteristic imped-
ance similar to that of the laser diode. Because the current from the current source 
is switched between the two sides, the current source sets the value of the modula-
tion current. The differential impedance of a forward-biased diode is in the range 
of few Ohms, and therefore the dummy load is usually in the range of 10–20 Ω.  

In addition to the differential modulator, Fig. 8.6 shows a dc path for biasing 
the diode laser. The bias current is provided by the bias circuit which we discussed 
in the previous section, either through an open loop or a closed loop scheme. For 
simplicity, we have shown the bias circuit with a current source. The current 
source is needed to ensure that the laser always stays above threshold, even during 
a logic 0 state. The reason is that it takes much longer for the laser to turn on from 
a completely off state compared to when it is biased slightly above its threshold. 
Moreover, the spectral characteristic of a diode laser at or below threshold is not 
suitable for data transmission at high speeds.  

The dc path must be isolated from the modulation or the ac path by an element 
that shows low resistance at dc frequencies but high impedance at modulation fre-
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quencies. This is to ensure that the ac current from the differential driver goes 
through the laser diode and not through the biasing circuit. This is usually 
done through an inductor or a ferrite bead, both of which have a very low dc 
resistance.  

8.5.2 Transmission line effects 

In Figure 8.6 we have implicitly assumed that the load (laser diode) is connected 
directly to the output transistor of the differential driver. However, in reality the 
load is usually located at some physical distance from the driver. A typical exam-
ple is the case of an optical subassembly connected to the driving circuit a few 
centimeters away. In low data rates, the length of the electrical connections can be 
neglected, and Fig. 8.6 remains valid. At higher data rates, where the rise and fall 
times of the signal become comparable to the time it takes for the signal to travel 
from the driver circuit to the laser, transmission effects and parasitic effects must 
be taken into account. Indeed in such cases simply connecting the load to the 
driver (as suggested by Fig. 8.6) with an arbitrary electrical connection will not 
work. Instead, transmission lines with controlled impedance must be used. Figure 
8.7 illustrates a scheme similar to that of Fig. 8.6 but this time explicitly showing 
the transmission line used in connecting the driver and the load.  

 
Fig. 8.7. Differential driver with transmission line 

In addition to showing the transmission lines, Fig. 8.7 shows some extra details 
compared to Fig. 8.6. Specifically, in addition to the load, there is a back termina-
tion resistance shown as RB at the output of the driving transistor and a matching 
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once we remember from Chapter 3 that for best signal integrity results, a transmis-
sion line must be both source and load terminated. The typical impedance of mi-
crostrip or stripline transmission lines made in printed circuit boards is in the 
range of 20–50 Ω. On the other hand, the collector of a transistor acts like a high-
impedance current source while the resistance of a forward-biased laser diode is 
5–10 Ω. Therefore, without RB and RM there will be impedance mismatch both at 
source and at load. The back termination resistance RB lowers the high impedance 
of the current source to the Thevenin equivalent of a voltage source with output 
impedance of RB. Thus, the value of RB should be selected close to the characteris-
tic impedance of the transmission line. On the other hand, generally the impedance 
of the forward-biased laser diode is only a few Ohms and therefore lower than the 
impedance of the transmission line. Thus, in order to match the impedance of the 
load to the characteristic impedance of the transmission line a matching resistor in 
the form of a series resistor RM must be added to the load. Therefore, the interface 
between the driver and the load is both source and load terminated, and this im-
proves the signal integrity. We should also note that impedance matching schemes 
can become more elaborate by adding frequency-dependent elements. We will dis-
cuss some of these schemes in more detail later.  

The downside of adding these extra terminations is that they consume extra 
power. The back termination RB consumes some of the modulation current, so part 
of the current that would otherwise go through the load is now going through RB. 
The matching resistor RM acts as a voltage divider, so part of the voltage that oth-
erwise would appear entirely across the load will now be dropped across RM. To 
minimize the extra power consumption, usually it is desirable to maximize RB and 
to minimize RM. Typically, RB is about 30–50 Ω and RM is about 5–10 Ω. 

8.5.3 Differential coupling 

The scheme shown in Fig. 8.7 is a generic scheme that can be used in various ap-
plications. However, sometimes particular requirements may push this scheme to 
its limits, at which point we may need to make further modifications in order to 
address those requirements. One such case is when it is crucial to improve the rise 
and fall times of the optical output. This is especially important at higher data 
rates, where slow rise/fall times will cause optical eye closure. In such cases it is 
desirable to deliver the maximum possible rise and fall times to the load.  

Figure 8.8 illustrates a commonly used solution for this problem. This circuit 
builds on the ideas of Fig. 8.7, with the difference that now the currents from both 
transistors are delivered to the load. Because of this, usually when reference is 
made to differential driving schemes, a scheme similar to the one shown in Fig. 
8.8 is meant, where both the driving circuit and the way the load is being driven 
are differential. This is achieved by a differential transmission line that provides 
the interface between the circuit and the load. 

resistor RM close to the laser. The reason for adding these resistors becomes clear 
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Fig. 8.8. Differential driver with differential transmission line connections 

Note that now each transmission line has its own back termination resistor. In 
this circuit, the rise and fall times can easily be tuned by changing RB. In general, 
the optimal value of RB is equal to the characteristic impedance of the transmission 
line. Reducing the value of RB further causes a damping of waveform as seen by 
the load, and results in increasing rise and fall times. On the other hand, increasing 
the value of RB above the optimal value causes a reduction of rise and fall times. 
However, this usually increases the overshoot too, and excessive overshoot limits 
the upper limit for RB.  

Note that like before, the bias path is isolated from the modulation path through 
high-impedance inductors. This circuit is also advantageous in terms of reduction 
of noise effects on other nearby circuits. Because the currents flowing in the two 
transmission lines are of opposite phase, the electromagnetic radiation from the 
switching modulation current is reduced, causing less noise induction into other 
circuits.  

8.5.4 High current drive circuits: ac coupling 

One of the important parameters in a laser driver circuit is the maximum bias and 
modulation current that can be delivered to the load. This is obviously an impor-
tant factor in high-power applications, because in a laser diode optical power is 
proportional to current.  
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To appreciate this, let us consider the dc voltage drop on the diode laser and RM 
in Fig. 8.8. The anode of the laser diode is connected with an inductor to the sup-
ply voltage, and therefore its dc voltage is almost equal to that of the supply volt-
age. Many modern electronic circuits operate at relatively low voltages, and a 
typical value for supply is 3.3 V. At high currents, we may have as much as 2 V 
drop on the diode. However, there is some additional voltage drop on the series re-
sistor RM. For example, if we assume a value of 10 Ω for RM, a modulation current 
of 50 mA results in a 0.5 V drop across RM. Assuming a 3.3 V supply, 2 V drop on 
the diode laser, and 0.5 V drop on RM, the dc voltage at the collector of the output 
transistor is pushed down to 0.8 V. Obviously it is hard to have the output transis-
tor operate with a voltage of only 0.8 V. This “headroom” problem is a direct con-
sequence of trying to drive the load at high modulation and bias currents and could 
result in optical eye distortion and jitter.  

A common solution to this problem is to isolate the dc operating point of the 
circuit from that of the diode laser. This is achieved through ac coupling, an ex-
ample of which is shown in Fig. 8.9.  

In this scheme the output transistor is ac coupled to the diode laser through the 
capacitor C. Moreover, another “pull-up” inductor sets the dc operating point of 
the collector of the output transistor at supply voltage, thus removing any head-
room limitations. This pull-up inductor will not affect the back termination match-
ing provided by RB because the impedance of this inductor is high at modulation 
frequencies. The disadvantage of the ac coupling scheme, other than extra com-
plexity, is extra current consumption. 

 

Fig. 8.9. ac coupling scheme to improve the headroom problem at high operating currents 
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Note that in all the dc coupling schemes that we discussed before, the bias cur-
rent source IBIAS generates the minimum amount of current that the laser is permit-
ted to operate at, and the modulation current is just added to this minimum bias 
current. However, in an ac coupling scheme, the bias point corresponds to the 
mid-point of operation, and the modulation circuit must subtract from or add to 
this mid-point. This difference is made clear in Fig. 8.10 with reference to the LI 
curve of a laser. From this figure it can be seen that in an ac coupling scheme the 
bias point must be higher by IMOD/2 compared to a similar dc-coupled circuit. This 
difference increases at high temperatures, because the drop in slope efficiency of 
the laser increases the required IMOD.  

Another consideration is that the addition of the ac coupling capacitor intro-
duces a low-frequency cut-off point, which means the value of the capacitor must 
be large enough to ensue that the lowest frequency components of the signal can 
reach the laser. This holds true not only in the output stage, but also anywhere else 
where the signal is ac coupled from one stage to the next. The general rule is that 
the low-frequency cut-off is given by 

 
RC

f dB π2
1

3 =  (8.5) 

where C is the coupling capacitor and R is the impedance of the circuit that the ca-
pacitor is connected to. 

 

Fig. 8.10. Comparison of bias point in (a) dc and (b) ac-coupled driving schemes 
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In Fig. 8.9, the capacitor is mainly charged or discharged through the back ter-
mination resistors, and therefore we can estimate the low-frequency cut-off point by 
substituting RB in Eq. (8.5). In practice, this is not such an important issue for high 
data rates (i.e., 100 Mbps and higher) or for applications where the low-frequency 
contents of the traffic are intentionally removed through coding (such as the 
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8.6 Modulation control, open loop vs. closed loop schemes 

In the circuits we discussed above we implicitly assumed that the magnitude of 
modulation current (set by the IMOD current source at the base of the differential 
transistors) is constant. However, in reality the magnitude of modulation current 
must compensate for any possible changes in the LI curve of the laser. The prob-
lem here is essentially the same as what we considered for bias circuits. The LI 
characteristic of a laser is not constant, especially with temperature. Just as bias 
control circuits are needed to maintain the optical power constant in the face of 
these variations, modulation control circuits are needed to maintain a constant op-
tical modulation in spite of changes in laser characteristics.  

Like bias control circuits, modulation control circuits can also be divided into 
open and closed loop schemes. We start with open loop schemes and then con-
tinue with considering some popular closed loop schemes.  

8.6.1 Open loop modulation control 

The approaches used in open loop modulation control are very similar to those 
used in open loop bias control. The simplest method is to use a temperature-
sensitive element such as thermistor to change the value of modulation current 
with temperature.  

 

Fig. 8.11. Look-up table scheme for modulation control 
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However, this approach is very crude and suffers from the same shortcomings 
that we discussed before. A more robust approach is to use a look-up table, as 
shown in Fig. 8.11. This scheme is very similar to the look-up table scheme we 
discussed earlier with respect to power control. Therefore, the concerns we men-
tioned with the power control apply here too. Specifically, the temperature granu-
larity of the look-up table and the resolution of the DAC must be considered care-
fully.  

In digital transmitters, the extinction ratio (ER) is defined as the ratio of the op-
tical one to the optical zero state. For the circuit of Fig. 8.11, the value of modula-
tion and therefore ER is determined by the current row in the look-up table. Be-
cause ER is essentially a ratio, it becomes increasingly difficult to control higher 
ERs, because a small change in the 0 state results in a large change in ER. There-
fore, the resolution of the DAC and also the temperature granularity must be cho-
sen such that the jumps in ER from one value of the DAC to the next will not 
cause ER to fall out of specification.  

From a link budget perspective, it is better to operate a transmitter at higher 
ERs, because a low ER means the optical power in the 0 state is being wasted. On 
the other hand, operating a diode laser at a very high ER is not desirable in the 
case of directly modulated lasers. The reason is that the coherence properties of la-
ser diminish if it is operated too close to threshold. Moreover, once the ER is 
higher than approximately 10 dB the optical power in the 0 state is small and in-
creasing ER further does not improve the link budget by much. As a result, the 
most common values of target ER for optical transmitters are around 8–12 dBs.  

Although open loop modulation control schemes are conceptually simple, they 
are hard to implement accurately, mostly because of the difficulty of producing 
accurate look-up tables for individual laser devices. As a result, it is desirable to 
have closed loop schemes in which a feedback loop maintains the ER automati-
cally once it is set. This is the topic of the next two sections.  

8.6.2 Closed loop modulation control: Pilot tone  

ER variations are a result of changes in the slope efficiency of the laser diode. 
Therefore, if a method can be implemented to measure the changes in slope effi-
ciency, it can be used to compensate any changes in the ER. As noted in the be-
ginning of this chapter, a monitoring photodetector is typically integrated with the 
laser to provide a feedback signal proportional to the optical power. Therefore, 
closed loop modulation control schemes must utilize this photodetector current. 

One way to achieve this is to inject an extra low-frequency “pilot tone” on the 
bias current and detect the resulting low frequency tone on the optical output by 
monitoring the photodetector current [20]. The fact that the tone is low frequency 
ensures that it is well within the bandwidth of the monitoring photodetector, and 
therefore it can be recovered properly. Because the amplitude of the pilot tone is 
constant, any changes in the amplitude of the resulting optical tone can be attrib-
uted directly to a change in the slope efficiency of the laser, and therefore it can be 
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used to modify the modulation amplitude. This scheme is illustrated in Fig. 8.12. 
For a constant value of pilot tone current, ITONE, the slope efficiency is proportional 
to the amplitude of the resulting optical tone: 
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where the indices refer to the values of slope efficiency and optical tone at two 
different temperatures. Therefore, the circuit can “measure” the slope efficiency 
by measuring the amplitude of the tone in the photodetector signal.   

Although this approach has some advantages over open loop control schemes, 
it has its own problems. Specifically, the amplitude of the pilot tone must be small 
compared to the data amplitude, because it shows up as extra noise on the optical 
one and zero levels. To prevent optical eye closure, this amplitude cannot exceed a 
few percentage of the modulation amplitude, and because the modulation ampli-
tude itself is variable, it is even harder to control the amplitude of the pilot tone 
accurately. Moreover, an implicit assumption in this approach is that the laser LI 
curve is linear. Therefore, at high powers where nonlinear saturation effects start 
to show up this approach is not very effective. As a result of these problems, 
closed loop modulation control schemes based on pilot tone are hard to implement 
and rarely used. 

 

Fig. 8.12. Detection of changes in slope efficiency by an extra pilot tone 
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high bandwidth photodetector, enough to clearly convert the optical one and zero 
levels back to a clear electrical signal that can be used. Because the optical zero 
level is close to zero, the corresponding photodetector current can be very small, 
and it would be a challenge to recover a clean true zero level from a small, high-
speed, noisy photodetector current. Moreover, if the bandwidth of the photodetec-
tor is insufficient, the photocurrent may not have enough time to reach to the 
steady state one or zero level within short bit sequences, resulting in pattern de-
pendence in the feedback loop. 

If these problems are carefully addressed, a reasonable closed loop modulation 
scheme can be realized. But even in this case the scheme is only as good as the 
feedback signal, i.e., the photodetector current. As we noted in the section on av-
erage power control, the photodetector current does not necessarily have a linear 
relationship with the optical power. Therefore, like average power control, accu-
rate closed loop control of modulation is a design challenge.1 

8.7 External modulators and spectral stabilization 

Direct modulation schemes are a convenient way of modulating light well into 
gigabits per second speeds. In fact, short-reach 10 Gbps transmitters are usually 
implemented with direct modulation. However, for modulating speeds beyond 
10 Gbps, and also for long-reach links at lower speeds, direct modulation is not 
very effective. The reason is that in a diode laser current modulation always 
causes frequency modulation or chirping, which in turn causes spectral broadening 
of light. This in turn increases the dispersion and reduces the link budget. Thus, 
direct modulation links at higher frequencies tend to be dispersion limited rather 
than attenuation limited. External modulation, on the other hand, essentially re-
moves frequency chirping, because the light source is a CW laser dc-biased well 
above its threshold with very narrow spectral characteristics. Therefore, use of ex-
ternal modulators significantly increases the attainable link distance. A related 
issue is that with external modulation higher modulation depths or ERs can be 
achieved, because in direct modulation, a higher modulation depth causes exces-
sive overshoot, turn-on delay, and turn-on jitter. As a result, very high-speed or 
very long-reach optical transmitters have to be implemented with external modula-
tors [21–24]. 

Figure 8.13 shows the typical schematic of an external modulator optical 
transmitter. The light is generated by a single-mode diode laser which is biased at 
a dc level through a bias control circuit. This bias control circuit is similar to the 
bias control circuits we discussed before. The CW light generated by the laser di-
ode now goes through an external modulator which is driven by a modulation 
driver. The modulation driver is similar to the modulator circuits we discussed be-

                                                           
1 Part of the reason for difficulty of ER control is that ER itself is a quantity hard to measure (and 
even define) beyond a limited accuracy. See Chapter 11 for further discussion of ER measurements.  
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fore, with the difference that external modulators are typically optimized for 
higher speed operation. 

 

Fig. 8.13. Schematic of an external driver optical transmitter 

Thus, for instance, the output transistors must have a very high cut-off frequency. 
Moreover, the physical structure of the transmitter must support the operating high 
speeds, i.e., the transmission lines connecting the driver to the modulator must 
have a flat response beyond the frequencies involved. This requires high-quality, 
low loss substrates, minimization of parasitic effects, and accurate impedance con-
trol. We will discuss some of these high-frequency techniques later in this chapter 
in more detail.  

Optical subassemblies based on external modulators often include additional 
control circuits. For example, because of the narrow spectral characteristics of ex-
ternal modulators, they are usually used in WDM transmitters. In a WDM system, 
each channel must have a specific predetermined center wavelength. Moreover, 
the spectral width of each channel determines how closely the channels can be 
spaced. Therefore, it is usually necessary to stabilize the center wavelength of 
WDM transmitters, otherwise temperature changes can result in changes of center 
frequency of the diode laser and thus cause channel crosstalk and overlap. The 
main mechanism behind changes in the center wavelength of a laser diode is tem-
perature change. For the same reason, temperature control is the common way to 
stabilize the center wavelength of a diode laser. Temperature control is usually re-
alized by a thermoelectric cooler (TEC).  

In a TEC, the direction of current determines the direction of flow of heat. A 
temperature control circuit can be realized by a temperature sensor and a feedback 
loop that compares the sensed temperature with the desired set temperature. The 
error signal can then be used to drive the TEC. If the ambient temperature is the 
same as the set temperature, the error signal would be zero and the TEC will not 
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be activated. However, as the temperature moves away from the set temperature, 
the TEC requires more current, either to function as a cooler or as heater. Because 
it is easier to generate heat rather than cooling an area by removing heat, the set 
temperature is usually chosen at a point higher than the normal operating tempera-
ture, but below the maximum expected operating temperature. As a result, the 
TEC works as a heater most of the time, and only occasionally works as a cooler. 
Moreover, when it does have to operate as cooler, it does not have to work that 
hard, because the set temperature is slightly less than the maximum operating 
temperature.  

Because the temperature sensor, the TEC, and the external modulator must all 
be thermally coupled, they usually have to be packaged together in the same opti-
cal subassembly. Moreover, the thermal control loop must be rather accurate. For 
example, a typical single-mode diode laser has a wavelength drift of ~0.1 nm/°C, 
which corresponds to ~25 GHz/°C. Therefore, in a WDM channel spacing appli-
cation of 50 GHz, a 10% frequency accuracy requires a tolerance of ±5 GHz for 
center frequency, corresponding to a thermal stability better than ±0.2°C.  

8.8 Burst mode transmitters   

Within the past decades, the evolution of optical transmitters has mainly been fo-
cused on increasing bandwidth, and the proliferation of external modulators and 
wavelength-stabilized transmitters can be understood in this context. Another ex-
panding area that has affected the industry is passive optical networks (PON). 
From the perspective of physical layer, what distinguishes PON transceivers is 
their burst mode operation. As we mentioned in Chapter 2, PON systems consist 
of a central office transmitter known generically as the optical line terminal or 
OLT that sends CW traffic downstream to all the receivers that are passively cou-
pled to it. In the upstream direction, the individual users (known generically as op-
tical network terminals or ONUs) send their information to the central office in a 
burst mode fashion, because the outputs from each of them must be time division 
multiplexed with the outputs from the others. Thus, at each point in time only one 
transmitter must be active when it is its turn to transmit, and it must shut down 
quickly when its turn has passed to allow the next transmitter to send its data. 
Thus, the burst mode nature of traffic in the upstream direction requires burst 
mode transmitters for the ONU and burst mode receivers for the OLT. Design of 
burst mode transmitters and receivers involves special design requirements not en-
countered in other CW transceivers. Burst mode receivers are discussed in the 
next chapter. In this section we discuss burst mode transmitters [25–28]. 

Figure 8.14 shows the critical parameters involved in the output signal from a 
burst mode laser driver. The laser driver is activated by a burst-enable signal. A 
critical parameter is the transmitter’s response time to the enable signal. The time 
it takes for the output to reach its steady state, tON, is the turn-on time. Likewise, 
the time it takes for the output to fall below a power level that can be considered 
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dark, tOFF, is the turn-off time. Having short turn-on and turn-off times is important 
because it reduces the overhead by allowing packets from different ONUs to be 
packed together more tightly. The length of a packet, tPKT, and the time separation 
between two subsequent packets, tDARK, are also important factors. Ideally, a high-
performance burst mode transmitter must be able to support a very short packet 
length and a very short dark time between each packet to allow for more flexibility 
in the network. For modern bust mode transmitters, the turn-off and turn-on times are 
in the order of a few nanoseconds, while the minimum packet length and the minimum 
dark time between two packets are in the order of tens of nanoseconds.  

 

 

Fig. 8.14. Critical parameters for a burst mode laser driver 

It is also important to minimize the dark power level between packets, desig-
nated as PDARK in Fig. 8.14. Because usually many ONUs are connected to a PON 
network, and only one should transmit at any given time, PDARK from other ONUs 
add up and act as background noise for the transmitting ONU. As a result, it is im-
portant for the bias to the laser diode to completely shut down during the dark 
time; otherwise having a nonzero bias even below threshold could be problematic.  

It can be seen that the challenge in a burst mode laser driver is to turn on the 
diode laser and stabilize its power in a very short time. Turning the laser off is 
simpler because it involves simply cutting the bias current to the laser. Turning the 
laser on quickly is even more difficult to achieve if some sort of closed loop 
power control scheme is also needed. A fast turn-on time can be achieved by 
modulating the bias to the diode laser in a manner similar to a modulation driver. 
Therefore, in a burst mode transmitter, a differential driver can be used for both 
the bias and the modulation currents, as schematically shown in Fig. 8.15. 
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Fig. 8.15. Schematic diagram of a burst mode laser driver 

The advantage of a differential driver is that it functions on the basis of current 
stirring. An essentially dc current (either IBIAS or IMOD) is stirred between the laser 
diode and a dummy load. In terms of magnitude, both currents are controlled 
through separate control circuits. Note also that an average power control scheme 
can be implemented using the feedback current from a photodetector. However, a 
simple feedback scheme will no longer work here, because the photodetector cur-
rent turns on and off following the burst nature of traffic. Therefore, the feedback 
scheme must only use the photodetector current during the on time. Moreover, it is 
very hard for a traditional feedback loop to stabilize within a few nanoseconds, as 
expected from a burst mode laser driver.  

As a result, modern burst mode drivers use digital power control feedback 
loops. In a digital loop, like a regular analog loop, the value of the photodetector 
current is compared to a reference value and the difference error signal is used to 
adjust the current, with the goal of reducing the error signal to zero. However, in a 
digital loop this value is stored digitally and used in the next packet. In this man-
ner, the feedback loop is not interrupted at the end of a packet and does not need 
to initialize from an unknown state every time a new packet arrives. Instead, it 
simply uses the information it had stored in the previous packet, which would be 
very close to the steady state for the current packet. Use of digital loops limits the 
transient response of the loop to only the first few packets after the circuits start to 
work. After that, the power control scheme can work smoothly by essentially ig-
noring the photodetector current during the dark times.  
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8.9 Analog transmitters 

In fiber optic communications baseband digital modulation formats are by far 
more common and more widely used than analog formats. However, analog 
transmission is still important for areas like video transmission and analog micro-
wave feeds. Even if it were not for these applications, discussion of analog trans-
mitters is still important in its own merit, because in fact all transmitters are fun-
damentally analog. Even in a digital transmitter, the optical output gradually rises 
from zero to one state, and it takes time for the output to settle to a steady state. 
The difference between an analog and a digital system is that in a digital system 
the receiver samples the signal in regular intervals and as long as the signal is 
above (or below) a certain threshold level a logic one (or zero) is assumed. Thus, 
imperfections outside the sampling window as well as a certain amount of noise 
within the sampling window, as long as the noise is not so much that it results in 
changing the logical level of the signal, can be ignored. The price to pay for this 
level of noise immunity is that less information can be transferred for a given 
amount of bandwidth. On the other hand, in an analog link the received signal is 
expected to be an accurate representation of the intended signal all the time and 
for all amplitudes. Therefore, an analog link is more susceptible to any imperfec-
tion that may affect the signal quality.  

One of the most important characteristics of an analog transmitter is linearity. 
Suppose the transfer function of the transmitter, L(I), is a nonlinear function of the 
drive current, I. L(I) can be expanded around some operating bias point, I0, as 

 ( ) ( ) ( ) +−+−+= 2
00 IICIIBAIL  (8.7) 

Now suppose the drive signal I is multiplexed on a carrier with a frequency f0. 
Then the optical output signal has frequency components at f0, 2 f0, etc. The situa-
tion becomes more complex if the signal is comprised of more frequencies, say, f1 
and f2. In that case the output will have components at f1+ f2 and f1− f2, assuming 
terms beyond second order can be neglected. If higher order terms cannot be ne-
glected, more frequency components will appear in the output. Obviously, the ex-
istence of these terms can cause interference and crosstalk between the channels. 
The amplitude of these components depends on the magnitude of the nonlinear 
term(s) in Eq. (8.7). Thus, the modulation amplitude is limited by the degree of 
nonlinearity in the transmitter.  

The LI characteristic of a typical diode laser above threshold can be approxi-
mated as 
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where I is the drive current, ITH is the threshold current, and s is a parameter mod-
eling saturation. For sI <<1 the transfer function described by Eq. (8.9) is linear. 
Indeed diode lasers offer a relatively large linear operating region, as long as the 
operating point I0 is chosen sufficiently away from the threshold current and from 
the lasers saturation. On the other hand, externally modulated transmitters are not 
as linear. For example the output power of a Mach–Zehnder (MZ) modulator is 
given by 
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where LT is the maximum transmitted power, V is the drive voltage, and Vπ is the 
input voltage for which the transmission is zero. Thus, in order to get the best ana-
log performance, the modulator must be operated at the point where it is most lin-
ear, which corresponds to the drive voltage of V=0.5Vπ. Moreover, the modulation 
amplitude must be small compared to Vπ . 

It should be noted that merely operating a diode laser or a modulator in its lin-
ear region is not sufficient, because expressions such as Eqs. (8.8) and (8.9) are 
static in nature and do not include dynamic effects. This can be easily appreciated 
once we realize that both Eqs. (8.8) and (8.9) do not have any time dependence, 
implying the output can follow the input instantaneously, in other words, an infi-
nite bandwidth. However, dynamic effects always limit the effective bandwidth of 
a modulator. For example, as we discussed in Chapter 4, lasers tend to have a flat 
frequency response up to a point. After that the response shows a peak at the re-
laxation oscillation frequency of the laser and then it rolls off at approximately 
40 dB/decade. The similarity with a second-order system is not merely accidental, 
because in a laser, like a second-order system, the interplay of two energy storage 
mechanisms (carriers and photons) with different time constants determines the 
frequency response. To maintain signal fidelity, the frequency of the input signal 
must stay well below the resonance frequency to avoid amplitude and phase dis-
tortion.  

The inherent frequency characteristic of the modulating device is not the only 
parameter determining the response of a linear transmitter. The electronic driving 
circuits also have their own frequency responses. Therefore, at high frequencies 
parasitic effects such as those of the optical subassemblies must be taken into ac-
count.  

To illustrate these points, consider Fig. 8.16 which schematically shows the 
circuit elements that constitute a typical laser driver from a frequency response 
point of view. The signal source is represented by Vs and the output impedance 
Zs. The signal must be transferred to the laser diode via a transmission line with 
a characteristic impedance of ZT. The laser diode, itself represented by an im-
pedance ZD, acts as a load for the transmission line. In general, the impedances 
of source, transmission line, and the diode laser are not equal. Therefore, con-
necting them without any matching will result in wave reflections from both 
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ends of the transmission line. For example, the reflection coefficient at the load 
side is given by 
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A similar expression can be written for the back reflection from the source side. In 
general, we need to have impedance matching circuits to minimize the reflections. 

 

 

Fig. 8.16. Frequency response block diagram of a typical optical transmitter 

We have already discussed such impedance matching circuits when we were 
discussing digital transmitters, in the form of a back termination resistor at the la-
ser driver and a series resistor at the diode laser side. In the context of our current 
discussion, a simple resistor can be considered a broadband matching circuit, be-
cause the behavior of a resistor is (relatively) frequency independent. This is a 
natural choice for digital transmitters, because as we know digital signals are gen-
erally baseband, i.e., they have frequency components starting from close to dc. 
Such broadband matching networks work for analog transmitters too. However, in 
analog circuits the signals are usually narrowband, as they are centered around a 
carrier frequency. In such cases the matching networks can be narrowband too, 
i.e., their transfer function can be a function of frequency. The advantage of nar-
rowband matching is that in principle better matching can be achieved, although 
over a limited range of frequencies.  
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The impedance of the laser, ZD, is modeled by a series inductance LP and a par-
allel combination of the junction capacitance CJ and the forward-biased resistance 
of the junction diode RJ. The series inductance represents optical assembly leads 
as well as the wire bonding to the laser chip, whereas CJ and RJ are functions of 
the chip structure and biasing condition. The laser driver circuit, transmission line, 
matching networks, and laser diode junction each have a frequency response and a 
transfer function. The combined effects of these transfer functions model the de-
liverance of the signal from the driving source to the diode laser junction. Once 
the RF signal reaches the junction, it must be converted to light. The dynamics of 
this conversion are governed by the carrier and photon rate equations, which fi-
nally yield to the light output. 

Generally speaking, these various blocks each act as a low-pass filter, with at 
least one dominant pole. In the case of a diode laser, the small signal behavior can 
be approximated by a second order system, with a resonant frequency. If the RF 
frequency gets too close to this pole, it will result in phase and amplitude distor-
tion. Thus, for linear transmitters, the RF frequency in general must be kept below 
the frequency of the dominant pole of all the blocks in the signal path, including 
the relaxation oscillation of the laser. 

8.10 High-frequency design practices 

In this section we review major high-frequency techniques used in the design of 
high-speed circuits. We have already discussed some of these techniques before, 
when we mentioned differential drive schemes and source/load termination. Here 
we will consider a few other points that need to be considered in high-speed cir-
cuits [29–31]. 

8.10.1 Power plane 

One of the main factors affecting the performance of high-frequency circuits is the 
quality of power planes. In a printed circuit board (PCB), power planes distribute 
the supply voltage to different parts of the circuit. Generally, high-performance 
PCBs are multi-layered, with several layers dedicated specifically to power planes. 
Figure 8.17 shows an example of a cross section of a six-layer PCB. 

The top and the bottom sides of the PCB include the footprints for standard 
electronic components. These layers are also used for simple and short-distance 
routing between the components. Layers 2 and 5, which lie immediately after the 
component layers, are dedicated as ground planes. It is crucial to include com-
plete, uninterrupted ground planes in the design to ensure that all the ground 
points in the circuit are at the same voltage both at dc and RF frequencies. Small, 
noncontiguous planes may result in a ground voltage difference between various 
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points. Because of the inductance of small planes, this difference can be higher at 
RF frequencies, causing voltage differences and ground loops.  

Also shown in Fig. 8.17 is a supply plane that distributes the supply voltage to 
various components. For the same reasons mentioned above, it is usually a good 
practice to dedicate a solid, continuous plane to the supply voltage. If there is 
more than one supply in a circuit, each could have its own dedicated plane. Alter-
natively, the same plane can be divided between them as long as each has a con-
tinuous uninterrupted plane geometry.  

 

Fig. 8.17. Cross section of a PCB showing the power planes and inner routing layer 

The supply and the ground planes are chosen to be next to each other. This 
structure constitutes a parallel plate capacitor, which increases high-frequency de-
coupling between the two planes. This decoupling is important because it provides 
a bypass path for high frequency noise signals, preventing them from developing 
across the power planes. In effect, this structure ensures that the supply plane has 
low ac impedance and is thus close to an ideal power plane.  

Another important role of the power planes is to provide a reference plane for 
transmission lines. For example, if in Fig. 8.17 two components on layer 1 need to 
be connected with a microstrip transmission line, the ground plane on layer 2 can 
naturally provide the needed reference plane. Likewise, layer 5 can provide the 
reference plane for any microstrip structure on layer 6.  

In some cases the density of the components or geometrical and topological 
concerns require that transmission lines be implemented in the inner layers. The 
cross section of Fig. 8.17 can support buried stripline transmission lines on layer 
4. In this case, layer 3 and layer 5 provide the reference planes. Note that in this 
case one of the power planes is a ground plane while the other one is a supply 
plane. But this is not a problem, because from an ac point of view the supply plane 
has the same potential as the ground plane, as long as it is sufficiently bypassed.  
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8.10.2 Circuit layout 

As the operating frequencies increase, the standard lumped circuit models that we 
use for electrical elements start to break. The most obvious case is that of a simple 
electrical interconnection. In a lumped circuit model we assume that the voltage 
along an electrical interconnect is the same at any given point in time. In reality, 
as the operating frequency increases, the corresponding wavelength decreases, and 
once the length of the interconnects becomes comparable to the wavelength (say, 
more than 0.1 of the operating wavelength), transmission line effects must be 
taken into account. In such cases, a controlled impedance transmission line must 
be used, and source and/or load impedance matching techniques should be util-
ized. This ties in with the availability of a continuous reference plane, as any dis-
continuity in the reference plane results in a disconnect for the return path of the 
involved signals. A corollary of the above statements is that electrical intercon-
nects must be kept as short as possible to minimize current loops and impedance 
mismatchings.  

Parasitic effects also play an increasingly important role at higher frequencies. 
This means that simple components such as resistors and capacitors may not be-
have as simple lumped elements. A resistor may show a shunt capacitance and a 
capacitor may show a series inductance. These parasitic effects cause high-
frequency poles and zeros, and should be taken into account if the operating fre-
quency starts to approach those poles and zeros. From the point of view of layout, 
it is generally a good idea to place the components closer to each other and use 
smaller land patterns. In this respect, use of surface mount components can sig-
nificantly improve the high-speed behavior of a circuit. These components do not 
have leads and therefore their parasitic series inductance is much less compared to 
their leaded counterparts. This applies both to passive components and active ICs.  

 

Fig. 8.18. Sample current path in the turn on cycle for a singe-ended laser driving scheme 
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A continuous reference plane under the layout provides a low-impedance path 
for ground connections, and so a via can be dropped to provide the ground con-
nection wherever needed. However, the ground plane causes an extra stray capaci-
tance under the connecting pins of the elements. This extra stray capacitance may 
have an undesirable effect when it comes to the inputs of high-frequency ampli-
fier, as it may reduce the useful bandwidth and degrade the edge rates. So it may 
be necessary to retreat the ground plane slightly away from under such points to 
reduce the stray capacitance and improve the frequency response.  

Another important practice is the inclusion of bypass capacitors close to the 
supply point of active devices. These bypass capacitors provide a low-impedance 
path for high-frequency signals and isolate noise sources from the rest of the cir-
cuit. This is especially important for devices that require high current switching, 
such as laser drivers, or other digital components. Figure 8.18 shows the function 
of these bypass capacitors during a turn on cycle for a single-ended laser driver 
circuit.  

For instance, when the transistor switch closes, it draws a pulse of current. This 
pulse is provided through a current division between RB and the characteristic im-
pedance of the transmission line. The current pulse travels through the transmis-
sion line until it reached the diode laser. Both RB and diode laser are connected to 
the supply voltage plane. If it were not for the two bypass caps, the current had to 
be provided by the voltage source. Even with a low-impedance supply plane, the 
current pulse would have caused a voltage glitch because of the large rate of 
change of current, approximately given by 

 
t
ILV

Δ
Δ=Δ  (8.11) 

where L is the inductance of the power plane, ΔI is the modulation amplitude, and 
Δt is the signal rise time.  

 

Fig. 8.19. The role of bypass capacitors in isolating noise from a sensitive device 
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For instance, a modulation current of 50 mA with a rise time of 100 ps results 
in a voltage glitch of 50 mV over and inductance of 100 pH. This voltage glitch 
can appear as supply noise for other components connected to the supply plane. 
However, the bypass capacitors provide a charge reservoir for the current pulse 
and reduce the magnitude of glitch for the rest of the circuit.  

The bypass capacitors can also help reduce the effects of the noise already ex-
isting in power planes on a sensitive device. This is a scenario perhaps more rele-
vant to analog parts. Figure 8.19 illustrates an example of an amplifier tied to a 
noisy power plane. Without the bypass capacitor, the noise currents can enter the 
amplifier through the supply connection. But the bypass capacitors provide a low-
impedance path for noise currents, preventing them from disturbing the sensitive 
nodes within the amplifier. 

In practice, it is common to use more than one capacitor for bypassing critical 
points. This is because each capacitor has a resonant frequency, above which its 
impedance starts to rise. Using more than one capacitor ensures that the whole 
frequency range of interest is covered. As can be seen from Fig. 8.19, the high- 
and low-frequency components of the noise current are bypassed by C1 and C2 re-
spectively, where C2>>C1.    

In many circuits, both analog and digital circuits exist. An example of a sensi-
tive analog circuit in fiber optic systems is the receiver, which has to convert a 
very weak signal received from a PIN or APD detector to a strong digital or ana-
log signal. Digital circuits may include circuits like laser drivers and microproces-
sors. It is a good practice to increase the isolation between these parts in order to 
reduce crosstalk noise. Oftentimes the easiest way to realize this separation is to 
use separate power planes. For example, each circuit can be implemented in a 
separate section of the PCB, with its own power and ground planes. If the power 
planes have to be dc connected, a low resistance but high-impedance element 
(such as an inductor or a ferrite bead) can be used to allow dc currents but isolate 
high-frequency noise. 

 

Fig. 8.20. Noise transfer due to capacitive, inductive, and radiation coupling  
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Crosstalk noise can also result from energy coupling between an “offending” 
element and a “victim” element. An example of an offending element can be a 
long trace carrying a high-frequency signal. Such a trace can act as an antenna and 
can radiate electromagnetic energy which can be picked up by other elements in 
the circuit. There can also be noise energy transfer due to capacitive or inductive 
couplings.  

Figure 8.20 is an illustration of different mechanisms for transfer of energy 
from an offending trace to adjacent points in the circuit. To minimize noise cou-
pling, therefore, traces carrying high currents or fast switching signals must be 
kept separate and at a distance from other points in the circuit, especially sensitive 
high-impedance points and traces such as amplifier inputs. 

To minimize radiation, the area of the loops carrying high currents (consisting 
of the trace itself and the return path) should be minimized. Having a continuous 
reference plane for such high current traces or using differential signaling schemes 
can achieve this goal. Using differential signaling for the victim traces can also re-
duce the noise reception, because noise signals appear as a common mode signal 
which will be rejected by a differential receiver.  

8.11 Summary 

In this chapter we discussed some of the main issues involved in the design of fi-
ber optic transmitters. First, we introduced the concept of a transmitter optical 
subassembly (TOSA). Almost all practical transmitters use a TOSA as their light 
source. TOSAs perform a wide variety of functions and make otherwise delicate 
optical sources practically usable.  

To operate a TOSA, we need a driver circuit. In many cases the laser is modu-
lated directly. Direct modulation transmitters are in general simpler to design and 
operate. We started from the simplest modulation schemes and gradually intro-
duced various topics such as power and modulation control as well as particular 
circuits used in these transmitters. We discussed issues such as thermal runaway, 
transmission line effects, and ac coupling.  

Next we turned our attention to other classes of optical transmitters. Specifi-
cally, we discussed external modulators, burst mode transmitters, and analog 
transmitters. Our treatment of these topics, although brief, can serve as a general 
framework for many different classes of optical transmitters used in fiber optic 
applications. 

Finally, we turned our attention to high-frequency design practices involved in 
these transmitters. Power plane management, layout techniques, and noise immu-
nity were among some of the topics we covered.  

We will return again to some other aspects of optical transmitter design in 
Chapter 10, where we discuss reliability. Reliability issues, including thermal, me-
chanical, optical, and electrical concerns, are an integral part of any design. Therefore, 
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topics covered in Chapter 10 can be considered a complementary follow-up for the 
subjects discussed in this and the next chapter. 
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Chapter 9  
Optical Receiver Design 

9.1 Introduction 

In this chapter we consider issues related to the design of optical receivers. As 
signals travel in a fiber, they are attenuated and distorted, and it is the function of 
the receiver circuit at the other side of the fiber to generate a clean electrical signal 
from this weak, distorted optical signal.  

An optical receiver consists of an optical detector, usually a PIN or APD diode, 
which converts the optical signal to an electrical signal. However, the signal gen-
erated by a detector is generally too weak to be usable, and so the detector is fol-
lowed by several stages of further amplification and signal conditioning. For digi-
tal receivers these typically include a transimpedance amplifier, a limiting 
amplifier, and a clock and data recovery unit. For analog receivers, the amplifica-
tion may be combined with proper filtering and frequency domain signal condi-
tioning. We will discuss some of the general requirements of these circuits in this 
chapter.  

Traditionally, optical receivers have been working in continuous (cw) mode. 
However, with the advent of fiber-to-home and PON networks, burst mode re-
ceivers have become increasingly important. Design of these receivers poses par-
ticular challenges, and we will discuss some of these challenges in this chapter as 
well.  

We should also note that an optical receiver, like an optical transmitter, handles 
serial data at the nominal link data rate, and thus it should be a high-speed circuit 
possessing the whole bandwidth of the optical signal. As a result, many of the 
high-speed techniques we have discussed previously apply here too. However, be-
cause we have covered these techniques in the previous chapters, we will not 
cover them here in any detail, and just make references to the previous chapters 
wherever needed. 

9.2 Receiver optical subassembly (ROSA) 

As we noted before, the first stage of an optical receiver circuit consists of an opti-
cal detector. The detector is usually part of a receiver optical subassembly, or 
ROSA. The role of a ROSA is very much similar to that of a TOSA in an optical 
transmitter. Thus, we do not go over the details here as they are in most part simi-
lar to what we covered in Chapter 8. In fiber optic receivers, the detector is usually 
a PIN or APD device. As discussed in Chapter 6, a PIN or APD is essentially a 
reverse-biased diode with very small dark current. From a circuit point of view, 
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the photodetector acts like a light-controlled current source. As light hits the junc-
tion, more current flows, and it is the changes in this current that the circuit must 
detect and amplify to reconstruct the original signal.  

The current generated by a PIN or APD detector is generally very weak and 
could be in the μA range or even less. Obviously, such a weak signal is not di-
rectly usable, and so it must be amplified. Moreover, as we mentioned in the pre-
vious chapters, most high data rate circuits are based on differential signaling. It is 
therefore necessary to convert the current output of the detector to a differential 
signal, so that next stages can handle it more easily.  

9.2.1 Transimpedance amplifier (TIA) 

To achieve these goals a ROSA often includes a pre-amplifier, also known as a 
transimpedance amplifier (TIA), immediately after the detector. Figure 9.1 shows 
a schematic diagram of a detector and a TIA. 

 

Fig. 9.1. Schematic diagram of a detector and a transimpedance amplifier 

As can be seen from the figure, the detector is reverse biased at a given voltage 
VBIAS. The detector current flows into a high-gain amplifier whose closed loop gain 
is determined by a feedback resistor, RF. The output of this first-stage amplifier 
is then converted into a differential signal which constitutes the output of the 
transimpedance amplifier. 

A common problem for all receivers is the wide dynamic range of received sig-
nals, because depending on the distance and the power of the transmitter, the 
power level at the receiver can vary greatly [1–4]. Here dynamic range refers to 
the ratio of the maximum to the minimum optical power that the receiver will en-
counter under normal operating conditions and is usually expressed in units of 
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dBs. For instance, a dynamic range of 30 dB (which is not unusual) means that the 
lowest optical power that the receiver should be capable of recovering is 1000 
times smaller than the highest power that it should be able to work with. Such a 
wide dynamic range makes it difficult to keep all the stages in their linear mode.  

For instance, suppose at maximum optical power, the maximum peak–peak 
value of the TIA output is 2 V. A dynamic range of 30 dB means that the same 
output can fall to only 2 mV for the weakest optical signal that this receiver must 
work with. Naturally, a 2 mV signal is not large enough for subsequent stages in 
the circuit. Wider dynamic ranges only exacerbate this ratio. Note that simply in-
creasing the gain does not solve the problem, because a larger gain will help the 
low power signals but will cause an increase in the maximum peak-to-peak value 
of output when the input power is high. In short, one (or any number of) linear 
amplifier stage(s) cannot change the dynamic range of a signal. 

To improve the dynamic range performance of the receiver, usually an auto-
matic gain control (AGC) circuit is used. The AGC circuit is implemented via a 
feedback loop that samples the output of the TIA and controls the feedback resis-
tor in the first stage. Using a nonlinear block such as an AGC circuit will greatly 
improve the situation, because then the gain will be kept high when it has to be 
high, i.e., at low powers. But at higher levels of received power when the gain does 
not need to be too high, the gain is lowered. This concept is illustrated in Fig. 9.2. 

 

Fig. 9.2. Gain compression in an AGC amplifier. (a) Gain is higher when the input power is low 
and (b) gain is lower when the input power is high 

Figure 9.2a represents the case where the received optical power is low. The AGC 
circuit in this case increases the gain of the TIA. In Fig. 9.2b the received opti-
cal power is higher. As a result, the AGC has lowered the gain of the TIA, and 
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although the resulting output is still higher compared to case (a), the ratio of the 
two output is much less than the ratio of the two inputs. In other words, the AGC 
has compressed the gain. As a result of this gain compression, the dynamic range 
requirement for the subsequent stages in the circuit is relaxed. 

The AGC circuit is a feedback loop, and like any other feedback loop, has a 
time constant [5]. This time constant has a direct bearing on the pattern depend-
ency of the receiver. A fast time constant reduces the immunity of the receiver to 
long sequences of consecutive identical digits (CIDs), because the AGC circuit 
cannot distinguish between long CIDs and actual power changes. A slow time 
constant, on the other hand, reduces the ability of the receiver to track the changes 
in the level of the received signal.  

In most applications the received power does not change significantly in short 
periods of time, and therefore a slow time constant does not impact the tracking 
capability of the receiver. In such cases the slowest possible time constant must be 
used to minimize pattern dependency, which could become especially annoying at 
lower data rates and longer CIDs. The exception to this rule of thumb is burst 
mode applications, where the receiver must respond to quick dynamic changes in 
power between packets coming from transmitters at different distances. We will 
discuss these receivers separately later in this chapter.  

9.2.2 Detector/TIA wire bonding in optical subassemblies 

It is well known that in order to maximize the signal-to-noise ratio (SNR) of a 
communication system, it is crucial to improve the SNR at the first stage when the 
signal is weakest. In other words, any noise added to a signal at the first stage will 
be amplified by subsequent stages, and thus it will be hard (if not impossible) to 
remove. For fiber optic receivers, the implication is that the current output from 
the detector must be amplified as soon as possible. In other words, it must not be 
routed for long distances, because any degradation due to transmission line effects 
or coupled noise from other parts of the circuit can seriously impact the overall 
performance of the receiver. This is a concern especially at higher data rates. As a 
result, for data rates above several hundred Mbps the TIA and the detector must be 
mounted in the same optical subassembly.  

As a result, virtually all TIA circuits available are in the form of integrated cir-
cuits in die form, intended to be wire bonded to the detector [6,7]. Direct wire 
bonding reduces the distance that the signal must travel in order to get to the TIA. 
Moreover, the signal does not have to go through the pins of standard packaged 
ICs, as those pins inevitably introduce more parasitic effects. Figure 9.3 shows the 
top view of the wire-bonding schematic for a simple photodetector and TIA in a 
ROSA. To have an idea of the dimensions in such structures, it is useful to keep in 
mind that the length of a typical TIA die is usually less than 1mm.  

The photodetector is placed at the focal point of a lens which focuses the light 
at the center of the detector. Detector’s cathode and anode are wire-bonded to the 
TIA. The TIA provides the bias voltage for the detector’s cathode and receives the 
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photocurrent from the anode. The outputs of the TIA are wire-bonded to the trans-
mission lines or other electrical interconnections that carry the signal out of the 
optical subassembly. As can be seen from Fig. 9.3, the distance that the signal 
must travel from the detector to the input of the TIA is very short. It is sometimes 
possible to extend the effective bandwidth of the interface by slightly increasing 
the length of the wire bond and creating a peak in the frequency domain transfer 
function from the detector to the TIA. However, such a peaking will introduce ad-
ditional phase shifts and it should generally be avoided unless the set-up is care-
fully studied and tested.  

  

Fig. 9.3. Typical wire bonding diagram for a photodetector–TIA in a ROSA 

Another critical parameter is the size of the detector. Larger detectors are easier 
to work with, as it would be easier to align them with the focal point of the light. 
Also, the focal point does not need to be very small, and therefore cheaper optical 
components can be used. The drawback of a large detector, however, is higher 
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junction capacitance. This could impose a problem at higher data rates. For exam-
ple, a typical PIN or APD detector with an active area diameter of 50 µm may 
have an approximate junction capacitance of 0.25–0.5 pF. This junction capaci-
tance is proportional to the area of the detector, which varies with square of the 
diameter. On the other hand, the capacitance of the detector and the input resis-
tance of the TIA determine the bandwidth of the interface between the detector 
and the TIA. Thus, increasing the size of the photodetector will increase the 
capacitance of the junction and cause a reduction in bandwidth.  

It is also important to provide sufficient bypassing capacitors close to the TIA 
and the photodetector. This bypassing is needed to isolate the noise from other 
parts of the circuit from coupling into the TIA. Supply and ground bondings must 
be kept short to minimize the ground loops that can cause ac drop. Moreover, usu-
ally several supply and ground pads are provided to reduce the effective induc-
tance for power and ground connections. Many integrated TIAs also provide an 
additional filtering scheme for the supply point of the photodetector in the form of 
an integrated resistor (Rf) that along with an external capacitor, provides a low-
pass RC filter for the photodetector bias.  

9.2.3 APD receivers  

So far we have not explicitly distinguished between PIN and APD diodes. As 
mentioned in Chapter 6, the advantage of APD diodes over PIN diodes is that they 
provide internal current gain. This inherent gain can reduce the minimum power a 
receiver can work with by a few decibels, an extra link margin that is sometimes 
very desirable [3,8]. The disadvantage is that an APD detector is more expensive 
and requires a high voltage supply, typically in the range of 30–70 V. As a result, 
APD detectors are used in high-end receivers, where the link budget requirements 
cannot be met with a regular PIN diode.  

The high-voltage requirement for an APD detector requires a separate high-
voltage step-up converter circuit. Moreover, for optimal performance, the APD 
bias voltage must be closely controlled over operating temperatures. As discussed 
in Chapter 6, at any given temperature, the best SNR is achieved when the APD is 
biased slightly below its breakdown voltage. If the APD is biased higher, its cur-
rent gain will increase; however; because of excessive noise the performance of 
the receiver will suffer. On the other hand, if the APD is biased lower, the current 
gain will decrease, and consequently the APD gain is not fully utilized. This 
leaves a relatively narrow range of voltages, say 2 V, in which a given APD deliv-
ers the best performance.  

However, there are two additional factors that complicate the task of an APD 
bias circuit. First, each individual APD has a breakdown voltage that is unique to 
it and may slightly differ from the breakdown voltage of a similar APD. Therefore 
to maximize the utilization of an APD, the breakdown voltage of each device may 
have to be measured individually and the bias circuit for that device must be tuned 
accordingly.  
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The second complication comes from temperature. The breakdown voltage of 
an APD detector increases with temperature. Therefore, the bias circuit must 
change the APD bias voltage as a function of temperature. In most cases the 
breakdown voltage varies linearly with temperature. This means the bias circuit 
must increase the voltage linearly with temperature too.  

We faced the same problem of temperature dependence in the previous chapter 
where we were discussing temperature compensation of diode laser bias and 
modulation currents. As we mentioned there, it is possible to address such re-
quirements by adding a simple temperature sensor to the electronic circuits. How-
ever, as a result of the nonlinear characteristics of such temperature-sensitive de-
vices, it is very difficult to achieve the required accuracy in the control of the 
desired parameter. An alternative approach, based on look-up tables, is generally 
the preferred method. Figure 9.4 shows the schematic of this approach in a typical 
APD receiver. 

 

Fig. 9.4. A look-up table implementation for an APD bias circuit 

In a look-up table approach, a temperature sensor measures the current tem-
perature. This temperature is then used as an index into a two-dimensional table, 
which is pre-programmed with the desired value for the APD voltage correspond-
ing to that temperature. The look-up table is implemented digitally, for instance, in 
a microcontroller or a digital potentiometer. Therefore, the digital value corre-
sponding to the desired temperature has to be converted to an analog value 
through a digital-to-analog converter (DAC). The result is then amplified by a 
step-up converter to a high-voltage level needed for the APD bias. In this manner, 
any desired voltage vs. temperature profile can be accommodated. As noted be-
fore, usually the breakdown voltage increases almost linearly with temperature. A 
typical slope is around 0.1 V/°C. 

Figure 9.4 also shows a resistor Rs in series with the APD detector. This resistor 
is a very useful tool for enhancing the performance of an APD receiver. Its most 
important role is improvement in the dynamic range of the receiver. We know that 
the gain of the APD reduces if the APD voltage is decreased. On the other hand, 
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the highest gain is needed when the optical power is small, while the same high 
gain can saturate the TIA at high optical power. Adding this series resistor pro-
vides a feedback mechanism whereby the APD voltage – and therefore its gain – 
is reduced at high input powers. This is because a higher input power increases 
the photocurrent, which in turn causes a voltage drop on Rs. As a result of this 
gain reduction, the maximum optical power that the receiver can work with will 
increase. This gain reduction is also a useful feature for safety. Because without 
this feature, if for any reason the receiver is exposed to a high level of optical 
power, excessive current combined with high voltage can cause excessive power 
dissipation and damage to the ADP.  

9.3 Limiting amplifier 

In digital receivers, the next stage after a TIA is a limiting amplifier (LIA). As 
shown in Fig. 9.5, the function of the limiting amplifier is to provide additional 
gain and signal conditioning. The output of the TIA is still essentially an analog 
signal. By comparing this analog signal with a threshold level, and because of its 
high gain, the LIA acts as a comparator and provides a full-swing digital signal 
that can be used by the subsequent blocks in the rest of the circuit.   

 

Fig. 9.5. Conceptual illustration of the limiting amplifier’s function 

As can be seen from Fig. 9.5, choosing the right threshold level is a crucial fac-
tor in the performance of the receiver. Typically, the threshold level must be cho-
sen in the mid-point of the TIA’s output swing to minimize the probability of er-
ror. If we think of the output of the TIA in the form of an eye pattern, the 
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threshold must be chosen in the middle of the vertical eye opening, where the 
combined effect of the noise from the one and zero level signals is minimum. 

Note that the threshold voltage is a dynamic value that needs to be generated 
based on the current state of the signal. This is because the common-mode voltage 
of the signal coming out of the TIA is not constant, but can be a function of a vari-
ety of parameters, including the received power level, supply voltage, and tem-
perature. In a simple circuit such as the one shown in Fig. 9.5, one way to generate 
the threshold is by using an integrating circuit that acts as an average detector. 
Such a scheme will work as long as the signal is balanced in terms of average 
number of zeros and ones. For an unbalanced signal, more sophisticated schemes 
may be necessary to detect the average of the signal.  

The scheme shown in Fig. 9.5 is based on a single-ended interface between the 
TIA and the LIA. However, in practical circuits almost always a differential cou-
pling between the TIA and LIA is used, a feature needed to minimize the effects 
of common-mode noise. Also in a differential scheme the effective amplitude of 
the signal that is received by the LIA will be doubled. Figure 9.6 shows a practical 
LIA circuit that is differentially coupled to the TIA. 

 

Fig. 9.6. Schematic of a differential limiting amplifier circuit with automatic offset adjust 
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does not behave like an ideal capacitor above its resonance frequency because of 
the parasitic inductance of the package. Therefore, large values of coupling ca-
pacitors may cause problems at higher data rates. Generally speaking, a value of 
0.1 µF is typical for data rates above a Gbps. Lower data rates may require larger 
capacitors.  

Figure 9.6 also includes a schematic representation of the threshold adjust cir-
cuit, which is now based on a dc offset cancellation loop. This loop samples the 
differential voltage at the output of the LIA. The differential signal then goes 
through a low-pass filter (LPF), at which point it is converted to an offset voltage 
that is added to the input voltage of the LIA. As usual, the time constant of the 
loop is controlled by a capacitor C.  

The operation of the dc cancellation loop can be explained as follows. The LIA 
can be considered as a high-gain differential amplifier which receives a low-
amplitude differential signal from the TIA. If the common-mode voltages of the 
two differential signals at the input of the amplifier are the same, the signal is bal-
anced, and therefore the output of the amplifier will also be balanced. This situa-
tion is shown in Fig. 9.7a. In this case the average voltages for the two outputs of 
the high-gain amplifier are the same, the output of the LPF will be zero, and no 
threshold adjustment is applied to the LIA’s input. This represents the equilibrium 
operating point of the loop.  

 

Fig. 9.7. Operation of the dc offset cancellation loop. (a) Balanced inputs and outputs, (b) dc off-
set in inputs, causing pulse distortion and dc offset at output 
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of the differential amplifier has caused pulse width distortion and dc offset at its 
output.  

The addition of a dc cancellation loop will solve this problem by injecting an 
additional dc offset to the LIA input, forcing the dc offset at the output to go to 
zero. In this way, a feedback loop dynamically maintains the average voltage of 
the signals as they are applied to the limiting amplifier, effectively optimizing the 
threshold level continuously. This also underlines the importance of choosing the 
right time constant for the feedback loop. A long time constant results in a slow 
loop response. This would be useful for slow data rates or for data patterns with 
long identical sequences. But such a long time constant could cause problems 
when it is necessary for the loop to adjust itself to new conditions in a speedy 
manner.  

9.4 Clock and data recovery  

The limiting amplifier provides a full-swing digital signal. However, any jitter 
present in the signal will be transferred directly through the TIA and the LIA. In 
other words, although these circuits will “clean” the signal in terms of its ampli-
tude, they do not perform any conditioning in the signal timing. If a signal has ac-
cumulated jitter, that jitter will still be present in the output of the LIA. Moreover, 
to recover the original signal correctly, the receiver must have information about 
the timing of transitions. Therefore, the receiver must somehow have clock infor-
mation about the signal so that it can sample the signal at the right times, i.e., 
when each bit has reached its correct logic level. The most common way of ob-
taining this information is to recover the clock from the received signal itself.  

This is done through a clock and data recovery (CDR) circuit [11–13]. Nor-
mally, a CDR consists of a phase lock loop (PLL) along with a flip–flop that syn-
chronizes the transitions in the bit stream with the transitions in the clock signal 
generated by the PLL. Figure 9.8 illustrates the block diagram of a typical CDR 
circuit. 

 

Fig. 9.8. Clock and data recovery (CDR) circuit 
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The phase detector compares the phase of the incoming signal with the clock 
and produces an analog voltage proportional to the phase difference. The analog 
voltage then goes through a loop filter. Typically the loop filter is in the form of a 
proportional-integrator (PI) controller. The output voltage of the filter controls the 
frequency of a voltage control oscillator (VCO). In this scheme, the output of the 
phase detector is the error signal, and the feedback loop attempts to minimize this 
error signal. If the loop filter has a pole at the origin (i.e., it includes an integrator), 
any non-zero error signal will be integrated over time and will cause the loop to 
move. As a result, at steady state, the error signal must be zero. This corresponds 
to the case where the PLL is locked, and the output of the VCO is at the same fre-
quency as the data. Consequently, the output of the VCO can be used as the re-
covered clock. At the same time, this recovered clock can be used to retime the se-
rial input data, for instance by having the input data go through a D flip–flop 
which is triggered on the rising edge of the recovered clock.  

In this way, the CDR can be used, not only to extract the clock from the re-
ceived serial stream, but also to “clean up” the jitter in the received data. This is 
shown in Fig. 9.9. 

 

Fig. 9.9. Clock and data recovery from a single stream of data 
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9.5.1 Signal-to-noise ratio (SNR) and bit error rate (BER) 

The performance of a digital receiver is mainly determined by the signal-to-noise 
ratio at the decision point in the receiver. Figure 9.10 shows the eye diagram of a 
digital signal that can have two values, x1 corresponding to a logical 1 and x0 cor-
responding to a logical 0. The threshold level xth is set between x1 and x0. Once a 
threshold level is selected, any value above the threshold is interpreted as a 1 and 
any value below the threshold is interpreted as a 0.  

In reality, because of the inherent noise in the detection process, the 0 and 1 
levels are not single-valued, but instead are characterized by probability distribu-
tions.  

 

Fig. 9.10. Noise probability distribution in a digital signal 
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Likewise, the probability that a transmitted 0 is erroneously detected as a 1 is 
given by 
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In balanced data, the probability that a transmitted bit is 1 is equal to the probabil-
ity that it is 0, and they are both equal to 0.5. Therefore, the overall probability of 
error, or the bit error rate BER, as a function of the threshold level, is given by 
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The crosshatched area in Fig. 9.10 is a graphical representation of BER for a given 
threshold level. Equation (9.3) can be simplified greatly in terms of the Q factor, 
which represents the signal-to-noise ratio at the optimal threshold level [21]: 
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Equation (9.3) can then be written as 
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where erfc(.) is the complementary error function defined as 
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Although the erfc function is tabulated [22], the approximation given by Eq. (9.6) 
is excellent for x> 3 [21].  
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The Q factor is a convenient representation of the SNR of the signal and is 
widely used for characterization of signal quality. The Q factor can be interpreted 
more clearly if we eliminate xth from Eq. (9.4) to obtain 

 
01

01

σσ +
−= xxQ  (9.7) 

which is indeed the ratio of the amplitude of the signal (x1−x0) to the sum of the 
rms noise power at the 0 and 1 levels.  

 

Fig. 9.11. Bit error rate as a function of Q factor 
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ing with a weaker optical signal. Because sensitivity is related to optical power, it 
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is −30 dBm, it can work with signals with an optical power as low as −30 dBm or 
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1 μW. The target value of BER at which sensitivity is defined depends on the 
application. Generally a BER of 10−12 is adequate for most applications, although 
in some cases lower values like 10−10 are acceptable too.  

Sensitivity is also a function of the extinction ratio (ER) of the signal. Because 
information is carried by the modulation of the signal, for a constant average 
power, a lower ER causes a lower modulation amplitude and thus link penalty. In 
other words, to compensate the effect of decreased vertical eye opening the initial 
launch power must increase. This effect, known as ER power penalty, or simply 
ER penalty, can be estimated easily using Eq. (3.31) Chapter 3. Consider two op-
tical signals with the same average power, but with different linear extinction ra-
tios ER1 and ER2 (ER1>ER2). The power penalty for the reduction of extinction ra-
tio from ER1 to ER2 is the ratio of the eye amplitude in the two cases, expressed in 
decibel-milliwatt. This ratio can be obtained from Eq. (3.31): 
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For example, if the extinction ratio of a transmitter drops from 11 to 9 dB, the link 
suffers a power penalty of 0.4 dB. We can also consider the case of very high ex-
tinction ratio (ER→∞) as a reference and calculate the penalty of any other ER 
with respect to that reference. Setting ER1→∞ in Eq. (9.8), the ER penalty for any 
other ER can be calculated: 

 

 

Fig. 9.12. Extinction ratio power penalty as a function of logarithmic ER 
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Figure 9.12 shows a plot of ER penalty as a function of logarithmic extinction ra-
tio. For reference, the linear ER is also shown in this figure. As expected, for any 
given average power, lowering ER results in a power penalty. For instance, lower-
ing ER from 15 to 10 dB results in a penalty of around 0.6 dB. However, lowering 
ER another 5 dB (from 10 to 5 dB) results in 2 dB of penalty. The nonlinear nature 
of this curve implies that extinction ratios less than 10 dB are exceedingly “expen-
sive,” because much of the optical power is dc light and does not contribute to the 
transmission of information.  

As noted above, for sensitivity to be clearly defined, the target BER and the 
signal’s ER must be clearly specified. It is therefore not uncommon to characterize 
a receiver more extensively over a range of parameters through characteristic 
curves. One of the most common ways to do this is through waterfall curves. A 
waterfall curve is a plot of BER as a function of received power. Figure 9.13 illus-
trates representative waterfall curves for an optical receiver. 

For instance, the receiver characterized in Fig. 9.13 has a sensitivity of 
−31 dBm at BER=10−12 at ER=12 dB. It can also be seen that a 1 dB decrease in 
optical power results in an increase of more than one order of magnitude in BER. 
Thus, the waterfall curve provides a means of relating the BER tolerance of a sys-
tem to the link budget. Also, it can be seen that increasing the ER will improve the 
BER for a given power, although at ERs above 10 dB the return starts to diminish.  

 

Fig. 9.13. Waterfall curve representation of a receiver’s performance 
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We should note that Fig. 9.13 is only a representative example of waterfall 
curves. Theoretically, a waterfall curve is a consequence of the exponential de-
pendence of BER on SNR. In reality, however, waterfall curves may show more 
complex behaviors. For instance, the slope of the line may change significantly at 
different powers. Such anomalies highlight deviations of the actual noise statistics 
from the simple Gaussian distribution which we assumed in the previous section. 
Therefore, because waterfall curves can easily be obtained by measurement, they 
provide an excellent tool for analysis of a receiver and the nature of noise statistics 
at the detection point. 

9.5.3 Overload 

A receiver can work properly within a limited range of optical power. As noted in 
the previous section, sensitivity specifies the lower side of this limit. From a theo-
retical point of view, sensitivity represents a point where SNR falls below the 
level that corresponds to the target BER. On the other hand, as the received power 
increases, eventually we get to a point where the receiver begins to saturate. For 
instance, the current output from the photodetector may get so large that the tran-
simpedance amplifier can no longer handle the signal. Saturation of the input stage 
of the amplifier will then lead to excessive distortion and will cause the receiver to 
not function properly. The maximum optical power that a receiver can receive 
while still working properly is known as the overload. Like sensitivity, overload is 
expressed in units of decibel-milliwatt.  

 

Fig. 9.14. Representative behavior of a receiver from sensitivity to overload 
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Waterfall curves provide a useful tool to characterize overload too. Figure 9.14 
shows a sample waterfall curve over a larger range of optical power and exempli-
fies the behavior of a receiver from sensitivity to overload. Let us assume that we 
are dealing with an application where the maximum acceptable BER is 10−12. In 
this example, the sensitivity of the receiver is −30 dBm, because if the power falls 
below this level, the BER will exceed 10−12. On the other hand, for optical powers 
higher than −5 dBm the BER will exceed the acceptable threshold level of 10−12 
again. Therefore, the overload point in this example is −5 dBm.  

An interesting question is what happens to the BER for power levels between 
sensitivity and overload. From a theoretical point of view we may expect the BER 
to fall to exceedingly low values. In reality, however, an error floor may exist that 
limits the lowest achievable BER. This may be due to a variety of phenomena that 
could result in deviations from an ideal Gaussian noise distribution. However, it is 
hard to verify the existence of such error floors, because by definition they repre-
sent very low BERs. As an example, a BER of 10−16 at a bit rate of 1 Gbps is 
equivalent to one error every 115 days. Therefore, it is impractical to obtain ex-
perimental data points for such low BERs.  

Another parameter related to sensitivity and overload is dynamic range. As 
shown in Fig. 9.14, dynamic range represents the ratio between the maximum and 
minimum powers that the receiver can work with. Dynamic range (in units of 
decibel) can be obtained by simply subtracting the sensitivity from the overload 
(in decibel-milliwatt). In the example of Fig. 9.14, the dynamic range is 25 dB.  

9.6 Characterization of clock and data recovery circuits 

As discussed earlier, an optical receiver typically requires a clock and data recov-
ery (CDR) circuit to extract the clock signal from the received serial data. More-
over, the extracted clock can be used to retime the serial data itself, thus reducing 
the amount of jitter that is present in the data.  

Intuitively, we expect that there should be a limit to the amount of jitter that 
can be present in the data stream for CDR to be able to operate properly. The two 
important concepts involved in the characterization of a CDR are its jitter toler-
ance and jitter transfer functions. We shall discuss these two concepts next.  

9.6.1 Jitter transfer  

Jitter transfer refers to the relationship between the jitter applied at the input of a 
digital circuit to the resulting jitter at the output of the circuit [23,24]. It is as-
sumed that applied jitter has a sinusoidal time relationship. Figure 9.15 illustrates 
the concept of jitter transfer function. 

Let us assume that a sinusoidal signal is used to modulate the exact transition 
time (or phase) of a signal. When the sinusoidal is zero, the transition takes place 
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exactly at the time it is supposed to occur. This corresponds to no jitter. As the 
value of the sinusoidal increases, the transitions start to take place at an earlier 
time. The magnitude of jitter can be measured in terms of the ratio of the time de-
viation to the total length of a bit, or a Unit Interval (UI). Thus, a jitter of 0.1 UI 
means the time deviation of an actual transition with respect to when it should 
have occurred is 0.1 of the length of the bit. Note that using UI as the unit of time 
makes jitter description independent of the data rate. Therefore, the amplitude of 
the sinusoidal jitter function can be expressed in units of UI. Using a sinusoidal 
jitter function, then, we can add a precisely defined amount of jitter with precisely 
defined frequency to the digital signal. This signal can be applied to a digital cir-
cuit, such as a CDR. The output of the circuit can then be analyzed for the amount 
of jitter present in it.  

The ratio of the amplitude of jitter in the output signal to the amplitude of the 
jitter in the input signal at a given frequency is the jitter transfer function at that 
frequency. Usually this ratio is expressed in units of decibels, and the jitter trans-
fer function is thus defined by 
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where TJ(ω) is the jitter transfer function, and JIN(ω) and JOUT(ω) are the magni-
tudes of jitter for the input and output signals.  

 

Fig. 9.15. Illustration of jitter transfer function 
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Therefore, by scanning the frequency over a specified range, we can obtain the 
jitter transfer function over that frequency range.  

Figure 9.16 shows a representative jitter transfer function for a CDR. The jitter 
transfer function starts at 0 dB at low frequencies. Thus, for very low frequencies, 
the magnitude of the jitter at the output of the CDR is equal to the magnitude of 
jitter at input. This behavior is expected, because a very low-frequency jitter repre-
sents a phase shift which varies slowly with time, and the feedback loop in the 
PLL tracks the phase shift. But as the frequency of jitter increases, the amplitude 
of jitter at output starts to drop. This is where the PLL feedback loop maintains 
the phase of the output signal, in spite of the instantaneous changes of phase in the 
input. Note that ideally, a CDR should not show any jitter peaking in its jitter 
transfer function. In other words, the CDR itself should not add jitter to the signal. 
Moreover, note that the transfer function shown in Fig. 9.13 represents a first-
order transfer function with a dominant pole at the transition frequency ft.  

Also shown in Fig. 9.16 is a jitter transfer mask. In this example, the jitter 
mask shown is from ITU-T’s specification for STM-16 signals [25]. The jitter 
mask imposes a maximum allowable magnitude for the jitter transfer function, 
which means the transfer function of a complainant CDR must fall below this 
mask. The mask starts at the 0.1 dB point, which means that a compliant CDR is 
allowed to add a small amount of jitter to the input at low frequencies. However, 
for frequencies higher than 2 MHz, the CDR is expected to attenuate the jitter at a 
rate of 20 dB/decade. In other words, the CDR should filter out high-frequency jit-
ter from the signal. 

 

 

Fig. 9.16. Representative jitter transfer function and mask for a CDR  
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9.6.2 Jitter tolerance 

Closely related to jitter transfer is the concept of jitter tolerance [26–28]. As the 
name suggests, jitter tolerance is a measure of the ability of a digital circuit, in our 
case a CDR, to work error-free at the presence of input jitter, and it is defined as 
follows. At a given jitter frequency, the amplitude of jitter at the input of the CDR 
is increased while the bit error rate at the data output of the CDR is being meas-
ured. This can be done by sampling the data with the CDR’s extracted clock. If the 
CDR is working properly, the recovered clock must follow the phase of the signal 
and therefore no errors should be observed. The amplitude of jitter is then in-
creased until errors are observed. This amplitude, again in terms of Unit Intervals 
(UIs), is the jitter tolerance of the CDR at that jitter frequency. Scanning the jitter 
frequency yields the jitter tolerance over the entire jitter frequency of interest. 
Figure 9.17 shows the typical shape of jitter tolerance for a CDR.  

Also shown, as an example, is a jitter tolerance mask for an STM-16 signal, as 
defined by ITU-T [25]. A jitter tolerance mask outlines the minimum jitter toler-
ance expected in a particular application. The mask starts at 1.5 UI at low frequen-
cies and goes down to 0.15 UI at high frequencies. The important point to notice 
about the jitter tolerance of the CDR is that it is complimentary to the jitter trans-
fer. For frequencies below fT, the CDR tracks the jitter, and therefore it can tolerate 
large amounts of jitter. On the other hand, for high-frequency jitter, the CDR’s 
ability to track the input jitter diminishes, resulting in a lower jitter tolerance.  
 

 

Fig. 9.17. Representative jitter tolerance and mask for a CDR  
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9.7 Burst mode receivers 

The receivers we have been discussing so far can be categorized as continuous 
mode or CW because the received optical power remains relatively constant. 
Thus, it is easy for the receiver feedback loops to catch up and adjust with any 
long-term change in power. However, there is a class of applications where the re-
ceived power can change in a very short period of time. This is the case in passive 
optical networks (PON), where a single receiver has to work with multiple optical 
transmitters that in general can be at different physical distances. The outputs of 
these transmitters are multiplexed through a time division multiplexing scheme, 
resulting in a bursty traffic. As a result, a PON receiver has to be able to work 
with consecutive packets with widely different optical power. Such burst mode re-
ceivers (BMRs) are challenging to design, because they need to adjust themselves 
to a new received power level in a very short period of time. In this section we re-
view the concepts involved in these BMRs [29–34]. 

9.7.1 Dynamic range challenges in burst mode traffic 

Many of the challenges in a burst mode receiver originate from the nature and 
format of the data stream. To better appreciate various aspects of the received op-
tical signal in a burst application, it is useful to view the signal in a logarithmic 
scale, as shown in Fig. 9.18. 

 

Fig. 9.18. The parameters involved in a burst mode stream at the receiving point 
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This figure shows two packets that are sent by two different transmitters. The 
first packet has originated from a transmitter at a closer distance, thus, its average 
power is higher. The second packet has traveled for a longer distance and there-
fore its average power is lower. The two packets are separated by a guard time, to 
ensure packet collision is avoided. The guard time is also needed to ensure the 
transmitter sending packet i has enough time to shutdown completely, while the 
transmitter sending packet i+1 has enough time to turn on and reach steady state. 
The ratio of the average power for the two consecutive packets is the instantane-
ous dynamic range that the receiver has to accommodate: 

 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= −

i

i
dB P

P
DR 1log10  (9.11) 

It is important to distinguish the instantaneous dynamic range from the usual dy-
namic range encountered in standard receivers, which in this context can be called 
steady-state dynamic range. The reason can be seen from Fig. 9.18: a BMR has a 
very short time to adjust to the new optical power level in an incoming packet. As 
a result, the sensitivity of a BMR generally suffers. This burst mode sensitivity 
penalty is a major challenge in the design of BMRs [35–37]. 

Moreover, note that the extinction ratio (ER) of the optical signal is not infinite. 
Therefore, a situation can be encountered where the 0 state in the previous packet 
has more optical power than the 1 state in the next packet, as is the case in Fig. 
9.18. In this figure, the ER of the first packet is 10 dB and DRdB is 20 dB. In practi-
cal PON applications, the maximum value of DRdB can be in the range of 15– 
20 dBs, and the guard time can be as short as a few tens of nanoseconds.  

Each packet starts with a preamble field consisting of (usually) a sequence of 
alternating 1s and 0s. The preamble does not carry any information; however, it is 
used by the BMR to extract the decision threshold for the rest of the packet. The 
preamble is followed by some extra overhead bits and the actual payload data. Be-
cause the preamble can also be very short (in the range of a few tens of nanosec-
onds) the challenge in a BMR is to extract an accurate threshold level in a very 
short time.  

9.7.2 Design approaches for threshold extraction 

From the previous discussion it follows that the main difference between a stan-
dard receiver and a BMR is that in the latter case, the receiver must extract the op-
timal threshold for each packet separately, and it has a very short period of time to 
do this. This threshold is the dc level represented by Pi−1 and Pi in Fig. 9.16.  

In general, there are two approaches to threshold level recovery, feed-forward 
and feedback. Figure 9.19 provides a comparison of these two methods.   
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Fig. 9.19. Threshold extraction in a burst mode receiver based on (a) feedback, and (b) feed-
forward 

In a threshold extraction scheme based on feedback, an amplifier samples the 
outputs of the LIA and generates a dc reference voltage based on the difference 
between the common mode voltages of the two outputs. This is shown in Fig. 
9.19a. The feedback loop controls the reference voltage continuously. Thus, 
once a new packet arrives, a new value for the reference voltage is generated 
which is based on the average power in the new packet. In many ways, this 
scheme is similar to the scheme used in standard receivers, for example, as 
shown in Fig. 9.6. 
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On the other hand, Fig. 9.19b shows a BMR based on a feed-forward scheme. 
Here no feedback loop exists. Instead, the threshold level is extracted directly 
from the signal coming out of the TIA by a level detector circuit. The actual im-
plementation of a level detector may use different approaches. For instance, it can 
be based on a linear scheme such as an average detector, or a nonlinear scheme 
such a peak and bottom detector. Regardless of the actual implementation, here 
too an external reset signal is usually needed to distinguish between the conflicting 
timing requirements within individual packets and during the transition from one 
packet to the next. 

There are tradeoffs to be considered between a feedback and a feed-forward 
scheme. The most important challenge in a feedback scheme is the response time 
of the feedback loop. A BMR is expected to use up a small portion of the pream-
ble to extract the correct power level for a packet. If the timing requirements are 
relaxed, it is possible to implement feedback loops fast enough to fulfill the design 
specifications. The advantage of a feedback loop is that the threshold is acquired 
more accurately. Also, large dynamic range variations between packets can be ac-
commodated. However, if the timing requirements are strict, a feedback loop may 
not be able to reach steady-state point fast enough and, like any other closed loop 
system, stability concerns arise. For instance, in GPON applications, the preamble 
can be as short as a few tens of nanoseconds. In such cases, a feed-forward 
scheme provides an alternative solution. However, the drawback is that the 
extracted threshold may not be as accurate, and thus burst mode sensitivity pen-
alty may increase.  

9.7.3 Burst mode TIAs 

So far we have not explicitly discussed the implications of burst mode traffic on 
TIA operation. In practice, TIAs also need to be modified to accommodate burst 
mode traffic [38]. 

In a BMR, the primary factor that is affected in a TIA is the AGC loop. As 
noted before, the AGC loop increases the dynamic range of the TIA and it does so 
through a feedback loop with a given time constant. In normal applications, the 
time constant can be made arbitrarily long. However, in a BMR, a long time con-
stant means that the TIA will not respond to the quick changes between packets 
fast enough. As an example, a high-power packet can reduce the gain of the TIA 
through the AGC loop. However, if this high-power packet is followed by a low-
power packet, the TIA needs time to increase its gain. As a result, the initial part 
of the low-power packet experiences a lower gain, causing potential errors.  

To mitigate this problem, several approaches can be taken. One approach is to 
disable or remove the AGC loop altogether, and therefore remove the time con-
stant limitation. The advantage of this approach is that it is easy to implement, and 
many commonly available TIAs can be used. The disadvantage is that once the 
AGC loop in a TIA is disabled the dynamic range of the TIA suffers, resulting in 
signal distortion, sensitivity degradation, or overload deterioration.  
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A more elaborate approach is to have two time constants, a fast time constant 
during transition from one packet to the next, and a slow (or infinite) time constant 
during each individual packet. This approach provides a much wider dynamic 
range, because it effectively adapts the gain of the TIA for each individual packet 
in the data stream. The disadvantage of such an approach is that it is more com-
plex and requires additional circuitry and control connections between the TIA 
and the rest of the receiver circuitry. As noted earlier in this chapter, a photodetec-
tor and the TIA are usually interconnected by wire bondings and enclosed in a 
ROSA. Therefore, accommodation of complex interconnections or additional sig-
nals between the inside and outside of the ROSA is not very easy.  

9.8 Summary 

In this chapter we discussed the basic concepts involved in an optical receiver. In 
a fiber optic link, the receiver is responsible for converting the optical signal that 
has traveled through the fiber from optical domain back to electrical domain. As 
discussed in Chapter 5, optical signals suffer both in amplitude and in timing as 
they travel through the fiber. Thus, the receiver must be able to recover the signal 
in the face of both amplitude and time (phase) degradation. 

A fiber optic receiver circuit uses a photodetector at the front end. In most 
cases this is a PIN diode. However, in high-end receivers an APD detector may 
also be used. An APD device provides inherent current gain at the very first stage, 
and therefore allows for the detection of weaker optical signals. The disadvantage 
of an APD detector is added cost and complexity, and the requirement for a high-
voltage source.  

Regardless of the type of detector, the current output of the detector is too weak 
for most practical purposes. Therefore, the detector is almost always followed by a 
transimpedance amplifier (TIA) that provides additional gain. Moreover, to ac-
commodate a wider dynamic range, the TIA usually provides a means of auto-
matic gain control, whereby the gain is reduced at higher signal levels.  

To minimize the parasitic effects and noise coupling, the photodetector and the 
TIA are usually integrated into a receiver optical subassembly (ROSA) where they 
are connected together with very short wire bondings. Moreover, the ROSA is 
usually hermetically sealed to improve reliability against environmental factors 
such as contamination and humidity.  

In digital receivers, the next stage after the TIA is to compare the signal with a 
threshold level to extract a clean, digital signal. This is the responsibility of a lim-
iting amplifier (LIA), which must both extract the threshold level and provide the 
comparison. Usually, the threshold level is extracted from the signal through a dc-
offset cancellation loop. In these cases, the time constant of the loop is an impor-
tant parameter, because it determines the response of the LIA to long sequences of 
identical digits. 
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A limiting amplifier removes the amplitude noise and provides a clean digital 
signal. However, the signal may still include phase noise or jitter. Moreover, in 
order to interpret the signal correctly, the system needs to extract the clock infor-
mation from the signal. These two functions are achieved by a clock and data re-
covery (CDR) circuit, which oftentimes follows the LIA. A CDR is typically 
based on a PLL loop, which locks the frequency of a voltage-controlled oscillator 
to that of the signal to generate a clock signal. The extracted clock can then be 
used as a gating signal for the serial data, synchronizing the transitions in the data 
stream with the clock and effectively removing the jitter from the serial data. 

The quality of the signal at the decision point is characterized by SNR. SNR in 
turn, determines the BER and the sensitivity of the receiver. Sensitivity refers to 
the minimum optical power at which the receiver can operate below a given BER. 
More generally, waterfall curves are used to characterize sensitivity over a wider 
range of BERs. On the other hand, the performance of CDRs is characterized by 
jitter transfer function and jitter tolerance. Practical applications determine spe-
cific values for all these parameters. 

A subclass of digital receivers, known as burst mode receivers (BMRs), must 
work with packet-based data streams where the average power can change quickly 
from one packet to the next. These receivers are an important part of passive opti-
cal networks, and together with burst mode transmitters constitute the basis of 
PON links.  
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Chapter 10  
Reliability 

10.1 Introduction 

Reliability is a critical concern in all engineering systems. Reliability issues pre-
sent significant challenges to the designers, because usually it is hard to predict 
them in advance. As a result, oftentimes problems associated with reliability show 
up later in the design phase. Moreover, the inherent statistical nature of failures 
makes them harder to understand and deal with. From an economic perspective, 
reliability issues are often very expensive, because they expose problems late in 
the design phase or even when the systems are deployed and are under normal op-
eration. Such failures may require costly and time-consuming maintenance, de-
bugging, or recalls.  

All systems have a finite life, and therefore eventually fail. However, there are 
a wide variety of factors that may hasten the failure. Some of the more common 
ones that are relevant to most systems include temperature and mechanical stress. 
On the other hand, there could be specific design flaws that increase the risk of 
failure under certain conditions. While environmental stress factors are generally 
outside the control of the designers and therefore uncontrollable, the design itself 
is controllable, and therefore design flaws (at least in principle) can be minimized 
by proper design practices and testing. 

In most general terms, we can divide reliability methodologies into three cate-
gories of design, test, and quantification. On the design level, the designer’s goal 
is to reasonably predict and accommodate the risk factors that the system may en-
counter during its normal operation within its life time. Ideally, the design phase is 
the best time to address reliability issues, because it is easiest to implement any 
necessary changes at this phase before the design has solidified and proceeded to 
later phases in its life cycle.  

Regardless of how much care has gone into the design of a product or system, 
it is always likely that some bugs escape the original design. To discover these 
bugs, the design must go under a slew of tests aimed specifically at exposing any 
potential reliability risk factors. These tests should simulate and even amplify the 
real stress factors that the product is likely to encounter during its normal life. The 
existence of reliability standards is a great help in this phase, as these standards at-
tempt to classify risk factors in specific categories and define reasonable levels of 
stress in each category. Thus, a strong design methodology must include adequate 
reliability testing as part of the design cycle itself.  

Reliability testing can act as a bridge to the third reliability category, i.e., quan-
tification. Quantification methods try to address the problem of predicting the 
probability of a failure for an existing device, module, or system, regardless of the 
design practices and test methodologies that have gone into it. These methods are 
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of necessity statistical in nature and are based on statistical and probabilistic as-
sumptions and models.  

In this chapter our main concern is design practices aimed at improving reli-
ability of fiber optic modules and systems. Because a successful design must al-
ways include adequate reliability testing, we will also discuss various tests specifi-
cally aimed at exposing reliability risks. The last section of this chapter discusses 
reliability quantification and statistical modeling of reliability risks. 

 We should also note that in reality reliability is also a reflection of a whole 
range of quality procedures associated with all aspects of the manufacturing proc-
ess, including supply chain management, quality control, documentation, vendor 
qualification, and production process control, to name a few. A robust design is a 
crucial and necessary, but by no means sufficient, part of this overall quality pic-
ture. However, for the most part such issues fall outside the scope of this book. 
Our goal here is to focus only on design considerations and practices that can im-
prove reliability, given other required quality management elements are in place.  

10.2 Reliability, design flow, and design practices 

Reliability is commonly defined as the probability of a device functioning prop-
erly over the expected life time of the device under normal working conditions. 
This definition shows that the concept of reliability includes of several elements. 
First and foremost, reliability is an inherently probabilistic concept. This means 
that a “reliable” device may fail at any moment, while it is possible for an “unreli-
able” device to function for a long period of time. Thus, reliability concepts start 
to converge with reality only for large populations of devices, or operations over 
long periods of time. The second element of the definition has to do with the 
“proper” function of the device. Generally, this requires the existence of a set of 
specifications that clearly define the proper function of a device. Examples of 
these specifications include manufacturer data sheets and industry standards. 
Thus, without clearly defined specifications, reliability remains a vague concept at 
best. The third element in the definition is life time of the device. This is impor-
tant, because no device lasts forever. Therefore, reliability can only make sense in 
the context of a limited device life time. Finally, the definition includes the con-
cept of normal working conditions. Even the most reliable device fails under suf-
ficient stress. Therefore, inherent in the concept of reliability are the normal work-
ing conditions under which the device or the system under question is intended to 
work. 

Approaching design from a reliability perspective, therefore, requires paying 
attention to these elements and their ramification. Reliability in engineering sys-
tems is a vast and emerging field, especially in the light of disasters that have cost 
dearly in terms of human life, environmental impact, or economic effects [1–7].  
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10.2.1 Design flow 

Let us start by an overview of a general design flow for a typical engineering 
product. Typically, a design starts with a set of target specifications over a range 
of operating conditions, and the goal is to come up with a design that meets or ex-
ceeds these specifications. As noted in this chapter’s introduction, a designer at-
tempts to address all the concerns in the initial design phase. However, almost al-
ways there are various hidden problems that escape that first initial design phase. 
To expose these problems various tests must be performed. The best place to start 
is to test the target specifications over the range of intended working conditions. 
Moreover, because of the random nature of many failures, it is best to conduct 
these tests on a number of samples. If and once new failures are found, the design 
is modified to address the failures and the risks associated with them. Once all the 
failures are addressed, the product can proceed to the next phase, for instance, a 
pilot run. Figure 10.1 illustrates a flow chart for this process.  

 

Fig. 10.1. Typical design and verification cycle 
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thoroughly requires a significant amount of time and testing, which in many cases 
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may simply be impractical. Moreover, the design may have to go through many it-
erations before all the problems are worked out. Obviously this poses a problem in 
terms of resources, cost, and time to market. Therefore, although the process of 
Fig. 10.1 can potentially resolve most or all the hidden bugs in a design, we need 
to refine it to make it more practical. 

10.2.2 Modular approach  

One logical approach that can simplify this process is to divide the design into 
several different blocks, where the operation of each block is relatively self-
contained and each block interacts with the rest of the system through a few well-
defined “interfaces.” In fact, this is the appropriate approach for all complex engi-
neering systems: starting from the bottom, the individual blocks are defined sepa-
rately and each are validated independently. Then, more complex blocks are made 
from these simpler, already verified blocks, and in this manner the whole system 
is built. The advantage of this modular “bottom-up” approach is that it is more 
likely that bugs are found earlier in the design where it is easier and cheaper to fix 
them.  

 

Fig. 10.2. Physical layer building block and functional interconnections 
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Moreover, even later in the design it would be much easier to isolate a bug to a 
specific block as the interfaces between various blocks are clearly defined. Fortu-
nately it is not that hard to divide fiber optic systems into relatively independent 
building blocks. Figure 10.2 illustrates a typical block diagram.  

A fiber optic system usually consists of a transmitter and a receiver block. Each 
of these blocks consists of a high-speed and a low-speed path. The high-speed 
path refers to the data path, which includes the data carrying signals. The data path 
operates at the nominal rate or frequency of the optical ink. The low-speed path 
involves the supporting functions, which include control and monitoring signals.  

The control block usually includes a microcontroller or a microprocessor that is 
responsible for control of the hardware as well as establishing communication 
with the higher layers.  

The optical subassemblies include a light source (i.e., LED or diode laser) on 
the transmitter path and a PIN diode or avalanche photo-diode (APD) on the re-
ceiver path. In most cases these units are enclosed in a hermetically sealed enclo-
sure to minimize environmental effects to the sensitive optical device. Moreover, 
the receiver optical subassembly typically includes a transimpedance amplifier 
that has to be in physical proximity of the PIN or APD photodetector to minimize 
noise. The optical subassemblies interface electrically to the circuit from one side 
and through optical couplers to the fiber on the other side. 

Finally, the power management circuits provide the necessary supply voltage 
and currents for each block. Most modern circuits operate under low operating 
voltages, usually 3.3 V and below. An exception is an APD receiver which needs 
a high voltage (~40–70 V).  

Once we separate the physical layer transceiver system into these building 
blocks along with the interfaces that each block must support, it becomes easier to 
isolate hidden bugs and therefore improve the system’s robustness against reliabil-
ity risks.  

10.2.3 Reliability design practices and risk areas 

It is useful to incorporate the definition of reliability with sound design practices 
such as the modular “bottom-up” approach and summarize the results in the form 
of general recommendations, as follows: 

• The requirements of the design, including its target performance and specifica-
tions, its life span, and its intended working conditions, must be clearly defined.  

• A complex system is only as reliable as its components. It is therefore critical 
to use well-tested, well-characterized, high-quality components from approved 
vendors.  

• By “decoupling” the individual blocks, and validating them separately, a single 
bug in one block does not affect the design of the rest of the blocks. Thus, not 
all blocks shown in Fig. 10.1 need to go through the same number of iterations. 
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• Once a certain block passes the test of time and its robustness is proven, it can 
be reused in other designs with much less potential risk. The use of such proven 
blocks can significantly reduce the design cycle time and reliability risks. 

• Simplifying the design can improve reliability. Because smaller blocks become 
more generic, off-the-shelf components along with circuit recommendations 
from manufacturers can be used. To this end, many manufacturers offer useful 
application notes, guide lines, and design procedures for their circuits. Follow-
ing these recommendations can significantly reduce the risks of future failures. 

• In cases where reliability goals cannot be fulfilled with other means, parallel 
paths or redundancies provide an alternative. A redundant component, device, 
or system in critical areas improves reliability. 

• It is crucial to gain as much knowledge as possible about any failure in an al-
ready existing circuit or system. A complete understanding of the root cause of 
failure as well as its effects on other parts is crucial before attempting to ad-
dress the failure.  

• Optoelectronic devices, including lasers and detectors, are semiconductors. As 
such, they are generally very sensitive to temperature. All fiber optic compo-
nents, modules, and systems must be characterized and tested over their in-
tended operating temperature thoroughly before they can be considered reli-
able.  

• Reliability standards also provide a valuable resource for designer. Standards 
often embody a large body of knowledge and experience. These standards out-
line not only design practices, but also test and validation procedures [8–14]. 

These recommendations summarize some of the useful design practices that 
once followed properly can improve reliability and reduce the design cycle and 
cost. However, in order to arrive at more specific design practices, we need to 
have further refinements to the generic flowchart of Fig. 10.1. One way to achieve 
this is to divide reliability risk factors into different categories and try to focus on 
specific issues within each category, as illustrated in Fig. 10.3.  

 

Fig. 10.3. Classification of reliability issues for fiber optic systems 
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The idea is that instead of trying to verify a design against a broad category 
called reliability, it is useful to classify various potential reliability issues into 
separate categories and actively search for, identify, and address risk factors asso-
ciated with each category. In each category, the issues must be identified and 
worked out in both design and test stages, and the cycle should be iterated as long 
as the risk factors remain. In the following sections we will focus on each area 
separately and discuss techniques that can be utilized to improve the design phase 
and techniques that can be utilized to define tests with improved probability of ex-
posing design faults.  

10.3 Electrical issues 

A fiber optic system, as shown in Fig. 10.2, includes a series of electrical circuits 
to support its functions. These circuits are implemented as printed circuit boards 
(PCB) and are made of passive and active components. Passive components typi-
cally refer to resistors, capacitors, and inductors, while active components refer to 
elements such as amplifiers and drivers that require a power supply and are usu-
ally packaged as ICs.  

From an electrical perspective, the circuits are designed to carry out a number 
of functions. Breaking down these functions into simpler blocks as suggested by 
Fig. 10.2 would help the designer in evaluating the functions that each block is 
supposed to support. Because the circuits are intentionally designed to support 
these functions, the designer can usually check for them in a systematic way. 
However, for reliability purposes, a number of additional considerations must be 
made. We discuss some of the issues related to electrical reliability in the follow-
ing sections [8,10,12,13]. 

10.3.1 Design margin 

One of the best ways to reduce the reliability risks is to add margin to the design. 
This extra margin can address two areas: margin in the parameter space over 
which the circuit is supposed to function and margin over the value of each target 
specification.  

To clarify this point, let us consider a practical example. Figure 10.4 illustrates 
a two-dimensional parameter space consisting of operating temperature and sup-
ply voltage as related to a laser driver circuit. As noted before, temperature repre-
sents one of the most important stress parameters in optical transceiver. Let us as-
sume the temperature can vary within a range of TMIN and TMAX. For commercial 
grade parts the temperature range is typically 0–70°C, while for industrial grade 
parts it can be −40 to 85°C. Because the operating characteristics of all semicon-
ductors (especially diode lasers) vary greatly with temperature, temperature varia-
tions must be carefully considered both in the design and in the test stage. The 
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other variable shown in Fig. 10.4 is power supply. In a big mother board the sup-
ply voltage is provided by a separate supply unit. In an integrated or pluggable 
transceiver, the supply is just an input to the circuit that is provided through a con-
nector. In both cases, as far as the laser driver circuit is involved, the supply volt-
age is an input variable and can vary over a range of VMIN and VMAX. The space S defined 
by VMIN, VMAX, TMIN, and TMAX is a rectangular domain in the (T,VS) plane.  

Now let us consider an output parameter of the transmitter that needs to comply 
with a given specification. For instance, let us assume that the optical power of the 
transmitter, P, must be within a range given by PMIN and PMAX. In general, the opti-
cal power can vary with temperature and supply voltage. Therefore, we can think 
of P as a function of Vs and T. Therefore, the design objective can be stated as 

 ( ) MAXMIN PVTPP s ≤≤ , ,   [ ] STVs ∈,  (10.1) 

To add margin in the parameter space, we need to increase the area within 
which we try to meet the specification stated by Eq. (10.1). The area denoted by S′ 
adds additional margin in both the temperature and the supply voltage dimensions. 
Extending the domain beyond S ensures that any potential risk area lying immedi-
ately beyond S is caught and guarded against.  

 

Fig. 10.4. Sample parameter space for an optical transmitter 
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The risk will be even higher if the risk area represents a potential hard failure 
mechanism. A hard failure, as opposed to a soft failure, represents a case where a 
small change in the parameter space causes a big, possibly unrecoverable, change 
in a system output. In our example, this can be expressed as 
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 (10.2) 

where M is some large limit. The meaning of Eq. (10.2) is that the magnitude of 
the gradient of P is large, in other words, P varies rapidly in the direction specified 
by ∇P. An example for an optical transceiver is the thermal runaway condition, 
where at high temperature the average power control circuitry attempts to main-
tain the optical power constant by increasing the bias current to compensate for 
the efficiency degradation of the laser diode. However, increasing the bias current 
heats up the laser even more, causing a further reduction in efficiency. Therefore, 
a positive feedback loop is established which will cause a high current failure in a 
short time.  

Another common practice is to add additional margin for the output specifica-
tion given by Eq. (10.1). For instance, we can modify Eq. (10.1) to 

 ( ) MARMAXsMARMIN PPTVPPP −≤≤+ ,  (10.3) 

where PMAR is some additional power margin. Obviously, tightening the target 
specification reduces the risk of the output falling out of nominal specification for 
various reasons over time, which can happen as a result of process variations, 
component aging, environmental factors, and the like.  

The concept illustrated in Fig. 10.4 applies not only to the design phase, but 
also to the test phase. During validation tests, the design must be tested at as many 
points as possible to ensure it meets its targets. In practice, however, it is usually 
not possible to cover the S (or S′ ) domain completely and thoroughly because of 
time or resource limitations. As a result, certain crucial, representative points must 
be selected in such a way as to maximize the probability of risk or fault exposure. 
Obviously the nominal operating point should be included. In addition, as Fig. 
10.4 suggests, either the nominal or extended corner points are good candidates 
for design qualification. Use of these extreme points can reduce test time and in-
crease the efficiency of the tests.1  

Adding extra margin to the target speciation and verifying the design beyond 
the nominal parameter space are common ways of improving the reliability of a 
design. However, they come at a cost, because they could involve more complex 
design, more testing, possibly more expensive components, and reduced yields. 

                                                           
1 The implicit assumption is that the output function (in our example P(VS, T)) varies monoto-
nously in the space S or S′. Usually, this is a reasonable assumption.  
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Therefore the extra margin in both the parameter space and the target specification 
is a compromise for which engineering concerns are only one factor.   

10.3.2 Printer circuit boards (PCBs) 

Electrical circuits are commonly built with printed circuit board (PCB) technol-
ogy. A PCB provides a mechanical substrate for electronic components. It also 
provides the necessary electrical connections between circuit components where 
they need to be connected. Consequently, the PCB is in fact a very critical compo-
nent in an electrical circuit, a point sometimes overlooked by the designers.  

As a first step, following established PCB quality standards helps reliability. 
Many of these standards are available from IPC [15]. In terms of PCB layout, the 
manufacturing technology of a PCB is defined by a series of design rules. Follow-
ing these design rules ensures that the layout does not result in geometrical sizes, 
patterns, and shapes that are hard to manufacture or have a high risk of failure. 
Table 10.1 below summarizes typical values for some of the key design rules that 
state-of-the-art PCB manufacturing processes can achieve. Although actual values 
vary depending on the individual manufactures, Table 10.1 gives an approximate 
idea on the limits that can be presently achieved. It might be tempting to push the 
technology in a particular PCB layout to the very limit allowed by the design 
rules. However, this is generally not a good idea from a reliability perspective. 
Very narrow traces, very small via sizes, and high layer counts are convenient 
from a layout perspective, as they allow for a denser layout and cleaner routing. 
However, pushing the technology to its very limits brings with it not only addi-
tional cost, but also reliability risks. In general, all PCBs must be tested for con-
nectivity and isolation, and these tests are offered by most PCB manufactures.  

 

Table 10.1. Typical values of advanced PCB technology 

 

Parameter 

Minimum trace width 4 mils/ 0.1 mm 

Minimum trace separation 

Value 

4 mils/ 0.4 mm

Minimum drill hole size 10 mils/ 0.25 mm 

Maximum layer count 40 

Maximum aspect ratio of vias 12:1 

Minimum board thickness 30 mils/ 0.75 mm 
Maximum board thickness 300 mils/ 7.5 mm 
Controlled impedance  30–150 Ω 

Controlled impedance tolerance ±10% 
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 The risk of using advanced technology is not that PCBs are defective from the 
beginning. Instead, the risk is having a PCB that passes connectivity and isolation 
tests at the time of manufacturing, but with marginal physical integrity. 

For example, some of the traces may be narrower than the nominal minimum 
as a result of extra etching, some vias may be partially plated, or some connections 
may not be physically strong. As a result, a circuit built with such a PCB may pass 
all the tests, but later on fail due to environmental stress factors. Because of these 
risks, it is always wise to use the least level of technology possible in the design of 
a PCB, because usually a lower technology ensures higher long-term reliability.  

This also holds for the extra design features used in a PCB. In a state-of-the-art 
PCB, the designer can use a variety of features, such as blind and partial vias, 
filled vias, micro vias, high aspect ratio vias, hybrid PCBs consisting of a mixture 
of flexible and rigid PCBs, or tight tolerance geometries. While all these features 
facilitate the design and yield more flexibility, their use must be carefully consid-
ered and weighted against their reliability risk factors. As before, the general rule 
of thumb is that the higher and the more specialized the technology, the higher the 
reliability risks.  

10.3.3 Component selection 

Selection of components is a critical part of an electrical design. A physical com-
ponent is always an approximation to the model used in the schematic of an elec-
trical circuit, and therefore the designer must carefully study the limitations of the 
physical components he or she selects. Often times the best place to start is the 
datasheet provided by the manufacturers. It is always a good practice to study 
these datasheets and all the parameters they discuss very carefully.  

One effective way of improving reliability is the practice of derating. All com-
ponents can tolerate only a limited range of inputs, and the designer must ensure 
those ranges are met with a sufficient margin under all circumstances. The easiest 
way to achieve sufficient derating is to use components with larger absolute value 
ratings, usually available from manufacturer datasheets. The manufacturers also 
provide application notes and design guidelines about their products. Taking ad-
vantage of this information is an easy way of finding about certain reliability risks 
associated with the use of the relevant components.  

Often times the same component is available in a variety of packages and sizes. 
Broadly speaking, components can be divided into leaded and surface mount. The 
performance and small size advantages of surface mount components make their 
use unavoidable. In fact, many modern components are available only as surface 
mount. However, the surface mount components themselves are available in a va-
riety of sizes. Passive components are generally available in sizes ranging from a 
few millimeters to sub-millimeters. 
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Table 10.2 Standard sizes available for passive components 

 
Table 10.2 summarizes the standard available sizes for passive components. 

Not all values are available in all sizes. Smaller value capacitors are usually avail-
able in different package sizes, whereas larger capacitor values are generally not 
available in very small package sizes. On the other hand, resistors are more readily 
available in a more variety of physical sizes.  

Obviously use of components in smaller size packages is attractive for design-
ers. A higher component density can be achieved for a given board space, and 
smaller components generally show less parasitic effects. However, from a reli-
ability point of view, use of very small components may be problematic. From an 
electrical point of view, smaller parts generally have lower voltage, current, and 
power rating. This reduces the design margin and increases the probability of fail-
ures. From a mechanical perspective, smaller components are more fragile, harder 
to assemble, and harder to replace. Thus, mechanical and thermal stress factors 
can adversely affect the reliability of these components. Finally, very small com-
ponents can be more expensive too. As a result, very small component sizes must 
be avoided if possible.  

Active components and integrated circuits are also usually available in different 
packages and sizes. The above comments are generally true for active components 
too. Very small size packages should be avoided if possible. Very small packages 
have less thermal and mechanical stress tolerance and require higher technology 
PCBs.  

10.3.4 Protective circuitry 

In many cases, the designer can add extra components or circuits to protect against 
certain risks or failures. The standard fuses used in a variety of electronic equip-
ment are obvious examples. If for any reason the circuit draws more current than it 
should, the fuse disconnects the supply voltage to the circuit, thus protecting it 
from catastrophic failure. 

Series 

01005 

Length × Width (in.) Length × Width (mm) 

0.016 × 0.008 0.4 × 0.2 

0201 0.024 × 0.012 0.6 × 0.3 

0402 

0603 

0.040 × 0.020 1 × 0.5 

0.060 × 0.030 1.5 × 0.75 

0805 0.080 × 0.050 2 × 1.25 

1206 0.120 × 0.060 3 × 1.5 
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There are other forms of protective circuitry that can be used depending on the 
application. For example, diodes are widely used for protection against transients 
or protection against reverse biasing [16–18]. Adding a series resistor to an APD 
bias circuit results in a negative feedback loop which reduces the bias voltage of 
the APD at higher currents, thus protecting the APD from damage. Laser driver 
circuits often have safety circuits that shut down the laser in the case of a short cir-
cuit, preventing it from launching high levels of optical power. In all these cases, 
extra elements or circuits are added in anticipation of a potential failure mode, re-
sulting in designs that are more reliable in the face of uncertain operating conditions. 

10.4 Optical issues 

Optoelectronic systems are distinguished from other electronic systems in that in 
one way or the other they involve the generation, propagation, and detection of 
light. For fiber optic applications, there is also the additional concern of coupling 
light to and from optical fibers, which includes a host of challenging mechanical 
issues. In this section we discuss some of the reliability issues related to the opti-
cal devices and subassemblies. 

10.4.1 Device level reliability 

Diode lasers are the most widely used optical devices, and they have been studied 
extensively from a reliability point of view [19–22]. The main failure mode for la-
ser diodes is internal degradation due to crystal defects. The rate at which these 
defects are introduced in the crystal is proportional to the operating current and 
temperature. As a result of these defects, as the laser ages, its threshold current in-
creases while its slope efficiency decreases. At a constant bias current, the optical 
power from the laser is found to decrease almost exponentially with age, where 
the time constant of the decrease is proportional to bias current. Another failure 
mechanism associated with lasers is facet degradation and damage. This is usually 
a result of intense optical power passing through the facet and an increase in non-
radiative recombination at facets. The overall effect of these degradations is a re-
duction in facet reflectance, causing an increase in laser threshold current.  

These failure modes point to the strong correlation of reliability with operating 
current and temperature. In fact, these two factors are often intertwined: operating 
the laser at a higher bias current by itself increases the temperature. On the other 
hand, in circuits with automatic power control, increasing the temperature causes 
an increase in bias current to maintain optical power.  

The important conclusion is that from a reliability point of view it is extremely 
beneficial to operate lasers (and other optoelectronic devices) at lower tempera-
tures and a lower bias current. Moreover, if possible, it is beneficial to limit the 
rate of change of temperature that the optical system experiences. Fast changes 
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can cause thermal stress and thermal disequilibrium. As a result, the circuits that 
compensate such changes can over- or under-compensate the temperature change. 
A clear example is the average power control loop for a diode laser.  

Although environmental conditions under which a device is to operate are for 
the most part outside the control of the designer, there are still some aspects that 
can be controlled at the design level. For example, well-designed thermal man-
agement can reduce the operating temperature of the devices, and therefore im-
prove reliability. We will discuss thermal issues separately in this chapter.  

10.4.2 Optical subassemblies 

It is very hard to work with a laser die or a PIN diode directly. Therefore, these 
devices are usually packaged in the form of hermetically sealed subassemblies 
such as TO cans or butterfly packages [23,24]. These subassemblies provide a me-
chanical platform to hold the active optoelectronic device and any additional 
lenses, coupling optics, or optical filters in place. They also provide electrical in-
terconnects to these devices. These interconnections consist of wire bondings in-
side the device and standard pins outside the package for interconnection to the 
rest of the circuits. More complex optical subassemblies may also include addi-
tional components such as RF termination or TEC cooler devices.  

Obviously, the manufacturing quality of these subassemblies is critical for the 
reliability. Humidity is a serious risk factor for optoelectronic devices, and there-
fore package hermeticity is very important as it ensures better resistance against 
humidity. A leak test with a tracer gas can be a useful test in accessing the her-
meticity of a particular package [14]. A damp heat test can also be a useful tool in 
testing the effects of humidity on the optical subassembly [25]. 

Another important concern is the risk of failure due to electrostatic discharge 
(ESD). Because optical subassemblies are often handled by human operators like 
standard electronic components, they need to have some level of resistance to 
ESD damage. At the same time, these devices have to be handled in accordance 
with standard ESD safety protocols, otherwise latent failures can occur which pose 
reliability risks during the lifetime of the device.  

It is also important to characterize optical subassemblies over all relevant oper-
ating conditions. As usual, temperature is a critical factor. Parameters such as op-
tical couplings, bonding of die level chips to substrates, gain of feedback signals 
such as monitoring photodetector currents can all be affected by temperature. 
Thus, these critical parameters must be characterized carefully over a large enough 
sample size to ensure that the design is safe over all operating conditions. 

10.4.3 Optical fibers and optical coupling 

Coupling light into and extracting light from the fiber is the ultimate goal of an 
optical subassembly. Because of the small core dimension of optical fibers, espe-
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cially single-mode fibers, this can be a delicate task. Therefore, mechanical stress 
can impact the performance, as even a minute change in alignment can cause a big 
change in optical coupling efficiency.  

Optical subassemblies are available in two form, pigtail and receptacle. In pig-
tail type, the assembly must be tolerant to factors such as mechanical pulling, 
twisting, and side forces. In the receptacle type, factors such as mating loss repeat-
ability, durability, and wiggle are important factors that can affect long-term reli-
ability [26–29]. In any case, it is important to realize that optical subassemblies 
are delicate parts and they constitute one of the most crucial reliability risk factors 
in optical systems.  

Another factor that is especially important for single-mode lasers is back reflec-
tion. It is well known that even a tiny amount of optical feedback can change the 
behavior of a single-mode laser significantly. As a result, care must be taken to 
minimize any back reflection from the fiber, because by design the fiber is tightly 
coupled to the laser. Using an optical isolator reduces the back reflection signifi-
cantly and the risks of failures due to unknown or uncontrolled amounts of reflec-
tion. Using angled optical connectors, which reduce the amount of reflection, 
coupled into the fiber also helps in the reduction of back reflections.  

10.5 Thermal issues 

We have already emphasized the role of temperature as a major reliability risk fac-
tor. In general, failures increase exponentially with temperature [9]. In fact, as we 
will see at the end of this chapter, the most common way to accelerate the aging 
processes in a device and expose failures in a design is to run the device under 
high temperature conditions.  

Generally speaking, the operating temperature of an optoelectronic device or 
module is an environmental parameter and is outside the control of a designer. 
Commercially graded parts are expected to operate in the range of 0–70°C, while 
extended or industrially graded parts should be able to operate in the range of 
−40°C to 85°C. An exception is thermally stabilized devices such as TEC-cooled 
WDM lasers, which by design operate at a constant temperature. In spite of this, 
good thermal management practices can reduce the temperature stress by remov-
ing the generated heat from the device. This is usually done by reducing the ther-
mal resistance from the hot device to a cooler environment or by isolating hot 
spots in a system from thermally sensitive areas. 

The rise in temperature for any device with respect to a reference point is pro-
portional to the power dissipation within the device and inversely proportional to 
the circuit’s thermal resistance to a thermal reference point, as shown in Fig. 10.5. 



280      10    Reliability 

 

Fig. 10.5. Thermal resistance and temperature difference in a simple model of heat dissipation  

Thus, in a manner similar to an electrical resistance, we have 

 PRTTT REF θ=Δ=−  (10.4) 

where T is the device temperature, TREF is the temperature of the reference point, 
P is the power consumption in watts, and Rθ is the thermal resistance in degree 
Celsius per watt. The thermal reference point is assumed to have a large thermal 
capacity so that its temperature will not rise as a result of heat transfer from the 
device. It can be seen from Eq. (10.4) that reducing the temperature can be han-
dled from two parallel paths: reduction of power consumption and reduction of 
thermal resistance.  

10.5.1 Power reduction 

Reduction of power consumption can be addressed in part by choosing inherently 
lower power parts, whenever possible. IC manufacturers constantly improve their 
products, and one of the areas that they try to address is reduction of power con-
sumption. Use of newer, lower power technologies can be a help not only in terms 
of performance, but in terms of the amount of heat that is being generated within 
the circuit.  

Power reduction can usually be achieved through other means too. In general, 
continuous lowering of power must in itself be a design target and should be ad-
dressed on its own merit in each design cycle. Choice of higher resistance pull-
down and pull-up resistors, biasing the circuits at lower operating current, elimina-
tion of extra functionalities, and partial or optional disabling of circuit blocks 
when they are not needed can all help.  

In laser driver circuits, considerable power savings can be achieved if the laser 
is biased at the lowest target power possible. In direct modulated lasers, dc cou-
pling (vs. ac coupling) can result in additional power savings. Essentially, the bias 
current required in an ac coupling scheme is more than the required current in a dc 
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coupling scheme by as much as half the modulation current. Considering the fact 
that for a constant extinction ratio the required modulation current increases expo-
nentially with temperature, using dc coupling can be very beneficial, because it 
yields more savings at high temperatures where it is most critical to reduce the 
power dissipation.  

10.5.2 Thermal resistance 

The temperature rise in a circuit can also be minimized by minimizing the thermal 
resistance between “hot” devices and some external “thermal ground.” By thermal 
ground we mean a relatively large body mass with very good conductivity which 
is able to absorb heat without experiencing a rise in temperature. Examples in-
clude the chassis of a system or an external heat sink that is being cooled by 
forced air circulation. 

For hot ICs mounted on a printed circuit board, this goal can be achieved in 
part by providing thermal relief on the PCB. Most high-power ICs have a metallic 
exposed pad which acts both as a ground (or sometimes supply) connection and as 
a path for heat transfer. Connecting this pad to the reference plane on the board 
through multiple thermal vias can provide a low thermal resistance path for heat 
dissipation, because oftentimes the reference planes are relatively large and can 
absorb the heat from hot points and distribute it. Of course, reference planes in a 
PCB are not ideal thermal grounds, as they do heat up because they have to absorb 
the heat from all the running components that are placed on them.  

Another effective way to reduce the thermal resistance is to add thermal pads 
which can fill the air gap between the PCB and the chassis. It is well known that 
air is not a good heat conductor. Specifically, where there is no forced air circula-
tion a thin layer of air which acts as a thermally isolating coating tends to stick to 
the surfaces, resulting in a substantial increase in the thermal resistance. Remov-
ing the air by filling the space with some low thermal resistance material can sub-
stantially improve the thermal performance of the system. 

The use of heat sinks is also an effective way of lowering the thermal resistance. 
A heat sink is usually a piece of metal with a large surface to volume ratio. The large 
surface and the high thermal conductivity of the metal reduce the thermal resistance. 
However, heat sinks are especially effective when they are exposed to forced air cir-
culation, which may not be an available option in some applications.  

At this point we should also make a note on the importance and limitations of 
forced air circulation. Forced air circulation can greatly enhance the removal of 
heat from hot surfaces. In the model of Fig. 10.5, the rise in temperature for the 
heat dissipating part is measured against the temperature of a thermal reference 
point. If this thermal reference point has a very large heat capacity compared to 
the heat generation rate in the system, then we can think of it as a “thermal 
ground.” In that case, its temperature is constant, and thus the temperature rise 
in the device will be minimized. However, this is not always the case. A typical 
example is the metal chassis in an electronic system. Although the chassis can ab-
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sorb heat, ultimately its temperature will rise as more and more heat is dumped 
into it. As a result, the device temperature will also rise more, compared to the 
ideal case of an infinite heat absorbing chassis. The role of forced air circulation is 
to lower the thermal resistance from this chassis to a more ideal thermal reference, 
say, outside air temperature, which supposedly is constant. Thus, from the point of 
view of the heat dissipating device, forced air circulation makes the thermal refer-
ence point more like an ideal thermal ground. This picture holds even in the sim-
ple case of a device exposed to air without any extra heat sinking. In this case the 
air plays the role of thermal reference. Without air circulation, the temperature of 
the air immediately at the surface of the device will rise quickly. Thus, the air 
cannot play the role of a good thermal ground. However, with forced air circula-
tion, the hot air film sticking to the surface is continuously changed with fresh 
cool air. In this case, the air behaves more like an ideal thermal ground.  

10.6 Mechanical issues 

Another class of reliability risks that need to be considered is those having to do 
with the mechanical integrity [30,31]. Specifically, these risks are associated with 
the stress resulting from factors such as mechanical vibration and shock, as well as 
forces such as pull, push, and torque that will inevitably act on the individual 
components to various degrees. It is expected that an optical module be able to 
tolerate reasonable amounts of such stress factors. We will consider some of the 
main mechanical reliability concerns in the following sections. 

10.6.1 Shock and vibration 

The most obvious cases of mechanical failures are those resulting from mechani-
cal shock and vibration. When an electronic module or system is accidentally 
dropped, it is hoped that it survives the mechanical shock. Likewise if the system 
is subjected to a prolonged period of vibration, for instance during transportation, 
it is expected that the system retain its mechanical integrity. 

In essence, both shock and vibration stress the system by exerting large forces 
on individual components. The force experienced by a component is proportional 
to the acceleration and is given by Newton’s second law: 

 
( )

dt
tdvmF =  (10.5) 

where F is the force in Newtons, m is the mass of the component, and v(t) is the 
speed of the component. Therefore, the larger the mass, and the larger the accel-
eration (or deceleration), the larger the force. It must be ensured that this force is 
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properly distributed and passed on to a solid frame. For example, consider Fig. 
10.6 which depicts several scenarios where the force exerted on a component re-
sults in stress accumulation in a particular point, increasing the risk of mechanical 
failure at that point. 

 

Fig. 10.6. Mechanical stress points resulting from lateral and vertical acceleration 

We should mention that the failure risks could be slightly different between 
shock and vibration. A shock input stimulates the “impulse” response of the sys-
tem by applying an intense pulse of acceleration. As we shall see in Chapter 12, 
it is expected that small components withstand accelerations in the order of 
hundreds of gs.2 Although this may sound excessive, this is the acceleration a part 
could experience if it falls on a hard surface from even distances as short as a meter. 
In fact, this is exactly how parts are tested for shock resistance: they are secured to a 
platform that can fall from a distance that is calibrated for acceleration. Vibration, 
on the other hand, includes the application of mechanical energy in a specific fre-
quency for a prolonged period of time. In reliability tests, the frequency of vibra-
tion is changed to cover all relevant frequencies that a part may encounter.  

As is well known from the theory of linear systems, an impulse signal has a 
very wide range of frequencies, and therefore it can stimulate a wide range of me-
chanical frequencies. If the shape of the impulse is approximated with a Gaussian 
function, the profile of the shock pulse in frequency domain is also Gaussian, with 
its width inversely proportional to the time width of the impulse.3 

The shock pulse duration used in reliability tests for optoelectronic modules 
typically varies from 1 to 10 ms depending on the weight of the component [14]. 
This corresponds to a mechanical frequency range of up to several kilohertz. 
Keeping the frequency domain picture in mind is useful in studying the effects of 
vibration on the mechanical integrity of a module as well, because vibration is es-
sentially the application of mechanical energy in a narrow frequency range. In 
practical reliability tests for optoelectronic testing, usually the vibration frequency 

                                                           
2 One g is the acceleration of a free falling body near earth and is equal to 9.8 m/s. 
3 This is the mechanical version of the Fourier uncertainty principle discussed in Chapter 3. 
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is varied from several hertz to several kilohertz [14]. Therefore, both shock resis-
tance and vibration resistance require a part to be safe against the application of 
mechanical energy up to several kilohertz. Thus, stability and integrity of compo-
nents up to such high mechanical frequencies must be considered in the mechani-
cal design of a module.  

An important issue that needs to be considered is the existence of mechanical 
resonance points within this frequency range. Such resonance points may result in 
accumulation of mechanical energy in a narrow oscillation frequency, causing re-
liability risks and failures. Examples include long extensions of PCB boards in 
space without mechanical support, receptacle-based optical subassemblies that 
may need to float in a module to allow for tight optical coupling with an inserting 
connector, long wire-bonds to optoelectronic chips, and flexible circuits that may 
be used to move signals between PCB assemblies. 

Mechanical stress could be more demanding on optical subassemblies espe-
cially when it comes to coupling efficiencies. A major requirement for optical 
coupling is to maintain the alignment intact. Take, for example, the coupling of 
light output from a diode laser to a fiber (Fig. 10.7).   

 

Fig. 10.7. Sensitivity of coupling efficiency to optical alignment. (a) focal imagining, (b) out of 
focus imaging  

Usually a lens is used to image the output light of the laser into the core of the 
optical fiber. To maximize the efficiency, the light must be focused tightly to the 
core of the fiber. However, the drawback in this scenario is that any displacement 
can greatly change the coupling efficiency. On the other hand, the fiber can be 
placed in a plane slightly off the focal point of the lens. In this case the coupling 
efficiency is lower, but the coupling is now not very sensitive to displacements. If 
the additional coupling loss can be tolerated, this is both an assembly and a reli-
ability advantage. 

10.6.2 Thermal-induced mechanical failures 

Certain mechanical problems can have thermal roots. This usually happens when 
two parts that are mechanically coupled tightly have different thermal expansion 

(a) (b) 

Focal plane Focal plane 
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coefficients. As a result of temperature variations, these parts expand or contract at 
a different rate, causing mechanical tension to build up. Moreover, fast changing 
temperatures will stress PCB components and soldering. This is especially true for 
surface mount parts that are soldered to the PCB only through their contacts. A 
fast temperature ramp can stress these parts and may result in microcracks. For the 
same reason, subjecting a part to a rapid temperature ramp can expose potential 
risks by accelerating the failure mechanism. As such, it can be used as a method 
for identifying weak points in an assembly. 

10.6.3 Mechanical failure of fibers 

Glass fiber cables must be treated with more care compared to a regular copper 
cable. The exposed surface of an optical fiber is susceptible to dust gathering. 
Failure to clean these surfaces can result in considerable power loss. Moreover, 
because fiber-to-fiber coupling relies on physical contact between aligned fiber 
cores, small particles of dust could result in damage in the fiber surfaces. Any 
air gap between the cores of fiber assemblies can also result in light reflection, 
which may considerably degrade the performance of sensitive parts such as DFB 
lasers.  

Another source of power loss in a fiber assembly is fiber bending. Any bending 
in a fiber assembly will cause some loss, and sharper bends with a smaller radius 
will cause more loss. Therefore assemblies that involve multiple fiber loops must 
be treated with considerable care as they could result in a significant (and some-
what unpredictable) loss. In particular, the bend radius should not be less than 
what is specified in manufacturers’ datasheets.  

Moreover, glass fibers inevitably have some level of flaws in the form of mi-
crocracks and crystal defects. These defects grow in time, in the form of both 
static and dynamic fatigue. Statistical models are used to predict the growth of 
these defects as a function of time and stress levels [32]. As these microcracks 
expand, the loss associated with the fiber can also increase. 

10.7 Software issues 

Software reliability has received considerable attention in recent years, in part be-
cause of the ubiquitous presence of computers and microcontrollers in most elec-
tronic products and systems [33–36]. Obviously, software is a key part of commu-
nication networks. In fact, as we mentioned in Chapter 2, higher network layers 
become increasingly more software intensive. All the intelligence behind the con-
trol of traffic, routing, and switching is provided by either high-level software that 
run on dedicated computers or embedded firmware within microcontrollers and 
other similar devices.  
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Software also plays an important, albeit less central, role in the physical layer. 
In modern communication systems most critical blocks are expected to have some 
level of intelligence, and fiber optic modules transceivers are no exception. A 
clear example is the digital diagnostics requirements spelled out in the SFF-8472 
standard. Essentially, they require an optical transceiver to provide a two-wire se-
rial interface through which a number of critical parameters can be interrogated, 
and to some extent controlled. These parameters include static module identifica-
tion formation, as well as real-time data about critical dynamic variables in the 
link such as the transmitted and received optical power.4 These requirements can 
sometimes be fulfilled by special-purpose ICs. But a more flexible solution is to 
use a microcontroller to implement these functions. In other instances, a micro-
controller may supervise the function of common blocks such as laser drivers and 
receivers and determine the behavior of the system in exceptional cases, such as 
during a laser thermal runaway situation. Such operations require supervisory 
software, and this makes software reliability a part of reliability concerns for fiber 
optic systems.  

10.7.1 Software reliability  

There are some important differences between software and hardware reliability 
[37]. Physical devices are subject to wear and tear, and therefore hardware failures 
eventually increase with time. On the other hand, there is no wear and tear in a 
piece of software. Unlike hardware failures, software failures result from logical 
flaws and programming errors that have human origin. Repairing a piece of hard-
ware restores it to its original condition before failure, whereas fixing a bug in a 
piece of software results in a new piece of software.  

 

Fig. 10.8. Typical failure rate for a piece of software 

                                                           
4 See Chapter 12 for more details on the SFF-8472 requirements. 
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As software complexity increases, it becomes virtually impossible for software 
designers to take into account all the logical possibilities. As a result, a new piece 
of software almost always starts its life with some hidden bugs, and only continu-
ous testing can expose these hidden bugs. As the code matures, it is expected that 
more bugs are found, and therefore the reliability should only increase. However, 
usually within the life cycle of a piece of software there are critical times where it 
goes through major changes.  

These change events may be internal upgrades to some piece of code within the 
software, changes in the operating conditions, a variation in the range or format of 
the inputs the software is handling, hardware changes, etc. Generally, the likeli-
hood of new failure modes increases after such events, and a new cycle of debug-
ging is needed to iron out these new bugs. The result is a somewhat different soft-
ware failure curve compared to the standard bathtub curve for hardware failures. 
An example of such a software failure curve is shown in Fig. 10.8.  

Although it is hard to make generalizations, this curve highlights the fact that 
passage of time in itself does not affect software reliability. Instead, the failure 
risk is influenced by certain kinds of events during the life cycle of a piece of 
software.  

10.7.2 Failure rate reduction 

Improving software reliability requires careful, systematic attention in all phases 
of software lifecycle. The lifecycle of a piece of software usually includes five 
stages: initial analysis, design, coding, testing, and operation [37]. Clear definition 
of problems, requirements, specifications, needed functionalities, and interfaces 
are some of the tasks during the initial analysis.  

For the design phase, it is important to define the general architecture of the 
software in terms of clear building blocks. Here the operation of each block and its 
interface with other blocks as well as the overall control flow of the software 
should be clearly defined. The next phase of the design stage includes the imple-
mentation of the defined blocks. Each block must be implemented and tested care-
fully against the expected specifications and over the range of its intended inputs. 
Documentation is also an important aspect of design, because without proper 
documentation it becomes increasingly difficult to maintain and debug the soft-
ware in later stages.   

The coding phase is where the software is translated into actual lines of code in 
a particular language. Well-known programming practices, such as readability, 
simplicity, documentation, reusing previously tested codes, and structured pro-
gramming, should be observed.  

The next critical phase is testing. This is an especially important phase for reli-
ability purposes. Here the modules in a program are integrated and the overall 
piece of software is tested against the requirements and specifications. Specifi-
cally, the software must be tested over a range of conditions that it may encounter 
during its operation. Any potential bugs found must be studied and completely 
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understood before being fixed. In some cases, it is also necessary to test the soft-
ware in the “real” systems and under real operating conditions to ensure compati-
bility.  

Finally, during the operation phase, the software typically requires mainte-
nance, documentation, potential upgrades, etc. In all these phases, design reviews, 
internal documentation, paying attention to the logic and avoiding sloppy patches, 
careful analyses of any failures, and design of specific stress tests to ensure soft-
ware robustness in all working conditions are among the practices that improve 
the software quality and reliability.  

10.8 Reliability quantification  

So far we have been discussing design practices to improve reliability. Another 
aspect of reliability, to which we turn in this section, deals with reliability quanti-
fication of an existing device or system. Here we are primarily concerned with two 
questions. The first question deals with the ways reliability can be modeled and 
analyzed mathematically. To this end, a variety of probabilistic and statistical 
models have been proposed and used. The second question is how to estimate the 
reliability of an actual device. In this respect, we need to use the available reliabil-
ity models and fit them with experimentally measured parameters from the device 
we are interested in. By combining the theoretical models with experimental data, 
we attempt to come up with reasonable estimates regarding the probability of fail-
ure for the device. We will deal with each of these questions in the following sec-
tions. 

10.8.1 Statistical models of reliability: basic concepts 

As we have noted before, reliability is an inherently probabilistic concept. There-
fore, it is generally impossible to predict the exact failure time of a particular de-
vice or system, and we can only talk about the probability of failure for a given 
part. However, when the population of devices starts to become large, these prob-
ability statements take the form of statistical predictions which can be correlated 
with experimental observations. 

For reliability estimations, the basic parameter we are interested in is the time it 
takes for a given device to fail or t. Because we can never know t exactly, we as-
sume it is a random variable, with a probability density function given by f(t). The 
exact expression for f(t) depends on the model we choose to use to describe the 
failure mode(s) we are interested in and is not important for our current discus-
sions. Based on f(t), we can define two additional functions, F(t) or the failure 
function and R(t) or the reliability function, as follows: 
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F(t) can be interpreted as the probability that the device fails before t, and R(t) is 
the probability that the device does not fail before t. Note that F(∞)=1, i.e., the de-
vice will eventually fail. Assuming we know f(t), we can also express the prob-
ability of device failure between t1 and t2 as follows: 
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Another useful quantity is the failure rate. It is defined as the probability of failure 
between t1 and t2, assuming the device has not failed up to t1, divided by (t1 − t2). 
Failure rate is in general a function of time and, based on its definition, is given by 
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Usually, we are interested in estimating the average time it takes for a device to 
fail. This parameter, known as mean time to failure, or MTTF, is the expectancy 
of the probability density function and can be obtained as 
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In the next section we will discuss how these simple definitions are applied in 
simple statistical analysis of real parts. More advanced treatments can be found in 
other sources [2–5]. 

10.8.2 Failure rates and MTTF 

As noted before, in order to apply statistical concepts to real devices and systems, 
we need to choose a model to describe the failure modes we are interested in. For 
many engineering systems, including electronic systems, observations have shown 
that the failure rate can often be approximated by the well-known bathtub curve, 
shown in Fig. 10.9.  
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Usually different failure types are distinguished. The first failure type known as 
infant mortality refers to failures that occur early during the life of the device. 
These failures are often quality related and result from poor components, inade-
quate screening, design failures, and lack of manufacturing process control. Ran-
dom failures refer to unpredictable failures that occur completely by chance and 
more or less at a constant rate. In a random failure mode, the component or device 
shows no prior sign of failure, and there is no way to distinguish a part that is 
about to fail from one that will work much longer. The third phase, known as wear-
out, includes failures that occur as a result of components aging and wear-out. Here the 
failure rate increases as a function of time. The sum of these different failure types 
result in the familiar bathtub curve. 

 

Fig. 10.9. The bathtub curve and different failure modes as a function of time 

These three phases can be characterized by different probability density func-
tions. For instance, infant mortality and wear-out can be described by gamma or 
normal distributions. In practice, oftentimes infant mortalities can be screened out 
by a well-designed screening process. Such a screening process typically involves 
temperature cycling the device in fast cycles in order to induce failures in weak 
parts. Here we will concentrate on the random failure phase, which is character-
ized by a constant failure rate.  

The failure rate is given by Eq. (10.9). Assuming λ(t)=λ (a constant), we can 
integrate Eq. (10.9) in the limit of (t1 − t2)→0 and obtain R(t):  

 tetR λ=)(  (10.11) 

This is the exponential distribution function that is usually taken to describe the 
random failures of electronic and optical components during their lifetime. In an 
exponential distribution, the MTTF, given by Eq. (10.10), is simply the inverse of 
failure rate: 
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Both MTTF and failure rate are commonly used parameters. Failure rates for 
common electronic and optoelectronic components are usually very small. For in-
stance, the MTTF of a diode laser operating at normal room temperature may be 
in the range of hundreds of thousands of hours, corresponding to an exceedingly 
small number of failures in normal units of time (say, seconds or hours). As a re-
sult, device failure rates are usually characterized by a failure in time (FIT) num-
ber. By definition, a FIT number of 1 corresponds to one failure per 109 device-
hour operation of the part: 
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We should once again draw attention to the statistical nature and interpretation 
of failure rate, MTTF, and FIT numbers. For example, a FIT number of 10 does 
not mean that the part is going to fail after 108 hours of operation. For one thing, 
108 is equal to 11,000 years! Nor is it a guarantee that it will work for 108. 
Instead, a more realistic interpretation is that in a sample size of 108 of these 
parts working under given conditions, we expect to observe, on average, one 
failure per hour.  

A convenient advantage of FIT numbers is that they are additive. So for a sys-
tem comprised of n components, if we can somehow characterize the FIT number 
of each component, we can estimate the FIT number for the system by adding the 
individual FIT numbers: 

 ∑=
n

nSYS FITFIT  (10.14) 

The assumption behind Eq. (10.14) is that any failure in any of the components 
will result in a total system failure. In reality, this may not be true. For instance, if 
the design includes redundancies, the failure of one part may not result in the fail-
ure of the whole system. Moreover, not all components are equally critical to the 
function of the whole system, and it is possible for the system to continue to oper-
ate even if certain components of the system fail. Nevertheless, Eq. (10.14) high-
lights the usefulness of the concepts of failure rates and FIT numbers.  

10.8. 3 Activation energy 

One of the most important factors impacting reliability is temperature. Higher 
temperature implies that atoms and molecules oscillate with higher speeds, thus 
increasing the probability of collisions. This is especially important in chemical 
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reactions. It is well known that the rate at which a wide variety of chemical reac-
tions occur increases exponentially with increasing temperature. Likewise, the rate 
for almost all failure mechanisms that involve some form of chemical reaction (or 
other similar processes like diffusion and migration) also increases exponentially 
with temperature. This dependence is commonly modeled by the Arrhenius equation 
[38–40]: 

 
/aE kTK A e−=  (10.15) 

where K is the reaction rate, A is a fitting factor, k is Boltzmann’s constant 
(k  = 8.62×10−5 eV/K), Ea is the activation energy of the process, and T is the 
absolute temperature in Kelvin. The activation energy represents the energy it 
takes for a reaction to start.  

In the previous section we discussed the concept of FIT number, but left open 
the question of actually measuring it. The Arrhenius equation provides a conven-
ient way of measuring failure rates, and it is widely used as the basis for predicting 
failure rates for electronics and optoelectronic devices. Because of the exponential 
dependence of failures on temperature, rising temperature will significantly in-
crease the failure rate of a device whose expected FIT number is too low to allow 
for real measurements. Thus, at high temperatures, the FIT numbers could be 
measured with acceptable confidence in a reasonable amount of time. Conse-
quently, to relate the failure rate at two temperatures, Arrhenius equation can be 
written as  
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Equation (10.16) is the standard method of relating the results of accelerated aging 
tests at high temperatures to realistic operating temperatures. However, it should 
be noted that the proper value of activation energy Ea used in Eq. (10.15) is a func-
tion of device structure and the failure mode that we are trying to measure.  

It is worth noting that a higher activation energy implies more temperature de-
pendence for the associated failure mechanism. That is, if a failure mechanism has 
a higher activation energy, changes in temperature will cause a more dramatic 
change in failure rates. On the other hand, a lower activation energy means that 
the failure rate is relatively less sensitive to temperature change. Table 10.3 sum-
marizes common values of activation energy for optoelectronic devices [14]. Note 
that the activation energy is generally lower for random failures compared to 
wear-out failures. This is because wear-out failures are expected to be more tem-
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perature dependent, whereas random failures are assumed to be mostly due to 
manufacturing deficiencies and thus less temperature dependent. 

 

Table 10.3. Activation energies for random and wear-out failures for common optoelectronic 
devices 

 

10.9 Summary 

Reliability is an important concern in all fields of engineering. Reliability is de-
fined as the probability of a no-failure occurrence during the expected life time of 
a part under normal operating condition. Therefore, it is clear that embedded 
within the notion of reliability is the concept of probability. 

Reliability discussions can be divided into three categories. One category has to 
do with design practices that will likely improve the reliability of a device or sys-
tem. The design phase is the best time to address reliability risks, because at the 
design phase the risks are easier to identify and much cheaper to fix. The second 
category has to do with mathematical and statistical models of reliability. The 
third category deals with specific tests aimed at measuring the reliability of an ac-
tual device or system.  

We started with a review of design practices aimed at improving reliability. A 
sound design approach requires dividing the system under question into smaller 
blocks. For fiber optic systems, a reasonable division includes optical transmitter, 
optical receiver, control circuits, optical subassemblies, electrical and optical inter-
faces, and power management. Each of these sub-systems can be designed and op-
timized individually over a sufficiently large range of parameters. It is easier 
to identify potential failure mechanisms in such smaller blocks than it is to study 
a system as a whole. Moreover, good design practice requires careful testing. 

Ea (eV)

Random failure Wear-out failure 

Lasers 1 

1 Both device level and module level 

0.4 0.35 

LEDs 1 0.5 0.35 

Receivers 2 

2 Includes photodiodes and receiver modules 

Electro-absorption  
modulators 

0.7 0.35 

0.4 0.35 

External modulators 0.7 0.35 
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Without sufficient and well-planned testing, it is hard if not impossible to discover 
all design flaws purely on theoretical grounds.  

We also divided the reliability issues into categories of electrical, mechanical, 
thermal, optical, and software. This categorization helps in focusing attention on 
the different aspects that a designer must keep in mind, because oftentimes focus 
on problems in one domain may increase the risk of creating reliability problems 
in other domains. This is especially true in cases where there is a trade-off be-
tween performance and reliability. Having the “big picture” in mind is always use-
ful to achieve the optimal balance between reliability and performance.   

The second and third categories involved quantification and testing of reliabil-
ity. We gave a brief introduction to the definition of the main statistical functions 
used in reliability analysis. Using these functions, we defined several practical and 
commonly used reliability parameters, including MTTF and FIT number. Finally, 
we discussed the Arrhenius equation and the concept of activation energy. These 
expressions provide a way of estimating the failure rate for a given device by 
measuring the failure rate at higher temperatures and using the results to calculate 
the failure rate at normal operating conditions.  
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Chapter 11  
Test and Measurement 

11.1 Introduction  

This chapter deals with measurement and characterization of the critical parame-
ters for fiber optic devices and links. These parameters include quantities such as 
optical power, extinction ratio, rise and fall time, bit error rate, wavelength, 
and spectral width. Measurement methods are crucial for evaluation of existing 
devices and systems as well as for validation and debugging of new designs. 
Without accurate test and measurement methods, the critical relationship between 
theory and real world breaks down, effectively rendering most engineering efforts 
meaningless.  

We will start this chapter by an overview of the various elements that are required 
for a successful test or measurement experiment. Among these are a clear understand-
ing of the physics involved in the test and a knowledge of the working principle and 
limitations of the test equipment used. Moreover, the set-up used in experiment must 
be designed carefully so that the parameter or quantity that is being tested is isolated 
from the influence of other factors that can disturb the measurement.  

The reminder of the chapter deals with some of the most common tests that 
characterize fiber optic devices and links. These include optical power measure-
ment, time domain analysis of optical waveform, optical and electrical spectrum 
analysis, sensitivity tests, as well analog tests for parameters such as modulation 
depth and harmonic distortion. In each section we will discuss both the quantities 
of interest that need to be tested or measured and the operating principles behind 
the common test instruments that are used for these measurements. 

11.2 Test and measurement: general remarks 

As noted above, test and measurement techniques are the crucial links that bridge 
the gap between theory and reality. Theories are always based on models that in-
volve simplifications and approximations of reality, and it is through experiment, 
test, and eventually measurements that the relevance and success of these models 
and the theories that are based on these models can be determined. This is true 
both in pure science and in applied fields such as engineering. As a result, a great 
deal of effort has gone into the theories and techniques involved in test and meas-
urements, including those related to fiber optics [1–6]. 

It is worthwhile to have a brief discussion about the different elements that are 
needed for a successful experiment design, be it a simple measurement or a com-
plex system level test. Figure 11.1 summarizes some of these factors.  
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DOI 10.1007/978-1-4419-0304-4_11, © Springer Science+Business Media, LLC 2009 



298      11    Test and Measurement 

 

Fig. 11.1. Elements of a measurement experiment 

An experiment typically involves a design step. First and foremost, the goal of 
the experiment must be defined clearly. This goal can be a simple quantity meas-
urement or a complex system-level test involving many measurements. Once the 
goal is identified, a test methodology must be chosen that can clearly achieve the 
defined goal. We can think of test methodology as a detailed flow chart that spells 
out every intermediate step process, instrument, software, measurement, calibra-
tion, algorithm, etc., that will be used during the experiment. The methodology 
must take into account factors such as the target accuracy of the tests, the range 
and linearity of the parameters involved, and the effects of other system or envi-
ronmental parameters on the experiment. Moreover, the experiment design should 
include applicable statistical provisions and analysis. For instance, oftentimes the 
accuracy of an experiment or measurement can be improved by averaging the re-
sults over a number of repeated tests or a larger sample size.  

Any experiment is based on a set of theories, and knowledge of these theories 
is necessary both for the design of the experiment and for the interpretation of the 
results. For instance, fiber optic-related tests are often based upon a mixture of 
electrical, physical, and optical theories. Moreover, oftentimes an experiment is 
based on certain mathematical foundations, theorems, or principles. A frequently 
encountered example in engineering is the Fourier analysis that relates time and 
frequency domain quantities.  

Another crucial element that plays a critical role is the test equipment and in-
struments. It is important to take into account the inherent shortcomings of all test 
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equipment that show up in the form of limitations such as inadequate range, insuf-
ficient bandwidth, noise floor, and limited accuracy. Another important point to 
consider is that in order to conduct a measurement, the test equipment oftentimes 
has to disturb the very quantity that it is trying to measure. For example, the input 
impedance of an oscilloscope port or the parasitics of the oscilloscope probe can 
disturb the voltage of the node whose waveform is being measured.  

The experiment design should also take into account the issue of standards. 
Standards of measurement are especially key in those areas where the quantity to 
be measured has a strong element of “definition” to it. This means the measured 
value strongly depends on how that quantity is defined or tested, or on how the 
test results are interpreted. There are a wide range of standards for fiber optic tests 
and measurements, for instance the FOTP series of documents from the Telecom-
munication Industry Association (TIA) [7]. We will return to the subject of stan-
dards in Chapter 12. 

Maintenance and calibration of test instruments is also very important [8]. 
Without periodic calibration, a test instrument can deviate from its expected per-
formance and yield erroneous measurements. As a result, and if possible, it is 
good practice to have some means of independently verifying the calibration of 
test instruments. For example, the accuracy of an optical power meter can be veri-
fied if a standard laser source is available. Alternatively, it is always possible to 
compare the measurement results obtained through different instruments if more 
than one piece of instrument for a particular measurement is available. Obviously 
if two instruments report different values for the same measurement, they both 
need to be calibrated and verified because at least one of them is out of calibration.  

Figure 11.1 is intentionally organized in the form of a flow chart with a main 
loop. The reason is that a well-designed experiment should take into account the 
possibility of something going wrong and not meeting the goals of the experiment. 
In that case, some or all of the above-mentioned factors must be revisited, and the 
root cause of the problem should be identified. The problem can result from a sim-
ple reason, for instance a wrong setup on an instrument, or it could be due to 
deeper reasons, for example a flaw in the theory behind the experiment. Thus, it 
may take several iterations before the experiment is tailored and tuned so that the 
defined goal can be achieved. 

In the reminder of this chapter, we will review the test procedures and instru-
ments for measuring the most common parameters in fiber optic links.  

11.3 Optical power 

One of the most fundamental parameters in optical links is optical power. For in-
stance, the average power of an optical transmitter is a critical measure of the 
physical distance its signal can reach. Similarly, the sensitivity of an optical re-
ceiver, which is the minimum optical power that the receiver can work with, is a 
figure of merit that determines the link budget that the receiver can support. 
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As noted in Chapter 3, optical power can have several meanings. The instanta-
neous power associated with the optical frequency is a quantity that oscillates 
at twice the optical frequency. Therefore it cannot be measured directly and it is 
almost never used in any practical application. More practical quantities related to 
power include average and instantaneous power. In fiber optics, oftentimes aver-
age power is the primary quantity of interest.  

The average optical power is a convenient parameter that is widely used to 
characterize, among other things, light output of transmitters and sensitivity of re-
ceivers. The optical power is usually measured in units of decibel-milliwatt, which 
we introduced in Chapter 1, and which we repeat here for reference: 

 ( )dBm mW10
10 logP P=  (11.1) 

Here PdBm is power in units of dBm, and PmW is power in mW. The convenience of 
average power lies in the fact that it can be measured easily with an optical power 
meter using a broad area detector, schematically shown in Fig. 11.2. 

 

Fig. 11.2. Optical power meter based on a broad area detector 

Using a large detector has the advantage of reducing the dependence of meas-
urement on coupling efficiency, because all the optical power exiting from a fiber 
is collected by the detector. Naturally, a large detector has a slower time response, 
but this is not an issue when it comes to measuring average power. Most optical 
power meters have several instrument settings that need to be considered for accu-
rate measurement.   

• Wavelength: It is important to set the wavelength of the light that is to be meas-
ured correctly. This is because the responsivity of photodetectors is not constant 
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calibrate the responsivity. Without correct wavelength settings, the power meas-
urement may be off by as much as 1 dB. 
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• Time Constant: It is usually possible to set the time constant over which power 
measurements are averaged. The time constant settings can change from a fraction 
of second to seconds. Using a longer time constant setting is advantageous in 
terms of filtering noise effects and is preferred whenever possible.  

• Range: Most modern equipment automatically select the correct range for a par-
ticular measurement. However, if the equipment does not include this feature or if 
this feature is optionally disabled (for instance when the device is controlled 
through a GPIB interface) the correct range must be selected. The typical dynamic 
range for most power meters is at least tens of decibels. When the magnitude of 
the power is completely unknown, it is a good practice to start from a higher range 
and select lower ranges afterward.  

• dBm/mW: It is usually possible to select between logarithmic and linear meas-
urements. As noted before, in most cases power measurements are carried out in 
logarithmic units. The dBm logarithmic scale is very convenient when it comes to 
measurements that involve comparing power levels, dynamic range, gain or loss, 
and power penalties.  

11.4 Optical waveform measurements 

A wide variety of signal parameters are related to the optical waveform. In gen-
eral, these parameters can be divided into two categories. We discussed these pa-
rameters in Chapter 3 in terms of the optical signal itself. In this chapter, our focus 
is on measurement aspects, especially with respect to the instruments that are used 
for these measurements.  

11.4.1 Electrical oscilloscopes with optical to electrical converter 

One way to measure these parameters is to use an electrical oscilloscope in con-
junction with an optical to electrical (OE) converter [9]. Naturally, the choice of 
the bandwidth of the scope, the optical to electrical converter, and the intercon-
necting signals is important. Lack of sufficient bandwidth on any of these compo-
nents can cause an inaccurate representation of the time features of the signal. In 
general, the rise-time (or fall-time) value measured on a scope is given by 

 22222
cablescopeOERmeasured ttttt +++=  (11.2) 
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1 As noted in Chapter 3, the relationship between rise and fall times and bandwidth depends on 
the shape of the edges. Equation (11.3) is based on an exponential shape, which is more typical 
for RC time constants encountered in electrical components.  

where tR is the actual rise-time (or fall-time) of the optical signal and tOE , tscope and 
tcable are related to the nominal bandwidth of the OE converter, oscilloscope, and 
the interconnecting cables as1 

 BWt /35.0=  (11.3) 

From Eq. (11.2), it can be seen that to capture high-frequency features of a signal 
accurately each of the components used in a setup must have a much wider band-
width.  

Using an OE converter requires additional calibration of the vertical axis, be-
cause in electrical oscilloscopes the vertical axis is calibrated in volts. One way to 
achieve this calibration is by measuring the average optical power with an optical 
power meter and correlating the results with the average voltage reading in the os-
cilloscope.  

Modern oscilloscopes are often based on digital sampling of the signal. A high-
speed analog to digital converter converts the signal into a series of digital data 
which is then stored in the memory and shown on the display. Working with such 
sampling scopes requires some caution. For instance, changing the time scale may 
cause some high-frequency details of the signal to be lost. Also, aliasing effects, 
resulting from under-sampling of signals, are a possibility [10–12]. 

11.4.2 Digital communication analyzer (DCA) 

Measurement of high-speed optical signals is an active topic and both optical and 
electrical domain solutions have been proposed [13]. In most applications, digital 
sampling techniques are used to capture optical waveforms [14,15]. Specifically, 
manufacturers have come up with digital scopes specifically targeted for fiber op-
tic applications. Sometimes called digital communication analyzer (DCA), these in-
struments are essentially a digital scope with a front-end optical-to-electrical converter 
and equipped with additional software to accomplish a variety of measurements.  

From the stand point of capturing the optical waveform, in optical communica-
tion the challenge is that the involved frequencies may be too high, thus requiring 
extremely high-speed ADCs at the front end. For example, to represent a 10 Gbps 
signal accurately, we may need up to 20 GHz of analog bandwidth, which trans-
lates to at least 40, but preferably more, Giga samples of sampling per second. 
Achieving such sampling rates is difficult and expensive. For higher speed signals, 
it could simply be impractical.  

DCAs solve this problem by using a sampling technique known as equivalent 
time sampling (ETS). [16] To do this, they take advantage of the fact that often-
times we are not interested in the shape of each and every individual bit or wave-
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form in a signal. Instead, we would like to know certain properties of the signal as 
they relate collectively to all the bits or waveforms. In digital signals, this is typi-
cally done by the eye pattern, which is built from superposition of waveforms 
from many individual bits.2 For instance, the rise-time measured in an eye pattern 
can be interpreted as a measurement averaged over many individual rise-times. 
However, the utility of such “averaged” measurements is not limited to digital 
signals and any repetitive pattern can be captured using ETS. 

The principles of ETS are shown in Fig. 11.3, which shows a repetitive but oth-
erwise arbitrary waveform. To capture the waveform, a trigger input that is syn-
chronized with the repetition rate of the main signal is needed. Thus, each trigger 
event indicates the starting point of another window within which the waveform 
can be sampled. Next, the waveform is sampled once within each window, while 
the sampling point is moved forward in each subsequent window. In this way, the 
waveform can be scanned from beginning to the end after many windows. The 
sampled points can be stored in memory and used to reconstruct the shape of the 
waveform. It is evident from this description that the reconstructed waveform is 
not displayed as a function of real time, and that is why the time axis is called 
equivalent time. 

 

 

Fig. 11.3. Reconstruction of a fast waveform by equivalent time sampling 

                                                           
2 For a more detailed discussion of eye patterns, see Chapter 3.  
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Typically, a DCA has two display modes. In the oscilloscope mode, the stored 
samples from the waveform are displayed only for a limited time before being dis-
carded and replaced by new points. The display’s persistence time can be set any-
where from a fraction of second to a few seconds. When the persistence time is 
short, the displayed waveform responds quickly to the changes in the actual wave-
form. When the persistence time is long, the displayed waveform maintains fea-
tures of the physical waveform for a longer time. It is also possible to use an infi-
nite persistence mode, where the display reflects a captured point forever (or until 
the display is erased). This mode is sometimes called the eye-mask mode and can 
be utilized to analyze the long-term behavior of the waveform. For example, the 
DCA may be left to run in this mode for days, after which the display contains a 
visual record of the behavior of the waveform. We will discuss this mode further 
in a later section.  

As can be seen from Fig. 11.3, the waveform is reconstructed slowly and after 
many triggers, and this can only be done because an independent trigger input is 
(and should be) available. Thus, unlike traditional oscilloscopes, the instrument 
cannot trigger on the signal itself (i.e., edge trigger, level trigger, etc.) Moreover, 
only those features of the waveform are captured that are repeated in every wave-
form. For example, if a singular spike occurs in only one window, it is unlikely for 
it to coincide with the sampling point in that window, and therefore it will not be 
captured. However, the advantage of this technique is that the ADC at the front 
end of the scope needs only to sample once in a window. This would be a much 
lower rate compared to the required “real-time” sampling rate, dictated by the Ny-
quist theorem.3 As a result, signals with much higher frequency components can 
be displayed and analyzed using this technique. Signals with bandwidths as high 
as 80 GHz can be handled by modern DCAs [17]. 

Another feature that makes DCAs particularly useful for fiber optic measure-
ments is that most of them have standard “plug-in” modules that incorporate a 
calibrated high-speed optical to electrical converter. The instrument can display 
the waveform directly in the optical domain. Moreover, the manufacturers provide 
a variety of built-in software tools for measuring a wide range of parameters. In 
the next section, we will discuss some of these parameters briefly.  

To increase the accuracy of waveform measurements, the signal-to-noise ratio 
at the input of the DCA must be maximized. This is because a DCA, like any other 
receiver, has an input sensitivity and a noise floor. If the amplitude of the signal 
gets close to the noise floor, the measurements will no longer be accurate. In gen-
eral, the optical power of the signal should be kept close to the maximum level the 
DCA can accept. Consequently, the signal-to-noise ratio will be maximized, and 
measurements will be more accurate. Of course, this is only possible when the 
signal has enough optical power to begin with, so that by adding an optical attenu-
ator the signal can be attenuated to the appropriate level for the DCA. On the other 

                                                           
3 According to Nyquist theorem, in order to accurately reconstruct a signal, it should be sampled 
at a rate at least twice as high as the highest frequency components of that signal.  
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hand, if the optical power is already low compared to DCA’s noise floor, an opti-
cal amplifier may have to be used to increase the signal-to-noise ratio.  

Most DCAs have several low-pass filters built in that can be applied to the 
waveforms. These filters are defined by various standards and are generally used 
in eye mask measurements for digital signals (we will discuss eye mask tests later 
in this chapter). The effect of these filters is to remove high-frequency compo-
nents of the signal. For instance, a typical OC48 filter is a low-pass Bessel–
Thomson filter with a bandwidth of 1.87 GHz. Naturally, using a low-pass filter 
affects the optical eye. For example, rise and fall times will be slower, high-
frequency laser relaxation oscillations will be removed, and in general the eye 
diagram will look cleaner and smoother.  

An eye pattern, after passing through the appropriate filter, is effectively band 
limited according to the bandwidth requirements of the corresponding receiver. 
Thus, for instance, an eye pattern after going through an OC48 filter looks like 
what an OC48 receiver “sees” from that signal. Because of this band limiting ef-
fect, it should be ensured that the right filter is selected for each application.  

11.4.3 Amplitude related parameters 

Using a DCA, a number of parameters related to the amplitude (or instantaneous 
power) of an optical signal can be characterized. As noted in Chapter 3, these 
parameters mainly include optical “1” and “0” levels, overshoot, optical modula-
tion amplitude (OMA), and extinction ratio. Alternatively, the built-in software 
provided with a DCA can be used. A point to notice in amplitude measurements is 
that they are referred to the average value of a distribution. Fortunately, most 
DCAs are equipped with built-in software that can capture a histogram of this dis-
tribution within any given window in an eye pattern. For example, Fig. 11.4 shows 
a typical histogram of the 0 and 1 levels within a predefined box in an optical eye 
diagram. 

 

Fig. 11.4. Histogram of the distribution of 0 and 1 levels 
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The optical 1 and 0 levels correspond to the mean value of the distribution. By 
setting the corners of the histogram window, the statistical details of the signal can 
be examined more accurately.  

An important parameter in digital signals is extinction ratio (ER), defined as the 
ratio of an optical “1” to an optical “0” level, in decibels. Most DCAs already 
have a predefined routine for measuring extinction ratio. However, in spite of the 
conceptual clarity of ER, accurate ER measurements are infamously difficult and 
affected by a number of uncertainties [18–20]. Among these is noise in the 0 and 1 
levels, which makes it difficult to assign an exact value to the 0 and 1 levels. Also, 
signal oscillations especially at the 0 state can affect ER measurements, because 
they impact the exact value of the 0 state. Moreover, it becomes increasingly diffi-
cult for DCAs to resolve very high ERs, say, beyond 15 dB. This is because at 
such high ERs the 0 level gets very close to the actual dark level, or the noise floor 
of the DCA. Consequently, it becomes increasingly difficult to measure higher ERs.  

11.4.4 Time-related parameters 

Main time-related parameters include rise and fall time, eye width, and jitter. As 
noted before, it is important to ensure that when performing these measurements 
the equipment has sufficient bandwidth and that no additional filters are added to 
the signal path. In a DCA any time measurement, like amplitude measurement, is 
referenced to a distribution of events in time. Therefore, using time histogram fea-
tures available in most DCAs is a valuable tool for signal analysis.  

This is very obvious in jitter measurements. Figure 11.5a illustrates a typical 
jitter histogram for a representative eye pattern. If the distribution is Gaussian, it 
can be readily characterized by its rms and peak-to-peak value. The rms value re-
fers to the standard deviation width of the distribution, and the peak-to-peak value, 
although theoretically unbounded, can be limited within a certain number of stan-
dard deviations in either side of the mean value. The number of σ s used depends 
on the bit error rate.4 Note, however, that jitter distribution is not always Gaussian. 
More often than not, jitter can be broken down into a deterministic and a random 
component. The random component can be characterized by a Gaussian, but the 
deterministic component is a function of the particular system under test.  

For example, if the eye pattern shows a “double edge,” the deterministic com-
ponent can be attributed to the time delay between the two edges. This is shown in 
Fig. 11.5b. It can be seen that a time histogram gives a much more complete pic-
ture of the nature of jitter. The above discussion sets the basis for other time-
related measurements as well. For example, two other important parameters in a 
digital signal are rise time and fall time (tR and tF). For optical signals, they reflect 
the speed of the modulating electrical circuit as well as the frequency response of 
the laser or the external modulator. 

 
                                                           

4 For a more detailed discussion of jitter refer to Chapter 3. 
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Fig. 11.5. Jitter histograms: (a) normal jitter distribution and (b) double-peak distribution 

As shown in Fig. 11.6, the transition time for each of the rising and falling 
edges is a distribution and the mean value of the distribution should be used as 
the reference point for the edge. Both rise-time and fall-time can be measured 
either from 10 to 90% point or from 20 to 80% in a signal. Using the 20–80% 
levels typically provides more consistent results. On the other hand, using the 
10–90% levels renders the measurement more sensitive to signal distortions and 
noise. For instance, in Fig. 11.6, tR and tF are based on the 90 and 10% levels. It 
can be seen that in this case the fall-time is disproportionately affected by a pla-
teau in the falling edge. On the other hand, the 80–20% fall-time is much less 
sensitive to the same plateau. 

 

Fig. 11.6. Rise and fall-time measurement based on time histograms 
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11.4.5 Mask measurement 

In a mask measurement, the shape of an eye pattern is laid against a pre-defined 
mask, which essentially verifies that the eye pattern is sufficiently open in time 
and amplitude [18]. It also ensures that the amount of noise in the 0 and 1 levels 
does not exceed the value set by the mask. In general, an eye mask determines the 
minimum acceptable “quality” for a particular digital signal, such that a non-
conforming signal results in mask violations or hits. Figure 11.7 illustrates a mask 
test for an ideal eye diagram. Mask tests are typically performed in the infinite 
persistence mode of a DCA using the appropriate low-pass filter for that applica-
tion. This will usually remove overshoot and laser relaxation oscillations that are 
normally out-of-band for many lower data rate applications, and in general will 
yield a “cleaner” eye pattern. 

 

Fig. 11.7. Typical eye mask measurement 

However, in-band distortions will pass through, and if they are large enough, 
they can cause mask hits. In cases where there is no mask hit, it is common to de-
fine a mask margin value. The mask margin can be measured by increasing the 
size of the mask and making it tighter around the eye pattern. The mask is made 
larger until it overlaps with the actual eye at some point. Mask margin is the per-
centage by which the mask has to increase in size before the first hit occurs. In 
Fig. 11.7, the original mask is shown by dashed lines and the extra margin is 
shown by the dotted area.  

Certain factors can impact the accuracy of a mask test. As noted before, it is 
important to take into account the noise floor of the DCA itself. If the optical sig-
nal is weak and close to the noise floor, the mask margin can suffer. Moreover, 
any phase change between the data and the trigger signal will directly translate to 
a shift (and therefore “smearing”) in the displayed eye. High-frequency phase 
shift, or jitter, will lower the mask margin. Low-frequency phase shift, also known 
as wander, can affect long-term measurements. In short, a mask test is a simulta-
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neous reflection of both the signal itself and the noise floor of the equipment and 
the phase noise between the signal and the trigger.  

11.5 Spectral measurements 

The shape of a waveform in time domain does not provide any information about 
the spectrum of the signal. As discussed in Chapter 4, different laser structures 
have different spectral characteristics, resulting in differences in wavelength, spec-
tral width, and spectral shape. The spectral characteristics of a signal have a direct 
impact on the amount of attenuation and dispersion the signal experiences as it 
propagates through the fiber. In this section we will discuss the principles of opti-
cal spectrum measurements. 

11.5.1 Optical spectrum analyzer (OSA) 

The main instrument used in the analysis of an optical spectrum is an optical spec-
trum analyzer (OSA). [21–24] In principle, an OSA works the same way as an 
electrical spectrum analyzer, with the difference that the frequencies involved are 
at much higher optical frequencies [25]. In both cases, the signal is passed through 
a variable narrowband filter, which only passes a very narrow range of frequencies 
from the signal. The filter is then swept across the frequencies of interest and its 
output is displayed as a function of the frequency. Figure 11.8 illustrates the con-
cept behind a generic spectrum analyzer.  

 

Fig. 11.8. Schematic diagram of a frequency spectrum analyzer 

Because the phase information of the signal is lost, the equipment effectively 
displays the energy spectrum density of the signal, S(f), given by 
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2)()( fXfS =  (11.4) 

where X(f) is the Fourier transform of the time domain signal x(t). In reality, the 
displayed signal is the convolution of the response of the filter and the spectrum of 
the signal. Thus, Eq. (11.4) holds if the bandwidth of the variable filter is very nar-
row compared to the spectral features of the signal. If this assumption does not 
hold, the displayed signal would be smoothed out as a result of the wider band-
width of the filter and the spectral details of the signal will be lost. 

In an optical spectrum analyzer, the variable filter must be capable of tuning its 
pass-band across the optical frequency range of interest. Many optical devices can 
act as an optical filter. For instance, we know that a Fabry–Perot resonator acts as 
a wavelength-selective device based on its length [26]. Thus, by changing the 
length of the cavity we can implement a variable optical filter. Another possibility 
is using a prism to split light into its constituent spectral components and then us-
ing a narrow slit to select only a specific band for further analysis. The advantage 
of this approach is that the prism maps the spectrum into the spatial domain, and 
therefore the filter has to be a spatial filter, i.e., a slit. However, a prism is not the 
best device to decompose the spectrum, because it has not enough dispersion in in-
frared. A better device for this purpose is a grating, which consists of a large num-
ber of closely spaced slits on a reflective or transmissive substrate. This is the ba-
sis of operation of most OSAs [27,28]. Figure 11.9 shows the block diagram of an 
OSA based on a reflective grating.  

 

Fig. 11.9. Schematic of an optical spectrum analyzer based on reflection grating 

Typically the light is brought to the equipment with a fiber where it is culmi-
nated and directed toward the grating. The grating separates the wavelengths, and 
a second slit acting as a spatial filter selects a narrow band. The light that passes 
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through the slit is then focused on a detector, which converts the optical power to 
an electrical signal. After initial amplification the analog signal is digitized and 
goes through further signal processing. Eventually, the optical power is used as the 
vertical scale in a display. The horizontal scale is driven by a ramp generator 
which rotates the grating. Thus, the horizontal location of the trace in the display 
corresponds to the angular location of the grating, which in turn determines the 
range of wavelengths that go through the slit and detected by the detector. As a re-
sult, the display traces the optical power of the signal as a function of wavelength.  

Figure 11.10 shows the typical settings and measurements available in an OSA. 
The left-hand side of the figure shows the settings that are available to the user. 
The wavelength settings control the horizontal scan that sets the start and stop 
wavelength points. Alternatively, a center wavelength and a wavelength span can 
be indicated. The level controls deal with the vertical axis of the display. The ver-
tical axis can be changed between linear and logarithmic (dBm) scales. In most 
cases the logarithmic scale is used as it provides much more dynamic range in dis-
playing the waveforms. In either case, the scale of the display grid can also be 
chosen (dB or mW per division), which determines the vertical span of the dis-
played waveform. The reference level selects the reference point for the vertical 
axis, so that changing it will shift the displayed waveform up or down. Several ad-
ditional parameters related to the way the signal is scanned and displayed can also 
be set.  

 

Fig. 11.10. Typical OSA controls and measurements 
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For instance, the OSA can be configured to scan the input signal continually or 
it can be set to perform a single scan. The resolution setting determines the band-
width of the bandpass optical filter. Using higher resolution yields more details in 
the spectrum of the signal, but it will take longer to scan the waveform. Usually, 
resolutions of up to 0.1 nm can be achieved with standard OSAs. Using averaging 
enables the display to show the average of several scans. This is a useful feature 
when dealing with noisy signals or when measurements at very low optical powers 
are needed.  

Figure 11.10 also shows some of the typical measurements that an OSA can 
perform on a waveform. Most OSAs are equipped with internal software that can 
automatically perform a number of key measurements. Among the most common 
measurements are optical power and wavelength for each of the peaks in the spec-
trum. Measurements of spectral width (SW) and side mode suppression ratio 
(SMSR) are also routine tests.5  

In addition to automatic test routines, OSAs provide means of making direct 
measurements on the waveform. For instance, Fig. 11.10 shows a knob that can be 
used to move a marker along the waveform. At each point, the equipment displays 
the wavelength and the optical power. Using this feature, the user can perform di-
rect measurements on various features of the waveform. 

OSAs are versatile tools that can perform a host of spectral measurements on a 
signal, and their test capabilities suffice for most general applications. In some 
cases, however, the measurement accuracy of an OSA is not sufficient, in which 
case other test equipment specifically targeted for a particular measurement should 
be used.  

11.5.2 Wavelength meters 

One example where the accuracy of a typical OSA can be insufficient is when the 
wavelength of a signal must be measured with great precision, say, with ±0.001 nm 
accuracy. This is usually the case in WDM applications where wavelength spacing 
and stability of adjacent channels is of great importance. Wavelength meters are 
capable of measuring the wavelength of an optical signal with much more accu-
racy compared to an OSA.  

Wavelength meters typically utilize interferometric principles to increase the 
measurement accuracy. For instance, in a Michelson interferometer, the optical 
signal is split into two beams in two branches and is then made to interfere with it-
self. When the length of one of the branches is varied, the output of the interfer-
ometer goes through successive minima and maxima, as a function of the length 
change. By counting these peaks, the wavelength of the light can be determined. 
Other methods are based on Fizeau, or Fabry–Perot interferometer effects, Dop-
pler effect, and heterodyne principles [29–32]. 

                                                           
5 For a discussion of these and other spectral parameters refer to Chapter 3.  
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11.6 Link performance testing 

Instruments like power meters or spectrum analyzers measure parameters associ-
ated with an individual device or test. However, it is also necessary to measure the 
performance of a system that consists of several individual elements. A prime ex-
ample is a complete link, consisting of an optical driver, a laser, optical fiber, and 
an optical receiver. The ultimate measure of performance for a digital link is bit 
error rate (BER), which refers to the ratio of correctly received bits to the total 
number of bits sent [33]. Not only an entire link, but also many digital circuits and 
systems can be tested for BER, examples include receivers or clock and data re-
covery circuits. For the purpose of our current discussion, unless otherwise stated, 
we refer to the system being tested as device under test (DUT).  

11.6.1 Bit error rate tester (BERT) 

A typical BER test includes sending a known pattern of data through the DUT and 
comparing the data stream coming out of the DUT with the pattern that goes into 
the DUT. Figure 11.11 shows a schematic diagram of a commonly used bit error 
rate tester (BERT) for this purpose.  

 

Fig. 11.11. Schematic diagram of a bit error rate tester (BERT) 

The BERT is divided into two main blocks, a transmitter (TX) and a receiver 
(RX) unit. The user controls and interfaces are shown in the left side of the figure, 
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while the instrument’s signal inputs and outputs are shown on the right side. The 
BERT measures the DUT’s BER as well as a variety of error statistics. 

The user inputs include frequency, pattern, signal levels, and a delay between 
the receiver clock and data. The pattern and frequency inputs control a pattern 
generator that creates a test pattern simulating the real data traffic that the DUT is 
likely to encounter. The most common patterns for testing BER are pseudo-
random (PRBS) patterns of different lengths, usually PRBS-7, PRBS-23, and 
PRBS-31. These patterns simulate random data traffic within their lengths, with 
longer patterns representing more random data. In most BERTs, there are options 
to define other user patterns too, usually to allow for stressing the DUT in some 
particular aspect.  

The TX block has three main outputs. The data output includes a physical sig-
nal that represents the intended pattern. This pattern is usually applied to the DUT. 
There is also a clock output, which enables the RX block to synchronize with the 
TX block. Finally, the TX block provides a trigger output. This output is not used 
directly within the BERT. However, it is very useful if other tests are to be con-
ducted. For example, it allows the use of a DCA for eye pattern analysis. The trig-
ger output can be driven from two sources. It can either replicate the clock (or 
some divided version of the clock) or it can provide a trigger pulse every time the 
pattern generator has gone through the entire pattern and starts sending the pattern 
from the beginning again. As indicted in Fig. 11.11, the voltage level of these out-
puts can also be controlled by the user.  

The RX section has two main inputs: a clock and a data input. The data output 
from the TX section is applied to the DUT and the output of the DUT goes to the 
data input of the RX section. On the other hand, the RX section uses the clock in-
put to generate an exact replicate of the data pattern. An error analyzer compares 
this copy with the data it is receiving from the DUT bit by bit. As a result, the ana-
lyzer can determine the ratio of the bits that do not match the expected value (and 
therefore are considered errors) to the total number of received bits. This ratio, by 
definition, is the BER of the DUT.  

Note that there is a time delay associated with the DUT and the electrical (or 
optical) interconnects in the setup. Therefore, the RX section must be able to 
change the delay of the received signal with respect to the pattern it generates in-
ternally to synchronize and match the two. This so-called clock and data alignment 
process is accomplished through a variable delay that can either be controlled by 
the user or optimized by the BERT. The alignment is optimized by changing the 
delay until the BER is minimized. This process is equivalent to changing the sam-
pling point in time within an eye pattern. Placing the sampling point in the middle 
of an eye pattern will minimize the BER. On the other hand, by changing the de-
lay, the sampling point can effectively be moved across the eye pattern, and by 
mapping the resulting BER vs. time delay the effective jitter at various BERs can 
be measured.  

To accomplish the comparison between the two copies of the signal, the bit 
analyzer and the pattern generator need to run at exactly the same frequency. Usu-
ally, this is achieved by running both the pattern generator and the analyzer from 
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the same clock source. This is the configuration shown in Fig. 11.11: the clock 
output from the TX section is connected directly to the clock input of the RX sec-
tion. However, the clock can also be extracted from the output of the DUT using a 
clock and data recovery (CDR) circuit. Using a CDR becomes necessary when-
ever the phase difference between the clock and data is not constant. In such cases, 
a one time clock-data alignment will not work and a CDR provides continuous 
clock-data alignment. This is usually necessary in sensitivity testing, which is the 
topic of the next section.   

11.6.2 Sensitivity measurement 

A common use of a BERT system is in measuring sensitivity and sensitivity pen-
alties associated with various phenomena that affect sensitivity. As we noted in 
Chapter 9, sensitivity is defined as the minimum optical power that a receiver can 
work with, while maintaining a given BER. Sensitivity is the most crucial parame-
ter that characterizes a digital receiver, and therefore measuring both sensitivity 
and sensitivity penalties is very important. Figure 11.12 shows a setup for measur-
ing sensitivity using a BERT.  

 

Fig. 11.12. Measurement setup for sensitivity tests 

The electrical data output from the BERT drives an electrical to optical (EO) 
converter. This is essentially a “golden” transmitter that generates a well-controlled, 
high-quality optical signal. The optical signal is then sent through a given length 
of fiber. At the other side of the fiber, there is a variable optical attenuator. After 
the optical signal passes through the attenuator, it goes to a beam splitter which 
divides the optical power in half. One branch of the splitter goes to an optical 
power meter and the other branch goes to the DUT or the receiver whose sensitiv-
ity is being measured. Note that the optical power received by the DUT 
is the same as the power that goes to the power meter (assuming a 50/50 splitting 
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6 See Chapter 9 for a discussion of waterfall curves.  

ratio). Therefore, the power meter shows the optical power received by the DUT. 
The DUT converts the optical signal back to an electrical signal. The electrical 
signal is then applied to a clock and data recovery (CDR) unit, which extracts the 
clock out of the signal. The retimed data and the extracted clock are then sent back 
to the BERT’s receiver for error analysis.  

As noted in the previous section, the BERT’s input clock can be driven directly 
from BERT’s output clock. However, in this setup, because the optical signal 
travels through fiber, it may be necessary to use a CDR to remove random phase 
variations due to a long stretch of fiber. In this setup, by varying the optical at-
tenuator, the level of optical power received by the DUT can be changed, while at 
each power level, the BERT can measure the bit error rate. Because the occur-
rence of errors is a random process, to get more accurate BER results for any 
given power level, it is necessary to run the test long enough to acquire a sufficient 
number of errors. Reasonable confidence levels may require as many as 100 er-
rors, although this may be impractical for low BERs.  

Using this setup, a number of measurements can be performed. The simplest 
test is to measure the receiver’s sensitivity at zero dispersion. In this case, instead 
of a long fiber, a short fiber jumper with negligible dispersion is used and the at-
tenuation is set to a nominal level. The link should be able to run error free at this 
point (BER=0). The attenuation is then increased until a relatively high error rate 
is observed. Next, the attenuation is reduced gradually until the BER falls below a 
desired level, say 10−12. The power measured by the optical power meter at this 
point is the sensitivity of the receiver at zero dispersion. 

The receiver’s performance can also be characterized more accurately by 
measuring the waterfall curves.6 This is especially useful in estimating the sensi-
tivity at lower BERs, where it is impractical to run a test long enough to acquire 
sufficient number of errors for statistical confidence. Using this setup, the received 
power can be scanned across a number of equally spaced power levels, and at each 
point the BER can be measured. The plot of the BER vs. power level is the water-
fall curve corresponding to the particular parameters used in the test.  

11.6.3 Sensitivity penalty tests 

The setup shown in Fig. 11.12 can also be used for a variety of sensitivity penalty 
measurements. Sensitivity penalty refers to the increase in optical power needed to 
compensate the degrading effects of a specific phenomenon on sensitivity, meas-
ured in decibels.  

A common type of sensitivity penalty is associated with dispersion and is 
known as dispersion penalty. As discussed in Chapter 5, when optical signals 
travel in fiber they suffer from a variety of dispersion effects. Thus, dispersion 
penalty refers to the additional amount of optical power needed to compensate 
sensitivity degradation due to dispersion for a given length of fiber and at a given 



11.7 Analog modulation measurements      317 

wavelength. To test dispersion penalty, the sensitivity of a receiver is first 
characterized with a minimum length of fiber, as discussed before. Then, the 
fiber jumper is replaced with the desired length of fiber, usually in the form of 
a fiber spool. Fiber spools are available in various lengths of fiber, typically 
from a few kilometers up to 100 km. Next, the optical attenuator is adjusted 
and the sensitivity of the receiver is characterized again. Obviously, as a result 
of the attenuation of fiber, the power level reaching the attenuator is going to 
be much lower, and therefore much less attenuation is needed to reach the sen-
sitivity point. The power difference, in dB, to achieve the same BER level 
with and without the fiber spool is the dispersion penalty. For instance, a 1 dB 
dispersion penalty means that when a fiber spool is inserted in the link, the 
power at the receiver must be 1 dB higher to achieve the same target BER as 
before. Of course, this penalty is a function of several parameters, including 
bit rate, wavelength, length and design of fiber, and the type of optical trans-
mitter used in the link.  

This methodology can also be used to measure other types of power penalties. 
For example, we can measure the sensitivity penalty as a function of the extinction 
ratio (ER) of the transmitter. The process will be the same: the sensitivity is char-
acterized when the transmitter (E/O converter) is set at a given reference ER. Then 
the ER is changed, and for every new value of ER sensitivity is re-measured. 
Thus, the sensitivity penalty associated with ER changes (specifically, lower ERs) 
can be characterized.  

11.7 Analog modulation measurements 

Although a majority of fiber optic links are based on digital transmission, fiber op-
tic links based on analog formats are still in use in several applications, including 
CATV and microwave feeds. In a typical analog link, several carriers or channels 
at different frequencies are simultaneously modulated on the optical signal. It 
should be noted that frequency, in this context, refers to the electrical modulation 
frequency, and not to the optical frequency. Thus, a composite analog signal con-
sisting of several sub-carriers modulate a single optical carrier. In this section, we 
discuss the lightwave signal analyzer (LSA), which is the primary tool for analog 
signal analysis and measurements. We will also discuss some of the main meas-
urements that can be performed with an LSA. 

11.7.1 Lightwave signal analyzer (LSA) 

In general, signals can be analyzed in time or in frequency domain. For some ap-
plications, time domain analysis is very effective, as many important features of 
the signal, such as rise- and fall-time, or the shape of the waveform, are inherently 
time domain features. This is usually the case for baseband signals. In fiber optic 
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communications, digital links are typically baseband, and therefore time domain 
analysis is the main tool in studying and characterizing them. The major tool for 
measurements in time domain is the oscilloscope or platforms based on an oscillo-
scope, such as the DCAs we considered previously.  

On the other hand, for non-baseband signals where several frequency carriers 
exist simultaneously, usually frequency domain analysis provides a better insight 
into the nature of the composite signal. In RF applications, the electrical spectrum 
analyzer provides a convenient tool for analyzing signals in frequency domain. In 
principle, the same techniques can be used to analyze optical signals [34–36]. The 
lightwave signal analyzer (LSA) is an instrument that essentially integrates an RF 
spectrum analyzer with an OE converter front end. The LSA provides a conven-
ient instrument for measurements of parameters such as modulation depth, rela-
tive intensity noise (RIN), inter-modulation interference, signal harmonics, laser 
relaxation frequency, and modulation frequency response [37]. These parameters 
are not only essential for characterization of analog signals, but are also useful 
tools in the analysis of digital signals in frequency domain.  
. 

 

Fig. 11.13. Principals of operation of a lightwave signal analyzer (LSA) 

Figure 11.13 shows the block diagram of an LSA. The input optical signal goes 
through an optical attenuator which brings down the optical power to a suitable 
level for the instruments detector. The light is focused on an optical detector 
which is followed by a wideband linear amplifier. The detector recovers the elec-
trical signal from the optical carrier, and the linear amplifier provides additional 
gain and provides a suitable signal for further signal processing. An optical power 
meter is also provided that measures the average power in the signal. The output 
of the linear amplifier is fed to a variable narrow band filter whose bandpass is 
controlled by a sawtooth or ramp generator. The output of the filter, which repre-
sents the frequency contents of the signal in a narrow band, goes through further 
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signal processing and ultimately drives the vertical axis of the display. The hori-
zontal axis of the display is synchronously scanned with the bandpass of the filter, 
yielding the frequency spectrum of the signal.  

A few points should be noted about the LSA. First, notice that the LSA is es-
sentially a frequency spectrum analyzer shown in Fig. 11.8 preceded by an optical 
detector. Therefore, in principle, the same measurements that can be done with an 
LSA can also be done with an OE converter and a standard electrical spectrum 
analyzer. However, the advantage of an LSA is that it is already calibrated in 
terms of the optical power whereas such calibrations must be performed by the 
user if an OE converter along with a spectrum analyzer is used.  

Another point to note is the apparent similarity between the schematic diagram 
of the LSA and that of the OSA shown in Fig. 11.9. However, it should be noted 
that in an OSA the filtering is done in the optical domain and at optical frequen-
cies (wavelengths), as opposed to the LSA where the filtering is done in electrical 
domain and at much lower frequencies. Therefore, what an OSA displays should 
not be confused with what an LSA displays, as they represent totally different fre-
quency domains.  

11.7.2 Signal parameter measurements  

Because the LSA essentially displays the signal in frequency domain, it shares 
many settings with ordinary electrical spectrum analyzers. Settings like start and 
stop frequency, and the bandwidth and reference level, are common. One differ-
ence is that in an LSA the units for the vertical axis can be chosen between optical 
dB or electrical dB. Because in optical to electrical conversion optical power is 
linearly converted to current, and because electrical power is proportional to the 
square of current, a distinction must be made between electrical and optical power 
changes. This distinction is reflected in the logarithmic units of optical dB (dBOPT) 
and electrical dB (dBELC) where 
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Thus, for instance, a 10 dB change in optical power is equivalent to a 20 dB 
change in electrical power.  

Figure 11.14 shows a representative spectrum on an LSA and the parameters 
that can be measured from the test. The average power of the signal is displayed 
on the average power bar in the left side of the screen. The modulated signal 
shows as a spike at the modulation frequency, f0. From the display, the signal av-
erage power, modulation power, and modulation frequency can readily be meas-
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ured. A particularly important parameter for analog systems is the modulation 
depth, MD, defined as  
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where Pf0 is the power at the intended modulation frequency and PAVG is the aver-
age power in the signal. From the LSA display, MD can be measured easily as the 
difference between the average power and the power in the main signal.  

 

 

Fig. 11.14. Spectrum measurements using a lightwave signal analyzer (LSA) 

It is also common to express MD as a linear percentage, which can be calcu-
lated directly from Eq. (11.6). 
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Again, this distortion can easily be measured from the LSA’s display. For exam-
ple, the 2nd harmonic distortion in dBs is simply the difference between the peak 
powers at 2f0 and f0. The total harmonic distortion, THD, is defined as 
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To obtain THD, the power in each harmonic (up to a reasonable number) must be 
measured from the display. These powers then need to be added and divided by 
the power in the main signal.  

LSAs can also be used to characterize inter-modulation distortion (IMD) [38]. 
In a perfectly linear system several signals with different carrier frequencies can 
be present simultaneously without affecting each other. However, any nonlinearity 
causes the appearance of additional signals at sum or difference frequencies. De-
pending on the number of carriers present, the number of spurious frequencies 
multiplies. Thus, if the carriers are at frequencies f1, f2, …,fn, 2nd order IMD involves 
terms at fi ± fj, 3rd order IMD involves terms at fi ± fj ± fk, etc. IMD can be a serious 
problem in CATV systems where several channels are modulated on the same op-
tical carrier. Using an LSA, both the frequencies and powers of these beat terms as 
well as their relative location to the main signals can easily be determined. 

Figure 11.14 also shows another important quantity, the signal’s relative inten-
sity noise (RIN). RIN is a measure of the noise power caused by random optical 
intensity variations that always accompany any optical source [39–41]. Because 
noise is always a function of bandwidth, it is common to refer to intensity noise 
spectral density, in other words, the amount of noise present per hertz of band-
width. Moreover, to remove the needed calibrations resulting from the responsiv-
ity of the detector, the noise is normalized to the average power present in the sig-
nal. In this way, any responsivity variations are cancelled out because they affect 
the average power and noise power in the same fashion. Thus, RIN is defined as 
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The units of RIN are dB/Hz. The reason the powers appear as squared is that noise 
power as measured by any receiver is proportional to the square of current, and the 
current is proportional to the optical power. Thus, the noise power in a receiver is 
proportional to the square of optical power. It can be seen from Eq. (11.9) that in 
general RIN is a function of frequency. For instance, the RIN in the spectrum of a 
laser typically reaches a maximum at the relaxation oscillation of the laser.  

LSAs can be used to measure RIN [42]. As can be seen from Fig. 11.14, RIN 
can be measured at any given frequency as the ratio of the noise at that frequency 
to the average power. Note that RIN can also be integrated over a frequency range, 
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yielding the total intensity noise within that range. If the frequency range 
is narrow enough, or if the RIN is flat over the range, the total noise power 
can be obtained by simply multiplying the RIN spectral density by the band-
width.  

11.8 Summary 

Test and measurement methodologies constitute an important part of fiber optic 
design and validation. In this chapter we reviewed some of the most common test 
instruments and measurements that are used in fiber optic links.  

One of the most common measurements is optical power testing. Power is the 
main parameter in an optical link, at both transmitting and receiving ends. Aver-
age power measurements are done using power meters that utilize broad area de-
tectors. These detectors are typically thermally stabilized silicon or InGaAs PIN 
diodes. Silicon diodes are used for shorter wavelengths, while InGaAs is usually 
used for longer wavelengths in the 1310 and 1550 nm window. In a standard 
power meter the wavelength must be set so that the equipment can use the proper 
calibration factor to calibrate out the wavelength dependence of the detector and 
report an accurate result.  

An optical signal is characterized by the instantaneous optical power, and sig-
nal measurements are part of time domain measurements which require an oscillo-
scope-type platform capable of displaying the optical waveform. While an OE 
converter and a standard oscilloscope can in principle accomplish this task, the 
most common tool used for this purpose is a digital communication analyzer, or 
DCA. Usually DCAs have an optical input port which allows for a direct connec-
tion to an optical signal. Moreover, DCAs are internally calibrated to optical 
power, and they include software utilities for testing a variety of additional pa-
rameters. Another advantage of a DCA is that by sampling in equivalent time, it 
can provide an effective bandwidth much higher than what is available in a stan-
dard digital scope. Thus, a DCA provides a convenient way of measuring a large 
number of time domain parameters on a given optical signal. The most important 
of these parameters include the shape of the signal, rise- and fall-time, opti-
cal modulation amplitude, overshoot, extinction ratio, jitter, and compliance 
mask tests. Time domain measurements are particularly useful for analysis 
of digital signals, where they are sometimes grouped together as eye pattern 
analysis.  

Frequency domain analysis is another important area for measurements. Here 
one needs to distinguish between two separate frequency domains: optical fre-
quencies and signal frequencies. Optical frequencies are related to the wavelength 
or spectrum of the light. The most common tool for optical frequency analysis is 
an optical spectrum analyzer, or OSA. An OSA can display the wavelength com-
ponents of an optical signal. Thus, facts like whether an optical source is single 
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mode or multimode can readily be determined by an OSA. Typical parameters an 
OSA can measure include peak wavelength(s), spectral width (SW), and side 
mode suppression ratio (SMSR).  

The other frequency range for which a variety of parameters need to be meas-
ured is the signal or electrical frequency range. These measurements are specifi-
cally significant for analog applications, where oftentimes several channels are 
frequency multiplexed on a single optical carrier. In principle, a calibrated electri-
cal spectrum analyzer preceded by an OE converter is capable of performing sig-
nal spectrum measurements. This is the operating basis of a light spectrum ana-
lyzer or LSA. An LSA has an optical input, with the convenience of providing 
calibration in both optical and electrical power units. Parameters that can be 
measured by an LSA include modulation depth (MD), distortion, total harmonic 
distortion (THD), inter-modulation distortion (IMD), and noise parameters such as 
relative intensity noise (RIN).   
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Chapter 12  
Standards 

12.1 Introduction 

We started Chapter 1 with an example of spoken language as an intuitive model of 
a communication link. In language, a complex set of conventions and rules are at 
work to ensure that the sounds made by one side are interpreted correctly by the 
other side, so that the intended message is conveyed and communication is estab-
lished. The role of standards in telecommunication is fundamentally not so differ-
ent. However, fiber optic standards are not limited to those that cover communica-
tion aspects. There are also a wide range of standards related to components, 
systems, measurements, and test methodologies. Moreover, standards are con-
stantly evolving as a result of new technologies, new needs, and new problems. 
This makes the topic of standards a vast, complex subject, especially in an area 
such as fiber optics which involves many different fields and technologies.  

This chapter starts with a discussion of the main bodies that are active in defin-
ing fiber optics related standards. Next, we will divide the standards into several 
categories and provide a list of selected standards in each category. This classifi-
cation, although by no means complete, can serve as a useful reference and pro-
vides a general perspective. Finally, we briefly discuss some standards that are 
commonly encountered in physical layer design. It goes without saying that our 
treatment of the topic is necessarily selective and brief. Therefore, for more details 
the reader can refer to the standards or references mentioned in each section.  

12.2 Standards development bodies 

There are numerous institutions that are active in defining standards, each from a 
specific perspective. For communication industries, the major bodies include the In-
ternational Telecommunication Institute (ITU), the Telecommunication Industry As-
sociation (TIA), the International Electrotechnical Commission (IEC), the Institute 
of Electrical and Electronics Engineers (IEEE), Organization for Standardization 
(ISO), American National Standard Institute (ANSI), and Telcordia (also known as 
Bellcore). We will proceed by briefly introducting each of these organizations.  

12.2.1 International Telecommunication Union (ITU)  

ITU is an international agency within United Nations dedicated to information and 
communication technologies and is a major source of all kinds of standards for 
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telecommunication industries [1]. The international nature of ITU is a reflection of 
the necessity of having uniform standards for telecommunication to ensure com-
patibility between telecommunication infrastructures in different countries. ITU is 
headquartered in Geneva and most countries within the United Nations are its 
members. Moreover, it has numerous members from private sector, which include 
various communication companies, organizations, and agencies from all around 
the world. ITU’s Telecommunication Standardization Sector, known as ITU-T, is 
one of the sectors within ITU whose role is directly related to defining telecom-
munication standards in the form of recommendations [2].  

Many of ITU’s recommendations related to communications and fiber optics 
are designated by the letter G, which is a class of recommendations related to digi-
tal systems and networks. For example, G.691 is a recommendation related to 
SDH systems operating at STM-64. Other categories of ITU-T’s standards that 
contain fiber optics related documents include L (cables) and Y (information in-
frastructure). Most released standards from ITU-T are available to public free of 
charge [3]. 

12.2.2 International Electrotechnical Commission (IEC)  

IEC is an international, non-governmental organization involved with defining 
standards related to all areas of electrical and electronics technologies [4]. IEC 
was founded in 1906 in London in recognition of the necessity of addressing ques-
tions regarding standardization of nomenclature and ratings for electrical devices 
and machines. Its central office is now located in Geneva, Switzerland. Examples 
of some units that IEC established include the hertz for frequency and the gauss 
for magnetic flux density. Another creation of IEC is the International Electro-
technical Vocabulary (IEV), now known as Electropedia [5]. IEC also proposed 
an international system for physical units which became known as the "Giorgi sys-
tem.” This system was later developed further and eventually became the Interna-
tional System of Units (SI) which is now used worldwide [6]. IEC works closely 
with other international bodies such as ISO and ITU. IEC covers a wide range of 
standards, including power, energy, semiconductor, and fiber optic industries. 

The Standardization Management Board within IEC oversees the standards de-
velopment work of IEC. IEC’s standards are in the form of IEC-x, where x is the 
number of the document that starts from 60000. For example, laser safety issues 
are covered by the IEC-60825 series of documents. Documents developed jointly 
between the ISO and IEC are in the form of ISO/IEC-x. 

12.2.3 Institute of Electrical and Electronics Engineers (IEEE) 

IEEE is an international non-profit professional organization headquartered in 
New York City and is the largest professional organization in the world [7]. IEEE 
in its current form was established in 1984 through the merger of two older enti-
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ties: American Institute of Electrical Engineers (AIEE) and Institute of Radio En-
gineers (IRE). IEEE is active in virtually all fields of electrical engineering and is 
involved in various scientific and educational activities. IEEE is responsible for 
the publication of many common journals and holds various conferences in all ar-
eas of electrical engineering. IEEE has regional sections all around the world, as 
well as specialized societies dedicated to  specific fields, such as the IEEE Laser 
& Electro-Optics Society (LEOS). 

IEEE is also a major source of standard development. These activities are typi-
cally carried out through IEEE Standard Association (IEEE-SA), which is a subset 
of IEEE and has relationships with other international organizations such as ITU 
and ISO [8]. IEEE standards are specified by numbers. For example, the 802.3 
family are the main components defining the Ethernet standards. 

12.2.4 Telecommunication Industry Association (TIA)   

The Telecommunication Industry Association (TIA) is a trade association that 
represents numerous companies and industries in the field of telecommunications 
[9]. It was established in 1988 as a result of the merger of United States Telecom-
munications Suppliers Association (USTSA) and the Information and Telecom-
munications Technologies Group of Electronics Industries Alliance (EIA). In ad-
dition to representing the interests of its members before government agencies, 
TIA is active in certification, regulatory compliance, and standards development 
for a wide range of telecommunication applications. In terms of standard devel-
opments, TIA functions through several engineering committees. Issues related to 
fiber optics are mainly within the domain of User Premises Telecommunications 
Cabling Requirements Committee, or TR-42. The TR-42 committee itself consists 
of several subcommittees, each focusing on a certain area. Most of TIA’s stan-
dards tend to have designations in the form of TIA/EIA-455-X, TIA-455-x, or 
TIA/EIA-x, where x is a designation number. Some of these documents are also 
known under the name of FOTP-x, where FOTP stands for Fiber Optic Test Pro-
cedures. TIA documents are mainly related to test and measurement methods for 
characterization of optical components. For example, the title of TIA/EIA-455-25-
C, also known as FOTP-25, is Impact Testing of Optical Fiber Cables, and it is re-
lated to determining the tolerance of optical cables to impact loads.  

12.2.5 ISO and ANSI 

The International Organization for Standardization (ISO) is an international body 
comprised of national standard organizations from more than 140 countries [10]. 
Established in 1947, ISO is a non-governmental organization based in Geneva, 
Switzerland. ISO is active in the development of international standards in almost 
all fields of science and technology. Standard development activities are handled 
by technical committees that consist of representatives and experts from technology, 
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industry, and business. ISO’s standards documents are in the form of ISO-x[y], 
where x is the document number, and y is the year the document was released. A 
well-known example of these documents is the ISO-9000 quality management 
systems family [11]. These documents define procedures that a company or 
organization must follow to ensure that the products and services that it offers sat-
isfy certain consistency and quality metrics. The Open System Interconnection 
(OSI) model of networks we discussed in Chapter 2 is another well-known exam-
ple in the area of communications.  

American National Standard Institute (ANSI) is the US representative to ISO 
and is an active member and participant in many of ISO’s standards development 
processes [12]. It also represents United States in many other international bodies 
such as ITU-T. ANSI itself is a private, not-for-profit organization founded in 
1918 and is headquartered in Washington, DC. Its membership includes numerous 
companies, agencies, academic, and industrial organizations. Most of ANSI’s fiber 
optics standards are common to those of TIA and IEC. 

12.2.6 Telcordia (Bellcore) 

In the 1980s, the then giant ATT was broken up into several entities. The regional 
companies that separated from ATT established Bellcore as a research institute, 
which later changed its name to Telcordia [13]. Telcordia is headquartered in Pis-
cataway, New Jersey, and has been active both in systems development and in 
devising standards for telecommunications. For example, the toll-free number sys-
tem or services such as caller ID and call waiting are among Telcordia’s contribu-
tions. SONET is a primary example of Telcordia’s contributions in fiber optics in-
dustry. Telcordia is currently active as a research company that provides support 
in areas of software, system design, R&D, wireless, cable networking, and other 
services to the telecommunication industry worldwide.  

Many of the standards spelled out by Telcordia are in the form of General Re-
quirement (GR) documents. Typically, there is a main document (sometimes 
called core document) that contains the general information about the subject, and 
a family of documents that cover details or various aspects of that topic. For ex-
ample, the SONET standard is spelled out mainly in GR-253 (Synchronous Opti-
cal Network (SONET) Transport Systems: Common Generic Criteria). In addition 
to the GRs, Telcordia provides other documents such as Family of Requirements 
(FR), Special Reports (SR), and Technical Advisories (TA) [14]. 

12.2.7 Miscellaneous organizations  

Although the organizations mentioned above provide standards in a wide variety 
of areas, sometimes the need arises for a relatively fast process to address a spe-
cific design or technology problem. In such cases, it is not uncommon for the in-
volved industries to come together in the form of forums, organizations, and 
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committees and to cooperate in defining protocols or standards related to their 
common area of interest. 

An example of such an organization is the Optical Internetworking Forum 
(OIF) [15]. OIF is a member-driven non-profit organization consisting of more 
than 80 companies that acts as a forum for defining public domain technologies in 
the area of optical networking. The work of OIF is formalized as documents called 
Implementation Agreements (AIs). The existing AIs cover topics such as electrical 
interfaces, tunable lasers, and optical transponder interoperability.  

Another example of such industry-driven efforts is the Small Form Factor 
(SFF) committee, which was established in 1990 as an ad hoc group by a number 
of companies with the narrow goal of defining mechanical dimensions for disk 
drives to ensure interoperability between various computers [16]. Later, SFF’s 
goals were broadened to address other areas where for any reason industry needs 
could not be fulfilled by other standards bodies. SFF is clear that it does not want 
to replace other standards development activities, rather, it complements them. 
The SFF committee comprises a number of participating industries and their rep-
resentatives. 

Most documents produced by SFF are submitted to other standards bodies as 
well. Documents produced by SFF tend to be relatively short and focused on a 
narrow issue or problem. The typical numbering format for SFF recommendations 
is SFF-x or INF- x. An example of the SFF standards is the SFF-8472 (Diagnostic 
Monitoring Interface for Optical Transceivers), which we will discuss in more de-
tail later in this chapter. The SFF committee also maintains documents such as the 
INF-8074i (SFP or Small Form-factor Pluggable Transceiver) and INF-8077i 
(XFP, or 10 Gbps Small Form Factor Pluggable Module) [17]. These documents 
can be accessed on SFF’s FTP site [18]. Standards such as INF-8074i (SFP) and 
INF-8077i (XFP) are especially relevant to physical layer optical transceivers. 
These documents define the mechanical dimensions, electrical connection inter-
face, and the general functionality of some of the most commonly used transceiv-
ers in fiber optics.  

12.3 Standards classifications and selected lists 

Standards cover a wide range of areas, and it is hard to classify them into well-
defined categories. However, for the purpose of this chapter, we can roughly divide 
fiber optic related standards into four categories, as follows:  

(1) Components and devices 

(2) Test and measurement 

(3) Reliability 

(4) Networking standards  
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This classification is necessarily approximate, as there are some standards that 
do not clearly belong to any of these categories, while there are some that can be 
classified under more than one category. However, for the most part, this classifi-
cation is sufficient as a starting point. In this section we provide a list of selected 
standards within each category. For simplicity, we do not distinguish between 
various categories of documents such as recommendations, requirements, techni-
cal reports, etc. Instead, we will treat all of these documents under the generic title 
of standards.  

12.3.1 Standards related to components 

Standards dealing with components typically define the parameters of common fi-
ber optic components and devices [19]. These include passive components such as 
fibers or connectors, active components such as lasers or optical amplifiers, and 
even whole transceivers. These standards are generally used by component manu-
facturers who have to ensure their products meet the standard requirements. They 
are also useful for users, because compliant products from different manufacturers 
are (ideally) interoperable. 

Broadly speaking, components can be divided into active and passive. Various 
kinds of optical fibers and cables can be considered important examples of passive 
components. For instance, G.651 to G.657 define the standard optical fibers. An-
other important class of passive components defined by standards is optical con-
nectors, defined by the TIA/EIA-604-x family, also known as Fiber Optic Connec-
tor Intermateability Standard FOCIS-x. Common ST, SC, FC, and LC connectors 
are defined by FOCIS-2, FOCIS-3, FOCIS-4, and FOCIS-10, respectively. Active 
components typically include lasers and complete transceivers. The most common 
types of standard transceivers are those defined by multi-source agreements; ex-
amples include GBIC, SFP, and XFP. The following list includes some of the ma-
jor standards related to component.  

Optical fibers and cables 

• G.651.1: Characteristics of a 50/125 µm Multimode Graded Index Optical Fiber 
Cable for the Optical Access Network, ITU-T, 2007 

• G.652: Characteristics of a Single-Mode Optical Fiber and Cable, ITU-T, 2005 
• G.653: Characteristics of a Dispersion-Shifted Single-Mode Optical Fiber and 

Cable, ITU-T, 2006   
• G.654: Characteristics of a Cut-Off Shifted Single-Mode Optical Fiber and 

Cable, ITU-T, 2006 
• G.655: Characteristics of a Non-zero Dispersion-Shifted Single-Mode Optical 

Fiber and Cable, ITU-T, 2006 
• G.656: Characteristics of a Fiber and Cable with Non-zero Dispersion for 

Wide-band Optical Transport, ITU-T, 2006 
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• G.657: Characteristics of a Bending Loss Insensitive Single Mode Optical Fiber 
and Cable for the Access Network, ITU-T, 2006 

• G.971: General Features of Optical Fiber Submarine Cable Systems, ITU-T, 2007 
• G.972: Definition of Terms Relevant to Optical Fiber Submarine Cable 

Systems, ITU-T, 2008 
• G.973: Characteristics of Repeaterless Optical Fiber Submarine Cable Systems, 

ITU-T, 2007 
• G.974: Characteristics of Regenerative Optical Fiber Submarine Cable Systems, 

ITU-T, 2007 
• G.977: Characteristics of Optically Amplified Optical Fiber Submarine Cable 

Systems, ITU-T, 2006 
• G.978: Characteristics of Optical Fiber Submarine Cables, ITU-T, 2006 
• L.59: Optical Fiber Cables for Indoor Applications, ITU-T, 2008 
• GR-20: Optical Fiber and Optical Fiber Cable, Telcordia, 2008 
• GR-356: Optical Cable Innerduct and Accessories, Telcordia, 1995 
• GR-2961: Multi-Purpose Fiber Optic Cable, Telcordia, 1998 
• GR-3155: Microducts for Fiber Optic Cables, Telcordia, 2007 
• TIA/EIA-472: Family of Standards for Optical Fibers 
• TIA/EIA-492: Family of Standards for Optical Fibers  
• TIA-568-C.3: Optical Fiber Cabling Components Standard, 2008 

Connectors 

• L.36: Single Mode Fiber Optic Connectors, ITU-T, 2008 
• L.37: Optical Branching Components (Non-Wavelength Selective), ITU-T, 2007 
• GR-1435: Multi-Fiber Optical Connectors, Telcordia, 2008 
• GR-326: Single Mode Optical Connectors and Jumper Assemblies, Telcordia, 

1999 
• GR-1081: Field-Mountable Optical Fiber Connectors, Telcordia, 1995 
• TIA/EIA-604: Fiber Optic Connector Intermateability Standards, 1999 
• TIA/EIA-604-10-A (FOCIS-10): Fiber Optic Intermateability Standard, 1999 
• TIA/EIA-604-12 (FOCIS-12): Fiber Optic Connector Intermateability Stan-

dard, Type MT-RJ, 2002 
• TIA/EIA-604-2-A (FOIC-2): Fiber Optic Connector Intermateability Stan-

dard, Type Fiber Jack Connector, 2003 
• TIA/EIA-604-2-B (FOIC-2): Fiber optic connector Intermateability Standard, 

2004 
• TIA/EIA-604-3-A (FOCIS-3): Fiber Optic Connector Intermateability Stan-

dard, Type SC, 1997 
• TIA/EIA-604-3-B (FOCIS-3): Fiber Optic Connector Intermateability Stan-

dard, Type SC and SC-APC, 2004 
• TIA/EIA-604-4-A (FOCIS-4): Fiber Optic Connector Intermateability Stan-

dard, Type FC and FC-APC, 2000 
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• TIA/EIA-604-4-B (FOCIS-4): Fiber Optic Connector Intermateability Stan-
dard, Type FC and FC-APC, 2004 

• TIA/EIA-604-6 (FOCIS-6): Fiber Optic Connector Intermateability Standard, 
Type Fiber Jack Connector, 2001 

Lasers, amplifiers, and other devices  

• G.661: Definition and Test Methods for the Relevant Generic Parameters of 
Optical Amplifier Devices and Subsystems, ITU-T, 2007 

• G.662: Generic Characteristics of Optical Amplifier Devices and Subsystems, 
ITU-T, 2005 

• G.663: Application Related Aspects of Optical Amplifier Devices and Subsys-
tems, ITU-T, 2000 

• G.665: Generic Characteristics of Raman Amplifiers and Raman Amplified 
Subsystems, ITU-T, 2005 

• L.31: Optical Fiber Attenuators, ITU-T, 1996 
• G.666: Characteristics of PMD Compensators and PMD Compensating 

Receivers, ITU-T, 2008 
• G.667: Characteristics of Adaptive Chromatic Dispersion Compensators, ITU-

T, 2006 
• G.671: Transmission Characteristics of Optical Components and Subsystems, 

ITU-T, 2005 
• G.680: Physical Transfer Functions of Optical Networks Elements, ITU-T, 2007 
• GR-910: Fiber Optic Attenuators, Telcordia, 1998 
• GR-1209: Passive Optical Components, Telcordia, 2001 
• GR-1009: Fiber Optic Clip-on Test Sets, Telcordia, 1994 
• GR-1073: Single-mode Fiber Optic Switches, Telcordia, 2001 
• GR-1095: Multi-Fiber Splicing Systems for Single-Mode Optical Fibers, Tel-

cordia, 1996 
• GR-2854: Fiber Optic Dispersion Compensators, Telcordia, 1997 
• GR-2866: Optical Fiber Fanouts, Telcordia, 2007 
• GR-2882: Optical Isolators and Circulators, Telcordia, 1995 
• GR-2883: Fiber Optic Filters, Telcordia, Telcordia, 1995 
• TIA-455-127 (FOTP-127): Basic Spectral Characterization of Laser Diodes 

(2006) 

Integrated transceivers 

• INF-8053i: GBIC (Gigabit Interface Converter) 
• INF-8074i: SFP Small Form-factor Pluggable Transceiver 
• INF-8077i: XFP 10 Gbps Small Form Factor Pluggable Module 
• INF-8431: Enhanced 8.5 and 10 Gigabit Small Form Factor Pluggable Module 

(SFP Plus) 
• SFF-8477: Tunable XFP 
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• INF-8475i: XPAK Small Form-factor Pluggable Receiver 

12.3.2 Standards related to measurements and procedures 

As noted in Chapter 11, measurement methodologies and techniques constitute a 
critical part of any industry. One of the most active organizations in this respect is 
the TIA, which has produced measurement procedures for most aspects of fiber 
optics. Common examples include the Fiber Optic Test Procedures (FOTPs), some 
of which are listed below. These procedures can themselves be divided into sev-
eral categories. For instance, some procedures define ways to measure fundamen-
tal physical quantities, such as length, optical power, or jitter. Others define stan-
dard ways of representing or categorizing physical measurements. An important 
example we will discuss in more detail later in this chapter is the SFF-8472, which 
defines a standard protocol for in situ measurement and reporting of critical physi-
cal layer parameters. There are also standards that define characteristics of test and 
measurement equipment used in fiber optics. The following is a selected list of 
common standards used in fiber optics.  

Fibers and cables 

• G.650.1: Definitions and Test Methods for Linear, Deterministic Attributes of 
Single-Mode Fiber and Cable, ITU-T, 2004 

• G.650.2 Definitions and Test Methods for Statistical and Non-linear Related 
Attributes of Single-Mode Fiber and Cable, ITU-T, 2007 

• G.650.3: Test Methods for Installed Single-Mode Fiber Cable Sections, ITU-T, 
2008 

• G.976: Test Methods Applicable to Optical Fiber Submarine Cable Systems, 
ITU-T, 2007 

• GR-2923: Generic Requirements for Optical Fiber Connector Cleaning Prod-
ucts, Telcordia, 1996 

• TIA/EIA-455-11-C (FOTP-11): Vibration Test Procedure for Fiber Optic 
Components and Cables, 2002 

• TIA/EIA-455-25-C (FOTP-25): Impact Testing of Optical Fiber Cables, 2002 
• TIA-455-78-B (FOTP-78)/IEC 60793-1-40: Optical Fibers Part 1–40: Meas-

urement Methods and Text Procedures – Attenuation, 2002 
• TIA-455-80-C (FOTP-80)/IEC 60793-1-44: Optical Fibers Part 1–44: Meas-

urement Methods and Test Procedures – Cut-off Wavelength, 2003 
• TIA-455-85-A (FOTP-85): Fiber Optic Cable Twist Test, 2005 
• TIA/EIA-455-88 (FOTP-88): Fiber Optic Cable Bend Test, 2001 
• TIA/EIA-455-95-A (FOTP-95): Absolute Optical Power Test for Optical Fibers 

and Cables, 2000 
• TIA/EIA-455-132-A (FOTP-132): Measurement of the Effective Area of Sin-

gle-Mode Optical Fiber, 2001 
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• TIA/EIA-455-158 (FOTP-158): Measurement of Breakaway Frictional Force 
in Fiber Optic Connector Alignment Sleeves, 1997 

• TIA/EIA-455-162-A (FOTP-162): Fiber Optic Cable Temperature-Humidity 
Cycling, 1999 

• TIA-455-177-B (FOTP-177)/IEC 60793-1-43: Optical Fibers Part 1–43: 
Measurement Methods and Test Procedures – Numerical Aperture, 2003 

• TIA/EIA-455-204 (FOTP-204): Measurement of Bandwidth on Multimode 
Fiber, 2000 

• TIA-455-218 (FOTP-218): Measurement of Endface Geometry of Single Fiber 
Optical Connectors, 2002 

• TIA-455-220-A (FOTP-220): Differential Mode Delay Measurement of Mul-
timode Fiber in the Time Domain, 2003 

• TIA-526-7 (OFSTP-7): Measurement of Optical Power Loss of Installed Sin-
gle-Mode Fiber Cable Plant, 2003 

• TIA-526-14-A (OFSTP-14): Optical Power Loss Measurement of Installed 
Multimode Fiber Cable Plant, 1998 

Optical fiber amplifiers 

• TIA/EIA-455-206 (FOTP-206)/IEC 61290-1-1: Optical Fiber Amplifiers –
Basic Specification Part 1-1: Test Methods for Gain Parameters – Optical Spec-
trum Analyzer, 2000 

• TIA/EIA-455-207 (FOTP-207)/IEC 61290-1-2: Optical Fiber Amplifiers –
Basic Specification Part 1-2: Test Methods for Gain Parameters – Electrical 
Spectrum Analyzer, 2000 

• TIA/EIA-455-208 (FOTP-208)/IEC 61290-1-3: Optical Fiber Amplifiers –
Basic Specification Part 1-3: Test Methods for Gain Parameters – Optical 
Power Meter, 2000 

• TIA/EIA-455-209 (FOTP-209)/IEC 61290-2-1: Optical Fiber Amplifiers –
Basic Specification Part 2-1: Test Methods for Optical Power Parameters –
Optical Spectrum Analyzer, 2000 

• TIA/EIA-455-210 (FOTP-210)/IEC 61290-2-2: Optical Fiber Amplifiers –
Basic Specification Part 2-2: Test Methods for Optical Power Parameters – 
Electrical Spectrum Analyzer , 2000 

• TIA/EIA-455-211 (FOTP-211)/IEC 61290-2-3: Optical Fiber Amplifiers – 
Basic Specification Part 2-3: Test Methods for Optical Power Parameters –
Optical Power Meter, 2000 

• TIA/EIA-455-212 (FOTP-212)/IEC 61290-6-1: Optical Fiber Amplifiers – 
Basic Specification Part 6-1: Test Methods for Pump Leakage Parameters –
Optical Demultiplexer, 2000 

• TIA/EIA-455-213 (FOTP-213)/IEC 61290-7-1: Optical Fiber Amplifiers –
Basic Specification Part 7-1: Test Methods for Out-of-Band Insertion Losses – 
Filtered Optical Power Meter, 2000 
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Component and link test procedures 

• G.8251: The Control of Jitter and Wander Within the Optical Transport Net-
work (OTN), ITU-T, 2001 

• TIA/EIA-455-34-A (FOTP-34): Interconnection Device Insertion Loss Test, 
1995 

• TIA/EIA-455-42-A (FOTP-42): Optical Crosstalk in Fiber Optic Components, 
1989 

• TIA/EIA-455-107-A (FOTP-107): Determination of Component Reflectance 
or Link/System Return Loss Using a Loss Test Set, 2004 

• TIA/EIA-455-113 (FOTP-113): Polarization-Mode Dispersion Measurement 
of Single-Mode Optical Fibers by the Fixed Analyzer Method, 1997 

• TIA-455-128 (FOTP-128): Procedures for Determining Threshold Current of 
Semiconductor Lasers, 1996 

• TIA/EIA-455-157 (FOTP-157): Measurement of Polarization Dependent 
(PDL) of Single-Mode Fiber Optic Components , 1995 

• TIA/EIA-455-180-A (FOTP-180): Measurement of the Optical Transfer Coef-
ficients of a Passive Branching Device, 1999 

• TIA/EIA-455-196 (FOTP-196): Guideline for Polarization-Mode Measure-
ment in Single-Mode Fiber Optic Components and Devices, 1999  

• TIA/EIA-455-197 (FOTP-197): Differential Group Delay Measurement of 
Single-Mode Components and Devices by the Differential Phase Shift Method, 
2000 

• TIA/EIA-455-200 (FOTP-200): Insertion Loss of Connectorized Polarization-
Maintaining Fiber or Polarizing Fiber Pigtailed Devices and Cable Assemblies, 
2001 

• TIA/EIA-455-201 (FOTP-201): Return Loss of Commercial Polarization-
Maintaining Fiber or Polarizing Fiber Pigtailed Devices and Cable Assemblies, 
2001 

• TIA/EIA-455-203 (FOTP-203): Launched Power Distribution Measurement 
Procedure for Graded-Index Multimode Fiber Transmitters, 2000 

• TIA-455-228 (FOTP-228): Relative Group Delay and Chromatic Dispersion 
Measurement of Single-Mode Components and Devices by the Phase Shift 
Method, 2002 

• TIA-455-229 (FOTP-229): Optical Power Handling and Damage Threshold 
Characterization, 2002 

• TIA-455-235 (FOTP-235): Fiber Optic Communication Subsystem Test Pro-
cedures Part 2-8: Digital Systems – Determination of Low BER Using Q-Factor 
Measurements, 2004 

• TIA-455-236 (FOTP-236): Fiber Optic Communication Subsystem Test Pro-
cedures Part 2-9: Digital Systems – Optical Signal-to-Noise Ratio Measurement 
for Dense Wavelength-Division Multiplexed Systems, 2004 

• TIA-526-4-A (OFSTP-4): Optical Eye Pattern Measurement Procedure, 1997 
• TIA-526-10 (OFSTP-10): Measurement of Dispersion Power Penalty in Digi-

tal Single-Mode Systems, 1998 
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• TIA-526-11 (OFSTP-11): Measurement of Single-Reflection Power Penalty 
for Fiber Optic Terminal Equipment, 1998 

• TIA-526-15 (OFSTP-15): Jitter Tolerance Measurement, 1998 
• TIA-526-16 (OFSTP-16): Jitter Transfer Function Measurement, 1998 
• TIA-526-17 (OFSTP-17): Output Jitter Measurement, 1998 
• TIA-526-18 (OFSTP-18): Systematic Jitter Generation Measurement, 1998 
• SFF-8472: Diagnostic Monitoring Interface for Optical Transceivers, SFF 

Committee, 2007 

Test equipment 

• GR-196: Generic Requirements for Optical Time Domain Reflectometer 
(OTDR) Type Equipment, Telcordia, 1996 

• GR-198: Generic Requirements for Optical Loss Test Sets, Telcordia, 1996 
• GR-2947: Generic Requirements for Portable Polarization Mode Dispersion 

Test Sets, Telcordia, 1997 
• O.172: Jitter and Wander Measuring Equipment for Digital Systems Which 

Are Based on the Synchronous Digital Hierarchy (SDH), 2005 
• O.173: Jitter Measuring Equipment for Digital Systems Which Are Based on 

the Optical Transport Network (OTN) , ITU-T, 2007 
• O.181: Equipment to Assess Error Performance on STM-N Interfaces, ITU-T, 

2002 
• O.182: Equipment to Assess Error Performance on OTN Interfaces, ITU-T, 

2007 
• O.201: Q-factor Test Equipment to Estimate the Transmission Performance of 

Optical Channels, ITU-T, 2003  
• TR-NWT-001137: Generic Requirements for Hand-Held Optical Power Me-

ters, Telcordia, 1991 
• TIA/EIA-455-224 (FOTP-224) Calibration of Fiber Optic Chromatic Disper-

sion Test Sets, TIA, 2002 
• TIA-455-231 (FOTP-231) Calibration of Fiber Optic Power Meters, TIA, 

2003 
• TR-TSY-000886: Generic Criteria for Optical Power Meters, Telcordia, 1990 
• TR-TSY-001028: Generic Criteria for Optical Continuous Wave Reflectome-

ters, Telcordia, 1990 
• TSB-142: Optical Return Loss Meters Measurement and Application Issues, 

TIA, 2005 
• TSB-143: Fiber Optic Power Meters: Measurement and Application Issues, 

TIA, 2008 
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12.3.3 Reliability and safety standards  

Reliability issues deal with the long-term performance of devices and systems. 
Standards related to reliability can be used for two closely related purposes. On 
the one hand, they can be used as a source of information regarding design prac-
tices that will improve the long-term performance or reliability of a device or sys-
tem. On the other hand, they define procedures and tests that attempt to quantify 
and predict the reliability of an existing device or system. This is usually done by 
stressing the device or the system in question in certain ways and then attempting 
to use the resulting failures as a basis for reliability predictions about similar de-
vices or systems.  

One of the main standards used for characterization of reliability of fiber optic 
components and systems is GR-468, which we will discuss in more detail later. 
However, GR-468 itself draws on a variety of standards from various bodies. The 
following is a list of selected standards from different bodies related to reliability. 

Safety 

• G.664: Optical Safety Procedures and Requirements for Optical Transport Sys-
tems, ITU-T, 2006 

• IEC-60825-1: Safety of Laser Products – Part 1: Equipment Classification and 
Requirements, 2007 

• IEC-60825-2: Safety of Laser Products – Part 2: Safety of Optical Fiber Com-
munication Systems, 2007 

Component reliability, aging, and stress tests 

• L.14: Measurement Method to Determine the Tensile Performance of Optical 
Fiber Cables Under Load, ITU-T, 1992 

• L.45: Minimizing the Effect on the Environment from the Outside Plant in 
Telecommunication Networks, ITU-T, 2000 

• SR-NWT-002855: Optical Isolators: Reliability Issues and Proposed Tests, 
Telcordia, 1993 

• SR-TSY-001136: Handbook for Digital Cross-Connect System Quality and 
Reliability Analyses, Telcordia, 1989 

• SR-3244: Reliability Concerns with Lightwave Components, Telcordia, 1994 
• SR-332: Reliability Prediction Procedure for Electronic Equipment, Telcordia, 

2006 
• SR-TSY-001369: Introduction to Reliability of Laser Diodes and Modules, 

Telcordia, 1989 
• TIA/EIA-455-2-C (FOTP-2): Impact Test Measurements for Fiber Optic De-

vices, 1998 
• TIA/EIA-455-5-C (FOTP-5): Humidity Test Procedure for Fiber Optic Com-

ponents, 2002  
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• TIA-526-27 (OFSTP-27): Procedure for System-Level Temperature Cycle 
Endurance Test, 1998 

• TIA/EIA-455-28-C (FOTP-28): Measuring Dynamic Strength and Fatigue Pa-
rameters of Optical Fibers by Tension, 2004 

• TIA/EIA-455-31-C (FOTP-31): Proof Testing Optical Fibers by Tension, 
2004 

• TIA/EIA-455-69-A (FOTP-69): Test Procedure for Evaluating the Effect of 
Minimum and Maximum Exposure Temperature on the Optical Performance of 
Optical Fibers, 1991 

• TIA/EIA-455-71-A (FOTP-71): Procedure to Measure Temperature-Shock 
Effects on Fiber Optic Components,1999 

• TIA/EIA-455-72 (FOTP-72): Procedure for Assessing Temperature and Hu-
midity Cycling Aging Effects on Optical Characteristics of Optical Fibers,1997 

• TIA/EIA-455-73 (FOTP-73): Procedure for Assessing Temperature and Hu-
midity Cycling Aging Effects on Mechanical Characteristics of Optical Fibers, 
1997 

• TIA-455-129 (FOTP-129): Procedures for Applying Human Body Model 
Electrostatic Discharge Stress to Package Optoelectronic Components, 1996 

• TIA/EIA-455-130 (FOTP-130): Elevated Temperature Life Test for Laser Di-
odes, 2001 

• TIA-455-160-A, IEC-60793-1-50 (FOTP-160): Optical Fibers – Part 1–50: 
Measurement Methods and Test Procedures – Damp Heat, 2003 

• TIA-1048 (IEC 62005-7): Reliability of Fiber Optic Interconnecting Devices 
and Passive Components – Part 7: Life Stress Modeling, 2005 

• TSB-62-13 (ITM-13): Measuring Dynamic Strength and Fatigue Parameters of 
Optical Fibers by Two-Point Bending, TIA, 2000 

• TSB-145: Reliability of Passive Fiber Optic Components: Failure Modes and 
Mechanisms of Fiber Optic Connectors, TIA, 2003 

• TSB-149: Generic Workmanship Guidelines for Fiber Optic Connector Inter-
operability, TIA, 2004 

General reliability concerns, practices, methodologies, and tests  

• G.911: Parameters and Calculation Methodologies for Reliability and Avail-
ability of Fiber Optic Systems, ITU-T, 1997 

• GR-78 Generic Requirements for the Physical Design and Manufacture of 
Telecommunications Products and Equipment, Telcordia, 2007 

• GR-357 Generic Requirements for Assuring the Reliability of Components 
Used in Telecommunications Equipment, Telcordia, 2001 

• GR-418: Generic Reliability Assurance Requirements for Fiber Optic Trans-
port Systems, Telcordia, 1999 

• GR-468: Generic Reliability Assurance Requirements for Optoelectronic De-
vices Used in Telecommunications Equipment, Telcordia, 2004 
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• GR-874: An Introduction to the Reliability and Quality Generic Requirements 
(RQGR), Telcordia, 2003 

• GR-929: Reliability and Quality Measurements for Telecommunications Sys-
tems (RQMS-Wireline), Telcordia, 2002 

• GR-1221: Generic Reliability Assurance Requirements for Passive Optical 
Components, Telcordia, 1999 

• GR-1339: Generic Reliability Requirements for Digital Cross-Connect Sys-
tems, Telcordia, 1997 

• GR-1421: Generic Requirements for ESD-Protective Circuit Packed Contain-
ers, Telcordia, 1995 

• GR-1929: Reliability and Quality Measurements for Telecommunications Sys-
tems (RQMS-Wireless), Telcordia, 2005 

• GR-2903: Reliability Assurance Practices for Fiber Optic Data Links, Telcor-
dia, 1995 

• MIL-HDBK-217: Military Handbook, Reliability Prediction of Electronic 
Equipment, Department of Defense, Washington DC 

• MIL-HDBK-338: Electronic Reliability Design Handbook, Department of De-
fense, Washington DC 

• SR-1171: Methods and Procedures for System Reliability Analysis, Telcordia, 
2007 

• SR-TSY-000385: Bell Communications Research Reliability Manual, Telcor-
dia, 1986 

• SR-TSY-001130: Reliability and System Architecture Testing, Telcordia, 1989 

Software reliability 

• ANSI/AIAA R-013: Recommended Practice for Software Reliability, 1992 
• GR-282: Software Reliability and Quality Acceptance Criteria (SRQAC) , Tel-

cordia, 2006 
• SR-1547: The Analysis and Use of Software Reliability and Quality Data, Tel-

cordia, 2000 
• SR-2785: Software Fault Insertion Testing (SFIT) Methodology, Telcordia, 

2000 
• GR-2813: Generic Requirements for Software Reliability Prediction, Telcor-

dia, 1994 
• SR-3299: Broadband Software Robustness Guidelines, Telcordia, 1994 

12.3.4 Networking and system standards 

Within the past few decades, optical networking has come a long way, and this is 
reflected in continuous updates to the existing standards as well as new standards 
related to and covering the new technologies as they become available [20,21]. 
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In networking standards, the industry has witnessed a trend from lower speed, 
single-wavelength optical links to higher speeds, multi-wavelength, longer reach, 
complex networking interfaces. Moreover, there have been attempts to define 
various pieces of the networks in as much detail as possible, so that transverse 
compatibility can be achieved [22]. This means equipment from different vendors 
can be used at either side of an optical link.  

The following list includes some of the major standards covering optical net-
works. Among these, G.957, G.691, and GR-253 are the main documents covering 
SONET/SDH networks up to 10 Gbps. DWDM networks are mostly covered by 
G.692, G.694.1, G.696.1, and G.698.1. CWDM applications are covered by 
G.694.2 and G.695. Optical transport networks (OTNs), which incorporate the 
next generation of optical networks beyond SONET, are mostly covered by G.709, 
G.872, G.693, G.959.1. Passive optical networks (PONs) are defined by G.983.1-5 
and G.984.1-6. Ethernet applications are mainly covered by IEEE 802.3, which in 
its 2005 revision incorporates subfamilies such as 802.3ae. We will discuss the 
physical layer parameters of SONET, Ethernet, and PON networks briefly later in 
this chapter. The following list includes the main standards related to optical net-
works and systems.  

SONET/SDH 

• G.691 Optical Interfaces for Single Channel STM-64 and Other SDH Systems 
with Optical Amplifiers, ITU-T, 2006 

• G.707 Network Node Interface for the Synchronous Digital Hierarchy (SDH), 
ITU-T, 2007 

• G.957 Optical Interfaces for Equipments and Systems Relating to the Synchro-
nous Digital Hierarchy, ITU-T, 2006 

• GR-253: Synchronous Optical Network (SONET) Transport Systems: Com-
mon Generic Criteria, Telcordia, 2005 

• GR-496: SONET Add-Drop Multiplexer (SONET ADM) Generic Criteria, 
Telcordia, 2007 

• GR-1042: Generic Requirements for Operations Interfaces Using OSI Tools – 
Information Model Overview: Synchronous Optical Network (SONET) Trans-
port Information Model, Telcordia, 1998 

• GR-1230: SONET Bi-directional Line-Switched Ring Equipment Generic Cri-
teria, Telcordia, 1998 

• GR-1244: Clocks for the Synchronized Network: Common Generic Criteria, 
Telcordia, 2005 

• GR-1250: Generic Requirements for Synchronous Optical Network (SONET) 
File Transfer, Telcordia, 1999 

• GR-2891: SONET ATM Virtual Path Digital Cross-Connect Systems – Generic 
Criteria, Telcordia, 1998 

• GR-2899: Generic Criteria for SONET Two-Channel (1310/1550-NM) Wave-
length Division Multiplexed Systems, Telcordia, 1995 



12.3 Standards classifications and selected lists      343 

• GR-2900: SONET Asymmetric Multiples Functional Criteria, Telcordia, 
(1995) 

• GR-2950: Information Model for SONET Digital Cross-Connect Systems 
(DCSS), Telcordia, 1999 

• GR-2955: Generic Requirements for Hybrid SONET/ATM Element Manage-
ment Systems (EMSS), Telcordia, 1998 

WDM networks 

• G.692 Optical Interfaces for Multi-channel Systems with Optical Amplifiers, 
ITU-T, 2005 

• G.694.1 Spectral Grids for WDM Applications: DWDM Frequency Grid, ITU-T, 
2002 

• G.694.2: Spectral Grids for WDM Applications: CWDM Wavelength Grid, 
ITU-T, 2003 

• G.695: Optical Interfaces for Coarse Wavelength Division Multiplexing Appli-
cations, ITU-T, 2006 

• G.696.1: Longitudinally Compatible Intra-domain DWDM Applications, ITU-T, 
2005 

• G.697 Optical Monitoring for DWDM Systems, ITU-T, 2004 
• G.698.1 Multi-channel DWDM Applications with Single Channel Optical 

Interfaces, ITU-T, 2006 
• G.698.2 Amplified Multi-channel DWDM Applications with Single Channel 

Optical Interfaces, ITU-T, 2007 
• GR-2918: DWDM Network Transport Systems with Digital Tributaries for 

Use in Metropolitan Area Applications: Common Generic Criteria, Telcordia, 
2003 

Ethernet 

• 802.3: IEEE Standards for Information Technology, Carrier Sense Multiple 
Access with Collision Detection (CSMA/CD) Access Method and Physical 
Layer Specifications, IEEE, 2005  

• 802.3aq: 10GBASE-LRM 10 Gbps (1,250 MB/s) Ethernet over Multimode Fiber, 
IEEE, 2006 

• 802.3ba: 40 Gbps and 100 Gbps Ethernet Task Force 
• G.985: 100 Mbit/s Point-to-Point Ethernet Based Optical Access System, ITU-T, 

2003 
• G.8010/Y.1306: Architecture of Ethernet Layer Networks, ITU-T, 2004 
• TIA-785-1: 100 Mb/s Physical Layer Medium Dependent Sublayer and 

10 Mb/s and 100 Mb/s Auto-Negotiation on 850nm Fiber Optics, 2002 
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Passive optical networks (PON) 

• 802.3av: 10Gb/s PHY for EPON Task Force, IEEE task force 
• G.983.1 L: Broadband Optical Access Systems Based on Passive Optical Net-

works (PON), ITU-T, 2005 
• G.983.2: ONT Management and Control Interface Specification for B-PON, 

ITU-T, 2005 
• G.983.3: A Broadband Optical Access System with Increased Service Capabil-

ity by Wavelength Allocation, ITU-T, 2001 
• G.983.4: A Broadband Optical Access System with Increased Service Capabil-

ity Using Dynamic Bandwidth Assignment, ITU-T, 2001 
• G.983.5: A Broadband Optical Access System with Enhanced Survivability, 

ITU-T, 2002 
• G.984.1: Gigabit-Capable Passive Optical Networks (GPON): General Charac-

teristics, ITU-T, 2008 
• G.984.2: Gigabit-Capable Passive Optical Networks (GPON): Physical Media 

Dependent (PMD) Layer Specification, ITU-T, 2003 
• G.984.3: Gigabit-Capable Passive Optical Networks (G-PON): Transmission 

Convergence Layer Specification, ITU-T, 2008 
• G.984.4: Gigabit-Capable Passive Optical Networks (G-PON): ONT Manage-

ment and Control Interface Specification, ITU-T, 2008 
• G.984.5: Enhancement Band for Gigabit Capable Optical Access Networks, 

ITU-T, 2007 
• G.984.6: Gigabit-Capable Passive Optical Networks (GPON): Reach Extension, 

ITU-T, 2008 

Optical transport networks (OTN) 

• G.693 Optical Interfaces for Intra-office Systems, ITU-T, 2006 
• G.709 (Y1331): Interfaces for the Optical Transport Network (OTN), ITU-T, 

2003 
• G.798 Characteristics of Optical Transport Network Hierarchy Equipment 

Functional Blocks, ITU-T, 2006 
• G.870 (Y.1352): Terms and Definitions for Optical Transport Networks, ITU-T, 

2008 
• G.871 Framework for Optical Transport Network Recommendations, ITU-T, 

2000 
• G.872 Architecture of Optical Transport Networks, ITU-T, 2001 
• G.874 Management Aspects of the Optical Transport Network Element, ITU-T, 

2008 
• G.959.1 Optical Transport Network Physical Layer Interfaces, ITU-T, 2008 
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12.4 Fiber standards 

In the previous sections standards related to various aspects of fiber optics were 
listed. In this and the following sections, we discuss a few standards in more de-
tail. The selected standards include those that are directly related to physical layer 
design and test procedures. We will start by discussing standards that define the 
optical fiber. Optical fibers are mainly covered by ITU-T’s G.651 to G.657 series. 
G.651 defines the graded index multimode fiber, while the rest of them define 
various single mode fibers. The graded index fiber has a core and cladding diame-
ters of 50 and 125 μm. Attenuation is 4 dB/km at 850 nm and 2 dB/km at 1310 nm 
[23,24]. 

The most commonly used single-mode fibers (SMF) are defined by G.652 [25]. 
These are non-dispersion shifted fibers, intended primarily for use in the 1310 nm 
window, although they can be used in the 1550 nm window too. They are divided 
into four classes designated as A, B, C, and D. Their zero chromatic dispersion 
point is in the 1310 nm window, while their chromatic dispersion is around 
17 ps/nm·km in the 1550 nm window. The maximum attenuation is around 
0.4 dB/km at 1310 nm and 0.3 dB/km at 1550 nm. Cladding diameter for these fi-
bers is 125 μm, and the diameter of the mode field is approximately 9 μm. The 
standard also defines various parameters such as cladding concentricity, bend loss, 
and polarization mode dispersion. Class B is intended for higher data rates com-
pared to class A, because its attenuation and polarization dispersion are lower. 
Classes C and D are similar to A and B, except that in class C and D the water ab-
sorption peak is reduced.  
 

Table 12.1. Characteristics of standard single-mode fiber 

 

G.652(A) 

Standard Max attenuation (dB/km)

0.5@1310 nm 
0.4@1550 nm 

Dispersion (ps/nm/km) 

17@1550 nm 
0@1310 nm 

G.652(B)1 0.4@1310 nm 
0.35@1550 nm 
0.4@1625 nm 

17@1550 nm 
0@1310 nm 

G.652(C)2 0.4@1310–1625 nm
0.3@1550 nm 

17@1550 nm 
0@1310 nm 

G.652(D)3 

1 Similar to G.652(A) but with reduced PMD 
2 Similar to G.652(A) but with reduced water absorption peak 
3 Similar to G.652(B) but with reduced water absorption peak 

0.4@1310–1625 nm
0.3@1550 nm 

17@1550 nm 
0@1310 nm 



346      12    Standards 

Therefore, wavelengths between the 1310 and 1550 window, otherwise unusable 
due to high absorption coefficient, can be used. Table 12.1 summarizes the proper-
ties of these fibers.  

Dispersion-shifted fibers are defined by G.653 and in two classes of A and B 
[26]. In Class A, the zero dispersion wavelength must fall somewhere between 
1500 and 1600 nm window. Class B is essentially similar to Class A, except that 
the dispersion limits are more accurately defined in terms of both minimum and 
maximum, by “mask lines.”  

Another type of widely used fibers is defined by G.655, under classes A 
through E. These are non-zero dispersion-shifted fibers with some minimum dis-
persion throughout the wavelength range of 1530–1565 nm. These fibers are pri-
marily defined for the 1550 window of operation in WDM applications. Other 
classes of fibers include G.654 (cut-off shifted) [27], G.656 (non-zero dispersion 
in the range of 1460–1625 nm) [28], and G.657 [29] which defines a class of fi-
bers less sensitive to bending loss, intended for access network applications. 

The G.651-7 series are ITU-T standards. Fibers with equivalent characteristics 
are also defined in International Electrotechnical Commission standard IEC 
60793-2-10, multi-mode fiber class A1, and 60793-2-50, single-mode fibers clas-
sifications B1 to B5 [19]. 

12.5 Laser safety 

Almost all optical sources used in fiber optics utilize a semiconductor laser or 
LED as the source of optical power. Laser radiation is essentially coherent, low 
divergent light, and because human eye is an excellent optical instrument special-
ized at focusing light, laser radiation can cause harm to the eye. Also, for intense 
laser radiation, skin damage is a possibility. As a result, optical sources used in fi-
ber optics must comply with safety standards. Laser safety standards are primarily 
covered by IEC-60825. 

These standards classify lasers into classes ranging from 1 to 4:  

• Class 1 lasers are those with sufficiently low power that are deemed harmless. 
Devices that incorporate high-power lasers in an enclosure in a way that no 
light is radiated out of the enclosure can also be classified as Class 1. Class 1M 
lasers are also harmless unless the light is viewed through certain magnifying 
or light-concentrating optics, for instance a lens. 

• Class 2 lasers are visible light lasers (400–700 nm) with powers less than 
1 mW. These are classified as low-risk lasers due to the natural response of the 
eye to light. Thus, accidental viewing of a Class 2 laser, as long as exposure is 
short and within the reaction time of the eye, is considered low risk. 

• Class 2M lasers are also devices with visible light output that are safe because 
of the natural reaction of the eye. However, they can be hazardous if viewed 
through magnifying optics.  
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• Class 3R lasers have a power range of 1–5 mW in the 400–700 nm range. 
Maximum allowed power may be lower for shorter wavelengths. They pose 
low levels of risk to eye and skin, but they should be handled with care.  

• Class 3B lasers have an output power range of 5–0.5 W. They are dangerous 
when viewed directly, even with the natural reaction of the eye. However, 
viewing their reflection off a scattering (non-shiny) surface is safe.  

• Class 4 laser are lasers with output powers above 0.5 W. They are hazardous 
for both eye and skin, and they may also pose fire risks. 

Optical transmitters used in fiber optics are generally expected to use class 1 la-
sers. Because the optical power from a laser is a function of the bias current, opti-
cal transmitters are expected to have current limiting circuitry to ensure that opti-
cal power stays at a safe level under all conditions, including those resulting from 
a fault or short circuit.  

12.6 SFF-8472 digital monitoring interface 

The purpose of the Digital diagnostic and monitoring interface (DDMI) is to pro-
vide a set of information regarding the curial link parameters of transceivers that 
perform the optical to electrical and electrical to optical conversion at the physical 
layer. By monitoring this information, the systems can identify the transceivers 
that are deployed at the physical layer, determine their compliance, oversee the 
performance of the optical link, determine the link margin, and identify or even 
predict certain failure modes. Thus, the probability of catastrophic link failures or 
link down time can be reduced. In a way, these functions behave like the dials on a 
dashboard in a car that provide the driver (the system) with some of the vital in-
formation about the physical performance of the car. 

The SFF-8472 is the most common standard that defines the types of informa-
tion available for optical transceivers, as well as their format [30]. It is a Multi 
Source Agreement (MSA) developed by a committee consisting of a variety of 
companies whose products are somehow related to optical transceivers. It uses the 
2-wire interface (commonly known as I2C) to establish communication with the 
transceiver. Two serial bus addresses 10100000 (A0h) and 10100010 (A2h) are 
defined. We will consider each space separately.  

12.6.1 Identification data (A0h) 

The A0 address space was in fact originally defined as part of the Small Form 
Pluggable (SFP) MSA in the INF-8074 document [31]. The A0 space is primarily 
static data, i.e., it contains data that is not changed during system operation. It con-
sists of two pages. The lower page, which is 128 bytes long, includes information 
that identifies the type of transceiver, the manufacturer, date of manufacturing, the 
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part number, and the serial number. It also includes information about details such 
as the optical connector type, the operating wavelength, and transceiver’s intended 
data rate. The last 32 bytes of the first page are vendor specific. The second page 
of A0 space, which covers addresses 128–255, is reserved.  

12.6.2 Diagnostic data (A2h) 

The A2 space is primarily defined as a means of providing a range of live infor-
mation about certain critical parameters measured inside the transceiver. These pa-
rameters typically include supply voltage, temperature, optical source bias current, 
transmitter optical power, and received optical power. An 8472 compliant trans-
ceiver is expected to have analog to digital converters on board that constantly 
convert the corresponding analog signals to digital values and update predefined 
addresses in the memory map with the new values in the format(s) specified by 
8472. In addition to these live data, if the transceiver is externally calibrated, the 
transceiver manufacturer must also provide calibration coefficients that will en-
able the user to convert the live digital values to meaningful physical measure-
ments. On the other hand, if the transceiver is internally calibrated, the transceiver 
must report the real physical values directly, again according to the format speci-
fied by the 8472 MSA.  

For each of the measured quantities, four additional values need to be available 
in the transceiver: a low-value warning and alarm threshold, and a high-value 
warning and alarm threshold. In this manner, the user can determine if the quantity 
that is being measured is within the normal operating range, or it is approaching a 
potentially unacceptable level. 

The reporting format for transceiver temperature, supply voltage, laser bias cur-
rent, and optical output power follows a linear fit: 

 [X] = [SLOPE] × [XADC] + [OFFSET] (12.1) 

Here [X] is the measured quantity as a 16 bit wide digital number in units defined 
by SFF-8472, [XADC] is the “raw digital value” resulting from analog to digital 
conversion inside the transceiver, and [SLOPE] and [OFFSET] are static 16 bit 
calibration coefficients that are needed to convert the raw value of [XADC] to a 
meaningful physical measurement of [X]. 

An externally calibrated module reports the live value of [XADC] directly. 
The slope and offsets are also stored by the manufacturer in predefined addresses. 
The user can then read all the quantities on the right-hand side of Eq. (12.1) from 
the module through the I2C bus and calculate the value of the measured quantity. 
On the other hand, an internally calibrated module reports the final calibrated 
value directly, thus no further calculations are needed on the part of the user.  

The first-order linear calibration defined by Eq. (12.1) is sufficiently accurate 
for most measurements. An exception is the received power, which usually needs 
a higher order of calibration. The reason is that the received power can vary by 
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several orders of magnitude, and it is usually not possible to maintain reasonable 
measurement accuracy without including higher order correction terms. As a re-
sult, SFF-8742 defines a fourth-order polynomial calibration for received power, 
instead of the linear fit of Eq. (12.1). 

12.7 Reliability standards 

Reliability standards attempt to address the long-term operation and performance 
of the device under test (DUT) during its normal life time. They do so by organiz-
ing risk factors into specific categories and by defining methods of measuring as 
well as stressing various parameters associated with those categories. 

For fiber optic components and devices, one of the most widely used standards 
for test and reliability is GR-468, which is a base document from Telcordia [32]. It 
describes a host of tests designed to qualify and/or quantify the major reliability 
risk factors associated with optoelectronic devices used in telecommunication sys-
tems. In order to assess a part or a product from a reliability perspective, a reason-
able sample size is selected and subjected to a set of reliability tests. If the sample 
parts pass these tests, it can be assumed that they are representative of other simi-
lar parts that have gone through the same manufacturing process.  

GR-468 highlights the main tests that need to be carried out for reliability pur-
poses as related to optoelectronic devices. However, it does not define all the spe-
cifics of the methods used in each of those tests. For that, it draws on a variety of 
other relevant standards used throughout different industries. What follows is a 
brief discussion of the major reliability tests that a device needs to pass, primarily 
based on GR-468. Familiarity with these tests is not only necessary for assessing 
reliability, but also valuable from a design standpoint, as they highlight risk fac-
tors that can affect the long-term performance of a design.  

• Hermeticity: Typically, optoelectronic devices such as lasers and photodetec-
tors are expected to be hermetically sealed. To test hermeticity, the DUT is 
placed in a high-pressure helium chamber after which it is placed in a vacuum 
chamber. Any potential helium leakage from the DUT is then picked up by a 
leak detector and could indicate a lack of hermeticity. GR-468 recommends the 
hermeticity test procedure described in MIL-STD-883E as a reference for this 
test [33]. 

 
• Electro-static discharge (ESD): To test the susceptibility of a device to ESD, 

generally a human body model is used. As the name indicates, the human body 
model attempts to simulate the effects of physical contact between the human 
body and the device. A common equivalent circuit for human body is a 100 pF 
capacitor charged to the target voltage, which then is discharged into the device 
through a 1500 Ω resistor. After that, the device must be tested for functional-
ity, and if no adverse effects are found, the device has passed that ESD test. 
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higher rating is expected. The tests methodology is to apply ESD pulses with 
increasing amplitude, until the device fails. For integrated modules, discharges 
of ±8 and ±15 kV are additionally tested. The reference documents for ESD 
testing are FOTP-129 and GR-78.  

 
• Fiber mechanical integrity tests: There are a number of tests designed to 

measure reliability of the fiber. These include fiber integrity, twist, side pull, 
retention, durability of connectors, pull, mating, and wiggle tests. The basis for 
a lot of these tests is GR-326 [34]. 

 
• Mechanical shock and vibration: Mechanical shock is a test to verify the me-

chanical integrity of a device. The test involves applying a series of accelera-
tion pulses to the device. The pulses are to be applied five times in each of the 
six spatial directions (±x, ±y, ±z). The amount of acceleration for small opto-
electronic devices should be 500 g (1 g=9.8 m/s). The reference for this test is 
MIL-STD-883E [33]. Vibration involves much less acceleration compared to 
mechanical shock (20 g compared to 500 g), but the acceleration is applied 
over a long period of time. The test includes applying vibrations with a range of 
frequencies over a specified period of time. The vibrations must be applied 
along each of the three spatial axis (x, y, z), over a time cycle at least 4 min 
long, and then each cycle must be repeated at least four times along each of the 
axis. The reference document for this test is MIL-STD-883E [33]. 

 
• Temperature cycling: The purpose of temperature cycling test is to expose the 

DUT to the stresses associated with changing temperature. Such changes may 
affect the mechanical integrity of the DUT due to thermal expansion and con-
traction, or they may affect DUT’s operation, for instance, change the optical 
alignment in the module. In this test the DUT must be subjected to cycles of 
fast temperature change from −40º C to +85º C. Also the device must stay at 
each extreme temperature for at least 10 min. The minimum number of cycles 
is 50 for laser diodes and detectors, 100 for modules rated as commercial tem-
perature, and 500 for modules rated as industrial or extended temperature parts. 
This test is based on MIL-STD-883E [33]. 

 
• Damp heat: This is a test designed to measure the reliability of the part against 

the combination of heat and humidity. The DUTs must be exposed to 85º C and 
85% humidity for 500 h, after which they should be tested for functionality. 
The basis for this test is MIL-STD-202G [35] and IEC 60068-2-3 [36]. 

 
• Powered high-temperature operation: Generally, increasing the operating 

temperature of a device will increase the probability of failure. A high-temperature 
test is designed to expose such potential failures. For optoelectronic devices, 
the DUT must be tested for 2000 h at the maximum temperature that it is rated 

A device is normally expected to tolerate 500 V pulses, although usually a 
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for, while it is powered up and is subjected to its worse case operating condi-
tions. A minimum of 11 samples must be used for the test. 

 
• Cyclic moisture operation test: This test is designed to expose potential 

weaknesses against environmental conditions that include high humidity and 
extreme temperatures. This test requires at least 20 (in some special cases 10) 
temperature cycles, where each cycle involves two temperature ramps to 65º C, 
two soaking periods at 65º C, two temperature ramps down to room tempera-
ture, and two soaking periods at room temp, all at high humidity. The basis for 
this test is MIL-STD-883E [33]. 

 
• Power damp heat test: For non-hermetic optoelectronic devices, a powered 

damp heat test is also required. This test involves running the DUTs for 1000 h 
at 85º C with 85% humidity. The minimum number of parts needed is 11. In 
some cases if it can be shown that the powered and non-powered damp heat 
tests stimulate the same failure modes then only one of them can be performed.  

 
• Accelerated aging: GR468 refers to accelerated aging as a “quantitative” test, 

because unlike the previous tests, the result is not a mere “pass/fail.” These 
tests are deigned to accelerate the failure mechanisms that occur either ran-
domly during the life of a device or as a result of wear out. To perform the test, 
a number of DUTs are exposed to extreme operating conditions, generally in-
volving high temperature. The time is 5000 h for most optoelectronic modules 
and 10,000 h for devices such as laser diodes. The test temperature is 85°C for 
modules designed to work in uncontrolled environment and 70°C for devices 
designed for controlled temperature environments. The number of units re-
quired to go through the test is between 5 and 10. During the test, critical pa-
rameters need to be tested periodically and compared against levels deemed to 
represent end of life conditions. At the end of the tests, if critical parameters 
have not degraded to the end of life threshold, the degradation can be extrapo-
lated to the end of life threshold. The results of accelerated aging can be used in 
reliability calculations to estimate the performance degradation of the device 
with time.  

In addition to the tests outlined above, a number of other tests are performed to 
evaluate the reliability of elements such as connectors and fibers. For more details, 
reliability standards such as GR-468, G.911, and GR-357 should be consulted.  

12.8 Networking standards 

In Chapter 2 we reviewed some of the fundamental concepts in networking. Be-
cause of the nature of the industry, networking is a technology heavily involved 
with standards. There are countless protocols and standards already in place for all 
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layers of networks, while standardization bodies are constantly working on new 
standards in response to the evolving technologies and market needs. Because the 
focus of this book is physical layer, we limit our discussion to major physical 
layer link parameters for SONET, Ethernet, and PONs.   

12.8.1 SONET/SDH 

SONET (synchronous optical network) is a popular standard for digital data 
transmission over optical fibers, based on time division multiplexing of various 
digital signals in a hierarchical way [37]. It is mainly defined in Telcordia’s GR-
253 and in T1.105 from ANSI [38]. The ITU-T’s equivalent to SONET is the syn-
chronous digital hierarchy, or SDH, defined in several recommendations, includ-
ing G.957 and G.691 [39, 40].  

SONET’s hierarchy is based on interleaving lower rate signals to form higher 
data rates. Because the clocks used throughout the system are extremely accurate, 
the lower rate signals can be stacked perfectly to generate higher levels. 

 

Table 12.2. Physical layer specifications for some SONET links1 

 

                                                           
1 MLM: Multi-longitudinal mode laser, SLM: single-longitudinal mode, DM: directly modulated 
laser, EM: externally modulated laser 

Source 
Optical 
signal 

Nominal  
λ (nm) 

Optical PWR 
 (dBm) 

ER 
Min (dB) 

RX PWR 
 (dBm) 

SR-1 

SR-1 

IR-1 

IR-2 

IR-1 

IR-2 

LR-1 

LR-2 

LR-1 

LR-2(a,c) 

LR-2b 

VR-1 

VR-2 

MLM/LED

MLM/LED

SLM 

SLM 

DM/EM 

EM 

SLM 

SLM 

DM/EM 

EM 

EM 

EM 

EM 

OC-3 

OC-48 

OC-48 

OC-48 

OC-192 

OC-192 

OC-48 

OC-48 

OC-192 

OC-192 

OC-192 

OC-192 

OC-192 

1310 

1310 

1310 

1550 

1310 

1550 

1310 

1550 

1310 

1550 

1550 

1310 

1550 

−15 to −8 

−10 to −3 

−5 to 0 

−5 to 0 

1 to 5 

−1 to 2 

−2 to +3 

−2 to +3 

+4 to +7 

−2 to +2 

+10 to +13

+10 to +13

+10 to +13

8.2 

8.2 

8.2 

8.2 

6 

8.2 

8.2 

8.2 

6 

10 

8.2 

6 

10 

−23 to −8 

−18 to −3 

−18 to 0 

−18 to 0 

−11 to −1 

−14 to −1 

−27 to −9 

−28 to −9 

−19 to −10 

−26 to −9 

−14 to −3 

−24 to −9 

−25 to −9 

Budget  
(dB) 

0 to 7 

0 to 7 

0 to 12 

0 to 12 

6 to 11 

3 to 11 

10 to 24 

10 to 24 

17 to 22 

11 to 22 

16 to 22 

22 to 33 

22 to 33 

Class 
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The fundamental data rate defined in SONET is 51.84 Mb/s, which is known as 
synchronous transport signal (STS-1) in electrical domain, or optical carrier-1 
(OC-1) signal in optical domain. Higher data rates are then multiple integers of 
this base data rate. Signals for OC-3, OC-12, OC-48, OC-192, and OC-768 rates 
are defined. Table 2.1 in Chapter 2 includes the data rates for SONET signals.  

The digital format used in SONET is NRZ. The SONET packets include the 
main information bits, called the payload, along with overhead bits added for vari-
ous information management purposes as defined within the SONET standards. 
These extra functions make SONET very flexible. 

At the physical layer, SONET defines different link categories based on 
the link budget and data rate. Generally, they are categorized as short reach (SR), 
intermediate reach (IR), long reach (LR), and very long reach (VR). The suffix 1 
refers to the wavelength window of 1310 nm, and higher suffixes (usually 2) refer 
to the 1550 nm window. Similar link categories are defined in G.957 and G.691 
[39, 40]. Table 12.2 includes a summary of the physical layer specifications for 
some SONET links ranging from OC-3 to OC-192.  

12.8.2 Ethernet 

Ethernet is a popular standard for data communication over various networks, in-
cluding optical networks. It was originally developed for LAN applications where 
several computers shared a common coax cable medium for communication. 
However, it has since expanded into a complex technology covering point-to-point 
links, through both coax cables and optical fibers. The operating speeds that 
started with 10 Mbps have since been expanded into 100 Mbps, 1000 Mbps, and 
10 Gbps. Currently, work is under way to study the possibility of 100 Gbps links 
[41]. Like much of the communication networks, higher data rates require increas-
ing reliance on fiber optics as opposed to copper links. Although copper links are 
defined even at 10 Gbps, the physical distances they are defined for are signifi-
cantly shorter compared to fiber-based links.  

Originally, Ethernet was based on a broadcast concept, meaning when a com-
puter on a network sent its information, all other computers received that informa-
tion and had to determine whether the packet was destined for them by looking at 
the destination address within the packet. If two (or more) computers attempted to 
use the shared medium at the same time, a collision would occur. To resolve the 
conflict, both would back away and wait for a random amount of time before at-
tempting to send information again. This scheme is known as carrier sense multi-
ple access with collision detection (CSMA/CD). However, current Ethernet net-
works utilize a variety of additional networking concepts to improve the 
communication efficiency. In this section we are mostly concerned with 
Ethernet’s physical layer implementations in optical fiber. It is defined through the 
IEEE 802.3 family of standards, which is a family of documents that defines data 
rates of 10 Mbps, 100 Mbps, 1000 Mbps, and 10 Gbps [42].  
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The designation for Ethernet physical layer implementations is typically in the 
form of X-Base-Y where X is a reference to the data rate and Y designates some 
specific aspect such as the medium. The standards defined over copper cable typi-
cally end with T, while fiber-based links usually end with suffixes that include X. 
Tables 12.3 and 12.4 include main physical layer parameters for Ethernet optical 
links.  

 
 

Table 12.3. Gigabit Ethernet physical layer specification 

 
 

Table 12.4. 10G Ethernet physical layer specification 

 

Nominal  
λ (nm) 

PWR 
 (dBm) 

ER 
Min (dB)

RX PWR 
 (dBm) 

10GBase-SR 
 

10GBase-SW 
 

10GBase-LR
 

10GBase-LW 
 

10GBase-ER 
 

10GBase-EW 

850 
 

850 
 

1310 
 

1310 
 

1550 
 

1550 

−1 
 

−1 
 

−4.1* to 0.5
 
−4.1* to 0.5

 
−1.39* to 4 

 
−1.39* to 4 

3 
 

3 
 

4 
 

4 
 

3 
 

3 

−12* to −1 
 

−12* to −1 
 

−13.2* to −0.5 
 

−13.2* to −0.5 
 

−15.39* to −3 
 

−15.39* to −3 

26–300 
 

26–300 
 

2–10000 
 

2–10000 
 

2–40000 
 

2–40000 

Distance 
(m) 

Optical 
Signal 

Budget 
(dB) 

7.5 
 
7.5 
 
9.4 
 
9.4 
 
18 
 
18 

10.31 
 

9.95 
 

10.31 
 

9.95 
 

9.95 
 

10.31 

Data rate 
(Gbps) 

* Specified in terms of optical modulation amplitude (OMA) 

Fiber 
Nominal  
λ (nm) 

PWR 
 (dBm) 

ER 
Min (dB)

RX PWR 
 (dBm) 

62.5MMF 

50MMF 

62.5MMF 

50MMF 

10SMF 

1000Base-SX 

1000Base-SX 

1000Base-LX 

1000Base-LX 

1000Base-LX 

770–860

770–860

1270–1355

1270–1355

1270–1355

−9.5 

−9.5 

−11.5 

−11.5 

−11 

9 

9 

9 

9 

9 

−17 to 0 

−17 to 0 

−19 to −3 

−19 to −3 

−19 to −3 

220–275 

500–550 

550 

550 

5000 

Distance 
(m) 

Optical 
signal 

Budget 
(dB) 

7.5 

7.5 

7.5 

7.5 

8 
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Within the 10G specifications, 10G-SR and 10G-SW are intended for MMF, 
and the rest are intended for SMF. Also note that some of the minimum powers 
and sensitivities are expressed for optical modulation amplitude. This is because 
the minimum required extinction ratio is rather low. At such low ERs, the trans-
mitter is required to generate a minimum amount of modulation, and the receiver 
is required to be able to receive a minimum amount of modulation, regardless of 
how high the average power in the signal is. 

12.8.3 Passive optical networks (PON) 

Passive optical networks are at the front line of advancement of fiber optics to-
ward end users[43].2 In a typical PON, many users are passively connected to a 
central office. The central office is generically called optical line terminal (OLT) 
and the users are called optical network unit (ONU). An ONU may be located in a 
home, in which case a fiber link directly goes to home. In other cases, an ONU 
may be a point of optical to electrical conversion, which brings the high-speed 
signal to the premise, and after that the signal is distributed between a number of 
users, say, in an apartment complex. There are three main families of PON in 
common use: broadband PON (BPON), Ethernet PON (EPON), and gigabit PON 
(GPON). Table 12.5 gives a summary of these three standards.  
 

Table 12.5. Common PON standards 

 
BPON is the original standard used in PON networks and is based on the well-

established ATM protocol. It is defined in G.983.1 to G.983.5. A key feature of 
ATM is that it defines different classes of service that makes it suitable for carry-
ing various types of traffic, including voice, video, and data. The downstream data 
rate defined in BPON is 622 or 1244 Mbps, and it is transmitted on the 1490 nm 
wavelength. The upstream data rate is defined at 155 or 622 Mbps and is carried 
back over a 1310 nm wavelength. BPON also allows a video channel on the 
1550 nm wavelength to be added to the downstream data [44]. In the downstream 

                                                           
2 See Chapter 2 for a discussion about PON concepts.  

Standard Technology 
Distance 

(km) 
Downstream 

(Mbps) 
Upstream 

(Mbps) 

BPON 
 

EPON 
 

GPON 

G.983 

 

802.3 

 

G.984 

20 
 

10 
 

20 

155, 622, 1244 

 

1244 

 

1244, 2488 

 155, 622 

 

1244 

 

155 to 2488 

Splitting 
ratio (max)

32:1 

 

32:1 

 

64:1 
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direction, the OLT transmits in a CW mode to all the ONUs using ATM format. 
Each ONU can distinguish the cells that are intended for it by looking at the head-
ers in each packet. In the upstream direction, only one ONU can transmit at a time.  

This requires the ONUs to work synchronously with each other, so that no two 
ONUs “talk” at the same time. From a network perspective, a ranging process has 
to be performed through which the OLT can calibrate the various delays between 
different ONUs, because in general, ONUs are located at different distances from 
the OLT and therefore the time it takes for their output to reach the ONU varies. 
From a physical layer perspective, the upstream traffic is burst mode in nature, be-
cause depending on the distance of the particular ONU, data will be received at 
the OLT as a mixture of high and low power bursts.  

Gigabit PON or GPON are based on BPON concepts and therefore are very 
similar to BPON. The GPON standards are covered by the ITU-T family of G.984 
documents, which include G.984.1 to G.984.6. The purpose of developing 
the gigabit PON was to extend the speed into the Gbps range. In GPON the 
downstream data rate can be 1.24 or 2.48 Gbps, and the upstream rate can be 
from 155 Mbps up to 1.24 Gbps. GPON also uses the 1490 nm wavelength for 
downstream and the 1310 nm for upstream [45, 46]. 

Both BOPN and GPON are based on the ATM signaling technology. However, 
the pervasive use of Ethernet especially in local area networks makes it an alterna-
tive method for transmission of signals. Technologies that use Ethernet for access 
networks are generally known as ethernet in the first mile (EFM) [47]. EPON 
(Ethernet PON) is a primary example of EFM. EPON also uses the 1310 nm win-
dow for upstream and 1490 nm window for downstream transmission. The 
1550 nm window is open and can be used independently for applications such as 
video. The nominal bit rate, however, is 1 Gbps, which as a result of 8B10B 
encoding translates to a line rate of 1.25 Gbps. EPON utilizes this bit rate sym-
metrically for both downstream and upstream directions. The splitting ratio can be 
either 32 or 64. The physical distance reach for EPON is either 10 or 20 km. 
EPON is mainly covered by the 802.3ah standard, which is now part of the 802.3 
standard. 

12.9 Summary 

Standards are an essential component of any industry. In fiber optics, standards 
define the specifications and performance of optical components. Standards also 
define methodologies for measuring physical quantities encountered in fiber op-
tics. For reliability purposes, standards define methods of testing and stressing de-
vices to characterize their long-term performance. For networks, standards define 
a common language that enables different systems and equipment from different 
manufacturers to work and communicate with each other.   

We started this chapter by introducing the major bodies active in defining the 
standards that are used in the fiber optic industry. These include ITU-T, IEC, ISO, 
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IEEE, TIA, and Telcordia, among others. We then proceeded by presenting a list 
of selected standards in each of the four different categories of (1) components, (2) 
test and measurement, (3) reliability, and (4) networks and systems.  

The next sections in this chapter were dedicated to a brief review of selected 
standards that are more frequently needed and encountered in physical layer de-
sign. In terms of components, we provided a brief review of optical fiber stan-
dards. We also considered standards of laser safety especially with regards to opti-
cal transceivers.  

In terms of measurement standards, we went over the SFF-8472 protocol, 
which defines an interface between physical layer and higher network layers. 
Modern transceivers are commonly expected to provide live information about 
critical link parameters, and 8472 is the default protocol used for this purpose.  

In terms of reliability standards, we focused on GR-468, which is an accepted 
basis for testing the reliability of optical components and systems. We noted that 
GR-468 is a base document, which in turn draws on a variety of other standards 
for various aspects of reliability. Knowledge of these standards is not only neces-
sary for reliability testing, but also provides a useful background for design engi-
neers in terms of expected levels of reliability from optoelectronic components.  

Finally, in terms of networks standards, we reviewed key physical layer pa-
rameters of SONET/SDH, Ethernet, and PON networks. SONET and Ethernet are 
the main protocols for data and telecom applications. PON networks, especially 
BPON, GPON, and EPON, are at the forefront of the wave that is bringing the ad-
vantages of fiber optics to the end users. Thus, these networks, along with SONET 
and Ethernet, constitute the basis of optical networking infrastructure that is driv-
ing the information technology presently and in the years to come.  
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Appendix A 
Common Acronyms 
 

ADC Analog to Digital Converter 
ADM Add/Drop Multiplexer 
AGC Automatic Gain Control 
ANSI American National Stan-

dard Institute 
APC Angled Physical Contact 
APC Average Power Control 
APD Avalanche Photo Diode 
ASE Amplified Spontaneous 

Emission 
ATM Asynchronous Transfer 

Mode 
AWG Arrayed Waveguide  

Grating 
BER Bit Error Rate 
BERT Bit Error Rate Tester 
BMR Burst Mode Receiver 
BPON Broadband PON 
CATV Community Access TV 
CDR Clock and Data Recovery 
CID Consecutive Identical 

Digits 
CML Current Mode Logic 
CMRR Common Mode Rejection 

Ratio 
CWDM Coarse Wavelength Divi-

sion Multiplexing 
DAC Digital to Analog Converter 
dB Decibel 
DCA Digital Communication 

Analyzer 
DCF Dispersion Compensating 

Fiber 
DDMI Digital Diagnostic Moni-

toring Interface 
DFA Doped Fiber Amplifier 
DFB Distributed Feedback Laser 
DSL Digital Subscriber Line 
DUT Device Under Test 
DWDM Dense Wavelength Divi-

sion Multiplexing 

EDFA Erbium-Doped Fiber 
Amplifier 

EPON Ethernet PON 
ER Extinction Ratio 
ETS Equivalent Sampling Time 
FC Fixed Connector 
FIT Failure in Time 
FOCIS Fiber Optic Connector  

Intermateability Standard 
FOTP Fiber Optic Test Procedure 
FP  Fabry–Perot 
FTTC Fiber to the Curb 
FTTH Fiber to the Home 
FTTP Fiber to the Premise 
FTTX Fiber to the X 
FWM Four Wave Mixing 
Gbps Giga Bits Per Second 
GHz  Giga Hertz 
GPON Gigabit PON 
GRIN Graded Index 
HDTV High-Definition TV 
IEC International Electro-

technical Commission 
IMD Inter-modulation  

Distortion 
IP Internet Protocol 
ISO International Organiza-

tion for Standardization 
ITU International Telecom-

munication Union 
Kbps Kilo Bits Per Second 
LAN Local Area Network 
LED  Light Emitting Diode 
LIA Limiting Amplifier 
LLC Logical Link Control 
LPF Low-Pass Filter 
LSA Lightwave Signal  

Analyzer 
LVCMOS Low-Volatge CMOS 
LVDS Low-Voltage Differential 

Signaling 
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LVTTL Low-Voltage TTL 
MAC Media Access Control 
MAN Metropolitan Area Network 
Mbps Mega Bits Per Second 
MD Modulation Depth 
MHz  Mega Hertz 
MMF Multimode Fiber 
MMTF Mean Time to Failure 
MZ Mach–Zehnder 
NRZ Non-Return to Zero 
NTC Negative Temperature 

Coefficient 
OADM Optical Add/Drop  

Multiplexer 
OC-N Optical Carrier N 
OEO Optical–Electrical–Optical 
OIF Optical Internetworking 
OLT Optical Line Terminal 
OMA Optical Modulation  

Amplitude 
ONT Optical Network Terminal 
ONU Optical Network Unit 
OSA Optical Spectrum Analyzer 
OSI Open System Interconnect 
OTN Optical Transport Network 
OXC Optical Crossconnect 
PC Physical Contact 
PCB Printed Circuit Board 
PECL Positive Emitter Coupled 

Logic 
PLL Phase Lock Loop 
PMD Polarization Mode  

Dispersion 
POF Plastic Optical Fiber 
PON Passive Optical Network 
PRBS Pseudo Random Bit  

Sequence 
RIN Relative Intensity Noise 
rms Root Mean Square 
ROSA  Receiver Optical Subas-

sembly 
RX Receiver 
SAP Service Access Point 
SBS Stimulated Brillouin 

Scattering 

SC Subscriber Connector 
SDH Synchronous Digital  

Hierarchy 
SFF Small Form Factor 
SFP Small Form Pluggable 
SMF Single-Mode Fiber 
SMSR Side Mode Suppression 

Ratio 
SNR Signal to Noise Ratio 
SOA Semiconductor Optical 

Amplifier 
SONET Synchronous Optical 

Network 
SPM Self-Phase Modulation 
SRS Stimulated Raman  

Scattering 
ST Straight Tip 
STM-N Synchronous Transport 

Module-N 
SW Spectral Width 
Tbps Terra Bits Per Second 
TEC Thermoelectric Cooler 
TEM Transverse Electromag-

netic 
THD Total Harmonic Distor-

tion 
THz Terra Hertz 
TIA Transimpedance  

Amplifier 
TIA  Telecommunication  

Industry Association 
TOSA Transmitter Optical  

Subassembly 
TX Transmitter 
UHF  Ultra High Frequency 
UI Unit Interval 
VCO Voltage-Controlled  

Oscillator 
VCSEL Vertical Cavity Surface 

Emitting Laser 
VHF  Very High Frequency 
WAN Wide Area Network 
WDM  Wavelength Division 

Multiplexing 
XPM Cross-Phase Modulation 



Appendix B 
Physical Constants  
 
Planck’s constant    h  6.625×10−34 J.s 
 
Speed of light in vacuum   c  2.998×108 m/s 
 
Electron charge    e  −1.602×10−19 C 
 
Mass of electron    m  9.109×10−31 kg 
 
Electron-Volt     eV  1.602×10−19 J 
 
Boltzmann constant   k  1.381×10−23 J/°K 
 
Permittivity of vacuum   ε0  8.85×10−12 F/m 
 
Permeability of free space   μ0  1.257×10−6 H/m 
 
Angstrom     Å  10−10 m 
 
Nanometer    nm  10−9 m 
 
Micron     μm  10−6 m 
 
Silica fiber core index of refraction  n0  1.48 
 
Speed of electrical signals  
in a 50 Ω FR4 microstrip   v  ~8×107 m/s 
 



Index

A
Absolute value ratings, 275
Absorption, 26, 96, 99, 107, 127, 130, 136,

137, 138, 152, 157, 171, 173, 174,
191, 293, 345, 346

Accelerated aging, 292, 351
Acceleration, 282, 283, 350
Acceptors, 102

levels, 102
Access networks, 36, 39, 346, 356
Ac coupling, 78, 213–216, 232, 280
Ac equivalent circuit, 161
Activation energy, 291–293, 294
Active region, 17, 18, 102, 103, 104, 105, 106,

107, 108, 117, 119, 120, 121, 122
AGC, 236, 237, 238, 260

loop, 260
in a TIA, 260

Air circulation, 281, 282
American National Standard Institute (ANSI),

327, 329, 330, 341, 352
Amplified spontaneous emission, 150
Analog

links, 22, 168, 224, 317
modulation measurements, 317–322
transmitters, 119, 224–227, 232

Angled physical contact (APC), 186, 194,
203–209, 334

connectors, 186, 194
APD, see Avalanche photodiode
Arrayed waveguide gratings (AWGs), 193
Arrhenius equation, 292, 294
Aspheric lens, 181, 182
Asymmetry between rise and fall times, 115
Asynchronous transfer mode (ATM), 39, 46,

342, 343, 355, 356
ATM, see Asynchronous transfer mode
Attenuation

limited, 130, 219

Attenuators, 190–191, 194, 334
Auger recombination, 106, 110
Automatic gain control (AGC), 237, 261
Avalanche multiplication, 163, 164, 167,

173, 174
Avalanche photodiode (APD), 162–165

detectors, 18, 162–165, 269
receivers, 18, 241, 269
structure, 163, 172–173, 174

Average power control (APC), 203–209, 219,
223, 273, 278

B
Back facet current, 206, 208
Back-facet photodetector, 206
Back termination, 77, 211, 212, 213, 214,

215, 226
Band gap energy, 101
Bandpass, 63, 193, 309, 312, 318, 319
Baseband signals, 64, 317, 318
Bathtub curves, 86–87
Behavior, 9, 10, 11, 24, 26, 88, 95, 100, 104,

107, 109, 110, 111, 113, 115, 116,
123, 131, 133, 161, 162, 164, 165,
169, 205, 226, 227, 229, 246, 252,
253, 255, 279, 286, 304

BER, see Bit error rate
BERT, see Bit error rate tester
Biconic, 185
Bi-directional configuration, 151
Bit error rate (BER), 85, 86, 87, 247–249, 250,

251, 252, 253, 262, 313, 314, 315,
316, 317, 337

bathtub curves, 87
Bit error rate tester (BERT), 313–315, 316
BMR, see Burst mode receivers
BPON, see Broadband PON
Bragg reflector, 120, 121, 122
Bragg wavelength, 111, 121
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Breakdown voltage
temperature coefficient, 165

Broad area detector, 82, 300, 322
Broad band matching, 226
Broadband PON (BPON), 57, 355, 356, 357
Broadcast network, 43, 44, 56
Buried heterostructure, 118, 123
Burst mode receivers (BMR), 221, 235,

257–261, 262
sensitivity penalty, 258, 260
TIAs, 260–261
traffic, 56, 257–258, 260
transmitters, 199, 221–223, 232, 262

Bus topology, 31, 38, 42
Bypass capacitors, 230, 231

C
Calibration of test instruments, 299
Carrier

frequency, 64, 69, 91, 226
generation rate, 104
life time, 106, 116
rate equation, 104, 106
recombination rate, 104
sense multiple access with collision

detection, 42, 343, 353
CDR, see Clock and data recovery
Center wavelength, 89, 90, 91, 92, 220, 311
Characteristic impedance, 71–73, 210, 212,

213, 225, 230
of the microstrip, 73

Characteristic temperature, 110
Chirp, 114–115, 145
Chromatic dispersion, 140–142, 152, 334, 337,

338, 345
CID, see Consecutive identical digits
Circuit

layout, 229–232
theory, 11, 71

Circuit switching, 33, 34, 43–46, 53, 58
network, 33, 44, 46, 58

Circuit switching and packet switching, 43–46
Cladding, 19, 128, 129, 131, 132, 133, 142,

143, 151, 179, 186, 189, 345
Class 1 lasers, 346, 347
Client–server relationship, 41
Clock and data recovery (CDR), 235, 245–246,

253–256, 262, 313, 315, 316
Closed loop

modulation control, 217–219
power control, 206–208, 222

CML, see Current mode logic
CMRR, see Common mode rejection ratio

Co-directional pumping, 151
Coherence length, 89, 90, 91
Coherence time, 88, 89, 90, 91
Common-mode noise, 76, 243
Common mode rejection ratio(CMRR), 77
Common mode voltages, 244, 259
Concentricity, 183, 184, 345
Conduction band, 9, 101, 102, 106, 158,

159, 171
Confinement factor, 96, 107
Connectionless, 43, 46
Connection oriented, 43, 46
Connection-oriented network, 46
Connectorized couplings, 183–185
Connectors, 177, 182, 183, 185, 186, 191, 193,

194, 201, 279, 332, 333–334, 339,
340, 350, 351

Consecutive identical digits (CID), 67, 238
Constitutive relations, 5, 6, 133
Convolution, 62–63, 64, 310
Core, 19, 20, 78, 128, 129, 131, 132, 133, 142,

143, 151, 152, 177, 178, 179, 180,
183, 184, 185, 284, 285, 345

Counter-directional pumping, 151
Coupler, 14, 15, 24, 25, 33, 38, 56, 150, 151,

177, 188–190, 269
2x2 coupler, 150, 151, 188, 189, 194
insertion loss, 189

Coupling efficiency, 122, 178, 179, 180, 181,
182, 183, 184, 185, 193, 208, 279,
284, 300

Coupling loss, 178, 183, 184, 185, 191,
193, 284

Course WDM (CWDM), 21, 342, 343
Cross phase modulation, 127, 144, 146, 152
Crosstalk noise, 231, 232
CSMA/CD, 243, 253
Current gain of an APD, 164
Current mode logic (CML), 77–78, 79
Cut-off shifted, 332, 346

D
Damp heat

test, 278, 351
Dark current, 159, 160, 166, 167, 170,

171, 235
Datalink layer, 41, 42, 43
dB, 22, 23, 24, 56, 112, 121, 127, 128, 136,

178, 183, 191, 208, 237, 250, 253,
255, 258, 311, 317, 319, 345

dBm, 22, 23, 24, 25, 202, 207, 249, 251, 253,
300, 301, 311

DCA, see Digital communication analyzer



367

dc cancellation loop, 244, 245
dc coupling, 215, 280, 281
dc offset cancellation loop, 244
De Broglie equation, 9
Decision threshold, 247, 258
Defect recombination, 106
Dense WDM (DWDM), 21, 342, 343
Derating, 275
Design

margin, 271–274, 276
rules, 274

Deterministic jitter, 86, 307
DFB, see Distributed feedback laser
Diagnostic monitoring interface for optical

transceivers, 331, 338
Diameter, 31, 32, 128, 129, 152, 178, 183, 185,

240, 345
Differential coupling, 212–213, 243
Differential driver, 209, 210, 211, 213,

222, 223
Differential gain, 105, 112
Differential microstrip, 75
Differential signaling, 75, 76–79, 91, 232, 236
Differential stripline, 75
Differential transmission line, 75, 76, 91,

212, 213
Diffraction angle, 181
Diffusion, 102, 103, 161, 292

time, 161
Digital and analog systems, 21–22
Digital communication analyzer (DCA),

302–305, 306, 314, 318, 322

Digital power control feedback loops, 223
Digital subscriber line (DSL), 34, 35, 36, 39
Direct

coupling, 178–180
modulation, 14, 16, 113, 114, 115, 121,

141, 209, 219
modulators, 14, 16, 83, 113, 114, 115, 116,

141, 207, 209, 210, 219, 232, 280
Directionality, 189
Dispersion, 17, 21, 50, 80, 90, 91, 92, 114,

115, 127, 130, 135, 138–144, 146,
147, 152, 219, 309, 310, 316, 332,
334, 337, 338, 345, 346

coefficient, 141, 142, 143
limited, 130, 219
penalty, 316, 317
shifted, 332

fibers, 129, 141, 142, 345, 346

Dispersion compensating fibers (DCFs),
142, 147

Distributed circuit, 68–70
Distributed feedback laser (DFB), 17, 111,

120–121, 123, 141, 149, 186, 191,
192, 193, 194, 201, 207, 285

Donor(s), 102
levels, 102

Doped fiber amplifiers (DFAs), 149, 153
Doping, 103, 128, 164, 173
Drift, 158, 161, 164, 221
DSL, see Digital subscriber line
Dynamic, 29, 54, 107, 111, 114, 115, 116,

123, 161–162, 225, 238, 243, 286,
340, 344

Dynamic range, 194, 225, 236, 237, 238,
241, 252, 253, 257, 258, 259, 260,
261, 301

Dynamic range of the receiver, 241, 262
Dynamic reconfigurability, 54
Dynamic response of a PIN, 161

E
Edge-emitting devices, 17
Edge-emitting laser, 119, 121, 122
Electrical dB, 319
Electrical spectrum analyzer, 309, 318, 319,

323, 336
Electromagnetic interference, 21
Electromagnetic spectrum, 10–13
Electropedia, 328
Electrostatic discharge (ESD), 278, 340, 341,

349–350
Energy spectrum density, 309
EPON, see Ethernet PON
Equi-BER contours, 86, 87
Equivalent time sampling (ETS), 302, 303
Erbium, 149
Erbium doped fiber amplifier (EDFA), 127,

150, 151, 153
Error floors, 87, 253
ER, see Extinction ratio
ESD, see Electrostatic discharge
10G Ethernet, 354
Ethernet, 31, 38, 39, 42, 43, 57, 329, 342, 343,

352, 353–355, 356, 357
Ethernet in the first mile (EFM), 356
Ethernet PON (EPON), 57, 344, 355, 356, 357
ETS, see Equivalent time sampling
Evanescent fields, 134
Even mode, 75, 76
Excess noise factor, 167
Experiment design, 297, 298, 299

Index

(DDMI), 347
Digital Diagnostic and monitoring

interface
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Exponential distribution function, 290
Externally calibrated, 348
Externally modulated transmitters, 225
External modulators, 14, 83, 115, 200, 209,

219–221, 232, 293, 306
Extinction ratio (ER), 83, 91, 115, 199, 209,

217, 250, 251, 257, 258, 281, 297,
305, 306, 322, 355

penalty, 250, 251
power penalty, 250

Extra margin, 24, 271, 273, 274, 308
Eye

amplitude, 82, 83, 250
diagram, 66, 81, 82, 85, 86, 87, 247,

305, 308
mask mode, 304
patterns, 116, 303

F
Fabry–Perot (FP) cavity, 95
Fabry–Perot (FP) laser, 17, 96, 98,

120, 121
Facet finish, 185, 186
Failure

function, 288–289
mode for laser diodes, 277
rate, 286, 287, 289, 290, 291, 292, 294

Failure in time (FIT), 291, 292, 294
Fall-time, 301, 302, 307, 317, 322
Faraday rotator, 191, 192, 194
Fault tolerant, 32
FC, see Fixed connector
Feedback and a feed-forward scheme, 260
Feed-forward and feedback, 258
Fermi–Dirac distribution, 101, 103
Ferrule, 183, 184, 185, 186, 191
Fiber

amplifiers, 147, 149–151, 153, 336
bending, 285
coupling, 180–188, 193, 194, 285
fusion, 187, 194
splicing, 186–188, 194, 334

Fiber to the curb (FTTC), 37, 55
Fiber to the home (FTTH), 36, 37, 55, 58
Fiber Optic Connector Intermateability

Standard (FOCIS), 332, 333, 334
Fiber Optic Test Procedures (FOTPs), 299,

329, 334, 335, 336, 337, 338, 339,
340, 350

Fiber to the premise(FTTP), 37, 55
Fiber to the X (FTTX), 37, 55, 58
First transmission window, 130
FIT, see Failure in time

Fixed
attenuator, 188, 191, 194

Fixed connector (FC), 185, 191, 193, 332,
333, 334

FOCIS, see Fiber Optic Connector
Intermateability Standard

FOTPs, see Fiber Optic Test Procedures
Fourier transform, 61, 62–63, 64, 65, 67, 310
Fourier uncertainty principle, 63
Four wave mixing (FWM), 146–147, 152
Frequency

bandwidth, 20
chirping, 83, 114, 115, 123, 219
multiplexing, 34, 64, 91
spectrum, 62, 63, 64, 193, 309, 319

FTTC, see Fiber to the curb
FTTH, see Fiber to the home
FTTP, see Fiber to the premise
FTTX, see Fiber to the X
Fusion splicing, 186, 187, 188, 194

G
G.651, 332, 345, 346
G.652, 332, 345
G.653, 332, 346
G.654, 332, 346
G.655, 332, 346
Gain, 10, 11, 18, 23, 26, 33, 95–98, 103, 105,

108, 109, 110, 111, 112, 117, 119,
123, 149, 150, 151, 163, 165, 166,
167, 169, 173, 174, 202, 203, 236,
237, 240, 260, 318

compression, 105, 237, 238
factor, 105

guided, 119
profile, 98, 111, 151

Gain-bandwidth product, 165
Gamma rays, 10, 11
Gaussian probability distribution, 247
Gigabit Ethernet, 354
Gigabit PON (GPON), 57, 260, 355, 356, 357
GPON, see Gigabit PON
GR-253, 330, 342, 352
GR-326, 333, 350
GR-468, 339, 340, 349, 351, 357
Graded index (GRIN) fibers, 129, 140, 181,

332, 337, 345
“Granularity” of the ADC and the DAC in the

lookup table, 205
GR documents, 330
GRIN lens, 181, 182
Guard time, 57, 257, 258, 259
Guided modes, 19, 129, 131–135, 178, 179

Index
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H
Hard failure, 273
Harmonic distortion, 296, 320, 321, 323
“Headroom” problem, 214
Heat sinks, 281
Heaviside, 4
Hermeticity, 278, 349
Hetero-junction, 103
Heterostructures, 117, 118, 120, 123
High bandwidth control, 218–219
Histogram of this distribution, 305
Homo-junction, 103, 117
Hub, 31, 32
Human body model, 340, 349

I
IEC, see International Electrotechnical

Commission
IEC-60825, 328, 339, 346
IEEE 802, 3, 38, 42, 342, 353
IEEE-SA, see IEEE Standard Association
IEEE, see Institute of Electrical and Electronics

Engineers
IEEE Standard Association (IEEE-SA), 329
IEV, see International Electrotechnical

Vocabulary
Immune to noise, 22
Impact ionization or avalanche

multiplication, 163
Impedance

of the laser, 227
matching, 72, 73, 91, 212, 226, 229
of a microstrip, 74
of stripline, 75

“Impulse” response, 283
Impurity absorption, 137, 138
Index guided, 119
Infinite persistence, 304, 308
Infrared absorption, 136, 137, 138, 152
Input sensitivity, 304
Insertion loss, 184, 185, 189, 192, 194,

336, 337
Instantaneous dynamic range , 258, 259
Instantaneous optical power, 80, 322
Institute of Electrical and Electronics

Engineers (IEEE), 327, 328
Intermediate reach (IR), 12, 303, 352, 353
Inter-modulation distortion (IMD), 321, 323
Internally calibrated, 322, 348
International Electrotechnical Commission

(IEC), 327, 328, 330, 335, 336, 339,
340, 346, 350, 356

International Electrotechnical Vocabulary
(IEV), 328

International Organization for Standardization
(ISO), 40, 327, 328, 329, 330, 356

International System of Units (SI), 328, 357
International Telecommunication Union (ITU),

327, 328, 357
Internet, 22, 33, 34, 35, 36, 46, 55, 331
Inverse Fourier transform, 62
Isolator, 191, 192, 194, 200, 201, 279
ISO, see International Organization for

Standardization
ISO-9000, 330
ITU, see International Telecommunication

Union
ITU-T, 47, 255, 256, 329, 330, 332, 333, 334,

335, 337, 338, 339, 340, 342, 343,
344, 345, 346, 352, 356

IV characteristic of a PIN diode, 159

J
Jitter, 81, 85, 113, 253, 254, 255, 256, 307,

337, 338
measurements, 306
peaking, 255
tolerance, 256
tolerance mask, 256
transfer, 253–256, 262
transfer function, 253–255, 262
transfer mask, 255

Johnson noise, 168, 174
Junction capacitance, 161, 162, 167, 168,

227, 240

K
Kirchhoff’s

current law, 69, 72
voltage law, 69, 72

L
LAN, see Local area networks

behavior, 115, 116
Large signal, 115, 116, 123
Laser(s), 9, 10, 15, 16, 17, 83, 88, 89, 95,

97, 98, 100, 103, 107, 110, 111,
112, 113, 115, 117, 118, 119–123,
127, 147, 149, 150, 177, 186, 191,
192, 193, 200, 201, 206, 207, 208,
209, 210, 217, 225, 270, 271, 277,
279, 280, 285, 320, 331, 332, 346,
347, 349

driver, 16, 202, 209, 213, 221, 222, 223,
225, 226, 227, 230, 231, 271, 272,
277, 280, 286

safety, 346, 347
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LC, or small form factor connector, 71, 74,
185, 191, 193, 194, 201, 332

LC, see LC, or small form factor connector
Leaded and surface mount, 275
Leak test, 278
Leaky mode, 20
LED, see Light emitting diode
Lensed fibers, 180
LIA, see Limiting amplifier
LI characteristic, 203–209, 216, 224
LI curves, 204
Light emitting diode (LED), 14, 15, 17, 18,

141, 199, 269, 293, 346
Lightpaths, 53, 54
Lightwave signal analyzer (LSA), 317, 318,

319, 320, 321, 323
Limiting amplifier (LIA), 235, 242, 243, 245,

259, 261, 262
Linearity, 8, 199, 224, 225, 298
Linewidth enhancement factor, 114
Link(s), 2, 3, 11, 15, 17, 18, 21, 22–25, 29,

30, 31, 32, 33, 36, 37, 38, 39, 58,
65, 89, 95, 115, 118, 127, 130, 136,
138, 152, 179, 194, 219, 262, 297,
299, 317, 318, 322, 342, 353, 354

budgeting, 22, 26, 80
budgets, 22, 23, 24, 25, 26, 80, 115, 203,

217, 219, 240, 251, 299, 353
penalty

LLC, see Logical Link Control
Local area networks (LAN), 36, 37, 38, 39, 40,

42, 43, 57, 353, 356
Logical link control (LLC), 42
Logical one and zero Levels, 82
Longitudinal modes, 98, 120, 122
Long reach (LR), 17, 219, 253, 353
Lookup tables, 205, 216, 217, 241

approach, 205
Loop time constant, 207, 236
Loss, 19, 20, 23, 24, 25, 38, 50, 56, 80, 82, 96,

97, 105, 107, 127, 128, 130, 132,
135, 136, 137, 138, 178, 183, 184,
185, 186, 187, 189, 194, 220, 279,
284, 285, 301, 345, 346

Low frequency cut-off point, 215, 243
Low voltage CMOS (LVCMOS), 79, 361
Low voltage differential signaling (LVDS),

78, 79
Low voltage PECL (LVPECL), 78, 79
Low voltage TTL (LVTTL), 79
LSA, see Lightwave signal analyzer
Lumped circuits, 11, 68, 69, 71, 229
LVCMOS, see Low voltage CMOS

LVDS, see Low voltage differential signaling
LVPECL, see Low voltage PECL
LVTTL, see Low voltage TTL

M
Mach–Zehnder (MZ) modulator, 225
Magnetic charge, 5
MAN, see Metropolitan area networks
Margin, 22, 24–25, 271–274, 308, 347
Mask

margin, 308
measurement, 308

Matching resistor, 212
Maxwell, 4, 5, 6, 8, 10
Maxwell’s equations, 4, 5, 6, 8, 10, 11, 20, 26,

69, 71, 99, 100, 133
MD, see Modulation depth
Mean time to failure, 289
Measuring sensitivity, 315
Mechanical

resonance, 284
shock and vibration, 282, 350
splicing, 186, 187

Media access control (MAC), 42
MEMS, see Microelectromechanical systems
Mesh topology, 32
Metro networks, 36
Metropolitan area networks (MAN), 38–39
Microcracks, 285
Microelectromechanical systems (MEMS), 191
Microlens, 180
Microstrip, 73
Modal dispersion, 139
Modes, 11, 17, 20, 73, 75, 76, 77, 89, 90, 91,

98, 120, 121, 122, 123, 129, 131,
133, 134, 135, 139, 140, 143, 147,
151, 152, 178, 179, 186, 199, 286,
289, 290, 304, 347, 351

Modulation, 2, 3, 11, 14, 15, 16, 17, 20, 26, 42,
61, 64, 79, 82, 83, 88, 91, 95, 111,
113, 114, 115, 116, 121, 123, 127,
135, 141, 144, 145, 146, 152, 177,
199, 201, 202, 207, 209, 210, 212,
213, 214, 215, 216, 217, 218, 219,
222, 224, 225, 230, 232, 241, 250,
281, 297, 317, 318, 319, 320, 321,
322, 323, 354, 355

transfer function, 111
Modulation depth (MD), 115, 209, 219, 297,

318, 320, 323
MTP/MPO, 185
MTRJ, 185
MTTF, 289, 290, 291, 294
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MU, 185
Multi-longitudinal mode, 352
Multimode fibers, 15, 118, 129, 139, 140, 141,

152, 179, 345, 346
Multimode lasers, 120
Multiple quantum well lasers, 119
Multi-transverse-mode operation, 123

N
Narrowband matching, 226
Neodymium, 149
Network

layer, 41, 42, 43, 285, 357
topologies, 29–33

Nodes, 29, 30, 31, 32, 37, 38, 40, 42, 43, 44,
45, 52, 53, 54, 57, 58, 69, 200, 201,
206, 209, 214, 231, 238, 239, 299

Noise floor, 299, 304, 305, 306, 308, 309
Nominal or extended corner points, 273
Nonlinear index coefficient, 145
Non-return-to-zero (NRZ), 65–67, 68, 69, 70,

91, 113, 353
Non-zero dispersion shifted fibers, 147,

332, 346
NRZ, see Non-return-to-zero
Numerical aperture, 133, 179, 180, 193, 336

O
OC-1, 48, 49, 353
Odd and even modes, 75, 76
Odd mode, 75, 76
OLT, see Optical line terminal
OMA, see Optical modulation amplitude
ONT, see Optical Network Terminal
ONU, see Optical Network Unit
Open loop average power control, 204
Open loop modulation control, 216, 217
Open System Interconnect (OSI), 40–42, 330

model, 40–42, 43, 58, 330
Optical add/drop multiplexers (OADMs),

51, 52
Optical amplifier, 95, 96, 98, 123, 149,

305, 334
Optical assembly, 227, 268
Optical attenuators, 191, 304, 315, 316,

317, 318
Optical carrier, 48, 65, 88, 91, 317, 318, 321,

323, 353
Optical cavity, 17, 95, 98, 108, 122, 123, 206
Optical confinement factor, 96
Optical crossconnects (OXCs), 51, 53, 54
Optical dB, 319
Optical detectors, 15, 18, 26, 149, 235,

318, 319

Optical to electrical (OE) converter, 301
Optical-electrical-optical (OEO) converters, 51
Optical eye diagram, 81, 305
Optical fiber, 3, 7, 12, 13, 14, 15, 19–20, 23,

33, 36, 41, 42, 50, 55, 58, 64, 88,
89, 122, 127–153, 157, 177, 178,
179, 200, 277, 278–279, 284, 285,
313, 332, 352, 353, 357

Optical filters, 21, 193, 194, 201, 278
Optical Internetworking Forum (OIF), 331
Optical line terminal (OLT), 55, 56, 57, 221,

355, 356
Optical link, 23, 24, 25, 29, 50, 53, 58,

135, 138, 149, 177, 299, 342,
347, 354

Optical modulation amplitude (OMA), 82,
305, 354

Optical network terminal (ONT), 55, 56, 344
Optical network unit (ONU), 55, 56, 57, 221,

222, 355, 356
Optical power, 15, 16, 18, 20, 22, 23, 24, 25,

26, 79, 80, 81, 82, 83, 88, 90, 96, 97,
108, 109, 112, 114, 115, 116, 135,
159, 160, 165, 166, 169, 170, 174,
188, 189, 194, 199, 202, 203, 204,
205, 206, 207, 208, 209, 216, 217,
219, 236, 237, 242, 249, 251, 252,
253, 257, 258, 262, 272, 273, 277,
286, 297, 299, 300, 302, 304, 305,
311, 312, 315, 316, 318, 319, 321,
322, 335, 336, 337, 338, 347, 348

meter, 188, 299, 300, 302, 315, 316,
318, 336

Optical pumping, 100, 150
Optical signal, 14, 15, 16, 20, 21, 23, 29, 48,

49, 51, 61, 79, 80, 81, 82, 83, 84,
86, 88, 89, 90, 91, 92, 105, 114,
132, 135, 140, 143, 149, 152, 157,
160, 161, 188, 190, 235, 237, 249,
257, 258, 261, 301, 302, 305, 308,
312, 315, 316, 317, 318, 322, 337

Optical spectrum, 88, 89, 199, 309, 310,
322, 336

Optical spectrum analyzer (OSA), 193,
309, 310, 311, 312, 319, 322,
323, 336

Optical subassemblies, 173, 199, 200, 201,
220, 225, 238, 269, 278, 279,
284, 293

Optical transport networks (OTN), 54, 337,
338, 344

OSA, see Optical spectrum analyzer
OTN, see Optical transport networks

Index
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Overload, 252
Overshoot, 81, 82
OXC, see Optical crossconnects

P
Packet switching, 34, 43–46, 58
Parasitic effects, 229
Passive Optical Networks (PONs), 55, 56, 57,

58, 190, 221, 222, 235, 257, 258,
259, 262, 342, 344, 355, 356, 357

Pattern dependence jitter, 113, 116
Pattern dependency/dependencies, 81, 238, 243

of the receiver, 238
PCB, 227, 228, 231, 271, 274, 275, 281, 285
PCB manufacturing processes, 274
PC, see Physical contact
PECL, 78, 79
Peer layer, 41
Permeability, 5, 69, 71
Permittivity, 5, 69, 71
Persistence time, 304
Phase detector, 246
Phase lock loop (PLL), 245, 246, 255, 262
Phase noise, 66, 85, 104, 262, 309
Photodetector materials, 170, 171
Photodetector monitoring current, 206, 208
Photon density rate equation, 107
Physical contact (PC), 185, 194

connectors, 186
Physical layer, 2, 13, 14, 22, 26, 29, 35, 41, 42,

48, 49, 50, 58, 61, 194, 203, 221,
268, 269, 286, 327, 331, 335, 345,
347, 352, 353, 354, 356, 357

Pigtail and receptacle, 279
Pilot tone, 217
PIN diode, 18, 157, 158, 159, 160, 161, 162,

166, 169, 172, 173, 174, 240, 261,
269, 278, 322

structure, 172
Plastic optical fibers (POFs), 128
PLL, see Phase lock loop
PMD, see Polarization mode dispersion
Polarization maintaining, 144
Polarization mode dispersion (PMD), 143,

144, 145, 152, 334, 345
Polarizer, 191, 192
PONs, see Passive Optical Networks
Population inversion, 9, 99, 100, 102, 103, 117,

123, 149, 150, 151
Positive emitter coupled logic (PECL), 78
Power monitoring current, 206
Power penalties, 301, 317
Power plane, 227, 228, 231, 232

Praseodymium, 149
PRBS, see Pseudo-random bit sequence
Preamplifier, 15
Printed circuit board (PCB), 227, 228, 231,

271, 274, 275, 281, 284, 285
Protection against transients, 277
Protocol agnostic, 54
Pseudo-random bit sequence, 65, 66, 67, 68,

69, 70, 314
patterns, 66, 67, 91

Q
Q factor, 248, 249, 337, 338
Quantum, 4, 8, 9, 10, 97, 98, 105, 110, 119,

120, 121, 122, 123, 134, 157, 159,
165, 166, 167, 170, 174, 202, 204,
205, 208

efficiency, 159, 165, 174, 202, 205, 208
limited, 167
noise, 166, 174
well, 119, 120, 123, 134

lasers, 119, 120
Quarter-wavelength shifted grating, 121
Quasi Fermi level, 103
Quaternary, 118, 136

R
Radiative noise, 77
Radiative transition, 9
Random failure, 290, 293
Random jitter, 85, 86
Ranging, 57, 259, 346, 353, 356
Rate equation, 103–107, 109, 111, 113,

115, 123
Rayleigh–Parseval energy theorem, 62
Rayleigh scattering, 137, 138, 152
Ray theory, 11, 131, 133, 139
Reach through APD, 163, 173

structure, 173
Receiver optical subassembly (ROSA),

235–242, 261
Reflectance, 177, 277, 337
Reflection coefficient, 72, 96, 226
Relative intensity noise (RIN), 318, 321
Relaxation oscillation frequency, 112, 113, 225
Reliability function, 288
Reliability quantification, 266, 288, 289, 291
Repeatability, 184, 185, 279, 298
Responsivity, 157, 159, 162, 169, 170, 171,

173, 174, 321
Return loss, 184–186, 189, 337, 338
Ring topology, 32, 33
Rise and fall time, 84, 91, 115, 166, 199, 297,

307, 317, 322

Index
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Rise-time, 301, 302, 303, 307
Risk or fault exposure, 273
Rms spectral width, 90
Rms value of jitter, 85, 86
ROSA, see Receiver optical subassembly

S
Safety features, 209
Saturation, 105, 149, 165, 201, 202, 203,

218, 225
Schrödinger equation, 8
SC, see Subscriber connector
SDH, see Synchronous digital hierarchy
Secondary carriers, 164, 174
Second, third, and forth transmission

windows, 130
Self- and cross-phase modulation (SPM and

XPM), 144–146
Self-phase modulation (SPM), 145, 146, 152
Semiconductor optical amplifiers (SOAs), 149
Sensitivity, 24, 25, 110, 149, 164, 168, 169,

174, 180, 191, 249–252, 258, 260,
262, 284, 299, 304, 315–316, 317

measurements, 316
Service access point (SAP), 41
Settling time, 113
SFF-8472, 286, 331, 335, 338, 347, 348, 357
SFF-8472 digital monitoring, 347–349
SFP, 199, 331, 332, 334, 347
Short reach (SR), 17, 219, 353
Shot noise, 166–169, 174

limit, 68, 112, 131, 133, 135, 153, 167,
170, 174, 178, 179, 213, 225, 246,
252, 253, 273, 274, 277, 290, 352

Side mode suppression ratio (SMSR), 88, 90,
121, 311, 312, 323

Signal degradation, 3, 90, 127, 135, 149, 152
Signal-to-noise ratio (SNR), 82, 163, 164, 165,

166, 168, 174, 238, 247, 248, 304,
305, 337

Sinc function, 67
Single mode, 19, 20, 21, 23, 25, 88, 89, 90,

91, 98, 121, 123, 127, 129, 130,
135, 139, 140, 141, 142, 144, 148,
149, 152, 185, 186, 193, 219, 221,
279, 332, 333, 334, 335, 336, 337,
345, 346

Single mode fibers (SMFs), 20, 21, 23, 25,
127, 130, 139, 140, 142, 144, 148,
149, 152, 279, 345, 346, 355

SI, see International System of Units
Size of the detector, 239
Slope efficacy, 16, 97

Small Form Factor, 185, 331, 334, 335
SMFs, see Single mode fibers
SMSR, see Side mode suppression ratio
Snell’s law, 19, 132
SNR, see Signal-to-noise ratio
Soft failure, 273
Software reliability, 285, 286, 287, 341
Solitons, 146
SONET Add/Drop Multiplexer (ADM), 51
SONET frame, 47, 48
SONET/SDH, 46, 47, 49, 342, 352, 357
SONET, see Synchronous optical network
Spectral bands, 130
Spectral characteristics of optical signals,

88–91
Spectral gain profile, 98
Spectral linewidth, 88, 114
Spectral symmetry, 62
Spectral width (SW), 15, 17, 88, 89, 90, 91, 92,

114, 115, 120, 141, 142, 220, 297,
309, 312, 323

Spectrum of a PRBS signal, 68
Spectrum of random NRZ signals, 67
Spherical lens, 181
Splitters, 55, 56, 189, 190, 191, 194, 315
Splitting ratio, 56, 57, 189, 190, 355, 356
SPM, see Self-phase modulation
Spontaneous emission, 99, 100, 106, 107, 109,

110, 150, 201
factor, 107

Star coupler, 190, 194
Star topology, 31, 32
Static and dynamic fatigue, 285
Static or adiabatic chirp, 115
Statistical multiplexing, 45
Step-index fibers, the information capacity, 140
Stimulated Brillouin scattering (SBS), 135,

144, 148, 152
Stimulated emission, 95, 99, 100, 103, 105,

106, 107, 109, 147
Stimulated Raman Scattering (SRS), 135, 147,

148, 152
Stokes photon, 147
Straight tip (ST), 105–107, 185, 191, 193, 332

connectors, 185
Striplines, 73, 74, 75, 212, 228

transmission lines, 73, 212, 228
ST, see Straight Tip
Subscriber connector (SC), 185, 191, 193, 194,

201, 332, 333
Supply and the ground planes, 228
Synchronous digital hierarchy (SDH), 46–49,

338, 342, 352



374

Synchronous optical network (SONET), 31,
39, 43, 45, 46–49, 51, 58, 203, 330,
342–343, 352–353, 357

Synchronous payload envelope, 48
Synchronous transport module, 49

T
Target bit error rate, 85
TEC, see Thermoelectric cooler
Telcordia (Bellcore), 327
Telecommunication Industry Association

(TIA), 299, 327, 329
Telecommunication networks, 33–37
Temperature cycling, 290, 350
TEM, see Transverse electromagnetic
Ternary materials, 117
THD, see Total harmonic distortion
Thermal expansion coefficients, 284–285
Thermal ground, 281, 282
Thermal management, 278, 279
Thermal noise, 166–170, 174
Thermal pads, 281
Thermal relief, 281
Thermal resistance, 279–282
Thermal runaway, 208, 209, 232, 273, 286
Thermal vias, 281
Thermistor, 204, 216
Thermoelectric cooler, 200, 220, 221, 278, 279
Thin lens, 181
Threshold current, 16, 17
Threshold extraction, 258, 259
Threshold gain, 108, 109
Threshold level, 222, 242, 245, 247, 248, 253,

258, 259, 260, 261
recovery, 258

Time response, 113, 114, 259, 300
Topology, of a network, 30
TOSA, 200, 201, 232, 235
Total harmonic distortion (THD), 321, 323
Total internal reflection, 19, 131, 132, 133
Total jitter, 85, 86, 87
Tracking error, 208
Transfer function, 63, 111, 112, 224, 225, 226,

227, 239, 253, 254, 255, 262, 338
Transient chirp, 115
Transimpedance amplifier (TIA), 15, 18, 169,

235, 236–240, 252, 261, 269
Transit time, 161

Transmission lines, 70, 71, 73, 75, 76, 77, 91,
201, 211, 212, 213, 220, 228, 239

Transmittance, 179
Transmitters Optical Subassemblies, 200
Transparency carrier density, 105
Transverse compatibility, 342
Transverse electromagnetic (TEM), 6, 70,

71, 73
Turn-on delay, 83, 115, 116, 123, 219

U
Ultraviolet losses, 137
Unit interval (UI), 81
Units of dBm, 26, 136, 202, 249, 252, 300

V
Variable attenuators, 191, 194
VCO, see Voltage control oscillator
VCSEL, see Vertical cavity surface emitting

laser
Vertical cavity surface emitting laser (VCSEL),

17, 121–123, 207
Vertical eye opening, 82, 97, 243, 250
Vertical and horizontal eye openings, 87
Very long reach (VR), 219, 352, 353
Voltage control oscillator (VCO), 245, 246

W
WAN, see Wide area networks
Waterfall curves, 251–253, 316
Wave equation, 6, 69, 71, 133, 134
Waveguide, 12, 64, 119, 127, 128, 133, 134,

135, 139, 142–143, 151
dispersion, 142, 143, 152

Wavelength division multiplexing (WDM), 20,
21, 39, 49, 50–54, 56, 58, 65, 91,
142, 146, 147, 148, 149, 150, 153,
188, 190, 193, 220, 221, 262, 279,
312, 343, 346

Wavelength meter, 312
Wave particle duality, 9–10
Wave theory, 4, 11, 19, 20, 131, 133, 139
WDM, see Wavelength division multiplexing

Networks, 49–54, 58, 190, 343
Wide area networks (WANs), 38, 39, 40, 57

Y
Y termination, 78
Ytterbium (Yb), 149
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