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unified terminology. A variety of more advanced topics is also covered, such as trellis codes, turbo
codes, the Viterbi algorithm, block codes, maximum likelihood and maximum posterior probability,
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the reader’s understanding throughout. This insightful book is ideal for senior undergraduate students
studying digital communications and is also a useful reference for practicing engineers.

RicHARD E. BLAHUT is the Henry Magnuski Professor of Electrical and Computer Engineering at the
University of Illinois, Urbana-Champaign. He is a Life Fellow of the IEEE and the recipient of many
awards including the IEEE Alexander Graham Bell Medal (1998) and Claude E. Shannon Award
(2005), the Tau Beta Pi Daniel C. Drucker Eminent Faculty Award, and the IEEE Millennium Medal.
He was named a Fellow of the IBM Corporation in 1980, where he worked for over 30 years, and
was elected to the National Academy of Engineering in 1990.

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521780148
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-78014-8 - Modem Theory: An Introduction to Telecommunications
Richard E. Blahut

Frontmatter

More information

Modem Theory

An Introduction to Telecommunications

Richard E. Blahut

University of Illinois, Urbana-Champaign

CAMBRIDGE

UNIVERSITY PRESS

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521780148
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-78014-8 - Modem Theory: An Introduction to Telecommunications
Richard E. Blahut

Frontmatter

More information

CAMBRIDGE UNIVERSITY PRESS
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore,
Sao Paulo, Delhi, Dubai, Tokyo

Cambridge University Press
The Edinburgh Building, Cambridge CB2 8RU, UK

Published in the United States of America by Cambridge University Press, New York

www.cambridge.org
Information on this title: www.cambridge.org/9780521780148

© Cambridge University Press 2010

This publication is in copyright. Subject to statutory exception
and to the provisions of relevant collective licensing agreements,
no reproduction of any part may take place without

the written permission of Cambridge University Press.

First published 2010
Printed in the United Kingdom at the University Press, Cambridge
A catalogue record for this publication is available from the British Library

Library of Congress Cataloguing in Publication data
Blahut, Richard E.
Modem theory : an introduction to telecommunications / Richard Blahut.
p. cm.
Includes bibliographical references and index.
ISBN 978-0-521-78014-8 (hardback)
1. Coding theory. 2. Signal processing-Digital techniques—Mathematics.
3. Modulation (Electronics)-Mathematics. 4. Modems. 1. Title.
TK5102.92.B64 2010
621.39'814-dc22 2009031867

ISBN 978-0-521-78014-8 Hardback

Cambridge University Press has no responsibility for the persistence or
accuracy of URLSs for external or third-party internet websites referred to
in this publication, and does not guarantee that any content on such
websites is, or will remain, accurate or appropriate.

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521780148
http://www.cambridge.org
http://www.cambridge.org

CAMBRIDGE

Cambridge University Press

978-0-521-78014-8 - Modem Theory: An Introduction to Telecommunications
Richard E. Blahut

Frontmatter

More information

In loving memory of
Gayle Jones Blahut (1962-2008)
— who always had the right touch

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521780148
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-78014-8 - Modem Theory: An Introduction to Telecommunications

Richard E. Blahut

Frontmatter
More information

Contents
Preface page xii

—

1 Introduction 1
1.1 Transmission of information
1.2 A brief historical survey
1.3  Point-to-point digital communication
1.4 Networks for digital communication 10
1.5  The Fourier transform 12
1.6  Transforms of some useful functions 18
1.7  Gaussian random variables 24
1.8  Circular random processes 26
Problems for Chapter 1 27

—

2 Baseband Modulation 31
2.1  Baseband and passband channels 31
2.2 Baseband waveforms for binary signaling 32
2.3  Baseband waveforms for multilevel signaling 35
2.4 Nyquist pulses 38
2.5 Eye diagrams 43
2.6  Differential modulation 45
2.7  Binary orthogonal signaling at baseband 47
2.8  M-ary orthogonal signaling at baseband 49
2.9  Power density spectrum of baseband waveforms 52
Problems for Chapter 2 54
Notes for Chapter 2 57

© in this web service Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521780148
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-78014-8 - Modem Theory: An Introduction to Telecommunications

Richard E. Blahut
Frontmatter
More information

viii Contents
| |

3

Baseband Demodulation

3.1  The matched filter
3.2 Demodulation of binary baseband waveforms
3.3 Error rates for binary signaling
3.4  Demodulators for multilevel signaling
3.5  Error rates for multilevel signaling
3.6  Demodulators for M-ary orthogonal signaling
3.7  Error rates for M-ary orthogonal signaling
Problems for Chapter 3
Notes for Chapter 3

|

4 Sequences at Baseband

4.1  Intersymbol interference
4.2 Decision-feedback demodulation
4.3  Searching a trellis
4.4 Error bounds for sequence demodulation
4.5 Dominant error patterns
4.6  Linear equalization
4.7  Adaptive equalization
4.8  Least-mean-square equalization
Problems for Chapter 4
Notes for Chapter 4
|
5 Passband Modulation
5.1  Passband waveforms
5.2 Complex baseband waveforms
5.3  Passband filtering
5.4  Passband waveforms for binary signaling
5.5 Multilevel signaling at passband
5.6  Power density spectra of passband waveforms
5.7  Minimum-shift keying
5.8  M-ary orthogonal signaling at passband
5.9  Signal space
Problems for Chapter 5
Notes for Chapter 5

58

58
68
72
77
79
80
81
89
93

94

94

97
100
107
112
118
120
122
126
130

131

131
139
142
144
147
151
153
159
164
168
175

© in this web service Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521780148
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-78014-8 - Modem Theory: An Introduction to Telecommunications

Richard E. Blahut

Frontmatter
More information

ix Contents

|

|

6 Passband Demodulation 176
6.1  The matched filter at passband 176
6.2  Coherent demodulation of binary waveforms 178
6.3  Noncoherent demodulation of binary waveforms 183
6.4  Rayleigh and ricean probability distributions 187
6.5  Error rates for noncoherent signaling 192
6.6  Differential phase-shift keying 196
6.7  Demodulators for M-ary orthogonal signaling 200
6.8  Error rates for M-ary orthogonal signaling 202
6.9  Demodulators for M-ary signal constellations 205
6.10 Error rates for M-ary signal constellations 206
Problems for Chapter 6 211
Notes for Chapter 6 216

|

7 Principles of Optimal Demodulation 218
7.1  The likelihood function 218
7.2 The maximum-likelihood principle 220
7.3  Maximum-likelihood demodulation 223
7.4  Maximum-likelihood sequence demodulation 228
7.5 Noncoherent combining of diversity signals 234
7.6  The maximum-posterior principle 240
7.7  Maximum-posterior sequence demodulation 242
Problems for Chapter 7 248
Notes for Chapter 7 249

|

8 Synchronization 251
8.1  Estimation of waveform parameters 251
8.2  Estimation of phase 254
8.3  Recursive phase estimation 257
8.4  Estimation of delay 262
8.5  Carrier synchronization 265
8.6  Recursive carrier synchronization 270
8.7  Symbol synchronization 276
8.8  Block synchronization 284
8.9  Synchronization sequences 291
Problems for Chapter 8 294
Notes for Chapter 8 297

© in this web service Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521780148
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-78014-8 - Modem Theory: An Introduction to Telecommunications

Richard E. Blahut
Frontmatter
More information

Contents

X
I

9 Codes for Digital Modulation

9.1  Partial-response signaling
9.2 Continuous-phase modulation
9.3 Trellis codes for digital modulation
9.4  Lattices and lattice cosets
9.5  Trellis codes on lattice cosets
9.6  Differential trellis codes
9.7  Four-dimensional trellis codes
Problems for Chapter 9
Notes for Chapter 9
|

10 Codes for Data Transmission

10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9

Block codes for data transmission

Codes constructed in a finite field
Decoding of block codes

Performance of block codes
Convolutional codes for data transmission
Decoding of convolutional codes
Performance of convolutional codes
Turbo codes

Turbo decoding

Problems for Chapter 10
Notes for Chapter 10

11 Performance of Practical Demodulators

11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9

Energy budgets

Channel capacity

Capacity of gaussian channels

Signal impairments and noise

Amplitude uncertainty

Phase uncertainty

Multipath channels and fading

The hardlimiter at baseband and passband
Smooth nonlinearities

Problems for Chapter 11
Notes for Chapter 11

299

299
308
317
330
332
337
341
343
347

349

349
357
365
368
374
384
387
391
393
394
397

399

399
403
408
417
418
422
424
432
444
446
451

© in this web service Cambridge University Press

www.cambridge.org



http://www.cambridge.org/9780521780148
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-78014-8 - Modem Theory: An Introduction to Telecommunications
Richard E. Blahut

Frontmatter

More information

Xi Contents
|

|

12 Secure Communications 453
12.1 The jammer channel 453
12.2 Partial-message jamming 455
12.3 Bandwidth expansion 461
12.4 Direct-sequence spread spectrum 467
12.5 Frequency-hopping spread spectrum 469
Problems for Chapter 12 473
Notes for Chapter 12 478
Bibliography 479
Index 488

© in this web service Cambridge University Press www.cambridge.org



http://www.cambridge.org/9780521780148
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

978-0-521-78014-8 - Modem Theory: An Introduction to Telecommunications
Richard E. Blahut

Frontmatter

More information

Preface

The field of telecommunication consists of the theory and the practice of communication
at a distance, principally electronic communication. Many systems for telecommuni-
cation now take the form of large, complex, interconnected data networks with both
wired and wireless segments, and the design of such systems is based on a rich the-
ory. Communication theory studies methods for the design of signaling waveforms to
transmit information from point to point, as within a telecommunication system. Com-
munication theory is that part of information theory that is concerned with the explicit
design of suitable waveforms to convey messages and with the performance of those
waveforms when received in the presence of noise and other channel impairments. Dig-
ital telecommunication theory, or modem theory, is that part of communication theory
in which digital modulation and demodulation techniques play a prominent role in the
communication process, either because the information to be transmitted is digital or
because the information is temporarily represented in digital form for the purpose of
transmission.

Digital communication systems are in widespread use and are now in the process of
sweeping away even the time-honored analog communication systems, such as those
used in radio, television, and telephony. The main task of communication theory is the
design of efficient waveforms for the transmission of information over band-limited or
power-limited channels. The most sweeping conclusion of information theory is that
all communication is essentially digital. The nature of the data that is transmitted is
unimportant to the design of a digital communication system. This is in marked contrast
to analog communication systems, such as radio or television, in which the properties of
the transmitted waveform are inextricably tied up with the properties of the application,
and only weakly tied to considerations of the communication channel. To make the
point more strongly, we can give a whimsical definition of a digital communication
system as a communication system designed to best use a given channel, and an analog
communication system as one designed to best fit a given source. The spectrum of
a well-designed digital communication waveform is a good match to the passband
characteristics of the channel; the only essential way in which the source affects the
spectrum of the waveform is by the bit rate. In contrast, the spectrum of an analog
communication waveform depends critically on the properties of the source.
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Xiii Preface
|

The purpose of this book is to give a general introduction to the modulation
waveforms and demodulation techniques that are central to the design of digital telecom-
munication systems. Moreover, because recording is essentially a communication
process — from a past time to a future time — modulation techniques are also cen-
tral to the design of magnetic and optical recording systems. Modulation waveforms
for passband channels and for baseband channels, such as magnetic recording channels,
are treated in a common setting and with unified terminology.

The topics of this book are confined to the modulation layer of communication theory.
The topics at the modulation layer lie above other topics needed for the physical design
of communication equipment and lie below topics in other layers of the theory that deal
with networking, routing, and application sessions. These are topics for other books.
The compaction and compression of source data, including analog or voice, are also
topics that are not treated in this book. These, also, are topics for other books.

The material in this book consists, for the most part, of selected chapters from
Digital Transmission of Information (published in 1990), which have been rewritten
and expanded to fit the needs of a course in modem theory and digital telecommu-
nications. Waveforms and modulators are studied in Chapters 2 and 5 for baseband
and passband channels, respectively. Basic demodulators are developed in Chapters 3
and 6 for baseband and passband channels, respectively. More advanced methods of
demodulation for channels with dispersion are studied in Chapter 4. In Chapter 3, the
matched filter is introduced as a filter to maximize signal-to-noise ratio prior to a demod-
ulation decision. A stronger statement of optimality of the matched filter is deferred
to Chapter 7, where it is shown to be part of the maximum-likelihood demodulator
for both coherent and noncoherent demodulation in gaussian noise. These first seven
chapters contain the central ideas of modulation and demodulation, which are at the
core of the theory of modems. The final five chapters then go deeper into the subject by
developing some of the other topics that are needed to round out the foundations of the
theory of modems. Chapter 8 treats methods of synchronizing the transmitter and the
receiver so that they have the same time reference. Chapters 9 and 10 discuss methods
of coding for communication channels to control errors. Rather than modulate one data
bit, or a few data bits, at a time into a communication waveform, a coded representation
modulates an entire message into a communication waveform so that cross-checks can
eliminate errors. Chapter 9 discusses codes designed for an additive noise channel,
Chapter 10 discusses codes designed for a discrete channel, usually binary. Finally,
Chapters 11 and 12 advance the theory beyond the simple linear channel studied in
most of the book. Chapter 11 studies the robustness of modems in the presence of
simple nonlinearities and fading. Chapter 12 discusses techniques for the prevention of
intentional disruption of communications by a malicious adversary known as a jammer.

Modern digital telephony, now in widespread use, is an almost miraculous system —
partly wireless and partly wired — in which our everywhere environment is filled with
a dense but faint electromagnetic fabric that millions of telephone users can tap into
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Xiv Preface

to draw out conversations, text, and data almost without end, and certainly without
awareness of the immense theory and the extensive industry that make this fabric
possible. This is the real miracle of the recent decades, and this technological miracle
has changed the world far more than has any political theory or practice. This book
studies digital communication theory, which consists of the collection of waveform
methods that underlie the telecommunication system. A deeper investigation of the
merits of these methods is provided within the subject of information theory, which is
only touched on in this book. The study of modems is a first step in understanding this
wondrous wireless fabric, as well as the enormous and sophisticated wired backbone
that underlies this global system. The study of information theory provides a fuller
understanding of the optimality of these methods.

This book evolved within the rich environment of students and faculty at the
University of Illinois. I could not have found a better set of colleagues anywhere with
which to interact, and no environment more intellectually stimulating. The quality of
the book has much to do with the typing skills of Mrs Frances Bridges and the editing
skills of Mrs Helen Metzinger. And, as always, Barbara made it possible.
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A man may expresse and signifie the intentions of his minde,
at any distance of place by objects . . . capable of a twofold
difference onely.

Sir Francis Bacon (1561-1626)
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