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Fundamentals of Digital Communication

This textbook presents the fundamental concepts underlying the design of
modern digital communication systems, which include the wireline, wire-
less, and storage systems that pervade our everyday lives. Using a highly
accessible, lecture style exposition, this rigorous textbook first establishes a
firm grounding in classical concepts of modulation and demodulation, and
then builds on these to introduce advanced concepts in synchronization, non-
coherent communication, channel equalization, information theory, channel
coding, and wireless communication. This up-to-date textbook covers turbo
and LDPC codes in sufficient detail and clarity to enable hands-on imple-
mentation and performance evaluation, as well as “just enough” information
theory to enable computation of performance benchmarks to compare them
against. Other unique features include the use of complex baseband represen-
tation as a unifying framework for transceiver design and implementation;
wireless link design for a number of modulation formats, including space—
time communication; geometric insights into noncoherent communication;
and equalization. The presentation is self-contained, and the topics are selected
so as to bring the reader to the cutting edge of digital communications research
and development.

Numerous examples are used to illustrate the key principles, with a view to
allowing the reader to perform detailed computations and simulations based
on the ideas presented in the text.

With homework problems and numerous examples for each chapter, this
textbook is suitable for advanced undergraduate and graduate students of
electrical and computer engineering, and can be used as the basis for a one
or two semester course in digital communication. It will also be a valuable
resource for practitioners in the communications industry.

Additional resources for this title, including instructor-only solutions, are
available online at www.cambridge.org/9780521874144.

Upamanyu Madhow is Professor of Electrical and Computer Engineering at the
University of California, Santa Barbara. He received his Ph.D. in Electrical
Engineering from the University of Illinois, Urbana-Champaign, in 1990,
where he later served on the faculty. A Fellow of the IEEE, he worked for
several years at Telcordia before moving to academia.
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Preface

The field of digital communication has evolved rapidly in the past few
decades, with commercial applications proliferating in wireline communi-
cation networks (e.g., digital subscriber loop, cable, fiber optics), wireless
communication (e.g., cell phones and wireless local area networks), and stor-
age media (e.g., compact discs, hard drives). The typical undergraduate and
graduate student is drawn to the field because of these applications, but is
often intimidated by the mathematical background necessary to understand
communication theory. A good lecturer in digital communication alleviates
this fear by means of examples, and covers only the concepts that directly
impact the applications being studied. The purpose of this text is to provide
such a lecture style exposition to provide an accessible, yet rigorous, intro-
duction to the subject of digital communication. This book is also suitable for
self-study by practitioners who wish to brush up on fundamental concepts.

The book can be used as a basis for one course, or a two course sequence, in
digital communication. The following topics are covered: complex baseband
representation of signals and noise (and its relation to modern transceiver
implementation); modulation (emphasizing linear modulation); demodulation
(starting from detection theory basics); communication over dispersive chan-
nels, including equalization and multicarrier modulation; computation of per-
formance benchmarks using information theory; basics of modern coding
strategies (including convolutional codes and turbo-like codes); and introduc-
tion to wireless communication. The choice of material reflects my personal
bias, but the concepts covered represent a large subset of the tricks of the
trade. A student who masters the material here, therefore, should be well
equipped for research or cutting edge development in communication sys-
tems, and should have the fundamental grounding and sophistication needed
to explore topics in further detail using the resources that any researcher or
designer uses, such as research papers and standards documents.

Organization

Chapter 1 provides a quick perspective on digital communication. Chapters 2
and 3 introduce modulation and demodulation, respectively, and contain

Xiii
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Xiv Preface

material that I view as basic to an understanding of modern digital communi-
cation systems. In addition, a review of “just enough” background in signals
and systems is woven into Chapter 2, with a special focus on the complex
baseband representation of passband signals and systems. The emphasis is
placed on complex baseband because it is key to algorithm design and imple-
mentation in modern digital transceivers. In a graduate course, many students
will have had a first exposure to digital communication, hence the instructor
may choose to discuss only a few key concepts in class, and ask students to
read the chapter as a review. Chapter 3 focuses on the application of detection
and estimation theory to the derivation of optimal receivers for the additive
white Gaussian noise (AWGN) channel, and the evaluation of performance
as a function of E,/N, for various modulation strategies. It also includes a
glimpse of soft decisions and link budget analysis.

Once students are firmly grounded in the material of Chapters 2 and 3,
the remaining chapters more or less stand on their own. Chapter 4 contains
a framework for estimation of parameters such as delay and phase, starting
from the derivation of the likelihood ratio of a signal in AWGN. Optimal non-
coherent receivers are derived based on this framework. Chapter 5 describes
the key ideas used in channel equalization, including maximum likelihood
sequence estimation (MLSE) using the Viterbi algorithm, linear equaliza-
tion, and decision feedback equalization. Chapter 6 contains a brief treatment
of information theory, focused on the computation of performance bench-
marks. This is increasingly important for the communication system designer,
now that turbo-like codes provide a framework for approaching information-
theoretic limits for virtually any channel model. Chapter 7 introduces channel
coding, focusing on the shortest route to conveying a working understanding
of basic turbo-like constructions and iterative decoding. It includes convolu-
tional codes, serial and parallel concatenated turbo codes, and low density
parity check (LDPC) codes. Finally, Chapter 8 contains an introduction to
wireless communication, and includes discussion of channel models, fading,
diversity, common modulation formats used in wireless systems, such as
orthogonal frequency division multiplexing, spread spectrum, and continuous
phase modulation, as well as multiple antenna, or space—time, communica-
tion. Wireless communication is a richly diverse field to which entire books
are devoted, hence my goal in this chapter is limited to conveying a subset
of the concepts underlying link design for existing and emerging wireless
systems. I hope that this exposition stimulates the reader to explore further.

How to use this book

My view of the dependencies among the material covered in the different
chapters is illustrated in Figure 1, as a rough guideline for course design
or self-study based on this text. Of course, an instructor using this text
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Chapter 2 (modulation)
Chapter 3 (demodulation)
Chapter 4 (synchronization and Chapter5 Chapter 6 (information-theoretic| __| Chapter 7 (channel coding)
noncoherent communication) | |(channel equalization) limits and their computation)
~ - - P B _ - -
~ ~ -
~ z -
= A ya <z~

Chapter 8 (wireless communication)

Figure 1 Dependencies among may be able to short-circuit some of these dependencies, especially the

various chapters. Dashed lines  weak ones indicated by dashed lines. For example, much of the material

denote weak dependencies. in Chapter 7 (coding) and Chapter 8 (wireless communication) is accessible
without detailed coverage of Chapter 6 (information theory).

In terms of my personal experience with teaching the material at the Uni-
versity of California, Santa Barbara (UCSB), in the introductory graduate
course on digital communication, I cover the material in Chapters 2, 3, 4,
and 5 in one quarter, typically spending little time on the material in Chapter 2
in class, since most students have seen some version of this material. Some-
times, depending on the pace of the class, I am also able to provide a glimpse
of Chapters 6 and 7. In a follow-up graduate course, I cover the material in
Chapters 6, 7, and 8. The pace is usually quite rapid in a quarter system, and
the same material could easily take up two semesters when taught in more
depth, and at a more measured pace.

An alternative course structure that is quite appealing, especially in terms
of systematic coverage of fundamentals, is to cover Chapters 2, 3, 6, and part
of 7 in an introductory graduate course, and to cover the remaining topics in
a follow-up course.
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