
Principles of Digital Communication

The renowned communication theorist Robert Gallager brings his lucid writing style to
this first-year graduate textbook on the fundamental system aspects of digital commu-
nication. With the clarity and insight that have characterized his teaching and earlier
textbooks he develops a simple framework and then combines this with careful proofs
to help the reader understand modern systems and simplified models in an intuitive
yet precise way. Although many features of various modern digital communication
systems are discussed, the focus is always on principles explained using a hierarchy
of simple models.

A major simplifying principle of digital communication is to separate source coding
and channel coding by a standard binary interface. Data compression, i.e., source
coding, is then treated as the conversion of arbitrary communication sources into binary
data streams. Similarly digital modulation, i.e., channel coding, becomes the conversion
of binary data into waveforms suitable for transmission over communication channels.
These waveforms are viewed as vectors in signal space, modeled mathematically as
Hilbert space.

A self-contained introduction to random processes is used to model the noise and
interference in communication channels. The principles of detection and decoding
are then developed to extract the transmitted data from noisy received waveforms.
An introduction to coding and coded modulation then leads to Shannon’s noisy-
channel coding theorem. The final topic is wireless communication. After developing
models to explain various aspects of fading, there is a case study of cellular CDMA
communication which illustrates the major principles of digital communication.

Throughout, principles are developed with both mathematical precision and intu-
itive explanations, allowing readers to choose their own mix of mathematics and
engineering. An extensive set of exercises ranges from confidence-building examples
to more challenging problems. Instructor solutions and other resources are available
at www.cambridge.org/9780521879071.

‘Prof. Gallager is a legendary figure � � � known for his insights and excellent style of
exposition’
Professor Lang Tong, Cornell University

‘a compelling read’
Professor Emre Telatar, EPFL

‘It is surely going to be a classic in the field’
Professor Hideki Imai, University of Tokyo

Robert G. Gallager has had a profound influence on the development of modern digital
communication systems through his research and teaching. As a Professor at M.I.T.
since 1960 in the areas of information theory, communication technology, and data
networks. He is a member of the U.S. National Academy of Engineering, the U.S.
National Academy of Sciences, and, among many honors, received the IEEE Medal of
Honor in 1990 and the Marconi prize in 2003. This text has been his central academic
passion over recent years.
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Preface

Digital communication is an enormous and rapidly growing industry, roughly com-
parable in size to the computer industry. The objective of this text is to study those
aspects of digital communication systems that are unique. That is, rather than focusing
on hardware and software for these systems (which is much like that in many other
fields), we focus on the fundamental system aspects of modern digital communication.

Digital communication is a field in which theoretical ideas have had an unusually
powerful impact on system design and practice. The basis of the theory was developed
in 1948 by Claude Shannon, and is called information theory. For the first 25 years or so
of its existence, information theory served as a rich source of academic research prob-
lems and as a tantalizing suggestion that communication systems could be made more
efficient and more reliable by using these approaches. Other than small experiments
and a few highly specialized military systems, the theory had little interaction with
practice. By the mid 1970s, however, mainstream systems using information-theoretic
ideas began to be widely implemented. The first reason for this was the increasing
number of engineers who understood both information theory and communication
system practice. The second reason was that the low cost and increasing processing
power of digital hardware made it possible to implement the sophisticated algorithms
suggested by information theory. The third reason was that the increasing complexity
of communication systems required the architectural principles of information theory.

The theoretical principles here fall roughly into two categories – the first provides
analytical tools for determining the performance of particular systems, and the second
puts fundamental limits on the performance of any system. Much of the first category
can be understood by engineering undergraduates, while the second category is dis-
tinctly graduate in nature. It is not that graduate students know so much more than
undergraduates, but rather that undergraduate engineering students are trained to mas-
ter enormous amounts of detail and the equations that deal with that detail. They are
not used to the patience and deep thinking required to understand abstract performance
limits. This patience comes later with thesis research.

My original purpose was to write an undergraduate text on digital communication,
but experience teaching this material over a number of years convinced me that I
could not write an honest exposition of principles, including both what is possible and
what is not possible, without losing most undergraduates. There are many excellent
undergraduate texts on digital communication describing a wide variety of systems,
and I did not see the need for another. Thus this text is now aimed at graduate students,
but is accessible to patient undergraduates.

The relationship between theory, problem sets, and engineering/design in an aca-
demic subject is rather complex. The theory deals with relationships and analysis for
models of real systems. A good theory (and information theory is one of the best)
allows for simple analysis of simplified models. It also provides structural principles
that allow insights from these simple models to be applied to more complex and
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xii Preface

realistic models. Problem sets provide students with an opportunity to analyze these
highly simplified models, and, with patience, to start to understand the general princi-
ples. Engineering deals with making the approximations and judgment calls to create
simple models that focus on the critical elements of a situation, and from there to
design workable systems.

The important point here is that engineering (at this level) cannot really be separated
from theory. Engineering is necessary to choose appropriate theoretical models, and
theory is necessary to find the general properties of those models. To oversimplify,
engineering determines what the reality is and theory determines the consequences and
structure of that reality. At a deeper level, however, the engineering perception of real-
ity heavily depends on the perceived structure (all of us carry oversimplified models
around in our heads). Similarly, the structures created by theory depend on engi-
neering common sense to focus on important issues. Engineering sometimes becomes
overly concerned with detail, and theory becomes overly concerned with mathematical
niceties, but we shall try to avoid both these excesses here.

Each topic in the text is introduced with highly oversimplified toy models. The
results about these toy models are then related to actual communication systems, and
these are used to generalize the models. We then iterate back and forth between
analysis of models and creation of models. Understanding the performance limits on
classes of models is essential in this process.

There are many exercises designed to help the reader understand each topic. Some
give examples showing how an analysis breaks down if the restrictions are violated.
Since analysis always treats models rather than reality, these examples build insight
into how the results about models apply to real systems. Other exercises apply the
text results to very simple cases, and others generalize the results to more complex
systems. Yet more explore the sense in which theoretical models apply to particular
practical problems.

It is important to understand that the purpose of the exercises is not so much to
get the “answer” as to acquire understanding. Thus students using this text will learn
much more if they discuss the exercises with others and think about what they have
learned after completing the exercise. The point is not to manipulate equations (which
computers can now do better than students), but rather to understand the equations
(which computers cannot do).

As pointed out above, the material here is primarily graduate in terms of abstraction
and patience, but requires only a knowledge of elementary probability, linear systems,
and simple mathematical abstraction, so it can be understood at the undergraduate
level. For both undergraduates and graduates, I feel strongly that learning to reason
about engineering material is more important, both in the workplace and in further
education, than learning to pattern match and manipulate equations.

Most undergraduate communication texts aim at familiarity with a large variety of
different systems that have been implemented historically. This is certainly valuable
in the workplace, at least for the near term, and provides a rich set of examples that
are valuable for further study. The digital communication field is so vast, however,
that learning from examples is limited, and in the long term it is necessary to learn
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Preface xiii

the underlying principles. The examples from undergraduate courses provide a useful
background for studying these principles, but the ability to reason abstractly that comes
from elementary pure mathematics courses is equally valuable.

Most graduate communication texts focus more on the analysis of problems, with
less focus on the modeling, approximation, and insight needed to see how these
problems arise. Our objective here is to use simple models and approximations as a
way to understand the general principles. We will use quite a bit of mathematics in the
process, but the mathematics will be used to establish general results precisely, rather
than to carry out detailed analyses of special cases.
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