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Notation

[-] indicates discrete valued independent variable, e.g. x[n)
(-} indicates continuous valued independent variable, e.g. x(¢)

Complex numbers

Il magnitude of complex quantity ¢
arg{c} phase angle of complex quantity ¢
Re{c} realpartofc
Im{c} imaginary partofc

c* complex conjugate of ¢

Lower case functions denote time-domain quantities, e.g. x(t), w|n]

Upper-case functions denote frequency- or transform-domain quantities
X{k]  discrete-time Fourier series coefficients for x[n)
X{k] Fourier series coefficients for x(z)
X(¢™)  discrete-time Fourier transform of x[#]
X(jw) Fourier transform of x(t)
X(s)  Laplace transform of x(z)
X(z)  z-transform of x[n]

Boldface lower-case symbols denote vector quantities, €.g., q
Boldface upper-case symbols denote matrix quantities, e.g., A

Subscript 8 indicates continuous-time representation of a discrete-time signal
x5(t)  continuous-time representation for x[7]
Xs(jo) Fourier transform of x,(t)

Sans serif type indicates MATLAB variables or commands, e.g., X = fft(x,n)
0° is defined as 1 for convenience

arctan refers to the four quadrant inverse tangent function and produces a value
between —# and r radians

Principal Symbols

square root of —1

square root of —1 used by MATLAB

sampling interval of T; in seconds

fundamental period for continuous-time signal in seconds

p_] hﬂ P



N fundamental period for discrete-time signal in samples

1) {angular) frequency for continuous-time signal in radians/second

Q (angular) frequency for discrete-time signal in radians

w, fundamental (angular) frequency for continuous-time periodic signal in
radians/second

Q, fundamental (angular) frequency for discrete-time periodic signal in radians

u(t),#[n] step function of unit amplitude

8(n],8(¢t) unit impulse
H{-} representation of a system as an operator H
S{-} time shift of T units

H™,h™  superscript inv denotes inverse system

* denotes convolution operation

® periodic convolution of two periodic signals
H(&)  discrete-time system frequency response
H(jw) continuous-time system frequency response
b[n] discrete-time system impulse response
b(t) continuous-time system impulse response
y® superscript (b) denotes homogeneous solution
g superscript (n) denotes natural response
yP superscript (f) denotes forced response
y® superscript (p) denotes particular solution
LT, , discrete-time Fourier series pair with fundamental frequency (1,
e, Fourier series pair with fundamental frequency o,
PZL N discrete-time Fourier transform pair
LN Fourier transform pair
PELIEN Laplace transform pair
—%  unilateral Laplace transform pair
% ztransform pair
«—> 5 unilateral z-transform pair
. sin(7ru)
sinc(u) R
N intersection
T(s) closed-loop transfer function
F(s) return difference
L{s) loop transfer function



Abbreviations

A
A/D
AM

BIBO
BPSK
CDh

D/A
dB
DSB-SC
DTFS
DTFT
ECG

FDM
FFT

M

SELT

MEMS
MSE
PAM
PCM

PM
QAM

ROC
rad

SSB

amperes (units for electric current)
analog-to-digital (converter)
amplitude modulation

bounded input-bounded output
binary phase-shift keying
compact disc

continuous wave
digital-to-analog (converter)
decibel

double-sideband suppressed carrier
discrete-time Fourier series
discrete-time Fourier transform
electrocardiogram

Farads (units for capacitance)
frequency-division multiplexing
fast Fourier transform
finite-duration impulse response
frequency modulation

Fourier series

Fourier transform

Henries (units for inductance)
Hertz

infinite-duration impulse response
linear time-invariant (system)
microelectricalmechanical system
mean squared error
pulse-amplitude modulation
pulse-code modulation

phase modulation
quadrature-amplitude modulation
radio frequency

region of convergence

radian(s)

second(s)

single sideband modulation
short-time Fourier transform
time-division multiplexing

volts {units for electric potential)
very large scale integration
vestigjal sideband modulation
wavelet transform



Preface

¥ The “Signals and Systems” Course
% n the Electrical Engineering
i Undergraduate Curriculum

A course on “signals and systems” is fundamental to the study of the many fields that con-
stitute the ever-expanding discipline of electrical engineering. Signals and systems serves as
the prerequisite for additional coursework in the study of communications, signal pro-
cessing, and control. Given the pervasive nature of computing, concepts from signals and
systems, such as sampling, are an important component of almost every electrical engi-
neering field. Although the signals and systems that arise across these diverse fields are
naturally different in their physical make-up and application, the principles and tools of sig-
nals and systems are applicable to all of them. An introductory course on “signals and sys-
tems”, commonly takes one of two forms:

» A one-semester course that focuses on the analysis of deterministic signals and an
important class of systems known as linear time-invariant (LTI) systems, with prac-
tical examples drawn from communication and control systems.

» A two-semester course that expands on the one-semester course by including more
detailed treatment of signal processing, communication and control systems.

This course is usually offered at the sophomore or junior level and assumes the student has
a background in calculus and introductory physics.

How this Book Satisfies the Essential
& Needs of this Course

Given the introductory nature of the signals and systems course and diversity of applica-
tions for the topic, the textbook must be easy to read, accurate, and contain an abundance
of insightful examples, problems, and computer experiments to expedite learning the fun-
damentals of signals and systems in an effective manner. This book has been written with
all of these objectives in mind.

15



The second edition builds on the first edition’s success at providing a balanced and
integrated treatment of continuous- and discrete-time forms of signals and systems. This
approach has the pedagogical advantage of helping the student see the fundamental simi-
larities and differences between continuous- and discrete-time representations and reflects
the integrated nature of continuous- and discrete-time concepts in modern engineering
practice. One consistent comment from users of the first edition and reviewers of the sec-
ond is that the compelling nature of our approach becomes very apparent in Chapter 4 with
the coverage of sampling continuous-time signals, reconstruction of continuous-time sig-
nals from samples, and other applications involving mixtures of different signal classes.
The integrated approach is also very efficient in covering the large range of topics that are
typically required in a signals and systems course. For example, the properties of all four
Fourier representations are covered side-by-side in Chapter 3. Great care has been taken
in the presentation of the integrated approach to enhance understanding and avoid con-
fusion. As an example of this, the four Fourier representations are treated in Chapter 3 as
similar, yet distinct representations that apply to distinct signal classes. Only after the stu-
dent has mastered them individually is the possibility of using Fourier representations to
cross the boundaries between signal classes introduced in Chapter 4.

Given the mathematical nature of signal representation and system analysis, it is
rather easy for the reader to lose sight of their practical application. Chapters 5, 8, and 9
deal with applications drawn from the fields of communication systems, design of filters,
and control systems in order to provide motivation for the reader. In addition, consider-
able effort has been expended in the second edition to provide an application focus
throughout the tool-oriented chapters by including an abundance of application-oriented
examples. A set of six theme examples, introduced in Chapter 1 and revisited throughout
the remaining chapters, is used to show how different signal representation and system
analysis tools provide different perspectives on the same underlying problem. The theme
examples have been selected to sample the broad range of applications for signals and
systems Concepts.

The text has been written with the aim of offering maximum teaching flexibility in
both coverage and order of presentation, subject to our philosophy of truly integrating
continuous- and discrete-time concepts. When continuous- and discrete-time concepts are
introduced sequentially, such as with convolution in Chapter 2 and Fourier representa-
tions in Chapter 3, the corresponding sections have been written so that the instructor may
present either the continuous- or discrete-time viewpoint first. Similarly, the order of Chap-
ters 6 and 7 may be reversed. A two-semester course sequence would likely cover most, if
not all, of the topics in the book. A one-semester course can be taught in a variety of ways,
depending on the preference of the instructor, by selecting different topics.

{ Structure Designed to Facilitate
i and Reinforce Learning

16

A variety of features have been incorporated into the second edition to facilitate and rein-
force the learning process. We have endeavored to write in a clear, easy to follow, yet pre-
cise manner. The layout and format has been chosen to emphasize important concepts. For
example, key equations and procedures are enclosed in boxes and each example is titled.
The choice and layout of figures has been designed to present key signals and systems con-
cepts graphically, reinforcing the words and equations in the text.

A large number of examples are included in each chapter to illustrate application of
the corresponding theory. Each concept in the text is demonstrated by examples that em-



phasize the sequence of mathematical steps needed to correctly apply the theory and by
examples that illustrate application of the concepts to real-world problems.

An abundance of practice is required to master the tools of signals and systems. To
this end, we have provided a large number of problems with answers immediately follow-
ing introduction of significant concepts, and a large number of problems without answers
at the end of each chapter. The problems within the chapters provide the student with im-
mediate practice and allow them to verify their mastery of the concept. The end of the
chapter problems offer additional practice and span a wide range of difficulty and nature,
from drilling basic concepts to extending the theory in the text to new applications of the
material presented. Each chapter also contains a section illustrating how MATLAB, acronym
for MATrix LABoratory and product of The Math Works, Inc., may be used to explore con-
cepts and test system designs within the context of a “Software Laboratory”. A comple-
mentary set of computer-oriented end of chapter problems is also provided.

. New to the Second Edition of the Book

In general terms, this new edition of the book follows the organization and philosophy
of the first edition. Nevertheless, over and above new examples and additional prob-
lems, some important changes have been made to the book. In addition to the layout and
format improvements noted above, long sections in the first edition have been broken up
into smaller units. The significant changes to each chapter are summarized as follows:

» Chapter 1: Two new sections, one on Theme Examples and the other on electrical
noise, have been added. The Theme Examples, six in number, illustrate the broad
range of problems to which signals and systems concepts apply and provide a sense
of continuity in subsequent chapters of the book by showing different perspectives on
the same problem. Two new subsections, one on MicroElectroMechanical Systems
(MEMS) and the other on derivatives of the unit-impulse function, have also been

added.

» Chapter 2: The treatment of discrete- and continuous-time convolution has been re-
organized into separate, yet parallel sections. The material introducing the frequen-
cy response of LTI systems has been removed and incorporated into Chapter 3. The
treatment of differential and difference equations has been expanded to clarify sev-
eral subtle issues.

» Chapter 3: The chapter has been written with increased emphasis on applications of
Fourier representations for signals through the introduction of new examples, incor-
poration of filtering concepts contained in Chapter 4 of the first edition, and re-
ordering the presentation of properties. For example, the convolution property is
presented much earlier in the second edition because of its practical importance. De-
rivations of the discrete-time Fourier series, Fourier series, and discrete-time Fourier
transform have been removed and incorporated as advanced problems.

» Chapter 4: The focus has been tightened as reflected by the new title. Material on fre-
quency response of LT] systems has been moved to Chapter 3 and advanced materi-
al on interpolation, decimation, and fast convolution has been removed and
incorporated as advanced problems,

» Chapter S: A new section on the Costas receiver for demodulation of double sideband-
suppressed carrier modulated signals has been added.

« 17



- Supplements

# Chapter 6: The definition of the unilateral Laplace transform has been modified to
include impulses and discontinuities at # = ¢ and the material on Bode diagrams in
Chapter 9 of the first edition is now incorporated in the discussion of graphical eval-
uation of frequency response.

» Chapter 9: A new section on the fundamental notion of feedback and “why feed-
back?” has been introduced. Moreover, the treatment of feedback control systems

has been shortened, focusing on the fundamental issue of stability and its different
facets.

= Chapter 10: The epilogue has been completely rewritten. In particular, more derailed
treatments of wavelets and the stability of nonlinear feedback systems have been in-
troduced.

» Appendix F: This new appendix presents a tutorial introduction to MATLAB.

The following supplements are available from the publishers website:

www.wiley.com/college/haykin

PowerPoint Slides: Every illustration from the text is available in PowerPoint format
enabling instructors to easily prepare lesson plans.

Solutions Manual: An electronic Solutions Manual is available for download from the
website. If a print version is required, it may be obtained by contacting your local Wiley
representative. Your representative may be determined by finding your school on Wiley’s
CONTACT/Find a Rep webpages.

MATLAB resources: M-files for the computer-based examples and experiments are
available.

i About the Cover of the Book

The cover of the book is an actual photograph of Mount Shasta in California. This picture
was chosen for the cover to imprint in the mind of the reader a sense of challenge, exem-
plified by the effort needed to reach the peak of the Mount, and a sense of the new vistas
that result from climbing to the peak. We thus challenge the reader to master the funda-
mental concepts in the study of signals and systems presented in the book and promise
that an unparalleled viewpoint of much of electrical engineering will be obtained by rising
to the challenge.

In Chapter 1 we have included an image of Mount Shasta obtained using a synthet-
ic aperture radar (SAR) system. A SAR image is produced using many concepts from the
study of signals and systems. Although the SAR image corresponds to a different view of
Mount Shasta, it embodies the power of signals and systems concepts for obtaining different
perspectives of the same problem. We trust that motivation for the study of signals and sys-
tems begins with the cover.
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