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Preface

What Is the Book About?

“When a straight line standing on a straight line makes the adjacent angles
equal to one another, each of the equal angles is right, and the straight line
standing on the other is called a perpendicular to that on which it stands.”

— Euclid, Elements, Book 1, definition 10

This is Euclid’s definition for “perpendicular”, from which a more general
concept of “orthogonal” is derived. Although in this book we will be mostly
concerned with orthogonal vectors or functions, they are essentially no different
from two perpendicular straight lines, as described by Euclid some 23 centuries
ago.

Orthogonality is of important significance not only in geometry and mathe-
matics, but also in science and engineering in general, and in data processing in
particular. This book is about a set of computational methods, known collectively
as orthogonal transforms, that enables us to take advantage of orthogonality. As
we will see through out the book, orthogonality is a much desired property that
will keep things untangled and nicely separated for ease of manipulation, and an
orthogonal transform can rotate a signal, represented as a vector in Euclidean
space, or more generally, in Hilbert space, in such a way that the signal com-
ponents tend to become, approximately or accurately, orthogonal to each other.
These orthogonal transforms, such as the Fourier transform and discrete cosine
transform, lend themselves well to various data processing and analysis needs,
and are therefore used in a wide variety of disciplines and areas including both
social and natural sciences as well as engineering. The book also covers the
Laplace and Z-transforms, which can be considered as the extended versions
of the Fourier transform, and the wavelet transforms that may not be strictly
orthogonal but still closely related to those that are.

In the last few decades the scale of data collection across many fields has
been increasing drastically due mostly to the rapid advances in technologies.
Consequently how to best make sense of the fast accumulating data has become
more challenging. Wherever a large amount of data is collected, from stock mar-
ket indices in economy to microarray data in bioinformatics, from seismic data
in geophysics to audio and video data in communication engineering, there is
always the need to process and compress the data in some meaningful way for
the purpose of effective and efficient data analysis and interpretation, by various

X
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computational methods and algorithms. The transform methods covered in this
book can be used as a set of basic tools for the data processing and the subse-
quent analysis such as data mining, knowledge discovery, and machine learning.

The specific purpose of each data processing and analysis task at hand may
vary from case to case. From a set of given data, one may desire to remove
certain type of noise, or extract a particular kind of features of interest, and
very often it is desirable to reduce the quantity of the data without losing useful
information for storage and transmission. On the other hand, many operations
needed for achieving these very different goals may all be carried out using the
same mathematical tool of orthogonal transform, by which the data is manip-
ulated and represented in such a way that the desired results can be achieved
effectively in the subsequent processing. To address all such needs, this book
presents a thorough introduction to the mathematical background common to
a set of transform methods used in a wide variety of data processing problems,
and provides a repertoire of computational algorithms for these methods.

The basic approach of the book is the combination of the theoretical derivation
and practical implementation of each transform method discussed. Certainly
many existing books touch upon the topics of orthogonal transform and wavelet
transforms, from either mathematical or engineering point of view. Some of them
may concentrate on the theories of these transform methods, while others may
emphasize their applications, but relatively few would guide the reader directly
from the mathematical theories to the computational algorithms, and then to
their applications to real data analysis, as what this book intends to do. Here
deliberate efforts are made to bridge the gap between the theoretical background
and the practical implementation, based on the belief that to truly understand
a certain method, one needs to be able to convert the mathematical theory
ultimately into computer code so that the algorithm can be actually implemented
and tested. This idea has been the guiding principle through out the writing of
the book. For each of the orthogonal and wavelet transform method covered,
we will first derive the theory mathematically, then present the corresponding
computational algorithm, and finally provide the code segments in Matlab or C
for the key parts of the algorithm. Moreover, we will also include some relatively
simple application examples to illustrate the actual data processing effects of the
algorithm. In fact every one of the orthogonal and wavelet transform methods
covered in the book has been implemented by either Matlab or C programming
language and tested on real data. The complete programs are also made readily
available in the accompanying CD as well as a website dedicated to the book
at: http://fourier.eng.hmec.edu/book/programs. The reader is encouraged and
expected to try these algorithms out by running the code on his/her own data.

Why Orthogonal Transforms?

The transform methods covered in the book are a collection of both old and
new ideas ranging from the classical Fourier series expansion that goes back
almost 200 years, to some relatively recent thoughts such as the various origins of
the method now called wavelet transform. While all of these ideas were originally
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developed with different goals and applications in mind, for either solving the
heat equation or the analysis of seismic data, they can all be considered to
belong to the same family, based on the common mathematical frame work
they all share, and their similar applications in data processing and analysis.
The discussions of specific methods and algorithms in the chapters will all be
approached from such a unified point of view.

Before the specific discussion of each of the methods, let us first address a
fundamental issue: why do we need to carry out an orthogonal transform on
the data to start with? As the measurement of a certain variable such as the
temperature or pressure of some physical process, a signal tends to vary contin-
uously and smoothly, as the energy associated with the physical process tends
to be distributed relatively evenly in both space and time. Most of such tem-
poral or spatial signals are likely to be correlated, in the sense that given the
value of a signal at a certain point in space or time, one can predict with reason-
able confidence that the signal at a neighboring point will take a similar value.
Such everyday experience is due to the fundamental nature of the physical world
ruled by the principles of minimum energy and maximum entropy, in which any
abruption and discontinuities, typically caused by energy surge of some kind,
are relatively rare and unlikely events (except in the macroscopic world ruled by
the quantum mechanics). On the other hand, from the signal processing view
point, the high signal correlation and even energy distribution are not desirable
in general, as it becomes difficult to decompose the signal, which is needed in
various applications such as information extraction, noise reduction and data
compression. The issue therefore becomes, how can the signal be converted so
that it is less correlated and its energy is less evenly distributed, and to what
extent can such a conversion be carried out to achieve such goals.

Specifically, in order to represent, process and analyze a signal, it needs to be
decomposed into a set of components along a certain dimension. While typically
a signal is represented by default as a continuous or discrete function of time or
space, it may be desirable to represent it along some alternative dimension, most
commonly frequency, so that it can be processed and analyzed more effectively
and conveniently. Viewed mathematically, a signal is a vector in a some vector
space which can be represented under different orthogonal bases that all span the
same space. Each of such representations corresponds to a different decomposi-
tion of the signal. Moreover, these representations are all equivalent in the sense
that they are related to each other by certain rotation in the space which con-
serves the total energy or information contained in the signal. From this point
of view, all different orthogonal transform methods developed in the last two
hundred years by mathematicians, scientists and engineers for various purposes
can be unified to form a family of algorithms for the same general purpose.

While all representations of a given signal corresponding to different trans-
form methods are equivalent in terms of the total signal energy which is always
conserved, they may be different in terms of how much the signal components
after the transform are still correlated, and how the total energy or informa-
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tion in the signal is redistributed among the components. If, after a properly
chosen orthogonal transform, the signal will be represented in such a way that
its components are decorrelated and most of the signal information of interest
is concentrated in a small subset of its components, then the remaining com-
ponents could be neglected as they carry little information. This simple idea is
essentially the answer to the question asked above: why an orthogonal transform
is needed, and it is actually the foundation of the general orthogonal transform
method for feature selection, data compression, and noise reduction. In a certain
sense, once a proper basis of the space is chosen so that the signal is represented
in such a favorable manner, the signal-processing goal is already achieved to a
significant extent.

What Is In The chapters?

The first two chapters establish the mathematical foundation for the subse-
quent chapters each discussing a specific type of transform methods. Chapter 1 is
a brief summary of the basic concepts of signals and linear time-invariant (LTT)
systems. For readers with engineering background, most of this chapter may be
a quick review which could even be skipped. For others this chapter serves as
an introduction to the mathematical language by which the signals and systems
will be described in the following chapters.

Chapter 2 sets up the stage for all transform methods by introducing the key
concepts of vector space, or more strictly speaking, Hilbert space, and the linear
transformations in such a space. Here a usual N-dimensional space is further
generalized in several aspects: (1) the dimension N of the space may be extended
to infinity, (2) a vector space may also include a function space composed of
all continuous functions satisfying certain conditions, and (3) the basis vectors
of a space may become uncountable. The mathematics needed for a rigorous
treatment of these much-generalized spaces is likely to be beyond the comfort
zone of most readers with typical engineering or science background, and it is
therefore also beyond the scope of this book. The emphasis of the discussion
here is not mathematical rigor, but the basic understanding and realization that
many of the properties of these generalized spaces are just the natural extensions
of those of the familiar N-D vector space. The purpose of such discussions is to
establish a common foundation for all the transform methods so that they can
all be studied from a unified point of view, namely, any given signal, either
continuous or discrete, with either finite or infinite duration, can be treated
as a vector in a certain space and represented differently by any of a variety
of orthogonal transform methods, each corresponding to one of the orthogonal
bases that span the space. Moreover, all of these different representations are
related to each other by rotations in the space. Such basic ideas may also be
extended to non-orthogonal (e.g., biorthogonal) bases that are used in wavelet
transforms. All transform methods considered in the later chapters will be viewed
and studied in such a frame work.

In Chapters 3 and 4, we study the classical Fourier methods for continuous
and discrete signals respectively. While the general topic of the Fourier transform
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is covered in a large number of textbooks in various fields such as engineering,
physics, and mathematics, here a not-so-conventional approach is adopted to
treat all Fourier related methods from a unified point of view. Specifically, the
Fourier series (FS) expansion, the continuous and discrete-time Fourier trans-
forms (CTFT and DTFT), and the discrete Fourier transform (DFT), will be
considered as four different variations of the same general Fourier transform,
corresponding to the four combinations of the two basic ways to categorize a sig-
nal: continuous versus discrete, periodic versus non-periodic. By doing so, many
of the dual and symmetrical relationships among these four different forms and
between time and frequency domains of the Fourier transform can be much more
clearly and conveniently presented and understood.

Chapter 5 briefly discusses the Laplace and Z transforms. Strictly speaking,
these transforms do not belong to the family of orthogonal transforms, which
convert a 1-dimensional signal of time into another 1-dimensional function along
a different variable, typically, frequency w = 2xf. Instead, the Laplace and Z-
transforms convert a 1-dimensional signal from time domain into a 2-dimensional
function in a complex plane s = o + jw, called s-plane for a continuous signal,
or z = e° called z-plane for a discrete signal. However, as these transforms are
respectively the natural extensions of the continuous and discrete-time Fourier
transforms, and are widely used in signal processing and system analysis, they
are included in the book as two extra tools in the toolbox.

Chapter 6 discusses the Hartly and cosine transforms, both of which are closely
related to the Fourier transform. As real transforms, both Hartly and cosine
transforms have the advantage of reduced computational cost when compared
with the Fourier transform, which by definition is complex. If the signal in ques-
tion is real, i.e., its imaginary part is all zero, then half of the computation in its
Fourier transform is redundant and therefore wasted. However, this redundancy
is avoided by real transforms such as the cosine transform, which, for this reason,
is widely used for data compression, such as in the image compression standard
JPEG.

Chapter 7 combines three transform methods, the Walsh-Hadamard, slant, and
Haar transforms, all sharing some similar characteristics, i.e., the basis functions
associated with these transforms all have square-wave like waveforms. Moreover,
due to the fact that the Haar transform possesses the basic characteristics of
the general wavelet transform method, and also due to its simplicity, the Haar
transform can also serve as a bridge between the two camps of the orthogonal
transforms and the wavelet transforms, and a natural transition leading from the
former to the latter.

In Chapter 8 we discuss the Karhunen-Loeve transform (KLT'), which can be
considered as a capstone of all previously discussed methods, and the associated
data analysis method, principal component analysis (PCA), which is popularly
used in many data processing applications. The KLT is the optimal transform
method among all orthogonal transforms in terms of the two main characteristics
of the general orthogonal transform method, namely, the compaction of signal
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energy and the decorrelation among all signal components. In this regard, all
orthogonal transform methods can be compared against the optimal KLT for an
assessment of their performances.

We next consider in Chapter 9 both the continuous and discrete-time wavelet
transforms (CTWT and DTWT), which differ from all orthogonal transforms
discussed previously in two main aspects. First, the wavelet transforms are not
strictly orthogonal as the bases used to span the vector space and to represent
a given signal may not be necessarily orthogonal. Second, the wavelet transform
converts a 1-dimensional time signal into a 2-dimensional function of two vari-
ables, one for different levels of details corresponding to different frequencies in
the Fourier transform, while the other for different temporal positions, which
is completely absent in the Fourier or any other orthogonal transform. While
redundancy is inevitably introduced into the 2-dimensional transform domain
by such a wavelet transform, the additional second dimension also enables the
transform to achieve both temporal and frequency localities in signal represen-
tation. Such a capability is the main advantage of the wavelet transform method
over orthogonal transforms like the Fourier transform in some applications such
as data compression.

Finally in Chapter 10, we introduce the basic concept of multiresolution analy-
sis (MA), and Mallat’s fast algorithm for the discrete wavelet transform (DWT)
together with its filter bank implementation. Similar to the orthogonal trans-
forms, this algorithm converts a discrete signal of size N into a set of DWT
coeflicients also of size N, from which the original signal can be perfectly recon-
structed, i.e., there is no redundancy introduced by the DWT. However, different
from orthogonal transforms, the DWT coefficients represent the signal with tem-
poral as well as frequency (levels of details) localities.

Moreover, some fundamental results in linear algebra and statistics are also
summarized in the two appendices in the back of the book.

Who Are the Intended Readers?

The book can be used as a textbook for either an undergraduate or gradu-
ate course in digital signal processing, communication or other related areas. In
such a classroom setting, all orthogonal transform methods can be systemati-
cally studied following a thorough introduction of the mathematical background
common to these methods. The mathematics prerequisite is no more than basic
calculus and linear algebra. Moreover, the book can also be used as a reference
book by practicing professionals in both natural and social sciences, as well as
engineering. A financial analyst or a biologist may need to learn how to effec-
tively analyze and interpret his/her data, a database designer may need to know
how to compress his data before storing them in the database, and a software
engineer may need to learn the basic data processing algorithms while developing
a software tool in the filed. In general, anyone who deals with a large quantity of
data may desire to gain some basic knowledge in data processing, regardless of
his/her backgrounds and specialties. In fact the book project has been developed
with such potential readers in mind. Due possibly to the personal experience, the
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author always feels that self-learning (or to borrow a machine learning terminol-
ogy, “unsupervised learning”) is no less important than formal classroom learn-
ing. One may have been out of school for years but till feel the need to update
and expand his/her knowledge. Such readers could certainly study whichever
chapters of interest, instead of systematically reading through out the chapters
from beginning to end. It is hoped that the book can serve as a toolbox from
which some pertinent transform methods can be chosen and applied, in combi-
nation with the reader’s expertise in his/her own field, to develop a solution to
the specific data processing/analysis problems at hand.

Finally let us end by again quoting Euclid, this time, a story about him. A
youth who had begun to study geometry with Euclid, when he had learned the
first proposition, asked, ”What do I get by learning these things?” So Euclid
called a slave and said ” Give him three pence, since he must make a gain out of
what he learns.” Explicit efforts are made in this book to discuss the practical
uses of the orthogonal transforms as well as the mathematics behind them, one
should realize that after all the book is about a set of mathematical tools, just
like those propositions in Euclid’s geometry, out of learning which the reader
may not be able to make a direct gain. However, in the end, it is the application
of these tools toward solving specific problems in practice that will enable the
reader to make a gain out of what he learns from the book, much more than
three pence.



Notation

General notation

iff if and only if

j=+/—1=ei"/? imaginary unit

U+ ju=u—ju complex conjugate of u + jv

Re(u+ jv) =u real part of u + jv

Im(u+jv)=wv imaginary part of u + jv

|u+ jo| = Vu? + v? magnitude (absolute value) of u + jv
/(u+ jv) = tan"!(v/u) phase of u+ jv

Toxl an n by 1 column vector

T complex conjugate of x

zT transpose of @, a 1 by n row vector
x =z conjugate transpose of matrix A
||| norm of vector x

Anxn an m by n matrix of m rows and n columns
A complex conjugate of matrix A

At inverse of matrix A

AT transpose of matrix A

A=A = AT conjugate transpose of matrix A

N set of all positive integers including 0
/ set of all real integers

R set of all real numbers

C set of all complex numbers

x(t) continuous time signal

x[n] discrete signal

z(t) = dx(t)/dt first order time derivative of x(t)

#(t) = da?/dt? second order time derivative of x(t)

Unless otherwise noted, a bold-faced lower case letter & represents a vector,
and a bold-faced upper case letter A represents a matrix.
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1.1

Signals and Systems

In the first two chapters, we will consider some basic concepts and ideas as the
mathematical background for the specific discussions of the various orthogonal
transform methods in the subsequent chapters. Here we will set up a framework
common to all such methods, so that they can be studied from a unified point
of view. While some discussions here may seem mathematical, the emphasis is
the intuitive understanding of the concepts, instead of the mathematical rigor.

Continuous and Discrete Signals

A physical signal, always assumed to be a real or complex-valued function of
time, unless otherwise specified (e.g., a spatial function), can be recorded as a
continuous time function z(t), or sampled at a certain rate (number of samples
per unit time) to produce a discrete time function z[n]. In either case, the dura-
tion of the signal is finite in practice but could also be considered infinite in
theory, i.e., —oo < t < oo for z(t) and —oco < n < oo for z[n].

A given continuous signal x(t) can be discretized to generate a set of discrete
samples z[n]. Assume the time interval between two consecutive samples, is A
seconds, then the nth sample is:

zn] = z(t)],_, . = z(nd) (1.1)
A discrete signal can be represented as a vector @ = [--- ,z[n — 1], z[n], z[n +
1],--+]% of finite or infinite dimensions composed of all of its samples. We will

always represent a discrete signal as a column vector (transpose of a row vector)
in the future.
We define the discrete unit impulse or Kronecker delta function as:

5n] = {(1)2;8 (1.2)

and represent a discrete signal as:

zn] = Z x[m]o[n —m], (n=0,%£1,+2,---) (1.3)

m=—00

This equation can be interpreted in two conceptually different ways.
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x(t), x[n] =x{nA)

0 1 23 4 5 67 8 91011 1 “n
il b

Figure 1.1 Sampling of a continuous signal

x(t), x[n]=x(nA) SA(1)

/A

t
0 1 23 4 5 67 8 9 1011 12 'n Col
Figure 1.2 Approximation of a continuous signal

e First, a discrete signal z[n] can be decomposed into a set of unit impulses
each at a different moment n = m and weighted by the signal amplitude x[m]
at the moment n = m, as shown in Fig.1.1.

® Second, the Kronecker delta d[n —m] sifts out one particular value of the
signal z[n] at m =n from a sequence of signal samples. This is the sifting
property of the function.

On the other hand, a continuous signal can also be approximated by a set of
its samples. To do so, we first define a unit square impulse function:

_[1/A0<t< A
On(t) = {0 otherwise (1.4)

As the width and height of this square impulse are respectively A and 1/A, i.e,
it covers a unit area A x 1/A = 1, independent of A. Now the continuous signal
x(t) can be approximated by its samples x[n] as a sequence of weighted square
impulses:
00
a(t) m2(t) = Y x[n]oa(t —nd)A (1.5)
n=-—oo

This approximation is composed of a sequence of square impulses x[n]d(t —
nA), which is weighted by the sample value x[n] for the amplitude of the signal
at the moment ¢t = n/\, as shown in Fig.1.2. If we let A — 0, the square impulse
function will have infinitesimally narrow width and infinite height. At the limit,
the summation in Eq.1.5 becomes an integral and the approximation becomes
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exact:
z(t) = lim D ]t —nd)A = /_OO x(7)o(t — 7)dr (1.6)

where
5(t)-£%5g(t)—{goi;8 (1.7)

is the continuous unit impulse or Dirac delta function. The Dirac delta 6(t) has
an infinite height but zero width at ¢ = 0, and it still covers a unit area:

/oo 6(t)dt = lim [A-1/4) =1 (1.8)

In particular, when ¢ = 0, Eq.1.6 becomes:

2(0) = [ " o(r)()dr (1.9)

o0

Eq.1.6 can be interpreted in two conceptually different ways.

e First, a continuous signal z:(¢) can be decomposed into a set of infinitely many
unit impulses each at a different moment t = 7 and weighted by the signal
intensity z(7) at the moment ¢ = 7.

e Second, the Dirac delta 6(7 — t) sifts out the value of z(t) at 7 =t from a
sequence of infinitely many uncountable signal samples. This is the sifting
property of the function.

Note that the discrete impulse function §[n] has unit height, while the continu-
ous impulse function §(¢) has a unit area, the height multiplied by width (time),
and they have different dimensions. The dimension of the discrete impulse func-
tion is the same as that of the signal (e.g., voltage), while the dimension of the
latter is the signal’s dimension divided by time (e.g., voltage/time). In other
words, 2(7)0(t — 7) represents the density of the signal at ¢ = 7, only integrated
over time will its dimension become the same as the signal x(t).

In summary, the results above indicate that a time signal, either continuous
or discrete, can be decomposed in time domain to become a linear combination,
either an integral or a summation, of a sequence of time impulses or components.
However, as we will see in the future chapters, the decomposition of the signal
is not unique. The signal can also be decomposed in different domains other
than time, such as frequency, and these representations of the signal in different
domains are related by certain orthogonal transformations.

The Dirac Delta and Unit Step Function

The impulse function §(t) is closely related to the unit step function (also called
Heaviside step function) u(t), another important functions to be heavily used in
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Figure 1.3 Generation of unit step and unit impulse

future discussions. First, we define a piece-wise linear function as:

0 t<0
up() = t/A0<t < A (1.10)
1 t>A

Taking the time derivative of this function, we get

0 t<0
d
Oa(t) = ua(t) = 1/AOD<t <A (1.11)
0 t>A

which is the square impulse considered before in Eq.1.4. As its width and height
are respectively A and 1/A, the area underneath the function is 1:

*° 1
/ Splt)dt = —A =1 (1.12)
S A
At the limit A — 0, ua(t) becomes the unit step function:

1t>0

lim ua(t) = u(t) = {Ot<0

lim, (1.13)

Note that the value u(0) of the step function at ¢t = 0 is not specifically defined in
this process. Although either «(0) = 0 or u(0) =1 is used in various literatures,
we will define u(0) = 1/2, for reason to be discussed in the future. Also, at the
limit A — 0, 04 (t) becomes Dirac delta discussed above:

. ot=0
ilg%)éﬁ(t) =4(t) = {0 £ 0 (1.14)

which of course still satisfies the unit area condition:
/ o(t)ydt =1 (1.15)
—o0

In addition to the square impulse d (¢), the Dirac delta can also be generated
from a variety of different nascent delta functions as the limit when a certain
parameter of the function approaches either zero or infinity. As an example of
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Figure 1.4 Gaussian functions with different o values

such a function, we consider the Gaussian function:

1 2 2 2
g(t) = ——=e "/ (1.16
V2mo? )
which is the probability density function of a normally distributed random vari-
able ¢t with zero mean and variance o?. Obviously the area underneath this

density function is always one, independent of o:

Y (t)dt = Yttt g 1.17
7ocg() - \/W 7006 - ( . )

At the limit ¢ — 0, this Gaussian function g(t) becomes infinity when ¢ = 0 but
it is zero for all ¢ # 0, i.e., it becomes the unit impulse function:

1
lim
=0 /272
The argument ¢ of a Dirac delta §(¢) may be scaled so that it becomes d(at).
In this case Eq.1.9 becomes:

/jc #(1)8(ar) dr = /Oc (5L du = ﬁx(O) (1.19)

%0 oo @’ al

e 2% qp = §(¢) (1.18)

where we have defined © = ar. Comparing this result with Eq.1.9, we see that
1
0(at) = ﬂé(t), ie. aldé(at) = 0(t) (1.20)
a
For example, a delta function 6(f) in frequency can also be expressed as a func-
tion of angular frequency w = 2nf as:

5(f) =2m(w) (1.21)

More generally, the Dirac delta may also be defined over a function f(¢),
instead of a variable ¢, so that it become &(f(¢)), which is zero except when
f(t) =0, i.e.,, when t is one of the roots t; of f(t) (so that f(tx) =0). To see
how such an impulse is scaled, consider the following integral:

/_OO 2(F)S(f (7)) dr = /_OO 2(r)5(u) ﬁ du (1.22)
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where we have changed the integral variable from 7 to u = f(7). If 7 = 79 is the
only root of f(7), i.e., u = f(79) = 0, then the integral above becomes:

- _x(70)
[ et ar = S (1.23)

If f(7) has multiple roots 73, then we have:

h (T T)) dT = 2(7k)
| rossey =30 e (1.24)

This is the generalized sifting property of the impulse function. Based on these
results, we can express the delta function as:

(1.25)

which is composed of a set of impulses each corresponding to one of the roots
of f(t), weighted by the reciprocal of the absolute value of the derivative of the
function evaluated at the root.

Before leaving this section let us consider four important relationships showing
that the Kronecker and Dirac delta functions can be generated respectively as
the sum and integral of certain complex exponential functions. These formulas
are useful in the future discussions of the different forms of the Fourier transform.

e Dirac delta as an integral of a complex exponential:
o0
/ eIt = 5(f) (1.26)

e Kronecker delta as an integral of a complex exponential:
1 ,
— / e®I2mRYT gy — §[k] (1.27)
T Jr

e A train of Dirac deltas with period F' as a summation of a complex exponen-
tial:

% zoo: eri2kmf/F _ i 5(f —nF) (1.28)

k=—00 n=-oo

e A train of Kronecker deltas with period N as a summation of complex expo-
nential:
| Nl | N1 . N-1
N 7;) etimmm/N N 7;) cos(2mnm/N) + % 7;) sin(2rnm/N)

- f: 8[m — kN] (1.29)

k=—00
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and
N-1
Z sin(2rnm/N) =0
n=0
The proof of these four important identities is left as homework problems for the
reader.
The integral in Eq.1.26 can also be written as:

/OC eIt — /OC [cos(2m ft) + jsin(2m ft)]dt

) /O cos(2 f)dt = 6(f) (1.30)

The second equal sign is due to the fact that sin(2wft) = —sin(—27ft) is odd
and its integral over all time —oo < t < oo is zero, and cos(27 ft) = cos(—2m ft) is
even and its integral over all time is twice the integral over half time 0 < t < co.

This result can be interpreted intuitively. The integral of any sinusoid over all
time —oo < t < oo is always zero, except if f = 0 then sin(0) = 0 but cos(0) =1,
and the integral over all time becomes infinity. Alternatively, if we integrate the
complex exponential with respect to f, we get:

/oc 2t gf = 2/oc cos(2m ft)df = o0(¢) (1.31)
e 0

which can also be interpreted intuitively as a superposition of infinitely many
cosine functions with progressively higher frequency f. These sinusoids cancel
each other at any time ¢ # 0 except when ¢ = 0, where all cosine functions equal
to 1 and their superposition becomes infinity. Similar arguments can also be
made for the other three cases.

Attributes of Signals

A time signal can be characterized by the following parameters:

e The Energy contained in a continuous signal x(t) is:

E= /_Oo |lz(t))?dt (1.32)

or in a discrete signal z[n]:

E= Y |z (1.33)

n=-o00
where |z(t)|? or |z[n]|?
contained in a signal z(t) or x[n] is finite, then it is called an energy signal. A

represents the power of the signal. If the energy £ < oo

continuous energy signal is said to be square-integrable, and a discrete energy
signal is said to be square-summable. All signals to be discussed later, either
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continuous or discrete, will be assumed to be such energy signals and are
therefore square-integrable/summable.
e The average power of the signal:

17 )
P = Tllirgc T /0 |z(t)|7dt (1.34)
or for a discrete signal:
1N
_ 2
P = z%linmN;'x[”” (1.35)

If € of x(t) is not finite but P is, x(t) is a power signal. Obviously the average
power of an energy signal is zero.

e The cross-correlation measures the similarity between two signals and is
defined as:

ray(T) = 2(t) xy(t) = /jo o(t) Gt — 7)dt = /jo o(t +7) F(t)dt
” /jc o(t — 1) F(t)dt = y(t) * x(t) (1.36)

Note that x(t) x y(t) # y(t) x 2(t), i.e., the cross-correlation is not commuta-
tive. For discrete signal, we have

oo oo

raylm] = aln]xyln] = Y aln]yln—m)= Y wln+mlyln]  (1.37)

n—=-—oo n=-—oo

In particular, when z(t) = y(t) or x[n] = y[n], the cross-correlation becomes
the autocorrelation which measures the self-similarity of the signal:

ro(r) = /_ " e )F(t — )t = / " lt 4 )Tt (1.38)

ry[m] = Z x[n] T[n —m] = Z x[n + m] T[n] (1.39)

e A random time signal 2:(t) is called a stochastic process and its auto-covariance
is

Covy(t,7) = 0 = E[(a(t) — pa(t)) (T(7) — Fa(7)))] (1.40)
The cross-covariance of two stochastic processes is
Covyy(t,7) = 03, = E(2(t) — pa(1)) @(1) — 7y (7))] (1.41)

Here E(x) is the expectation of a random variable z as defined in Appendix
B.
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Signal Arithmetics and Transformations

Any of the arithmetic operations can be applied to two continuous signal z(t)
and y(t), or two discrete signals z[n] and y[n] to produce a new signal z(t) or
z[n]:

e Scaling: z(t) = az(t) or z[n] = ax[n]
e Addition/subtraction: z(t) = x(t) £ y(t) o
e Multiplication: z(t) = z(t)y(t) or z[n] = x[n]y[n]

* Division: 2(t) = z(t)/y(t) or z[n] = x[n]/y[n]

Note that these operations are actually applied to the values of the two signals
x(t) and y(t) at each moment ¢, and the result becomes the value of z(t) at the
same moment, and the same is true for the operations on the discrete signals.
Also, the addition and subtraction of two discrete signals can be carried out as
vector operations z = x £+ y. Obviously this kind of vector operations do not
apply to multiplication or division.

Next we consider the transformations of a give continuous signal. Both the
amplitude and the argument of a time function z(¢) can be modified by a linear
transformation y = ax + b:

e Transformation of signal amplitude (vertical in time plot):

y(t) = ax(t) + o = a[z(t) + zo/al (1.42)
— Translation:
y(t) = x(t) + xo is moved either upward if zy > 0 or downward if zy < 0.
— Scaling:

y(t) = ax(t) is either up-scaled if |a] > 1 or down-scaled if |a| < 1. The
signal is also flipped (upside-down) if a < 0.
e Transformation of time argument ¢ (horizontal in time plot):

T=at+1ty=a(t+to/a)), y(r)==x(at+1t))==z(a(t+to/a)) (1.43)

— Translation (or shifts):
y(t) = x(t + to) is either right-shifted if to < 0, or left-shifted if ¢y < 0.

— Scaling:
y(t) = x(at) is either compressed if |a| > 1, expanded if |a| < 1. The signal
is also reversed in time if a < 0.

In general, a transformation in time y(t) = z(at + t9) = z(a(t + tp/a)) contain-
ing translation and scaling can be carried out in either of two alternative meth-
ods.

e Method 1:
This is a two-step process:
— Step 1: define an intermediate signal z(t) = z(t + t¢) due to translation;
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— Step 2: find the transformed signal y(t) = z(at) due to time-scaling (con-
taining time reversal if a < 0);

The two steps can be carried out equivalently in reverse order:

— Step 1: define an intermediate signal z(t) = x(at) due to time-scaling (con-
taining time reversal if a < 0);

— Step 2: find the transformed signal y(t) = z(t + tp/a) due to translation;

However, note that the translation parameters (direction and amount) are

different depending on whether it is carried before or after scaling.

e Method 2:

First find the values of the original signal v; = (t1) and vy = z(t2) at two

arbitrarily chosen time points ¢t = t1 and ¢ = t5. The transformed signal y(t) =

x(at + to) will take the same values v; and ve when its argument is at + to =

t1 and at + ty = to, respectively. Solving these two equations for ¢, we get

t=(t1 —to)/a and t = (t2 — to)/a, at which y(t) will take the value v; and

vg, respectively. As the time transformation at + ¢ is linear, the value y(t) at

any other time moment ¢ can be found by linear interpolation based on these

two points.

Example 1.1: Consider the transformation of a signal in time:

to<t<?2
= 1.44
z(t) { 0 otherwise ( )

e Translation (Fig.1.5 (a)):
y(t) =
(

e FExpansion/compression (Fig.1.5 (b)):

z(t+3), z(t)==xz-1) (1.45)

y(t) = x(2t/3), =z(t) = x(2t) (1.46)
e Time reversal (Fig.1.5 (¢)):
y(t) =x(=t),  z(t) =x(=2t) (1.47)

e Combination of translation, scaling and reversal:
3
y(t) = (-2t +3) = 2(—2(t — 5)) (1.48)
— Method 1: based on the first expression y(t) = z(—2t + 3) we get (Fig.1.5
(d)):
z(t) =zt +3), y(t)==z(-2t) (1.49)
alternatively, based on the second expression of y(t) = z(—2(t — 3/2)) we
get (Fig.1.5 (e)):

2(t) = a(=20), y(t) = 2(t— ) (1.50)
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Figure 1.5 Transformation of continuous signal

— Method 2: the signal has two break points at ¢t; = 0 and t2 = 2, correspond-
ingly, the two break points for y(¢) can be found to be:

—204+3=0 = t=

—2t4+3=2 = t=

DO — N W

By linear interpolation based on these two points, the entire signal y(t) can
be easily obtained, same as that obtained by the previous method shown
in Fig.1.5(d) and (e).

In the transformation of discrete signals, the expansion and compression for
continuous signals are replaced by up-sampling and down-sampling:

e Down-sampling (decimation):
keep every Nth sample and discard the rest. Signal size becomes 1/N of the
original one.

r(n)[n] = z[nN] (1.51)

For example, if N = 3, x(3)[0] = z[0], 23 [1] = z[3], 2(3)[2] = z[6], - - -
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Figure 1.6 Transformation of discrete signal

e Up-sampling (interpolation by zero stuffing):
insert N — 1 zeros between every two consecutive samples. Signal size becomes
N times the original one.

Wy, @ln/NJn=0,£N,£2N, - e
] {0 otherwise (1.52)
For example, if N =2, ¢®[0] = 2[0], @ [2] = a[1], @ 4] = af2], -, afn] =

0 for all other n.

Example 1.2: Given z[n] as shown in Fig.1.6(a), a transformation y[n] = x[—n +
4], shown in Fig.1.6(b), can be obtained based on two time points:

-n+4=0 = n=4
-n+4=3 = n=1 (1.53)

The up and down sampling of the signal in Fig.1.6(a) can be obtained in the
following table and shown in Fig.1.6(c) and (d), respectively.

n - -1 001 2 3 4 5 6 7

z[n] 0 1 2 3 4 0 0 0 0 (1.54)
z(2)[n] 01 3 000 0 0 0
) [n] 0 1 0 2 0 3 0 4 0
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Linear and Time Invariant Systems

A generic system (electrical, mechanical, biological, economical, etc.) can be sym-
bolically represented in terms of the relationship between its input (¢) (stimulus,
excitation) and output y(t) (response, reaction):

y(t) = Olz(1)] (1.55)

where the symbol O] ] represents the operation applied by the system to the
input z(t) to produce the output y(t).

A system is linear if its input-output relationship satisfies both homogeneity
and superposition. Let y(t) be the response of a system to an input x(t):

Olz(t)] = y(t) (1.56)
then the system is linear if the following two conditions are satisfied:

e Homogeneity:

Olaz(t)] = aOlx(t)] = ay(t) (1.57)
e Superposition: If Oz, (t)] = yn(t) (n =1,2,--- ,N), then:
N N N
o m(t)] = Olea()] =D ynlt) (1.58)
n=1 n=1 n=1

or

o[/:x(r)dr] :/_O:c(’)[a:(T)]drz/_(:y(T)dT (1.59)

Combining these two properties together, we have

N N N
o lz anxn(t)] =Y anOlzn(t)] = anyn(t) (1.60)

or

o {/_OC a(’7’)x(’7’)d’7’:| = /_OC a(T)OJz(7)|dr = /OC a(T)y(r)dr (1.61)

o0 o0 —00
A system is time-invariant if how it responds to the input does not change
over time. In other words:

if Olz(t)] =y(t), then Olz(t—7)=ylt—71) (1.62)

A system which is both linear and time-invariant is referred to as a linear and
time-invariant (LTI) system.

If an LTT system’s response to some input x(t) is y(t) = O[z(t)], then its
response to dx(t)/dt is dy(t)/dt.

Proof: As this is an LTI system, we have

Ol lalt + ) = (1)) = [y(t + ) — y(1)] (163)
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At the limit A — 0, the above becomes

0 [%x(i)] - %y(t) (1.64)

Example 1.3: Check to see if each of the following systems is linear.

e The input z(t) is the voltage across a resistor R and the output y(¢) is the
current passing R:

This is obviously a linear system.
e The input z(t) is the voltage across a resistor R and the output y(¢) is the
power consumed by R:

This is not a linear system.
e The input z(t) is the voltage across a resistor R and a capacitor C' in series
and the output is the voltage across C":

RO () +y(t) = 75y(0) + y(0) = (1)

where 7 = RC' is the time constant of the system. As the system is character-
ized by a linear, first order ordinary differential equation (ODE), it is linear.
e A system produces its output y(¢) by adding a constant a to its input x(t):

y(t) = Olz(t)] = =(t) +a
Consider
Ola1(t) + z2(t)] = 21(t) + 22(t) + a # Ola1 ()] + Olw2(t)] = 21(t) + 2(t) + 2a

This is not a linear system.

e The input z(t) is the force f applied to a spring of length ly and spring constant
k, the output y(t) =1 — lop = Al is the change of length [ of the spring, or the
displacement of the moving end of the spring.

According to Hooke’s law,

y(t) = Al = —kf = —ka(t)

This system is linear.
e Same as above except the output y(¢) = [ is the length of the spring.

yt)=1=1lo+ Al =1y — kx(t)

This is not a linear system.
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Figure 1.7 Response of a continuous LTT system

Signals Through LTI Systems (Continuous)

If the input to an LTT system is an impulse x(t) = §(t) at t = 0, then the response
of the system

h(t) = O[5(t)] (1.65)

is called the impulse response function. Given the impulse response h(t) of an
LTT system, we can find its response to any input x(t) that can be expressed in
Eq. 1.6:

x(t) = /_OO x(7)o(t — 7)dr

o0
According to Eq. 1.59, we have

y(t) = O()] = O [/_OO 2(1)8(t — T)dT]

o0
_ / #(P)OB(t — T))dr = / 2Pt — T)]dr (1.66)
—00 —00
This process is illustrated in Fig.1.7. The integration on the right hand side above
is called the continuous convolution, which is generally defined as an operation
of two continuous functions z(t) and y(t):

z(t) = x(t) xy(t) = /_ x(T)y(t —1)dr = /_ y(m)z(t — 7)dr = y(t) * z(t)
” ” (1.67)

o0

Note that convolution is commutative, i.e., z(t) * y(t) = y(t) * (¢).
In particular, if the input to an LTI system is a complex exponential function:

z(t) = et = @It = [cos(wt) + j sin(wt)]e” (1.68)

where s = 0 + jw is a complex parameter, the corresponding output is
0

y(t) = Ole*] = / h(r)e* T dr = et / h(r)e *"dr = H(s)est  (1.69)

—00 —00

oo
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where H(s) is a constant (independent of the time variable t) defined as

H(s) = /_ by Tdr (1.70)

oo

This is called the transfer function of the continuous LTI system, which is the
Laplace transform of the impulse response function h(t) of the system, to be
discussed in Chapter 5. We note that Eq.1.69 is an eigenequation, where the con-
stant H (s) and the complex exponential e*! are, respectively, the eigenvalue and
the corresponding eigenfunction of the LTI system. Also note that the complex
exponential et is the eigenfunction of any continuous LTI system, independent
of its specific impulse response h(t). In particular, when s = jw = j27f (0 = 0),
H(s) becomes:

H(jw) = /jo hr)eTdr  or  H(f) = /jo Wre 2T g (1T1)

This is called the frequency response function of the system, which is the Fourier
transform of the impulse response function h(t), to be discussed in Chapter 3.

Given H(jw) of a system, its response to an input x(t) = e/“°* can be found
by evaluating Eq.1.69 at s = jwg:

y(t) = O[] = H(jwp)el! (1.72)

Moreover, if the input x(t) can be written as a linear combination of a set of
complex exponentials:

o0
= Z Xkejkw()t (1.73)
k=—00
where X} (—oo < k < o0) are a set of constant coefficients, then, due to the
linearity of the system, its output is:

0L = Y O

k=—00 k=—00

Z X H (jkwg)el*ot = Z Yy edkwot (1.74)
k=—00 k=—00
where the kth coefficient Yy, is defined as Y}, = X H (jkwg). The significance of
this result is that we can obtain the response of an LTI system described by
H(s) to any input z(t) in the form of a linear combination of a set of complex
exponentials. This is an important conclusion of the Fourier transform theory
considered in Chapter 3.
An LTT system is stable if its response to any bounded input is also bounded
for all ¢:

if |z(t)] < B, then |y(t)| < B, (1.75)
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As the output and input of an LTI is related by convolution

oo

y(t) = h(t) = x(t) :[ h(r)z(t — 7)dr (1.76)

oo

we have:

|—|/ hr t—TdT\</_OC h(r)||e(t — 7)|dr

<Bx/_ \h(r)|dr < B, (1.77)

which obviously requires:

/jc |h(T)|dT < o0 (1.78)

o0

In other words, if the impulse response function A(t) of an LTI system is abso-
lutely integrable, then the system is stable, i.e., Eq.1.78 is the sufficient condition
for an LTI system to be stable. We can show that this condition is also necessary,
i.e., all stable LTT systems’ impulse response functions are absolutely integrable.

An LTT system is causal if its output y(¢) only depends on the current and past
input x(t) (but not the future). Assuming the system is initially at rest with zero
output y(t) = 0 for t < 0, then its response y(t) = h(t) to an impulse x(t) = §(t)
at moment ¢ = 0 will be at rest before the moment ¢ = 0, i.e., h(t) = h(t)u(t).
Its response to a general input z(t) is:

h(r)x(t —1)dr = /OOc h(m)z(t — 7)dr (1.79)

o]

o) = hit) o) = [

Moreover, if the input begins at a specific moment, e.g., t = 0, i.e., z(t) = z(t)u(t)
and z(t —7) = 0 for 7 > ¢, then we have

y(#) = h /h t—TdT—/h 2t — 1) (1.80)

oo

Signals Through LTI Systems (Discrete)

Similar to the above discussion for continuous signals and systems, the following
results can be obtained for discrete signals and systems. First, as shown in Eq.1.3,
a discrete signal can be written as:

zln] = Y z[m]d[n — m] (1.81)

m=-—00

If the impulse response of a discrete LTI system is

hin] = O[8]n]] (1.82)
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8[n] ——III-. h[n]=0{[n]} X0 [ *[mlS[n-m]
x[018[n] —={ 0w x(00hln]
X[m](%[n-m]——IZI—»x[m]h[n-m] X[O]h[n(]) " ximibfmem] "
> x[mlin-m] _.EI_.% x[m]h{n-m}=x[n]*h{n] !)| L |m LI n

Discrete LTI system

Figure 1.8 Response of a discrete LTI system

then its response to a signal z[n] is:

m=—0o0

This process is illustrated in Fig.1.8.
The last summation in Eq.1.83 is defined called the discrete convolution, which
is generally defined as an operation of two discrete functions z[n] and h[n]:

o0 o0

2n] =aln] xyln) = Y almlyln —m]= Y ylmlzln —m] = yln] * «[n]

m=-—00 m=-—00

(1.84)
Note that convolution is commutative, i.e., z[n] * y[n] = y[n] * z[n].
Similar to the continuous case, if the system is causal and the input is zero
until ¢ = 0, we have:

y[n] = Z x[m]h[n —m] (1.85)

m=0

In particular, if the input to an LTI system is a complex exponential function:
zln| = e = ()" = 2" (1.86)

where s = o + jw as defined above, and z is defined as z = e®, the corresponding
output is

y[n] = O"] = Z hlk]z"F = 2" Z hlklz™F = H(z)2" (1.87)

k=—00 k=—00

where H(z) is a constant (independent of the time variable n) defined as

H(z)= > hlk]z"" (1.88)

k=—00
This is called the transfer function of the discrete LTI system, which is the Z-
transform of the impulse response h[n] of the system, to be discussed in Chapter
5. We note that Eq.1.87 is an eigenequation, where the constant H(z) and the
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complex exponential z" are, respectively, the eigenvalue and the correspond-
ing eigenfunction of the LTI system. Also note that the complex exponential

" is the eigenfunction of any discrete LTI system, independent of its specific

z
impulse response h[n]. In particular, when s = jw (0 = 0), z = e* = ¢/ and H(z)

becomes:

[o¢]
H(e™) = " hlkle 7™ (1.89)
k=—00
This is the frequency response function of the system, which is the Fourier trans-
form of the discrete impulse response function h[n], to be discussed in Chapter
4.
Given H(e’¥) of a discrete system, its response to a discrete input x[n] = 2" =
€7@ can be found to by evaluating Eq.1.87 at z = e/*o:

y[n] = Oe?"] = H(eI*0)elwom (1.90)

Moreover, if the input z[n] can be written as a linear combination of a set of
complex exponentials:

zn] = X elkwon/N (1.91)

where X (0 < k < N) are a set of constant coefficients, then, due to the linearity
of the system, its output is:

N-1 N-1
y[n] _ O[Z Xkejkwon/N] _ Xko[ejkwon]
k=0 k=0
N-1 N-1
= > XpH(e/h0)elheon = 3 "y elhwon (1.92)
k=0 k=0

where the kth coefficient Y}, is defined as Y3 = X H (e/*0). The significance of
this result is that we can obtain the response of a discrete LTI system described
by H(z) to any input z[n] in the form of a linear combination of a set of complex
exponentials. This is an important conclusion of the discrete Fourier transform
theory considered in Chapter 4.

Similar to a stable continuous LTI system, a stable discrete LTI system’s
response to any bounded input is also bounded for all n:

if |z[n]| < By then |y[n]| < B, (1.93)

As the output and input of an LTI is related by convolution

y[n] = hln] * z[n] = Z h[m]x[n —m] (1.94)

m=—00
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we have:
lylnll = | i hlm]a[n —m]| < i [hfm][|z[n — n]]
< By zoo: |h[m]ldT < By (1.95)
which obviously 1"equires:m o
i |[h[m]] < oo (1.96)

In other words, if the impulse response function h[n] of an LTT system is abso-
lutely summable, then the system is stable, i.e., Eq.1.96 is the sufficient condition
for an LTI system to be stable. We can show that this condition is also necessary,
i.e., all stable LTT systems’ impulse response functions are absolutely summable.

Also, a discrete LTI system is causal if its output y[n] only depends on the
current and past input 2[n] (but not the future). Assuming the system is initially
at rest with zero output y[n] = 0 for n < 0, then its response y[n] = h[n] to an
impulse z[n] = d[n] at moment n = 0 will be at rest before the moment n = 0,
i.e., h[n| = h[n]u[n]. Its response to a general input x[n] is:

o0 o0
y[n] = h[n] *x xz[n] = Z h[m]xz[n —m] = Z h[m]xz[n —m] (1.97)
m=—00 m=0
Moreover, if the input begins at a specific moment, e.g., n =0, ie., z[n] =
z[nlu[n] and x[n —m] = 0 for m > n, then we have

y[n] = hln] = z[n] = Y hlmlzn —m] =Y hlm]zn —m] (1.98)
m=0

m=-—00

Continuous and discrete convolutions

The operation of convolution in both continuous and discrete cases defined
respectively in Eqs.1.67 and 1.84 is of great importance in the future discussions.
Here we further consider how such a convolution can be specifically carried out.
First we consider the continuous convolution:

o]

x(t) *y(t) = / x(r)y(t — 7)dr

—00
which can be carried out conceptually in the following three steps:
1. Find the time reversal of one of the two functions, say, y(7), by flipping it in

time to get y(—7);
2. Slide this flipped function y(t — 7) along the 7 axis as t goes from —oo to oo;
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b x(1) 4 X(1)
y(tz-T)
1 t T
by(t) lx(fi) '
L t T
b y(-1) | X(1)
/ Y(t4_‘T
T 7 T
) bty ()
3 = R T

Figure 1.9 The convolution of two functions

The three steps are shown top-down, then left to right. The shaded area repre-
sents the convolution evaluated at a specific time moment such as t = to, t = t3,
and t = ty4.

3. For each time moment ¢, find the integral of the product x(7)y(t — 7) over all
7, 1.e., find the area of overlap between x(7) and y(t — 7), which is proportional
to the convolution z(t) at t.

Example 1.4: Let z(f) = u(t) and y(t) = e *u(t), the convolution of the two
functions is

(1) * 2(t) = /_OC y()a(t — 7)dr = /Ot y(r)dr = /Ot e dr

-
1 —G/Tt 1 —

= —— = —(1 — at
- ‘0 a( e )

This process is shown in Fig.1.9. Alternatively, the convolution can also be writ-
ten as:

x(t) *y(t) = /_OC z(T)y(t — 7)dr = /Ot y(t —7)dr = /Ot et dr

00
1 —at __at|t 1 —at/ at 1 —at
[ I 1) =Z(1l—e@
(& € |0 € (6 ) ( & )




22

Chapter 1. Signals and Systems

Although convolution and cross-correlation (Eq.1.36) are conceptually two dif-
ferent operations, they look similar and are closely related. If we flip one of the
two functions in a convolution, it becomes the same as the cross correlation.

o]

z(t) xy(—t) = / o(T)y(T — 0)dT = 140y (t) = x(t) * y(t) (1.99)

In other words, if one of the signals y(t) = y(—t) is even, then we have z(t) x
y(t) = x(t) * y(t).

Example 1.5: Let x(t) = e %u(t) and y(t) = e **u(t), and both a and b are
positive. We first find their convolution:

o0

x(t) *y(t) = / x(r)y(t — 7)dr

—00

As y(t — 7) can be written as:

—b(t—7)
y(t—T)—eb(tT)u(t—T)—{e T<t

0 T>1

we have

t t 1

x(t) *y(t) = / e e bt=T) gr = e’bt/ e (@7 qr = ——(e7¥ — 79
0 0 a — b
1
= (e e = y(0) < a(t)
Next we find the cross-correlation z(t) % y(¢):
x(t) xy(t) = / z(1)y(r — t)dr
—00

Consider two cases:

e Ift> 0, the above becomes:

t t

e Ift¢ <0, the above becomes:

/ efa‘refb(‘l'*t)d/]— = ebt/ ei(a+b)7—d7— = c u(_t)
; ) a+b

Example 1.6: Let z[n| = u[n] and y[n| = a™u[n| (assuming |a| < 1), the convo-
lution of the two functions is:

sl xaln) = 3 yfmlain—m] = 3 glm] = 3 am = 10
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Here we have used the geometric series formula:

1—$N+1

1—a:

IIM

Alternatively, the convolution can also be written as:

oo n
z[n] «yln] = > almlyln —m) = yn—m]
m=—o00 m=0
n 1— a—(n+1) 1— an—i—l
. n -m _ n _
- mz::()a T T 1—a

1.9 Problems

1. Prove the identity in Eq.1.26:

/ eIt dL = 5(f)

Hint: Follow these steps:

a. Change the lower and upper integral limits to —a/2 and a/2, respectively,
and show that this definite integral results in a sinc function a sinc(af) of
frequency f with a parameter a. A sinc function is defined as sinc(z) =
sin(ma) /7.

b. Show that the following integral of this sinc function a sinc(af) is 1 (inde-
pendent of a):

a/oO sinc(af)df =1

o0

based on the integral formula:

c. Let @ — oo and show that a sinc(af) approaches a unit impulse:

lim s(f,a) = 8(/)

Proof:
Consider the sinc function which can be obtained by the following integral:
a/2 ) 1 ) “ :
/ eijwatdt _ : eijwat‘_/Q/Q _ Sln(’/Tf(l) —a sinc(af)
—a/2 +j2n f a wf

where sinc(z) is the sinc function commonly defined as:

sine(x) = sin(rz)
e
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In particular when z = 0, we have lim,_,q sinc(z) = 1. When a is increased,
the function a sinc(af) becomes narrower but taller, until when a — oo, it
becomes infinity at f = 0 but zero everywhere else. Also, as the integral of
this sinc function is unity:

> sin(rfa) * sin(w fa) 1 [®sin(z)
J = [ e <2 | e

Now we see that Eq.1.26 represents a Dirac delta:

/ eIt qt = lim a sinc(af) = 6(f)

2. Prove the identity in Eq.1.27:

1 +j2mkt/T 3 _
T/Te dt = 6[k]

Hint: According to Euler’s formula, the integrand can be expressed as:

. 27t 27t
o EI2TRL /T _ o (T—7/T]<;) + jsin (Ti/k>

1 . 1
L jemkt/T g, _ L LT : LT
T/Te dt T[/ cos(T/k_t)dti]/Tsm(T/kt)dt]

The sinusoids have period T'/k and their integral over T is zero, except if
k =0 then cos0 =1 and fT dt/T =1, i.e., it is a Kronecker delta.
3. Prove the identity in Eq.1.28:

% ic: eiijﬂf/F: io: 5(f—nF)

k=—o0 n=-—o0

Proof:

Hint: Follow these steps:
a. Find the summation of the following series:

o0

Z Z kg Z (ae® Z(ae”)k + Z(ae"”)k -1

k=—00 k=0 k=—00 k=0 k=0

based on the power series formula for |a| < 1:

oo

1
z\k __
Z(ae) _]__aex

k=0

b. Obtain the value for the sum above when a = 1.

c. Apply the result to the left-hand side of the equation you are trying to
prove, and show it is an impulse at every f = nF for all integer n, i.e., it
is a series of infinite impulses separated by an interval F. (Hint: consider
its value for two cases: (a) f =nF and (b) f # nF.)

d. Show that each of these impulses is a unit impulse by showing that the
integral over any F' with respect to f is 1, as shown on the right-hand side.
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Proof:
First we note that if f = nF is any multiple of F, then e*/2k7f/F — g+i2mnk —
1, and the summation on the left-hand side is infinity. Next we consider the

following summation with the assumptions that |a| < 1 and f # nF:

3 (@) = 3 (@) + 3 (e ) — ()
k=—o00 k=0 k=0
B 1 n 1  2—q(ed +e7I7)
1—aei*  1—ae i 1 —a(ed* + eir) 4 a2

The first equal sign is due to the fact that the following power series converges
when |a| < 1:

o0

1
x\k __
Z(ae) 1 — ge®

k=0

When a — 1, this summation becomes 1 —1 = 0. Now we see that the sum-
mation on the left-hand side of Eq.1.28 is zero except when f = nF', in which
case it is infinity. In other words, the summation is actually an impulse train
with a gap F'. Moreover, we can further show that the integral of each impulse
with respect to f over one period F' is 1:

l - +j2knf/F _l - / +i2knf/F 70 __ -
/FFZe df_FZ e df = Y o[k]

k=—00 k=—00 k=—

= 5[=1+6[0]+6[1] = +0+14+0+---=1

Here we have used the result of Eq.1.27.
. Prove the identity in Eq.1.29:

N-1
i e:thwnm/N
N
n=0
| N1 ;N1
=~ cos(2mrnm/N) + N sin(2r nm/N)
n=0 n=0
1 N-1 o]
=~ cos(2rnm/N) = Z d[m — kN]
n=0 k=—00
and
N-1
Z sin(2rnm/N) =0
n=0

Hint: Consider the summation on the left-hand side in the following two

cases:

a. First, show that the summation is equal to 1 when m is any multiple of N,
i.e., m = kN for all —oco < k < o0.
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b. Second, show that when m # kN, the summation is equal to 0 based on
this formula:

N-1 N

7 1-
le: 1—mx

Proof:

The summation is obviously equal to 1 if m = kN1 for all integer k, otherwise
the above becomes

1 N-1 _ 1 N-1 ‘ 11— +j27kN/N
- 2 :eij27rnk/N _ - E (eiJQWk/N)” — 6— =0
N n=0 N n=0 N (1 — exs2mk/N) ;

The second equal sign is due to the geometric series formula

N-1

n 11—
> "=
n=0

1l—x

N

and et727k — 1.
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Vector Spaces and Signal
Representation

Inner Product Space

Vector Space

In our future discussion, any signal, either a continuous one represented as a
time function z(¢), or a discrete one represented as a vector € = [--- ,x[n],---]T,
will be considered as a vector in a vector space, which is just a generalization of
the familiar concept of N-dimensional (N-D) space, formally defined as below.

Definition 2.1. A vector space is a set V with two operations of vector addition
and scalar multiplication defined for its members, referred to as vectors.

1. Vector addition maps any two vectors x,y € V to another vector x +y €V
satisfying the following properties:
— Commutativity:
rTty=y+zx (2.1)
— Associativity:
T4 (y+2) = (2+y)+2 (2.2)
— Euzistence of zero: there is a vector 0 € V' such that:
O+z=x+0==z (2.3)

— Euxistence of inverse: for any vector @ € V, there is another vector —x € V
such that

r+(—x)=0 (2.4)

2. Scalar multiplication maps a vector @ € V' and a scalar a € C to another
vector ax € V with the following properties:

a(x +vy) =ax+ay

(a +b)x =ax + bz

— abx = a(bx)

- lz==x

27
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For example, an N-dimensional space, denoted by RY or CV is a vector space,
whose element vector & can be written as an n-tuple, an ordered list of n elements:

Ty
€To T
T = . :[$1,$2,"',$N] (25)
TN
where x,, € C (n =1,---, N) is areal or complex scalar. An alternative range for
the index n =0, -+, N — 1 may also be used in the future for convenience. The

dimensionality n may be extended to infinity for an infinite-dimensional space.
Through out the future discussion, a vector is always represented as a column
vector, or the transpose of a row vector.

A vector space can be defined to contain all M by N matrices composed of n
column (or row) vectors:

r11 12 -+ TIN
T2l X2z - TaN
X =[x1, - ,zN] = . . ) (2.6)
TM1 TM2 0 TMN
where the nth column is an M-D vector @,, = [Z1p, - , :CMn]T. Such a matrix can

be converted to an MN-D vector by cascading all the column (or row) vectors.
In the N-D space RY or CV, the two operations generally defined above take
the following forms:

e A vector  can be multiplied by a real or complex scalar factor a to become
ax = [axy,axa, - axy]T (2.7)

If a = 1/b, the above can also be written as x/b.
e The sum of two vectors is defined as

Tty =[r1+y,T2+y2 oy +yn]" (2.8)
Based on this operation, the difference between the two vectors can also be
defined:
t—y=z+(-y)=[z1 —yi, 22— y2,- -, 0 — yn]" (2.9)
e The zero vector is a special vector with all components equal to zero:
0=1[0,0,---,0]" (2.10)

As another example, a vector space V can also be a set containing all continu-
ous functions z(t) (real or complex valued) defined over a specific range a < t < b,
which could be infinite if « = —oo and/or b = oo. Any function = x(t) € V can
be added to another one y = y(t) € V to get @ + y = x(t) + y(t) € V, or multi-
plied by a scalar a to get ax = ax(t) € V. It can be shown that these operations
satisfy all the conditions in the definition of a vector space.
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Note that in our discussion, the term “vector”, represented by x, may have two
interpretations. First, it can be an element of any vector space V in the general
sense, such as a function vector & = x(t) . Second, it can also mean specifically
an N-D vector & = [x1,--- ,2n]7, a tuple of n discrete elements (where n may
be infinity). However, it should be clear what a vector @ indicates in a specific
discussion from the context.

Definition 2.2. The sum of two subspaces S1 CV and So C V of a vector space
V' is defined as

51+52={S1+82|$1 € 51,89 ESQ} (2.11)
In particular, if S1 and Sy are mutually exclusive:
S NSy ={0} (2.12)

then their sum S1+ So is called direct sum, denoted by Sy ® So. Moreover, if
S1® So =V, then S1 and S form a direct sum decomposition of the vector space
V, and Sy and Sy are said to be complementary. The direct sum decomposition
of V' can be generalized to include multiple subspaces:

V=g,5%=5& &9, (2.13)

where all subspaces S; C'V are mutually exclusive:

Sin (D8 | ={0} (2.14)

i#]
Definition 2.3. Let S1 C V and So C V be subsets of V and S1 & Sy = V. Then
p51132(31 + 82) = 81, (31 €5, sg € SQ) (2.15)

is called the projection of s1 + so onto S1 along Ss.

Inner Product Space

Definition 2.4. An inner product on a vector space V' is a function that maps
two vectors x,y € V to a scalar < x,y >€ C and satisfies the following condi-
tions:

e Positive definiteness:
<x,x>> 0, <xz,x>=0 iff =0 (2.16)
e (Conjugate symmetry: !
<z, y>=<y,T > (2.17)

1 The over-line indicates the complex conjugate of a complex value, i.e., u + jv = u — jv (where
j = +/—1 is the imaginary unit).
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If the vector space is real, the inner product becomes symmetric:
<x,y >=<vy,xr> (2.18)
e Linearity in the first variable:
<ar+by,z>=a<x,2>4+b<y,z> (2.19)
where a,b € C. As a special case, when b =0, we have:
<axr,y>=a<x,y> <xz,ay>=a<x,y> (2.20)

Note that in general the linearity does not apply to the second variable (unless
the coefficients are real a,b € R):

<x,ay+bz>=<ay+bz,x>=a<y,x>+b< z,x>
=A<z, y>+b<z z>Fa<z,y>+b<x 2> (2.21)

In general, we have:

<Zczwz,y> z:cz <@y >
<z z:czyz >= ch <z, y; > (2.22)

All vector spaces discussed in the future will be assumed to be inner product
spaces. Some examples of the inner product include:

e In an N-D vector space, the inner product, also called the dot product, of two
vectors @ and y is defined as:

<x,y>= ng:y*w: [.131,332,--- ,J)N] y2 :angn (223)
Yn

where y* = g7 is the conjugate transpose of y.
e In a space of 2-D matrices X p;«n containing M X N elements x,,, (m =
,M, n=1,---,N), the inner product of two such matrices X and Y is
defined as:

M N
<X Y >=>"Y Tmnlmn (2.24)

m=1n=1
This inner product is equivalent to Eq.2.23 if we cascade the column (or row)
vectors of two arrays X and Y to form two MN-D vectors.

e TIn a function space, the inner product of two function vectors x(t) and y(¢) is
defined as:

b T -
< 2(t), y(t) >=/ a:(t)y(t)dtz/ Oyt = <y 20 > (2.25)
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In particular, Eq.1.9 for the sifting property of the delta function §(¢) is an
inner product:

< 2(t),8(t) >= /jo 2(r)o(7)dr = z(0)

e The inner product of two random variables z and y can be defined as the
expectation of their product:

< 2,y >= E[27] (2.26)

If these two random variables have zero means, i.e., pu, = E(z) =0 and p, =
E(z) = 0, the inner product above is also their covariance:

02, = El(x — p2)(y — iy)) = B(2Y) — i, = BE(2y) =< z,y > (227

Based on inner product, the following important concepts can be defined:

Definition 2.5. If the inner product of two vectors x and vy is zero, < x,y >= 0,
they are orthogonal (perpendicular) to each other, denoted by x L y.

Definition 2.6. A wvector space with inner product defined is called an inner
product space. When the inner product is defined, CN is called a unitary space
and RY is called o Euclidean space.

Definition 2.7. The norm of a vector x € V is defined as:

x| = V<&@ > =<z, >'/?, or |z|? =<z, x > (2.28)

The norm ||z|| is nonnegative and it is zero if and only if & = 0. In particular, if
[lz|| = 1, @ is normalized and is called a unit vector. Any vector can be normalized
if divided by its own norm: z/||z||. The vector norm squared ||z||? =< z,z >
can be considered as the energy of the vector.

In an N-D unitary space, the norm of a vector & = [x1,--- ,2x5]T € CV is:

N 1/2 N 1/2
lz|| = V< &, & > = VaTE = lz xnfn] = lz |xn|2] (2.29)

n=1

The total energy contained in this vector is its norm squared:

N
E=|lz| =<m,x>=>|x.| (2.30)

n=1
The concept of N-D Euclidean space can be generalized to an infinite-
dimensional space, in which case the range of the summation will cover all real
integers Z in the entire real axis —oo < n < oo. This norm exists only if the
summation to converge to a finite value, i.e., the vector x is an energy signal



32

Chapter 2. Vector Spaces and Signal Representation

containing finite energy:

o0
>zl < o0 (2.31)
n=-—00
All such vectors x satisfying the above are said to be square-summable and they
form a vector space called [? space denoted as 1*(Z).
Similarly, in a function space, the norm of a function vector = x(t) is defined
as:
1/2

|@H—<[Q@H5ﬁfm—<éﬂmwﬁw> (2.32)

where the lower and upper integral limits a < b are two real numbers, which may
be extended to all real values R in the entire real axis —oco < ¢t < oo. This norm
exists only if the integral converges to a finite value, i.e., z(t) is an energy signal
containing finite energy:

/OO lz(t)|2dt < oo (2.33)

[o¢]
All such functions z(t) satisfying the above are said to be square-integrable, and
they form a function space called L? space denoted as L?(R).

In the future, all vectors and functions to be discussed are assumed to be
square-summable/integrable, i.e., they represent energy signals containing finite
energy, so that these conditions do not need to be mentioned every time a signal
vector is considered.

Theorem 2.1. Cauchy-Schwarz inequality

|<zy>? <<z,2><y,y>, e, |<xy>] < ||z ||yl (2.34)

Proof: Let A € C be an arbitrary complex number and we have:
<z -y, x— Ay >=|z] - A<z,y>-A<y,z>+N}y|>>0 (2.35)

Obviously the Cauchy-Schwarz inequality holds if y = 0. Otherwise, we let

<x,y> - <yz> <z,y>|?
L Bt T eV Gt i
[yl llyll llyll
Substitute it in the inequality above, we get
<z y>|? )
ol — Sl 0 e, [ <ay< el lall 230

Definition 2.8. The angle between two vectors x and y is defined as:

<zy> _ <zy>
0=cos ! [ DY) —os! =Y (2.38)
IERIET V<ET>/<Yy y>
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Ixlcos®

Figure 2.1 Orthogonal Projection

Now the inner product of & and y can also be written as
<,y >= || ||yl cosd (2.39)

If 6 =0 or cosf =1, i.e., the two vectors & and y are collinear, the Cauchy-
Schwarz inequality becomes an equality. On the other hand, if < o,y >= 0, i.e.,
x and y are orthogonal or perpendicular to each other, then the angle between
them becomes 6 = cos 10 = /2.

Definition 2.9. The orthogonal projection of a vector x € V onto another vector
y €V is defined as

 <zTy>y <zY>

Py = iy Tyl <>

where 0 is the angle between the two vectors.

y = |||| cos 6L (2.40)

[yl

The projection p,, () is a vector and its norm or length is a scalar denoted
by:
<zy>

py(@) = [|py(x)|| = Tl ||| cos 0 (2.41)
which is sometimes also referred to as the projection. The projection py(sc) is
illustrated in Fig.2.1. In particular, if y is a unit vector, i.e., ||y|| = 1, we have

py(x) =<z,y >y, |py(o)|l=<zy> (2.42)

In other words, the projection of & onto a unit vector is simply their inner
product.

Definition 2.10. Let SCV and S & S+ =V. Then
ps(s+r)=s, (s€8 ryecsh (2.43)

is called the orthogonal projection of s +r onto S.

Example 2.1: Find the projection of z = [1,2]7 onto y = [3,1]7.
The angle between the two vectors is

) =cos *( 0

Vb x 10

<xzy>

0 = cos!
(\/< T, r><yY,y>

) =cos 1 0.707 = 45° (2.44)
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The projection of @ on y is:

<x,y> 5 |3 1.5
Py = — = SY= 1 [1] {0.5} (2.45)

The projection is v/1.52 4+ 0.5% ~ 1.58, which is of course the same as ||z|| cos§ =
V5 cos45° ~ 1.58. If y is normalized to become z = y/||y|| = [3,1]//10, then the
projection of & onto z can be simply obtained as their inner product:

pz(x) = |lp. ()| =< x,z >=1, 2] [:1))] /V10 = 5//10 ~ 1.58 (2.46)

Definition 2.11. The distance between two vectors x,y is defined as
d(x,y) = [|z —yl| (2.47)

Theorem 2.2. The distance satisfies the following three conditions:
e Nonnegative: d(x,y) > 0. d(z,y) =0 iff x = y.

o Symmetric: d(x,y) = d(y, ).

o Triangle inequality: d(x,y) < d(x,z) + d(z,y)

Proof: The first two conditions are self-evident based on the definition. We
now show that the distance d(x,y) does indeed satisfy the third condition. Con-
sider the following:

llu+v|? =<u+v,u+v>=|[ul>+<u,v>+<v,u>+||?
= |[ul]® + 2 Re < u,v > +[]o|* < [[u]|* + 2] <u,v > |+ ||v]|?
< lull® + 2wl [[o]| + [v][* = (lul| + [[]])* (2.48)
The first < sign above is due to the fact that the magnitude of a complex number

is no less that its real part, and the second < sign is simply the Cauchy-Schwarz
inequality. Taking the square root on both sides, we get:

[+ || < [[ul] + [|v]] (2.49)

We further let u = & — z and v = z — y, the above becomes the triangle inequal-
ity:

le—yll <lle— 2l +llz—yll, e, diey)<die,z)+dzy) 250)

This completes the proof.

When distance is defined between any two elements of a vector space, the
space becomes a metric space. In a unitary space CV, the distance between x
and y is:

N 1/2
d(@,y) = |l —yl| = <Z |z —an2> (2.51)

n=1
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This is the Euclidean distance, which can be considered as a special case of the
more general p-norm distance defined as:

N 1/p
dp(wa y) = (Z |xn - yn|p> (2.52)

n=1
Obviously the Euclidean distance is the p-norm distance when p = 2. Also, other
commonly used p-norm distances include:

N

di(z,y) =D |Tn — ynl (2.53)
n=1

doo (@, y) = maz(|lz1 —y1|,- -, |on —yn|) (2.54)

In a function space, the distance between two functions z(¢) and y(t) is:

1/2

b
d(a(t). y(t)) = ||=(t) — ()] = ( JRCCRTClE dt) (2.55)

Definition 2.12. Two subspaces Sy CV and So CV of a vector space V' are
orthogonal, denoted by S11Ss, if s11ss for any s1 € S1 and so € So. In partic-
ular, if one of the subsets contains only one vector S1 = {s1}, then the vector is
orthogonal to the other subset, i.e., s1155.

Definition 2.13. The orthogonal complement of a subspace S C V is the set of
all vectors in V' that are orthogonal to S:

St={veV|vlS} (2.56)
Obviously we have
SnSt={0}, and S®S =V (2.57)
In general, more than two subspaces S; CV (i=1,---,n) are orthogonal com-
plement if
V= Sl D---D Sn; and SiLSj, (Z 75 ]) (258)
Bases of a Vector Space
Definition 2.14. The linear span of a set of vectors b;, (i =1,---,n) in space
V' is a subspace W C V':
N
W = span(by,--- ,by) = {Z enbylc, € C} (2.59)
n=1

Definition 2.15. A set of vectors v, (n=1,---,N) in an N-D space V forms
a basis of the space if they are linearly independent, i.e., they span the space
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so that any vector x € V in the space can be uniquely expressed as a linear
combination of these basis vectors:

N
T= cnby (2.60)
n=1

The basis vectors are linearly independent, i.e., none of them can be repre-
sented as a linear combination of the rest, and including any extra vector in the
basis it would no longer be linearly independent. These basis vectors are also
said to be complete as removing any of them would result in inability to rep-
resent certain vectors in the space. In other words, a basis is a minimum set of
vectors that can represent any vector in the space. Also it is obvious that there
are infinitely many bases that can all span the same space, as, any rotation of
a given basis will result in a different basis. This idea is of great importance in
our future discussion.

Consider as an example the N-D unitary space CV. How many linearly inde-
pendent vectors does a basis need to contain for it to span the entire space?
Let us assume for now this basis consists of M linearly independent vectors
{by,--- ,bar}, where each vector b; is an N-D vector. Then any & € C" can be
represented as a linear combination of these basis vectors:

x C1

M
= =" Cmbm = [br,- bl | —Be (261)
m=1
TN | oy M 1 pra
where B = [by, - - ,by] is an N by M matrix composed of the M N-D basis vec-
tors as its columns, and ¢ = [c1, -+, car]? is a vector composed of M coefficients,

which can be found by solving this linear equation system.

Obviously for the solution to exist, the number of equations N can be no
greater than the number of unknowns M. On the other hand, M can be no
greater then IV as there can be no more than N independent basis vectors in
this N-D space. It is therefore clear that a basis of an N-D space must have
exactly M = N basis vectors. Now the matrix B becomes an N by NN square
matrix with full rank (as all column vectors are independent), and the coefficients
can be obtained by solving the system with N unknowns and N equations:

C1 €
c=|:|=[b,-,by]"| : | =B 'z (2.62)
CN TN

The computational complexity to solve this system of N equations and N
unknowns is O(N?).
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As a very simple example for the basis of a vector space, recall that in a 3-D
space R? a vector v = [x,y, Z]T is conventionally represented as:

T 1 0 0
v=|y| =2 |0|+y|1|+2|0| =2t+yj+zk (2.63)
z 0 0 1

where 7 = [1,0,0]T, =10, 1,O]T, and k= [0,0, 1]T are the three standard or
canonical basis vectors along each of the three mutually perpendicular axes. The
concept of the standard basis {¢,7,k} in the 3-D space can be generalized to
an N-D unitary space CV, where the standard basis is composed of a set of n
vectors defined as:

1 0 0
0 1 :

er=|.|, e=1|.|, =, exn=|" (2.64)
0 0 1

In general, all components of the nth standard basis vector e, are zero except
the nth one which is 1. If we denote the mth component of the nth vector e,, by
€mn, then we have e, = d[m — n]. Now we see that in the N-D space a vector

x = [r1, -+ ,2n]7 is expressed as a linear combination of the N standard basis
vectors:
Z1
X9 N
= . :$161+$262+"'+$N6N:anen (2.65)
. n=1
TN

where the nth coordinate or component x,, is the coefficient for the ith vector e,
of the standard basis. In other words, whenever a vector is presented in the form
of a tuple or column vector, it is actually represented in terms of the standard
basis, which is always implicitly used to specify a vector, unless a different basis
is explicitly specified.

Example 2.2:
A 2-D Euclidean R? space can be spanned by a standard basis e; = [1,0]7
and ey = [0,1]7, by which two vectors a; and as can be represented as:

a; = le; + 0ey = |:

1 -1
0} ) as e + 2eq [ 2]

As a; and ag are independent (none of the two can be obtained by scaling the
other), they can be used as the basis vectors to span the space. Any given vector
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x=¢el+2 el x=2al +a2 x=247h1 +0.35h2
a2 %
I .
€2 A i * b2 .
' .
b1
el al
x=[1,2] x=[2,1] x=[2.47, 0.35]

Figure 2.2 Different basis vectors of a 2-D space

such as

[ ]

can be expressed by these basis vectors as:

C1
T = c1a1 + caa2 = [aq, ag) .
2

s []=[5 30 )= )

Solving this we get ¢; = 2 and ¢y = 1, so that @ can be expressed by a; and as

as:
1 -1 1
o tors20 -2 1] 1] 2] [}

This example is illustrated in Fig.2.2

ie.,

Example 2.3: The example above can also be extended to the function space
spanned by two basis functions defined over [0, 2]:

Cf1(0<t<1) (-1 (0<t<)
al(t)_{0(1§t<2) : GQ(“_{ 2(1<t<2) (2:66)
A given time function z(t) in the space
Cf1(0<t<)
x(t) = {2(1<t<2) (2.67)

can be represented by the two basis functions as:
z(t) = cr1a1(t) + c2a2(t) (2.68)

where the coefficients ¢; = 2 and ¢, = 1, same as before.
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4 a1('3)
1
t
0 1 T
L aq(t
r 2(1)
1
t
0 1 i
A x(t)=2a1 (t)+ay(t)
A
1

0 1 2

Figure 2.3 Representation of a time function by basis functions

Orthogonal Bases

A vector space V can be spanned by a set of orthogonal basis vectors
{-++,vp, -} satisfying:
< Vg, Uy >= 8[m — n] ||v,|? (2.69)

A given signal vector & € V in the space can be expressed as:

T = chvn (2.70)
n

Taking the inner product with v,, on both sides we get:
<T, Uy, >=< Z CnUn, Um >= Z Cn < Un, Uy >= Cm||'Um||2 (2-71)
n n

and the coefficients can be obtained as:

< T,V >, (m=1,---,N) (2.72)

Cm = ||'Um||2

Now the vector can be expressed as:
1
T = Z CpUn = Z Tl <X,V > U, = van () (2.73)
n n n n

We see that x is expressed as the vector sum of its projections p,, () (Eq.2.40)
onto each of the basis vectors v,,. We can further normalize the orthogonal basis
to get a set of orthonormal basis vectors:

(n=1,---,N) (2.74)

u =
" floall’
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so that they satisfy < w,,, u, >= d[m — n]. Now a vector & can be expressed as:
T = Z Cnly = Z < T, Up > Up (2.75)
n n

where
Cn =< Ty Uy, >= Py, (T) (2.76)

These two equations form a unitary transform pair.
In particular, in an N-D unitary space CV a vector is an N-tuple, represented

as a column vector containing N components: = [z, - - - ,xN]T, and the space
can be spanned by a set of N orthonormal vectors {wuy, - ,un}:
N
< Uy Uy, >= Ul W, = Z Uk Tken, = O[m — 1] (2.77)
k=1

and any vector & € CV can be expressed as a linear combination of these basis

vectors:
N @
w:chun:[u1,~~ ,uny) | | =Ue (2.78)
n=1
CN
where ¢ = [c1,- -, en]? is an N-D coefficient vector containing the N coefficients,
and U = [uq, - ,uy] is a unitary matrix that satisfies
U'=U* ie, UU =UU-=1I, (2.79)
Premultiplying U ! = U* on both sides Eq.2.78, we get the coefficient vector:
U'ls=U'Uc=U'Uc=c (2.80)
Egs. 2.78 and 2.80 can be rewritten as a transform pair:
c=U"zx
2.81
{w =Uc (2:81)

Alternatively, each coefficient ¢,, in Eq.2.78 can be obtained by taking an inner
product with u,, on both sides of the equation to get:

N N N
< T, Uy >=< chun,um >= ch < Up,y Uy >= ché[m— n| = cm

n=1 n=1 n=1

(2.82)
Now the transform pair above can also be written as:
=<z, u, > =1,---,N
O S (289
T=) . U=, < T, Uy > Uy

or in component form as:

f— N 'm P— DECEEY
Tm =Y p_q Cnllnm, (m=1,---,N)
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Figure 2.4 Representations of the same vector under different bases

The two equations in Egs.2.81 (or 2.83) form a pair of discrete unitary transforms,
the first one for the forward transform while the second one for the inverse trans-
form. The computational complexity for either of them is O(N?), in comparison
to O(N?) needed in Eq.2.62 for an arbitrary basis. The reduced complexity is
certainly a main advantage of the orthogonal bases.

We see that the vector & and its coefficient vector ¢ are related by a unitary
matrix U, representing a rotation in the space. Different unitary matrices repre-
sent different rotations, each corresponding to a particular set of basis vectors,
the column (or row) vectors of matrix. Moreover, as the product of two unitary
matrices is another unitary matrix, any two orthonormal bases are also related
by a certain rotation.

The standard basis {e1,- - ,en} is obviously a special orthonormal basis:

< em, e, >=el e, =dm—n] (2.85)

These standard basis vectors form a matrix:
[1 0--- O'|
01---0
[ela"'7eN]: P . =1 (286)

00---1
As a special unitary matrix I-* = I” = I, the identity matrix corresponding
unitary transform & = Iz, an identity transform, i.e., the representation of the
vector is not changed.

Any given signal vector & can be equivalently represented by different bases
of the space, such as the standard basis, an orthogonal basis, or some arbitrary
basis, as illustrated in Fig. 2.4.

Due to the advantages of orthogonal bases, it is often desirable to convert a

given non-orthogonal basis {a1, -+ ,an} into an orthogonal basis {u1,- -+ ,un}
by the following steps of the Gram-Schmidt orthogonalization process:

® U =a
* uy; =ay— Py, a:
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0,=a,- By (a,) a2

a; =0y

Po|(az)

Figure 2.5 Gram-Schmidt orthogonalization

® U3 =asz— Pula3 — PuQag

Example 2.4: In Example 2.2, a vector = [1,2]7 in a 2-D space is represented
under a basis composed of a; = [1,0]7 and as = [-1,2]T. Now we show that
based on this basis an orthogonal basis can be constructed by the Gram-Schmidt
orthogonalization process. In this case of n = 2, we have u; = a1 = [1,0]7, and

oot [V (V]

We see that < uy,uz >=0, i.e., the new basis {u;,us} is indeed orthogonal.
Now the same vector & = [1,2]T can be represented by the new orthogonal basis

as: w_[;]_luﬁluz_{(l)h{g}

In this particular case, the two coefficients both happen to be 1, as illustrated
in Fig.2.5.

Example 2.5: (Homework) Two vectors u; = |2, 1]T /v/5 and uy = -1, 2]T /5
in R? space are orthogonal

1 _
< U, Uz >= g [2, ].] |: 21:| =0 (287)

and normalized:

1 1 1 -1
<up,up >:g[2,1] [1] =1, <uzu >:g[—1,2] { 5 } =1 (2.88)

and they can therefore be used as orthonormal basis vectors. A given vector
x = [1,2]" can be expressed as:

T = Cciul + caus (289)
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The coefficients ¢; and ¢o can now be found by the projection method above
(instead of solving a linear equation system as in the previous example):

¢ =< x,u; >= % [1,2] [ﬂ = %, Cco =< X, U >= % [1,2] [_21} = %
2.90)

Signal Representation by Standard Basis

Previously we showed that a vector & = [- -, Z,,,---|7 can be expressed by the
standard basis as:

N
T =) znen, (2.91)
n=1

and its mth component x,, of the vector as:

N N
xm:anemn:ané[m—n], (m=1,---,N) (2.92)
n=1 n=1

If we assume this vector is a representation of a discrete time signal
x[1],- -+ ,x[N], we see that the equation above is the exactly the same as Eq.1.3
shown in the previous chapter. Here e;,, = d[m — n] is the mth component of
the nth basis vector e,, which is 0 except m = n. Now we see that when a
discrete time signal is represented by a vector & under the standard basis, the
signal is actually decomposed in time in terms of a set of components z[m] each
corresponding to one particular time segment §[m — n]. While the signal rep-
resentation by the standard basis and the corresponding signal decomposition
in time seem most reasonable thing to do, we note that it is also possible, and
often beneficial, to use other bases to represent the signal and correspondingly
to decompose the signal into a set of components along some dimensions other
than time.

The concept of representing a discrete time signal z[n] by the standard basis
can be extended to the representation of a continuous time signal z(¢) (0 < ¢ <
T). To do so, we first define a function:

1/AO<t<A

2.
0 otherwise (2.93)

Sa(t) = {

from which a set of functions da (t — nA) (n=0,--- , N — 1) can be obtained by
translation in time, and they are obviously orthonormal:

< a(t —mA), 3a(t — nA) >=/5A(t—mA) Sa(t—nA)dt =0, (m+n)

(2.94)
Next, we sample the continuous time signal z(t) with a sampling interval A =
T/N to get a set of discrete samples {xg, -+ ,2n_1}, and approximate the signal
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Aoli-2]

Figure 2.6 Vector representation of an N-D space (N=3)

as:
N-1
x(t) ~ Z Tpon(t — nd) A (2.95)
n=0
Here x,,¢,,(t) represents the nth segment of the signal over the time duration
nA <t < (n+1)A, asillustrated in Fig.2.6. We see that each of these functions
0a(t —n/\) represents a certain time segment, same as the standard basis €,,, =
§[m —n] in CV. However, we note that da(t —n/\) do not form a basis that
spans the function space, as they are not complete, in the sense that they can
only approximate but not precisely represent a continuous function x(¢) in the
space. However, if we reduce the sampling interval by letting A — 0, we get the
Dirac delta at the limit:
in_]r}O Ia(t) =4(t) (2.96)
and the summation above becomes an integral, by which the function z(¢) can
be precisely represented:

2(t) = / 2(1)8(t — 7)dr (2.97)

This equation is the exactly the same as Eq. 1.6 in the previous chapter. Now
we have obtained a set of basis functions ¢, (t) = 0(t — 7) (for all 7), which are
complete as well as orthonormal, i.e., they form a standard basis of the function
space, by which any continuous signal can be represented, just as the standard
basis e,, in CV by which any discrete signal can represented.

It may seem only natural to represent a discrete or continuous time signal
by the corresponding standard basis representing a sequence of time segments,
corresponding to the decomposition of the signal into time components. How-
ever, this is not the only way or the best way to represent the signal. The time
signal can also be represented by a basis other than the standard basis, so that
the signal is decomposed along some different dimension other than time. Such
alternative way of signal representation and decomposition may be desirable, as
the signal can be more conveniently processed and analyzed, for whatever pur-
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pose of the signal processing task. This is actually the fundamental reason why
different orthogonal transforms are developed, as to be discussed in details in
future chapters.

Hilbert Space

So far we have mostly considered inner product spaces of finite dimensions.
Additional theory is needed to deal with spaces of infinite dimensions.

Definition 2.16. ® [n a metric space V' (an inner-product space with distance
d(x,y) defined), a sequence {x1,x2, -} is a Cauchy sequence if for any
€ > 0, there exists an N > 0 such that for any m,n > N, d(x,, z,) < €.

o A metric space V is complete if every Cauchy sequence {x,} in V converges
toaxeV:

lim d(xm,x) = ||z —xn|| =0 (2.98)
In other words, for any € > 0, there exists an N > 0 such that
if m> N, then, d(x,,x) <e€ (2.99)

e An inner product space that is complete is a Hilbert space, denoted by H.
o Let b, be a set of orthogonal vectors (n=1,2,---) in H, and an arbitrary
vector x is approximated in an M-D subspace by

En = caby (2.100)
n=1

If the least squares error of this approzimation ||z — || converges to zero
when m — o0, i.€.,

M
lim ||z — &a|* = lim ||z =) cnbnll> =0 (2.101)
m—0oQ m—0Q0 1

then this set of orthogonal vectors is said to be complete, called a complete
orthogonal system, and the approximation converges to the given vector:

M 0
lim > cnby = cpby =z (2.102)
meee n=1 n=1

In the following discussions, the lower and upper limits of a summation will
not always be explicitly given, as the summation may be finite (e.g., from 1 to
N) or infinite (e.g., from 1 or —oo to c0), depending on each specific case.

Theorem 2.3. Let {b,} be a complete orthonormal system in a Hilbert space
H:

< b, by, >=d[m —n] (2.103)
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Then
1. Any vector @ € H can be expressed as:

x=) <zb,>b, (2.104)

<z y>=)» <ax,by><y,b, > (2.105)

n

This is the Plancherel’s or Parseval’s theorem.

Proof: Under the basis {b,}, any € H can be written as:
=) cuby (2.106)
n

Taking an inner product with b,, on both sides we get
<z, by, >=< chbn7 by, >= ch < by, by, >= Z C7L5[m - n] =Cm
n n n

(2.107)
and we have

=) caby =) <x,by> by (2.108)

This is the generalized Fourier expansion of a vector @ in terms of basis {b,, }, and
Eq.2.107 is the generalized Fourier coefficient. Similarly, another vector y € H
can be written as:

Yy = debm = Z <Y, b, > by, (2.109)
where d,, =< y, b, >, then we have:
<x,y>=< chbn; debm >= Z Cn ng < by, b, >
= chzamé[m —n]= chan = Z <ax,b, ><y,b, > (2.110)

This completes the proof.
In particular if = y, then we have:

<z >=) lea)? =D [ <@ by > (2.111)

The coefficients ¢,, can be represented as vectors ¢ = [--- ,¢,,---]7 of finite or
infinite dimensions, and the equation above can also be written as:

2| =< 2,2 >=< ¢,e >= [|¢[]? (2.112)
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This is Parseval’s identity indicating that a signal vector & can be equivalently
represented by its Fourier coefficients with all its energy or information con-
served.

The above discussion for Hilbert space can be applied to any space such as
L?-space composed of all square integrable functions z(¢) defined over a < t < b.
Assume ¢, (t) is a set of complete orthonormal basis functions of the space:

< dm(t), Pn(t) >= /¢m(t)$n(t)dt = 6[m —n] (2.113)

then any continuous signal z(t) € L? can be represented as a generalized Fourier
expansion:

2(t) = cntn(t) (2.114)

where the ¢, is the generalized Fourier coefficient which can be found as

en =< 2(t), n(t) >= /x(t)¢n(t)dt (2.115)

and the squared norm of this function is:

l2(0)]|? =< w(t), 2(t) >= / s(OF)dt =Y Jen? = [l (2.116)

n

Unitary Transformations and Signal Representation

Linear Transformations

Definition 2.17. Let V and W be two vector spaces. A transformation is a
Sfunction or mapping T : V. — W that converts a vector & € V' to another vector
ueW.

If the transformation is invertible, then there exists an inverse transformation
T~ that converts w € W back to & € V. The transformation and the inverse are
denoted as:

Tx = u, and =T 'u (2.117)

TT~' = T7! = I is an identity operator that maps a vector to itself: TT 'u =
Tuu and T 'Tx = Iz = x.
A transformation T is linear if the following is true:

T(ax +by) = aTx + 0Ty (2.118)

for any scalars a,b € C and any vectors x,y € V.
If W =V, the linear transformation T is a linear operator.
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For example, the derivative and integral of a continuous function x(t) are linear
operators:
d
Tyx(t) = ﬁx(t) =a(t), Tx(t)= /x(T)dT (2.119)

For another example, an M by N matrix A with elements a,,, € C is a linear
transformation T4 : CN — CM that maps = € CV to y e CcM.

Tax = Ax =1y (2.120)
or in component form:
Y1 ai; @iz -+ QiN x1
Y2 a1 Q22 - Q2N X2
= . . . . (2.121)
Ynmd g ap1 ap2 - AMN D oy L8]y

If M = N, then z,y € CV, and A becomes a linear operator.
The operation of translation Tix = x + t is not a linear transformation:

Ti(ax +by) = ax + by + t # aTyx + bTy = ax + by + (a + b)t (2.122)

Definition 2.18. For a linear operator T in space V, if there is an operator T*
so that

<Tx,y>=<z,T'y > (2.123)

for any x,y € H, the T* is called the adjoint (or Hermitian adjoint) of T. If a
linear operator T' is its own adjoint, i.e.,

<Tx,y>=<x,Ty > (2.124)

then T is called a self-adjoint or Hermitian operator.

In particular, in a unitary space CV, let B = A* be the adjoint of matrix A,
then we have:

< Axz,y >=<x,By >, ie (Ax)Tg=2"ATg=2"By (2.125)

Comparing the two sides of the last equal sign, we see that AT = B, i.e., the
.. . —T . .
adjoint matrix B = A* = A" is the conjugate transpose of A:

A=A

(2.126)
A=A =A is self-adjoint, it is also called a Hermitian matriz. In particular,
when A = A is real, a self-adjoint matrix A = A* = AT is symmetric. Also note
that we have always used A" to denote the conjugate transpose of a matrix A,
but now we see that it is actually also the self-adjoint of A, and the notation T
is more generally used to denote the self-adjoint of any operator T
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In a function space, if T is the adjoint of a linear operator T, then the following
holds:

< Tx(t),y(t) >= /Ta:(t) y(t)dt = /x(t) Ty (t)dt (2.127)

If T'=1T% it is a self-adjoint or Hermitian operator.

Eigenvalue problems

Definition 2.19. If the application of an operator T to a vector x € V results
in another vector Ax € V, where A € C is a scalar:

Tx = \x (2.128)

then the scalar A is an eigenvalue of T and vector x is the corresponding eigen-
vector or eigenfunctions of T, and the equation above is called the eigenequation
of the operator T .

In a unitary space CV, an N by N matrix A is a linear operator and the
associated eigenequation is:

Ad, = \o,, (n=1,---,N) (2.129)

where A and ¢ are the eigenvalue and the corresponding eigenvector of A, respec-
tively.

In a function space, the differential operator D™ = d™/dt™ is a linear operator
with the following eigenequation:

D" et = prm est = g™ et (2.130)

where s is a complex scalar. Here the complex exponential function e’ is the

eigenfunction, and s™ is the corresponding eigenvalue. More generally, we can
write an Nth order linear constant coefficient differential equation (LCCDE) as:

N
> anDy(t) = x(t) (2.131)
n=0

where Eﬁfzo a, D™ is a linear operator that is applied to function y(t), repre-
senting the output of a linear system in response to an input x(¢). Obviously the
same complex exponential e*? is also the eigenfunction of this operator and the
corresponding eigenvalue is Y aps®.

Perhaps the most well known eigenvalue problem in physics is the Schrodinger
equation, that describes a particle in terms of its energy and the DeBroglie wave
function:

h? 02
 2m da?

+ V()| () = Hip(z) = Ep(x) (2.132)
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where

h o
2m dx?
is the Hamiltonian operator, £ is its eigenvalue representing the energy of the
particle, and ¢ (x) is the corresponding eigenfunction, also called eigenstate, rep-
resenting the wave function of the particle.

H = +V(x) (2.133)

Theorem 2.4. A self-adjoint operator has the following properties:

1. All eigenvalues are real;
2. The eigenvectors corresponding to different eigenvalues are orthogonal;
3. The family of all eigenvectors forms a complete orthogonal system.

Proof: Let A and p be two different eigenvalues of a self-adjoint operator T,
and « and y be the corresponding eigenvectors:
Te =X x, Ty=py (2.134)
As T is self-adjoint, i.e., T'=T*, we have:
<Tx,z>=<x,T'z>=<z,Tx > (2.135)
Substituting Tx = \x we get
<Ar,x >=<z, x>, ie A<z,x>=\<xT,T> (2.136)
As < x,x ># 0, we have A = ) is real. Next, consider
<Tx,y>=<z,Ty > (2.137)
Substituting Tx = Ax and Ty = py, we get
A<zyy>=p<z,y>=p<x,y> (2.138)

As X\ # pu, we have < &,y >=0, i.e., * and y are orthogonal. The proof of the
third property is omitted.

The third property tells us that the eigenvectors of a self-adjoint operator can
be used as an orthogonal basis of a vector space, so that any vector in the space
can be represented as a linear combination of these eigenvectors.

The Hamiltonian operator H in the Schrodinger equation is a self-adjoint oper-
ator with real eigenvalues £ representing different energy levels corresponding to
different eigenstates of the particle.

In an N-D space CV, if A is Hermitian matrix, then is satisfies A = A* i.e.,
AT ='A, and we have:

<Az,y>=(Ax)Tg=aTATg=a"Ag =< x, Ay > (2.139)

Let A\, and ¢, (n =1,---,N) be the eigenvalues and the corresponding eigen-
vectors of A, then its eigenequation can be written as:
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which can also be written as:

A[¢1a"' 5¢N]:[¢15"' 7¢N]Aa or AP = DA (2141)
where ® and A are two matrices defined as:
A O - 0
®=[p, .oy, A=|. . . (2.142)
00 - Ay

As A is a self-adjoint operator, its eigenvalues \,, are real, and their correspond-
ing eigenvectors ¢,, are orthogonal:

< Py by >= O b, = 6[m —n] (2.143)

and they form a complete orthogonal system to span the N-D unitary space.
Also ® a unitary matrix satisfying:

P=1 or & =! (2.144)

The eigenequation in Eq.2.141 can also be written in some other useful forms.
First, pre-multiplying both sides of the equation by ® ' = ®*, we get:

P AP =PAD = A (2.145)

i.e., the matrix A can be diagonalized by ®. Alternatively, if we post-multiply
both sides of Eq.2.141 by ®*, we get:

MO -2 0 o
0 X 0| |3

N
A:@A@*:[¢1,¢2,"' 7¢N] :Z)\ngbngb;
n=1

00 - vl Loy
(2.146)

i.e., the matrix A can be series expanded to become a linear combination of N
eigen-matrices ¢, @, .

Eigenvectors of D? as Fourier Basis

Here we consider a particular example of the self-adjoint operators, the second-
order differential operator D? = d?/dt? in the function space, which is of impor-
tant significance as its orthogonal eigenfunctions form the basis used in the
Fourier transform.

First we show that D? is indeed a self-adjoint operator:

< D%x(t),y(t) >=< z(t), D*y(t) > (2.147)

where z(t) and y(¢) are two functions defined over a certain time interval such
as [0,T] or [-T/2,T/2], and D?z(t) = #(t) is the second derivative of function
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x(t). Using integration by parts, we can show that this equation does hold:

T T
< Da(t).y(t) > = / (gt = #0)7()|7 - / ()7t

T
— s(g0)|” - 2707 + / w(OF(#)dt =< (1), D2y(t) >
(2.148)

Here we assume all functions satisfy x(0) = «(T), #(0) = (T), so that

[E()7(t) — (51|, =0 (2.149)

Next, we proceed to find the eigenvalues and eigenfunctions of D? by solving
this equation:

{ D2(t) = A(t), ie. G(t) = Ap(t) =0 (2.150)
subject to:  ¢(0) = o(T),  ¢#(0) = &(T)

We consider the following three cases:

1. A=0:

The equation becomes ¢(t) =0 with solution ¢(t) = ¢1t + co. Substituting
this ¢(t) into the boundary condition, we have:

d)(O) = Cy = gﬁ(T) = ClT + 2 (2151)

We get ¢; =0 and ¢(t) = cq, i.e., the eigenfunction corresponding to A = 0 is
any constant.

2. 2> 0:
We assume ¢(t) = et and substitute it into the equation to get

(s> =Net =0, ie s=+VA (2.152)

The solution is ¢(t) = ¢ etVAL, Substituting this into the boundary condition,
we have:

$(0) = ¢ = ¢(T) = c VT (2.153)
Obviously the equation holds only if A = 0, which is the same as the previous
case.
3.A<0:
We assume A = —w?, i.e., VA = +jw, and the solution is

o(t) = c e = ¢ eFIt (2.154)
Substituting this into the boundary condition, we have:
$0) =c=¢(T)=ceT, ie eI =1 (2.155)

which can be solved to get

2k
wT = 2km, ie. w= Tﬂ = 2knfo = kwo, (k=0,+1,42,---) (2.156)
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where we have defined
2

1
fOZTa wo=2ﬂf0=? (2.157)
Now the solution is
Gn(t) = c e2m/T = ¢ etinwo  (n =0, 41,42,---) (2.158)

which includes the solution ¢(t) = ¢ corresponding to the zero eigenvalue A =
0.

Summarizing the above, we see that the self-adjoint operator D? has infinitely
many eigenvalues each corresponding to a different eigenfunction ¢, (t):

D¢, (t) = j—;%(t) = Mn(t), (n=0,%£1,42,---) (2.159)

where the nth eigenvalue is
An = —(nwg)? = —(2n7/T)? (2.160)
and the corresponding eigenfunction is:
P (t) = 2t/ T = ei2nmfot — ginwot (2.161)
all of which are periodic with period T':
Gn(t +T) = 22 UHD/T — oi2nmt/T oj2nm —_ g (1) (2.162)

Here, the Oth eigenfunction ¢ (t) = ¢ is a zero-frequency constant, the first eigen-
function

P1(t) = eIwot = I2mIol — cos(27 fot) + j sin(2m fot) (2.163)

is a combination of two sinusoids of frequency fo = 1/T or angular frequency
wo = 2w fo = 27/T, called fundamental frequency, and the nth (Jn| > 1) eigen-
function

b (t) = "0t = I2nThol — cos(2nm fot) + j sin(2n7 fot) (2.164)

is a combination of two sinusoids of frequency n fy or angular frequency nwg, n
times the fundamental frequency.

These eigenvalues and their corresponding eigenfunctions have the following
properties:

e All eigenvalues are discrete, there is a gap between two consecutive eigenval-
ues:

Adn = Ant1 — An (2.165)

e All eigenfunctions are also discrete with a frequency gap between two consec-
utive eigenfunctions:

wo = 27Tf0 = 27T/T (2.166)



54

Chapter 2. Vector Spaces and Signal Representation

e All eigenfunctions ¢,,(t) are periodic with period T
¢n(t + T) _ ej2n7r(t+T)/T _ eanﬂ-t/Teijr _ 6j2n7rt/T _ ¢n(t) (2167)

According to the properties of self-adjoint operators discussed above, the eigen-
functions ¢y, (t) of D? form a complete orthogonal system. The orthogonality can
be easily verified:

T T
< d)m(t)ad)n(t) = / ejmwotefjnwotdt _ / ejQW(mfn)t/Tdt
0

0
T T .
2 (m —n)t ) . 2m(m —n)t Tifm=
= o )dt — = )dt = 2.1
/Ocos( T ) +j/0 sin( T ) Om;«énF 68)
We could redefine
1 . 1
t) = _eJQTLTrt/T — _ejQTLTrfot 2.169
these eigenfunctions become orthonormal:
Lt
< Om(0),6n(t) >= / P2 m=mT gy 5T ] (2.170)
0

This is actually Eq.1.27.

As a complete orthogonal system, these orthogonal eigenfunctions form a basis
to span the function space over [0, 7], i.e., all periodic functions xz¢(t) = zr(t +
T) can be represented as a linear combination of these basis functions:

o0 [o¢] [o¢]
er(t) = Y Xngu(t) = D Xpe? ™0l = 3" X, elm0 (2.171)
n=-—00 n=-—00 n=-—00
where X, (n=0,%1,£2,---) are the coefficients. This is the Fourier expansion
(no longer in the generalized sense as before), to be discussed in detail in the
next chapter.

So far we have only focused on periodic functions, but what about non-periodic
functions? What kind of basis functions can be used to represent a non-periodic
function? To address this question, we increase the period T', and note that at the
limit 7" — oo a periodic function z7(t) will become non-periodic. At the limit,
the following also take place:

e The discrete variables nwy = 2nm/T (n =0,+1,£2,---) becomes a continu-
ous variable —oo < w < o0;

e The gap between two consecutive eigenvalues becomes zero, i.e., A\, — 0, the
discrete eigenvalues \,, = —(2n7/T)? become a continuous eigenvalue function
A= —w?

e The frequency gap wy between two consecutive eigenfunctions becomes zero,
the discrete eigenfunctions ¢, (t) = e/2"™/T (n =0,41,42,---) become a
uncountable set of non-periodic eigenfunctions ¢(t, f) = e/2™/* for all —oco <
f <o
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We see that the same self-adjoint operator D? is now defined over a different
interval (—oo,00) and correspondingly its eigenfunctions ¢(t) = @t = ei27/t
form a complete orthogonal system that spans the function space of all non-
periodic functions, i.e., each non-periodic function x(t) can be represented as a
linear combination of these basis functions:

o) = [ Xt s = [ x(pereras (2.172)

The condition for this integral to converge is X (f) is square integrable. This is
the Fourier transform, to be discussed in detail in the next chapter.

Unitary Transformations

Definition 2.20. If a linear transformation T :' V — W conserves inner prod-
ucts:

<Tx, Ty >=<x,y > (2.173)

then it is called a unitary transformation. In particularly, if V is real with sym-
metric inner product < x,y >=<y,x >, then U is an orthogonal transforma-
tion.

Theorem 2.5. A linear transformation T is unitary if and only if its adjoint
T* is equal to its inverse T~1:

T"=T7"' ie TT=TT"=I (2.174)

Proof: According to Eq.2.173, a unitary operator T satisfies:
<Tx,Ty >=<x,y > (2.175)
If we let Ty = z, i.e., y = T~ 'z, then the above becomes:
<Tx,z>=<z,T '2> (2.176)

i.e., 7' = T*. On the other hand, given T* = T~!, we can immediately derive
Eq.2.175 from Eq.2.176. This completes the proof. Because of this theorem,
Eq.2.174 can also be used as an alternative definition of unitary operator.

Based on Eq.2.174 in the definition of a unitary transformation, we can imme-
diately conclude that:

1. A unitary transformation preserves any measurements based on the inner
product, such as the norm of a vector, the distance and angle between two
vectors, and the projection of one on the other.

2. Parseval’s identity holds for any unitary transformation ¢ = Ux:

lle|> = |Uz||? =< Uz, Ux >=< z,z >= ||z||? (2.177)
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3. A unitary transformation can be interpreted as a rotation R: V — V in the
vector space. 2

4. A unitary transformation, a rotation, of an orthonormal basis {b,,} spanning
a vector space is another orthonormal basis {Ub,,} spanning the same space:

< Uby,,Ub,, >=< by,, b, >= §[m — n] (2.178)

A unitary transformation can be used for signal representation. Any given
signal (either continuous or discrete) can be considered as a vector @ in a proper
vector space, represented under a certain basis. Then a unitary transformation
U can be applied:

7710 T
{c—U z=U'z (2.179)

x=Uc

where the first equation is the forward transformation that maps the signal vector
x to a coefficient vector ¢, and the second equation is the inverse transformation
that reconstructs the signal from the coefficients. Here U1 = U* (Eq. 2.174)
is the inverse transformation of U, and as Uc = UU 'z = Iz = x, we see that
UU~! = I is an identity operator.

The unitary transformation finds many applications in a wide variety of areas
where a large quantity of signal/data needs to be processed, analyzed, and/or
compressed. The motivation is to represent the signal in some suitable way so
that all these operations can be carried out effectively and easily. Here we first
high light some of the most general and fundamental ideas, which will be dis-
cussed in details in the following chapters for various specific methods.

e FEither a continuous signal or a discrete signal is always given initially as a
time function, which can be considered as a linear combination of a set of
weighted and shifted impulses, in the form of a vector @ represented by the
standard basis of the vector space.

e The signal vector can be alternatively represented by any of the infinitely
many orthogonal bases obtained by applying a specific rotation, a unitary
transformation, to the standard basis.

e The signal vector is always represented as a set of coefficients of the basis
being used, either the standard basis implicitly used before the unitary trans-
formation, or some basis obtained by rotating the standard basis after the
transformation.

e All of these different representations of the same signal are equivalent
in the sense that the vector norm, representing the total amount of
energy/information contained in the signal, is preserved by the unitary trans-
formations, due to Parseval’s identity.

2 Strictly speaking, a unitary transformation may also correspond to other norm-preserving
operations such as reflection and inversion, we here treat all such operations as rotations in
the general sense.
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e Depending on the specific signal processing task at hand, a proper transfor-
mation most suitable can be used.

Unitary Transformations in N-D Space

We consider specifically the unitary transformation in the N-D unitary space
CV, where a linear transformation from vector & to another vector y is realized
as a matrix multiplication y = Ax by an N by N matrix A. If we further assume
this is linear transformation preserves inner products, then it is unitary and the
corresponding matrix is called a unitary matrix.

Definition 2.21. A matriz U is unitary if it preserves inner products:
<Uzx, Uy >=<x,y > (2.180)
Theorem 2.6. A matriz U is unitary if and only if UTU = I, i.e., the following

two statements are equivalent:

(a) <Ux, Uy >=<x,y > (2.181)
b U'U=UU"=1, ie, U'=U" (2.182)

Proof: We first show if (b) then (a):
<Uz, Uy >= (Ux) Uy =2"U"Uyg=a"Iy=<z,y > (2.183)
Next we show if (a) then (b):
<Uz,Ux>=<z,xz>, ie, (Uzx)Uzx=z"U'Uz=z"2 (2.184)
The second equation can be written as:
(UU-Dx=0 (2.185)

Since x is an arbitrary vector, we must have U'U — I = 0, i.e., U'U = I. Post-
multiplying this equation by U™!, we get U* = U~!. Premultiplying this new
equation by U, we get UU" = I. This completes the proof.

As (a) or (b) in the theorem are equivalent, either of them can be used as the
definition of a unitary matrix. If a unitary matrix U = U is real, i.e., U ' = U7,
then it is called an orthogonal matriz.

A unitary matrix U has the following properties:

e Unitary transformation Ux conserves vector norm, i.e., ||[Uz|| = ||z|| for any
xeCV,;
e All eigenvalues {\1, -+, An} of U have an absolute value of 1: |\;| =1, i.e.,

they lie on the unit circle in the complex plain.
e The determinant of U has an absolute value of 1: |det(U)| = 1. This can be
casily seen as det(U) = [[2_; A
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Figure 2.7 Rotation of vectors and bases

Previously in Eq.2.81 we showed that any x € CV can be represented in
terms of a set of orthonormal basis vectors that form a unitary matrix U =
[ula o 7uN]:

c=U"z

{ v —Uc (2.186)
We realize this is actually the special case of the unitary transformation in
Eq.2.179. Specifically here a discrete signal vector = = [z1, -+ ,zn]T, origi-
nally given under the implicit standard basis I = [e1, -, en]|’ is converted
to another vector ¢ = [c1,- -+ ,cn|? representing the coefficients of a new basis

U = [ul,--- ,UN]T.
Also note that the property ||z||? = ||[Uz||? = ||c||? is actually Parseval’s iden-

tity in C", indicating that a unitary transformation U*x = ¢ or Uec = x always
conserves the vector norm, which representing the signal energy or information.
This unitary transformation can be considered as a rotation of the standard basis
I to become another basis U.

A unitary transformation can be considered as a rotation in the N-D unitary
space C", by which the vector norm is obviously conserved. Let {a,} be a basis
(not necessarily orthogonal) of the space, then any vector & can be represented
in terms of a set of coefficients {c, }:

N
=Y cnan (2.187)
n=1

Rotating this vector by a unitary matrix U, we get a new vector:

N N N
y=Uzxz=U [Z cnan] = Z cUa, = Z cnan, (2.188)
n=1

n=1 n=1
This equation indicates that the rotated vector y can still be represented by the

same set of coefficients {c,}, if the basis {a,} is also rotated the same way to
become a’,, = Ua,, as illustrated in Fig.2.7(a).
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Figure 2.8 Rotation of coordinate system

Under the original basis {a,, }, the rotated vector y can be represented in terms
of a set of new coefficients {d,, }:

N d
y=> dnan=lar, -, ay] | : (2.189)
n=1 d
N
The N new coefficients d,, can be obtained by solving this linear equation system
with N equations (with O(N?3) complexity).
On the other hand, if we rotate y in the opposite direction by the inverse
matrix U~' = U*, of course we get  back:

N N N
Uly=U" lz dnan] =Y dU 'an=>» dub, (2.190)
n=1 n=1 n=1

where b,, = U 'a,, = U*a,, is a new basis obtained by rotating {a,,} in the
opposite direction. Now we have:

P, (y) =<y,a, >=<Uwx,a, >=<z,U%a, >=<z,b, >= P () (2.191)

We see that the projection of the new vector y = Ux onto the old basis a,, is the
same as the projection of old vector @ onto the new basis b, = U 'a. In other
words, a rotation of the vector is equivalent to a rotation in the opposite direction
of the basis, as one would intuitively expect. This is illustrated in Fig.2.7(b). A
rotation in an N = 3 dimensional space is illustrated in Fig.2.8.

Example 2.6: Consider two orthonormal basis vectors that span a 2-D space:

alzé[\ﬂ, agzé b%] (2.192)
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Under this basis a given vector & = [1, 2|7 can be expressed as:

x = [;] = cra; + a0 = %1 [\gﬂ + %2 [\_/ﬂ (2.193)

where the two coefficients ¢; and c¢o can be obtained as the projection of « onto
a; and as, respectively:

1 I 2
o =<za; >=x"a; = =[1, 2| V3 :\/§+
2 |1 2
1 [—1]  2v3-1
T
o= < >=atar = 02| 5] - 25 (2.19)
A counter clockwise rotation of 6 = 30° is represented by a matrix:
cos —sinf] 1[+/3 -1
= = — 2.1
R Lin@ cos | 2|1 \/ﬂ (2.195)
Pre-multiplied by this matrix,  will be rotated to become:
1[V3-1][1] 1[V3-2
—Re_ 1L _ - 2.1
y=Re 2{1 \/§] _2] 2[2\/§+1] (2.196)

This rotated vector y can be represented under the same basis {a1, a2} by two
new coefficients:

di =<y,aq >=%[\/_—2, 2\/§+1] [\/ﬂ =1

1
dy = < y,ay >:i[\/§—2, 2\/§+1][\_/ﬂ =2 (2.197)

On the other hand, the basis {a;, a2} can be rotated in the opposite direction
—0 = —30° represented by:

R'=R" = % {f \}g] (2.198)
to become:
w315 ][] )] -
by = R'a, = i [f \}g} {\_/%] = m =e (2.199)

Under this new basis {by, b2} (which turns out to be the standard basis), the
vector @ is expressed as:

x— [;] — &by + dybs = 1by + 2bs (2.200)

We see that d} =dy =1 and d), = da = 2, in other words, the representation
{dy,d2} of the rotated vector y under the original basis {a1, a2} is equivalent to
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x=2al + a2 x=247 b1 + 0.35 b2
a2 -
b2 .
b1
al
x=[2,1] x=[2.47, 0.35]

Figure 2.9 Rotation of a basis

the representation {d}, d5} of the original vector & under the inversely rotated
basis {by, b2 }.

Example 2.7: In Example 2.2, a vector = = [1, 2|7 = le; + 2e, is represented

under a different basis a; = [1,0]7 and as = [-1,2]7 as
1 -1 1
w—1a1+2a2—2{0}+1[2]—{2} (2.201)

This basis {a1, a2} can be rotated by 6§ = 45° with the rotation matrix:

cosf —sind 1-1
R= Lin& cos&} = 0.707 {1 1] (2.202)

to become a new basis {by, b2 }:

1 1 -1 -3
bl—Ral—R|:0:|—0.7O7 |:1:|, bQ—Rag—R|:2:|—O.7O7|: 1

(2.203)
Under this new basis, @ can be represented as:

1 -3 1-31[¢ 1
x = by + chby = ¢, 0.707 L} +ch 0.707 [ J =0.707 [1 J [Cé] = 2}

(2.204)
Solving this we get ¢} = 2.47 and ¢}, = 0.35, i.e., x = 2.47b; + 0.35b2. (Note that
in this case the coefficients ¢j and ¢}, cannot be found as the projections of x
onto the basis vectors, as they are not orthonormal.) To conclude, we see that
the same vector & can be equivalently represented by different bases:

x = le; +2e; =2a;1 + lay = 2.47b; + 0.35by (2.205)
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Projection Theorem and Signal Approximation

Projection Theorem and Pseudo-Inverse

A signal in a high dimensional space (possibly infinite dimensional) may need
to be approximated in a lower dimensional subspace, for various reasons such as
computational complexity reduction and data compression. Although all basis
vectors are necessary to represent any given vector in a vector space, it is still
possible to approximate the vector in a subspace if error is allowed. Also, a
continuous function may not be accurately representable in a finite dimensional
space, but it may still be desirable to approximate the function in such a space.
The issue in such approximation is how to minimize the error.

Let V' be an N-D Hilbert space, and U C V' be an M-D subspace spanned by
a set of M N-D basis vectors {a1, -+ ,an} (not necessarily orthogonal), and
assume a given vector & € V is approximated by a vector & € U:

M
=) cnan (2.206)
n=1
An error vector is defined as
M
i:w—ﬁ::x—chan (2.207)
n=1
The least squares error of the approximation is defined as:
=zl =< &, % > (2.208)
The goal is to find a set of coefficients {c1, -+ ,car} so that the error £ is mini-

mized. The following projection theorem will address this issue.

Theorem 2.7. (The projection theorem) The least squares error € = ||Z||? of
the approzimation by equation 2.206 is minimized if and only if the error vector
T =ax — & is orthogonal to the subspace U :

E1LU, e, &Lla, (n=1,---,M) (2.209)

Proof: Let & and &’ be two vectors both in the subspace U, where & is
arbitrary but & is the projection of & onto U, i.e., (x — &)LU. As & — &'
also a vector in U, we have (x — ) L(& — 2'), ie, <z —&, £ —2& >=0. Now

. . . . . ~/
consider the approximation error associated with &':

is

|z —&|? = [le - & +& - 2|
=|lz-2|P+<z-2 -2 >+<z-2, z—2>+|2 - &
= ||z —z|*+ ||z - 2|2 (2.210)

We see that the error ||z — || associated with &' is always greater than the
error ||z — &||? associated with &, unless &' = &. In other words, the error is
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Figure 2.10 Projection theorem

minimized if and only if the approximation is &, the projection of @ onto the
subspace U. This completes the proof.

This theorem can be understood intuitively as shown in Fig.2.10, where a
vector  in a 3-D space is approximated by a vector & in a 2-D subspace
& = c1a1 + ceaz. The error vector ¢ = ||z — 2||? is indeed minimum if z — &
is orthogonal to the 2-D plane spanned by the basis vectors a; and as, as any
other vector #' in this plane would be associated with a larger error. In other
words, the optimal approximation & is the projection of  onto the subspace U.
This theorem can be generalized to any inner product space.

The coefficients ¢,, corresponding to the optimal approximation can be found
based on the projection theorem, which states that the minimum error vector &
has to be orthogonal to each of the basis vectors that span the subspace U:

M
< T,y >=<T — Z CnQy, Qo >
n=1
M
=<z,an > _ch < Qp, Ay >=0, (m= 1,--- ,]\/[) (2.211)
n=1
ie.
M
< x,an >:ch<an,am >, (m=1,---,M) (2.212)
n=1

These equations can be rewritten in matrix form:

<xT,a; > <ai,ar > - <apy,a > &1

<x,ap > <ai,ap >--- < ap,ap >

Mxm LEmd g
(2.213)

Mx1
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Solving this system of M equations and M unknowns, we get the optimal coef-
ficients. The computational complexity for solving this linear system is O(M?).
In particular, if the basis vectors are orthogonal < a,,, a, >= 0 for all m # n,
then all off-diagonal components of the M by M matrix in the equation above
are zero, and each of the coefficients can be obtained independently:
<z, a, > <z,a, >
C?’L = = 2
< ap,@n > [lan]]

. (n=1,---, M) (2.214)

Now the complexity for finding the m coefficients is O(M?), and the vector x
can approximated as:

M M <z, ap > M
T = chan = Z ————an = Zpa” (x) (2.215)
n=1 n=1 ||an|| n=1

We see that @ is the vector sum of the projections of & onto each of the basis
vectors a, (n=1,---, M) of the subspace U. Moreover, if all basis vectors are
are orthonormal < @,,a, >= d[m —n], i.e., ||a,||> =1, then the coefficients
become:

cn =< T,a, >, (n=1,---,M) (2.216)

and the approximation becomes:

M M
= Z CnQy = Z <xT,a, > a, (2.217)
n=1 n=1

The results above for a finite dimensional space can be generalized to an infinite
dimensional Hilbert space H, where a vector @ € H can be approximated in a
finite M-D subspace:

M
ﬁ:M = E Cnbn
n=1

where b, is a set of orthogonal basis vectors. We want to find the coefficients ¢,
corresponding to the minimum error. According to the projection theorem, the
approximation error is minimized if the error vector is orthogonal to the M-D
subspace spanned by b, (m=1,---,M):

(d)—ﬁ?)J_bm, (m:]-avM)

ie.,

M M
< (x — &), by, >=< (z — chbn),bm >=<x, b, > — ch < by, b >
n=1

n=1

M
=<uzb, > —ché[m—n] =<x,b,, >—¢, =0
n=1
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We see that the coefficients ¢,, corresponding to minimum error can be obtained
as the projection of  onto the basis vectors b,,:

Ccn =< x,b, >, (n=1,---,M) (2.218)
Now the approximation error becomes:

| —2p|]? =<x,2>— <@ @y >— < &pr, x>+ < Tag, Ear >

M M M
=zl =D <@ by >T =Y en <by, x>+ |en
n=1 n=1 n=1

M
=|l&|]* =Y leal* > 0
n=1

In a Hilbert space, the sequence xj; converges when M — oo:

M 0
Jim @y = lim D enbp=> cnbp==z (2.219)
n=1 n=1
ie.,
o0
lim ||z — Zup|” = ||z — > cabul* =0 (2.220)
m—0oQ0
n=1
This is Parseval’s equality:
o0
] = leal? (2.221)
n=1
Consider specifically a unitary space CV spanned by a basis {a1,--- ,ax} (not
necessarily orthogonal). We want to express a given vector & = [z1,---,2x]7 in
an M-D subspace spanned by the first M basis vectors a,, n =1,--- , M as:
C1
M co
w:chan:[al,--- oMl | = Ac (2.222)
n=1 :
M 1 prsa
This equation system is over-determined with only M unknowns {ci,---,car}

but IV equations, i.e., A is an N by M non-square matrix and is non-invertible,
therefore the system has no solution in general, indicating the impossibility of
representing an N-D vector in an M-D subspace. However, based on the pro-
jection theorem, we can still find an approximate solution by solving Eq.2.213.
In this unitary space, the inner products in the equation become dot products
<z,a, >=a,x and < a,,a, >= a,,a,, and Eq. 2.213 can be written as:

A*x = A" Ac (2.223)

where A*A is an M by M square matrix and therefore invertible. Premultiplying
its inverse (AT A)~! on both sides, we can solve the over-determined equation
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system to obtain the optimal coefficient corresponding to the minimum least
square error:

c=(A"A) A"z =A< (2.224)
where
A =(A"A) A (2.225)

is an M by N matrix, known as the generalized inverse or pseudo-inverse of the
N by M matrix A, and we have: A~ A = I. The pseudo-inverse in Eq.2.225 is
for the case where A has more columns than rows (M < N in this case). If A
has more rows than columns (M > N in this case), the pseudo-inverse becomes:

A = A"(AAY)! (2.226)

If all N dimensions basis vectors can be used, then A becomes an N by N square
matrix and the pseudo-inverse becomes the regular inverse:

A =A1A A=A (2.227)
and the coefficients can be found simply by:

c=Az (2.228)

Example 2.8: Consider a 3-D Euclidean space R?® spanned by a set of three
linearly independent vectors:

1
a; = 0 s as = 1 s as =
0 0

We want to find two coefficients ¢; and ¢y so that a given vector & = [1,2,3]7
can be optimally approximated as & = cya1 + coas in the 2-D subspace spanned
by a1 and as. First we construct a matrix composed of a; and as:

11
A:[al,ag]: 01
00

Next we find the pseudo inverse of A:

A =(ATA) AT = [1 - 0}

0 10

=[]

The two coefficients can then be obtained as:

fal . [1-10
=[] o=l
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The optimal approximation is therefore

1 1 1
r=cia;+cay=—1|0|+2|1]| =12
0 0 0

which is indeed the projection of & = [1,2, 3] onto the 2-D subspace spanned
by a; and as.
Alternatively if we want to approximate & by as and a3 as & = coas + c3as,

we have:
11
_ 1(11-2
A—[(Ig,a3]— 11 s A —§|:00 2:|
01
and
15 1 M1 1.5
c=Aa::[ .:|, r=coas+cza3=—15|1|+3|1| =115
3 0 1 3

If all three basis vectors can be used, then the coefficients can be found as:

1-1 0 1 -1
c=A"'z=a,az,a3) ' =0 1-1||2]|=|-1
0 0 1 3 | 3
and x can be precisely represented as:
1
T =ciay + coas +c3a3 = Ae= |2
3

Signal Approximation

As shown before, a signal, either continuous or discrete, can be considered as a
vector in an inner product space, and represented by a set of coefficients with
respect to a specific basis that spans the space. As the space can also be spanned
by different bases, the signal can be equivalently represented by different sets of
coefficients each for one particular basis. Moreover, in an N-D vector space, any
two orthonormal bases are related by a rotation, and correspondingly the two sets
of coeflicients for the same signal vector are related by an unitary transformation
representing the rotation between the two bases.

Although different bases are equivalent in terms of representing the entire
signal, they may differ drastically in term of what aspect of the signal each of
the coefficients represents. Sometimes certain advantages can be gained from one
particular basis compared to another, depending on the specific application. In
the following we consider two simple examples to illustrate such issues.
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Example 2.9: Given a signal z(t) = ¢ defined over 0 < t < 2 (undefined outside
the range), we want to optimally approximate it in a subspace spanned by two

basis functions e (t) and ex(t):
i‘(t) = clel(t) + Cgeg(ﬁ)

where e;(t) and es(t) are defined as:

o [L0st<1 - 00st<t
AT o1<t<2 YT 1<t <2

These two basis functions are obviously orthonormal:

2
< el(t), eg(t) >= /0 ei(t)ej(t)dt = (5[1 — j]

Following the projection theorem, the coefficients ¢; and co can be found by

solving these two simultaneous equations:

2 2 2

o /O ex(t)es (B)dt + o /0 ex(t)es (£)dt = /O 2(t)es (B)dt
2 2 2

o /O ex(t)ea(t)dt + o /0 ex(t)es(t)dt = /O 2(t)es(b)dt

As e1(t) and es(t) are orthonormal, the above becomes

c1:/OQa:(t)el(t)dtz/Oltdt:OB, cQz/OQx(t)eQ(t)dt:/l

tdt=1.5

(2.229)

i.e., the two coefficients ¢; and ¢y can be obtained independently as the projec-
tions of () onto each of the basis functions. Now the signal can be approximated

as:

05 0<t<1

@a)—05q@)+15®@)—{15 1<t<?2

(2.230)

Next, consider approximating this signal x(¢) by two different basis functions

u1(t) and us(t) that span the same subspace:

iﬁ(t) = dlul(t) + dQUQ(t)

where
UM:%:%MWﬂW
us(t) = 1/vV2,0<t <1 1

—1/V2,1<t<2 = E[el(t) —ea(t)]

As these two basis functions are also orthonormal:

2
<uw®) >= [CuluOd=di-i (=12

(2.231)
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Figure 2.11 Approximation of a signal by different basis functions

the two coeflicients d; and dy can be obtained independently as:

2
m:Ax@m@ﬁ:ﬂ

d2 = AQ l’(t)’LLQ(t)dt = —%

The approximation is:

050<t<1
15, 1<t<?2

ﬁ@)—‘V§u1@)—»i%u2@)—’{

The two approximations happen to be identical as shown in Fig.2.11.

We can make the following observations:

69

(2.233)

(2.234)

(2.235)

e The first basis {e1(t),ea(t)} is the standard basis that represents the signal
z(t) in time domain, the two coefficients ¢; and ¢z are simply two time samples

of z(t).

e The second basis {u1(t), uz(t)} represents the signal x(t) in a totally different
way. The first coefficient dy represents the average of the signal (0 frequency),

while the second coefficient ds represents the variation of the signal in terms of
the difference between the first half and the second. (In fact they correspond to
the first two frequency components in several orthogonal transforms, including

the discrete Fourier transform, discrete cosine transform, Walsh-Hadamard

transform, etc.)
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I

1
2=(0, 1) 1~
T SV d1=1.414
P #
~ s
~ ’
<
N u1=(0.7,0.7)
d2=0.707 >,

u2=(0.7, 0.7)
Figure 2.12 Representation of a signal vector under two different bases

e The second basis {ui(t),u2(t)} is a rotated version of the first basis
{e1(t), e2(t)}, and naturally they produce the same approximation Z(¢). Con-
sequently, the two sets of coefficients {c1,co} and {d;,d2} are related by an

orthogonal matrix representing the rotation by an angle § = —45°:
d] [ cosOsind] [e2]  [V2/2-V2/2][1/2] [-1/V2
di| | —sinfcosb| |1 | \/5/2 \/5/2 3/2] V2

(2.236)

Example 2.10: The temperature is measured every 3 hours to obtain 8 samples
for one particular day as shown below:

Time (hours) 0 3 6 9 12 15 18 21

Temperature (F) | 65 60 65 70 75 80 75 70
These time samples can be considered as a vector = = [z, - ,x5]T =
[65, 60, 65,70, 75,80,75,70]7 in an 8-D vector space, where the nth element z,, is
the coefficient for the nth standard basis vector e, = [0,---,0,1,0,---,0]T (all

elements are zero except the nth one), i.e.,

8
xr = E Tp€n

n=1

e This 8-D signal vector « can be approximated as & = ¢;b; in a 1-D subspace
spanned by by = [1,1,1,1,1,1,1,1]7. Here the coefficient can be obtained as:

<ax,b > 560

L s )
AT bbb > 8
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which represents the average or DC component of the daily temperature. The
approximation is:

& = c1by = [70,70,70,70,70,70,70,70]"

The error vector is & = ¢ — & = [-5,—10,—5,0,5,10,5,0]7 and the error is
l|Z]> = 300.

e The signal can be better approximated in a 2-D subspace spanned by b; and
by =[1,1,1,1,—1,—1,—1,—1]%. As by is orthogonal to by, its coefficients co
can be found independently as

<w,b2> —40
62:7:—:—5
<b2,b2> 8

which represents the temperature difference between morning and afternoon.
The approximation is:

& = c1by + cabo = [65.65, 65,65, 75, 75,75, 75|

The error vector is & =x —& = [0,—5,0,5,0,5,0,—5]7 and the error is
l|Z]> = 100.

e The approximation can be further improved if a third basis vector bz =
1,1,-1,-1,—1,-1,1,1]7 is added. Note that all three basis vectors are
orthogonal to each other. The coefficient ¢3 can also be independently obtained
as

< x,bz > —20
3= ——"""—=— =

= = —2.5
< b3,b3 > 8

which represents the temperature difference between day-time and night-time.
The approximation can be expressed as:

& = c1by + cabo + c3by = [62.5,62,5,67.5,67.5,77.5,77.5,72.5, 72.5] T

The error vector is & = x — & = [2.5, 2.5, —2.5,2.5, —2.5,2.5,2.5, —2.5]7 and
the error is ||Z|[? = 50.

We can make the following observations:

e The original 8-D signal vector & can be approximated by k basis vectors
spanning a k-D subspace 1 < k < 8. As more basis vectors are included in the
approximation, the error becomes progressively smaller.

e A typical signal contains both slow-varying or low-frequency components
and fast-varying or high-frequency components, and the former contain more
energy compared to the latter. In order to reduce error when approximating
the signal, low-frequency basis functions should be considered first.

® When progressively more basis functions representing more details or subtle
variations in the signal are added in the signal approximation, their coefficients
are likely to be smaller compared to those for the slow-varying basis functions,
they are more likely to be affected by noise such as some random fluctuation,
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therefore they are less significant and could be neglected (filtered out) without
losing much essential information.

e In fact, the above three basis vectors by, bo and bz are the first three basis
vectors of the sequency-ordered Hadamard transform to be discussed in a later
chapter.

Frames and Biorthogonal Bases

Frames

Previously we considered the representation of a signal vector & € H as some
linear combination of an orthogonal basis {u, } that spans the space:

T = Z Cnlly, = Z <xT,Up > Uy (2.237)
n n

and Parseval’s identity ||z||? = ||c||? indicates that z is equivalently represented
by the coefficients ¢ without any redundancy. However, sometimes it may not be
easy or even possible to identify a set of linearly independent basis vectors in the
space. In such cases we could still consider representing a signal vector x by a
set of vectors { f,,} which are not linearly independent and therefore do not form
a basis of the space. A main issue though is the redundancy that exists among
such a set of vectors. For example, as it is now possible to find a set of coefficients
dy, so that > d,f, =0, an immediate consequence is that the representation
is not unique:

T=> cafn=> cafut Y dufn=> (ca+dn)f, (2.238)
n n n n
The consequence of the redundancy issue is that Parseval’s identify no longer
holds. The energy contained in the coefficients ||c||?> may be either higher or
lower then the actual energy ||z||? in the signal. We obviously need to develop
some theory to address this issue when using non-independent vectors for signal
representation.
First, in order for the expansion @ =) ¢, f, to be a precise representation
of the signal vector « in terms of a set of coefficients ¢,, =< x, f,, >, we need to
guarantee that for any vectors @,y € H, the following always holds:

<z f,>=<y, f,> iff x=y (2.239)

Moreover, these representations also need to be stable in the following two
aspects.

e Stable representation:
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If the difference between two vectors is small, the difference between their
corresponding coefficients should also be small:

if [lo—yl>—0, then Y |<af,>-<y f,>—0
n

ie.,
dl<a f,>—<y,f, > <Bllz -yl

where 0 < B < oo is a positive real constant which could be either greater or
smaller than 1. In particular if y = 0 and therefore < y, f,, >= 0, we have:

S l<a f,> < Bl (2.240)

e Stable reconstruction:
If the difference between two sets of coefficients is small, the difference between
the reconstructed vectors should also be small:

if Z|<w7fn>_<yafn>|2_)0a then ||w_y||2_)0
n

ie.,

A||w_y||2SZ|<wa-fn>_<ya.fn>|2
n

where 0 < A < 0o is also a positive real constant, either greater or smaller
than 1. Again if y = 0 and < y, f,, >= 0, we have:

Az <Y | <z, fo,> (2.241)
Combining Eqs.2.240 and 2.241, we have the following definition:

Definition 2.22. A family of finite or infinite vectors {f, } in Hilbert space H
is a frame if there exist two real constants 0 < A < B < 00, called the lower and
upper bounds of the frame, such that for any x € H, the following holds:

Alle|? <Y | <=, f, > > < Bllz|? (2.242)
n

In particular, if A= B, i.e.,
AP => | <z f, > (2.243)
n

then the frame is tight.

Signal Expansion by Frames and Riesz Bases

Our purpose here is to represent a given signal vector & € H as a linear combi-
nation @ = Y ¢, f, of a set of frame vectors { f,,}. The process of finding the



74

Chapter 2. Vector Spaces and Signal Representation

coeflicients ¢, needed in the combination can be considered as a frame transfor-
mation, denoted by F™, that maps the given x to a coefficient vector c:

F*w:c:[ ,Cn,]T:[7<w,fn>7]T (2244)

where we defined ¢,, =< x, f,, > following the unitary transformation in Eq.2.83,
and F* is the adjoint of another transformation F', which can be found from the
following inner product (Eq.2.123):

<e,Fz>=) cn<a@,f,>=) tn <fpx>=<> cuf,x>=<Fca>
n n n

(2.245)
where F' is an transformation that generates a vector as a linear combination of
frame {f, } based on a given set of coeflicients:

Fe=> cuf, (2.246)

Note that in general F'c # x. We further define an operator F'F*:
FF'z =F(F'z)=Fc=)Y <=, f,>f, (2.247)
n

Applying its inverse (FF*)~! to both sides of the equation, we get:
z=(FF)D_ <af,>f)=) <z.f,>FF)'f,
n n

=Y <. f.>Ff.=> el (2.248)

where f,,, called the dual vector of f,, is defined as:
fo=FF)f, e f,=(FF)f, (2.249)

We recognize that (FF*)~1F = (F*)~ is actually the pseudo-inverse of F"*, and
define it as another operator F' = (F*)~. Now Eq.2.248 can also be written as:

w:FC:F["'7cn7"']T:ZCn}n:Z<w7fn>}n (2250)

This is the reconstruction of vector & based on the coeflicients ¢ obtained in
Eq.2.244.

The adjoint of F can be found from the following inner product (reversal of
the steps in Eq.2.245):

<Fex>=<Y cufpxz>=) o <fox>=) cn<a,f,>=<c x>
n n n

(2.251)
where F* is the adjoint of F':

Fa=[,<af,> T =[,do " =d (2.252)

and we have defined d,, =< x, }'n >.
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Theorem 2.8. A vector @ € H can be equivalently represented by either of the
two dual frames {f,} or {f,}:

=Y <z.f,>f,=> <z.f,>F, (2.253)
n n
Proof: Consider the inner product < x,x >, with the first & replaced by the
expression in Eq.2.248:

<ma>=<Y <a.f,>fox>=) <x f,><f, x>
n n

<z,y <fox>f,>=<z,> <z.f,>f,> (2254)
n n

Comparing the two sides of the equation, we get:

r=Y <z.f,>f, (2.255)

Combining this result with Eq.2.248, we get Eq.2.253. This completes the proof.
Note that Eq.2.255 can also be written as the following due to Eq.2.246:

v=Y <a.f,>f,=> df,=Fd (2.256)

We can now combine Eqs.2.244 and 2.252 together with Eq.2.253 to form two
alternative frame transformation pairs based on either frame {f, } or its dual

{fa):

{cn—<a:,fn> {dn=<w75‘n>
wzzncnfnzzn<wafn>fn wzzndn.fnzzn<wa.fn>.fn

(2.257)
These equations are respectively the forward and inverse frame transformation
of  based on frame and its dual, which can also be expressed (due to Eqs.2.250
and 2.256) more concisely as:

{c—F*w {dzﬁ*x

- 2.258
x=Fc x=Fd ( )

The frame transformation pairs in Eqs.2.258 and 2.257 can be considered as the
generalization of the unitary transformation given in Eq.2.179. From Eq.2.258
we also see that

FFreg=FF'z==x (2.259)

i.e., FF* = FF* = is an identity operator, same as UU* = UU ! = I in the
unitary transformation.
In frame transformation, the signal energy is related to the coefficients by:
l|z|? =<z, > = < Fe,x >=< ¢, F'x >=< c¢,d >
=< Fd,x >=<d,F'a >=<d,c > (2.260)
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However, we see that Parseval’s identity is no longer valid:
lle||? =< ¢,¢ >=< F*zx, F*x >=< FF'z,x >#< x,x >= ||z||
ld|? < d,d >=< F'x, e >=< FF*z,x >#< @,z >=||z||*> (2.261)

To find out how the signal energy is related to the energy contained in either of
the two sets of coefficients, we need to study further the operator F'F*. Consider
the inner product of Eq.2.247 and a vector y:

<FFzy>=) <af,><foy>=<z,y < [,y>f,>
n n

=<z,Y <y f,>f,>=<z,FFy> (2.262)

n

which indicates that F'F™* is a self-adjoint operator. If we let {\,} and {¢,,} be
the eigenvalues and eigenvectors of F'F™, i.e.,

FF*¢p,, = A\, (for all n) (2.263)

then all {\,} are real, and all {¢, } are orthogonal < ¢,,,, ¢,, >= 6[m —n] and
they form a complete orthogonal system (Theorem 2.4). Now @ can also be
expanded in terms of these eigenvectors as:

T=> <z,¢,> ¢, (2.264)

and the energy contained in @ is:

|zl =<z, 2 >=<) _ <@,¢,,> ¢y, Y <. ¢, >, >
=3 ) <x.¢,><T, b, > < b, >= D | <, 0, >|*(2265)

n

Correspondingly for the dual frame transformation F', we have:
FF* = [(FF) 'F|[(FF) 'F|* = (FF*) 'FF*(FF* ) = (FF*)™' (2.266)
whose eigenvalues and eigenvectors are respectively {1/\,,} and ¢,,, i.e.,:
FF*¢, = (FF ) l¢, = %(ﬁn, (for all n) (2.267)
Th~eorem 2.9. The frame transformation coefficients ¢, =< x, f,, > and d,, =<
x, f,, > satisfy respectively the following inequalities:
Aminll2|? < | <@, £, > 2 = |[ell? = [|[F*®]* < Anasllz]|? (2.268)
n

1
Amam

~ . 1
> <> [ <@ fo> P =[ld] = [|F 2| < -—l]* (2.269)

min

where Apin and Apmqe are respectively the smallest and largest eigenvalues of
the self-adjoint operator FEF*. When all eigenvalues are the same, then gz =
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Amin = A, and the the frame is tight:

~ 1
dol<a fu>P =2l ol <w fo>P=sllel® (2270
n n

Proof: Applying (FF*)~! to both sides of Eq.2.256 we get:
(FF*)~ w—2<w,fn (FF)'f, = Z<sc fn>Fn (2.271)

This result and Eq.2.247 form a symmetric pair:
(FF*)x = Z <z, f,> fn (2.272)

(FF ) ' = Z <z, f,> fn (2.273)

Taking the inner product of each of these equations with x, we get:
<(FF ma>=> <a.f,><fnx>=> |[<x f, > (2274
n n
<(FF)'ma>=Y <z f,><foz>=) |<z f,>|*(2.275)
n n
These two expressions represent the energy contained in each of the two sets

of coefficients < x, f,, > and < x, }n >. On the other hand, applying operator
FF* to x in Eq.2.264, we get:

FFrz =FF () <z,¢,>¢,) =Y <xz.¢,>FF¢,
=Y <z.¢,> Mo, (2.276)

and

<FFza>=<) <.¢,>M\¢,z>=) <z,0,>\ <0, x>
n n

2 Amzn||w||2

< Amaa: 2
Sl <z o, > |2{ 2] (2.277)
n

The last step is due to Eq.2.265. Now replacing the left hand side by Eq.2.274,
we get:

/\min||w||2 < Z| <z f,> |2 < )‘mawaHQ (2.278)

n

Similarly, we can also get:

- 1 -
dl<afurP=> l<zé,> (2.279)
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and

< ZI <wfo> < el (2.280)

mzn

The proof is complete.

Comparing these results with Parseval’s identity ||Uz||*> = ||z||* (Eq.2.177)
for a unitary transformation, we see that the frame transformation does not
conserve signal energy, due obviously to the redundancy of the non-independent
frame vectors. However, as shown in Eq.2.260, the energy is conserved in the
following fashion when both sets of coefficients are involved:

|zl =<ec.d>=> <=z f,><zf, > (2.281)
n

Theorem 2.10. Let A\, and ¢y, be the kth eigenvalue and the corresponding
eigenvector of operator F'F*:

FF'¢ = ey, (for all k) (2.282)
Then

S =D lIfalP (2.283)
k n

Proof: As noted before, F'F* is self-adjoint and A\y’s are real and < ¢, ¢; >=
o[k —1]. We have:

ZM fZAk < Gy > Z<FF*¢k,¢k >
_Z Z<¢k’fn>-fn7¢k ZZ|<fna¢k>|2(2'284)

k
On the other hand:

WFullP =< Frr Fu>=<D < Fritp > b1, Y < Frr by > b >
k k
=3 <t ><Fubi > <t >=> | < fop >
k l k

(2.285)

Therefore we get
STIEP =31 <futr>P=> N (2.236)
n n k k
The proof is complete.

Definition 2.23. If the vectors in a frame are linearly independent, the frame
is called a Riesz basts.
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Theorem 2.11. (biorthogonality of Riesz basis) A Riesz basis {f,,} and its dual
{fn} form a pair of biorthogonal bases satisfying

< forFn>=0m—n], mnclZ (2.287)

Proof: We let x = f,, in Eq.2.253 and get:
Fn=2_<FfwFu>fa (2.:288)

Since these vectors are linearly independent, i.e., f,, cannot be expressed as a
linear combination of the rest of the frame vectors, the equation above has only
one interpretation: all coefficients < f,,, }n > for m # n are zero except the mth
one < f,., }m >= 1. In other words, these frame vectors are orthogonal to their
dual vectors, i.e., £q.2.288 holds. This completes the proof.

Summarizing the discussion above, we see that signal representation by a
set of orthogonal and linearly independent basis vectors & =" c ¢, =, <
x, b, > x, (Eq.2.76) is much generalized to a set of frame vectors, which are in
general neither linearly independent nor orthogonal. Now the signal can be rep-
resented in either of the two mutually dual frames, and the frame transformation
and its inverse are pseudo-inverse of each other. Moreover, now the signal energy
is no longer conserved by the transformation, as Parseval’s identity is invalid due
to the redundancy in the frame. Instead, the signal energy and the energy in the
coefficients are related by Eqs.2.268, 2.269, and 2.281.

On the other hand, if specially the eigenvalues of operator F'F™* are all the same,
then A = B = X and the fame is tight. Moreover, if all eigenvalues are A = 1, then
FF* = I becomes an identity operator, i.e., F' becomes a unitary operator satis-
fying F* = F~1. Now the pseudo-inverse F~ = (FF*) 1 F* = F* = F~! becomes
a regular inverse, the frame and its dual become identical (Eq.2.249). Moreover,
the biorthogonality in Eq.2.287 becomes regular orthogonality, and Eqs.2.281
become Parseval’s identity.

Frames in Finite-Dimensional Space

Here we consider the frame transformation in an N-D unitary space CV. Let
F={f, -+, fy] be an N by M matrix composed of a set of M frame vectors
as its columns. We assume M > N, and the M frame vectors are obviously not
independent. Now a vector & € CV can be represented by either the frame F

or its dual F = [fl, e ,fM]. To obtain the M coefficients, we apply the frame
operator ¥ to & and get:
< Z, fl > fiw f){
c = . = . = TNx1 = F'x (2289)

<wa.fM> Ju]‘\/[w Mx1 f}kw MxN
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This is the forward frame transformation F*x = ¢, which is actually a multipli-
cation of & by matrix F'*, the adjoint or conjugate transpose of F', which can be
obtained as the pseudo-inverse (F*)~ of f* (Eq.2.249):

F=[f, - ful=(FF)'F=(F) (2.290)

As the M by N matrix F* is not invertible, the inverse transformation for the
reconstruction of  from ¢ is a multiplication by the pseudo-inverse (F*)~1:

<z, f > M
w:(F*)_c:FCZ[fla"'7fJ\1] :Z<w7fn>fn
<z, fu> et
(2.291)
Alternatively, « can also be represented by the dual frame F' with coefficients:
}.: < Z, }.1 >
d=Fz=| : |z= : (2.292)
]Ncizﬁw <a, fa >
and the signal is represented as:
<z, f, > o
z=Fd=1[f,, -, ful : =Y <a.f,>f, (2293)
< x, }M > n=t

Theorem 2.12. If a frame F = [fy,--- , far) in CV is tight, i.e., all eigenvalues
A= B =\ of FF* are the same, and all frame vectors are normalized ||f,|| = 1,
then the frame bound is M /N .

Proof: As FF* is an N by N matrix, it has N eigenvalues A\ = \ for all
k=1,---,N. Then Theorem 2.10 becomes:

N M
S =NA=D [If P =M (2.294)
k=1 n=1

i.e., A\ = M/N. The proof is complete.

In particular, if M = N linearly independent frame vectors are used, then they
form a Riesz basis in CV, and F = [f,,--- , fn] becomes an N by N invertible
matrix, and its pseudo-inverse is just a regular inverse, and Eq.2.290 becomes:

F=[f, fy]=(F) =F)" (2.295)

We now have:

(fi,-  FN|=F'F=F(F)'=1I (2.296)
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which indicates that these Riesz vectors are indeed biorthogonal:
<.fm7}.n>:6[m_n]7 (mvnzla"'7N) (2297)

Moreover, if these N vectors are also orthogonal, i.e., < f,., f, >= d[m — n],
then F' = [f,, -+, fx] becomes a unitary matrix U = [uq, -, un] satisfying
U'=U' and U = (U*)™! = U, i.e., the vectors are the dual of their own, and
they form an orthonormal basis of C. Now the frame transformation becomes
a unitary transformation U*x = ¢ and the inverse is simply Ue = x. Also the
eigenvalues of UU* = I are all A\, =1, and ||u,||> =1, Theorem 2.10 holds

trivially.

Example 2.11: Three normalized vectors in R? form a frame:

. (-1 o120 1)2
F—[fpfza.f:s]_[ 0\/5/2_‘/3/2}
and we have:

3[10 210
T_ 2 Ty\-1_ 2
FE 2{01]’ (FFT) 3[01]

The eigenvalues of these two matrices are obviously Ay = Ao = 3/2 and 1/A\; =
1/A2 = 2/3, respectively, indicating this is a tight frame A = B. The dual frame
F can be found as the pseudo-inverse of F7:

F=[f), fo Js] = (FFT)'F = ;F _ [—%/3 %33 _1¢/§/3]

Any x = [21, 22]T can be expanded in terms of either of the two frames:

3 3 3 3
wzzcnfnzz<w7fn>}nzzdnfnzz<wa}n>fn
n=1 n=1

n=1 n=1

where
1 1
c1 =11, 02:§[x1+\/§x2], 03:§[x1—\/§x2]
and
1 1
dy = 1, d2=§[$1+\/§$2], d3=§[$1—\/§$2]

The energy contained in the coefficients ¢ and d is respectively:

3
3
llel[* =D 1 <@, fo > [ = Sllall* = Al

n=1

and

3
~ 2 1
1P => <= f,> = sllell® = Sl
n=1
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Specifically if we let & = [1,2]T, then

f{ <wa.f1> -1

c=FTz = 2T r=|<x, fy>| = 1+3

3T <waf3> 1_\/5

and
~T -

. fi <z f> 5 -1
d=F z= %, |z= <z, fo>|=5[1+V3
}g <wa.f3> 1—\/§

Example 2.12: Consider a frame in R? containing three vectors that form a frame
matrix:

F=fufafd=y 1))

and we have:

r [ 2-1
FE [—1 2

with eigenvalues \; = 1, and Ay = 3, The dual frame is the pseudo-inverse of

FT:

F=(F')y" =(FF')'F = % ﬁ _1 ;]

For a given vector = [1,2]7, we can find the coefficient vectors:
T T 1 T
c=F'z=[1,1,2] d=F sc:§[4,1,5]

We can verify that indeed & can be reconstructed from these coefficients:

3 3
2= eafu=2 dnfu=[,2"
n=1 n=1
The signal energy is ||z||> =5, and the energy contained in the coefficients is
llc||> = 6 and ||d||?> = 14/3, respectively, bounded by:
Aminl[®]|* =5 < ||e|* = 6 < Apac|lz]]* = 15

and
14 1

? < )\mzn v

1 2 o 2
_— = — d =
—ll=ll* =3 <l
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Example 2.13: Consider a frame in R? containing two vectors that form a frame
matrix:

2 -1
Fﬁ [flﬂfQ] - |:1 _2:|
As f, and f, are linearly independent, they form a Riesz basis. We have:

r_[54
FF _[45

with eigenvalues \; = 1, and Ay =9, The dual frame is the pseudo-inverse of
FT.

- 1 2 1
_ T\— — FFT —1F ——
F=(F")y =(FFT)'F=| 2
For a given vector & = [2, 3], we can find the coefficient vectors:
~ 1
c=FTg=[7,-8) d=F z= Sl —a"

We can verify that indeed & can be reconstructed from these coefficients:

3 3
a}:ZCn}n:Zdnfn:p,g]T

n=1 n=1

The signal energy is ||z||* = 13, and the energy contained in the coefficients is
[le]|> = 113 and ||d||? = 17/9, respectively, bounded by:

Aminl ]2 =13 < ||¢]|? = 113 < Aoz 2| |? = 117

and

1 13 17 1

117
l2]]* = 5 < [ldII” = =

- 2
7 < el = 5

Amam

In this case, we also have:
F'F=1I

i.e., the two sets of mutually dual frame vectors are biorthogonal.

Example 2.14: Vectors f; and f, form a basis that spans the 2-D space:

fi=lo]. f=[i] F=trn=|g1]

£ = [f ﬂ (FF7)" = [_i _ﬂ
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The dual frame can be found to be:
- TN-1p 10 . = |1 = 10
F=0Ur) f{—ll Le. fi= 1| o= 1

Obviously the biorthogonality condition in Eq.2.287 is satisfied by these two sets
of bases. Next, to represent a vector = [0,2]7 by each of the two bases, we find
the coefficients as:

c =< x, }1 >=2; c =<, }2 >= -2
dy =<z, f; >=0; do =< x, fog >= -2

Now we have:

ccanvoneafi o] -[4) « emanroneaf]-]

Example 2.15: Given a basis in R3:

1 1 1
f1: 0f, f2: 1], f3: 1
0 0 1

Find its biorthogonal dual }1, }2, }3, and two sets of coefficients ¢, and dy,
(k = 1,2,3) to represent a vector & = [1,2,3]T.

Solution: We need to find f; that is orthogonal to all f; except i = j (i,j =
1,2,3).

1-1 07111 1 00
f=fH7 ' f=1-1 2-1|]011|=|-1 10
0-1 2] |oo01 0-11

1 0 0

fi=|-1], fa= I, Fz3=10

0 —1 1

Find coefficients ¢; for f, by ¢ = }'Tsc, ie.,
c] =< w,fl >= -1, ¢y =< w,fl >= -1, c3=< w,}l >=3
Find coefficients d; for }'l by d=fle, ie.,
di =<z, f;1>=1, do=<x,fi>=3, dy=<x,f; >=6

Now @« can be expressed as:

3 1 1 1 1
T=> cfp=—|0|—|1]+3[1]|=]2
k=1 0 0 1 3
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3 0 1
x=> dif,=|-1]+3| 1|+6[0| =2
k=1 1 3
We can further verify that

3
Yo o<a fi><m fi>=|=l* =14
k=1

Kernel Function and Mercer’s Theorem

Definition 2.24. A kernel is a function K that maps two continuous variable
t, T to a complex value K (t, 7). If the two variables are sampled to become discrete
tim, tn, then the kernel is K (ty,,ty) = K.

Definition 2.25. If K(t,7) = K(7,t) or Kpmn = Knm, the kernel is Hermitian.

Definition 2.26. A kernel is positive definite if the following holds for any
function x(t) defined over [a,b]:

/ / (K (6 ) (r)dr dt > 0 (2.298)

A kernel K., is positive definite if the following holds for any vector x =
[1'1, ce ,iL’N],'
N N
SN 2 Kpnzn >0 (2.299)
m=1n=1

Definition 2.27. Associated with a continuous kernel K(t,7) an operator Tk
can be defined as:

b
Trea(t) = / Kt 7)a(r)dr = y(t) (2.300)
a
Associated with a discrete kernel K,,,, an operator Tk can be defined as a matriz:

[Kn Ko --- KlN-I
Ko Koy -+ Koy

T = (2.301)

Kni1 Kno -+ Knn
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which can be applied to a vector x to generate:

N
Tkx =Tx =1y, orin component form: Z Kmn®Tm =Yn, (n=1,---,N)
m=1

(2.302)

Theorem 2.13. The operator Tk associated with a Hermitian kernel is self-
adjoint.

Proof: For operator Tk associated with a continuous kernel, we have:

b b b
< Tea(t), y(t) >= / Tyea(t) 9(t)dt = / [ / K (t, 7)(r)dr) (t)dt

b b b
= [ Rrowya) s(yir = [ () Tregriar =< ale) Zucu(t) >
a a a
(2.303)
For operator T = T associated with a discrete kernel, we have:

N N N N
<Tx,y>= Z lz Kmnxm] Y, = Z Tom lmenyn] =< x,Ty >
m=1 m=1 n=1

n=1

(2.304)

As a self-adjoint operator Tk associated with a Hermitian kernel has all the
properties of a self-adjoint operator stated in Theorem 2.4. Specifically, let A,
be the nth eigenvalue of a self-adjoint operator Tx and ¢,(t) or ¢, be the
corresponding eigenfunction or eigenvector:

b
/ K(ta T)¢n (T)dT = Antn (t)v or TK¢n = T¢n = Am(ﬁn (2305)
a
then the following statements are true:

1. All eigenvalues \,, are real;
2. All eigenfunctions/eigenvectors are mutually orthogonal:

< Pm(t), n(t) >=< ¢, P, >= d[m — 1] (2.306)

3. All eigenfunctions/eigenvectors form a complete orthogonal system, i.e., they
form a basis that spans the function/vector space.

Theorem 2.14. (Mercer’s Theorem) Let K (t,T) be a positive definite Hermitian
kernel, and \, and ¢,,(t) (n=1,2,--- ) be the nth eigenvalue and the correspond-
ing eigenfunction of the associated operator Tk . Then the kernel can be expanded
to become:

K(t,7)= Z An@n (t)an (1) (2.307)
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The general proof of this theorem in Hilbert space is beyond the scope of
this book and therefore omitted. However, we can prove the special case of the
theorem in the N-D unitary space:

Theorem 2.15. Let K[m,n] be a positive definite Hermitian kernel, and Ny, and
¢ (k=1,2,---) be the kth eigenvalue and the corresponding eigenvector of the
associated operator T'. Then the kernel can be expanded to become:

N
T =3 Moty (2.308)

k=1

Proof: Since the discrete kernel is Hermitian: K[m, n] = K[n, m] for all m,n =
1,---, N, they form Hermitian matrix matrix T = T, which is a self-adjoint
operator in CV:

< Az,y >=<z, Ay >

as previously shown in Eq.2.139. Also, we have shown in Eq.2.146 that this
self-adjoint operator T' can be expanded:

N
T = ZAk(bk(ﬁ}; (2.309)

i.e., the element in mth row and nth column of T is:

N
K[mvn] = ZAkd)mkank (man: IR 7N) (2310)
where ¢, is the mth element of the mth eigenvector ¢,. This is the discrete
and finite version of Mercer’s theorem in an N-D unitary space. This completes
the proof.
We see that the result in Eq.2.305 can be easily derived from Eq.2.307:

/Kthﬁm dT—/ lZAmn ) (T ]aﬂm(T)dT

= Z An¢n(t)/ 5n(7—)¢m(7—)d7— = Z )\n¢n(t)5[m - n] = Amgﬁm(t)
. . (2.311)

Mercer’s theorem will be used later in Chapter 8, and it also finds important
applications in machine learning as the foundation of a type of methods called
kernel trick.

As an example, consider a centered stochastic process z(t) with p,(¢) = 0 for
all t. The covariance function is:

o2 (t,7) = E[(2(t) — pa(t)) (@() = Fip(7))] = El2(t)7(7)] = Ela(n)z ()] = 735(7, 1)
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As this covariance function maps two variables ¢t and 7 to a real value, it can be
considered as a kernel K (t,7) = 02(t, ), which is symmetric and also positive
definite, i.e., for any deterministic function f(t), we have:

b b b b
/ / F(O02TF(r) dt dr = / / Elf(O)a(t) F(r)(r)] dt dr
b b b
_F / £ (t) dt / F(r)3(r) dr = E| / FO(t) di2 >0 (2.313)

According to theorems above, the integral operator Tk associated with this Her-
mitian kernel K (t,7) is self-adjoint, its eigenequation can be written as:

b
Trbr(t) :/ o2(t, TR (t)dt = e (t),  k=1,2,-- (2.314)

where all eigenvalues Ay > 0 are real and positive, and the eigenfunctions ¢y (t)
are orthogonal:

b
< umlt), u(t) >= / b (18, (1)t = 6] — 7] (2.315)

If the stochastic process x(t) is truncated and sampled, it become a random
vector x = [xl, RN N]T. The covariance between any two components x,, and
T 1S

2
mn

02 = E(@xnTn) = B(xnTm) =52, (m,n=1,---,N) (2.316)

which is a discrete Hermitian kernel, and the associated operator is the N by N
covariance matrix of x:

ot 0%y ov Oiy
02 o2 ... g2
S, = B@a)=| . . " (2.317)
TN1 TN T TN
The eigenequation of this operator is
Yop = Ao, (n=1,---,N) (2.318)

As ¥* = ¥ is Hermitian (symmetric if @ is real) and positive definite, its eigen-
values A\ are all real positive, and the eigenvectors are orthogonal:

< ¢m7¢n >= ¢£$n :6[m_n]7 (mvn: 17"' aN) (2319)
and they form a unitary matrix ® = [¢,,---,¢y] satisfying &' = ®* i.e.,
P*P = I. Eq.2.318 can also be written in the following forms:

N
T8 =®A, OT,d=A I,=BA =) \o,¢), (2.320)
n=1
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Theorem 2.16. (Karhunen-Loeve Theorem) Let x(t) be a centered stochastic
process x(t) with p,(t) = Elz(t)] =0, and A\, and ¢ (t) be respectively the kth
eigenvalue and the correspondz'ng eigenfunction of the integral operator associated
with the covariance o2(t,7):

Trcdn(t) = / 2 ) be ()t = Mo (t),  for all b (2.321)

Then x(t) can be series expanded:

[o¢]
= Z Cnn(t) (2.322)
n=1
where the ¢, is a random coefficient given by

b
Cn :/ z(t)g, (H)dt, n=1,2,-- (2.323)
a
which are centered (zero mean)
E(cn) =0 (2.324)
and uncorrelated:

02, =Cov(Cm,cn) = A 0m —n], de, o2 =Var(c,) =\, (2.325)

Proof: We first show that Eq.2.323 can be obtained by taking an inner product
with ¢, (t) on both sides of Eq.2.322:

b 0 o0
z(t), o (t) >= / z(t)b, (t)dt = Z cn < On(t), pm(t) >= Z cnd[m —n] = cp,
a n=1 n=1

(2.326)
The expectation of this equation is indeed zero:

b b
Emm:m/xw%@mzjimmw%mw:o (2.327)

Next we show that Eq.2.325 holds:

b b
ﬁm:am%wu:Emﬁm:Ev‘<%M> /—<wa>1

//% V() dr|B (2) //% 2(t,7)dr] B, (1)t

b
5/&%@%@¢=M/@@%@ﬁ=wﬂmﬂd (2.328)

This completes the proof.

When the centered stochastic process z(t) is truncated and sampled to become
a finite random vector x = [z1,--- ,on]|T with E(x) = p, = 0, the Karhunen-
Loeve theorem takes a discrete form. Given Eq.2.318, « can be series expanded



90

Chapter 2. Vector Spaces and Signal Representation

to become a linear combination of the eigenvectors ¢,, of its covariance matrix
DI

N
=) cnp, =dc (2.329)

n=1
where ¢ = [c1,-+ ,cn]|T is a random vector formed by the N coefficients. To

obtain these coefficients, we pre-multiply both sides by ® ! = &* to get:

drx=rc (2.330)
ie.,
cn =<z, ¢, >=¢,x, (n=1,---,N) (2.331)
The mean vector of ¢ is zero:
p.=FE(c)=FE(®z)=P"E(x)=0 (2.332)

and the covariance matrix of ¢ is:
Y. = E(cc’) = E[(®"x)(P"x)"] = E[® xx" D]
=®E(xx)® =P, P=A (2.333)

The last equal sign is due to Eq.2.320. The covariance matrix 3. = A is diago-
nalized:

o2 =Md[m—n], (myn=1,--- N) (2.334)

mn

We see that the variance o2 of the nth coefficient ¢, is the nth eigenvalue A,
corresponding to the nth eigenvector ¢,,, and the random signal « is decorrelated
by the transformation ¢ = ®*x in Eq.2.330, as the components ¢, and ¢,, of the
resulting random signal ¢ are no longer correlated (02, = 0).

Comparing the generalized Fourier expansion in Egs.2.114 and 2.115 with
this Karhunen-Loeve series expansion in Eqs.2.322 and 2.323, we see that they
are identical in form. However, we need to make it clear that the former is
for a deterministic signal with a set of pre-determined basis functions ¢, (),
while the latter is for a stochastic signal, and the basis functions ¢, (t), as the
eigenfunctions of the integral operator associated with the covariance function
of the stochastic process, are completely dependent on the specific signal being
considered. Eqs.2.329 and 2.330 are simply the discrete version of Eqs.2.322 and
2.323, which correspond to the discrete version of the Fourier transform, as we
will see later.
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Summary

Let us summarize the most essential points discussed so far. These will appear
repeatedly in the following chapters during the specific discussion of various
orthogonal transform methods.

e A time signal can be considered as a vector & € H in a Hilbert space. Specifi-
cally, a continuous signal x(t) over time interval a < ¢ < b is a vector = x(t)
in a function space; and its discrete samples - - - , z[n — 1], z[n], z[n + 1],- - is
a vector & = [+, z[n], - |*

e Under the basis {b, } that span the space H, a signal vector can be represented
by the following expansion:

= caby =Y <xby> by (2.335)

in an N-D unitary space CV.

where ¢,, =< x, b,, > is the decomposition or analysis of the signal by which
the signal is decomposed into a set of components ¢,b,, and & =", c,b,
is the reconstruction or synthesis of the signal by which the signal is recon-
structed by its components.

e The representation of the signal vector depends on the specific basis used.
A signal typically given in its original form z(t) or & = [--- ,z[n],---]7 is
represented as a sequence of weighted and shifted time impulses (Egs.1.3 and
1.6). Specifically, a continuous signal is expressed as:

z(t) = /x(T)cS(t —7)dr, (for all t) (2.336)

while a discrete signal is expressed as:

T = Zm[n]en, or z[m]= Zx[n]emn = Zx[n]é[m —n], (for all m)

n n n
(2.337)
where §(t —7) or em, = 0[m —n| can be considered as the standard basis
which is always implicitly used to represent a time signal. In other words, a
signal x(t) or x[n] is always given as a set of coefficients, or weights, for the
standard basis.
e Alternatively, the same signal can also be represented under a different
orthonormal basis obtained by some unitary transformation or rotation of
the standard basis. For a continuous signal z(t), we have:

o(t) = [ clf)os®) df,  (for all 1
c(f) =< z(t),pp(t) >= /x(t)af(t) dt, (for all f) (2.338)

The first equation expresses the signal function x(t) as a linear combination
of a set of uncountable basis functions ¢y (t) (sometimes also expressed as
o(t, f)). The second equation, also called an integral transform of x(t), gives
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the coefficient function ¢(f) of the linear combination as the projection of x(t)
onto the basis function ¢¢(t), which is also called the kernel function of the
transform.

T

Similarly, for a discrete signal @ = [--- ,z[n],---]*, we have

T = Z Cmbm, or zn]= Zcmbnm, (for all n)
m m

Cm =< x,by, >= Zx[n]l_)nm, (for all m) (2.339)
n

where z[n] is the nth element of x, and b, is the nth element of the mth
basis vector b,,. The first equation expresses the signal vector as a linear
combination of a set of countable basis vectors b,,, (or in component form b,,,,,)
for all m. The second equation gives the mth coefficient ¢, as the projection
of the signal « onto the corresponding basis vector b,,.

Both of the two pairs of equations above are unitary (orthogonal if real)
transformations, which could be either continuous or discrete. In either case,
the second equation is the forward transform that converts the time signal
given under the implicit standard basis to a continuous coefficient function or
a set of discrete coefficients with respect to a new basis; while the first equation
is the inverse transform that represents the signal as a linear combination of
the new basis weighted by the coefficients.

A signal vector in its vector space can be represented in many different ways,
each corresponding to one of the infinitely many possible orthogonal bases all
spanning the same vector space. All these representations of the signal are
equivalent, in the sense that the total amount of energy or information con-
tained in the signal, represented by its norm of the vector, is conserved. This
is because any two orthogonal bases are always related by a unitary transfor-
mation, which preserves the norm of the vector according to the Parseval’s
equality.

The unitary transformation, a rotation, of a basis will result in another basis,
which needs a different set of coefficients for the representation of a given
signal. In particular, the signal originally given in the implicit standard basis
also corresponds to a special unitary transformation, the identity transform.
In an alternative but equivalent view, the signal vector itself, originally given
under the standard basis, can be rotated differently according to the transform
method used. The central theme of the book is to study the various orthogonal
transform methods, each corresponding to a different representation of the
same signal. Also an issue of interest is how to find the “optimal” transform
among all possible transforms according to some criteria.

The topics of interest in the future discussion include: why such an unitary
transformation is desirable to start with, and how to find a particular basis
most suitable for a specific task, so that the signal is represented in such a
way that it can be most effectively and conveniently processed, analyzed, com-
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pressed for transmission and storage, and the information of interest extracted.
These issues will be specifically discussed in the rest of the book.

e We will discuss mostly orthogonal transforms based on orthogonal basis vec-
tor or functions. The inner product of any two such basis vectors or functions
is zero, indicating they each carry some independent information. However,
sometimes certain non-orthogonal basis functions will also be considered, such
as in the discussion of various wavelet transforms. In such cases, the inner
product of two basis functions may not be zero, i.e., one is correlated with
the other. In other words, there exists some redundancy in terms of the infor-
mation they each carry. Although such redundancy is obviously a drawback
in terms of data compression, it is not always necessarily bad in terms of
reconstruction of signals when noise is present.

2.7 Problems

1. Approximate a given 3-D vector « = [1,2,3]T in an 2-D subspace spanned
by the two standard basis vectors e; = [1,0,0]” and e5 = [0, 1, 0]7. Of course
this approximation is trivial as the vector is originally given in terms of the
three standard basis vectors e, e and e3. Now the two coefficients are simply
the projections of the vector & onto each of the two standard basis vectors of
the 2-D subspace:

g =<wx,e; >=1, cp =<x,ey >=2
The approximation is simply
T =cie; + coen =[1,2, O]T
and the error vector is
F=x—2=[1,23"-[1,2,0" =[0,0,3"

which is of course orthogonal to both e; = [1,0,0]7 and e; = [0, 1, 0]7.
Next, we use two different basis vectors to span a 2-D subspace:

a, =[1,0,-1]", ay=[-1,2,0]"
We need to find a vector in this 2-D subspace
T =ciaj + cxas

so that the error ||z — &|| is minimized.

According to the projection theorem, to reach minimum error, the error vec-
tor & — & has to be orthogonal to the basis functions a; and as of the 2-D
subspace:

<x—T,a >=<T —c1a) — C2a3,ar >= 0, (k=1,2)
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ie.,

c1 <ap,a; > +c <ap,a >=<x,a1; >
c1 <aip,as > +c < az,a; >=<x,az >

This equation system can be expressed in matrix form:
<ap,a; ><az,a >||c| 21| || |<=za1>| |-2
<ap,as><asg,ar>|lea| |-1 5| || |<mar>| | 3
Solving this equation system we get ¢; = —7/9 and ¢z = 4/9. Of course we

could also directly use the pseudo inverse method to get the same results:

c=(a"a)la x
-1

[ 10—1] (1)_; { 10—1} ; _1[—7}
-12 0} | | —120394

Having found ¢; and co, we further get

1 4 [—1 1 —11
T =cla; + coas = —— 0] + = == 8
9 1 9 0 9 .
The error vector is:
e [
T=x—I = - = = —
3 ) 7] ) 20

which is orthogonal to the 2-D plane spanned by a; and as:
<x,a1 >=<xT,ay >=0

indicating that & is indeed the optimal approximation of x in the 2-D sub-
space.

In particular, if two orthonormal basis vectors are used to span the 2-D sub-
space, then the off-diagonal elements of the 2 by 2 matrix above are zero, and
all elements on the main diagonal are one, and consequently the coefficients
c1 and co can be much more conveniently obtained the as length of the pro-
jections of @ onto the two basis vectors, as can be illustrated in the following
example.

2. Use the Gram-Schmidt orthogonalization process to construct two new
orthonormal basis vectors b; and by from the two old vectors a; and as
used in the previous example, so that they span the same 2-D space, and then
re-approximate the vector x = [1,2,3]7 above. Now the coefficients ¢; and ¢y
can be easily found without solving a linear equation system. This problem is
left for the reader as an exercise.
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First, let 01 = a;. Second, let

aran > -1 0.5 —0.5
OQZGQ—POI(GQ):GQ_ﬁalz 21 + 0 = 2
Rt 0 —0.5 —0.5

The new basis vectors are indeed orthogonal: < 01,09 >= 0 and the coeffi-
cients can be found to be:

< x,01 >
cq=—"—"-—-—/—=-1
< 01,01 >
o — < x,09 > :4/9
< 02,09 >
and the approximation is
1 4 -0.5 —11
T =ciaq + coay = — 0 +§ 2 :§ 8
-1 -0.5 7

which is the same as what we got using a; and as before.
. Approximate a function x(t) = t? defined over an interval [0, 1] in a 2-D space
spanned by two basis functions a; (t) and a;(t):

0(0<t<1/2)

ar(t) =1, as(t) = {1 (1/2<t<1)

As < a1(t),a2(t) >= [ a1(t)az(t)dt # 0, the basis functions are not orthogonal
and we have to solve a linear equation system to find the coefficients ¢; and
Co:

[< ai(t),a1(t) > < az(t),a1(t) >} {cl} _ {< z(t), a1 (¢) >]

< ai(t),az(t) > < as(t),az(t) >| | co < z(t),az(t) >

All six inner products can be easily found by carrying out the following six
integrals:

1 1 1
/O a2 (t)dt =1, /O ay (t)as (t)dt = /O aZ(t)dt =1/2,
/0 z(t)ay (t)dt = %, /0 z(t)az(t)dt = 21

1 1/2] [a] _[1/3
1 Co
iaia) [2) =75

Solving this we get ¢; = 1/12 and ¢z = 1/2, and

1 1 {1/120<t<1/5

2O+ 3020) =1 7151/5 <1

Now we have

L(t) = cra1(t) + caa2(t) =

This result is shown in the plot on the left in Fig. 2.13.
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4. If we redefine the second basis function as(t) as

[-1(0<t<1/2)
““”_{ 1(1/2<t<1)

it becomes orthogonal to the first function a;(t):

< al(t), ag(t) >= /0 al(t)ag(t)dt =0

and they are actually the first two basis function of an orthogonal Walsh-
Hadamard transform (WHT) to be discussed in details later. we can find ¢}
and ¢, from this equation system

[< ai(t),as(t) > 0 } [c’l] _ {< z(t), a1(t) >}

0 < as(t),as(t) > | ch < x(t),az2(t) >

Note that all off-diagonal elements of the matrix equal to zero due to the
fact that the two basis functions are orthogonal. Moreover, as as(t) is also
normalized as well as a;(t):

/0 as(t)as(t)dt :/0 ay(t)ai (t)dt =1

all elements along the mail diagonal are 1, i.e., the two coefficients can be
directly obtained as:

1
dh=<x(t),a(t) >:/O z(t)ar (t)dt =

N

1
cy = < x(t),as(t) >:/ z(t)as(t)dt =
0
and the estimated signal is exactly the same as before:

1 {1ﬂ20<t<1w

R 1
#t) = g0+ 300 = 71915 <1

5. Based on the previous example, we add one more basis function defined as:

1 (0<t<1/4)
as(t) = —1 (1/4 < t < 3/4)
1 (3/4<t<1)

so that the 2-D space is expanded to a 3-D space spanned by a4 (t), a2(t) and
as(t), which are actually the first three basis functions of the Walsh-Hadamard
transform. In general, when adding a new basis function, the coefficients for
the previous basis function may need to be recalculated. However, in this case
the three basis function are orthonormal:

< am(t), an(t) >= /0 am (t)an (t)dt = 6[m — n]
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i} 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 2.13 Approximation of z(t) = ¢? in 2-D (left) and 3-D (right)

ai(t)
| ¢
0 1
ay(t) —I
0 1 :
ay(t)
_I t
0 1

Figure 2.14 First three basis functions of WHT

the coefficients ¢; = 1/3 and ¢z = 1/4 obtained previously are still valid, and
the computation for the coefficient c3 can be carried out independently:

1/4 3/4 1 1
c3 :/x(t)ag(t)dt:/ tht—/ tz(t)dt—s—/ t2(t)dt = —
0 1/4 3/4 16

and the optimal approximation becomes:

(1) = (1) + qaa(t) + 1os(0)
This result is shown in the plot on the right in Fig. 2.13. Also, the first three
basis functions of the Walsh-Hadamard transform used here are shown in Fig.
2.14.

6. Approximate the same function z(t) = t? above in a 3-D space spanned by
three basis functions , defined over the same time period (0 < ¢ < 1):

a1 (t) = cos(0mt) = 1;  ay(t) = V2cos(wt); as(t) = V2sin(27t)

8>

We leave his problem to the reader as an exercise.
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7. Approximate a function x(t) = t* defined over an interval [0, 1] in a 2-D sub-
space spanned by two basis functions ag(t) and aq(¢):

i‘(t) = Coao(lf) + clal(t)
a. Find the coefficients ¢y and ¢y for these basis functions:
B (0 (0<t<1/2)
ao(t) =1, a(t) = {1 (1/2<t<1)

Solution:
To find the coefficients ¢y and ¢, we need to solve a linear equation system:

{< z(t), ao(t) >} _ [< ao(t),ao(t) > < ai(t),ao(t) >} [co]

< x(t),a1(t) > < ap(t),ar(t) > <ai(t),a1(t) >| | a1

All six inner products can be easily found to be:

<z(t),ao(t) > = /0 a(t)ao(t)dt = %
<a(t),a(t) > = /O (t)ay (t)dt = %

< ag(t),ap(t) > = /01 ai(t)dt =1

< ap(t),a1(t) > = <ai(t),ao(t) >=< a1(t),a1(t) >= %

Note that < ag(t),a1(t) ># 0, i.e., they are not orthogonal. Now we have

137 [ 11/2] [eo
7/24] T [1/21/2] | e
Solving this we get ¢g = 1/12 and ¢; = 1/2, and

1 11(t):{1/120<t<1/2

() = 730 + 30 7/121/2<t < 1

b. Find the coefficients cg and ¢; for these basis functions:

- _f 1(0<t<1/2)
ao(t) =1, a(t) = {_1 (1/2<t<1)

Compare the results with the first part.
Solution:
Note that they are orthogonal

1
< aolt), ar(t) >= / ao(t)as (t)dt = 0
0
The given function can now be approximated as

i‘(t) = Coao(lf) + craq (t)
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and ¢p and ¢ can be obtained from this equation system

{< z(t), ao(t) >] _ [< ao(t), aop(t) > 0 } |:C():|

< x(t),a1(t) > 0 <ai(t),ar1(t) >| |1

With all the off-diagonal elements of the matrix equal to zero, this equation
system can be easily solved to get:

<a(t),alt) > _ Jy bt ) 1

O Ca®.a) > [ 1( ~3
< z(l),a:(t) > fo _ 1
<ai(t),ar(t) > [Lay(t dt 4

and

) = Lao(t) = Lar() = {1/120<t< 1/2

3t Ty 7/121/2<t<1

In particular, the coefficient ¢ = 1/3 for the first basis function ag(t) =1
is the average or the DC component of the signal z(t) = t2, i.e

1
= — t)dt
Co T/TJ)

c. In order to better approximate the given function z(t) = 2, a third basis
function as(t) is included in addition to the two basis functions a(¢) and
a1(t) used in the previous part:

0 (0<t<1/2)
ax(t) =491 (1/2<t<3/4)
—1(3/4<t<1)
These three basis functions are three of the first four Haar transform basis
functions. Find the coefficient ¢g, ¢1 and ¢z to optimally approximate x(t).

Solution: As as(t) is orthogonal to both ag(t) and aq(t), we can find its
coeflicient ¢o independent of ¢y and ¢; obtained previously:

<a(t)ax(t) > fyat __3
< as(t), az(t) > fo as(t dt 16

Cy =

Now we have:

1 1 3 1/12 0§t<1/2
#(t) = Fa0(t) = Jai(t) = szaz(t) =  19/481/2 <t < 3/4
37/48 3/4<t<1

8. Approximate the same function z(t) = t? above in a 3-D space spanned by
three basis functions ag(t) = 1, a1(t) = v/2cos(nt), and as(t) = /2 cos(2rt),
defined over the same time period. These happen to be the first three basis
functions of the cosine transform.
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10.

Hint: The following integral may be needed:

2z cos(ax) = a?z? —2

2 _
/x cos(ax)dx = e + e

sin(ax) + C
Solution:

First realize that these basis functions are orthonormal < a;(t), a;(t) >= 0[i —
Jj], therefore we simply have

Cc1 = xZ aq = 1 2 =
/ (t)aq (t)dt /0 t*dt =1/3
co = /x(t)ag(t)dt = \/5/ t? cos(nt)dt = —v/8/m* ~ —0.29
0
c3 = /a:(t)ag(t)dt = \/5/0 t* cos(2mt)dt = 1/27° = 0.05

. In Example 2.10 we approximated the temperature signal, a 8-D vector @ =

[65, 60, 65,70,75,80,75,70]T, in a 3-D subspace spanned by three orthogonal
basis vectors. This process can be continued by increasing the dimensionality
from 3 to 8, so that the approximation error will be progressively reduced to
reach zero, when eventually the signal vector is represented in the entire 8-D
vector space. Consider the 8 orthogonal basis vectors shown below as the row
vectors in this matrix (Walsh-Hadamard transform matrix):

11 1 1 1 1 1 1]
11 1 1-1-1-1-1
I 1-1-1-1-1 1 1
1|1 1-1-1 1 1-1-1
VBl1-1-1 1 1-1-1 1
1-1-1 1-1 1 1-1
1-1 1-1-1 1-1 1
[1-1 1-1 1-1 1-1]

Note that the first three rows are used in the example. Now approximate the
same signal by using 1 to all 8 rows as the basis vectors. Plot the original
signal and the approximation in k-D subspaces for £k =1,2,---,8, adding
one dimension at a time for more detailed variations in the signal. Find the
coefficients ¢, and the error in each case. Consider using some software tool
such as Matlab.

The same temperature signal in Example 2.10 T =
[65, 60, 65,70,75,80,75,70]7 can also be approximated using a set of
different basis vectors obtained by sampling the following cosine functions:

ao(t) =1, ay(t) = V2cos(nt), as(t) = /2cos(2nt)

at 8 equally points ny = 1/16 +n/8 = 0.0625 + n x 0.125, (n=1,2,---,8).
The resulting vectors are actually used in the discrete cosine transform to be
discussed later. Find the coefficients ¢ and error for each approximation in a
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k-D subspace (k =1,2,---,8), and plot the original signal together with the
approximation for each case. Use a software tool such as Matlab.
Solution:

a; =[1,1,1,1,1,1,1,1]1/8,
a, = [1.387,1.176,0.786,0.276, —0.276, —0.786, —1.176, —1.287]7 /8,

as = [1.307,0.541, —0.541, —1.307, —1.307, —0.541, 0.541, 1.307) /8

c1 =<x,bp >=70; ¢ =<x,by >=—-4.72; ¢ =<z, b3 >=-231

c1 is the average temperature, co = —4.72 indicates morning temperature is
4.71 degrees lower than afternoon, and c3 indicates night temperature is 2.31
degrees lower than day time temperature.
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3.1.1

Continuous-Time Fourier
Transform

The Fourier Series Expansion of Periodic Signals

Formulation of The Fourier Expansion

As we have already seen in the previous chapter, the second-order differential
operator D? over the interval [0, 7] is a self-adjoint operator, and its eigenfunc-
tions ¢ (t) = e/2F7fot /\/T (k = 0,41,42,---) are orthonormal (Eq.1.27):

1 , , 1 ,
< O (t), P (t) >= —/ el?mmfoto=inmfot gy — —/ el2m=mmfot g — §[m — n]
T Jr T

T

(3.1)

where wg = 27 fo = 2w /T. These eigenfunctions form a complete orthogonal sys-

tem that spans a function space over interval [0,7], and any periodic signal

xp(t) = xzp(t + T) in the space can be expressed as a linear combination of these
basis functions:

rr(t) = 30 X[Hoult) = —= 3 X[kt (3:2)

k=—00 k=—00

Note that at t =0 and ¢t =T the summation on the right hand side is always
equal to >, X[k]/V/T, i.e., the condition in Eq. 2.149 is guaranteed. Conse-
quently at the end points t = 0 and ¢t = T the reconstructed signal may not be
the same as the original signal zp(¢t) if x7(0) # xp(T).

Due to the orthogonality of these basis functions, the nth coefficient X [n] can
be found by taking an inner product with ¢, (t) = e/2*"/ot /\/T on both sides of
the equation above:

. 1 . .
< zp(t), on(t) > = < xp(t),? ™ot |/ T >= = D X[k] < efkmhot gr2nmfot
k=0

= > X[klo[k —n] = X[n] (3.3)

k=—00

i.e., the nth coefficient X [n] is the projection of function z(¢) onto the nth basis
function ¢, (t):

Xn]| =< zp(t), o, (t) >= \/LT/TxT(t)eijfotdt (3.4)

102
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X,(t) X[n]
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Figure 3.1 Fourier series expansion of periodic signals

Equations 3.2 and 3.4 form a pair of the Fourier series expansion:

rr(t) = 7= 30 X[Hern!

k=—00

X[k] = ﬁ TxT(t)e_j%”fotdt (3.5)
As the signal and the basis functions are both periodic, the integral above can
be over any interval of T', such as from 0 to T, or from —7'/2 to T/2.
In practice, the constant scaling factor 1/ VT in the equations above has little
significance, and the Fourier series expansion pair could be expressed in some
alternative forms such as:

wr(t) = Y X[KeHHot = 7 X[kesto!
k=—0 k=—00

X[k] = 1 / xp(t)e 32kt g — 1 / xp(t)eIkeotqt (3.6)
T T T T

Now X|[0] = [, x7(t)dt/T has a clear interpretation, the average or the DC com-
ponent of the signal.

In some literatures, angular frequency wg = 27 fy = 27 /T is preferred to use.
But we will use either fy or wy = 27 fy = 27 /T interchangeably.

The Fourier series expansion is a unitary transformation that converts a
function zp(t) in the vector space of all periodic time functions into a vector
[--, X[-1], X[0], X[1],---]" in another vector space. Moreover, the inner prod-
uct of any two functions xp(t) and yr(t) remains the same before and after the
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transformation:

< a1 (t), yo(t) >= /T ()7 (0)dt

1 = )2k = N —j2nm
-7 /T S X[kleiriot S Yje-izemhotqy

k=—00 l=—00
1 o0 o0

— 5 > > XTY [ et

W?WW%szijW?W:<XJT> (3.7)

k=—00l=—00 k=—00

I
]
]

e

In particular, if yr(t) = 27 (t), the above becomes Parseval’s identity
lez (8)|? =< 2z (t),27(t) >=< X, X >=||X]? (3-8)

indicating that the total energy or information contained in the signal is pre-
served by the Fourier series expansion, therefore the signal can be equivalently
represented in either time or frequency domain.

Physical Interpretation

The Fourier series expansion of a periodic signal z7(t) can also be expressed in
terms of sine and cosine functions:

ar(t) = Y X[He™" = X[0] + Y [X[-kle 750! + X[kl
k=—o00 k=1

I
~
=
_|_

NE

[X [—F](cos kwot — j sin kwot) + X [k](cos kwot + j sin kwot )]

k=1
= X[0] + 2 Z(ak cos kwot + by, sin kwot) (3.9)
k=1
where
_ X[k] +X[_k] _ 1 —jkwot Jkwot _ 1
ap = 5 =57 /TxT(t)[e +e ldt = T /TxT(t) cos kwotdt
_ ](X[k] B X[_k]) _ L/ —jkwot _ jkwot _ i/ :
by, = 5 =5 TxT(t)[e e ldt = T TxT(t) sin kwotdt
(k=1,2--) (3.10)

This is an alternative form of the Fourier series expansion of xr(t). Here we have
used the Euler’s formula:
elkwo 4 g=Jkwo elkwo _ p—jkwo

cos kwy = — sin kwg = — (3.11)
J
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In particular, if xp(t) is real as all physical signals in reality, we have

_ _L T el2kmfol v — X7
X[—k] = \/T/T 7(t) dt = X k] (3.12)
Re[X[—k]] = Re[X[K]),  Im[X[—k]] = —Im[X[K]] (3.13)

i.e., the real part of X[k] is even and the imaginary part is odd. Now we have:

v = XU +2X[—k] _ X[K] ;7[1@] _ RelX[H]
J(XTK] - X[-k]) _ G(X[K] - XT[k])

2 o 2

b = = —Im|X[K]] (3.14)

and

{|X[k]|=\/ai+bi {ak—|X[k]|cosZX[l<:] (3.15)
ZX[]C] = —tan~! bk/ak by, = —|X[/€]| sin ZX[]C] '

Now the Fourier series expansion of a real signal z7(t) (Eq. 3.9) can be rewritten
as:

xr(t) = X[0] + 2 Z(ak cos kwot + by, sin kwot)
k=1

= X[0] + 2 Z | X [k]|(cos LX [k] cos kwot — sin £X [k] sin kwot)
k=1

= X[0] + 2 i | X [k]| cos(kwot + LX[k])
k=1
(3.16)

In other words, a real periodic signal zp(¢) can be constructed as a superposition
of infinite sinusoids of (a) different frequencies kwy, (b) different amplitudes
|X[k]|, and (c) different phases /X [k]. In particular,

* when k = 0, the coefficient X[0] = [, zp(t)dt/T is the average or DC compo-
nent (offset) of the signal zp(t);

e when k=1, the sinusoid cos(wot + ¢1) = cos(2nt/T + /X [1]) has the same
period T as the signal x1(t) and is therefore called the fundamental frequency
of the signal;

e when k > 1, the frequency of the sinusoidal function cos(kwot + £ X [k]) is k
times the frequency of the fundamental and is called the kth harmonic of the
signal.

Example 3.1: In this example we show the Fourier series expansion of three
periodic signals. A family of sinusoids of different frequencies are shown on the
left of Fig.3.2 as the basis functions that span the function space. These basis
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Figure 3.2 Fourier expansion of square, triangle, and sawtooth waves

functions can be linearly combined with different weights, the Fourier coefficients,
to represent various functions in the space, such as the square wave, triangle
wave, and sawtooth wave shown in the figure. As can be seen, the accuracy of
the approximation of a signal is improved continuously as progressively more
basis functions of higher frequencies, the higher harmonics, are included so that
finer details (corresponding to rapid changes in time) can be better represented.
The actual Fourier coefficients used in these expansions will be derived later and
shown in Fig.3.3.

Properties of The Fourier Series Expansion

Here we discuss only a few of the properties of the Fourier series expansion. Let
a7 (t) be a periodic signal with period T' and X [k] be its Fourier series expansion
coefficients.

e Time scaling: When z7(t) is scaled in time by a factor of a > 0 to become
x(at), its period becomes T'/a and its fundamental frequency becomes a/T =
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afo. If a > 1, the signal is compressed by a factor a and the frequencies of its
fundamental and harmonics are a times higher; if ¢ < 1, the signal is expanded
and the frequencies of its fundamental and harmonics are a times lower. But
in either case, the coefficients remain the same:
[o.¢]
x(at) = Z X [k]eTkawot (3.17)
k=—00
e Time shifting: A time signal z(¢) shifted in time by ¢y becomes y(t) =
x(t — tp). Defining ¢’ =t — ty we can get its Fourier coefficient as:

1 ; 1 ; /
Yk] = —/ z(t — to)e Tkotgr = —/ z(t') e dkwo(EHto) gy
T Jr T Jr
= X[k]e Ikwoto — X [k)e~I2kmSto (3.18)

e Differentiation: The time derivative of x(t) is y(t) = d =(t)/dt its Fourier
coefficients can be found to be:

1 [ d . 1] . T .
E— il —Jjkwot g3 _ — | ,—jkwot ; —jkwot
Yl = 7 /T L alt)e Theotdr = [e ()| + jkwo /T 2(t)e dt}
2
= jkwoX[k] = jk%X[k] (3.19)

e Integration: The time integration of x(t) is

y(t):/i x(r)dr (3.20)

o0
Note that y(t) is periodic only if the DC component or average of z(t) is zero,
i.e.,, X[0] = 0 (otherwise it would accumulate over time by the integration to
form a ramp). Since z(t) = ¥/(t), according to the differentiation property, we
have
T
=
Note that Y[0] can not be obtained from this formula as when k& = 0, both
the numerator and the denominator of Y[k] are zero. However, as the DC
component of y(t), Y[0] can be found by the definition:

Y[0] = %/Ty(t)dt (3.22)

X[k] = jk%rY[lc], ie. YK X[k] (3.21)

e Parseval’s theorem:

1 2 _ - 2
7 [ ler®Pa = 31X (3.23)

k=—o00
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This can be easily proven:

1 1
1 [teropar =1 [ srtme
1 o . 00 o _iom o] 00 o 1 . o
= ?/T Z X [k]ei2mkfot Z X[l]e 2ot gy — Z Z X[k‘]X[l]?/Teﬂ kfot g—i2mlfot gy

=3 N XEXWek-1= > |IX[k]?
k=—00l=—00 k=—00

Obviously the left-hand side of Eq.3.23 represents the average power in xp(t),
and similarly,

7 [ wermipar = o [ peppa = e
T T

represents the average power in the kth frequency component. Therefore
Eq.3.23 states that the average power in one period of the signal is the sum of
the average powers in all of its frequency components, i.e., the power in the
signal is conserved in either time or frequency domain.

3.14 The Fourier Expansion of Typical Functions

¢ Constant:
A constant x(t) = ¢ can be expressed as a complex exponential x(t) = /%
with arbitrary period T, i.e., it is a zero-frequency or DC (direct current)
component. The coefficient for this zero frequency is X [0] = ¢, while all other
coefficients for nonzero frequencies are zero. Alternatively, following the defi-
nition, we get

1 ; ck=0
X[k = = Tikwol gy = 24
u T/Tce {Ok;«éo (3:24)
The last equal sign is due to Eq.1.27
e Complex exponential:
A complex exponential z(t) = e/t (with period T' = 2 /wg) with a coefficient
X|[1] = 1. We can also find X[k] by definition:

1 ) ) 1 . 1k£=0
_ = jwot ,—jkwot gy _ Jwo(1-k)t 7, — 1] =
Cr T/Te e dt T/Te dt = 5[k — 1] {Ok‘;éO

e Sinusoids:
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The cosine function x(t) = cos(27 fot) = (e727fot 4 ¢=727fot) /2 of frequency fo
is periodic with T'= 1/ fy, and its Fourier coefficients are

1 ,
X[k] = ?/Tcos(%rfot)e’ﬂ”kfotdt

1.1 , 1 )
_ —j2n(k—1) fot —j27m(k+1) fot
——2[—/6 dt+—/e dt]

1

= 5 (0lk = 1]+ 6[k + 1) (3.25)

In particular, when fo = 0, 2(¢) = 1 and X [k] = 0[k], an impulse at zero, rep-
resenting the constant (zero frequency) value.
Similarly, the Fourier coefficient of x(t) = sin(27 fot) is:

1 .
X[k] = f/Tsin(27rf0t)e_jz’rkfotdt

_ i[l/ e—d2m (k1) fot gy _ l/ ¢-a2m (1) fot gy
27°T Jr T Jr
1
= Q—j(é[k— 1] = o[k +1]) (3.26)
Square wave:
Let z(t) be an odd square wave:

10<t<T
t) = 2
z(®) {Or<t<T (3.27)
The Fourier coefficients of this function are
X[k] = l /Tx(t)ejk“’otdt = l /T e Thwot gy — —1 (1- e’jk“’oT) (3.28)
T 0 T 0 j2k:7T '

In particular, as the DC component, X [0] = 7/T'. A sinc function is commonly
defined as:
sin(mz)

sinc(x) = o and il_%smc(x):l (3.29)

and the expression above for X[k| can be written as:

e—jk’TFT/T 1

X[k = ~ (jknT/T _ _—jknT/T
] = S g (T )
—jkmT/T )
= eT sin(krt/T) = %sinc(kT/T)e_jk”/T (3.30)
In particular, if 7 = T'/2, then X[0] = 1/2 and X [k] above becomes:
1 ,
X[k =—— (1—-e7* 3.31
] = <5 (1 =) (331)
Moreover, since e®/2™ = 1 and e*(?*~U™ = 1 all even terms X[+2k] =0

become zero and the odd terms become:

X[+(2k—1)] = +1/jr(2k—1), (k=1,2,---) (3.32)
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and the Fourier series expansion of the square wave becomes a linear combi-
nation of sinusoids:

[o.¢]
x(t) = Z X [k]ei2kmfot
k=—00
= 1 : 1 .
= XI0 - Li@kDwet 4~ —j(2k—1)wol
[H;[m(%—l)e T e )" ]
1 2 = sin((2k — 1)wot)
“3x 2 2% —1
k=1
1 2 sin(wet) | sin(3wot) = sin(5wot)
=3 tal 3 5t (3:33)
If we remove the DC component of x(¢) by letting X [0] = 0, the square wave
become
1/2 0<t<T/2
= . 4
z(?) {—1/2T/2<t<T (3:34)

and the square wave is an odd function composed of odd harmonics of sine
functions (odd).

Homework problem:

If the square wave is shifted to the left by 7'/4, it becomes an even function:

1t < T/4

t) = 3.35
zr(t) {0T/4<|t|<T/2 (3.35)
Show that its Fourier series expansion becomes
z(t) = Y X[k]eo!
k=—00
1 2 cos(wot) cos(3wopt)  cos(5wot)
—54’;[ 1 — 3 5 +] (3.36)
composed of odd harmonics of cosine functions (even).
e Triangle wave: A triangle wave can be defined as:
a(t) =2t)/T, (|t| <T/2) (3.37)

This triangle wave can be obtained as an integral of the square wave defined

in Eq. 3.27 with these modifications: (a) 7 =T/2, (b) DC offset X[0] set to

zero, and (c) scaled by 4/T. Now according to the integration property, the

Fourier coefficients can be easily obtained as

4 T e IkT/2 2sin(km/2) _

X[k = = —— in(kr/2) = = — L2 /2 3.38
%] T j2km  kr sin(kr/2) Jj o (km)? ¢ (3:38)

The DC offset is X[0] = 1/2. According to the time shift property, the complex

exponential e 7¥7/2 corresponds to a right-shifted signal (¢t — to) by to = T /4.
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If we shift the signal left by 7'/4, then the complex exponential term in the
expression of the coefficients disappears.
The Fourier series expansion of such a triangle wave can be written as
[o.¢] [o¢]
x(t) = Z X[k:]ej%”fot =_ 4+ Z[X[k]ej%”fot + X[—k]e‘ij”fOt]
k=—o00 k=1
_ 1 n i(g sin(km/2) pi2kmfot _ 2 sin(km/2) ¢~k foty
j o (km)? j o (km)?

4 Ksin(km/2) |
+ ; Z T Sll’l(2k7'rf0t)

N =

5 [sin(27 fot) — é sin(67 fot) + % sin(10m fot) —---]  (3.39)

Sawtooth:
A sawtooth function is defined as

x(t)=t/T, (0<t<T) (3.40)

We first find X[0], the average or DC component:

1 [ 1
X[0] = = [ e 700tdt = = A1
=7 [ e : (3.41)

Next we find all remaining coefficients X [k] (k # 0):

1 .
X[K = 7 /T %e—ﬂwotdt (3.42)

In general, this type of integrals can be found using integration by parts:
1
/te“tdt = p(at — e +C (3.43)

Here a = —jkwo = —j2kn/T # 0 and we get
1

X[k = gl Thent — ey = = (3.44)

2km

The Fourier series expansion of the function is

o0

[ eJwot _ L *jwot _
2 Z 2k7r Qkﬂ'e

—_

11
— =Y —sin(kwot) 4
Wzk wot)  (3.45)

|~

Note that this sawtooth wave is an odd function and therefore it is composed
of only odd sine functions.
Homework problem: Consider a different version of the sawtooth wave:

a(t) =t)T, (0<|t| <T/2) (3.46)

Impulse Train:
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An impulse train, also called a comb function or sampling function, is a
sequence of infinite unit impulse separated by time interval T":

comb(t Z §(t —nT) (3.47)

n—=-—oo

As a periodic function with period 7', an impulse train can be Fourier
expanded:

comb(t Z Comb[k] e?2kmt/T (3.48)

k=—00

with coefficients:

T/2 1 T/2 > 4
Comblk] = = / comb(t)e /T dt = — / > 6t = nT)e T gt

T/2 -T/2 n——oc
T/2 1

_ _/ —]2k7rt/Tdt: —, (k:()’il’iQ’) (349)
T/2 T

The last equation is due to Eq. 1.6. Substituting Comb[k] = 1/T back into
the Fourier series expansion of comb(t), we can also express the impulse train
as:

comb(t Z d(t —nT) Z eI 2hmt/T (3.50)

n=-—00 kffoc

This is actually the same as Eq.1.28 shown before.

Fig.3.3 shows a set of periodic signals (on the left) and their corresponding
Fourier coefficients (on the right).

3.2 The Fourier Transform of Non-Periodic Signals

3.2.1 Formulation

The Fourier series expansion is not applicable if the given signal z(t) is non-
periodic. In order to still be able to process and analyze the signal in frequency
domain, the concept of the Fourier series expansion needs to be modified.

We first make some minor modification of the Fourier series expansion pair in
Eq. 3.5 by moving the factor 1/T from the second equation to the first one:

oo o]

1 - 1 .
er(t) =Y X [klehert = > T X [kle72m ot

k=—o0 k=—00

X[k]:/xT(t)e*J”““’Otdt:/xT(t)e*jQ’”fotdt (3.51)
T T
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Figure 3.3 Examples of Fourier series expansions

A set of periodic signals are shown on the left and their Fourier expansion coef-
ficients are shown on the right as a function of frequency f (real and imagi-
nary parts are shown in solid and dashed lines, respectively). The first three
rows show two sinusoids x1 (t) = sin(273t) and 25 (t) = cos(2710t), and their sum
x1(t) + 22(t). The following four rows are for the impulse train, square wave, tri-
angle wave, and sawtooth wave, respectively.

Here the coefficient X [k] is redefined so that its value is scaled by T, and its
dimensionality becomes that of the signal xr(¢) multiplied by time, or divided
by frequency (while the exponential term exp(£j27 fot) is dimensionless).

Next we convert a periodic signal zp(t) into a non-periodic signal x(¢) simply
by increasing its period 7" to approach infinity 7" — oo. At the limit the following
changes take place:
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o wy=2mfy=2mw/T — 0, and the discrete frequencies kwy = 2k f; for all k =
—00,--+,—1,0,1,--- , 00 can be replaced by a continuous variable —co < w =
2rf < 0.

e The discrete and periodic basis functions ¢ (t) = e/2#74/T for all k become
uncountable and non-periodic ¢;(t) = 2™/t for all f, and they now span a
function space over (—o0, 00) containing all non-periodic functions x(t).

e The coefficients X[k] for the discrete frequency components ¢y (t) = ei2km /ot
for all & is replaced by a continuous weight function X (f) for the continuous
and uncountable frequency component function ¢;(t) = 2™/t for all f.

e Define Af =1/T, then Af — df, and the summation in the first equation in
Eq. 3.51 becomes an integral.

Due to the changes above, the two equations in Eq. 3.51 become

oo

o(t) = Jim [ 3 X[RH) = / " Xy
k=—00 —00
X(f) = 71im [/ a(t)e 2ot gt = /oc . )
— 00 T o

These two equations form the continuous-time Fourier transform (CTFT) pair:

X(f)=Flz(t)] = /jo z(t)e 12 It qt

o) = FHXU) = [ XDy (3.53)

The second equation, the inverse Fourier transform, represents a non-periodic
signal z(t) as a linear combination of an uncountable and infinite set of basis
functions ¢ (t) = e/2"/t weighted by a coefficient or weight function X (f), called
the frequency spectrum of z(t), which can be obtained as the projection of the
signal z(t) onto a basis function ¢¢(t) representing frequency f:

o0
X(f) =Flz@)] =< z(t), of(t) >=< z(t), 2/t >:/ z(t)e 2 Itdt  (3.54)
—00
This is the first equation, the forward Fourier transform. As the dimension of
X(f) is that of the signal z(¢) multiplied by time or divided by frequency, it is
actually a frequency density function, representing the distribution of energy or
information contained in the signal over frequency. This integral is also called
an integral transform, and ¢ (t) = /2™t  a function of two variables ¢ and f, is
called the kernel function of the transform.
The Fourier transform pair in Eq.3.53 can also be equivalently represented in
terms of the angular frequency w = 27 f:

X(w) = Fla(t)] = /_ " oty Tty

o]

() = FUX ()] = % /_ " X (w)etdw (3.55)
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In some literatures, the spectrum X (f) or X(w) is also denoted by X (jw),
because it takes this form when considered as a special case of the Laplace
transform, to be considered in a later chapter. However, we note that all these
different forms of the spectrum are just some notational variations all represent-
ing essentially the same fact: the spectrum is simply a function of frequency f,
or angular frequency f = 27 f. No confusion should be caused given the specific
context in the discussion. Moreover, when the spectrum is denoted by X (f), the
Fourier transform pair in Eq.3.53 appears symmetric so that the time-frequency
duality an be more clearly revealed. Therefore we will use X (f), X (w) and (jw)
interchangeably, whichever is more convenient and suitable in each specific case.

In order for the integral in Eq.3.53 to converge, i.e., for X(f) to exist, the
signal x(t) needs to satisfy the following Dirichlet conditions:

1. x(t) is absolutely integrable:

/00 |z(t)|dt < oo (3.56)

o]

2. z(t) has finite number of maxima and minima within any finite interval;
3. x(t) has finite number of discontinuities within any finite interval.

Alternatively, a more strict condition for the convergence of the integral is that
x(t) is an energy signal z(t) € L?(R), i.e., it is square-integrable (Eq. 2.33).
As some obvious examples, signals such as z(t) = t and z(t) = t> grow without
bound as [t| — oo and therefore their Fourier spectra do not exist. However,
we note that the Dirichlet conditions are sufficient but not necessary, as there
also exist some signals that do not satisfy such conditions but their Fourier
spectra still exist. For example, some important signals such z(t) = 1, z(t) =
u(t), and x(t) = §(t) are neither square integrable nor absolutely integrable, but
their Fourier spectra can all be obtained, due to the use of the Dirac delta, a
non-conventional function containing a value of infinity. The integrals of these
functions can be considered to be marginally convergent.

Similar to the Fourier series expansion, the Fourier transform is also a unitary
transformation (Theorem 2.6):

<ttty >= [ stomna = [ ([ x(pereia [/ V(e 2Tt di

—00

:/Oo/mX(f)?(f’)[/_ e72m(i= 1)t gy dfdf—/ / XY (S — 1)df df
/ X(HT(df =< X(f),Y(f) > (3.57)

Here we have used the fact (Eq.1.26) that:

/°° 2=ty — §(f — f) (3.58)
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This equation has a major significance as it also illustrates that indeed the func-
tion family {¢;(t) = e/?™/! (0o < f < 00)} forms an orthonormal basis that
spans the function space, and any function in the space can be expressed as a
linear combination of these basis functions. This is the very essence of the inverse
Fourier transform given in Eq.3.53.

Replacing y(y) by z(t) in Eq.3.57 above, we get Parseval’s equality:

la(®)|? =< z(t), 2(t) >=< X (), X(f) >= |1 X(H)I]? (3.59)

As a unitary transformation, the Fourier transform can be considered as a rota-
tion of the basis functions of the function space. Before the Fourier transform,
the function is represented as a linear combination of a uncountable set of stan-
dard basis functions §(t — 7), each for a particular time moment ¢t = 7, weighted
by the coefficient function z(7) for the signal amplitude at the time moment:

2(t) = [ " o(r)o(t — Pdr (3.60)

oo

After the transformation, the function is represented as a linear combination of
a different set of orthonormal basis functions ¢¢(t) = e/2™/* for all frequencies
f, weighted by the coefficient function X (f) for the amplitude of each frequency
component:

z(t) = /_OO X (f)ed>™Itaf (3.61)

The representations of the signal in time domain by x(¢) and in frequency domain
by X (f) are equivalent, in the sense that the total amount of energy or informa-

tion is preserved due to the Parseval’s equality ||z(¢)|] = || X (f)]], i-e.,
| lewpde= [ xpar
—00 —00

Based on the discussion above, we conclude that the Fourier series expansion
is actually a special case of the general Fourier transform, when the time signal
is periodic and consequently the spectrum is discrete. When the period T —
oo approaches infinity, the gap fo = 1/T — 0 approaches zero, i.e., the Fourier
expansion becomes the Fourier transform.

Example 3.2: Consider the Fourier transform of a few special signals:

e The Dirac delta or unit impulse function z(t) = §(t):
Fl5(8)] = / S(t)e=I2mIt = =120 _q (3.62)
—00
e Constant function z(t) = 1:

1) = /_ et () (3.63)
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The second equal sign is due to Eq.1.26.
The sign function x(t) = sgn(t):

—-1t<0
sgn(t) = 0t=0
1t>0

0

Flsgn(t) =~ [

-0

o0 o0 o0
eij%ftdt—l—/ e It gy :/ ejQ’Tftdt—i—/ e Ity
0 0 0

Consider the first integral as the following limit when a > 0 approaches zero:

00 ) -1 . 1 1
lim e~ eIt gt — 1im 7,6_(“_32”f)t|00 = lim . = -
a—0 J a—0a — j2m f O a=0a—jg2nf j2nf

Similarly we get the same result for the second integral, therefore:

1
Flsgn(t)] = — 3.64
sgn(®)] = — (364)
The unit step function x(t) = wu(t):
1 0t<0
u(t) = 5[1 +sgn(t)) =< 1/2t=0
1t>0
Due to the linearity of the Fourier transform, we have:
1 1 1
U(f) = Flu®)] = 5[FI + Flsgn®)l] = 56(f) + 2] (3.65)

Alternatively, U(f) = Flu(t)] can also be obtained directly from the defini-
tion. However, note that as the unit step w(t) is not square-integrable, its
Fourier transform integral does not converge in the normal sense:

f[u(t)]:/ u(t)efj%rftdt:/ ei2mft gy
e 0

To overcome this difficulty, we consider u(t) as a special case of the exponential
decay function e~ wu(t) when a = 0, so that U(f) = Flu(t)] can be obtained

the same as in Eq.3.65:
T —at T a _]W N l 1
Flu()] = lim Fle~*'u(t)] = lim S5 = 55(7) +

The proof of this result is left to the reader as a homework problem.
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x(t) X()

£

t

Figure 3.4 Fourier transform of non-periodic and continuous signals
When the time signal is no longer periodic, its discrete spectrum represented by
the Fourier series coefficients becomes a continuous function.

Physical Interpretation

In general the spectrum X (f) of a time signal x(t) is complex and can be
expressed in either Cartesian or polar form:

X(f) = Xo() +3X5() = X ()l XD (3.66)
where
XUN=SED T (XD = KDl XD
X(f) = tan ' X,(f)/ X, (f) X;(f) = 1X(f)|sin LX(f)
If the signal z(t) is real, we have

X(f)= /jc x(t)e_ﬂ”ftdt = /jc x(t)(cos 2m ft — jsin2m ft)dt = X,.(f) — jX,;(f)

- - (3.68)
where the real part X, (f) is even and the imaginary part X;(f) is odd:
X,(f) = /x 2(t) cos(2m )t = Xo(—f)
X;(f) = /_ () sin(2m fH)dt = —X;(—f) (3.69)
therefore | X (f)| = |/ X2(f) + X7(f) is even. Now the signal can be expressed
/ X 6]27rftdf / |ej27rft+ZX(f)df
= [ IXeostense+ XN+ [ Xl sinC2nse+ LX()ar
=2 /0 | X ()| cos(2mft + LX(f))df (3.70)

The last equation is due to the fact that the integrand of the real term is even and
that of the imaginary term is odd. We see that the Fourier transform expresses
a real time signal as a superposition of infinitely many uncountable frequency
components each with a different frequency f, magnitude |X(f)|, and phase

LX(f).
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Relation to The Fourier Expansion

We consider how the Fourier transform of a periodic function is related to its
Fourier coefficients. The Fourier series expansion of a periodic function zp(t) is:

zp(t) = i X [k]e?2Fmt/T = i X [k)eI?krfot (3.71)

k=—00 k=—00

where fo = 1/T is the fundamental frequency and X [k] the expansion coefficient.
The Fourier transform of this periodic function 7 (t) can be found to be:

X(f) = /jc wp(t)e 72 dt = /oc[ i X [k]e?2kmot) 271t gy

[e%¢) —00 k——
- i X K] /jc e I (=kfo)t gy — i X[k)o(f —kfo)  (3.72)

k=—00 k=—00

Here we have used the result of Eq.1.31. It is clear that the spectrum of a periodic
function is discrete, in the sense that it is none-zero only at a set of discrete
frequencies f = kfy where X (f) = X[k]o(f — kfo). This result also illustrates
an important point: while the dimensionality of the Fourier coefficient X [k] is
the same as that of the function zp(t), i.e., [X[k]] = [x7(¢)], the dimensionality
of the spectrum is

x()] = i = 2 (3.73)

/]

i.e., X(f) is a density function over frequency, only when integrated over fre-
quency, will it become the coefficient:

[ X150 — kfo)ar = X1 (3.74)

When T — oo, x(t) becomes non-periodic and the gap fo = 1/T between two
consecutive frequency components in its spectrum becomes zero, i.e., the discrete
spectrum becomes continuous.

Next, we consider how the Fourier spectrum X (¢) of a signal x(¢) can be related
to the Fourier series coefficients of its periodic extension defined as:

o0
2(t)= Y a(t+nT)=2(t+1T) (3.75)
n=-—oo

As 2/(t) is periodic, it can be Fourier expanded and the kth Fourier coefficient
is:

X/[k] — l /T x,(t)eijwkt/T — i /T[ f: x(t-f—nT)] e’jQWkt/Tdt
T Jo T /o

n—=—oo

oo T
3 / 2(t + nT)]e T2 MIT gy (3.76)
0

n=-—0o0

Nl =
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If we define 7 =t 4+ nT, i.e., t =7 — nT, the above becomes:

1 & (n+1)T ' 4
X/[k?] _ Z / x(T)e—_]QTI'k‘T/TdT e—jank
T n=-—oo nT
1 [ , 1k
=7 x(r)e 72/ T gy = X () (3.77)

—00

(Note that e 72™"* = 1 as k and n are both integer.) This equation relates the
Fourier transform X (f) of a signal z(t) to the Fourier series coefficient X'[k] of
the periodic extension 2/ (¢) of the signal. Now the Fourier expansion of 2/(¢) can
be written as:

J)/(t): Z X/[k]ejQTrkt/T _ Z %X (;) ejQWkt/T (378)

k=—o00 k=—o00

This equation is called Poisson summation formula.

Properties of The Fourier Transform

Here we consider a set of properties of the Fourier transform, many of which
should look similar to those of the Fourier series expansion discussed before, sim-
ply because the Fourier expansion is just a special case of the Fourier transform,
they naturally share all of the properties. In the following, we always assume x(t)
and y(t) are two complex functions (real as a special case) and Flz(t)] = X(f)

and Fly(t)] = Y(f).

® Linearity:
Flax(t) + by(t)] = aF[z(t)] + bF[y(t)] (3.79)

The Fourier transform of a function x(¢) is simply an inner product of the
function with a kernel function ¢ (t) = e/27/* (Eq.3.54). Therefore due to the
linearity of the inner product in the first variable, the Fourier transform is
also linear.

e Time-frequency duality:

it Flo(t)] = X(f), then FIX(t)] = a(—f) (3.80)
Proof:
o) = FX ) = [ X (3.51)
Defining # = —t, we have
o) = F ) [ X (e (3.52)

Interchanging variables t' and f, we get

o(~f) = [ T X (e g — FIX (1) (3.83)
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In particular, if (t) = x(—t) is even, we have
it Fla(t)] = X(f), then F[X(t)]==x(f) (3.84)

This duality is simply the result of the definition of the forward and inverse
transforms in Eq. 3.53, which are highly symmetric between time and fre-
quency. Consequently, many of the properties and transforms of typical func-
tions have strong duality between the time and frequency domains.
Multiplication (Plancherel) theorem:

[ stmar= [~ xnvina (3.85)

This is Eq. 3.57, indicating that the Fourier transform is a unitary transfor-
mation that conserves inner product. In particular, letting y(¢) = x(t), we get
Parseval’s identity:

/:|x(t)|2dt=/_ t)dt = / X(HX(f)df = / £)%df (3.86)

where |z(t)|? represents how the signal energy is distributed over time, while
| X (f)|? represents how the signal energy is distributed over frequency, and
|X(f)|? = Sx(f) is defined as the power density spectrum (PDS).

Complex conjugate:
Flz(t)] = X(~f) (3.87)

Proof: Taking the complex conjugate of the inverse Fourier transform, we
get:

= [x X(f)ej%rftdf _ [x 7(f)e,j27rftdf
/ X(= e I taf' = FHX ()] (3.88)
(3.89)

where we have defined ' = —f.

Symmetry:

Let us consider some symmetry properties of the Fourier transform in both
time and frequency domains. First note that:

X(f)= /_OC x(t)e 2™t dt = /_OC x(t) cos(2m ft)dt _j/_oc x(t) sin(27 ft)dt

= X() 4 5Xo()) (3.90)

where X (f) and X,(f) are the even and odd components of X (f):
X (f) = /Oc x(t) cos(2m ft)dt = Xe(—f) (3.91)
Xo(f) = — /oo x(t) sin(2r ft)dt = —Xo(—f) (3.92)
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We can also represent the spectrum in terms of its real and imaginary parts:

X(f) = Re[X (/)] + 3 Im[X (f)] = X (f) + 5 X;(f) (3.93)

Note, however, here X,.(f) and X, (f) do not necessarily correspond to X.(f)
and X,(f), respectively, as z(t) is in general assumed to be complex.

Real signal:

If x(t) is real, then both X.(f) and X,(f) are real, and they become respec-
tively the real and imaginary parts of X (f):

Xe(f) = X (f) = X (= f)
{Xo(f) = X;(f) = =X;(=f) (3.94)

As the real part of X(f) is even, and the imaginary part is odd, i.e., the
spectrum X (f) of a real signal is a Hermitian function satisfying:

X(=f) = Xe (=) +3X;(=f) = X, (f) = 3 X;(f) = X(f) (3.95)

The symmetry property of spectrum X (f) indicates that in frequency domain,
only half of the data is independent (fifty percent redundancy), which is of
course the natural consequence of the fact that only half of the data in time
domain, the real part, is independent, as the imaginary part is all zero.

As the spectrum of a real signal symmetric (real part even and imaginary odd),
it can be reconstructed by inverse transform by only half of the spectrum for
f>0:

z(t) = /OC X(f)ei2mftaf — /_0 X(f)er2mItaf + /OOOX(f)ejzwftdf

= [ xCpermra+ [T xerea
0 0
= [P X (e (3.96)

0

Moreover, depending on whether z(t) is even or odd, we have the following

results:

— If a(t) = (1) s even (X,(f) = X,(f) = 0), X(f) = X,(f) = Xo(f) is
real and even;

I w(t) = a(—1) s odd (X;(f) = Xe(f) =0), X(f) = X;(f) = Xo(f) is
imaginary and odd.

Imaginary signal:

If x(t) is imaginary, then both X.(f) and X,(f) are imaginary, and they

become respectively the imaginary and real parts of X (f):

{Xe(f)—Xj(f)—Xj(—f)

Xo(f) = X, (f) = —Xo(—f) (3.97)

and we have

X(=f) = Xo(=f) +5X;(=f) = =X, (f) + 5 X;(f) = =X(f) (3.98)
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Table 3.1. Symmetry Properties of Fourier Transform

x(t) =, (t) + ji(t) X(f) = X () +3X;(f)

x(t) = x,(t) real X (f) =X (—f) even, X;(f) = —X,;(—f) odd
x,(t) = z.(—t) real, even X, (f) = X, (—f) real, even

x,(t) = —x,.(—t) real, odd X;(f) = —X;(f) imaginary, odd

z(t) = z;(t) imaginary X (f)=—-X,(—f) odd, X;(f) = X,;(—f) even
zj(t) = xj(—t) imaginary, even | X;(f) = X;(—f) imaginary, even

zj(t) = —x;(—t) imaginary, odd | X, (f) = =X, (—f) real, odd

i.e., the spectrum of an imaginary signal is anti-Hermitian.

Moreover, depending on whether z(t) is even or odd, we have the following

results:

I a(t) = a(—1) is even (X, (f) = X,(f) = 0), X(f) = X;(f) = Xe(f) is
imaginary and even;

— I a(t) = —a(—1) is odd (Im[X(f)] = X.(f) = 0), X(f) = X,(f) = Xo(f)
is real and odd.

e Time reversal:

Fla(=)] = X(=f) (3.99)

i.e., if the signal x(¢) is flipped in time with respect to the origin ¢ = 0, its
spectrum X (f) is also flipped in frequency with respect to the origin f =0,
Proof:

Flz(=t)] = /jo x(—t)e P2t = /00 x(t)e?? IV at = X (—f) (3.100)

o0 —00

where we have assumed —t' = ¢. In particular, when x(t) = Z(¢) is real,

Flo(—t)] = X(—f) = /_Oo (t)ei2 St — /_Oo s(B)e 2 = XY (3.101)

e Time and frequency scaling:

ﬁx%) (3.102)

Fla(at)] =
Proof: First we assume a positive scaling factor a > 0 and get

Fla(at)] = /

—00 —00

o0 . o0 . 1
a(at)e 2t dt = / x(u)e‘ﬂ”f“/“d(%):aX(g)

where we have assumed u = at. Next we apply the previous property to this
result to get:

1 f
—at)] = =X (=L
Fla(-at)] = TX(-1)
Letting a’ = —a < 0, we get the following for a negative scaling factor:
Lo f
Flo(at)] = = X(2)
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Combining the above results for both positive and negative scaling factors,
we get Eq.3.102.

If |a| < 1, the signal is stretched and its spectrum is compressed and scaled
up. When |a| — 0, z(at) is so stretched that it approaches a constant, and
its spectrum is compressed and scaled up to the extent that it approaches
an impulse. On the other hand, if |a| > 1, then the signal is compressed and
its spectrum is stretched and scaled down. When |a| — oo, we redefine the
signal as a z(at) with spectrum X (f/a), the signal becomes an impulse and
its spectrum X (f/a) becomes a constant.

Time and frequency shifting:

Fla(t £t9)] = e2m o X (f) (3.103)
FUX(f £ fo)] = eF2moly(t) (3.104)
Proof: We first prove Eq.3.103:
Fla(t £t0)] = /OC x(t £ to)e 2™t dt (3.105)
—0

Let t' =t £ tg, then t =t' F tg, dt’ = dt, the above becomes

Fla(t +ty)] = / N z(t)e 2 EF) gt = o*32mflo X (F)  (3.106)
—0

A time shift ty of the signal corresponds to a phase shift 27 fty for every
frequency component e/27/*. Note that as the phase shift is proportional to the
frequency, a higher frequency component will shift more so that the relative
positions of the harmonics remain the same, and the shape of the signal as a
superposition of these harmonics remains the same when shifted.

The frequency shift property in Eq.3.104 can be then obtained by applying
the time-frequency duality to the time shift property in Eq.3.103.
Correlation:

The cross-correlation between two functions z(t) and y(t) is defined as

Tay(t) = x(t) xy(t) = /jc z(T)y(r — t)dr (3.107)
This property states:
Flray()] = Fla(t) xy(t)] = X ()Y (f) (3.108)

Proof:
As Flz(1)] = X(f) and Fy(t —t)] = Y (f)e 72"/t we apply the multiplica-
tion theorem to get:

Txy(t) = /_OC :L’(T)y('r — t)dfr — /_OC X(f)?(f)ej%rftdf

o0

N /m Suy (1) ITdf = F Sy (f)] (3.109)
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where

Say(f) = X(NY (f) = Flray(t)] (3.110)

is defined as the cross power density spectrum Sy, (f) of the two signals. If both
signals T(t) = 2(t) and 5(t) = y(t) are real, i.e., X(f) = X(—f) and Y (f) =
Y (—f), then we have S,,(f) = X(f)Y (—f). In particular, when x(t) = y(¢),

we have:

o0 [o¢]
ro(t) = / z(T)Z(r — t)dr = / S e? T df = FS,.(f)] (3.111)
where 7, (t) is the auto-correlation and S, (f) = X(f)X(f) = |X(f)|? is the
power density spectrum of x(t).

Convolution theorem:

As discussed in the previous chapter, the convolution of two functions z(t)
and y(t) is defined as:

z(t) xy(t) = /_OC x(r)y(t — 7)dr (3.112)

o0
Note that if y(t) = y(—t) is even, then z(t) * y(t) = x(t) x y(t) is the same as
the correlation. The convolution theorem states:

Flo(t) xyt)] = X(f) Y(f) (3.113)
Fle(t)y(t)] = X(f) * Y (f) (3.114)
Proof:
Fla(t) + y(t)] = /_ [ /_ 2()y(t — )dr]e 2T gt
= /OC x(r)e I3 IT /OC y(t — 7)e 72 gt dr
. /_ e (e ITY (fydr = X ()Y () (3.115)

Similarly, we can also prove:

Fle®)y®)] = X(f) * Y (f) (3.116)

In particular, as shown in Eq.1.66 in Chapter 1, the output y(¢) of an LTI
system can be found as the convolution of its impulse response h(t0 and the
input z(t) y(t) = h(t) * z(t). Now according to the convolution theorem, the
output of the system can be more conveniently obtained in frequency domain
by a multiplication:

Y(f) = H()X(S) (3.117)

where X (f) and Y (f) are respectively the spectra of the input z(¢) and
the output y(t), and H(f) = F[h(t)], the Fourier transform of the impulse
response function h(t), is the frequency response function (FRF) of the sys-
tem, to be discussed in details later.
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e Time derivative:

FIoa(0)] = j2nfX(f) = joX (@) (3118)
Proof:
o) =5 [ xererar = [ x(gertiy
= [T gz (peritg = F X () (019)
Le., Fla'(1)] = j2r fX( fD; Repeating this process we get
F [ (t)] = (G20 X (/) (3120)

e Frequency derivative:

d
tx(t) =7j—=X
F ltat)] = i X (f)
Lo
(2m)™ df"
The proof is very similar to the above.

e Time integration:
The Fourier transform of a time integration is:

Flt ()] = 5" X(f) (3.121)

ﬂ/_‘ z(r)dr] = ﬁ X(f) + %X(0)5(f) (3.122)

Proof:
The integral of a signal x(t) can be considered as its convolution with u(t):

(1) % u(t) = /

—00

t

x(T)u(t — 7)dr = / x(7)dr (3.123)

—00

[o.¢]

Due to the convolution theorem, we have

i 1 1 1 X (0)

FI_a(ryde] = Fla) » u(t)] = X (D=5 + 360 = = X() + =528
(3.124)

Comparing Eqgs.3.118 and 3.122, we see that the time derivative and integral

are the inverse operations of each other in frequency domain as well as in time

domain. However, the second term in Eq.3.122 is necessary for representing the

DC component in signal z(t), while Eq.3.118 does not have a corresponding

term as derivative operation is insensitive to DC component in the signal.

3.25 Fourier Spectra of Typical Functions

e Unit impulse:
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The Fourier transform of the unit impulse function is given in Eq.3.62 accord-
ing to the definition of the Fourier transform:

Fl5@t)] = /jo S(tye 2™ Itdt = 1 (3.125)

Sign function:
The Fourier transform of the sign function sgn(t) is given in Eq.3.64:

1
Flsgn(t)] = — 3.126
sgn(®)] = — (3126)
Moreover, based on the time-frequency duality property, we also get:
1
F [E} = —jgmsgn(f) (3.127)

Exponential functions:
A right-sided exponential decay function is defined as e “u(t) (a > 0), and
its Fourier transform can be found to be:

o0
, 1 ,
:Fefatu ] = / efat67]27rftdt _ : ef(a+]27rf)t 00
[ ult)] 0 —(a+j2nf) o
1 a—j2nf a— jw
_ — = 3.128
a+j2rf  a?+ (27f)?2  a®+w? ( )

Next consider a left-sided exponential decay function e*wu(—t), the time-
reversal version of the right-sided decay function. According time reversal
property Flz(—t)] = X(—f), we get:

1 a+j2nf a+ jw

Fle®u(-1) = a—jerf @+ (@2nf)? @@ +w? (3.129)

Finally, a two-sided exponential decay e~ is the sum of the right-sided and
left-sided decay functions and according to the linearity property, its Fourier
transform can be obtained as:

1 1
F —alt| —F —at t F at ] =
) = Fletu(t)] + Flettu(—1)] = o
2a 2a
— = 3.130
a2+ (2nf)2  a® + w? ( )
Unit step functions:
The Fourier transform of a unit step is also given before in Eq.3.65:
1 1
U = t))=——+=6 3.131
() = Flult)] = =+ 55(0) (3131)

As the unit step is the time integral of the unit impulse:

ul(t) = /_ t 5(t)dt (3.132)

oo

their Fourier spectra are related according the time integration property.
Moreover, due to the time reversal property Flxz(—t)] = X(—f), we can also
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get the Fourier transform of a left-sided unit step:

1 1 1 1
)

“jarf 2V oy

(3.133)

(as 6(—f) = 6(f).)

Constant:

As a constant time function z(¢) = 1 is not square-integrable, the integral of
its Fourier transform does not converge:

o0
Fll) = / e~ I2m It gy
—00
However, we realize that the constant time function is simply the sum of a
right-sided unit step and a left-sided unit step: x(t) = 1 = u(t) + u(—t), and
according to the linearity of the Fourier transform we have:

Pl = Flu(t)] + Flu(=0)] = 5= + 56() = 5= + 36(7) = 8(1)
(3.134)

Alternatively, the Fourier transform of constant 1 can also be obtained accord-
ing to the property of time-frequency duality, based on the Fourier transform
of the unit impulse:

Fl] = 1 ety 5(f) (3.135)

Due to the property of time-frequency scaling, if the time function x(t) is
scaled by a factor of 1/27 to become x(t/27), its spectrum X (f) will become
27X (27 f) = 2n X (w). Specifically in this case, if we scale the constant 1 as
a time function by 1/27 (still the same), its spectrum X (f) = §(f) can be
expressed as a function of angular frequency X (w) = 27d(w).

Complex exponentials and sinusoids:

The Fourier transform of a complex exponential z(t) = e/«“ot = eI27fot of fre-

quency fo is:
Flei2nio] :/ eIt = §(f — fo) (3.136)

and according to Euler’s formula, the Fourier transform of cosine function
x(t) = cos(27 fot) is:

Fleos(2m fot)] = F B(eﬂ”ﬁ’t + e_j%fot)] = —[6(f — fo) +6(f + fE}137)

N =

and similarly the Fourier transform of x(t) = sin(2w fot) is:

Flsin(2n fot)] = Qijw ~ fo) = 6(f + fo)] (3.138)

Note that none of the step, constant, complex exponential and sinusoidal func-
tions considered above is square-integrable, and correspondingly their Fourier
transform integrals are only marginally convergent, in the sense that their
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transform functions X (f) all contain a delta function (6(f), 6(f — fo), etc.)
with an infinite value at certain frequency.

Rectangular function and sinc function:

A rectangular function is defined as

rect,(t) = {

10<|t] <71/2

.1
0 otherwise (3.139)

which can be considered as the difference between two unit step functions:
rect(t) =u(t+7/2) —u(t —7/2) (3.140)

Due to the properties of linearity and time shift, the spectrum of rect,(t) can
be found to be
ejﬂ—fT eijrfT
j2rf  j2nf
-
= ——sin(7f1) = 7 sinc(f1 3.141

= sin(rf7) () (3.141)
This spectrum is zero at f = k/7 for any integer k. If we let 7 — oo, the
time function is a constant 1 and its spectrum an impulse function. If we
divide both sides of the equation above by 7 and let 7 — 0, the time function
becomes an impulse and its spectrum a constant.
On the other hand, in frequency domain, an ideal low-pass filter is defined as:

Flrect(t)] = Flu(t +7/2)] — Flu(t —7/2)] =

LIfI < fe
Hy,(f) = { 3.142
then according to time-frequency duality, its time impulse response is
in(2m f.t
hip(t) = L:fc) = 2, sinc(2f.t) (3.143)
m

Note that the impulse response hy,(t) is nonzero for ¢ < 0, indicating that the
ideal low-pass filter is not causal (response before the input 6(0) at ¢ = 0). In
other words, an ideal low-pass filter is impossible to implement in real-time,
but it can be trivially realized off-line in frequency domain.

Triangle function:

1—|t|/7 |t <7

triangle(t) = {0 > (3.144)

This triangle function (with width 27) is the convolution of two square func-
tions (with width 7) scaled by 1/7:

1
triangle(t) = — rect(t) x rect(t) (3.145)
T
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its Fourier transform can be conveniently obtained based on the convolution
theorem:
1 1
Fltriangle(t)] = =F[rect(t) * rect(t)] = = 7 sinc(f) 7 sinc(f) = Tsinc*(f7)
T T
(3.146)

Alternatively, the spectrum of the triangle function can be obtained by the
definition. As this is an even function, its Fourier transform is

Fltriangle(t)] = 2 /OT(l —t/7)cos(2m ft)dt

= 2[/(: cos(27 ft)dt — %/OT t cos(2mft)dt] = ﬂ—lf[sin(27rf7') — % /OTt d sin(2m ft)]

= %f[sin(QﬂfT) - ; sin(27rft)|g + % /OT sin(27 ft)dt] = #3)2 cos(Zﬂft)‘S
2
B m(l ~ cos(2mfr)) = T% =7 sinc’(f7) (3.147)

This spectrum is zero at f = k/7 for any integer k.

* Gaussian function:
Consider the Gaussian function z(t) = e ™(#/* /4. Note that in particular
when a = V2702, z(t) becomes the normal distribution with variance o and
mean g = 0. The spectrum of z(¢) is:

1 2 1 [ 2 . 1 [ o .
X(f) = ]:[_e—w(t/a) ] = _/ e‘”(t/a) e—JQWftdt _ _/ e—ﬂ'((t/a) +32ft)dt
a a.J s a ) _~
1 71'(jaf)z * —W[(t/a)2+j2ft+(jaf)2] —w(af)z o —W(t/a—i—jaf)z 3
— ¢ dt=e e d(t/a+ jaf)
= el (3.148)

The last equation is due to the identity ffooc e ™ dx = 1. We see that the
Fourier transform of a Gaussian function is another Gaussian function, and
the area underneath either x(¢) or X (f) is unity. Moreover, If we let a — 0,
x(t) will approach §(t), while its spectrum e~™(a)* approaches 1. On the other
hand, if we rewrite the above as

X(f) = Fla(t)] = Fle™ /"] = ae~"(*)* (3.149)

and let a — oo, x(t) approaches 1 and X (f) approaches 6(f).

e Impulse train:
As discussed before the impulse train is a sequence of infinite unit impulses
separated by a constant time interval T

comb(t) = i 5(t —nT) (3.150)

n—=-—oo
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Figure 3.5 Impulse train and its spectrum
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Figure 3.6 Generation of a periodic signal
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Figure 3.7 A periodic signal and its spectrum

The Fourier transform of this function is:

Fleomb(t)] = /:x; comb(t)e*j%ftdt = /z [

o0

Z 5(t —nT) | e 72 tdt

n=-—0oo

= Z / ot —nT)eiJ%ftdt = Z e—d2mnfT

n=-—oo" n=-—00

We let fo = 1/T and apply Eq.1.28 to the equation above to get

Flcomb(t)] = /

J =00

o0 o0
comb(t)e7¥tdt = f, o(f —nf :l o(f —n/T
() fon;x (f = nfo) Tn;m (f =n/T)
This equation, also called Poisson formula, is very useful in the discussion of
impulse trains.
¢ Periodic signals:
As discussed before, a periodic signal xp(t +T) = xp(t) can be expanded
into a Fourier series with coefficients X[k], as shown in Eq.3.6. We can also
consider this periodic signal as the convolution of a finite signal x(¢) which



132

Chapter 3. Continuous-Time Fourier Transform

is zero outside the interval 0 <t < T and an impulse train with the same
interval:

xr(t) = z(t) * i d(t —nT) (3.151)

n—=—-—oo

The Fourier transform of this periodic signal can be found to be:

Flar(t)] = Fla(t)« > 6t —nT) = X(f) F[ Y d(t—nT)] (3.152)

n—=-—oo n—=-—oo

The second equal sign is due to the convolution theorem. Here the two Fourier
transforms on the right-hand side above are, respectively:

X(f):}'[x(t)]:/o x(t)e 72Tt (3.153)
and (Eq.1.28)
FIS 6(t—nT) :% S 8(f — k/T) (3.154)
n=-—oo k=—00

‘We now have:

Flar(t)] = X(f) FI Y 6(t —nT)] :/0 a:(t)e_ﬂ”ftdt% > 6(f —k/T)

n=-—o0o k=—
=S 7 /OTxT@)eW/Tdt 5(f — k/T)
k=—00
= 3" XK 8(f — kfo) (3.155)
k=—00

where fo =1/T is the fundamental frequency. This result indicates that the
periodic signal has a discrete spectrum, which can be represented as an
impulse train weighted by the Fourier coefficients X[k], same as those in
Eq.3.6. As an example, a square wave and its periodic version are shown
respectively on top and bottom of Fig.3.7. Their corresponding spectra are
shown on the right. We see that the spectrum of the periodic version is com-
posed of a set of impulses, weighted by the spectrum X (f) = Flx(t)].

Fig.3.8 shows a set of typical signals and their Fourier spectra.

Example 3.3: In radio and TV broadcasting, a carrier wave c(t) = cos(27 f.t)
with radio frequency (RF) f. is first modulated by the audio or video signal
s(t) before it is transmitted. In particular, in amplitude modulation (AM), the
modulation is carried out as a multiplication by a modulator (mixer):

x(t) = s(t)c(t) = s(t) cos(2m fet) = s(t)%[ej%fct 4 e92miet) (3.156)
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Figure 3.8 Examples of continuous-time Fourier transforms
A set of signals are shown on the left and their Fourier spectra are shown on the
right (real and imaginary parts are shown in solid and dashed lines, respectively).
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S(f)
f
- |
5 (f+ fc)/2 T 0 T 8(f - fc)2 .
-fc 0 fc o
X(B=S(H*C(f
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Y(H)=X(E)*CEH=S(E)*C(H)*C(f)

S(f+ 2fc)/4 i S(fy2 | S(f- 2fc)/4

2fc ' 0 2fc

Figure 3.9 AM modulation and demodulation

This multiplication in time domain corresponds to a convolution in frequency
domain:

X(f) = 8() = C(f) = SU) * 5I0(f — fo) + 67 + fo)] = 5S(F — fo) + S(F + 1)

(3.157)
We note that the bandwidth occupied by the signal is Af = 2f,,, twice the
highest frequency contained in the signal.

This modulated signal with RF frequency is transmitted and then received by
aradio or TV receiver, where the audio or video signal needs to be separated from
the carrier wave by a demodulation process, which can be easily implemented by
another multiplication:

s(t)  s(t)cos(4dmfet)

y(t) = x(t) cos(2m f.t) = s(t) cos?(2m fot) = " + — (3.158)

The signal s(¢) can then be obtained by a low-pass filter to remove the higher fre-
quency component at 2 f.. Note that this demodulation method requires the sinu-
soid cos(2m f.t) used in the demodulator of the receiver is synchronous with that
used in the modulator of the transmitter. If there is a phase difference between
the two, the trigonometry relation used in the equation above is no longer valid.
For this reason, alternative methods exist for the purpose of demodulation.

This process of both modulation and demodulation in frequency domain is
illustrated in Fig.3.9.
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The Uncertainty Principle

According to the property of time and frequency scaling (Eq.3.102), if a time
function z(t) is expanded (a < 1), its spectrum X (f) will be compressed, and,
conversely, if z(t) is compressed (a > 1), X (f) will be expanded. This property
indicates that if the energy of a signal is mostly concentrated with in a short
time range, then the energy in its spectrum is spread in a wide frequency range,
and vice versa. In particular, as two extreme examples, the Fourier transform of
an impulse F[0(¢)] = 1 is a constant, while the Fourier transform of a constant
F1] = 6(f) is an impulse.

This general phenomenon can be further quantitatively stated by the uncer-
tainty principle. To do so, we need to borrow some concepts from probability
theory. First, for a given function z(t), we build another function:

_ @ J=@P

pa(t) = = = (3.159)
@I 2 lx@)]2dt
As p,(t) satisfies these conditions
pa(t) >0 and / palt)dt = 1 (3.160)

it can be considered as a probability density function over variable ¢, and how
the function z(t) spreads over time, or the dispersion of x(t), can be measured
as the variance of this probability density p. (¢):

- 00 B ) B 1 00 B ) ; )
where p; is the mean of p,(t):
= /_octpx(t)dt E ()IIQ/ t|z(t)2dt (3.162)

The dispersion of the spectrum of the signal can also be similarly measured as:
1 o}

with f1f defined as:

1 e 9
i = TR / xR (3.164)

Note that ||z(t)]|? = || X (f)||* due to Parseval’s identity. Now the uncertainty
principle can be stated as the following theorem:

Theorem 3.1. Let X(f) = Flz(t)] be the spectrum of a given function x(t).
Then we have

1
1672

2

fo} > (3.165)
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Proof:
Without loss of generality, we assume p; = p1y = 0, and consider
2 2 1 > 2 > 2
0,0F = 1 [tz (t)|*dt [fX(f)|2df (3.166)
z®[* J - —o0
Due to the time derivative property (Eq.3.118) and the Parseval’s identity, we
have
1 !
— ) =fX 3.167
=l (0] = £X () (3.167)
and
> 2 1 2
XD =g [ 0P (3.165)
Now the above becomes
1 o0 o0
2 2 2 112
= — 1
7t} = T /_Oc it(t)| dt/_oc 1o/ () 2dt (3.169)
Applying the Cauchy-Schwarz inequality (Eq.2.34), we get
o0 2
o202 > 1 / (D)7 (8) dt (3.170)
T Az (0)]]* ) s

But since

)] = [=(OF@)] = 2'(OF(t) + T (H)a(t) = 2 Relo’ (H)T(t)] < 22/ ()7 (1)

(3.171)
we can replace T(t)2/(¢) in the integrand by [|x(t)|?]’/2 and get
1 > ?
22 4 2y 179
o1} 2 T | O (3:72)

By integration by parts, the integral becomes

| tlsoPya=doto? 15 - [ aPae=- [ lsPa a7y

oo o] o0

Here we have assumed lim; tz?(t) = 0. Substituting this back into the
inequality, we finally get

2
o203 > — 1+ /OO lz(t)|?dt| = L (3.174)
= g an?| |z ()] ) 1672

This effect is referred to as the Heisenberg uncertainty, as it is analogous to the
fact in quantum physics that the position and momentum of a particle cannot
be accurately measured simultaneously, higher precision in one quantity implies
lower precision in the other.
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The Two-Dimensional Fourier Transform

Two-Dimensional Signals and Their Spectra

All signals considered so far are assumed to be one-dimensional time functions.
However, a signal could also be a function over a 1D space, with the spatial
frequency defined as the number of cycles in unit length (distance), instead of
in unit time. Moreover, the concept of frequency analysis can be extended to
various signals in two or three-dimensional spaces. For example, an image can
be considered as a 2-D signal, and computer image processing has been a very
active field of study for several decades with a wide variety of applications. Like
in one-dimensional case, the Fourier transform is also a powerful tool in two or
higher dimensional signals processing and analysis. We will consider the Fourier
transform of some generic 2-D continuous signal denoted by f(z,y), with z and
y for the two spatial dimensions.
The Fourier spectrum of a 2-D signal f(z,y) is:

F(u,v):// fla,y)e 2z +v) gg dy (3.175)

This is the forward transform where u and v represent two spatial frequencies
(cycles per unit distance) along the directions of z and y in the 2-D space,
respectively. The signal can be reconstructed by the inverse transform:

f(z,y) = // F(u,v)e??™ w0y gy, dy (3.176)

by which the signal is expressed as a linear combination of infinite number of
uncountable 2-D orthogonal basis functions ¢, ,(x,y) = e2m(urtvy) weighted by
the Fourier coefficient function F'(u,v), the 2-D spectrum of the signal.

Same as the 1-D case, if a 2-D signal is periodic in each of the two dimensions,
ie, f(x+X,y+Y) = f(z,y), where X and Y are the periods in the two spatial
dimensions, it can be Fourier expanded to become:

fxy(ey)= D Y Flk,le snetutute:) (3.177)

k=—00 l=—00

Here F'[k,1] is the kl-th coefficient that can be obtained as:

1 X Y _
Flkl] = 4+ /0 /0 Fxy (z,y)e?2m(kevotlyvo) gy gy (3.178)

where u, = 1/X and v, = 1/Y are the fundamental frequencies in x and y direc-
tions, which are also the intervals between any two consecutive frequency com-
ponents in the spatial frequencies u and v, respectively. This discrete spectrum
can also be represented as a 2-D function:

Flu,v) = > > F[k,6[u — kuo)d[v — lvo] (3.179)

k=—00l=—00
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When the periods X and Y become infinite: X — oo and Y — o0, i.e., the signal
f(z,y) becomes non-periodic, correspondingly in spatial frequency domain, we
have ug — 0 and vy — 0, i.e., the spectrum becomes continuous.

Physical Interpretation

In the discussion of this subsection, we will always assume f(z,y) = f(z,y) is a
real 2-D signal. The integrand in the 2-D Fourier transform is composed of two
parts, the kernel function of the integral transform, which is also the orthogo-
nal basis functions ¢y, (z,y) = €’ 2r(uztvy) and the complex coefficient function
F(u,v). We first consider each of them individually.

e Complex exponential basis function e/27(#z+vy).
Let us define two vectors, one in the spatial domain, another in the spatial
frequency domain:
— Define a vector 7 associated with each spatial point (x,y):

r =z, y]" (3.180)
— Define a vector w associated with each frequency point (u,v):

w = [u,v]" = wu/w,v/w]’ =wn (3.181)

where w = v/u? + v2 is the magnitude and n = [u/w,v/w]’ is the unit
vector (||n|| = 1) along the direction of w.
Now the 2-D basis function ¢, ,(z,y) can be written as:

2m(wutyy) — oi2mw(rtn) — cog(2rw(rTn)) + j sin(2rw(rTn))

(3.182)
where rT'n is the projection of a spatial point r = [z, y]T onto the direction of
w. The value of the function cos(27(zu + yv)) = cos(2rw(r’n)) is the same
for all spatial points » = (x,y) along each straight line perpendicular to the

direction m, as all such points have the same projection r”n.

In other words, the function cos(27(uz + vy)) = cos(2rw(rTn)) represents a
planar sinusoid in the (z,y) plane with frequency w = vu? + v? and direc-

tion n with an angular difference § = tan~!(v/u) from the positive horizontal

¢u,v(ma y) =€

T

direction. The same argument can be made for the sine function of the imag-
inary part sin(2rw(r’n)).
Two 2-D sinusoid functions cos(27(3x + 2y)) and cos(2w(2x + 3y)) are shown
in Fig.3.10.

e Complex coefficient function F'(u,v):
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Figure 3.10 Different propagation directions of 2-D sinusoid cos(27(ux + vy))

In the plot on the left for cos(27(3x + 2y)), we see u = 3 cycles per unit length
along = dimension (right side of plot) and v = 2 per unit length along y. In the
plot on the right for cos(27(2x + 3y)), we see u = 2 cycles per unit length along
x and v = 3 along y.

As the 2-D signal f(z,y) is assumed real, its Fourier coefficient F'(u,v) can
be written in terms of the real and imaginary parts:

Fluo) = [ [~ fepe ez dy

— //7OC f (@, y) cos(2m(zu + yv))dz dy — J//iDC f(x,y)sin(2m(zu + yv))dz dy
= F.(u,v) + jFj(u,v) (3.183)

where

F.(u,v) = //7OC f(z,y) cos(2m(zu + yv))dzx dy (3.184)

Fj(u,v) = —//7OC f(z,y)sin(27(zu + yv))dz dy (3.185)

Alternatively F(u,v) can also be represented in polar form in terms of its
amplitude |F(u,v)| and phase /F(u,v):

F(u,v) = |F(u,v)|ejZF(“’”) (3.186)
where

|F(u,v)] 7
LF(u,v) = tan ' [F;(u,v)/ Fy(u, v)] Fj(u,v)

\/Ff(u, v) + Ff(u, v) Fr(u,v) = |F(u,v)| cos(/F(u,v))
|F(u,v)| sin(/F(u,v))
(3.187)
The real part F,.(u,v) is even and the imaginary part Fj(u,v) is odd:
Fr(_ua_v) = Fr(uvv)v Fr(uv _(U> = Fr(_uav>
Fj(—U,—U) - _Fj(uav)a Fj(ua_v) - _Fj(_u7v) (3188)
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The magnitude |F(u,v)| is even and the phase ZF'(u,v) is odd:

|F(—u, —v)| = |F(u, )], [F(u, —v)| = [F(=u,v)|
LF(—u,—v) = —LF(u,v), LF(u,—v) = —LF(—u,v)  (3.189)

Now a real signal f(x,y) can be expanded in terms of the 2-D basis functions
by the 2-D Fourier transform:

(z,y) / / (u,v) 6]2”(m+yv)du dv

/ / (u,v) cos(2m(uz + vy)) — Fj(u,v) sin(2r(uz + vy))]|du dv

+3j / / (u,v) sin(27 (uz + vy)) + Fj(u,v) cos(2m(uz + vy))]|du dv
(3.190)

However, as f(x,y) is real, the imaginary part is zero, therefore we have:

fz,y) / / (u,v)| cos(2m(uz + vy) + /F(u,v))du dv
= / / |F (u,v)| cos(2mwrn + /F(u,v))du dv (3.191)

We see that f(x,y) is represented as a superposition of a set of infinite and
uncountable 2-D spatial sinusoids |F(u,v)| cos(2rwrTn) + /F(u,v)) with

e frequency w = v/u? + v2 and direction n (§ = tan~'(v/u)) determined by
the position (u,v) of the coefficient F'(u,v), and

e amplitude |F(u,v)| = \/F.(u,v)? + Fj(u,v) and phase /[F(u,v)=
tan™t(Fj(u,v)/F,(u,v)) determined by the complex value of the coefficient
F(u,v).

Eq. 3.191 can be further modified to gain some insight of the expansion of a
2-D signal. First, according to the symmetry properties in Eq.3.189, we have

|F(u,v)| is even: |F(—u, —v)| = |F(u,v)| and |F(u, —v)| = |F(—u,v)]
e /F(u,v)is odd: /F(—u,—v)=—/F(u,v) and /F(u,—v) = —=/F(—u,v)
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Now Eq. 3.191 can be rewritten as
flz,y) / / v)| cos(2m(ux + vy) + LF (u,v))du dv

v)| cos(2m(uz + vy) + LF (u,v))du dv

v)| cos(2mw(rn) + /F(u,v))du dv

-2 f /
+ 2[@/0 | F(u, 0)| cos(2m(uz — vy) + £ F(u, —v))du do
=2 [

+2 /_: /OOO |F (u,v)| cos(2mw(rTn') + /F(u, —v))du dv (3.192)

Here n is the unit vector in the direction determined by the angle tan~*(v/u) = 6,
while n’ is the unit vector in the direction determined by the angle (77! (—v/u) =
—tan~!(v/u) = —0; and w = Vu2 + v2 is the spatial frequency represented by
the coefficient F'(u,v). This equation is the 2-D version of Eq. 3.70. The first
integral represents a superposition of sinusoids in the directions 0 < § < 90° (NE
to SW), while the second integral represents a superposition of sinusoids in the
directions 0 > 6 > —90° (NW to SE).

The DFT of a 2-D discrete and periodic signal z[m,n] can be similarly con-
sidered. First write the 2-D DFT coefficients in polar form:

X[k, 1] = | X[k, 1]]e? X k1 (3.193)

where
IX[kJH:\/XS[kJHX?[kJ] and { r[k, 1] = | Xk, 1]| cos(LX [k, 1])
[X [k, 1) = tan [ X, [k, 1)/ X[k, 1]] X[k 1] = | X[k, ]| sin(L X[k, 1])

(3.194)
Then the 2-D signal z[m, n| can be represented as a superposition of a set of pla-
nar sinusoids with different frequencies, directions, amplitudes and phase shifts:
N-1M-1 L
x[m,n] Z Z X[k, 1]e?? 5T+ %)
v 1=0 k=0
M/2  NJ/2 T,
Z Z X[k, | cos(2m(— + =) + L X[k, 1]),
v —M/2+1 —N/2+1 MoN
(m=0,--- , M—1,n=0,---,N—1) (3.195)

3.3.3 Fourier Transform of Typical 2-D Functions

e The function below represents a planar wave in 2-D space:

1. . .
f(z,y) = cos(2m(3z — 2y)) = 5[42”(3%29) + 792 (32=2y)) (3.196)
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and its 2-D Fourier spectrum can be found to be:

[o¢]
F(Ua”):// f(,y)e 72wty g gy

1//00 [6j27r(39c—2y) + e—j27r(39c—2y)]e—j27r(u;c+'uy)dm dy

_ / / ¢~ (w-B)r+(+2)0) gy gy 1 - / / 92T D) gy, gy

_/ —]27r(u B)mdx/ e 3271-(1;+2)ydy+ 1/ e ]27r(u+3);rdx/ e —j2m(v— 2)ydy
2 —00 —00 2 —00 —00

= %[5(u—3)5(v+2)]+ %[6(u+3)6(v—2)] (3.197)

This signal and its spectrum are shown in Fig.3.11(a)

e The function below is a 2-D signal composed of three frequency components:
f(z,y) =3 cos(2m2x) + 2 cos(2m3y) + cos(275(z — y)); (3.198)

and its 2-D Fourier spectrum is given below. The signal and its spectrum are
shown in Fig.3.11(Db).

F(u,v) = // f(x,y)e 72 (uz+oy) do gy
5[5( 2) +6(u+2)]6(v) + 6(u)[d(v — 3) + 6(v + 3)]
4 %[5@ — 5)8(v+5) + 6(u + 5)5(v — 5)] (3.199)

e The function below is a 2-D rectangular impulse:

f(fc,y)={

Note that this 2-D function can be separated to become f(z,y) = fu(z)fy(y),
where fy(x) and f,(y) are each a 1-D square impulse function. The spec-
trum is, not too surprisingly, the product of the spectra F,(u) = F[f.(z)]
and Fy(v) = F[fy(y)], a 2-D sinc function. The signal and its spectrum are
shown in Fig.3.11(c).

F(u,v) = / / fla,y)e 72T wet o) gy dy = / fo(@)e ™2™ dy / fy(y)e ™y

/2 b/2 . )
_ /a eijTrua:dx/ e*jQTr'uydy _ sin(mua) sin(mwob) (3.201)
7a/2 7b/2 U v

lif (2 <2<, -b2<y<?d

0 else (3.200)

e This function has a cylindrical shape, which cannot be separated to become
a product of two 1-D functions:

122 +92 < R?
f(fc,y)—{ Y

.202
0 else (3.202)
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To find the spectrum, it is more convenient to use polar coordinate system in
both spatial and frequency domains. Let

{xzrcos@, y=rsind

r= /22 +y2 0 = tan"(y/z) (3.203)

dx dy = rdr df (3.204)
and
u=pcos¢, v=psing
2
{p—\/u2+v2,¢—tan1(v/u) (3:209)

dudv = pdp d¢ (3.206)

then we have:

R 27
F(u7v) _ //oo f(x7y)e_j2ﬂ—(u:c+vy)dx dy _ / [/ e—j2m"p(cos«9cos¢+sin«9$in¢)d9],rd,r
—00 0 0

R 27 ) R 2 )
- / [ / ¢=92mrpeos(0=9) gy — / [ / €92 089 4l iy (3.207)
0 0 0 0

To continue, we need to use the Oth order Bessel function Jy(x) defined as

1 2w )
_ —jx cos B
Jola) = 5 /0 e do (3.208)
which is related to the 1st order Bessel function Ji(x) by
d
E(x Ji(z)) = x Jo(x) (3.209)
ie.
/ x Jo(x)de = x Ji(x) (3.210)
0

Substituting 27rp for x, we have
R
1
F(u,v) = F(p,¢) = / 2mr Jo(27rp)dr = ;R J1(2mpR) (3.211)
0

We see that the spectrum F(u,v) = F(p, ¢) is independent of angle ¢ and
therefore is central symmetric sinc-like function. This signal and its spectrum
are shown in Fig.3.11(d).

The function in Eq. 3.202 can also be defined in frequency domain as an ideal
low-pass filter:

1u? +0v? < R?

0 else (3.212)

F(u,v) = {
When the spectrum of a 2-D signal is multiplied by this filter, all its frequency
components inside the radius R from the DC component at the origin will be
kept, while all higher frequency components outside the circle are suppressed
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to zero. The inverse transform of this ideal filter is the same 2-D sinc-like
function shown in Eq.3.211. The filtering effect of this ideal low-pass filter
will be discussed later.

e The 1-D Gaussian function discussed in the previous chapter can be expanded
to become a 2-D Gaussian function, which is separable:

flay) = L pr@riyfer 2 L@/ L —nty/o? (3.213)
a? a a

The spectrum of this function can be found as:

F(u,v) = // flx,y)e —i2m(uetvy) do dy

_1 / o-m(a/a)? y-j2muz gy, L / o~ (w/a)? iz g
a) o a) o

_ e—Tr((lU)2e—7T((lU)2 (3.214)

The last equation is due to Eq.3.149. Now we see that the Fourier transform of
a 2-D Gaussian function is also a Gaussian, the product of two 1-D Gaussian
functions along directions of u and v, respectively. This 2-D Gaussian function
and its Gaussian spectrum are shown in Fig.3.11(e).

Some Applications of the Fourier Transform

Frequency Response Function of Continuous LTI Systems

In the discussions above, we mostly considered the Fourier transform applied to
a given signal z(t) to produce its spectrum F[z(t)] = X(f) that characterizes
the frequency contents of the signal. However, the Fourier transform can also
be used to characterize the LTT systems. Recall that the output of a continuous
LTT system can be found as the convolution of the input x(¢) and the impulse
response function h(t) of the system (Eq. 1.66 in Chapter 1):

y(t) = Ola(t)] = h / h(r)a(t — 7)dr (3.215)

and this convolution can also be more conveniently represented in frequency
domain as a multiplication (Eq.3.117):

Y(f)=H()X()

In particular, when the input be a complex exponential 2(t) = ¢/27/*  then the
output becomes:

e ¢} [o9]
y(t) = O[> = / h(r)el? =) dr = eIt / h(r)e 72" dr

—00

= H(f) eJ2nft _ | (f )leﬂer(f) jomft _ |H( )l j2mtt+LH(f)) (3.216)
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Figure 3.11 Some 2-D signals (left) and their spectra (right)

Here H(f) happens to be the Fourier transform of the impulse response function
h(t), the frequency response function (FRF) of the system:

H(f) = / h(t)e 7™t dt = Fh(t)] (3.217)
—00

This equation is an eigenequation indicating that the effect of the LTI system

applied to a sinusoidal input, the eigenfunction of the system, is the same as

a multiplication of the input by a constant H(f), the eigenvalue. Also, as the

complex exponential input x(t) = e/27/? is independent of any specific h(t)), it

is the eigenfunction of all LTI systems.
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Due to the linearity of the LTI system, the input-output relationship y(t) =
Olx(t)] = h(t) * xz(t) can be expressed as:

y(t) = yr(t) + jy;(t) = Olz(t)] = Olzy(t) + jz; ()]
= Olwe(t)] + Oz (1)) = h(t) * 2, (t) + jh(t) x () (3.218)

where z,(t) and x;(t) are the real and imaginary parts of x(t) and y.(t) and
y;(t) are the real and imaginary parts of y(t), respectively. Also, as the system
is always assumed to be real, i.e., its impulse response function h(t) is real, we
have:

ye(t) = Ol (8)] = h(t) *2,(1),  and (1) = Ofa;(B)] = () * ji ()

(3.219)
i.e., the real (imaginary) part of the system output is its response of the real
(imaginary) part of the input. Now taking the real part on both sides of Eq.3.216,
we get:

O[Re[e*™"]] = Olcos 27 ft] = Re[ |H(f)|e/ /A1 | = |H(f)| cos(2m ft + L H(F))
(3.220)
Similarly, taking the imaginary part of Eq.3.216, we get:

Olsin 2 ft] = |H(f)|sin(2r ft + LH(f)) (3.221)

In other words, the response of any LTI system to a sinusoidal input is the same
sinusoid with its amplitude scaled by the magnitude |H (f)| of the FRF, and its
phase shifted by the phase angle /H(f) of the FRF.

The results above can be summarized in Fig.3.12, by which the essential role
of the Fourier transform in LTI system analysis is illustrated. We see that an LTI
system can be described by its impulse response function h(t) in time domain,
or its frequency response function H(f) = F[h(t)] in frequency domain. Corre-
spondingly, the system’s response to a given input x(¢) can be obtained as a con-
volution y(t) = h(t) x 2(t) in time domain, or as a product Y (f) = H(f)X(f) in
frequency domain, where Y (f) = Fly(t)], X(f) = Flz(t)], and H(f) = F[h(t)]
are the Fourier transforms of y(t), x(t), and h(t), respectively. Although both
the forward and inverse Fourier transforms are needed for the frequency domain
method, we gain some benefits not possible in time domain. Most obviously,
the response of an LTT system to an input z(¢) can be much more conveniently
obtained in frequency domain by a multiplication, instead of the corresponding
convolution in time domain. For this reason, the Fourier transform is a powerful
tool in the analyze and design of LTI systems. Specifically, given any two of the
three variables X (f), H(f) and Y (f), the third can be obtained.

1. Find output Y (f) given input X (f) to the system H(f).
This operation can also be carried out equivalently as a convolution in time
domain.

2. Find system H(f) given input X (f) to output Y (f)
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Figure 3.12 Signal through system in time and frequency domains

This kind of problems are called system identification, by which an unknown
system H(f) can be identified from its input X(f) and output Y'(f). This
process can also be applied to the design of a system H(f) (called a filter in
signal processing) given the input and desired output.

3. Find input X (f) given output Y'(f) of the system H(f)
This kind of problems are called signal restoration, by which the original signal
X (f) is obtained based on the observed output Y (f) of a measuring system

H(f).

Note that it is rather difficult to carry out the last two operations in time domain.

As an example, consider a very important type of LTI systems that is described
by a linear constant-coefficient ordinary differential equation (LCCDE). Here the
input z(t) and output y(t) of the system are related by the differential equation
as:

—y(t) = br——x(t .222
> () = 3 bl (3:222)

If the input is assumed to be a complex exponential z(t) = /277t  then according
to Eq.3.216, the output is also a complex exponential y(t) = H(f)e’?™/* with a
complex coefficient H(f), the FRF of the system. Note that the output here is
the steady state response of the system to the complex exponential input, when
the transient response is completely attenuated. Substituting such z(¢) and y(t)
into the differential equation above we get:

H(f) ap(j2mf)Fe® It = " b(j2mf)ker® /! (3.223)
k=0 k=0

Now the frequency response function of the system can then be obtained as
S b2eh)t _ N)
Yk—oak(i2nf)k D(f)

where N(f) = > 1L, br(j2nf)* and D(f) = > 1_, ar(j27f)F are the numerator
and denominator of H(f), respectively.

H(f)

(3.224)

More generally, consider an input x(t) = Xe/27/t here the complex coefficient
X = |X|ej1X is called phasor that represents the amplitude |X(f)| and phase
LX(f) (but not the frequency) of the input signal. The corresponding output
can also be assumed to be a complex exponential y(t) = Ye/?™/* with a phasor
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coefficient Y = |Y|ejZY for the amplitude and phase of the output. Substituting
x(t) = Xel?™/t and y(t) = Ye/?™F into the differential equation, we get

n d¥ n ‘ ) m ] . Ui dF
> arggy(®) =Y Y an(i2nf) e = 37 bi(j2mf) I = XY b Spalt)
k=0 k=0 k=0 h=0

(3.225)
Now the same frequency response function of the system can be found as the
ratio between the output phasor Y and the input phasor X:
m . k
H(p = ¥ = B2t V) (5.226)
> k=0 @k (427 f) D(f)
This is the general definition of the frequency response function of a given LTI
system.
The result can be further generalized much beyond sinusoidal inputs to cover
any input so long as it can be expressed as a linear combination of a set of
sinusoids (inverse Fourier transform):

z(t) = /_Oo X (f)e?> Ity (3.227)

Here the weighting function X (f) = F[z(t)], the phasor for frequency component
e727ft is of course the Fourier spectrum of z(t). As the system is linear, we can
get the output as:

o) = O] = [ X0 = [ x(pm@=Ty (3:229)

We see that the output y(¢) happens to be the inverse Fourier transform of

H(f)X(f), ie.,
y(t) = F Y (f)] = FH(HX ()] (3.229)

In other words, while in time domain the output is the convolution of the input
and the impulse response function y(t) = h(t) * z(t), in frequency domain the
output is the product of the input and the frequency response function, i.e.,
Y(f)=H(f)X(f). This is, of course, the same as the conclusion of the convo-
lution theorem.
Similar result can also be obtained for a periodic input zr(t + T') = zr(t) with
period T = 1/ fo, which can be Fourier series expanded to become:
o0
wp(t)= Y X[kle*hr ot (3.230)

k=—00

where the coefficient X [k], the phasor of the frequency component e/2+7fot s
the kth Fourier coefficient of the signal. The corresponding output can be found
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Figure 3.13 An RC circuit

to be:
u(0) = Oler() = 3 XHOW™™1) = 37 XKJH(kf) ™ot = 37y [Henhr
k=—0 k=—00 k:(—30.0231)

Of course this is the Fourier expansion of the output with phasor
Y[k] = H(kfo)X[k] (3.232)

where H(kfy) is the frequency response function H(f) of the system evaluated
at f = kfo

Example 3.4: In a circuit composed of a resistor R and a capacitor C' as shown
in Fig.3.13, the voltage across both R and C' in series is the input x(t) = v, (¢),
and the voltage across C' is the output y(t) = v (t). Find the impulse response
function and the frequency response function of the system.

e Set up the differential equation for the system:
The current through both C and R is i(t) = C dvc(t)/dt = Cy(t). According
to Ohm’s law, the voltage across R is vg(t) = Ri(t) = RC y(t). Also, accord-
ing to Kirchhoff’s voltage law, the input voltage x(t) is the sum of vg(t) and

ve(t):
vr(t) +vo(t) = ROY(t) +y(t) = vin(t) = (1)

ie.,

ri(e) £ y(t) = 2lt), or §()+ 1y(t) = 1a(t)

where 7 = RC' is the time constant of the system.
e Find step response o a unit step input x(t) = u(t):
— Find homogeneous solution yy,(¢) when the right-hand side is zero:
Assume yp,(t) = Aest and get 7, (t) = sAe’, now the homogeneous differ-
ential equation becomes:

(s7+1)Ae =0, ie., s=—

and we get y,(t) = Ae /7.
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— Find the particular solution y,(t) when z(t) = u(t):
As the right-hand side is a constant 1/7 for ¢ > 0, we assume the corre-
sponding output is also a constant y,(t) = C' and y,(t) = 0. Substituting
these into the equation we get y,(t) = 1.

— Find the complete response to unit step input x(t) = u(t):

y(t) = yn(t) +yp(t) = Ae™V/™ +1

We further assume initially y(t)|t o = Y(0) =yo and get A =yo— 1, and

the complete response to x(t) = ?t) is:
y(t) = [(yo — Ve~ +1Ju(t) = [L — e /T]e ™/ + yoe /"

The first term is the charging process of the capacitor due to the step input
and the second term represents the discharge of the initial voltage on the
capacitor. In particular, when yy = 0, we have:

y(t) = (1= e u(t)

e Find impulse response h(t) to an impulse input x(t) = 6(¢):
Due to the linearity of the system y(t) = O[z(t)], and under zero initial con-
dition, we can take derivative on both sides to get y(t) = O[&(¢)]. (Deriva-
tive &(t) = limag—o[x(t + At) — x(t)]/ At is a linear combination of z(t + At)
and z(t).) Therefore, based on the previous result, we see that if the input is
z(t) = dtu(t)/dt = §(t), the corresponding output §(t) is the impulse response

h(t):
h(t) = Sy(t) = (1~ e uo)
1

= Letmuy £ (= et = %e*t/fu(t)

T

Note that the second term is zero as 1 — e*/7 = 0 when ¢ = 0.
e Alternative approach to Find h(t):
As the system is causal, h(t) = 0 for all ¢ < 0 when the input is zero, we can
assume
f&)t>0
h(t) = f(t)u(t) =
0= st = {10170

and have:

h(t) = f(&)u(t) + f(£)alt) = f(t)ult) + f0)6(1)

where f(t) is a function to be determined. Now the differential equation above
becomes:

Tf(t)ut) + 7£(0)5(t) + f(t)u(t) = 5(t)
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Separating terms containing u(t) and 6(¢), we get two equations:
{Tf(t)+f(t) =
f0)y=1/r

This homogeneous equation with an initial condition can be solved to get

Ft)= 2ot/

T

and the impulse response is

e Find the frequency response function H(f):
When the input is a complex exponential z(t) = ¢/27/*  the output also
takes the form of a complex exponential y(t) = H(f)e’>™* and g(t) =
j2r fH(f)e?™Tt. Substituting these into the equation we get:

my(t) + y(t) = H(f)(j2r f1 + 1)e??™t = x(t) = e72™ /!

Solving this we get the frequency response function:

1
= Fapr

e Verify H(f) is the Fourier transform of h(t):

Flh®)] = / h(t)e 72Tt = / Te*t/Tu(t)e*ﬂ”f tdt
1
— — 7(]27\'f~‘r1/7' t _— = H
T /0 dt = 2nfr+1 (f)

Signal Filtering in Frequency Domain

From the signal processing point of view, the process of a signal z(t) going
through an LIT system h(t), as either a convolution y(t) = h(t) * z(t) in time,
or a multiplication Y (f) = H(f)X(f) in frequency domain, can be treated as
a filtering process, while the LTI system is treated as a filter. While the two
representations in time and frequency domains are equivalent in the sense that
the total amount of energy or information is conserved (the Parseval’s theorem),
the frequency representation has the benefit that the signal can be manipulated
by various filtering methods in frequency domain, which in many ways are more
advantageous and convenient than the manipulations in time domain. Due to the
frequency locality gained by the transform (with the cost of losing the temporal
locality), we can modify and manipulate the phase as well as the magnitude of
the frequency components of the signal:

YN =[HDOIX] and  2Y(f) = LH(f)/X(f) (3.233)
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We now consider the filtering effects in both aspects.

First, we consider various filtering schemes based on the magnitude of the
frequency response function |H(f)| of the filter. Typically, depending on which
part of the signal spectrum is enhanced or attenuated, a filters can be classified
as one of these different types: low-pass, high-pass, band-pass, and band-stop
filters, as illustrated in Fig.3.14. Moreover, sometimes it may also be the case
that |H(f)| = ¢ is a constant independent of frequency f (although /H(f) may
vary as a function of frequency), then H(f) is said to be an all-pass filter. Two
parameters are commonly used to characterize a filter:

e Cutoff frequency
As the cutoff frequency f. the magnitude of H(f)| is reduced to 1/v/2 of the
maximum magnitude:

. 1
|H(fe)] Haz, L.e. |H(f6)|2 = §|Hmaz|2

1

— \/§|
where |Hppqz| is the maximum magnitude of the frequency response function
H(f) at some peak frequency. (When the passing band of the filter is flat,
|H(f)| = |Hmmaz| occurs within a range of frequencies.) In other words, at
the cutoff frequency f., the power of the filtered signal (proportional to its
magnitude squared) is reduced to half of maximum power, and therefore the
cutoff frequency is also called the half-power frequency.

e Bandwidth Af
The bandwidth is the interval between two cutoff frequencies of a bandpass
filter:

Af=fea— fe

where f.; and f.o are the two cutoff frequencies on either side of the peak
frequency. When Bandwidth is used to describe a lowpass filter, the lower
cutoff frequency f.o will be replace by 0 and Af = f..

Next, we consider how the phase angle /H(f) of the filter affects the filtering
process. We first consider a simple signal containing two sinusoidal components
of frequencies f; = 2 and fo = 4 Hz, respectively, as shown in the top panel of
Fig.3.15:

x(t) = cos(27m fit) + cos(27 faot) = cos(2mw2t) + cos(2mw4t)

Assume the filter H(f) is all-pass with a unity gain |[H(f)| = 1 and a linear phase,
[H(f)= —2nfT, i.e., the phase shift of a frequency component is proportional
to its frequency f, then the phase shifts of the sinusoids of 2 and 4 Hz are 477
and 877, respectively, and their relative positions in time remain the same, and
consequently the shape of the signal remains the same before and after filtering,
except it delayed in time by a constant amount 7, as shown in the middle panel
of Fig.3.15.
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Figure 3.14 Illustration of four different types of filters (lowpass, highpass, bandpass
and bandstop)

This result can be generalized to any signal
o}
(1) = / X (f)eizitay
—o0
The output of the filter corresponding to any frequency component e/27ft of the
signal is:
O[ej%rft] = H(f)el2™ft = |H(f)|ejZH(f)ej27rft — ei2mf(t-T)

and the output corresponding to x(t) is the linear combination of all these out-
puts:

y(t) = / : X(f)e*™1af = a(t — 1)

which is just a delayed version of the input. Of course we also realize this result
is actually stated by the time shift property of the Fourier transform:

Flalt = 7)) = X()e 04"

We can also conclude that the time delay caused by a linear phase filter H(f)
can be simply obtained from its phase /H(f) as:

_LH(f) _ onfr

T = =

f f

(3.234)
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Figure 3.15 Filtering with linear and non-linear phase shift

The original signal containing two sinusoidal components (top panel) of fre-
quencies f; =2 and fy = 4, respectively, is filtered linearly (middle panel) and
nonlinearly (bottom panel). Th signals before and after are plotted in solid lines
while the two frequency components are plotted in dashed lines.

This is called the phase delay of the linear phase filter.

On the other hand, when the phase of the filter is not a linear function of
frequency, the relative positions in time of the frequency components in the signal
will no longer remain the same, and the shape of the signal will be distorted by
the filtering. Again, in the example above, if the phase shift of the filter is 677
for both frequencies f1 and fo (i.e., =677 for —f; and —f2), then the shape of
the filtered signal looks very different from the original, as shown in the bottom
panel of Fig.3.15. Another example is shown in Fig.3.16, where a square impulse
signal is filtered, first by a linear phase filter (top), which caused no distortion
but a pure time delay, and then by a constant-phase (non-linear) filter (bottom)
by which the signal is distorted.

Although the time delay caused by a non-linear phase filter varies as a function
of frequency, we can still find the time delay for any specific frequency f by:

_ d/H(f)
i (3.235)

This is defined as the group delay of the non-linear filter, representing approxi-

mately the time delay of a group of frequency components within a narrow band
around this frequency f.
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Figure 3.16 Filtering with linear and constant phase shift

The frequency response function H(f) can also be represented by the Bode
plot, where both the magnitude |H(f)| and phase angle ZH(f) are plotted in
base-10 logarithmic scale of the frequency f so that the range of frequencies
can be increased to several decades. Moreover, the magnitude of H(f) is also be
plotted in logarithmic scale, called log-magnitude defined as:

LmH(f) = 20 log, | H(f)| (3.236)

The unit of the log-magnitude is decibel or dB.
Based on the log-magnitude representation, we have:

LICAII

20 logy Hyr|
max

10 % = -3.01dB ~ —3dB (3.237)
In other words, the log-magnitude of H(f.) at the cutoff or half-power frequency
is 3 dB lower than the maximum log-magnitude.

One major convenience of using the log-magnitude is that the log-magnitude
plot of a frequency response function composed of multiple factors can be
obtained as the algebraic sum of the individual plots of these factors. For exam-

ple, if H(f) = N(f)/[D1(f)D2(f), then we can get:

=Lm 7N(f> =Lm —Lm —Lm
Lmtr(f) = tm | D] = Lo (f) = D) = LD
which becomes the same as the phase plot:
) = | gotpits| = 46 = o) = oat)

Similarly, the Bode plot of a cascade of two filters can be found as the sum of
the their individual Bode plots.
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Hilbert Transform and Analytic Signals

The Hilbert transform of a time function z(t) is another time function, denoted
by Z(t), defined as the following convolution with 1/7t:

. 1 1 [ x(1) 1 [ zt—-71)
t) =2(t) =2(t) * — = — —dT = — —2d 2
Hia(t)] = a(t) = a(t) s == [ Aar— = [ 2 Tar - za)
As the integrand is not integrable due to its pole at 7 = 0, the integral of the
Hilbert transform is defined in the sense of the Cauchy principal value of the
integral defined as:

—€ [o¢]

Hlz()] = - 1im[/ 2=7) g / 2 =7) 4y (3.239)
me=0 | T . T

In particular, if z(t) = ¢ is a constant, the sum of the two integrals above is

zero, indicating the Hilbert transform, as a linear operator, will remove the DC

component of the signal.

The Hilbert transform can be much more conveniently discussed in frequency
domain as a multiplication corresponding to the time convolution in Eq.3.238. To
do so, we assume X (f) = F[z(t)] and find the spectrum of 1/7t by applying the
property of time-frequency duality to the Fourier transform of the sign function
sgn(t) (Eq.3.64):

1 —-1(f<0) i (f<0)
FUSl==iSgn(f)==j { 0(f=0) =4 0 (f=0) (3.240)
1(f>0) -3 (f>0)

Now the Hilbert transform can be expressed in frequency domain as a multipli-
cation:

A JX(f) (f<0)
X(f) = Fla®)] = —j Sgn(HX(H={ 0 (F=0) (3.241)
—iX(f) (f > 0)

The effect of the Hilbert transform applied of a signal z:(¢) becomes very clear: it
multiplies the negative part of the signal spectrum X (f) by j = /™/2, (a rotation
of m/2 in complex plane) and the positive part by —j = e 97/ (a rotation of
—m/2). Therefore the Hilbert transform is also called a quadrature filter.

As the Hilbert transform of a time function is still a time function, it can
be applied to a signal (¢) multiple times, and the result is most conveniently
obtained in frequency domain:

FH"z(®)]] =[5 Sgn()]" X (f) (3.242)
In particular, as Sgn?(f) = 1, we have

[~ Sgn())* =-1,  [=jSgn(f)I =jSgn(f), [-jSen(f)]' =1 (3.243)
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Correspondingly in time domain, we have:

Hz(t)] = &(t), H[x(t)] = —=(t), H’[z(t)] = —2(t), H'[x(t)] = (t)
(3.244)
In other words, applying the Hilbert transform to x(t) once we get H|x(t)] = &(¢),
and applying the transform three more times we get the original signal back, i.e.,
this is the inverse Hilbert transform:

Hlz(t)] = =(t) * 1/7t = &(t)
{H‘l[:ﬁ(t)] = H3[2(t)] = —H]| (3.245)

=
—
~
=
I
8
—~
~
=

Example 3.5: Consider a simple sinusoid:

)27 fot —j27 fot
e’ Jo —|—26 J2m fo _ %ejQWfOt_’_ %e—jQWfot (3246)

Here the coefficients for f = fy > 0 and f = —fy < 0 are both 1/2. When the
Hilbert transform is applied to the signal, the coefficient 1/2 for f < 0 is rotated
by 90° to become ¢/™/2/2 while the other 1/2 for f > 0 is rotated by —90° to
become e’j”/2/2, i.e., the transformed signal becomes:

cos(2m fot) =

edm/2

—jom .
Hcos(2m ft)] = eTeﬂ”fOt + ——e 2ot — sin(2n ft) (3.247)

Similarly we have

Hsin(2mw ft)] = —cos(2mft), H[—cos(2mft)] = —sin(2xft), H[—sin(27ft)] = cos(27 ft)

(3.248)

Next let us consider the concept of analytic signals. A real-valued signal z,(f)
is said to be analytic if its Fourier spectrum X,(f) = Flzq(t)] is zero when
f < 0. Given a usual signal z(t), we can always construct an analytic signal by
multiplying its spectrum X (f) = F[z(t)] with a step function 2u(f) in frequency

domain:
0 (f<0)
Xo(f) = X(f)2u(f) = ¢ X(0) (f=0) (3.249)
2X(f) (f >0)
and the corresponding analytic signal can be obtained as
ralt) = FXG()] = FX(E)] 7 ()] = ()« [500) + 2
— 2(t) + j a(t) * % — a(t) + j (t) (3.250)

where the inverse Fourier transform of the unit step spectrum u(f) is

FUu(f)) = —— 4 26(-1) = 2+ 2500 (3:251)

g2t 2 2t 2
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which can be obtained by the time-frequency duality applied to the spectrum of
the unit step u(t) in time given in Eq.3.65.

Alternatively, an analytic signal can also be initially defined in time domain
by Eq.3.250, and if we take the Fourier transform on both sides, we have

3X(f) (f <0) 0 (f<0)
Xa(f)=X(f)+iX(f)=X(f)+J 0 (f=0) =49 X(0) (f=0)
—jX(f) (f >0) 2X(f) (f >0)
(3.252)
where X, (f) = F[&(t)].

When the signal x(¢) is real, the real and imaginary parts of its spectrum are
even and odd, respectively (X, (f) = X,(—f) and X;(f) = —X;(—f)), i.e., its

spectrum X (f) is Hermitian:

X(f)=X(-1) (3.253)

This means that the corresponding analytic signal z,(¢t) = x(t) + j &(¢t) will still
contain the complete information in z(t¢), even though the negative half of its
spectrum is suppressed to zero. In fact the original spectrum X (f) can also be
reconstructed from X,(f). When f > 0, obviously we get X (f) = X,(f)/2 from
Eq.3.240. When f < 0, we have

X(f) = X(~) = X)) = 5Xa(01) (3.254)
Combining these two cases, we have:

x() = L&l 20 _ X+ Teloh

= - (3.255)

Xa(If) (f <0) 2

the last equality is due to the fact that X,(—f) = 0 when f > 0 and X,(f) =0
when f < 0.

Example 3.6: Given z(t) = cos(wot), we can construct an analytic signal
Ta(t) = x(t) + j &(t) = cos(wot) + j sin(wpt) = eI« (3.256)

with spectrum X, (f) = d(w — wop). Similarly, if y(¢) = sin(wot), the correspond-
ing analytic signal is

Ya(t) = y(t) + 5 §(t) = sin(wot) — j cos(wot) = —jel*o* (3.257)

with spectrum Y, (f) = —jdé(w — wp). In both cases, the negative half of the spec-
trum is zero.

Example 3.7: From the previous discussion regarding the modulation and
demodulation in AM broadcasting, we see that the bandwidth Aw = 2w,,, taken
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cos(2mfc t)
- @_l Xo(1)
s(t) + ! X(D=Xo(1)-x (1)
| [ Hiberr 3¢ X, (1)
Transform

sin(2mfc 1)

Figure 3.17 Single sideband modulation using Hilbert transform

by a transmission is twice of the highest frequency contained in the signal, one
sideband of w,,, on each side of the carrier frequency w. (double sideband). How-
ever, in order to efficiently use the broadcasting spectrum as a limited resource, it
is desirable to minimize the bandwidth needed for the radio or TV transmission.
And single-sideband modulation (SSB) is such a method by which the bandwidth
is reduced by half (from 2wy, to wy,). One way to implement SSB is to use the
idea of the Hilbert transform and analytic signals, taking advantage of the fact
that the negative half of the spectrum of an analytic signal is completely zero
and therefore does not need to be transmitted.

Specifically, an analytic signal is first constructed based on the real signal s(t)
to be transmitted:

salt) = s(t) + 5(¢) (3.258)

where §(t) = H[z(t)] is the Hilbert transform of s(t). Using this analytic signal
to modulate a carrier frequency 27 f., represented as an complex exponential
e??7fe we get s,(t)e’? /et and then transmit its real part:

z(t) = Relsq(t)e??™ ] = Re[(s(t) + j 5(t)) (cos(2m fot) + jsin(27 fet))]
= s(t) cos(2m fet) — §(t) sin(2m fot) = o (t) — x1(t) (3.259)
where xo(t) = s(t) cos(2nm f.t) and x1(t) = 5(t) sin(27 ft) are two modulated RF
signals with 90° phase difference. The block diagram of the single sideband mod-
ulation is illustration in Fig.3.17. To show that the bandwidth of the modulated

signal z(t) indeed has only a single sideband spectrum, we consider this modu-
lation in frequency domain:

X(F) = SU)* 51007 = £+ 807 + ) = 8 # 5000 = ) =67 + 1)

315 = F+ SU + 10 = 51807 = £2) = 57+ £2)
Xo(f) = X1(f) (3.260)
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‘S(f)/j
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fc 0 fc -
X(F)=Xo()-X (D)
f
-fc 0 fc o

Figure 3.18 Spectra

The spectra of the signals in the process are shown in Fig.3.18. We can also
confirm this result by considering the following four cases:

f_fc<0(f<fc)' *?(f fc):]S(f fc) (f f()_
f_fc>0(f>fc)' ‘S:(f fc):_js(f fc) (f fc)z (f_fc>
fHfe<O0(f<—fe): *?(f""fc) =JS(f+ fo), X(f+ fe) =28 (f"’f()
f+fc > O(f > _fc) S(f+fc) _jS(f+fc)v X(f+fc) =

(3.261)
It is therefore clear that the bandwidth of this modulated signal z(t) is indeed
reduced by half.

Radon Transform and Image Restoration from Projections

The Radon transform is an integral transform that integrates a 2-D function
f(z,y) along a certain direction ¢ specified by an angle 6 from the positive x
direction to obtain a 1-D function gg(s), where s is a variable along the direction
perpendicular to ¢. The function gy(s) can be considered as a projection of f(x,y)
onto the direction of s. In particular, if the direction is along either = or y
(corresponding to # = 0 or 6 = w/2), we get:

:/:f(x,y)da:, or g(I)Z/:f(x’y)d

If such projections is available for all directions 6, the resulting projections can
be considered as a 2-D function g¢(s, ), and the original 2-D function can be
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reconstructed by the inverse Radon transform. Therefore the forward and inverse
Radon transforms can be expressed as:

g(s,0) = R[f(z,y)]
{ f(z,y) =R g(s,0)] (3.262)

The Radon transform is widely used in X-ray computerized tomography (CT)
to get the image of a cross section, a slice, of certain part of the body. Moreover,
a 3-D image can also be obtained based on a sequence of such slices along one
particular direction. Let I, denote the intensity of the source X-ray and f(x,y)
denote the absorption coefficient of the tissue at position (z,y), then the detected
intensity I can be obtained according to this simple model:

I = Leap (— /L F@y) dt)

Here t is the integral variable along the pathway L of the X-ray through the
tissue. Given I, the cross section of the tissue can be obtained as:

f(z,y) =1In (1,/1)

We first formulate the forward Radon transform. The straight line L along
which the projection of a 2-D function is obtained can be specified by the fol-
lowing equation:

xcosf+ysinh —s=0 (3.263)

with two parameters s for the distance between L to the origin and 6 for the
angle between the normal direction of L and the horizontal axis of the space, as
shown in Fig.3.20 (left).

The forward Radon transform: The Radon transform of a given 2-D func-
tion f(x,y) is defined as a 1-D integral along such a straight line:

g(s,0) =R[f(x,y)] = //jc fz,y)d(zcosb + ysinb — s) dxdy (3.264)

where —0o < s < 00 and 0 < 6 < 27. We see that the Radon transform converts
a 2-D spatial function f(z,y) into a function g(s,#) in a 2-D parameter space.

A new coordinate system (s,t) of the 2-D space can be obtained by rotating
the (z,y) coordinate system by an angle 0:

{s=xcos€—|—ysm9 or {mzscos@—tsm@ (3.265)

t = —xsinf 4 ycos y = ssinf 4 tcos b

Note that z2 + y? = s + t2. In this new (s,t) system, the Radon transform can
be expressed as a 1-D integral along the direction of ¢:

g(s,0) = R[f(x,y)] = /_OC f(scos —tsinh, ssinf + t cos ) dt (3.266)

Projection-slice theorem: The 1-D Fourier transform of the Radon trans-
form g¢(s,0) = R[f(x,y)] with respective to s is equal to the slice of the 2-D
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Figure 3.19 Radon transform

Fourier transform F'(u,v) = F|[f(x,y)] through the origin along the direction 6:
G(w,0) = Flg(s,0)] = Fy(u,v) (3.267)

where Fy(u,v) denotes a slice of F(u,v) through the origin along direction 6.
Proof: Consider the 1-D Fourier transform of the Radon transform g(s,0) =
RI[f(x,y)] with respect to s:

o0

G(w,0) = Flg(s,0)] :/ (s, 0)e 727w s

—00
where w is the spatial frequency of f(x,y) along the direction of s, and 6 is

treated as a parameter in the Fourier transform. Substituting the expression of
g(s,0) in Eq.3.264 into the above equation, we get:

G(w,0) :/ [// f(z,y)d(zcos + ysinb — s) do dy} e IImws (s
:// f(z,y) {/ §(zcosf + ysinh — s) e I2mws ds] dx dy

00
_ // f(x,y) 67j27rw(mcose+ysin«9) dr dy
—00
= F(wcosf, wsinf) = Fy(u,v)

where F(wcosf, wsinf) = Fy(u,v) is the 2-D Fourier transform F(u,v) of the
signal f(x,y) evaluated at u = wcosd and v = wsin(theta), along the direction
of 0, thus Eq.3.267 is proved.
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Figure 3.20 Radon transform and projection-slice theorem

The inverse Radon transform: Given its Radon transform g(s,#), the
original 2-D signal f(z,y) can be reconstructed by the inverse transform:

_ -1 - _
flz,y) =R " [g(s,0)] = 5.2 /0 /_oc [859(5’9)] Tcos0 T ysm0 s ds do
(3.268)
Or in polar form:
where
T =1TCcoso or r= /a2 +y2
y = rsing ¢ = tan"!(y/x)
Proof:

The inverse Fourier transform
o
flz,y) = // F(u,v)e??™m@+o) qy dy

can also be expressed in polar form. We let

{uzwcos@ or {wzx/uz—l—vz

v=wsinf 0 = tan~!(v/u)

then the Fourier spectrum F'(u,v) can be written as F'(w,f) and the inverse
transform above becomes:

2w 00

f'(x’y) :/ / F(,w,9)€j27rw(wcost9+ysin9) w dw db
S

:/ / F(w7e)ejQTruz(accos«9+ysi11(~)) |w|dw do
0 —00

But according to the projection-slice theorem, F(w, 6) in the inner integral with
respect to w, a slice of F(u,v) along the direction 6, is equal to the Fourier
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transform of the Radon transform of f(z,y), i.e,
F(w,0) = G(w,0) = Flg(s, 0)]
then the equation above becomes:

f(x,y):/ {/ |w|G(w7g)ejQWw(xCOSGersine) dw! a6
0 —

oo

:/ g (zcosh + ysin6, 0) do (3.270)
0

Here we have defined ¢'(s, ) as the inverse Fourier transform of |w|G(w, 6):
d'(5,0) = g'(xcosf +ysinb, 0) = F w|G(w,0)]
_ / |w|G(w, 0)6j27rw(z cos f+ysin ) dw

[o¢]
As |w|G(w, ) can be considered as a filtering process of g(s, ) by a filter |w| (a
high-pass filter) in frequency domain, and ¢'(s,8) is a simply a filtered version
of g(s,0). The absolute value |w| can be written as w multiplied by the sign
function sgn(w): |w| = w sgn(w), and due to convolution theorem of the Fourier
transform and Eq.3.118 and 3.127, we have:

J'(s,0) = FH{wG(w, 0)] * F~ [sgn(w))]

1 d 1 1 “ld 1

Comparing this expression with the definition of the Hilbert transform in
Eq.3.238, we see that the filtered version ¢'(s,0) is also the Hilbert transform of
0g(s,0)/partials/2m:

(5,6) = Hlz- 5-g(s,6)

Substituting this result back into the equation above for f(z,y), we get

T o0 d
flz,y) = %/O [ [Eg(tﬁ)] i dt do

Replacing s by x cos + ysin 6 and then t by s, we get Eq.3.268. This completes
the proof.

In practice, the inverse Radon transform can be carried out based on Eq.3.270,
instead of Eq.3.268 or 3.269, in the following steps:

1. Fourier transform of ¢(s, #) with respect to s for all directions 6:
G(w,0) = Flg(s,0)]
2. Filtering in frequency domain by |w|:

G'(w,0) = |w|G(w,0)
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3. Inverse Fourier transform:
g'(s,0) = F G (w,0)]

4. Summation of ¢'(z cosf + ysin 6, 0) over all directions 6 (called “back projec-
tion”):

fz,y) :/ J'(s,0) do :/ g'(z cos +y sin6,0) do
0 0

We make two additional comments:

e The filtering in step 2 above can also be carried out in spatial domain by
convolution.

e For most signals, their higher frequency components contain little energy and
are therefore more susceptible to noise (lower signal-to-noise ratio). On the
other hand, as the magnitude of the filter |w| increases linearly as a function
of frequency, it has the effect of amplifying noise. For this reason, the filter
is typically modified so that its magnitude is reduced in the high frequency
range.

Here we show two examples of Radon transform, both forward transform for
projection and the inverse transform for reconstruction. The first example is a
shape in black-white image, while the second example is a gray scale image, as
shown in Fig.3.21. In both cases, the projections g(s,#) (2nd from left) of all 180
projections, one degree apart, of the image f(x,y) (1st on the left) are obtained.
The image is then reconstructed, first without filtering by |w| (3rd from left)
and then with filtering (right). We see that the binary shape and the gray scale
image are both almost perfectly reconstructed.

Example 3.8: First consider the Radon transform of a 2-D Gaussian function
F(z.y) = - H) = (),

g(s,0) = / e () gt = 6_82/ e Vdt = NZ3 e’
e _

o0
We see that g(s,0) is a 1-D Gaussian function of s, independent of 6, as a 2-D
Gaussian function is central symmetric.
Next consider the Radon transform of a plane wave

1 . .
f(w,y) = cos(2m(2z + 3y)) = 5[ 4 7))

which propagates along the direction of ¢ = tan~1(3/2) (with respect to the
horizontal direction). As the Radon transform is obviously linear, we can find
the transforms of e/27(2#+3v) and e=727(224+3v) geparately. The first term can be
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Figure 3.21 Forward and inverse Radon transform
From left to right: Original image f(z,y), Radon projections g(s, #), Back project
without filtering, Back projection with filtering.

expressed in terms of the rotated coordinate system (s, t):
ej27r(2z+3y) _ ej27r2xej27r3y _ ej27r(2(s0059715sin0))6j27r(3(ssin9+tcost9))

_ ej271-2(2 cos 0+3sin 9)6j27rt(—2 sin 0+3 cos )

Its Radon transform is:

o}
g[ej2w(2x+3y)] _ ej27rs(2cos«9+351n9)/ ej27rt(—23in€+3cos€)dt
-0

= I2ms(2cos0+3sin0) 5(_9gin § + 3 cosh) (3.272)
Similarly we can get:
Gle92m(2a+3y)] — o=i2ms(2c0s0+35in6) 59 5in § — 3 cos b)
Adding these two results we get
Gleos(2m(2x 4 3y))] = cos(2ws(2 cosf + 3sin))d(2sin  — 3 cosh)

We see that this Radon transform is zero except when 2sinf = 3cosf or
0 =tan=1(3/2) = ¢, i.e., the straight line L for the Radon transform is per-
pendicular to the propagation direction of the plane wave. In this case the the
Radon transform is a delta function (due to the infinite integral of a constant
along the direction of L), weighted by a sinusoidal function of s along the direc-
tion of propagation. When 6 # ¢, the integrand in Eq.3.272 along L is a sinusoid
with frequency 3 cos@ — 2sin 6, and the infinite integral is always zero.
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Before consider the inverse Radon transform, we first define an back-projection
operator as:

b(x,y) = Blg(s,0)] = / g(s,0)do = / g(xcosf + ysinb, 0)do (3.273)
0 0
The back-projection can also be expressed in polar form:
b(r,0) = Bly(s,0)] = [ glrcos(t — 0).6)as (3.274)
0

where 7 = /22 + y2? and ¢ = tan"!(y/z), or equivalently, x = rcos¢ and y =
7 sin ¢.

The Matlab code for both forward and inverse Radon transforms is listed
below. The projection directions are given in vector theta in degrees.

function proj = Radon(im,theta) % forward Radon transform

K=length(theta); % number of projection directions
[m,n]=size(im); % size of image
d=fix(sqrt(2)*max(m,n)); % diagonal of image
tmp=zeros(d) ; % size of projection, d=1.414#n
i=(d-m)/2;
j=(d-n)/2;
tmp(i:i+m-1,j:j+n-1)=im; % copy input image to tmp
proj=zeros(d,K) ; % K projections of length d
for k=1:K % for all directions

a=theta(k); % rotation angle

proj(:,k)=sum(imrotate(tmp,a,’bilinear’,’crop’));
% image rotation and projection
end
end

function im=iRadon(proj,theta) 7% inverse Radon transform

[d,K]=size(proj); % diagonal of image
n=ceil(d/sqrt(2)); % size of image
im=zeros(n);
n2=n/2;
d2=d4/2;
v=pi/180; % for radian/degree conversion
F=zeros(d,1); % filter in frequency domain
dl=ceil((d-1)/2);
for i=2:d1+1; % setup filter
F(i)=i-1;
F(d+2-i)=i-1;
end

for k=1:K % for all directions
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g=proj(:,k); % g(s,theta)
G=fft(g); % Fourier transform of g
G=G.x*F; % filtering by F in frequency domain
g=real (ifft(G)); % inverse Fourier transform
c=cos(v+theta(k)); % cos(theta)
s=sin(v*theta(k)); % sin(theta)
for i=1:n
for j=1:n % for all pixels in image
y=i-n2;
X=j-n2; % origin of x-y plane is in image center

t=fix(x*c+y*s)+d2;
im(i,j)=im(i,j)+g(t); % back projection
end
end
end
end

3.5 Problems

1. Show that the Fourier transform of the step function u(t) same as in Eq.3.65
can be obtained by:

T —at 7 . _jw
FIu() =l Flemeu(0] = i 2 o i 2

Hint: The first term approaches 6(f)/2, i.e.,

) a oo f=0 > a 1
lim —— = d ——df = =
ali%aQ—f—wQ {0 f#0 a /,ooaQ—f—wQ ! 2

You may need to use this integral:

dz _1t _1(33)
a2+x2_aan a

Solution:

— 1 —at - i —Jjw
Ful = Il vl =t o i e o
. 1
=lim — + —
a—0a? +w?  jw
Consider the first term:

lim a _ Joow=0
a—»0a2—|—w27 0 w7é0
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and its integral is 1/2 independent of a:

o o 1 1 00 1
oo @2 F W 21 J_ o a® + w? 27 al =  27'2 2

where we have used the integral formula:

/ dz 1t Lz
_ ™ Cap 'z
a?+22  a a

The first term is therefore a delta function:

. 1
e ='W
and we have:
1 1
Flu(t)] = 55(f) + Tonf

. Consider the same RC circuit in Example 3.4 (Fig.3.13), with an input voltage
x(t) = vin(t) across the two components in series, but the output y(t) = Vg(t)
is the voltage across resistor R.

The impulse response of the system can be most easily obtained based on the
result of Example 3.4 and the Kirchhoft’s voltage law: v, (1) = ve () + vr(t):

UR@)::vm(w-—vcu)::éu)-%efﬂfu@)

However, let us solve this system independently without using the previous

result by following the following steps:

— Set up the differential equation of the system

— Find the impulse response function h(t) in two methods when z(t) = 6(¢):
(a) vR(t) = vin(t) —ve(t). When v, (t) =6, vg(t) =h(t) and ve(t) is
obtained in Example 3.4.
(b) Solve the differential equation for y'(t) = f(¢t)u(t) when a/(t) = u(t).
Then find h(t) = y(t) = y/(t) corresponding to z(t) = @(t) = &(t).

— Find the frequency response function H(w) by assuming z(t) = e/*t.

— Verify that H(w) = F[h(t)].

Solution:

— Set up the differential equation for the system:
The voltage across R is vr(t) = i(t)R and the voltage across C is

w@:é/um:%/”ﬁ%:%/m@ﬁ

According to Kirchhoff’s voltage law, we have

1
vr(t) +ve(t) = vr(t) + ~ /UR(t)dt = v (t)
Taking derivative on both sides we get:

§0) + Zy(0) = ()
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Here x(t) = vy, (t) is the input while y(t) = vg(t) is the corresponding out-
put.

Find impulse response y(t) = h(t) to an impulse input x(t) = d(t):

In Example 3.4, when z(t) = v;,(t) = 6(t), the output is ve(t) = h(t) =
e 71 ve., vR(t) = vin(t) — v (t) = 6(t) — e /7 /7, which is the impulse
response of the system when the output is y(t) = vg(¢).

Alternatively, we can also solve the system for y(t) = h(t) when x(t) = 6(¢).

However, for convenience, we first obtain the response y'(t) to an input
' (t) = u(t):

P+~ (1) = 3(0) = ilt) = 5(1)

Assume ¢/ (t) = f(t)u(t) and y/(t) = f(t)u(t) + f(0)5(t). Substituting these
into the equation we get:

Solving this homogeneous equation we get f(t)=e /7 and y/(t) =
f(®)u(t) = e t/7u(t). Taking time derivative on both input z/(t) and output
y/(t) we get the impulse input z(t) = 2/(t) = @(t) = 6(t) and the impulse
response:

H(E) = (1) = /(6) = e/ ult) + 7/75(1) = 6(4) — ~e Y Tu()

Find the frequency response function H(w):

When the input is a complex exponential z(t) = e/*!, we have #(t) =
jwel*t and the output also takes the form of a complex exponential
y(t) = H(w)el*t and §(t) = jwH (w)el*t. Substituting these into the equa-
tion we get:

1 , .
§8) + Y1) = Lo + S]H (@)e = el
T
Solving this we get the frequency response function:

H(w) JwT

T jor+1
Now we verify that H(w) is indeed the Fourier transform of the impulse
response function:

f[h(t)] _ /_OC h(t)e_jwtdt _ /_OC [5(t> _ le_t/fu(t)]e—jwtdt
1

T

:1__/006‘(““/7)%5:1— L [
T Jo Jwt +1 Jwt + 1
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Discrete-Time Fourier Transform

Discrete-Time Fourier Transform

Fourier Transform of Discrete Signals

To use the modern digital technology to process a time signal x(t), an analog
to digital (A to D or A/D) converter is needed to sample the continuous signal
and convert it into a discrete signal composed of a set of time samples xz[m| =
x(mitp) = xz(m/F) (m=---,-1,0,1,--), where ¢y is the sampling period, the
time interval between two consecutive samples, and F' = 1/t is the sampling
frequency. Mathematically the sampled signal z4(t) can be represented as the
product of the time signal and an impulse train, the sampling function (also
called a comb function):
0 0
s(t) = w(t) comb(t) = x(t) Y o(t—mto) = Y x[m]o(t—mto) (4.1)
m=—o00 m=—oo

where z[m]| = x(mty) is the mth sample, the signal x(¢) evaluated at t = mto.
The Fourier transform of this sampled signal can be found as

o0

o0 o0
Xs(f) = / zo(t)e 72t = / [ Z z[m)d(t — mtg)]e 2" tdt
> X m=-—x
00 00 . 00 .
= Z a:[m]/ 5(t — mto)e 2™ tat = Z x[m]eI2mm/to (4.2)
m=—o00 — m=—o00
This is the spectrum of the discrete signal z[m] (m=---,—1,0,1,--+), which

can also be expressed in terms of angular frequency w = 27 f:

o0

Xo(w)= > a[mlemto (4.3)
This spectrum is periodic with the sampling frequency F' = 1/t( as the period:
X(f+F)= > almle 2 Ut0har = N~ g[m]e2mm/toem2mmFlo gy — X (f)

m=—00 m=—00

(4.4)
where e=92mmFto — ¢=i2m™ — 1 a5 F' = 1/t5. We can therefore express this peri-
odic spectrum as Xp(f), just as xr(t) representing a periodic time signal with
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period T'. This spectrum could also be expressed as Xq(w + 2) in terms of angu-
lar frequency w = 27 f and period Q = 27 F.

x[m] X (1)

F!—F
¥

° |
Figure 4.1 Fourier transform of discrete signals

To get the time samples of the discrete signal back from its spectrum Xp(f),
we multiply 7277/t /" on both sides of Eq. 4.2 and integrate over period F:

%/OF X(f)ej2mrftodf = %mf:ocx[m] /OF e,jg(mfn)wftadf
= X e o= (15

Here we have used Eq.1.27 (with different variables). This is the inverse Fourier
transform. Equations 4.2 and 4.5 form a pair of the Fourier transform of a discrete
signal, called the discrete-time Fourier transform (DTFT):

o0

Xp(f)= Y a[mle?mmi/F
17 F :
O e (4.6)
F Jo
which can also be expressed in terms of w = 27 f as:
o) = 3 afmlesmen
17 F :
x[m] = —/ Xa(w)e?™dw (4.7
Q2 Jo
The discrete-time Fourier transform can be considered as the representation of
a signal vector & = [--- ,z[m],--]T (m = —o00,---,—1,0,1,---,00) in an vec-
tor space, as a linear combination (an integral) of a set of orthonormal basis
(uncountable) vectors ¢(f) = [---,e2™//F ...]T /\/F (0 < f < F) that spans
the space:

x = % /F X()(f)df (4.8)
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The component form of this integral is the inverse DTFT (with a different scaling
factor):

F
m == /OFX<f>ve/Fdf == [ X or allm)

(4.9)
The coefficient function X(f) can be found by multiplying both sides by
e’jQ’TmtOf//\/F and taking a summation:

ej27rmt0f X j2m77t0(f*f,)df
PO i

m=—00 m=—00

/ X(f Z 5(f — f' = kF)df = X(f") (4.10)
k=-—00
Here we have used the result in Eq.1.28. This is the forward DTFT (with a
different scaling factor), which also indicates that the coefficient function X (f)
has a period F'.
We further consider the inner product of two signals « and y before the trans-
form and that of their spectra after the transform:

oo o]

<ay>= Y amlglnl= S olmigin]
_ S L ej27rm,t0f L v /e—j27rm,t0f’ /
_m;xﬁ/FX(f) e A af
-/ X(f)Y(f’)%mZmemm“(ff’>dfdf’
Z//X ff k:Fdfdf—/X (f)df
= Y(f)> (4.11)

As inner product is preserved by the discrete-time Fourier transform, it is a
unitary transformation. In particular if we let @ = y, we get Parseval’s identity:

/ | X (f)2df (4.12)

m=-—00
indicating that the energy or information contained in the signal is preserved by
the DTFT.
Comparing this pair of equations to the Fourier series expansion of a periodic
signal zr(t) in Eq. 3.5:

1 ; 1 ,
?/TxT(t)eﬂkwotdt: ?/TxT(t)e*ijwt/Tdt

oo oo

rr(t) = Z X [k]ekwot = Z X [k 2t/ T

k=—00 k=—00

X[k] =
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we see a perfect duality between time and frequency domains:

e When a time signal is periodic with period T, its spectrum is discrete with a
frequency interval fo = 1/T between two consecutive frequency components
(the fundamental and its harmonics).

e When a time signal is discrete with time interval ¢y between two consecutive
samples, its spectrum is periodic with period F' = 1/t,.

This duality between time and frequency should not be a surprise, due to the
symmetry of the definition of the forward and inverse Fourier transforms in Eq.
3.53.

Once a continuous signal is sampled to become a set of discrete values, the
sampling period ty may not be of interest anymore during the subsequent digital
signal processing, and can be assumed to be unit ¢ty = 1 and the sampling fre-
quency is also unit F' = 1/ty = 1, and the Fourier transform pair of the discrete
signal can be simply expressed as:

X(f)= f: z[mle 7™ or X(w) = i x[mle 7™
ml:l_oo j2mnf 1o j:z_oo
x[m] = /0 X(f)e df = 2 s X(f)e?™?dw (4.13)

In some literatures, the Fourier spectrum of a discrete signal is also denoted
by X (e’%), because it takes this form when considered as a special case of the
z-transform, to be discussed in the next chapter. However, we note that all these
different forms of the spectrum are just some notational variations all represent-
ing essentially the same fact: the spectrum is simply a function of frequency f
or angular frequency w = 27 f. No confusion should be caused given the specific
context of the discussion. In the following, we will use X (f), X(w) as well as
X (e7*) interchangeably for the spectrum of a discrete signal, whichever is more
convenient and suitable in each specific case.

Example 4.1: Consider the Fourier transform of a few special signals:

e The Kronecker delta or unit impulse function:

Flo[m]] = i §[m)e 92mmS = ¢=3270F — 1 (4.14)

m=-—00

e Constant function (an impulse train in time domain):

Flz[m| = F[1] = Z ed2mf — Z 5(f —n) (4.15)

m=—00 n—=-—oo

The last equal sign is due to Eq.1.28. This is an impulse train in frequency
domain.
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e The sign function:
—-1m<0
sgn[m] = 0m=0
1m>0

o0 00
]:[sgn Z e—g2mnf + Z e—izmnf _ _ Z egzmn f + Z e—d2mm f
m=1 m=1

m=—00

Consider the first summation as the following limit when a real parameter
la| < 1 approaches zero:

00 00 o gerf _jorf
o j2rf\m _ 1 _ 1; J2rfym __ ae €
fim 3 (@)™ =1 lim 32 (0 )" = i ey = o
m= m=

Similarly the second integral can be found to be:

T 1—e 2t

Now we get:

_piznf e—g2mf 1+ e 927f J sin(2nf)
Flsgn[m]] = 1_ ei2nf + 1_ed2nf 1 _ed2nf cos(2mf) — 1 (4.16)

e Unit step function:

1n>0

ufm] = 0n<0

3 11+ 0Tl + sgnlm] = {

Note that w][0] = 1, unlike in the continuous case u(0) = 1/2, it can be con-
structed as the sum of three functions:
1
u[m] = 5 [1+ d8[m] + sgn[m]] (4.17)

As the Fourier transform is obviously linear, we have:

e—J2nf
f[U[m]]Z%[f[leW || + Flsgnm %[Z 5(f =n) +1+1+6 “jonf
1 1 —
= 1_cr T3 2 87 =m) (4.18)

n=-—o00

412 The Properties

As a special case of the generic form of the Fourier transform, the discrete-
time Fourier transform shares many of the properties discussed considered in
previous chapter, but in different forms. Here we assume X (f) = Flz[m]] and
Y (f) = Fly[m]]. Proofs of many of these properties are not given as they can
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be easily derived from the definition. (Many of these can be left for homework
problems.)

e Linearity

Flaz[m] + by[m]] = a X (f) + bY (f) (4.19)
e Periodicity
X(f+k)=X(f) (4.20)
where k is an integer.
Proof:
X(f + k) _ Z x[m]e—j%)ﬂ(f-l-k) _ Z x[m]e—jQTane—jQYnk}W _ X(f)
as e J2mkT — 1,

e Complex conjugate
Flzim]] = X(-f) (4.21)

e Parseval’s identity
00 1
> felml = [ X1 (122)

e Time reversal

Fla[=m]] = X (=) (4.23)
If Z[m] = x[m] is real, then
Fla[-m]] = X(~f) = X(f) (4.24)

e Time and frequency shifting

Flz[m 4 mo]] = 2ol X (f) (4.25)

FleF?mmlog[m] = X (f £ fo) (4.26)

e Correlation
The cross-correlation between two functions x[m] and y[m] is defined as

ray[m] = a[m] xylm) =Y z[nJyln —m] (4.27)

This property states:
Fla[m]*y[m]] = X ()Y (f) (4.28)
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Proof:
f[a:[m] Z zln e —j2mmf _ Z x[n] [Z y[n _ m]e—ijwf]
= / z[n]] Z _72(" m/)”f] Z nle —j2nm f Zy e]2m7rf

where we have assumed m’ =n —m, and S, (f) = X(f)Y(f) is the cross
power density spectrum of the two signals. In particular, if both signals Z[m| =
x[m] and g[m] = y[m] are real, we have

Fle[m]+y[m]] = X(f)Y(=f) (4.30)

Time and frequency convolution

Flz[m] «ylm]] = X(HY(f),  Flzlmly[m]] = X(f) =Y (f) (4.31)
Proof:

f[x[m] * y[m]] = sz[n]y[m — n]eiijﬂf = Z Zy e —j2mmn f
— Z Z *JQ(m +n)wf _ Z Zy le —j2(m)wf ,=j2(n)m f

= X (f)Y(f)
where we have assumed m’ = m — n. Also, the second equation can be derived:
Flz[mlylm]] = U X(f")er2meT df} mle32mmS — / X(f l Imle~ J'var(f—f’)] df’

/ X(F)YY(f — fdf = X(f) =Y (f)

Note that both X (f +1) = X(f) and Y(f + 1) = Y(f) are periodic, and their
convolution is called periodic convolution.

Time differencing

Corresponding to the first order derivative of a continuous signal, the first
differencing of a discrete signal is simply defined as z[m] — x[m — 1]. Based
on the time shifting property, we have:

Flzm] —xm—1]] = (1 - e’jQ’Tf)X(f) (4.32)

Time accumulation

Similar to the integral a continuous signal, the accumulation of a discrete
signal is a summation of all its samples z[m] from m = —oo up to m = n, and
its Fourier transform is:

f[ 3 x[n]] = xS s s

n=-—00
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Proof: The accumulation can be expressed as a convolution:

m oo

Z x[n] = Z u[m — nlz[n] = u[m] * x[m]

n=-oo n=-—00
whose Fourier transform can be easily found according to the time convolution
property:

n=-—o0o

1_ et e

_ [;% ) 5(f—n)] X(f) = g X(1)+ S (- m)

n—=—oo n—=-—oo

Here we have used the fact that X (f) is periodic and X (k) = X (0). Comparing
Eqgs.4.32 and 4.33, we see that differencing and accumulation are the inverse
operations of each other, just like the continuous time derivative and integral
which are also the inverse operations of each other (Eqs.3.118 and 3.122). The
second term of the right-hand side in Eq.4.33 represents the DC component
in the signal z[m], which is not needed in Eq.4.32 as differencing operation is
insensitive to DC component.
® Modulation
Here modulation means every odd sample of the signal z[m] is negated.

A1) sl = X (14 5) (1.3)
Proof:
Z x[n](_l)mG*ijﬂ'f: Z x[n]efjmweijmwf
= Y afple I/ — x (f + %) (4.35)

n

e Up-sampling (time expansion)
Flz®[m]] = X (kf) (4.36)

Here 2(*)[m)] is defined as:

20 ] = {x[m/k] if m is a multiple of k (4.37)

0 else

i.e. z(F)[m] is obtained by inserting k — 1 zeros between every two consecutive
samples of x[m]. Correspondingly its spectrum X (kf) in frequency domain is
compressed k times with the same magnitude. Note that this up-sampling is
quite different from the time scaling of a continuous signal in Eq.3.102 with
a=1/k:

Fle(t/k)] = kX (ES)
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in which case the signal z(t) is expanded k times (without any gap), and
consequently the magnitude of its Fourier spectrum X (f) is scaled up also k

times.
Proof:
Fla®ml) = 3, alm/kle"™ =% | alple ™M = X (kf) (4.38)

Note that the change of the summation index from m to n = m/k has no
effect as the terms skipped are all zeros.
Down-sampling

Flowlnl] =Flapml] = 3 |x (§) 4 x (5F)]

Here the down-sampled version (o) [m] of a signal 2[m] is composed of all the
even terms of the signal with all odd terms dropped, i.e., x(o)[m] = z[2m].
Down-sampling of a discrete signal corresponds to the compression of a con-
tinuous signal (Eq.3.102 with a = 2):

Fle(2n)] = 3 X (g)

Proof:

o0

Flagml] = Y al2mle ™ = 3" gple ™/

m=—00 n=--,—-2,0,2,--

e ™ 4 N (=1)"z[n]e ]

[zl
[zl

|~

e ¢}
e—imnf | Z x[n]e—jm(fﬂ)]

N =

—00 n=-—00

(8 e+(5)]

Conceptually, the down-sampling of a given discrete signal z:[m] can be real-

ized in the following three steps:

— Obtain its modulation z[m](—1)™ = x[m]e’™™. Due to the frequency shift
property, this corresponds to the spectrum shifted by 1/2:

Fl(=1)"z[m]] = F [ x[m]] = X(f +1/2)
— Obtain the average of the signal and its modulation in both time and
frequency domains:

gt ot = 3 (X0 x (5 45
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— Remove odd samples of the average to get x(2)[m]. In frequency domain,
this corresponds to replacing f by f/2:

oo [ (5) 2 (139

Example 4.2: Here we consider the up-sampling, modulation and down-sampling

of a discrete signal of square wave x[m] with seven non-zero samples, as shown
in Fig.4.2.

e The square wave and its spectrum, a sinc function, are shown in the first
row of the figure. Note that the DC component is 7, the number of non-zero
samples in the signal z[m)].

e The up-sampled version z(?)[m] of the signal in both time and frequency
domains are shown in the second row. Note that unlike time expansion of
continuous signals, here the magnitude of the spectrum is not scaled by up-
sampling.

e The up-sampled version z(3)[m] of the signal in both time and frequency
domains are shown in the third row.

® The modulation of the signal is shown in the fourth row. Note that all odd-
numbered samples are negated and the spectrum is shifted by 1/2, and its DC
component is -1 (3 positive samples and 4 negative samples in time domain).

® The average of the signal and its modulation are shown in the fifth row.
Note that the odd numbered sampled becomes zero. In frequency domain, the
averaged spectrum is no longer a sinc function, but a sinusoid (due to the two
time samples at m = —2 and m = 2 with a DC component 1 (due to the time
sample at m = 0.

e Finally as shown in the last row, the time signal is compressed by a factor 2
with all odd numbered samples (all of value zero) dropped. Correspondingly,
the spectrum is expanded by a factor of 2.

Example 4.3: Here we consider the convolution of two finite discrete signals [m]
of length M and h[m] of size N, i.e., z[m] is zero outside the range 0 < m <
M — 1; and h[m] is zero outside the range 0 < m < N — 1. Their convolution is:

o]

y[m] = x[m] = h[m] = Z x[n]h[m — n]

n—=—oo

Note that the range for hlm —n] is 0 < m—n < N, i.e., n <m < N + n. But
as 0<n<M-—1, we get therange 0 <n<m<N+n—-1<N+M -1 for
y[m] outside which y[m] = 0. Specifically, let:

x=[12345678]", h=[123]"
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Figure 4.2 Modulation, up and down-sampling
The square wave and its modulation, up and down sampling versions on the left,
and their spectra (showing three periods) on the right.

Here M =8, N =3, and the length of the result of this convolution is M +
N —1=8+3—-1=10, any y[m] outside the range of 0 < m < 9 is zero. This
convolution can be illustrated below:

n .- —1012 3 45 6 78 910--
2fn] - 0123 45678000
hl0—=n] -~ 21
hl-n] - 3 21
h2-n] - 321
h3—n] - 321
hd—mn] - 32 1
h[5—=mn] - 3 1
hl6—n] - 321
hT—n] - 321
h[8 =n] - 3 1
hlO—n] - 321
h[10 —n] - 321
ylm] -+ 0 141016222834403724 0 ---
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413 Discrete Time Fourier Transform of Typical Functions

e Constant: If we let 2[m] =1 in Eq.4.1, we get an impulse train in time
domain:

xs(t) = comb(t Z o(t — mtop) Z o(t — mtop) (4.41)

m=—00 m=—00

whose discrete-time Fourier transform is also an impulse train in frequency
domain:

o0 o0
Flafm] = Fli]= > " = 3" 5(f —n) (4.42)
The last equal sign is due to Eq.1.28.
e Complex exponential
Applying frequency shift property to the result above we get:

6]2m7l'f0 — Z ) f fo_n) (443)
e Sinusoids
Fleos(2mm fo)] = %[f[eﬂmwfo] + Fle2mmho]]
% [ Do —fo-m+ Y 5(f+f0—n)] (4.44)

Similarly we have:

Flsin(2mm fo)] = i‘[]:[eﬁmﬁo] _ f’[eijmﬂ'fo]]

2j
—zilz 5(f — fo—n) - ; 5f+fo—n)] (4.45)
e Kronecker delta
Z 8[m)e??m = 0 =1 (4.46)
¢ Sign function o
_eienf e—i2nf 1+ ed2nf

F [sgn[m]] =

1= " 1—e 2~ 1—e 92

This is given in Eq.4.16.
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Unit step function

1 1 &
Tty 2 U -m

n—=-—oo

Ffulm]] =

This is given in Eq.4.18.
Exponential function
First consider a right-sided exponential function:

x[m] = a™u[m], (la| < 1)
F[a™u[m]] = Z (ae=92mfym = T ac 2T ai*ﬂﬂf (4.47)

m=0

Next consider the two-sided version:
z[m] = a™ = a™um] + a " u[—m — 1], (la| < 1)

The transform of the first term is the same as before, while the transform of
the second term is:

-1 00
Fla™ul-m—1]] = Z a MeIAmTS — Z(aej%f)m -1
m=-—00 m=0
aej27rf
= Tt (448)
The over all transform is:
1 ael?mt 1—a?
F [ \mq - _ = 4.49
“ 1—ae927f 1 —qei?27f 14 a2 —2acos(2nf) (4.49)

Square wave

o[m] = 1|m| <N
~l0|m| >N

The Fourier transform of this square wave of width 2N + 1 can be found to
be:

N 0 N
F[m[m]] = Z efjmw — Z e*jmw + Z e,jmw _1
m=-N m=—N

m=0
1 — d(N+Dw 1 — e d(N+Dw ed(N+Dw _ p—jNw o—jw/2
I 1—edo elw —1 e Iw/2
_ eICN+Dw/2 _ o=jCN+1)w/2 _ sin((2N + 1w/2) (4.50)
eIw/2 — emiw/2 sin(w/2) '

Triangle wave

o[m] = 1—|m|/N |m| <N
0 |m| > N
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This triangle wave function with width 2V + 1 can be constructed as the
convolution of two square wave functions of width N, scaled down by N,
therefore its transform can be found by convolution property to be:

1 [sin(Nw/Z)]Q

Flalmll = 5 sin(w/2)

~ (4.51)

Fig.4.3 shows a set of typical discrete signals and their discrete-time Fourier
transforms.

The Sampling Theorem

An important issue in sampling is the determination of the sampling frequency.
On the one hand, We want to minimize the sampling frequency to reduce the
data size for lower computational complexity of the digital signal processing and
less space and time needed to storage and transmission. On the other hand, we
also want to avoid losing information contained in the signal which may happen
if the sampling frequency is too low.

According to Parseval’s identity, a continuous signal z(¢) can be transformed
to its spectrum X (f) = Flz(t)] and vice versa without any energy loss, and
the original signal x(t) can be perfectly recovered from its spectrum X (f) by the
inverse transform x(t) = F [ X (f)]. However, if z(¢) is sampled, it is represented
by its samples z[m] (m = 0,41, +2,---), or the spectrum X (f) of these discrete
samples, can z(t) still be recovered?

To answer this question, consider how the spectrum Xg(f) of the samples
x[m] is related to the spectrum X (f) of the continuous signal z(t). As shown in
Eq. 4.1), the sampled signal z4(t) can be obtained as the product of the signal
and an impulse train, the comb function:

o}
xo(t) = (t) comb(t) = x(t) Y d(t—mto) (4.52)
m=—00
Due to the convolution theorem, this multiplication of two functions in time
domain corresponds to the convolution of their spectra in frequency domain:

Xr(f) = X(F)*Comb(f) (4.53)

where Comb(f) is the spectrum of the comb function given in Eg. 3.2.5:

Comb(f) :% > 6(f—k/T) (4.54)

k=—00
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Figure 4.3 Examples of discrete-time Fourier transforms

A set of discrete signals are shown on the left and their DTFT spectra (showing

three periods) are shown on the right (real and imaginary parts are shown in

solid and dashed lines, respectively).

Substituting this in the equation for Xp(f), we get:

Xe() = X(F) - 32 87 ~ /o) =

k=—00

[ x-S 8- by
J -0 k

=—00

:% S OX(f-k/to))=F Y X(f—kF) (4.55)
k=—

k=—0
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We see that the spectrum Xp(f) of the sampled signal is a superposition of
infinitely many shifted and scaled (both by F') replicas of the spectrum X(f)
of x(t). Obviously if X (f) can be recovered from Xp(f), then z((¢t) can be
recovered.

Consider the following two cases, also illustrated in Fig.4.4, where the maxi-
mum non-zero frequency component in X (f) is assumed to be frqz-

e If F'/2 > fh4a, the neighboring replicas in Xp(f) are separated (second plot)
and the original spectrum X (f) (first plot) can be recovered by a filtering
process:

X(f) = HpXr(f) (4.56)
where Hi,(f) is an ideal low-pass filter defined as

o _ JUE I < fe=F/2
Hy(f) = {O otherwise

This filter scales X (f) by 1/F = to but suppresses any frequency higher than
the cut-off frequency f. = F/2 to zero.

e If F/2 < fiax, aliasing occurs as the replicas in X p(f) are no longer separable,
and it is no longer possible to recover X (f), as the output of the ideal filter
(last plot) is distorted due to the overlapping replicas in Xp(f) (third plot).

X
~fmex 0 frnaz f
Xg(f)
! ideal lowipass filter'
-F2 F/2 5 frae t
-Ff2 F/2 < f max f
aliased
-Ff2 Ef2 f

Figure 4.4 Reconstruction of time signal in frequency domain
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The above result leads to the well known sampling theorem, also called the
Nyquist-Shannon theorem:

Theorem 4.1. A signal can be completely reconstructed from its samples taken
at a sampling frequency F if it contains no frequencies higher than F/2, referred
to as the Nyquist frequency:

fma:c < fNyquist = F/2 (458)

where fmae 15 the highest frequency contained in the signal. This is also referred
to as the Nyquist condition for perfect signal reconstruction.

Now we can answer the original question regarding the proper sampling fre-
quency. The lowest sampling frequency F' at which the signal can be sampled
without losing any information must be higher than twice the maximum fre-
quency of the signal F' > 2f,,,,., otherwise aliasing occurs and the original signal
can not be perfectly recovered. In practice, however, it is often the case that the
signal to be sampled contains frequency components higher than the Nyquist
frequency. In such cases, one can still avoid aliasing by anti-aliasing low-pass
filtering to remove all frequencies higher than the Nyquist frequency before sam-
pling.

To fully understand the sampling theorem we consider the following two exam-
ples which serve to illustrate the various effects of the sampling process, when
the Nyquist condition is either satisfied or dissatisfied.

Example 4.4: The sampling of a sinusoidal signal z(¢) = sin(27 fot) with a sam-
pling rate of F' = 4 samples per second (sampling period ¢, = 1/F = 1/4). This
process can also be modeled by the observation of an object rotating at fy cycles
per second when illuminated by a strobe light at a fixed rate of F' = 4 flashes per
second, or a wagon wheel in a movie with F frames per second (F = 24 frames
per second), as illustrated in Fig.4.5.

We consider the following five cases where the signal frequency fy takes a set
of different values. The sampling process can be represented in time domain as
well as in frequency domain by the time samples of the signal:

x[m] = x(t)‘t:mto =z(mty) = x(m/F) = xz(m/4) (4.59)
e fo=1<F/2=2Hz
z[m| = z(m/4) = %[6j2m”/4 — e 7727/ = gin(2mm /4) (4.60)

The two frequency components f = +1 Hz are both inside the period —2 <
f < 2. However, note that as X (f £4) = X(f) is periodic, these two frequency
components also appear at f = +1+ 4k for all integer k. In the model the
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object is rotating at a rate of fy = 1 cycles per second or 90° per flash counter
clockwise, as shown in the first row of Fig.4.5.

e fp=2=F/2=2Hz

1

z—j[ef’"“f —e ™ =0 (4.61)

x[m] = x(m/4) = i_[eﬂmﬂ/4 - e’ij’TQ/‘l] =
23
The signal is sampled two times per period and in this case both samples
happen to be zero, same as samples from a all zero signal x(¢) = 0. In the
model, the object is rotating at a rate of 180° per flash, when the vertical
displacement of the object happen to be zero, as if it is not moving, as shown
in the second row of Fig.4.5.
e fo=3>F/2=2Hz
a:[m] _ x(m/4) _ %[ejQTnﬂ'3/4 _ e—j2m7r3/4] _ 2ij[é‘2m7r(4—1)/4 _ e—j2m7r(4—1)/4]
= 2%,[6_]'2””7/4 — 24 — _sin(2mm/4) (4.62)
As the signal is under-sampled, its samples are identical to those obtained
from a different signal —sin(27t) = sin(—27t) at a frequency fo = —1 Hz.
In frequency domain, the two frequency components at f = +3 Hz are both
outside the central period —2 < f < 2, but their replicas f =3 —4 = —1 and
f=34+4=1 appear inside the central period with opposite polarity. This
effect is called folding. In the model, the object is rotating at a rate of 270°
per flash but it appears to be rotating at a lower rate of 90° per flash in the
opposite (clockwise) direction, as shown in the third row of Fig.4.5.
e fy=4=F Hz

1. - 1
x[m] _ x(m/4) _ _'[e]2m7r4/4 . 67‘]2777,71'4/4] _

j2mm _ _—j2mm =0
2j 2j <

le

(4.63)
The signal is sampled once per period, the samples are necessarily constant,
which are all zero in this case. In frequency domain, the replicas of fy = +4
both appear at the origin at f = 0 Hz. In the model, the rotating object stays
in the same position when illuminated, and its vertical displacement is always
zero, i.e., it appears to be standing still, as shown in the 4th row of Fig.4.5.
e fo=5>F/2=2Hz,

x[m] _ x(m/4) _ i[ej2m7r5/4 . e*j2m7r5/4] _ i[eijﬂ(4+1)/4 _ 67j2m7r(4+1)/4]
- 2j
1 ) )
= z—j[eﬂm”/‘* — e 72mT/4) = sin(2mm /4) (4.64)

The samples are identical to those from a different signal sin(27t) with
frequency fo =1 Hz. In frequency domain, the two frequency components
f = 45 Hz are both outside the central period —2 < f < 2, but their replicas
of appear inside the central period at f=5—4=1and f=-54+4=1Hz
with the same polarity. This effect is called aliasing. In the model, the object
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rotating 450° per flash appears to rotate 90° per flash in the same counter
clockwise direction, as shown in the last row of Fig.4.5.

Note that in all these cases, the observed frequency f is always the replicas of
the lowest frequency inside the central period —F/2 < f < F/2 in the spectrum,
which is the same as the true signal frequency f = fy only when fy < F/2. Oth-
erwise, aliasing or folding occurs and the apparent frequency is always lower than
the true frequency. In general, even if we know in theory the object could have
rotated an angle of ¢ + 2k7 per flash, the perceived frequency is always either ¢
or ¢ — 21 = — (2w — ¢) per flash, depending on which has a lower absolute value.
In the latter case, as the polarity is changed, not only is the frequency appears
to be lower, but also the direction is reversed.

B |l =

0.z 0.4 0.6 0.8 il

___________________

Y awavriss IRl
Yoy VW, e

NI AANY T
4 RYAVAY = K i I

AAAN
. \/UW S5 4 3 2 1 0 1 2 3 4 5

Figure 4.5 Aliasing and folding in time and frequency domains

Model of rotating object illuminated by a strobe light (left, only the first flash is
shown), sampling of the vertical displacement (middle), and the aliased frequency
(perceived rotation) (right)
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In the marginal case where the signal frequency fo = F/2 is equal to the
Nyquist frequency, the sampled signal may appear zero, as shown above, but
this is not necessarily the case in general. Consider the same signal as above
with a phase shift z(t) = sin(27 fot + ¢). When it is sampled at rate F' = 2fy,
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the values of its samples depend on the phase ¢:
z[m] = z(m/F) = sin(2mn fo/F + ¢) = sin(mn + ¢) (4.65)
This is indeed zero when ¢ = 0 as shown before. However, when ¢ # 0, we have:

sin ¢ if m is even

—sin ¢ if m is odd (4.66)

z[m] = sin(mm + ¢) = {
i.e., the sign of x[m] alternates for any phase ¢ # 0 and ¢ # 7. In other words,
in the marginal case fo = F/2, the frequency fo of z(t) can be accurately rep-
resented, but its amplitude is scaled by sin ¢, and its phase ¢ is not reflected.
This is shown in Fig.4.6. In particular when ¢ = 7/2, x[m] = 1 if m is even and
x[m] = —1 if m is odd, i.e., the amplitude of the signal is accurately represented
by its samples.

05 e Lo TNy

e
=] -05 0 0.5 j

Figure 4.6 Marginal sampling: signal frequency equals Nyquist frequency fo = F/2

Example 4.5: This example further illustrates the effect of sampling and alias-
ing/folding. Consider a continuous signal

x(t) = cos(2mft + ¢) = 5[63(2”ft+¢) + eI — ¢ 27 ¢ eI

where ¢; = /% /2 and ¢_; = 7% /2 are respectively the two non-zero coefficients
for the frequency components e/27/* and e=727ft. When this signal is sampled at
a rate of F''=1/tg, it becomes a discrete signal:

Jjo —jo )
x[m] — COS(ZmetQ + (b) = Cos(Qme/F + (b) — %eJQﬂ'fWL/F 4 eTe*jQﬂ'fM/F

_ 6167j27rfm/F +C_167]27rfm/F

Fig.4.7 shows the signal being sampled at F' = 6 samples per second, while its
frequency f increases from 1 to 12 Hz with 1 Hz increment. In time domain (left),
the original signal (solid line) and the reconstructed one (dashed line) are both
plotted. In frequency domain (right), the spectrum of the sampled version of the
signal is periodic with period F' = 6, and three periods are shown including two
neighboring periods on both the positive and negative sides as well as the middle
one. However, note that the signal reconstruction by inverse Fourier transform,
and also by human eye, is only based on the information in the middle period.
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e When f=1< F/2 =3, the two non-zero frequency components e/27f* and
e 727/t are inside the middle period —3 ~ 3 Hz of the spectrum, based on
which the signal can be perfectly reconstructed.

e When f=2< F/2=3, ™t and ¢ 772"/t will move outward for a higher
frequency of £2 Hz, which are still inside the middle period.

e When f =3 = F/3, the signal is marginally aliased. Depending on the relative
phase difference between the signal and the sampling process, the signal is
distorted to different extent. In the worst case, when the two samples happen
to be taken at the zero-crossings of the signal, they are both zero and the
signal x(t) = cos(2m4df + ¢) is aliased to a zero signal x(t) = 0.

e When f =4 > F/2 =3, the two coefficients for f = £4 are out of the middle
period, but the replica of f =4 Hz on the negative side moves from the left
into the middle period to appear as 4 — 6 = —2 Hz, and the replica of f = —4
Hz on the positive side moves from right into the middle period to appear
as —4 4+ 6 = 2 Hz. The reconstructed signal based on these folded frequency
components is 2’ (t) = cos(2m2t — ¢), different from the original signal x(t) =
cos(2mdt + ¢).

e When f =5 >= F/2 = 3, similar folding occurs and the reconstructed signal
is a'(t) = cos(2mt — ¢).

e When f=6=F, one sample is taken per period, the aliased frequency is
zero, and the reconstructed signal is 2/(t) = cos(¢)

e When f=7=F+1, the two coefficients for f = +7 are out of the middle
period, but the replica of f = —7 Hz on the negative side moves from the left
into the middle period to appear as —7 + 6 = —1 Hz, and the replica of f =7
on the positive side moves from the right into the middle period to appear as
7 — 6 = 1 Hz. Based on these aliased frequency components, the reconstructed
signal is 2/(t) = cos(2w ft), which appears to be the same as the non-aliased
cases when f = 1.

e When f =8 = F + 2, similar aliasing occurs and the reconstructed signal is
2/ (t) = cos(2m2t), which appears the same as the non-aliased case of f = 2.

e When f =9 = F + F/2, marginal aliasing occurs same as the case of f = 3.

¢ When f=10=F +4and f =11 = F + 5, folding occurs similar to the cases
when f =4 and f = 5, respectively.

e When f=12=2F, same as in the case of f =6 = F, one sample is taken
per period and the aliased frequency is zero.

We see that only when f < F/2 (the first two cases) can the signal be perfectly
reconstructed. After that the cycle of folding and aliasing will repeat as the signal
frequency f increases continuously. This pattern is illustrated in Fig.4.8.
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Figure 4.7 Aliasing in time and frequency domains

W M/g;jlxﬂll | |
'/T\/T\/T\/T\'oe;"'i"'i '
RN R \fg;I il LT
Fi/% A A A A B |
F k%\J NP LV |
/T\/\fT\ AN T o
X VY SRS ST T Tl T
A/\Nﬂ\ﬂ/\ﬂ/%m{\“% i B BB
SE A ZAAA - RERRRENR
AAAAAAAAAAAA“% A R o
RAA AR 7 & 1
NATANANADFRANA AT
vvvvvwvvvvvvwvg_[‘l fT1: 0"
WA AR A BRA A AT AT e e ol ]
vvwwvvvwvvwvvvwvg;[ CTir T 1]
NANANAONAMNNAANANN AN s |
vvvvvvvvvvvvwvvvvwg;l 7 |
A RTA AN KT AT NN NEA] o8t B m '
UMVV@UMUUVUWVU@U%UUE ] 1T
Aﬁﬂhﬁﬁmﬂﬂﬂﬂﬂﬁﬂﬂﬁﬂﬁﬂﬂﬂ el
umwkumwuwwvmwvw ANERRERR
AARAARAARAANAARAARAAA R AT ost 1 om |
v&v&v&v&v&v&&&v&v&&&v&vﬁ o s | |




4.1.5

Discrete-Time Fourier Transform 193

f<F/2 (perfect reconstruction)

(= ™ marginal aliasing
folding g (=F2)
1 sample/period |
(f=F) ¥ aliasing
"1 marginal aliasing
folding § (=F+F2)

1 sample/period |
(f=2F) ¥ aliasing
increasing signal frequency f

Figure 4.8 Aliasing-folding cycle as signal frequency increases

Reconstruction by Interpolation

The reconstruction of a continuous signal x(¢) from its sampled version x(t) is
a low-pass (LP) filtering process in frequency domain:

X(f) = H(f)X(f) (4.67)

Here H(f) is an ideal low-pass filter that preserves all frequency components
inside the central period —F/2 < f < F/2 of the periodic spectrum X (f), while
completely suppressing all their replicas at higher frequencies outside this period.
After such an ideal low-pass filtering, we get X (f) = X (f), i.e., the signal z(t) is
perfectly reconstructed. In practice, as the ideal LP filter is hard to implement, a
non-ideal LP filter is often used and the reconstructed signal is an approximation
of the real one.

If the sampling frequency F' is lower than the Nyquist frequency, any signal
components with frequency f > F/2 will be outside the central period and there-
fore filtered out. However, it is possible for such frequency components to have
some periodic replicas inside the central period, but they will appear to be at
some lower frequencies, i.e., aliasing occurs.

In time domain, the reconstruction of the continuous signal x(¢) from its sam-
pled version z,(t) is an interpolation process that fills the gaps between samples.
The interpolation can be considered as a convolution of z,(t) with a certain
function h(t):

Z(t) = h(t) = xs(t) (4.68)
Let us consider the following reconstruction methods based on different h(t)

functions:

e Zero-order hold
The impulse response of a zero-order hold filter is:

m@—{

10<t <ty

0 otherwise (4.69)
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which is the rectangular function discussed before (Eq. 3.139) shifted by #o/2.
Based on hq(t), a continuous signal 2 (¢) can be generated by:

Fo(t) = ho(t) + 2, (1) (4.70)

which is a series of square impulses with their heights modulated by z[m].
The interpolation corresponds a low-pass filtering in frequency domain by

Ho(f) = Flho(t)) = % sin(r fto)e 27 to/2 (@.71)

(Eq. 3.141 with an exponential factor corresponding to the time shift of ¢¢/2)
First-order hold
The impulse response of a first-order hold filter is:

=l 1 <t
ha(t) = {0 otherwise (472)

which is the triangle function discussed before (7 =ty in Eq. 3.144). A con-
tinuous signal Z1(¢) can be generated by:

T1(t) = h(t) *x x4(t) (4.73)
which is the linear interpolation of the sample train z[m] (a straight line
connecting every two consecutive samples). This interpolation corresponds a
low-pass filtering in frequency domain by the following (Eq. 3.147)

Hy(w) = Flhi(t)] = sin?(m fto) (4.74)

1
(mf)*to
Ideal reconstruction
The reconstructed signals & (t) and & (t) are just approximations of the origi-
nal signal z(t), as these interpolations correspond to non-ideal low-pass filters.
To find the interpolation function for a perfect reconstruction of z(t), we have
to use an ideal low-pass filter (scaled by tg) in frequency domain:

0 else

Hip(f) = {to 7] < Je (4.75)

with time domain impulse response (Eq. 3.143):

sin(2m fot
Pup(t) = F[Hip (1)) = 1o Z2ETL)
The reconstruction of the continuous signal X (f) is realized by applying this

ideal low-pass filter to the sampled signal X,(f):

X(f) = Hip(f) Xs(f) (4.77)

If finae < F/2, then the cut-off frequency f. can be higher than f,,q. but lower
than F' — fiqz, so that the central portion of X (f) is extracted and scaled by
factor tg, while all other replicas beyond the cut-off frequency are suppressed
to zero, and the original signal is perfectly reconstructed: X(f) = X(f).

(4.76)
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This ideal low-pass filtering corresponds to the convolution in time domain:

iplt) » () = to P CTID S (e — o)
— %0 Z x[m] /jO o(r — mto)—Sin(QZ‘fj(:_— T))dT
_ %0 ; 2[m) Sm(?g C_(tm_t;t‘)” (4.78)

Frequency Response Function of discrete LTI Systems

Recall that the output of a discrete LTI system y[n] = O[z[n]] can be found as
the convolution of the input z[n] and the impulse response function h[n| of the
system (Eq. 1.83 in Chapter 1):

o]

o0
y[n] = Olx[n]] = h[n] x x[n] = Z x(V)h(n —v) = Z h(v)z(n —v) (4.79)
In particular, let the input be a complex exponential z[n] = e/“"™ = coswn +
j sinwn, then the output becomes

y[n] = Ole?“"] = Z hly]el (V) = giwn Z hlv)e 7% = &“" H(el*)

(4.80)
where H (/) is defined as

o0
H(el¥) = Z h[v]e “" = F[h[n]] (4.81)
V=—00
which happens to be the discrete Fourier transform of the impulse response
function h[n], and is called the frequency response function (FRF) of the discrete
LTT system. We see that this equation is an eigenequation indicating that the
effect of the LTT system applied to a sinusoidal input, the eigenfunction of the
system, is the same as a multiplication of the input by a constant H(e’*), the
eigenvalue. Also, as the sinusoidal input z[n] = €/*™ is independent of any specific
hin]), it is the eigenfunction of all discrete LTI systems.
Equation 4.80 can be further written as

y[n] = H(u}) edwn _ |H(w)|ejZH(w) edwn _ |H(w)|ej(wn+ZH(w)) (4.82)
Due to the linearity of the LTI system, we can also get its response to any
sinusoidal input x[n] = cos(wn) = Re[e/“"] as

y[n] = Olcoswn] = Re[ |H(e*)|ed@n+EHE)) | = | H (w)| cos(wn + LH (w))
(4.83)
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In other words, the response of any discrete LTI system to a sinusoidal input is
the same sinusoid with its amplitude scaled by the magnitude |H (e/*)| of the
FRF, and its phase shifted by the phase angle /H (e/*) of the FRF.

As an example, consider an important class of LTI systems which can be
described by a linear constant-coefficient difference equation. Here the input
x[n] and output y[n] of the system are related by the difference equation as:

N M
> aryln— k= bxln — k] (4.84)
k=0 k=0

When the input is a complex exponential x[n] = €/“", we can assume the out-
put is also a complex exponential y[n] = Ye/“" with a complex coefficient Y.
Comparing this output y[n] with Eq.4.80, we see that the coefficient Y is simply
the FRF H(e/*). Substituting these x[n] and y[n] into the differential equation
above we get:

N
YZak (e79) keion — Zbk (eI@)keiwn (4.85)
k=0

and the frequency response function can then be obtained as

H(e*) =Y = Dm0 b(e?)* _ N(e#) (4.86)
Siioak(ei)k  D(er) '
where N (e/*) = fy:o bi(e7“)F and D(e?) = Efc\/:O ay(e7*)* are the numerator

and denominator of H(e/*), respectively.
More generally, if the input is z[n] = Xe/“™ with a complex coefficient X =
|X|ejZX, we can still assume an output y[n] = Ye/“", and have

N M
Z apyln — k] =Y Z ag( er keiwn — Z bi( 63‘” keion — x Z brx[n — k|
k=0 k=0

k=0
(4.87)
Now the frequency response function can be found as the ratio between the
complex coefficients Y and X:
M jw\k jw
H(e) = 1 = Sk WL BT (489)
Soneo ak(ef)k - D(e?)
The result above is of essential significance in the analysis of discrete LTI systems,
as it can be extended much beyond sinusoidal inputs to cover any input so long as
it can be expressed as a linear combination of a set of sinusoids (inverse Fourier
transform):

1 s
w[n]=ZOZX(f) I mItf = ;ﬂ : X (e7)ed! dw (4.89)

Here the weighting function X (e/“) = Flz[n]] is of course the spectrum of z[n]
obtained by the discrete-time Fourier transform. As the system is linear, we can
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get the output as:
1 [ . . 1 2 . o
yln] = Olz[n]] = — X ()0 dw = — X (e?)H (e?*)e? dw
27 Jo 27 Jo
(4.90)
We see that the output y[n] happens to be the inverse discrete-time Fourier
transform of H(e/*)X (e?), i.e.,

yln) = FTUY ()] = FHH ()X ()] (4.91)

In other words, in frequency domain the output is the product of the input and
the frequency response function:

Y (el®) = H(e') X () (4.92)

while in time domain, the output is the convolution of the input and the impulse
response function:

o}
y[n] = hln] = z[n] = Y h[v]a[n —v] (4.93)
V=—00
Of course, we realize this result is the same as the conclusion of the convolution
theorem discussed before. Similar result can also be obtained for a periodic input
which can be Fourier series expanded.

Summarizing the results above, we see the Fourier transform method is of
essential significance in system analysis, as we can analyze and design an LTI
system in Frequency domain to enjoy many benefits not possible in time domain.
First, most obviously, the response of an LTI system to an input z(¢) can be much
more conveniently obtained in frequency domain by a multiplication Y (w) =
H(w)X (w), instead of the corresponding convolution y(t) = h(t) * z(t) in time
domain. Moreover, in many applications, it may only be possible to carry out
certain system analysis and design task in frequency domain. For example, if
we need to design a system so that it will generate a desired response y(t) to a
certain input z(¢). In time domain, given z(¢) and y(t), it is difficult to obtain
the impulse response function h(t) that satisfies y(t) = h(t) * z(t). However, in
frequency domain, given X (w) and Y (w), it is relatively straight forward to find
the frequency response function H(w) = F[h(t)] by a simple division H(w) =
Y(w)/X(w).

Figure of block diagram...

Discrete Fourier Transform (DFT)

Formulation of DFT

In practice, most time signals are continuous and non-periodic, and their analyt-
ical expressions are not available in general. In order to obtain its spectrum in
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frequency domain, which is non-periodic and continuous, by a digital computer,
the signal needs to be modified in two ways:

¢ First, we need to truncate the signal so that it has a finite time duration from 0
to T', with the underlying assumption that the signal repeats itself outside the
interval 0 < t < T, i.e., it becomes a periodic with period T'. Correspondingly,
its spectrum becomes discrete. The Fourier transform of this periodic signal
is the Fourier series expansion discussed before

e Second, we need to sample the signal with some sampling frequency F' so that
it becomes discrete to be processed by a digital computer. Correspondingly,
the spectrum of the signal becomes periodic.

We can also reverse the order so that the continuous signal is sampled before
truncated. In either case, only when the signal is both finite and discrete, can we
apply the discrete Fourier transform (DFT) to find its spectrum, which is also
discrete and finite.

X(t) X[n]
X | s
T 0 T i i
T=1/,
X[m] X[n]
] :
-T 0 —t~ T o -F/|2 — F(Z o
| T/ho =N | Fifo=N

| |
Fff,=N (0,1,..N-1)

Figure 4.9 From continuous Fourier transform to discrete Fourier transform

To formulate the discrete Fourier transform, let us first recall the two different
types of Fourier transform discussed before. First, when the time signal is peri-
odic zr(t + T) = zr(t), the coefficients X [n] of its Fourier expansion form its dis-
crete spectrum (Eq. 3.72), where the interval between two neighboring harmonics
is the fundamental frequency fo = 1/T. Second, when the signal x[m] is discrete
as a sequence of values of a continuous signal z(t) sampled at a rate of Fy, with
to = 1/F between two consecutive samples, its spectrum Xp(f + F) = Xp(f)
is periodic (Eq. 4.4). It is therefore obvious that if a signal is both periodic
with period T and discrete with interval ¢ty between two consecutive samples, its
spectrum should be both discrete with interval fo = 1/T between two frequency
components, and periodic with frequency period F' = 1/ty.
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In time domain, if the number of samples in a period T is
N =T/ty (4.94)

then in frequency domain, the number of frequency components in a period F
is:
F o1/t T
£_Yt T _ (4.95)
fo 1/T o
i.e., the number of independent variables, or degrees of freedom (DOF), in either
time or frequency domain is preserved by the DFT. This fact should not be
surprising from the view point of information conservation of the transform.
Moreover, we also have the following relations that are useful later:

T to 1
TF=—=N to=— = — 4.96
tO ) fOO T N ( )

Now consider a continuous signal which has already been truncated with dura-
tion T and assumed to be periodic 7 (t + T') = xp(t). The sampling of this signal
can be represented mathematically by multiplying the signal by the sampling (or
comb) function comb(t):

o0

xp(t) comb(t Z o(t —mto) Z x[m]d(t — mto) (4.97)

m=-—00 m=—00

where z[m] = xzp(mto) is the kth sample of the signal. Note that x[m] is periodic
with period V:

xlm + N] =zr((m+ N)tg) = xr(mto + T) = zp(mto) = z[m] (4.98)

The Fourier coefficient of this sampled version of the signal can be found as:

o0

_ 1 —j2mnfot
X[n] = ?/T[mzocx[m]é(t—mto)]e g2mnfot g
1 N-1 1 N-1
_ - _ —j27n fot —j2mn fomt
*sz /5t mitg)e 7T = TZx[m]eJ”OmO
m= m=0
N .
= Z z[mleI¥mm/N - (n=0,1,--- ,N — 1) (4.99)

The number of terms in the summation is reduced from infinity to N for those
inside the integral range of 7', as all those terms outside this range make no
contribution to the integral. Note that X[n + N| = X|[n] is also periodic with
period N:

| N 4
X[n+ N]= = a[m]e I3 (n+Nym/N
m=0
| N ' '
=7 x[m]e IFmmm/N o=32mm — X [p] (4.100)
m=0
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The inverse transform can be found by multiplying both sides of Eq.4.99 by
ejQW"/N/F, and taking summation with respect to n from 0 to N — 1:

& j27rp,n/N 1 iy 1 py —j2mmn/N1 527 un/N
f nle =% Z[? Z x[mle le
n=0 n=0 m=0
N-1 N-1
= x[m Z efZmnln—ml/N Z x[m]o[p — m]
m=0 m=0
:x[u, ( :0,1,---,N—1) (4.101)

Here we have used Eq.1.29 shown before.
Now we put Equations 4.99 and 4.101 together to form the DFT pair:

N-1
1 .
X[n] = T Zx[m]e_ﬂ”m”/]v, (n=0,1,---,N—1)
m=0
-1
x[m] = F Z e_]27rm,n/N7 (m = 07 ]-; e 7N - 1) (4102)

The first equation is the forward DFT while the second one the inverse DF'T (note
the summation index p is replaced by m). As both x[m| and X [n] are periodic
with period IV, the summation in either the forward or inverse transform can be
over any consecutive N points, such as from —N/2 to N/2 — 1. We now make
a trivial modification of the transform above by redefining the coefficient as
X|[n]/F, then the above DFT pair becomes:

N—

,_.

]. Zx —jmen/N (nZO,l,,N—l)
m=0
N-1
zfm] =Y X[n]e?2™™/N  (m=0,1,--- ,N —1) (4.103)
n=0

Actually the scaling factor has little significance in practice. The factor 1/N can
be moved from the first equation (forward DFT) to the second (inverse DFT)
transform (such as in the Matlab implementation of DFT).

However, we prefer to put a scaling factor 1/ VN in front of both forward and
inverse transforms:

N-1
1 ,
X[n|=—= z[m]e 92 mn/N n=0,1,--- , N—1
= 3 ol ( )
N-1 ‘
z[m] = E X[n]e??mm N (m = 0,1,-- N = 1) (4.104)

for the reason that now a set of NV orthonormal vectors can be defined as:

1 ) .
¢n - \/N[6327r0m//N7 o aeJQW(N_l)M/N]T7 (n = 07 e aN - 1) (4105)
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which satisfy
_ 1 N
< P G >= b B = 7 D TN = 6[n — ] (4.106)
m=0

Similar to the kth basis function ¢y (t) = e/27/¥* for the Fourier series expansion,
which corresponds to a continuous sinusoidal function of frequency fr = kfy =
k/T (k cycles per period of T seconds), here the kth basis vector ¢, = e/27"F/N
corresponds to a discrete sinusoidal function of frequency fi = k/N (k cycles
per period of N samples). N such vectors of different frequencies fi = k/N
(k=0,---,N —1) form a complete basis that spans the space C. Any signal
vector originally given as & = [x[0],--- ,2[N — 1]]7 under the standard basis e,
can now be represented under the DFT basis ¢,, as

N-1
=Y X, (4.107)
n=0
which can also be expressed in component form as:
;] Nl
zfm] = — > X[n]e?™™N (m =0, ,N—1) (4.108)
P

This is the inverse DFT where the coefficient X[n] can be obtained by taking
the inner product with ¢,, on both sides of Eq.4.107:

N-1 N-1
<@ Py > =< X[lg,, ¢y >=> X<, ¢, >
n=0 n=0

z_: Xn]é[n —n'] = X[n] (4.109)

We see that X[n] is simply the projection of the signal vector & onto the nth
basis vector ¢,,:

N-1
1 )
X[n] =< @, (bn >= —\/N E x[m]e—JQTrmn/N, (n _ 07 . ,N . 1) (4110)
m=0

This is the forward DFT.

As here both the signal and its spectrum are discrete and periodic, and there-
fore finite as only one period is needed in the computation, the DFT is the only
form of Fourier transform that can be actually carried out by a digital computer.
Moreover, due to the Fast Fourier Transform (FFT) algorithm to be discussed
later,

It is important to know how to obtain meaningful data and properly inter-
pret the result. The Fourier coefficients X [n] obtained by the DFT are obviously
related to, but certainly not equal to, the spectrum X (f) of the continuous sig-
nal z(t) originally give, as the truncation and sampling process has significantly
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modified the signal before the DFT can be carried out. First, due to the trun-
cation and the assumed periodicity, the signal may no longer be continuous and
smooth. Discontinuity is most likely to occur at the point between two periods
of the duration T. Second, due to the sampling process, aliasing may occur if
the sampling rate F' is not higher than the Nyquist frequency, twice the highest
frequency component in the signal. The spectrum may be contaminated by var-
ious artifacts, most likely some faulty high frequency components corresponding
to the discontinuities, together with some aliased faulty frequencies caused by
sampling. It is therefore important to pay special attention to the truncation
and sampling process in order to minimize such artifacts. For example, we can
use some windowing technique to smooth the truncated signal, as well as low-
pass filtering to reduce the high frequency components before sampling to reduce
aliasing. Only then, can the DFT generate meaningful data representative of the
actual signal of interest.

Example 4.6: Consider a sinusoid of frequency k/N (k cycles per N points)...

2 1. . ,
x[m] = cos(m%) = 5[6327””/5 + e7I2mm/5) (4.111)
with wy = 27/5, or period N =5. Comparing this expression with the DFT
expansion:

=Y X[n]e>mmn/? (4.112)
n=0
we see that X[1] = X[—1] = 1/2. Alternatively, following the DFT we can also
get the nth Fourier coefficient as:
2
X[TL] _ i Z (E —jmen/N 1 Z [6—j27rm/5e—j27rmn/5 + e—j27rm/5e—j27rmn/5]

N m=0 10 m=—2

N | =

Bfn+1]+6n—1]] (4.113)

O

1 2
- Z 7‘]271‘?77,(1 n /5 7j27rm(1+m)n/5] _

Example 4.7: Consider a symmetric square wave with a period of N samples:

x[m] = {0 Ny < |m| < N/2 (4.114)
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For convenience, we choose the limits of the Fourier transform summation from
—N/2 to N/2 — 1, instead of from 0 to N — 1 to get

N/2-1 Ny
X[n] = Z x[m]e‘j%m”/N = Z e J2mmn/N (4.115)
m=-N/2 m=—N,
Let m’ = m + N7, we have m = m/ — N7 and

2Ny
§ e—j27rm’n/Nej27rN1n/N

m/=0

X|[n]

i2nN n/N]' _ e*j27r(2N1+1)n/N
e 1

1 — e—J2mn/N
e IT@NIHDR/N (om N+ DR/N | o=jm(2N1+1)n/N)
eI/ N (ginn/N _ g—gmn/N)
sin((2N1 4+ 1)nmw/N)

- sin(nm/N) (4.116)

ej27rN1n/N

Four different forms of Fourier transform

Various forms of the Fourier transform for periodic/non-periodic and continu-
ous/discrete signals discussed in this chapter and the previous one can be consid-
ered as four different variations of the same Fourier transform as shown below.

e 1. Non-periodic continuous signal, continuous, non-periodic spec-
trum
This is the most general form of the Fourier transform of a continuous and
non-periodic signal z(t), considered as a function in a function space spanned
by a set of uncountable basis functions ¢ (t) = /2™t (—o0o < f < 00) that
are orthonormal according to Eq.1.26:

< ¢f(t), ¢f/(t) >— /_OC 327 (f=Ft gy — 5(f — f')

The signal z(t) can therefore be expressed as a linear combination (integral)
of these uncountable basis functions as:

This is the inverse transform and the weighting coefficient function X (f) can
be obtained as the projection of the signal onto each basis function:

o0
X(f) =< a(t), pp(t) >=< x(t), s>/t >= / x(t)e 72Tt
—00
This is the forward transform.
e TJI. Periodic continuous signal, discrete non-periodic spectrum
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This is the Fourier series expansion of a continuous and periodic signal zp (¢ +
T) = xp(t), considered as a function in the space of or periodic functions
spanned by a set of countable basis functions ¢,,(t) = /2T /\/T (for all
integer n) that are orthonormal according to Eq.1.27:

< Om(t), dn(t) >= /TejQ’T(m_”)t/Tdt =d[n—n']

The signal zp(t) can therefore be expressed as a linear combination (summa-
tion) of these basis functions as:

o0 o0
er(t)= Y X[nlga(t) = Y X[fle*™/T
This is the inverse transform and the weighting coefficient X[n] can be
obtained as the projection of the signal onto the nth basis function:

1 . 1 .
X[n] =< x7(t), pn(t) >=< xp(t), =271 >= Wi /TxT(t)e_ﬂ”"t/Tdt

VT
This is the forward transform. As two consecutive frequency components are
separated by f = 1/T, the spectrum of the periodic signal can be expressed
as a continuous function:

o]

X(f)= > X[ns(f —nfo)

n=-00

ITI. Non-periodic discrete signal, continuous periodic spectrum
This is the discrete-time Fourier transform of a discrete and non-periodic
signal

o]

x(t) = Z x[m]o(t — mto)

m=-—00

These signal samples xz[m| (for all integer m) form an infinite dimensional
vector = [--- ,x[m],---]7 in the vector space of all such vectors spanned
by an uncountable set of basis vectors ¢y = [- - ,ed2m S F T (for all
0 < f < F) that are orthonormal according to Eq.1.28:

o0

1 , , S
< @5, by >=F Z 21 = Z o(f = f' —nF)

m=—oo k=—00

The signal @ can therefore be expressed as a linear combination (integral) of
these uncountable basis vectors as:

o= [ X(f)psar

or in component form:

zlm :L ej27rmf/F
[]\@AXW af
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This is the inverse transform, and the weighting coefficient function X (f) can
be obtained as the projection of the signal onto each basis function:

I < .
X(f) =<z, ¢;) >= —— a[m]es2mmI/E
DR
This is the forward transform. Here X (f + F) = X (f) is periodic.
e JV. Periodic discrete signal, discrete periodic spectrum
This is the discrete Fourier transform (DFT) of a discrete and periodic

signal z[m], m=0,---,N —1. The N samples form an N-D vector x =
[z[0], - ,z[N — 1]]T in a N-D unitary space spanned by a set of N N-D vec-
tors ¢, = [eI2TO/N ... ei2n(N=1)n/NT /\/N that are orthonormal according
to Eq.1.29:

N-1
1 j2mk(n—n'
< P b >:ﬁk§€ﬂ KON = 6ln — ]

The signal vector can therefore be expressed as a linear combination (sum-
mation) of the N basis vectors:

1 .
x[m]z—ZX[n]eﬂ”m”/N, (m=0,1,--- ,N—1)

This is the inverse transform, and the weighting coefficient X[n] can be
obtained as the projection of the signal onto each basis function:

N-1
1 .

X[n] =<z, ¢, >= — E z[m]e 2™ /N (. =0,1,--- N —1)
N m=0

As the previous two cases, the discrete time samples can be considered as a
special continuous function:

-1

N
wr(t) =Y x[m]d(t — mto) (4.117)
m=0

and the discrete frequency coefficients can be considered as a special contin-
uous spectrum:

N-1

Xrp(f) =Y X[n)s(f — nfo) (4.118)

n=0

The four forms of Fourier transform can be summarized as below:
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The signal x(t)

The spectrum X (f)

Continuous, Non-periodic

= 7 X(f)e*mItdf

Non-periodic, Continuous
X(f) = [, a(t)e 7?Idt

Continuous, Periodic (T)
pr(t) = Yoo o X[njermhot

Non-periodic, Discrete (fo = 1/T)
X[n] = [;zp(t)e-i2nlotdqr/T
X(f) =3 ne o X[nI6(f = nfo)

111

Discrete (tg), Non-periodic

2(t) = S olm](t — mto)
m] = [ Xp(f)er I modf | F

Periodic (F = 1/t(), Continuous

(f) Zm:_x x[m]e—jQmetU

v

Discrete (tp), Periodic (7T')
wrlm] = TN-3 X[n]eszenm/y
ar(t) = SN0 2[m]o(t — mto)

T/to=N

PenOdlC (F = 1/to) Discrete (fo = 1/T)
Xpn] = Zm § x[m]e=72mmn/N
Xr(f) = ZnN olX[n]cS(f —nfo)
F/fo=T/to=N

p x{t)

Nadha®

4 X(f)
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<
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Figure 4.10 Four different forms of Fourier transform

All four forms of the Fourier transform share the same properties, discussed
above mostly thoroughly for the continuous and non-periodic case, although they
may take different forms for each of the four cases.
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Physical Interpretation of DFT

Computationally, given N values z[m] (m =0,--- ;N — 1), any DFT code can
generate N complex values X[n] (n =0,---,N — 1). But how should these N
values interpreted? What does each of them mean specifically? How should they
be manipulated to achieve certain data processing goals such as filtering? We
will address these issues here.

In reality, a time signal x[m]= x,[m] is real (z;[m]=0), and it can be
expanded as:

_ _ i = j2mmn/N
z[m] = z.[m] = Re[\/ﬁ ;::O X[n]e ] (4.119)

[X;[n] cos(2mmn/N) — X;[n|sin(2rmn/N)]

1
\/—N n=0
;N1
= ¢ X [XTrleos2mmn/ + (T (w.120)
where
| X [n ]|: X2[n ]"‘Xf[n] X,[n] = | X[n]| cos LX[n]
{ X[n] = tan(X; [n]/ X, [n]) {Xm ~ [X[lsinsxn) 12D

As both X|[n] and cos(2rmn/N) are periodic with period N, the summation
above can be changed to be from —N/2+ 1 to N/2:

N/2-1
x[m] \/_ Z [n]| cos(2mrmn/N + LX[n]) (4.122)
n=—N/2

Consider the different types of terms in this summation:

e n=0:
X[0] is the DC component, which is real (zero phase);
e n=N/2

X[N/2] is the coefficient for the highest frequency component cos(mm) =
(—=1)™, which is real without phase shift;

e n=1,---,N/2—1:
These are (N —2)/2 sinusoids | X [n]| cos(2rmn/N + /X [n]) with frequency
n, amplitude |X[n]| and phase shift /X [n];

e n=-N/2+1,--,—1:
This range for index n is equivalent to a range (1,---,N/2—1) for index
—n, and, as X,[—n] = X,[n] is even and X;[—n] = —X,[n] is odd, we know

| X [—n]| = |X[n]| is even and /X [—n] = /X[n] is odd. Now each term in this
range becomes identical to a corresponding term in the previous range n =
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1, ,N/2 —1:
| X [—n]| cos(—=2mmn/N + /X [—n]) = | X [n]| cos(—2mmn/N — / X[—n])
= |X[n]| cos(2rmn/N + /X [n]), (n=1,--- ,N/2—-1) (4.123)
Now the real signal z[m] can be expanded as:
1 N/2-1
x[m] = ﬁ[X[O] +2 ; | X [n]| cos(2mrmn/N + /X [n]) + X[N/2] cos(m)]

(4.124)
This is the discrete version of Eq. 3.70 in the case of the continuous Fourier
transform.

In general, the N complex coefficients generated by any DFT code (e.g., Mat-
lab, or C-code) are indexed from 0 to N — 1 (or sometimes from 1 to N), with
the DC component X [0] at the front end and the coefficient X [N/2] for the high-
est frequency component in the middle. On the other hand, it is conventional
conceptually for the DC component to be in the middle, i.e., the coefficients are
indexed from —N/2 to N/2 — 1. To convert the actual output of a DFT code to
fit this convention, one could rearrange the N output data points in frequency
domain so that they are shifted by N/2. Alternatively, according to the fre-
quency shift property of the Fourier transform, if we multiply each data point
z[m] in time domain by eU2™mN/2)/N — eimm — (_1)™ ie. negate the sign of
every other time sample, the corresponding spectrum in frequency domain will
be shifted by N/2.

Now in frequency domain, various filtering (e.g., low, band or high-pass/stop)
can be carried out by modifying (increasing or reducing) the coefficients corre-
sponding to different frequency components, before inverse transforming back to
time domain.

Array Representation

A set of N-dimensional vectors can be defined based on the complex exponential

+j2mmn/N

functions e appearing in the DFT:

w, = [Won, - ,wn_1,)", (n=0,---,N—1) (4.125)

where w,,,, = e7>™"/N /\/N. (Here we assume a scaling factor 1/v/N in front of
both forward and inverse DFT .) These vectors are orthonormal:

N-1

1 , ,
< Wiy Wy > = wzwnﬁn - Z ej2mmk/N ,—j2nnk/N
k=0
1 N-1
=5 2 TN = g[m — ] (4.126)
k=0

and they therefore form a complete orthogonal system that span an N-
dimensional unitary space, of which the vectors containing the discrete signal
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samples as well as their Fourier coefficients are members:
x=[z[0], - ,z[N-1)]", X =[z[0], -, 2[N —1]]" (4.127)
Now a signal vector can be expressed by these basis vectors:
X|[0] N_1
x=WX =[wg, -, wy_1] : =Y X[nw, (4.128)
X[N-1| ™=

where W is an N x N unitary matrix composed of N orthonormal vectors:

£J2m00/N eJ2701/N . j2mO0(N-1)/N
1 eJ2m10/N eJ271/N . j2ml(N-1)/N
W: [wO) 7wN—1] = \/—N
ei2m(N=1)0/N j2m(N=-1)1/N . o52m(N=1)(N-1)/N
(4.129)

— ej27rmn/N _ w[n, m]7

ie., W=WT is a symmetric unitary matrix: W' = W. Left multiplying
W ! =W on both sides of Eq. 4.128, we get

and the element in the mth row and nth column is w[m, n|

Wz=WWX =X (4.130)
If we write W in terms of its row vectors:
W,
W = : (4.131)
Wy
then Eq.4.130can be written as
X[0] w;
X = : =Wz = L= (4.132)
X[N —1] Wh_,
where the Nth coefficient
X[n] =wle =< z,w, > (4.133)

can be considered as the projection of the signal vector & onto the nth basis
vector w,, of the N-D unitary space.
Equations 4.128 and 4.130 form the DFT pair in matrix form:

{X =Wz (forward)

x=WX (inverse) (4.134)

The component form of these two equations are the same as Eq. 4.103 (except
now the scaling constant 1/ VN appears on both equations).

As a unitary transformation in the N-dimensional unitary space, the DFT can
be considered as a rotation represented by the unitary matrix W. A signal vector
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x = [2[0], -+ ,2[N — 1]]T composed of N samples is originally given under the
standard basis
N-1
x = Z x[mle,, = Iz (4.135)
m=0

but it can also be expressed in terms of a different set of basis vectors w,
(n=0,---,N — 1), obtained by rotating the standard basis vectors e,, by the
rotation matrix W, therefore

r=WX, oo X=Wz (4.136)

As rotation does not change the norm of a vector (Parseval’s equality) the norm
of the signal is conserved ||x|| = || X]|, i.e., either the original signal @ in time
domain or its Fourier coefficients X in frequency domain contains the same
among of energy or information.

Consider the following three examples for N=2, 4 and 8. First when N = 2,
the element of the mth row and nth column of the 2-point DFT matrix is

1 1

1 . )
wlm, n] = wln,m] = —= (7> /N)y"n = —_ (Y = —(=1)"™"  (m,n=0,1
o] = wln,m] = (@) = (@) = (1) )
(4.137)
and the DFT matrix can be found to be:
1 1 1
Wixo = E [1 _1] (4.138)

Now the DFT of the given 2-point signal = [2[0], z[1]]7 can be easily found to
be

SR IR O e e

We see that the first component X [0] is proportional to the sum of the two signal
samples z[0] + z[1] representing the average or DC component of the signal, and
second X [1] is proportional to the difference between the two samples [0] — z[1].
When N = 4, the element of the mth row and nth column of the 4-point DF'T
matrix is
1
VN

w[m,n] = w[n,m] = (GJQW/N)mn = 5(637‘—/2)"7'” = jmn’ (m’n = O’ ce 73)

(4.140)
The 4 by 4 DFT matrix can be found to be:
1 1 1 1
1|1 -1y
Wik = 30121 1.1 (4.141)
IL—=j—=17

We can easily verify that W = W71 and WW = I.
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When N = 8, the real and imaginary parts of the DFT matrix W = W, +
jW ; are respectively:

10 10 10 10 10 1.0 1.0 1.0
10 07 00 -0.7 -1.0 -0.7 00 0.7
1.0 00 -10 00 1.0 00 -1.0 -0.0

1 1.0 -0.7 0.1 07 -1.0 07 00 -0.7
W, =— 4.142
\/g 1.0 -1.0 1.0 -1.0 1.0 -1.0 1.0 -1.0 ( )
1.0 -0.7 0.0 07 -1.0 07 00 -0.7
1.0 00 -1.0 00 1.0 0.0 -1.0 -0.0
| 1.0 07 00 -07 -10 -0.7 00 0.7 |
and
[ 00 00 00 00 00 00 00 0.0 ]
00 -07 -1.0 -0.7 0.0 0.7 1.0 0.7
00 -1.0 00 1.0 00 -1.0 00 1.0
1 00 -0 10 -0 0.0 0.7 -1.0 0.7
W, =— 4.14
Ty’ 00 00 00 00 00 00 00 00 ( 3)

00 07 -10 07 00 -07 1.0 -0.7
00 10 00 -10 00 1.0 0.0 -1.0
| 00 o0v 10 07 00 -07 -1.0 -0.7 |

The DFT can be considered as the discrete version of the Fourier series expan-
sion by sampling both the continuous signal and the basis functions at a rate of
N samples per period T'. However, the physical interpretation of the nth basis
vector ¢, [m] = e/2™™"/N in the DFT (Eq. 4.103) is different from that of the
nth basis function ¢,,(t) = e/27/ot in the Fourier series expansion (Eq. 3.6). The
frequency of ¢,(t) is nfy, which grows without limit as n increases, but the
frequency of ¢,,[m] does not grow without limit. For example, the frequency cor-
responding to ¢y _1[m] = /2" (N-1m/N ig not N — 1/N per period T, but 1/N
one cycle per T. This is because ¢, [m] is the discrete version of ¢,,(t) obtained
by sampling it at a rate of N per period T, and any frequency n > N/2 per
period T is aliased to appear as ny.

Now let us consider the real and imaginary parts of the first N = 8 basis
functions ¢, (t) = e/>™/N (n=0,.--,7) for the Fourier series expansion are
shown in Fig.4.11, together with the N discrete samples (the circles) for each
of the basis vectors for the DFT, which are also given in Eqs. 4.142 and 4.143.
Note that ¢1(t), ¢2(t) and ¢3(t) represent, respectively, frequencies of 1, 2 and 3
cycles per period T, but ¢5(t), ¢6(t), and ¢7(t) actually represent frequencies of
3, 2 and 1 cycles per period (the dashed lines in the figure), instead of 5, 6 and
7 cycles per period, due to aliasing. Also, in particular, the Oth basis function
¢o(t) = 1 is a constant representing the DC component of the signal, while the
4th basis function ¢4(¢) has the highest frequency of N/2 = 4 cycles per period
T.
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Figure 4.11 The basis vectors of 8-point DFT (n =0,---,7 top-down, real on the left,
imaginary on the right)

The DFT and inverse DFT can be implemented easily in either Matlab or C
language.

function X=dft(x)
N=length(x) ;
X=[exp (j*2*pi*[0:N-1]’*[0:N-1]/N)/sqrt (N) ] *x;

function x=idft (X)
N=length(x) ;
x=[exp(j*2*pi* [0:N-1]’>*[0:N-1]/N) /sqrt (N)]*X;

Here the signal  and its spectrum X are assumed to be column vectors (same
as in the text). If they are row vectors, we can simply reverse the order of the
two expressions in the multiplication. The C source code for DFT and inverse
DFT is listed below:

void dft(xr,xi,N,forward)
float *xr,*xi;
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int N, forward;
{ int i,j,k,m,n;
float arg,s,c,*yr,*yi;
yr=(float *)malloc(N*sizeof (float));
yi=(float *)malloc(N*sizeof (float));
for (n=0; n<N; n++) {
yr [n]=yi[n]=0;
for (m=0; m<N; m++) {
arg=pi*m*n/N;
if (forward) arg=-arg;
yr [n]=yr[n]+cos(arg) *xr [m] -sin(arg) *xi[m] ;
yil[n]l=yi[n]+cos(arg)*xi[m]+sin(arg)*xr[m];
}
}
for (n=0; n<N; n++) {
xr[n]=yr[n]/sqrt(N); xil[nl=yil[n]l/sqrt(N);
}
free(yr);
free(yi);

This function carries out DFT if forward=1, or inverse DFT otherwise. Note that
all these implementations have the same computational complexity of O(N?).

Example 4.8: Find the DFT of a real signal of N = 8 samples: [0, 0,2, 3,4, 0,0, 0],
which is represented as a complex vector with zero imaginary part:

x = [(0,0), (0,0),(2,0), (3,0), (4,0), (0,0), (0,0), (0,0)]" (4.144)
The element in the mth row and nth column of the 8 by 8 DFT matrix is
1 : 1 ; 1 T™mn Tmn
wlm, n| = _e—JQTrmn/N - e—jﬂ'/4 mn _ = [.og — 4 sin
o) = e = —feos(TR) —  sin( T
(4.145)

The real and imaginary parts of the 8-point DFT matrix W are given in Egs.
4.142 and 4.143. Carrying out the DFT matrix multiplication:

X =Wz (4.146)

we get the N = 8 DFT coefficients X = X, +j X ;:
X, = [3.18, —2.16, 0.71, —0.66, 1.06, —0.66, 0.71, —2.16}T
X; =1[0.0, —1.46, 1.06, —0.04, 0.0, 0.04, —1.06, 1.46}T (4.147)

The real and imaginary parts of these complex coefficients are shown in Fig.4.12.
As the time signal is real, its DFT is symmetric. The real part is even X,[1] =
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X, [7, X-[2] = X, [6], X,[3] = X, [5], and the imaginary part is odd: X;[1] =

—X;[7, X;[2] = —X,[6], X;[3] = —X,[5]. However, note that X, [0] # X,.[4], and
X;00] = X;[4] = 0
A Discrete Signal (resl) A Discrete Signal (imaginary)

4 1

2 I [ 1 6]

§ 2 4 & g 7o 2 4 ) g

Discrets Spectrum (not centralized, real) Discrete Spectrum (not centralized, imaginary)

10 &

8 l r t _* l i l T 2 a l T
1 2 4 & E: = 2 4 8 8

Discrete Spectrum (centralized, real) Discrete Spectrum (centralized, imaginary)

10

SN - T | !
il =2 0 2 4 = =2 0 2 4

Figure 4.12 A discrete signal z[m] and its DFT spectrum X |[n]

The signal z[m] can also be reconstructed by the inverse DFT from its DFT
coefficients X [n]:

{0 xo]
z=| 1 | =WX=[wo, - wil| : |=Y X[nw, (4.148)
7] x| =

Here the signal x is expressed as a linear combination of the column vectors of
the DFT matrix W, which, as a set of 8 orthonormal basis vectors, span an 8-D
vector space.

Consider specifically what these 8 complex values X [n| = X,.[n] + jX;[n] (n =
0,---,7) represent:

® X,[0] is proportional to the sum of all signal samples z[m], therefore it rep-
resents the average of the signal. This is a real value as X,;[0] = 0.

e The three pairs of terms corresponding to n=1,7, n=2,6 and n=
3,5 represent respectively three sinusoids of frequency f, =n/N or w, =

27 f = 2nm /N, with amplitude | X [n]| = |/ X2[n] + X7[n] and phase /X [n] =
tan (X ]/ X [n]):
- n=17 f1 =1/8, w1 =0.79, | X[1]| = 2.61/8, /X [1] = —2.55 rad/sec.
- n=2,6:fy=2/8, wy =157, |X[2]| =1.28/8, LX[2] = 0.98 rad/sec.
— n=3,5: f3 =3/8, w3 = 2.36, | X[3]| =0.67/8, /X[3] = —3.08 rad/sec.

* X,[4] = 3/8 is the amplitude of the highest frequency component with f; =
4/8 or wg = 3.14. As X,;[4] = 0, the phase shift is zero.
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Now the signal can be expanded as (Eq. 4.124):

2mmn
N

3
[X[0] +2 ) |X[n]] cos(

n=1

x[m] = + /X [n]) + X[4] cos(m)]

1
VN

1
= —[3.18 + 2(2.61 cos(0.79m — 2.55) + 1.28 cos(1.57m + 0.98)

V8

+ 0.67 cos(2.36m — 3.08)) + 1.06 cos(3.14m)], (m =0,---,7)4.149)

To illustrate the reconstruction of this 8-point discrete signal, we consider it as
the discrete version of the corresponding Fourier series expansion of a continuous
signal, which can be reconstructed as a linear combination of the its frequency
components with progressively more frequency components with higher frequen-
cies, as shown In Fig. 4.13.
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Figure 4.13 Reconstruction of the signal

From the top down, the number of components included in the reconstruction is
increased with progressively higher frequencies from fy = 0 (DC component) to
fa (highest frequency). The perfect reconstruction is obtained when all frequency
components are included.
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In the discrete spectrum shown in Eq. 4.147, the DC is on the left (n = 0) while
the highest frequency component is in the middle (n = N/2 = 4). One may want
to shift the spectrum by half of its length N/2 so that the DC component in the
middle while the higher frequencies are farther away from it on both sides. This
can also be easily realized in time domain due to the frequency-shift property
(Eq. 4.153):

FUX[n — N/2J] = 2[m]e?™N/2N = glm]e™™ = z[m](—1)™ (4.150)

i.e., if we negate every other sample in time domain, its spectrum is shifted by
half of the length to become:

X, = [1.06, —0.66, 0.71, —2.61, 3.18, —2.16, 0.71, —0.66]T
X; =[0.0,0.04, —1.06, 1.46, 0.0, —1.46, 1.06, —0.04,]T (4.151)

Once the signal is decomposed by the DFT into different frequency components
in frequency domain, various filtering processing can be carried out as needed
for the specific application, for example, low, band and high-pass (or stop), by
manipulating the coefficients for different frequency components.

425 Properties of DFT

As a special case of the Fourier transform, the DFT shares all the properties of
the Fourier transform discussed previously, although they are in different forms.
We consider only a few of the properties here.

e Time and frequency shifting

Flz[m 4+ mg]] = X[n]es2mmon/N (4.152)
and

Flz[m]eTiZmmno/N] = X [n + ny) (4.153)
These results can be most straightforwardly proven from the definition.

* Symmetry
The DFT is complex transform which can be separated into real and imaginary
parts:
= . = 2rmn 2rmn

X[n] = mz::ox[m]e—ﬂwmn/N - mz::()(xr [m] + ja;[m])[cos( N ) — 4 sin( N )]

= X,[n] + jX;[n] (4.154)
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where
g 2rmn g 2rmn
X,.[n] = x,[m] cos( N )+ xj[m] sin( N )
m=0 m=0
g 2rmn g 2rmn
X;[n] = xj[m] cos( ) — xp[m] sin( ) (4.155)

i, 2mmn
X,[n] = @, [m] cos( I )= X,[-n] (4.156)
m=0
and X;[n] is odd
phl 2rmn,
X,[n] = - x[m] sin( N ) =—X,[-n] (4.157)
m=0

Specially, X,[0] represents the DC offset of the signal (zero frequency):

i, 21m0. N~
&M:Z%mqu):Z%m (4.158)
m=0 m=0
and X,[N/2] represents the highest frequency component:
N-1 N-1
2mmN /2
;KAAvﬂ-—;;%xrmﬂcoq-f%%—ﬁq——m_ oo m] (=)™  (4.159)

— o

When n = 0 and n = N/2, the imaginary parts X;[0
because sin(0) = sin(mm) = 0.
Convolution theorem

The convolution of two discrete and periodic signals xz[m + N|] = z[m] and
hlm+ N]=h[m] (m=0,--- ,N —1) is defined as

= X,;[N/2] =0 are zero

ylm] = hm] * z[m] = > hfm —nlz[n], (m=0,---,N—1) (4.160)

As both z[m| and h[m] are assumed to be periodic with period N it is obvious
that the result y[m] of the convolution is also periodic: y[m + N] = y[m]. The
convolution is therefore also referred to as a circular convolution.

The convolution theorem states:

Flhlm] * z[m]] = H[n|X[n] (a) (4.161)

Flhm]z[m]] = H[n] * X[n]  (b) (4.162)



218

Chapter 4. Discrete-Time Fourier Transform

Proof of (a):

N-1 N-1 .
Flolm] « bm]] = 33 alklhlm — Klje~72mmm/N
m=0 k=
N-1 N-1 =
_ x[k'] Z h[m - k]e—jQW(m,—k)n/Ne—jQTrkn/N
k=0 m=0
N-1
= x[k]H[n]e 72™/N = X[n)H|n] (4.163)
k=0

Note that due to periodicity of the signal y[m — k], the second summation
is still for the same N samples over one period, and therefore is the Fourier
transform of signal y. The proof of (b) is very similar to the above.
Diagonalization of circulant matrix

Based on one of the vectors h[n] of the convolution above, an N by N matrix H
can be constructed with its element in the mth row and nth column defined
as hlm,n] = h[m — n], so that the circular convolution in Eq.4.160 can be
expressed as a matrix multiplication:

y[0] h[O]  A[N —1]--- h[2]  A[1] z[0]
y(1] hl1] h[O] -+ R[3]  A[2] (1]
y=| : |=Hz=| : A ;
y[N — 2] h[N — 2] h[N — 3] --- h[0] AN —1] | |2[N —2]
y[N —1] h[N —1] R[N — 2] --- h[1]  h[0] [N — 1]
(4.164)

Such a matrix H is called a circulant matriz where each row is rotated one
element to the right relative to the previous row.

We now show that the nth DFT coefficient H[n] of h[m] and the nth column
vector w,, of the DFT matrix W are the eigenvalue and eigenvector of the
matrix H, respectively:

Hw, = Hnlw,, (n=0,---,N—-1) (4.165)

where w,, = [wi2 /N ... 4327 (N=1)n/NIT g the Nth column vector of W
and H|[n| is the nth DFT coefficient:

N-1
Hin] = ﬁ S hfmle-izmmn/N (4.166)
m=0

Consider the Ith element of the left hand side of Eq.4.165:
N-1 ‘ N-1

h{l, k>N = N bl — kw2 (4.167)
k=0 k=0
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We let | — k =m/, i.e.,, k =1—m’, and the above becomes:
N-1 ‘ ‘
Z h[m/]w7]27rm’n/Nw]27rnl/N _ H[n]wj27rnl/N (4168)
m'=0

This turns out to be the Ith element of the right hand side of Eq.4.165. We
can now see that the circulant matrix H can be diagonalized by the DFT
matrix W = [wo, -+ ,wy_1]:

HW =WD, ie W 'HW=WHW =D (4.169)

where D is a diagonal matrix composed of all N DFT coeflicients along the
main diagonal:

D = diag(H[0),--- , H[N — 1]) (4.170)

Taking the DFT on both sides of y = Hx in Eq.4.164 by pre-multiplying W,
we get:

Wy=Y =WHz=WHW Wzx=DX (4.171)
Y[0] H[O] 0O --- 0 X|[0]
Y1) 0 H[]--- 0 X[1]
: - : . : : (4.172)
Y[N.—l] O O -+« H[N —1] X[N —1]

The nth element of this vector equation is:

Y[n| = H[n]X|[n] (4.173)
This is of course consistent with the conclusion of the discrete convolution
theorem.
Example 4.9:

x=1[12345678", h=[12300000]"
We want to find their convolution:

y[m] = h[m] % x[m] :Zh[m—n]x[n], (m=0,---,N—1)

Different from the convolution in Example 4.3, here y[m] = h{m| * x[m] is a cir-
cular convolution as both  and h are assumed to be periodic with period N = 8,
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and, consequently, their convolution is also periodic, as shown below:

n e —2-110 1 2 3456 7|89 -
zn] |-+ 7 8|1 234567 8|1 2.
h0—n]|--- 3 21
Al —n] |- 312 1
h2 —n] |- 321
h[3—n] |- 321
hl4 —n] |- 3 1
5 —n) |- 321
hl6 —n] |- 321
7 —n] |- 321
h[8 —n] |- 3 211 :
h[9 —n] |- 312 1-
R[10 — n]]|--- 32 -
y[m] |--- 34 40|38 28 10 16 22 28 34 40{38 28 - - -

For example, when m = 2, we have:

y[2] = Z h[2 — n]z[n] = h[2]z[0] + A[1]x[1] + A[0]z[2] =3 x 1 +2x24+1x 3 =10
n

We see that the resulting y[m + 8] = y[m] is indeed periodic.

Next, we show that this discrete convolution can also be carried out by
DFT. We find the 8-point DFTs X = DFT[x] and H = DFT[h] and also

their element-wise product Y = [Y[0],---, Y[7]]T, where Y[n] = H[n]X[n] (n =
0, ,7):
i 36 ] [ 6 ] [ 216 |
—4+9.657j 2.414 — 4.414j 32.971 + 40.971j
—4+ 45 29 16
X - —4 +1.657j . H= —0.414 + 1.5867 Y= —0.971 — 7.0295
—4 2 -8
—4 - 1.657j —0.414 — 1.586] —0.971 + 7.0295
44 —2 +2j 16
| —4-9.657j | | 2414+ 4.414; | | 32.971 — 40.9715 |

The convolution y[m] = h[m] x x[m| can be obtained by inverse DFT to be:

y=DFT7'[Y] = [38 28 10 16 22 28 34 40]"

4.2.6 DFT Computation and Fast Fourier Transform

The Fourier transform of a signal can be carried out on a digital computer only
if the signal is (a) discrete and (b) finite, i.e., out of all different forms of the
Fourier transform, only DFT can actually be carried out.
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Listed below is the C code for both the forward and inverse DFT based on
the simple array multiplications in Eq.4.134. This function dft takes a com-
plex data vector for the time signal as the input and returns its complex DFT
coefficients. This is an in-place algorithm, i.e., the input vector ar[m] + j xi[m]
(m=0,---,N —1) for the time signal will be overwritten by the output, its
DFT coefficients. The same function is also used for the inverse DFT, in which
case the input is the DFT coefficients while the output is the reconstructed signal
vector in time domain. The function carries out forward DFT when the argument
inv=0, or inverse DFT when inv=1.

void dft(xr,xi,N,inv)

float *xr, *xij; // real and imaginary parts of data
int N; // size of data
int inverse; // inv=0 for forward DFT, inv=1 for inverse DFT

{ int k,m,n;
float arg,s,c,*yr,*yi;
yr=(float *) malloc(N*sizeof (float));
yi=(float *) malloc(N*sizeof (float));
for (n=0; n<N; n++) { // for all N frequency components
yr[n]=yi[n]=0;
for (m=0; m<N; m++) { // for all N data samples
arg=2*Pi*m*n/N;
if (!inv) arg=-arg; // minus sign needed for forward DFT
c=cos(arg); s=sin(arg);
yr [n]+=xr [m] *c-xi [m] *s;
yil[n]+=xi[m]*c+xr [m]*s;
}
}
arg=1.0/sqrt((float)N);
for (n=0; n<N; n++)
{ xr[n]l=arg*yr[n]; xil[n]l=arg*yil[n];
free(yr); free(yi);

The computational complexity of this algorithm is O(N?), due obviously to the
two nested for loops each of size N, i.e., it takes O(NN) operations to obtain each
of the N coefficients X [n]. If the signal contains N = 10% = 1000 samples, the
computational complexity is O(N?) = O(10%). Due to such a high computational
complexity, the actual application of the DFT is quite limited in practice.

To speed up the computation, a revolutionary fast Fourier transform (FFT)
algorithm was developed in 1960’s that can reduce the complexity of a DFT from
O(N?) to O(Nlogy N). Due to this significant improvement in computational
efficiency, the Fourier transform became highly valuable not only theoretically
but also practically.
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The FFT algorithm is based on the following properties of the elements of the
matrix W. We first define

wy = e 2N (4.174)

and note the following properties of wy:

1.
Wkl = e I2RTN/N — g=j2km _ 1 (4.175)

2.
w%?\f _ e—j2k2ﬂ-/2N — e—ijﬂ-/N — chv (4.176)

3.
wly = e INT2N — omim — (4.177)

Let N =2M, an N-point DFT can be written as

N-1 N-1
X[n] = Z x[m]ed?mmn/N — Z z[m]wi"
m=0 m=0
M-1 M-1
= Z z[2m]wiTe + Z x[2m + 1 wg&nﬂ)n (4.178)
m=0 m=0

This is only for the first half of the coefficients X[n] for n =0,--- , M — 1. The
second half will be considered later. The first summation in this expression
includes all the even terms and the second all the odd ones. Due to the 2nd
property of wys, the above can be rewritten as

M-1 M-1
X|[n] = Z z[2m]wiy" + Z [2m + 1w whn; = Xeven[n] + Xoda|n]whyy,
m=0 m=0
(4.179)
where we have defined:
N-1 N-1
Xeven[n] = Y a2mluiy”,  and  Xogaln Z z[2m + 1w (4.180)
m=0 =0

which are two N/2-point DETs. The coefficients X [n] in the second half can be
obtained by replacing n in Eq. 4.179 by n + N:

Xn+ M] = Xepen[n + M| + Xogaln + MwiiM (4.181)
Due to the first property of wy;, we have
M-1 M-
Xeven[n + M) = Y a2m]uwiy ") = Z MW = Xepen[n]  (4.182)
m=0 m=0

and similarly we have

Xodd[n + M] = Xodd[n] (4183)
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Also, due to the 3rd property of wys, we have

n+M _ . n M n
Wapy = WopWopy = —Wapy (4.184)

Now the coefficients in the second half of the DFT can be found as
X[n+ M) = Xepen[n] — Xoda[n]wyas (4.185)

The N-point DFT can now be obtained from Eqs. 4.179 and 4.185 with complex-
ity of O(N), once Xeper[n] and X,qq[n] are available. But Xeyen[n] and Xoq4[n)
are themselves two N/2-point DFTs, which can be obtained exactly the same
way. Now we can see that an N-point DFT can be carried out recursively in
log, N levels, each time the DFT size is reduced by half, until eventually the
size becomes 1, the DFT coefficient is the same as the signal sample. As the
complexity at each level is O(NN), the total complexity for the N-point DFT is
O(N logaN), as symbolically illustrated by the diagram in Fig. 4.14 For the same
example of a signal containing 1000 samples, the number of operations needed by
the FFT algorithm is in the order of 10* (1000 x log21000 ~~ 1000 x 10), instead
of 10° without using FFT.

000—=-000  x[0] ©
001—=100  x[1] c\ ;
010—=010 x[2] © O

011—=110  x[3] O ( —=}

100—001 x[4] ©

101—101 x[5] © =

110—011  x[6] - -

11—111 x[7] © o; =g

Figure 4.14 The fast Fourier transform algorithm

The C code for the FFT algorithm is given below. The function fft takes a
complex data vector for the time signal as the input and returns its complex
DFT coefficients. Here the total number of vector elements N is assumed to be a
power of 2, so that the FFT algorithm can be conveniently implemented. This is
an in-place algorithm, i.e., the input vector xr[m] + jxilm] (m =0,--- ,N — 1)
for the time signal will be overwritten by the output, its DFT coefficients. This
function is also used for the inverse DFT, in which case the input will be the
DFT coefficients while the output is the reconstructed signal vector in time
domain. The function carries out forward DFT when the argument inv=0, or
inverse DFT when inv=1. The main body of the function is composed of an
outer loop of size loga N, the total number of stages, and an inner loop of size IV

for the computation for each stage. The computational complexity is therefore
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void fft(xr,xi,N,inv)

float *xr,*xi; // real and imaginary parts of data
int N; // size of data
int inv; // inv=0 for FFT, inv=1 for IFFT

{ int i,i1,j,k,1,m,n;
float arg,s,c,w,tmpr,tmpi;
m=1og2f ((float)N);
for (i=0; i<N; ++i) { // for all N elements of data
3=0;
for (k=0; k<m; ++k)
j=(j<<1) | (1&(i>>k)); // bit reversal
if (j < 1) { // swap x[i] and x[j]
w=xr[i]; xrl[il=xr[jl; xr[jl=w;
w=xi[i]; xi[il=xi[j]; xi[jl=w;

¥
}
for (i=0; i<m; i++) { // for log2(N) stages
n=pow (2.0, (float)i); // length of section in current stage
w=Pi/n;
if (linv) w=-w; // include minus sign needed for forward FFT
k=0;
while (k<N-1) { // for N elements in a stage
for (j=0; j<mn; j++) { // for all points in each section
arg=j*w; c=cos(arg); s=sin(arg);
1=k+j;
tmpr=xr [1+n] *c-xi[1+n] *s;
tmpi=xi[l+n]*c+xr[1+n]*s;
xr [1+n]=xr [1]-tmpr;
xi[1+n]=xi[1]-tmpi;
xr[1]=xr[1]+tmpr;
xi[1]=xi[1]+tmpi;
}
k=k+2%*n; // move on to next section
}
}

arg=1.0/sqrt ((float)N);
for (i=0; i<N; i++)
{ xrli]l*=arg; xilil*=arg; }

The DFT computation can be further cut in half if multiple real signals need
to be transformed. In general, the Fourier transform is an operator in a unitary
space in which all vectors are complex. On the other hand, all physical signals
are real, i.e., the imaginary part of a signal vector need to be filled with zeros,
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subsequently wasting half of the computation. This waste of time can be avoided
if more than one real signal vector need to be transformed, by the following
method based on the symmetry properties of the Fourier transform (table 3.1).

Recall that if 2(¢) is real, the real part of its spectrum is even X,.(f) = X, (= f),
and the imaginary part is odd X;(f) = —X,;(—f). But if x(¢) is imaginary, the
real part of its spectrum is odd X, (f) = —X,(—f), and the imaginary part is
0dd X; () = —X,(~f).

We also note that an arbitrary function f(z) can be decomposed into the even
and odd components f.(x) and f,(z):

fe(x) = [f(:[,’) + f(—l')]/2 = fe(_x)
{fo(x) =[f(z) — f(—2)]/2 = —fo(—2x) (4.186)

This result can be verified:
fe(@) + fo(z) = f(2) (4.187)

Two real signals z1[m] and xg[m] (m =0,---,N —1) can be transformed
simultaneously in the following steps:

1. Construct a complex vector composed of x1[m] as its real part and z2[m] as
its imaginary part:

z[m] = x1[m] + jza[m], (m=0,---,N—1) (4.188)
2. Obtain the DFT of z[m]:

X[n] = X, [n] +jX,[n], (n=0,---,N—1) (4.189)
3. Obtain Flz] = X1 = X1, + 5 X4;.

As 7 is real, the real part of its spectrum X7, is even and the imaginary part
X1j is odd, i.e.,

Xeln] + Xo[=n] . Xj[n] = X;[-—n]

Xl[n]:Xlr[n]+]X1][n] = 2 +’7 2

(4.190)

4. Obtain .7:[11:2] = XQ = X2r +jX2j.
As jxo is imaginary, the real part of its spectrum jXs, is odd and the imagi-
nary part jXo; is even, i.e.,

Xp[n] = Xo[=n] | Xj[n] + X;[-n]
2 tJ

JXa[n] = jXar[n] + j(1 X24[n]) =

(4.191)

Dividing both sides by 7, we get the spectrum X5 of real signal xs:

Xjlnl+ Xj[=n] . X;[n] - X, [-n]
2 J 2

XQ[TL] = XQT[TL] +jX2j [TL] = (4192)
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Two-Dimensional Fourier Transform

Four Forms of 2-D Fourier Transform

All signals considered so far are assumed to be one-dimensional time functions.
However, a signal could also be a function over a 1D space, with the spatial
frequency defined as the number of cycles in unit length, instead of in unit time.
Moreover, the concept of frequency analysis can be extended to various signals
in two or three-dimensional spaces. In particular, images are also a typical 2-D
signal, and computer image processing has been a very active field of study for
several decades with a wide variety of applications. Like in 1D situation, the
Fourier transform is also a powerful tool in signals processing and analysis in
two or higher dimensional space.

Same as in the 1D case, there also exist four different forms of 2-D Fourier
transform, depending on whether the given 2-D signal f(x,y) is periodic or non-
periodic, and whether it is discrete or continuous.

e Non-periodic continuous signal, continuous non-periodic spectrum

F(u,v):// [, y)e 72wty go gy (4.193)

flz,y) // (u, v)e?2™ W=+ gy dy (4.194)

where u and v represent two spatial frequencies along the directions of z and y
in the 2-D space, respectively. In the inverse transform the 2-D signal f(x,y)
is represented by a linear combination (the double integral) of infinite number
of uncountable 2-D orthogonal basis functions ¢y, »(z,y) = e?m(urtvy) where
u and v are the frequencies in directions x and y, respectively. Each basis
function ¢, (x,y) is weighted by the Fourier coefficient function F(u,v), the
2-D spectrum of the signal, which is obtained in the forward transform as the
projection of the signal f(z,y) onto each of the basis functions ¢, . (x,y).
e Non-periodic discrete signal, continuous periodic spectrum

The spatial signal f[m,n] is discrete with spatial intervals z, and y, between
consecutive signal samples in the x and y directions, respectively.

Fyy(u,v) Z Z flm, n]e 3% (umzotunyo) (4.195)
e
flm,n] = W/o /0 F(u,v)e?2mwmeotvnyo) gy, gy (4.196)

The spectrum Fyy (u,v) = F(u + U,v + V) is periodic with periods (the sam-
pling frequencies) U = 1/x, and V = 1/y, in the two directions.
e Periodic continuous signal, discrete non-periodic spectrum
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The spatial signal fxy (z,y) = fxy(z+ X,y +Y) is periodic with periods X
and Y in x and y directions of the 2-D space, respectively.

Flk,1] = / / Fxy (z,y)e?2m(kevotlyvo) gy gy (4.197)

fxv(x,y) Z Z =72 (@kio+ylvo) (4.198)

k=—00l=—00

The 2-D spectrum is discrete with intervals u, = 1/X and v, = 1/Y between
consecutive frequency components F'[k, (] in spatial frequency directions u and
v, respectively.
e Periodic discrete signal, discrete periodic spectrum

This is the 2-D discrete Fourier transform (2-D DFT). The spatial signal
is discrete with intervals xp and yo between consecutive samples in the x
and y directions, respectively, and it is also periodic with period X and Y.
The 2-D signal has X/xo = M and Y/yo = N samples along each of the two
spatial directions and can be represented as an M x N array xz[m,n] (m =
0,--,M—1,n=0,---,M —1). The 2-D DFT pair is

k ZeJQﬂ-(TXIk—’_nl)

L X —j2m (k4
[ T Z z::o m, ’I’L M
1 -1
Y

k
O<mk<M-1, 0<n,l<N-—1) (4.199)

The spectrum is both discrete and periodic with periods (sampling rates) U =
1/z9 and V = 1/yo and intervals ug = 1/X and vp = 1/Y between consecutive
frequency components F'[k, [] along u and v, respectively. The signal is periodic
z[m + M,n+ N] = z[m,n], and so it its DFT X[k + M,l + N| = X[k,1].

Note that the 2-D kernel function of the 2-D transform is separable, in the sense
that it can be expressed as a product of two 1-D kernel functions in each of the
two dimensions. For example, the continuous kernel function can be written as:

¢u,v($; y) = eI2m(uztvy) _ oj2mum j2moy bulT) 0 (1) (4.200)

Therefore the 2-D transform can be carried out as:

Fu) = [ [ s ey
OC_OO o0 . .
:/ [/ flz,y)e 2™ dg| e=I2™0Y gy

z/ F'(u,y)e 7™ dy (4.201)

o0
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where F'(u,y) is an intermediate result obtained by a 1-D transform in the
dimension of x:

o0
F(u,y) = / F(,y)e 27 dg

and the 2-D spectrum F(u,v) can be obtained by another 1-D transform in the
dimension of y. In other words, the 2-D transform can be carried out in two steps
each for one of the two dimensions. Obviously the order of the two steps can be
reversed.

Among all four forms of 2-D Fourier transform, only the discrete 2-D Fourier
transform with finite and discrete signal samples and frequency components can
be actually carried out. As in the case of 1D Fourier transform, the scaling factor
1/MN is of little significance.

Computation of 2-D DFT

A 2-D discrete signal xz[m, n] can be considered as an M by N matrix consisting
of N M-dimensional column vectors, or M N-dimensional row vectors. And, as
discussed before, as the kernel function is separable, the 2-D DFT for this signal
can be carried out in two steps: N 1D DFTs of the N columns, followed by M
1D DFTs of the M rows of the matrix obtained in step 1. The order of the two
steps can be reversed. Specifically, we have

| Nermen
X[k,1] = ST afm, njemi?mEr i
MN n=0 m=0
;N
= — SN X'[k,nle N (k=0,--- ,M—1, 1=0,--- ,N—1
5 L Xk ( )
(4.202)
where X’ is an intermediate result obtained by column transforms in the first
step:
1 N k
X'[k,n] = — z[m,nle 1?3 (n=0,1,--- ,N — 1) (4.203)
M m=0

The summation above is with respect to the row index m and the column index
n can be treated as a parameter. This 1D DFT of the nth column of the 2-D
signal matrix can be written in column vector (vertical) form as:

X', =Wyx,, (n=0,---,N-1) (4.204)

where X'" = [X[0,n], -+, X[N —1,n]]” is an N-D vector and Wy, is a M x
M Fourier transform matrix with the mn-th element w[m,n] = e/27™/M /\/M

similar to the matrix in Eq. 4.129. Putting all these N columns together, we can
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write
(X0, X'N_1] = Wi [xo, -+, &N_1] (4.205)
We define two M x N matrices X'y n = [X'0, -, X'n-1] and xpyen =
[0, -+ ,&n_1], so that the above can be more concisely written as
X'visn = W Tuxn (4.206)

In the second step, a 1D DFT is carried out for each of the M rows of the
intermediate matrix X':

XTI = (WX =X'TWxy=XTWy, (k=0,-- M—1) (4.207)

where X7 is the kth row vector of matrix X, and Wy is a N x N Fourier
transform matrix with the mn-th element /27N /\/N | which is symmetric

W; = W y. Putting all these M rows together, we can write

Xg Xy
: = Wy (4.208)
X?\}fl X,Ja—l

The equation above can be more concisely expressed as:
XM><N = X/J\IXNWN ZWM ar:MxNWN (4.209)

This is the 2-D DFT in matrix form.
Similarly, the inverse 2-D DFT can be written as

TyuxN =Wy Xuxn Wi (4.210)
We rewrite these two equations as a 2-D DFT pair:

{XMxN =Wy zyxy W, (forward)

4.211
xyxNy =Wy Xyxny Wh,  (inverse) ( )

As before, the DFT matrix W can be expressed in terms of its column vectors
(same as its row vectors as W7 = W), and the inverse transform can be written
as:

[ X[0,0] - X[0,N-1] wl
w:[wOV"awM*l]
| XM —-1,0]--- X[M —1,N—1]] [w%
[ X0, fwf
:[w07"' awal]
LSV XM =1, lw]
M-1 N-1 M-1N-1 M-1N-1
=Y wi d X[k Dw =YY X[k llww! =Y > X[k,[|By
k=0 =0 k=0 =0 k=0 =0

(4.212)
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Now the 2-D signal x is expressed as a linear combination of a set of M N
2-D (M by N) basis functions By = wrw], each weighted by X|[k,1] (k=
0,---,M—1,1=0.---,N — 1), which can be obtained by the forward 2-D DFT.
The equation above also shows that the kl-th 2-D DFT basis function By; can
be found by this inverse 2-D DFT if all elements of the coefficient array are zero
except X[k,l] = 1. When M = N = 8, the M x N = 64 such 2-D basis functions
are shown in Fig.4.15.

Figure 4.15 The M x N = 8 x 8 = 64 basis functions of the 2-D DFT

The left half of the image shows the real part of the 8 by 8 2-D basis functions,
while the right half shows the corresponding imaginary parts. The DC component
is at the top-left corner of the real part, and the highest frequency component
in both horizontal and vertical directions is in the middle of the real part.

The coefficients X[k, ] in the above expression for @ can be obtained by the
forward transform:

W,
X = g x[Wwo, -, WN-1] (4.213)
Wiy
and the kl-th coefficient is
x[0,0] -+ x[0,N —1]
X[k,1] =wy : : w;
M —1,0] -+ x[M —1,N — 1]
M-1N-1
= x[m,n|By[m,n] =< x, By, > (4.214)
m=0 n=0

This is the inner product of two 2-D arrays & and By, (Eq.2.24), representing
the projection of the signal x onto the kl-th basis function By;.
The C code for both the forward and inverse 2-D DFT is listed below:

fft2d (xxr,xxi,m,n,inverse) // 2D DFT
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float **xxr, **XXi;
int m,n,inverse;
{ float *xr, *xij;
int 1i,j,k;
k=m; if (n>m) k=n;
(float *) malloc(k*sizeof(float));
(float *) malloc(k*sizeof (float));
printf ("\nRow xform...\n");
for (j=0; j<n; j++) {
for (i=0; i<m; i++) {
xr[il=xxr[i] [j1; xil[il=xxil[i]l[j];
}
fft(xr,xi,m,inverse);
for (i=0; i<m; i++)
{ xxr[i]l [j1=xr[il; xxil[il[jl=xi[il; }

Xr

xi

}
printf ("\nColumn xform...\n");
for (i=0; i<m; i++) {
for (j=0; j<m; j++)
{ xr(jl=xxr[il [j]; xi[jl=xxil[i1[j]; 2
fft(xr,xi,n,inverse);
for (j=0; j<m; j++)
{ xxrli] [j1=xr[j]l; xxilil[j1=xi[j]; %
}

free(xr); free(xi);

Example 4.10: Consider the 2-D DFT of a real 8 x 8 2-D signal (imaginary part
is zero):

[ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ]
0.0 00 70.0 80.0 90.0 0.0 0.0 0.0
0.0 0.0 90.0 100.0 110.0 0.0 0.0 0.0
0.0 0.0 110.0 120.0 130.0 0.0 0.0 0.0
0.0 0.0 130.0 140.0 150.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

| 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 |

x, = (4.215)

The 8-point DFT matrix Wy is the same as the one shown in Eqgs. 4.142 and
4.143. After carrying out the 2-D DFT X = Wga Wy, we get the coefficient
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matrix X = X, + j X ;:

[ 165.0 | -98.9 10.0 -21.1 | 55.0 | -21.1 10.0 -98.9 7
-63.1 | -11.3  27.7 13.2 | -21.0 1.6 -32.7 85.7
15.0 0.0 -50 -29 5.0 0.0 5.0 171
-41.9 | 16.8 2.7 6.3 | -14.0 4.3 7.7 334

X, =
15.0 | -85 0.0 -1.5 50| -1.5 0.0 -85
-41.9 33.4 =77 4.3 | -14.0 6.3 2.7 16.8
15.0 | -17.1 5.0 0.0 50| -2.9 -5.0 0.0
L -63.1 85.7 -32.7 1.6 | -21.0 13.2 277 -11.3 |
(4.216)
and

0.0 | -88.9 55.0 11.1 0.0 | -11.1 -55.0 88.9
-90.5 | 89.2 -27.1 6.9 | -30.2 | 16.8 15.0 199
15.0 | -17.1 5.0 0.0 50| -29 -5.0 0.0
X, - -155 | 319 -15.0 -0.8| -5.2 49 129 -13.2 (4.217)

! 0.0 | -85 5.0 1.5 00| -1.5 -5.0 -85 '
155 | 132 -129 -49 5.2 0.8 15.0 -31.9
-15.0 0.0 5.0 291 -5.0 0.0 -5.0 17.1

90.5 | -19.9 -15.0 -16.8| 30.2| -6.9 271 -89.2 |

As the signal z[m,n] is real, the real part of its spectrum is 2-D even: X, [k,[] =
X, M —k,N-1, X, [k,N—1] = X,[M — k,l], while the imaginary part is 2-
D odd: X[k, l] = —X;[M —k,N —1], X;[k,N —1] = —X;[M — k,l], as can be
observed. Also note that the real parts of four coefficients X,.[0, 0], X,.[0, N/2],
X,[M/2,0] and X,[M/2,N/2] are not paired with any other coeflicients,
and their imaginary parts are all zero X;[0,0] = X,[0,N/2] = X,[M/2,0] =
X,;[M/2,N/2] =0.
Consider the 2-D sinusoids corresponding to each of the coefficients:

* X|[0,0] = X,[0,0] is the amplitude of the DC offset (average) of the signal,
X;[0,0] = 0, the phase is zero;

e X[M/2,N/2] = X,[M/2, N/2]is the amplitude of the highest frequency com-
ponent (—1)™*" contained in the signal, X [M /2, N/2] = 0, the phase is zero;

e X[0,N/2] = X,[0,N/2] is the amplitude of the highest frequency component
in horizontal direction (—1)", X;[0, N/2] = 0, the phase is zero. contained in
the signal, X[M/2, N/2] = 0, the phase is zero;

e X[M/2,0] = X, [M/2,0] is the amplitude of the highest frequency component
in vertical direction (—1)", X;[M/2,0] = 0, the phase is zero.

e When £k=0,l=1,---,N/2—1, X|[0,]] pairs up with X[0, N — ] to repre-
sent the amplitude and phase of a planar sinusoid |X[0,]| cos(2m(nl/N)) +
£X10,1])) in horizontal direction;

e When k=1,---,M/2—1,1=0, X[k,0] pairs up with X[M — k, 0] to repre-
sent the amplitude and phase of a planar sinusoid | X [k, 0]| cos(2m(mk/M)) +
/X[k,0])) in vertical direction;
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The coefficients in the rest of the array X[k, (] can be divided into four quadrants
with the top-left paired up with the low-right to represent sinusoids in NW-SE
directions, while the top-right paired up with the low-right to represent sinusoids
in NE-SW directions.

Also note that as the signal is real, half of the data points carries no informa-
tion. In the spatial domain, the imaginary part of the signal is all zero; while in
the spatial frequency domain, both the real and imaginary parts are symmetric.
(More specifically, the real part has M N/2 + 2 independent variables, the imag-
inary part has M N/2 — 2 independent variables. This fact indicates that half of
the data is redundant and an algorithm can be designed based on the symmetry
of the discrete spectrum to cut the computation of a 2-D DFT of a real signal
by half.

From the previous example, we see that the high frequency components are
around the center (M /2, N/2) of the 2-D spectrum array, while the low frequency
components are around the corners, such as the DC component is at the upper-
left corner. Sometime it is preferable to centralize the spectrum so that the DC
component and the low frequency components are in the middle of the spectrum
array, and high frequency components are around the corners. This centralization
of the DC component corresponding to shifting the 2-D discrete spectrum in both
dimensions by half of the length, which can be realized by negating every other
spatial samples, similar to 1D case discussed before:

FUX[k — M/2,1 — N/2]| = a[m, n]ei2" (=52 +252)
= z[m][n]e?™ ") = g[m](-1)"F" (4.218)

If we negate the sign of any spatial sample z[m, n] with m + n being odd, i.e.

z[2,0] —z[2,1]

2[0,0] —z[0,1]  2[0,2] -
—z[1,0] z[1,1] —z[1,2] ---
2[2,2] - (4.219)

then the resulting 2-D Fourier spectrum will be centralized with DC component
in the middle and high frequency components around the four edges. For the
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example above, the centralized spectrum becomes

5.0 | -1.5 0.0 -85 15.0 | -8.5 0.0 -1.5
-14.0 6.3 2.7 168 | -419 | 334 -7.7 4.3
5.0 -29 -5.0 0.0 5.0 | -17.1 5.0 0.0
-21.0 | 13.2 277 -11.3 | -63.1 | 8.7 -32.7 1.6
55.0 | -21.1  10.0 -98.9 | 165.0 | -98.9 10.0 -21.1
-21.0 1.6 -32.7 8.7 | -63.1|-11.3 277 13.2
5.0 0.0 5.0 17.1 15.0 0.0 -5.0 -29
| -14.0 4.3 -71.7 334 ] -419 | 168 2.7 6.3

(4.220)
and

00| -1.5 -5.0 -85 0.0 | -85 5.0 1.5
5.2 0.8 15.0 -31.9 | 155 | 13.2 -129 -49
-5.0 0.0 -5.0 17.1 ] -15.0 0.0 5.0 2.9
302 -69 271 -89.2| 90.5|-199 -15.0 -16.8
0.0 | -11.1 -55.0 88.9 0.0 | -88.9 55.0 11.1
-30.2 | 16.8 150 199 |-90.5| 89.2 -27.1 6.9
5.0 -2.9 -5.0 0.0 | 15.0 | -17.1 5.0 0.0
-5.2 49 129 -132|-155| 319 -15.0 -0.8 |

(4.221)

Fourier Filtering

1-D Filtering

A given time signal x(¢) or its spectrum X (f) = F[x(t)] can be filtered by a filter,
which can be considered as an LTI system represented by the impulse response
function A(t) in time domain or the frequency response function H(f) = F[h(t)]
in frequency domain. Correspondingly the filtering process can be represented
as a convolution in time domain or a multiplication in frequency domain:

Y(f)=H(f)X(f), or y(t)=nh(t)x*z?) (4.222)

As will be seen in the examples below, the impulse response function h(t) of a
filter may not be causal, i.e., it may not satisfy the condition of causality h(t) = 0
for all ¢ < 0. In other words, such a non-causal filter cannot be actually imple-
mentable in real time. However, this non-causality does not prevent the filter
from being applied to off-line, recorded data in a wide variety of applications.

There exist many different types of filters, such as low-pass (LP), high-pass
(HP), band-pass (BP), band-stop (BS). But to start with, let us first consider
the low-pass filters of four different shapes and their filtering effects when applied
to a specific signal, a square impulse train, shown in the top row of Fig.4.17.

e The moving average LP-filteris a filtering process in time domain that replaces
each sample in the discrete signal by the average of a sequence of samples in
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the neighborhood of the sample in question. Actually this operation of moving
average is the convolution of the signal z(¢) with a window function h(t). In
frequency domain, the moving average filtering is a multiplication of the signal
spectrum X (f) and frequency response function H(f), a sinc function (Eq.
3.141). This filter and its filtering effect are shown in the 2nd and 3rd rows of
Fig.4.17.

The ideal LP-filter is more conveniently defined in frequency domain as:

LIfl < fe
H(f) = { 4.223

D=0171> 7. (4.223)
where f. is the cut-off frequency. As shown in Eq.3.143, the impulse response
of the ideal filter is a sinc function:

h(t) = sin(27 f.t)

— = 2f. sinc(2f.t) (4.224)
After filtering all frequency components outside the passing band are totally
removed while those within the passing band are preserved. The ideal filter
and its effect are shown respectively in the 4th and 5th rows of Fig.4.17. Note
that the ideal LP-filter causes some strong ringing artifacts in the filtered
signal, due to the convolution of the signal in time domain with the impulse
response function of the filter, a sinc function h(t) = F1[H(f)].

The nth-order Butterworth LP-filter is defined as:

1 f=0
1
S il R —

where f. is the cut-off frequency at which H(f) = H(f.) =0.5, and n is a
positive integer representing the order of the filter. By adjusting the order of
the filter one can control the shape of the filter and thereby making a proper
tradeoff between the rigging effects and how accurately the passing band can
be specified. Specifically, as shown in Fig.4.16, when the order is low, the shape
of the filter is smooth (low frequency accuracy) but with little ringing; when
the order is high, the filter becomes sharper (higher frequency accuracy) but
much stronger ringing effect will be caused. When n — oo, the Butterworth
filter becomes an ideal filter. The Butterworth filter and its effect are shown
respectively in the 6th and 7th rows of Fig.4.17.

The Gaussian filter can be defined in either frequency or time domain as
(3.148):

1
H(f) = e ™/ o p(t) = e Ut (4.226)
C

Here the width of the passing band can be controlled by the cut-off fre-
quency f.. Obviously the Gaussian filter is smooth in both time and frequency
domains without any ringing effect. The Butterworth filter and its effect are
shown respectively in the 8th and 9th rows of Fig.4.17.
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Figure 4.16 Butterworth filters of different orders in both time (left) and frequency
right) domains
The plot in the last row compares all five filters of different orders.

Inspecting the filtered signal in time domain, we see that as expected, the sharp
corners of the square impulses corresponding to the high frequency components
are smoothed by all four low-pass filters. However, these filters each have different
filtering effects. Most noticeably, the ringing effect caused by the ideal filter (also
high order Butterworth filters) is obviously some undesirable artifact. To prevent
such artifact, a filter that is smooth in frequency domain should be used, such
as low-order Butterworth, Gaussian and other smooth filters based on cosine
functions (e.g., Hamming and Hann filters).

Based on LP-filters, other types of high-pass, band-pass and band-stop filters
can also be obtained. Specifically, if Hj,(f) is a LP-filter with H;,(0) = 1, then
a HP-filter can be obtained as:

Hh,p(f) =1- Hlp(f) (4-227)

Also a band-pass filter can be obtained as the difference between two LP-filters
Hipi (f) and Hiypa(f) with their corresponding cut-off frequencies satisfying f1 >
fa

Hyp(f) = Hip1 (f) — Hip2(f) (4.228)
Finally, a band-stop filter is obtained simply as
Hys(f) = 1= Hyp(f) (4.229)

Examples of such filters based on a 4th order Butterworth LP-filters are shown
in Fig.4.18.
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Figure 4.17 1-D low-pass filters in both time (left) and frequency (right) domains

A signal z(t), a square impulse train, and its spectrum X (f) are shown in the top
row. Following that there are four pairs of plots showing each of the four types
of filters (moving average, ideal, Butterworth and Gaussian) and their filtering
effects. The left column shows in time domain the impulse response function
h(t) of each of the filters and the filtered time signal y(t) = h(t) * 2(t), while the
right column shows in frequency domain the corresponding frequency response
function H(f) of the filter and the filtered signal spectrum Y (f) = H(f)X(f).

Example 4.11: The annual precipitation in Los Angeles area in the N = 126
years from 1878 to 2003 is considered as a discrete time signal z[m], and its
spectrum X [n] can be obtained by the DFT, as show in the top row of Fig.4.19.
Here the average of the data is removed, i.e., the DC component in the middle
of the spectrum is zero, so that other frequency components with much smaller

magnitudes can be better seen.
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Figure 4.18 The frequency response functions H(f) for the LP, HP, BP and BS filters
in frequency domain (right) and their corresponding impulse response functions h(t)
in time domain (right)

Also shown in the figure are four Butterworth filters including a LP-filter
(2nd row), and three BP-filters with different passing bands (4th, 6th and 8th
rows), and the signals filtered by the corresponding filter (3rd, 5th, 7th and 9th
rows). For each filter, its frequency response function H (f) and the filtered signal
spectrum Y (f) = H(f)X(f) are shown on the right, and its impulse response
function h(f) and the filtered time signal y(t) = h(t) * x(t) are shown on the left.

A filter bank can be formed by these four filters. Due to the specific arrange-
ment of the passing bands and the bandwidths of these filters, the filter bank is
an all-pass (AP) filter, in the sense that component filters Hy(f) (k=1,---,4)
add up approximately to a constant 1 through out all frequencies, i.e., the com-
bined outputs of the filter bank contain approximately all information in the
signal. These result is further confirmed by the last (10th) row in Fig.4.19 where
the filtered signals in both time and frequency domain are added up and com-
pared to the original signal. As expected, the difference between the sum of the
filtered signal and the original one is negligible, i.e., the filtered signals, when
combined, contain all information in the signal.

Example 4.12: A two-dimensional shape in an image can be described by
all the pixels along its boundary, in terms of there coordinates (x[m],y[m]),
(m=1,---,N), where N is the total number of pixels along the boundary. The
coordinates xz[m] and y[m| can be treated, respectively, as the real and imag-
inary components of a complex number z[m] = x[m] + j y[m], and the Fourier
transform can be carried out to obtain the Fourier coefficients, called the Fourier



Discrete-Time Fourier Transform 239

40 200
-
100 | E
{ i
ok L n . n . " b
1830 1800 1520 1940 1960 1930 2000 15 1} 05
0s
I —=== LPter
i 4___,_\/\/“___— 05 4
i}
A " " " " . " n
-60 -0 =20 0 20 40 (1] 05 1} 05
10 150
filtered signal filtered spectrurm
i ' 100
50 A
B n L . n . n n
1830 1800 1520 1940 1960 1930 2000 15 1} 05
05
o ———w«\/\fv\,_m
05 L L L s L 1 L
-60 <0 20 0 20 40 41}
0
filtered signal
0 ‘ " '
Jp L L L . L | L
1880 1800 1920 1940 1960 1980 2000
0.5
[, . ———
I L L L L I L
UIS-EU =40 20 0 20 40 B0
10
filtered sigral
d WA
Ern L L . L . L
1880 1500 1920 1940 1960 1980 2000
0.2
0 wm——
U'Z—E -0 210 0 20 40 (41]
10
filtered signal
0 AT
i " " . n . "
1830 1500 1520 1940 1960 1930 2000
40
20 reconstructed signal reconstructed spectrum
~ =~ otginal 100 ~~ =~ ofiginal
0 TN TSI
o b L L . n . n n
1830 1800 1520 1940 1960 1930 2000 15 1} 05

Figure 4.19 Annual precipitation from 1878 to 2003 (left) and its spectrum (right)
Here only the magnitude of each spectrum is shown while the phase is neglected.

descriptors in the field of image process: of the shape:
N

Z[ Z[,rn]e—jZﬂ'mn/N’ n=1,--- ’N (4230)
1

oL
TL—\/N

Based on these coefficients Z[n], the original shape can be reconstructed by
inverse Fourier transform:

m=

N
Z Z[n]e?™m/N gy =1, N (4.231)

n=1

z[m] =
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The inverse Fourier transform using all N coefficients will perfectly reconstruct
the original one. While this result is not surprising at all, it is interesting to
observe the reconstructed shape using only the first M < N low frequency com-
ponents. Note that since the Fourier transform is a complex transform with
both negative frequencies as well as positive ones in the frequency spectrum,
the inverse transform with M components needs to contain both positive and
negative terms symmetric to the DC component in the middle:
M/2
dml= Y Z[ke*™ N (m=1,--- N) (4.232)
k=—M/2

As an example, the shape of Gumby as shown in Fig.4.20 is represented by
a chain of NV = 1,157 pixels along the boundary, in terms of their coordinates
{z[m],y[m]} (m =0,1,--- ;N — 1 = 1156), which are then Fourier transformed
to obtain the same number of Fourier coefficients as the Fourier descriptors of
the Gumby figure.

Figure 4.20 Gumby (left) and its boundary pixels (right)

The two different representations of the shape, z[m] in spatial domain and
Z[n] in frequency domain are plotted in Fig. 4.21. Note that as the magnitudes
of a small number of complex coefficients for to DC and some low frequency
components are much larger than the rest of the coefficients, a mapping y = 2°°
is applied to the absolute value of the magnitudes of all DFT coefficients, so
that those coefficients with small magnitudes do not appear to be zero in the
plots. The original shape of Gumby can be reconstructed by the inverse DFT
using M < N coeflicients. As the DFT is a complex transform with negative as
well as positive frequency components in the spectrum, the inverse DFT needs
to contain both positive and negative terms on both sides of the DC component
in the middle:

M/2
dml= Y Z[ke*™™ N (m=1,--- N) (4.233)
k=—M/2
The reconstructed shapes are shown in Fig. 4.22. The first row shows the recon-

structions based on the first 1 to 4 low frequency components, while the second
row shows the reconstructions using the first 5 to 8 components. Finally the last
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Figure 4.21 The vertical and horizontal components of 2-D shape (top) and its Fourier
descriptors (bottom)

row shows reconstructions using the first 10, 20, 30 and all N=1,257 coefficients,
respectively. In particular, it is interesting to compare the last figure, perfectly
reconstructed using all N=1157 frequency components with the second to the
last, reconstructed using only 30 components. They look almost identical, except
the last one may have some very minor details of the shape, such as the sharper
corners. This result shows that the remaining 1127 frequency components contain
little information, and can therefore be ignored (treated as zero) in the inverse
DFT with little effect in terms of the quality of the reconstruction. Moreover, it
is all likely that some high frequency components may contain random noise. In
this sense, the reconstruction without using many of the higher frequency com-
ponents is actually a low-pass filtering process desirable for removing unwanted
noise.
Some observations can be made based on the results discussed above:

¢ Fourier transform tends to compact signal energy
The values of a few coefficients representing mostly low frequency components
have significantly higher values than the rest of the coefficients, indicating
that most of the energy contained in a signal is concentrated around the low
frequency region. This phenomenon is common in various applications, due
to the fact that in most physical signals relatively slow changes over time or
space are much more significant compared to rapid and sudden changes. In
other words, most natural signals are continuous and smooth.

e Fourier transform tends to decorrelate a signal
The plots of the x and y-coordinates in space are much smoother compared to
the real and imaginary parts of the Fourier coefficients. Given a signal value
x[m] at position m, one can estimate the value z[m + 1] at the next position
with reasonable confidence. However, the same thing can not be said in the
spatial frequency domain, as the magnitudes of the DFT coefficients seem
random. Given X|[n], one has little idea about the next value X[n +1]. In
other words, the signal is highly correlated in spatial domain but significantly
decorrelated in frequency domain after the Fourier transform.
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Figure 4.22 Reconstruction of a 2-D shape

e As most of the signal energy is concentrated in a small number of low fre-
quency components, little error will result if only M < N of the coefficients
corresponding to low frequencies are used in the inverse DFT for the recon-
struction of the figure in space. Such a low-pass filtering may also have the
effect of removing unwanted high frequency noise.

This example illustrates the general applications of the Fourier transform,
namely, information extraction and data compression. Useful features contained
in a signal, such as the basic shape of a figure in an image, may be extracted
by keeping a small number of the Fourier coefficients with most of the others
ignored. By doing so, we could process, store and transmit only a small portion
of the data without losing much information (30 out of 1,157 coefficients used in
this example is a impressive compression ratio).

Moreover, the observations made here for the Fourier transform are also valid
in general for all other orthogonal transforms, as they will appear repetitively in
our future discussions in the following chapters.

2-D Filtering and Compression

In the spatial frequency domain, the discrete spectrum F[k, ] of a 2-D spatial
signal 2:[m, n] (e.g., an image) can be easily manipulated according to the specific
application. Most commonly a filter function H [k, ] is used to modify the discrete
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spectrum:
F'lk,l) = H[k,l|F[k.1], (k,l=0,---,N—1) (4.234)

and the filtered spectrum can then be inverse transformed back to spatial domain
to get the filtered signal:

2'[m,n] = FF'[k,1]] (4.235)

Typical filters include various high, band, and low pass or stop filters. We will
only consider a few commonly used filters below, which suppress the frequency
components around the corners and edges of the array for the 2-D discrete spec-
trum, while keeping the frequency components around the central area of the
array unchanged. Such filters can be used for either low-pass or high-pass fil-
tering, depending on whether the discrete spectrum is centralized with low fre-
quency components in the middle or not.

We assume the 2-D signal is an N by N array z[m, n] and so is its 2-D discrete
spectrum X [k,[l]. We define d, =k — N/2,d; =1 — N/2 as the distances of a
point [k, ] of the 2-D spectrum to the center (N/2, N/2) in vertical and horizontal
directions, respectively. The spatial frequency represented by a coefficient F'[k, ]
is vVk? +[2/N proportional to the distance \/di + d12. Here we consider some
typical 2-D filters.

e Tdeal filter

1 di+dl2<D0

4.236
0 otherwise ( )

Hideal[kal] = {
where 0 < Dy < N/2 corresponds to a cut-off frequency. Ideal filter completely
removes any frequency components outside the circle determined by the cut-
off frequency.

e Gaussian low-pass filter

Hgauss|k, 1] = exp[—a(d} + df)/ D3] (4.237)

where Dy is the cut-off frequency at which (df 4+ d? = D3) the magnitude is
attenuated to exp(—a), and a and ¢ are two parameters.
e Butterworth filter
Hbutterworth[k7 l] - !
1+ ((df +d7)/Dg)"

In particular, when dy, = d; = 0, H = 1, when d + d? = D, H = 0.5. Butter-
worth filter is also a smooth low-pass filter with a parameter n. When n — oo,

(4.238)

the Butterworth filter becomes an ideal filter.
e Hamming filter

0.5(1 + cos(mvu? +v2/Dy)) 0 < Vu? +v2 < Dy

4.2
0 otherwise (4.239)

Hhamming = {
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These filters can be represented in both spatial and frequency domains, as shown
in Fig.4.23. When in frequency domain the spectrum of a 2-D signal is multiplied
by the filter (left in the figure), correspondingly in time domain the 2-D signal
is convolved with the inverse Fourier transform of the filter (right in the figure).

As these filters are all central symmetric (with respect to the center at
(N/2,N/2), when both the real and imaginary parts of the signal spectrum
are identically multiplied by the filter, the symmetry property of the spectrum
is not changed. If the 2-D signal is real, the inverse transform of the filtered
spectrum is guaranteed to be also real.

Whether these filters H[k,l] are low-pass or high-pass filters depends on
whether or not the discrete 2-D spectrum is centralized with DC component
in the center. If so, the low frequency components around the center (N/2, N/2)
will be kept, while high frequency components farther away from the center will
be reduced. But if the spectrum is not centralized, the high frequency compo-
nents will be around the middle region and therefore kept, the filters become
high-pass. Alternatively, corresponding to each filter Hj,, another filter can be
obtained by

Hpp=1—Hy, (4.240)

which will turn a low-pass filter to high pass, and vice versa.

Example 4.13: We first consider the 2-D Fourier transform of an image, a typical
2-D signal, as show in Fig.4.24. An image of a panda (left) is treated as the real
part of a 2-D signal and the imaginary part is set to zero, and then the even
real part (middle) and odd imaginary part (right) of its Fourier spectrum are
obtained. As the signal energy is in general always highly concentrated in a small
number of low frequency components around DC, which show up as a bright spot
in the center area of the spectrum image, while the rest of the image looks dark.
In order to visualize other frequency components with small magnitudes away
from the center, the pixel values of the image is transformed by a nonlinear
function y = z, where « is a fraction such as 0.2, 0.3, etc. so that the low pixel
values representing the frequency components with low magnitudes are relatively
enhanced and become visible in the image.

Alternatively, the spectrum can also be represented in terms of its magnitude
and phase, as shown in Fig.4.25. The bottom row shows the magnitude and
phase of the spectrum of another image of cat. Both images can be perfectly
reconstructed by the inverse Fourier transform based on the real and imaginary
parts, or equivalently, the magnitude and phase of its spectrum.

While it is obvious that the real and imaginary parts of the spectrum are
equally important in terms of the amount of signal information they each carry,
are the magnitude and phase components of the frequency components also
equally important? To answer this question, two images are reconstructed based
on the magnitude of the spectrum of one image but the phase of the other, the
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Figure 4.23 2-D filters in both spatial and frequency domains

results are shown on the right in Fig.4.25. It is obvious that the phases play a
more significant and dominant role than the magnitudes, as the reconstructed
image always looks similar to whichever image whose phase is used in the recon-
struction.

Based on this simple observation, we see that during the filtering process in
frequency domain, the real Re[X] and imaginary I'm[X] parts of the spectrum
need to be treated identically so that the phase angle ¢ = tan™! I'm[X]/Re[X] of
each frequency component remains the same after filtering, so that the relative
positions of different frequency components also remain the same.

Example 4.14: In this example we illustrate the effect of the Fourier filtering an
image shown in the previous example in Fig. 4.24. Different types of filtering of
this image can be carried out in the frequency domain. First, the effects of ideal
filtering are shown in Fig. 4.26, including the filter (left), and the two resulting
images after low-pass (middle) and high-pass (right) filtering. The top row shows



246

Chapter 4. Discrete-Time Fourier Transform

Figure 4.24 An image (left) and its 2-D Fourier transform

Figure 4.25 Magnitude and phase of Fourier spectra

Given the magnitude and phase components (middle two) of the spectra of two
images, two images are reconstructed (right) based on the phase of one but the
magnitude of the other (phase of panda but magnitude of cat on top, phase of
cat but magnitude of panda at the bottom).

the spectrum in frequency domain while the bottom row shows the corresponding
image in spatial domain. In the case of ideal low-pass filtering, all frequency com-
ponents are suppressed to zero except those low frequency components inside the
circle corresponding to a cut-off frequency, which remain unchanged. Inversely, in
the case of high-pass filtering, all low frequency components inside the circle are
suppressed to zero while other components outside the circle remain unchanged

Corresponding to such filtering in frequency domain shown in the top row,
the original image in spatial domain is convolved with a 2-D sinc function, the
inverse DFT of the ideal low-pass filter (Eq.3.211), as shown in the bottom row.
Note that the resulting low-pass and high-pass filtered images have some obvious
ringing effect, due to the shape of the sinc function.

To avoid this artifacts caused by the sharp edge of the ideal low-pass filter,
we can instead use a Butterworth filter without sharp edges, shown in Fig. 4.27,
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so that the ringing effect in spatial domain can be significantly reduced. As seen
in the bottom row of the figure, the low-pass and high-pass filtered images no
longer suffer from the artifacts seen before in Fig. 4.26.

Moreover, in 2-D filtering we can also modify the coefficients for different
frequency components in terms of their spatial directions as well as their spatial
frequencies. For example, in Fig. 4.28, the 2-D spectrum of the image of panda
is low-pass filtered in four different directions: N-S, NW-SE, E-W, and NE-SW
(top row). In the corresponding images reconstructed by the inverse transform
of each directionally low-passed spectrum (bottom row), the image features in
the orientation favored by the directional filtering are emphasized.

Figure 4.26 Ideal filtering (from left to right, ideal filter, low-pass, high-pass)

Example 4.15: The simple example shown in Fig. 4.29 illustrates why the Fourier
transform can also be used for data compression. The image of panda and its
2-D Fourier spectrum are shown in the lower and upper left panels, respectively.
Then 80% of the DFT coefficients (corresponding mostly to some high frequency
components) with magnitudes less than a certain threshold value were surprised
to zero as shown in the upper right panel (black in the image). The image is
then reconstructed by the inverse transform based only on the remaining 20%
of the DFT coefficients but containing over 99% of the signal energy. As can be
seen in the lower right panel, the reconstructed image looks very much the same
as the original one except some very fine details (e.g., the fur on the left arm)
corresponding to those high frequency components which were suppressed.
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Figure 4.27 Butterworth filtering (from left to right, ideal filter, low-pass, high-pass)

3 . L N %

Figure 4.28 Directional low-pass filtering

Why can we throw away 80% of the coefficients but still keep over 99% of the
energy in frequency domain, while it is highly unlikely for us to do so in spa-
tial domain? This is obviously due to the two general properties of the Fourier
transform (as well as all orthogonal transforms): (a) decorrelation of signal com-
ponents, and (b) compaction of signal energy. Of course this is an over-simplified
example only to illustrate the basic ideas in transform based data compression.
In practice, the compression process also includes many other components such



Discrete-Time Fourier Transform 249

as the quantization and encoding of frequency components. Interested reader can
do some further reading about image compression standards, such as JPEG.

Figure 4.29 Image Compression based on DFT

An image (lower left) and its 2-D DFT spectrum (upper left) and the recon-
structed image (lower right) based on 20% of its DFT coefficients containing
99% of the total energy (upper right).
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The Laplace and Z Transforms

The Laplace and Z transforms are the natural generalization of the continuous
and discrete-time Fourier transforms, respectively, and both find a wide variety
of applications in many fields of science and engineering in general, and in signal
processing and system analysis/design in particular. Due to some of its most
favorable properties, such as the conversion of ordinary differential and differ-
ence equations into easily solvable algebraic equations, a problem presented in
time domain can be much more conveniently tackled in s-domain or z-domain.
While different forms of the Fourier transform are used mostly for continuous and
discrete signal processing and filtering, the Laplace and Z-transforms are par-
ticularly useful for the analysis and design of various linear and time-invariant
(LTI) systems.

The Laplace Transform

From Fourier Transform to Laplace Transform

The Laplace transform of a signal z(t) can be considered as the generalization
of the continuous-time Fourier transform (CTFT) of the signal:

[o¢]
Fla(t)] :/ z(t)e ¥t dt = X (jw) (5.1)
—00
Here we adopt the notation X (jw) for the CTFT spectrum, instead of X(f)
or X (w) used previously, for some reason which will become clear later. The
above transform is based on the underlying assumption that the signal z(t) is
square integrable so that the integral converges and the spectrum exists. How-
ever, this assumption is not valid for signals such as z(t) = t, z(t) = 2%, and
z(t) = e, all of which grow without a bound when [t| — oo and are not square

integrable. In such cases, we could still consider the Fourier transform of a mod-

—ot ot

ified version of the signal z'(t) = z(t)e~ 7", where e 7" is an exponential factor
with a real parameter o, which can force the given signal z(t) to decay exponen-
tially for properly chosen value of o (either positive or negative). For example,

x(t) = e*u(t) (a > 0) does not converge when t — oo, therefore its Fourier spec-

250
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trum does not exist. However, if we choose Re[s] = o > a, the modified version
e~ (7=@)ty(t) will converge as t — 0.
In general, the Fourier transform of the modified signal is:

Flo' ()] = [ " ettty — / " p(t)e (ot gy = / Y ahetar (5.2)

where s is a complex variable defined as s = 0 4+ jw. If the integral above con-
verges, it results in a complex function X (s), which is called the bilateral Laplace
transform of x(t), formally defined as:

o]

X(s) = L[z(t)] = /_ " o)t s)dt = / s(t)e=tdt (5.3)

o0 —00
Same as the continuous-time Fourier transform, the Laplace transform can also
be considered as an integral transform with a kernel function:

B(t,s) = e 5t = e (THIWIt — gmotomiut (5.4)

which is a modified version of the kernel function ¢(t, f) = ¢727#* for the Fourier
transform. However, different from the parameter f for frequency in the Fourier
kernel function, the parameter s = o + jw in the Laplace kernel is complex with
real and imaginary parts Re[s] = o and I'm[s| = w, and the transform X (s) is
a complex function defined in a 2-D complex plane, called s-plane, represented
by its Cartesian coordinates of o for the real (horizontal) axis and jw for the
imaginary (vertical) axis.

The Laplace transform X (s) exists only inside a certain region of the s-plane,
called the region of convergence (ROC), composed of all s values that guarantee
the convergence of the integral in Eq. 5.3. Due to the introduction of the expo-

—t we can properly choose the parameter o so that the

nential decay factor e
Laplace transform can be applied to a broader class of signals than the Fourier
transform.

If the imaginary axis s = jw (corresponding to Re[s] = o = 0) is inside the
ROC, then we can evaluate the 2-D function X (s) along the imaginary axis with
respect to w from w = —o0 to w = oo to obtain the Fourier transform X (jw) of
x(t). We see that the 1-D Fourier spectrum of the signal can be found as the cross
section of the 2-D complex function X (s) = X (0 + jw) along the imaginary axis
s = jw. In other words, the continuous-time Fourier transform is just a special
case of the Laplace transform when ¢ =0 and s = jw:

Fla@)] = Llz®)]],_,,, = X(s)|,—;,, = X (jw) (5.5)
This is the reason why sometimes the Fourier spectrum is also denoted by X (jw).

Given the Laplace transform X(s) = L[z(t)], the time signal z(¢) can be
obtained by the inverse Laplace transform, which can be derived from the cor-
responding Fourier transform:

Llzt)] = X(s) = X (0 + jw) = / h z(t)e” Tt gL = Flz(t)e Y] (5.6)

—00
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Taking the inverse Fourier transform of the above, we get
2(t)et = FUX (0 + jw)] = % /_ i X (o + jw)ei dw (5.7)
Multiplying both sides by et we get:
2(t) = % [ Z X (0 + jw)elH) e (5.8)

To further represent this inverse transform in terms of s (instead of w), we note
ds =d(c + jw) =jdw, i.e., dw=ds/j (5.9)

The integral over —oo < w < oo with respect to w corresponds to the integral
with respect to s over o — joo < s < 0 + joo:
1 o+j00

z(t) = L7HX(s)] = ]2—77/ X (s)eds (5.10)

o—joo

Now we get the forward and inverse Laplace transform pair:

X(s) = Lla(t)] = /_ Y e(hetdt

[o¢]
1 o+4j00
() = £[X(5)] = —/ X (s)eds (5.11)
.727T g—j00
which can also be more concisely represented as

2(t) < X (s) (5.12)

In practice, we hardly need to carry out the integral in the inverse transform with
respective to the complex variable s, as the Laplace transform pairs of most of
the signals of interest can be obtained in some other ways and made available in
table form.

As we will see later, in some applications the Laplace transform is a rational
function as a ratio of two polynomials:

X(S) _ N(S) _ ZZI:O bksk _ b_’m HZLZI(S — Zk)

D(s)  Yg—oaxs®  an [Ix=1(s —pr)

where the roots zi, (k = 1,2, -+ ,m) of the numerator polynomial N(s) of order

m are called the zeros of X (s), and the roots pi, (k =1,2,--- ,n) of the denom-

inator polynomial D(s) of order n are called the poles of X (s). The last equal

sign in the equation above is due to the fundamental theorem of algebra, which

states that an nth order polynomial has n roots (some of which may be repeated
with multiplicity greater than 1). Obviously we have:

(5.13)

X(zz) =0, and X(pg)=o0 (5.14)

Moreover, if n > m, then X (c0) =0, i.e., 2z = 00 is a zero. On the other hand,
if m > n, then X (00) = o0, i.e, z = 00 is a pole. In general, we always assume
m < n, as otherwise we can carry out the long division for N(s)/D(s) to expand
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X (s) into multiple terms so that m < n is true for each term. The locations of the
zeros and poles of X (s) in the s-plane is of great importance as they characterize
some most essential properties of a signal x(t), such as whether it is right or
left-sided, whether it grows or decays over time, as to be discussed later.

The Region of Convergence

The region of convergence plays an important role in the Laplace transform. A
Laplace transform X (s) always needs to be associated with the corresponding
ROC, without which the inverse transform z(t) = £7![X (s)] cannot be mean-

ingfully carried out. This point can be best illustrated in the following example.

Example 5.1:
1. A right-sided signal z(t) = e~ **u(t):
X(s) = / e Memstdt = / e tem(tiwltgy — / e~ (ata)to—iwt gy (5.15)
0 0 0

where a is a real constant. For this integral to converge, it is necessary to have
a+ o >0, ie. the ROC is Re[s] = 0 > —a, inside which the above becomes:

1 ol 1 1
X(5) = ————— e~latotit — = (5.16)
—(a+ 0+ jw) o (c+a)+jw s+a
In particular, if a = 0, (t) = u(t) and we have
1
U(s) = Llu(t)] = > 0> 0 (5.17)

If we let o — 0, then U(s) is evaluated along the imaginary axis s = jw and
becomes U(jw) = 1/jw, which is seemingly the Fourier transform of w(t).
However this result is actually invalid, as o = 0 is not inside the ROC R[s] > 0.
Comparing this result with the real Fourier transform of u(t) in Eq.3.65:

1 1
Flu(t)] = =0 -— 5.18
ult) = 3307) + — (5.15)
we see that an extra term §(f)/2 in the Fourier spectrum which reflects the
fact that the integral is only marginally convergent when s = jw.

2. A left-sided signal z(t) = —e *u(—t):

0 0
X(s) = —/ e e S tdt = —/ e~(atotivlt gy (5.19)
where a is a real constant. For this integral to converge, it is necessary that
a+ 0 <0, ie., the ROC is Re[s] = 0 < —a, inside which the above becomes:
1 1 1
X(s) =

e—(a+a+jw)t|0 _ _
a+o+jw - g+o+jw s+a’

o< —a

(5.20)
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When a = 0, z(t) = —u(—t) we have
Ll-u(—t)]=-, oc<0 (5.21)

We see that the Laplace transforms of two different signals e “‘u(t) and
—e %y (—t) are identical, but their corresponding ROCs are different.

3. A two-sided signal z(t) = e~ = e~ (t) + e®u(—t):
As the Laplace transform is linear, the transform of this signal is the sum of
the transforms of the two individual terms. According to the results in the
previous two cases, we get:

1 1 —2a
X(s) = _ = — 5.22
(s) o s o a oc>—a, c<a ( )

provided the intersection of the two individual ROCs is non-empty, i.e., —a <
o < a, which is possible only if @ > 0, i.e., z(t) decays when |t| — oo. However,
if @ < 0, the intersection of the two ROCs is an empty set, and the Laplace
transform does not exist, reflecting the fact that x(¢) grows without bound
when [t| — oo.

Based on the examples above we summarize a set of properties of the ROC:

e If a signal z(¢) of finite duration is absolutely integrable then its transform
X (s) exists for any s, i.e., its ROC is the entire s-plane.

e The ROC does not contain any poles because by definition X (s) does not
exist at any pole.

e Two different signals may have identical transform but different ROCs. The
inverse transform can be carried out only if an associated ROC is also specified.

e Ounly the real part Re[s] = o of s determines the convergence of the integral in
the Laplace transform and thereby the ROC. The imaginary part I'm[s] has
no effect on the convergence. Consequently the ROC is always bounded by
two vertical lines parallel to the imaginary axis s = jw, corresponding to two
poles py and po with Re[p1] < Re[p2]. It is possible that Re[p;] = —oc and/or
Relpz] = oc.

® The ROC of a right-sided signal is the right-sided half plane to the right of the
rightmost pole; The ROC of the transform of a left-sided signal is a left-sided
half plane to the left of the leftmost pole. If a signal is two-sided, its ROC
is the intersection of the two ROCs corresponding to its two one-sided parts,
which can be either a vertical strip or an empty set.

e The Fourier transform X (jw) of a signal x(¢) exists if the ROC of the corre-
sponding Laplace transform X (s) contains the imaginary axis Re[s] = 0, i.e.,
s = jw.

The zeros and poles of the Laplace transform X (s) = L[z(t)] of a signal dictate
the most essential properties such as whether it is right or left-sided, whether it
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grows or decays over time. Moreover, the zeros and poles of the transfer function
H(s) = L[h(t)] of an LTI system dictate its stability and filtering effects. All
such properties and behaviors can be qualitatively characterized based on the
locations of the zeros and poles of in the s-plane, as we will see in the later
discussions.

5.1.3 Properties of the Laplace Transform

The Laplace transform has a set of properties most of which are in parallel
with those of the Fourier transform. The proofs of most of these properties
are ommitted as they are similar to that of their counterparts in the Fourier
transform. However, here we need to pay special attention to the ROCs. In the
following, we always assume:

Llz(t)] = X(s),  Lly®)] =Y (s) (5.23)
with ROCs R, and R,, respectively.
e Linearity
Llaz(t) +by(t)] = aX (s) +bY (s), ROC 2 (R, NR,) (5.24)

It is obvious that the ROC of the linear combination of z(t) and y(t) should
be the intersection R, N R, of their individual ROCs in which both X(s)
and Y (s) exist. However, note that in some cases the ROC of the linear
combination may be larger than R, N R,. For example, L[u(t)] =1/s and
L[u(t — 7)] = e *7 /s have the same ROC Re[s] > 0, but their difference u(t) —
u(t — 7) has finite duration and the corresponding ROC is the entire s-plane.
Also when zero-pole cancellation occurs the ROC of the linear combination
may also be larger than R, N R,. For example, let

X(s)=L[z(t)] = . i T Re[s] > —1 (5.25)
and
Y(s) =Lyt)] = G 1)1(5 ey Re[s] > —1 (5.26)
then
1 1 s+1 1
L@ =y = T~ G761~ G 6T sr2 Fell> 2
(5.27)
e Time shifting
Llz(t —ty)] =e X (s), ROC =R, (5.28)

e Time reversal

Llz(~t)] = X(~s), ROC =—R, (5.29)
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s-Domain shifting
Lleta(t)] = X(s+ s0), ROC = R, + Rels) (5.30)

Note that the ROC is shifted by sg, i.e., it is shifted vertically by I'm/[sq] (with
no effect on ROC) and horizontally by Re[so].
Time scaling

L) = x(5), Rroc = Ha (5.31)

la]” “a a

Note that the ROC is horizontally scaled by 1/a, which could be either positive
(a > 0) or negative (a < 0) in which case both the function z(t) and the ROC
of its Laplace transform are horizontally flipped.

Conjugation

Llz*(t)] = X*(s*), ROC =R, (5.32)
Convolution
Llz(t) *y(t)] = X(s)Y(s), ROC D (R;NRy) (5.33)

Note that the ROC of the convolution could be larger than the intersection
of R, and R, due to the possible pole-zero cancellation caused by the con-
volution, similar to the linearity property. For example, assume

s+1
X(s) = Llz(t)] = Pt Rels] > -2 (5.34)
5+ 2
Y(s)=Lly®] =, Rels]>-1 (5.35)
then
Llz(t) «yt)] = X(s)Y(s) =1 (5.36)
with an ROC of the entire s-plane.
Differentiation in time domain
E[%m(t}] =sX(s), ROC DR, (5.37)

This is an important property based on which the Laplace transform finds a
lot of applications in system analysis and design. This property can be proven
by differentiating the inverse Laplace transform:

d (t) = L /UHOCX( )d stdg = L[ X (s)esd (5.38)
at™ T e e T at T Gon T :

Again, multiplying X (s) by s may cause pole-zero cancellation and there-
fore the resulting ROC may be larger than R,. For example, let x(t) = u(t)
and X (s) = L[u(t)] = 1/s with ROC Re[s] > 0, then we have L[dz(t)/dt] =
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L[6(t)] = sX(s) =1, but its ROC is the entire s-plane. Repeating this prop-

erty we get:
ﬁ[jt—nx(t)] =s"X(s)
In particular, when x(t) = §(t), we have
E[jt—né(t)] =s", ROC = entire s-plane

Differentiation in s-Domain
d
Lltx(t)] = —EX(S), ROC = R,

This can be proven by differentiating the Laplace transform:

d o0 d o0

%X(S) = /700 x(t)ae’“dt = /700(—t)x(t)e’“dt
Repeat this process we get

cima(t)] = (1) x(s), ROC = R,

S’ﬂ

Integration in time domain

g[/_t 2(r)dr] = @ ROC > (R N {Rels] > 0})

oo

This can be proven by realizing that
t

2(8) * u(t) = / 2(F)ult — 7)dr — / 2(r)dr

—00 —00

o0

and therefore by convolution property we have

Llz(t) x u(®)] = X(s) -

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)

As the ROC of L[u(t)] =1/s is the right half plane Re[s] >0, the
ROC of X(s)/s is the intersection R, N {Re[s] > 0}, except when pole-
zero cancellation occurs. For example, when z(t) = dé(t)/dt with X (s) = s,

E[ffoc x(7)dr] = s/s =1 with the ROC being the entire s-pane.

Laplace Transform of Typical Signals
* 6(t),(t—7)

L[6(t)] = / S(t)e*tdt = e =1, ROC: entire s plane

Moreover, due to time shifting property, we have

L[o(t—7)] =e ", ROC: entire s plane

(5.47)

(5.48)
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As the Laplace integration converges for any s, the ROC is the entire s-plane.
o u(t), tu(t), " u(d)
Due to the property of time domain integration, we have

t
1
Llu(t)] =L {/ 6(7)d7} =3 Rels] >0 (5.49)
Applying the s-domain differentiation property to the above, we have
d |1 1
and in general
n n!
L[t"u(t)] = sy Re[s] >0 (5.51)

o e y(t), tem u(t)
Applying the s-domain shifting property to

Llu(t)] = " Re[s] > 0 (5.52)
we have
1
—at — —
Lle™%u(t)] = P Re[s] > —a (5.53)
Applying the same property to
" n!
L[t"u(t)] = T Re[s] >0 (5.54)
we have
n_—a n!
o cIwoly(t), sin(wot)u(t), cos(wot)u(t)
Letting a = +jwg in
1
—at — —
Lle™%u(t)] = Pt Re[s] > —Rela] (5.56)
we get
, 1 : 1
oty (t)] = d Lle/Mu(t)] = :
Lle u(t)] ST o and L[e/“"u(t)] P Re[s] >0 (5.57)
and therefore
1 ) . 1 1 1 s
[ Jwot —Jjwot] — —
L[cos(wot)u(t)] 2£[e +e ] 5 [s e 5T jwo] o
(5.58)
and
Llsin(wot)u(t)] = i,ﬁ[ej“’ot — e Iwot] = i[ LI |= o

2j 2j s —jwo S+ jwo  S2+ wd

(5.59)
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Llte % u(t)] = E —l—la)Q’ Re[s] > —a (5.60)
we get
—Jjwot 1 Jwot 1
Lte <0ty (t)] = GE ) Llte’° u(t)] = = )’ Re[s] > —a
(5.61)

Based on these we have:

2

1 ) ) 1 1
L[t tu(t)] = =Lt (70 + e 70t = =
[t costwotult)] = GLI (€ +e700)] = Sl o+
82 —w?
_ .62
(82 +w3d)? (5:62)
and
L[t sin(wot)u(t)] = iE[t (ej“’“t — e Iwot)] = L ! — ]
2j 2j (s —jwo)?®  (s+ jwo)?
2swo
_ 5.63
(s + w§)? (5.63)
o ¢ cos(wot)ul(t), e"sin(wot)u(t)
Applying s-domain shifting property to
s . wo
Llcos(wot)u(t)] = - and  L[sin(wot)u(t)] = Tro? (5.64)
we get, respectively
—at - s+a
£[6 COS(Wot)u(t)] = m (565)
and
—at - o wo
ﬁ[e @ szn(wot)u(t)] = m (566)
Below we give a few more examples:
Example 5.2: The Laplace transform of the following function
1 . 1 .
x(t) = [e72 + eteos(3t)u(t) = [e 72 + —e (1773 4 56’(1ﬂ‘3)t]u(0) (5.67)
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can be found as

> 1 ; 1 :
X(s) = /O [e72 4+ SeT TV 4 eI e

_ /OC 25t dt 4 1 /OC o~ (=33t st gy o l/x o (1438t st gy
0 2 Jo 2 Jo
1 1/2 1/2
s+2 s+(1-33) s+ (1+33)
Following the examples above, we see that the conditions for the three integrals
to converge are, respectively,

Re[s] > =2, Re[s] > —1, Re[s] > —1 (5.68)

i.e., the ROC corresponding to this transform X (s) is Re[s] > —1 that satisfies
all three conditions. This X (s) can be further written as a rational function, a
ratio of two polynomials:

1 1/2 1/2 2s% 4+ 5s + 12

X(s) = = 1

e T T (R 7y Sy prage:y el popvrag iy g S

(5.69)

Example 5.3:
s2 -3
X(s) = :
() =~ np; (5.70)

As the order of the numerator M = 2 is higher than that of the denominator
N =1, we expand it into the following terms by partial fraction expansion:

s2—3 C
=A+B —_— 5.71
s+2 + S+s+2 ( )

X(s) =
and get
s2—3=(A+Bs)(s+2)+C=DBs>+(A+2B)s+ (2A + C) (5.72)

Equating the coefficients for terms s* (k= 0,1,---, M) on both sides, we get
B=1, A+2B=0, 2A4+C=-3 (5.73)
Solving this equation system, we get coeflicients
A=-2; B=1, C=1 (5.74)
and
X(s)=s—2+ ! (5.75)
B s+2 '

Alternatively, the same result can be obtained by carrying out a long division
(52 —=3) = (s +2).
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Example 5.4: Let x(t) = u(—1) — u(1), then
! 1
X(s) = / eStdt = ;(68 —eF) (5.76)
-1

As X (s) = oo when s = 0o or s = —o0, neither of these two s values is included
in the ROC. However, note that s = 0 is inside the ROC as X (0) = 2.

Example 5.5: Let z(t) be a two-sided function z(t) =e ! = e u(t) +
e®u(—t) The transform of the first term is:

o 1
Xi(s) = /0 e e Stdt = parmpt Re[s] > —a (5.77)
The transform of the second term is:
0
1
Xa(s) = / ete stdt = — ., Rels]<a (5.78)
. s—a
The Laplace transform of the two components is:
1 1 -2
X(s) = X1(s) + Xa(s) = =—%  _a<Res]<a (5.79)

s+a s—a s2—a?
Whether X (s) exists or not depends on a. If a > 0, i.e., 2(t) decays exponentially
as [t| — oo, then the ROC is the strip between —a and a and X (s) exists. But if
a <0, i.e., x(t) grows exponentially as [t| — oo, then the ROC is an empty set
and X (s) does not exist.

Example 5.6: Given the following Laplace transform, find the corresponding
function:

1 1 1
X(s) = = —
(s+1)(s+2) s+1 s+2
Given the two poles p; = —1 and py of the expression, there are three possible

associated ROCs:

(5.80)

e The half plane to the right of the rightmost pole po = —1, with the corre-
sponding right-sided time function

x(t) = e tu(t) — e 2tu(t) (5.81)

e The half plane to the left of the leftmost pole p; = —2, with the corresponding
left-sided time function

z(t) = —e tu(—t) + e Hu(—t) (5.82)
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e The vertical strip between the two poles —1 < Re[s] < —2, with the corre-
sponding two sided time function

z(t) = —e tu(—t) — e u(t) (5.83)

In particular, note that only the first ROC includes the jw-axis and the corre-
sponding time function has a Fourier transform. Fourier transform of the other
two functions do not exist.

Analysis of LTI Systems by Laplace Transform

The Laplace transform is a convenient tool for the analysis and design of con-
tinuous LTT systems whose output y(¢) is the convolution of the input z(t) and
its impulse response function h(t):

y(t) = Olz(t)] = h(t) * z(t) = /jc h(T)z(t — 7)dr (5.84)

In particular, if the input is an impulse x(¢) = 6(¢), then the out is the impulse
response function:

o0

y(t) = O[5(t)] = h(t)  6(t) = / h(r)s(t —T)dr = h(t)  (5.85)

—00

t

If the input is a complex exponential 2(t) = e*! = e°*J*_ then the output can be

found to be

y(t) = Ole™] = /_OC h(r)e*t"dr = e /_OC h(t)e *Tdr = H(s)e®*  (5.86)

where H(s) is the transfer function of the system, first defined in Eq.1.70 in
Chapter 1, which is actually the Laplace transform of the impulse response h(t)
of the system:

H(s) = /_ " ht)etar (5.87)

oo

Note that Eq.5.86 is the eigenequation of any continuous LTT system, where
the transfer function H(s) is the eigenvalue, and the complex exponential input
x(t) = e*! is the corresponding eigenfunction. In particular, if we let o = 0, i.e.,
$ = jw, then the transfer function H(s) becomes the Fourier transform of the
impulse response h(t) of the system:
[o¢]
HS) Ly = Hiw) = [ hite e = FIno) (5.85)
—00
This is the frequency response function of the LTT system first defined in Eq.3.217
of Chapter 3. If the input x(t) = e/“0! has a certain frequency wy, the response
can be obtained by multiplying the input by the frequency response H (jw) eval-
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uated at w = wy:
y(t) = H(jwo)e’ " (5.89)

Moreover, due to its convolution property of the Laplace transform, the con-
volution in Eq.5.84 can be converted to a multiplication in s-domain:

y(t) = h(t) * z(t) = Y(s) = H(s)X(s) (5.90)

Based on this relationship the transfer function H(s) can also be found in s-
domain as the ratio of the output Y(s) and input X (s):

(5.91)

which can be used as an alternative definition of the transfer function of an LTI
system.

The ROC and poles of the transfer function H(s) of an LTI system dictate
the behaviors of system, such as its causality and stability.

e Stability
Also as discussed in Chapter 1, an LTI system is stable if to any bounded
input |z(t)| < B its response y(t) is also bounded for all ¢, and its impulse
response function h(t) needs to be absolutely integrable (Eq.1.78):

/ |h(7)|dT < o0 (5.92)
—00
i.e., the frequency response function F[h(t)] = H(jw) = H(s)‘szjw exists. In
other words, an LTT system is stable if and only if the ROC of its transfer
function H(s) includes the imaginary axis s = jw.
e (Causality
As discussed in Chapter 1, an LTI system is causal if its impulse response h(t)
is a consequence of the impulse input §(t), i.e., h(t) comes after §(t):

h(t) = h(t)u(t) = {8@ i i 8

and its output is (Eq.1.79):
/ h(r t—TdT—/ h(T)x(t — 7)dr (5.94)

We see that the ROC of H(s) is a right sided half plane. In particular, when
H (s) is rational, the system is causal if and only if its ROC is the right half
plane to the right of the rightmost pole, and the order of numerator is no

(5.93)

greater than that of the denominator so that s = oo is not a pole (H(oo)
exists).

Combining the two properties above, we see that a causal LTI system with a
rational transfer function H(s) is stable if and only if all poles of H(s) are in the
left half of the s-plane, i.e., the real parts of all poles pj are negative: Re[pi]| < 0.
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Example 5.7: The transfer function of an LTT is

H(s) = —— (5.95)

As shown before, without specifying the ROC, this H(s) could be the Laplace
transform of one of the two possible impulse response functions:

e If ROC is Re[s| > —a, the system h(t) = e *u(t) is causal.
— If a <0, i.e., imaginary axis Re[s] =0 can be included in the ROC, the
system is stable;
— If a >0, i.e., imaginary axis Re[s] = 0 cannot be included in the ROC,
system is unstable;
e If ROC is Re[s| < —a, the system h(t) = —e “u(—t) is anti-causal.
— Ifa <0, i.e., imaginary axis Re[s] = 0 cannot be included in the ROC, the
system is unstable;
— Ifa > 0, i.e., imaginary axis Re[s] = 0 can be included in the ROC, system
is stable;

Example 5.8: The transfer function of an LTI is

H(s):s—i—l

Realizing that this is a time-shifted version of Lle *u(t)] = 1/(s + 1), we can get
the corresponding impulse response

Rels] > —1 (5.96)

h(t) = eyt + 1) (5.97)

As this h(t) is not zero in time interval —7 <t < 0, the system is not causal,
although its ROC is a right half plane. This example serves as a counter example
that not all right half plane ROC corresponds to causal system, while all causal
systems’ ROCs are right half planes. However, if X (s) is rational, then the system
is causal if and only if its ROC is a right half plane.

Many LTI systems can be characterized by a linear constant-coefficient differ-
ential equation (LCCDE):

> ary(t) =) biopa(t) (5.98)
k=0 k=0
Taking the Laplace transform of this equation, we get an algebraic equation:

Y(s)[z ast] = X(s)[z brs"] (5.99)
k=0 k=0
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The transfer function of such a system is rational:

H(s) = Y1) _ Siobs® bw [Hglo =) _ N()

= = = = 5.100

X6 Spomst an im0 D) 1

where zg, (k=1,2,---,m) are the roots of the numerator polynomial N(s) =
Y (s), and pg, (k=1,2,---,n) are the roots of the denominator polynomial

D(s) = X(s), they are also respectively the zeros and poles of H(s).

The output y(t) of the LTI system can be found by solving the differential
equation Eq.5.98. Alternatively, it can also be found first in s-domain as Y(s) =
H(s)X(s), and then in time domain by an inverse Laplace transform:

y(t) = LY (s) = L7 H (s) X (s)] (5.101)

Obviously this approach is more convenient and therefore preferred as it is car-
ried out algebraically without solving the original differential equation. This is
one of the main applications of the Laplace transform. However, note that y(t)
obtained this way is only the particular solution due to the input x(t), but the
homogeneous solution due to initial conditions y(¥)(0) cannot be obtained as the
non-zero initial conditions are not represented by the bilateral Laplace trans-
form. This problem will be addressed by the unilateral Laplace transform to be
discussed later, by which the initial conditions will be taken into consideration.

The rational transfer function H(s) in Eq.5.100 can be converted to a sum-
mation by partial fraction expansion:

_N(s) _ Yitobist N o
Hs) = 55 = Zzzgaksk = ; p— (5.102)

The impulse response function can be found by inverse transform (the LTI system
described by Eq.5.98 is causal):

n

h(t)y = L7V[H(s)] = £ lz o ] =YL [S
k=1

s —
o Pk

1 n
] = chepktu(t)
— Pk 1
(5.103)
According to the fundamental theorem of algebra, if all coefficients aj of the
polynomial D(s) are real, its solutions pj.s are either real or complex conjugate

pairs, corresponding to the following system behaviors in time domain:

e If at least one of the poles is on the right half s-plane, e.g., Re[px] > 0, then
the corresponding term cpeP*tu(t) grows exponentially without bounds, and
the system is unstable. In other words, for the system to be stable, all poles
should be on the left half s-plane.

e If all poles are on the left half s-plane, Re[py] < 0 for all 1 < k < n, then all
terms in the summation above decay to zero exponentially so that h(t) is
absolutely integrable and the system is stable.

e If the system has two complex conjugate poles pi 2 = 0 + jw, then we have:

, . 1
ePrt 4 eP2t = e7[eIW! 4 7T = 5@” cos(wt) (5.104)



266

Chapter 5. The Laplace and Z Transforms

Im[s]

and phase of its frequency response function H(jw) = H (s)|

AN
VYVY

Figure 5.1 Different pole locations and the corresponding waveforms in time domain

This is sinusoid with frequency w, which either decays exponentially if o < 0,
or grows exponentially if o > 0, corresponding to either a stable or unsta-
ble system. When o =0, p1 2 are on the imaginary axis and the system is
marginally stable.

If 0 < Re[ps] < Re[p1], then eP1! grows much more rapidly then eP?!| i.e., the
pole p; farther away from the origin dominates the behavior of the system
more than the pole pa which is closer. On the other hand, if Re[ps] < Re[p1] <
0, then P2t = e~IP2It decays to zero much more rapidly then eP'?, i.e., the pole
p1 closer to the origin dominates the behavior of the system more than the
p2 which is farther away. Based on this observation, it may be possible to
estimate the behavior of the system based on only its dominant poles.

These different pole locations in s-plane and the corresponding waveforms in

time domain are further illustrated in Fig.5.1 and summarized in the table below:

Pole locations in s-plane | Waveforms in time domain

1 | single real pole: p > 0 exponential growth: h(t) = et

2 | complex conjugate poles: | exponentially growing sinusoid:
pr2 =0 % jw (o >0) h(t) = cos(wt)e’"

3 | complex conjugate poles: | sinusoid:
P12 = Hjw h(t) = cos(wt)

4 | complex conjugate poles: | exponentially decaying sinusoid:
P12 =0 % jw (o <0) h(t) = cos(wt)eloM

5 | single real pole: p < 0 exponential decay: h(t) = e~ IPI*

An LTI system can be considered as a filter characterized by the magnitude
.- This filter can

s=j

also be determined based on the locations of the zeros and poles of its transfer
function H(s). The magnitude and phase of the frequency response function can
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be written as:

I w =zl Ty sl
[Tii liw —pel  Tlizq vkl
o (jw — AT
[H(jw) = fol (JW k) _ E]:L_l k
Dokt LW —pK) Doy LUk
where each factor uy = jw — 2 or vy = jw — pi is a vector in s-plane connecting
a point jw on the imaginary axis and each of the poles and zeros. Then the The
filtering effects can be qualitatively determined by observing how |H (jw)| and
/H (jw) change when w increase along the imaginary axis from 0 toward oo.
In the following, we will consider two specific systems H(s) = N(s)/D(s)
where D(s) is either a first order (n = 1) or a second order (n = 2) polynomial.

[H(jw)]

(5.105)

First order system

In the transfer function H(s) of a first order LTI system, the denominator polyno-
mial D(s) has an order n = 1, and H (s) is conventionally written in the following
canonic form:

Hs) = M) _ Ns) __N(s) (5.106)

D(s) s—p s+1/7

where p = —1/7 is the root of denominator D(s), and the pole of H(s), and 7
is the system parameter called the time constant. In practice, 7 > 0 is always
positive and the pole p = —1/7 < 0 is on the left side of the s-plane, i.e., the
system is stable. Depending on the order m of the numerator N(s), the system
is expressed in either of the following two canonical forms:

1. m =0: N(s) =1/7 is a constant:

H(s) = Si/;/T = 571+ 3 (5.107)

2.m=1: N(s) =s:

s ST
H(s) = = 1
() s+1/7  sT+1 (5.108)

To illustrate the essential properties of the first order system, we reconsider the
RC circuit in Example 3.4 in Chapter 3. The input is the voltage x(t) = v, (t)
applied across R and C in series, and the output can be either the voltage v (t)
across C or the voltage vg(t) across R. First, we let the output be y(t) = ve(t),
the system can be described by a differential equation:

ROJW) +y(t) = (1), i () + —y(t) = ~a(t) (5.109)
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where 7 = RC' is the time constant of the system. Now we solve this LCCDE by
taking the Laplace transform on both sides of this equation to get:

[s + %] Y(s) = %X(s)7 ie, He(s)= ‘};(((3 = i/;/T (5.110)

We can also get the impulse response hg(t) when vg(t) is treated as output
based on Kirchhoff’s voltage law:
hr(t) = 6(t) — ha(t) (5.111)
Taking the Laplace transform on both sides, we get:
1/7 s
Hols) = 1 — Ho(s) — 1 — _ 5.112
r(s) a(s) s+1/7  s+1/7 ( )

We now consider both the impulse and step responses as well as the filtering
effects of these first order systems.

1. Impulse response function:
Taking the inverse Laplace transform on both sides of Eqs.5.110 and 5.112,
we get:

ho(t) = £V [Ho (s)) = %e‘tﬁu(t) (5.113)
and
ha(t) = £ [Hr(s)] = 6(t) — %e*t/fu(t) (5.114)

2. Step response:
The response of this systems to a step input x(t) = u(t) or X(s) =1/s can
also be found in s-domain as:
1/7 1 1
() o ()X (s) s(s+1/7) s s+1/7 ( )
Taking inverse transform we get the step response:
vo(t) = y(t) = (1 — e V7 )u(t) (5.116)

The step response of the system when the voltage vg(t) across R is treated
as output can be obtained based on Kirchhoff’s voltage law:

vr(t) = u(t) —ve(t) = u(t) — (1 — e /Tu(t) = e /T u(t) (5.117)

The impulse and step response functions for the two first order systems are
shown in Fig.5.2.

3. First order systems as filters:
The filtering effects of the two first order systems are characterized by the mag-

nitudes and phases of their frequency response functions H (jw) = H(s) |S=jw:

1/7
jw+1/7

o)l - |

(wr)?2 +1
(5.118)

1
= ,  [Ho(jw) = —/(jw+1/7) = —tan twr
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Figure 5.2 Impulse (left) and step (right) responses of first order systems

and

wT Vs
= [Hr(jw) = /(jwT) — (5 1) == —tan*
O r(jw) = L(jwT) — L(jwT + 1) 5 — tan (wT)

Jjw

Hp(jw)| =
|Hr(jw)] Jjw+1/7

(5.119)
Both the linear and Bode plots of the two systems are given in Fig.5.3, where
the magnitudes of the two frequency response functions are plotted for 7 =
0.01 (top) and 7 = 0.1 (bottom), and in both linear scale (left) and Bode plots
for their magnitudes (middle) and phases (right) are also plotted. We see that
He and Hpy, respectively attenuate high and low frequencies, and are therefore
correspondingly low and high-pass filters.
The bandwidth Aw of the low-pass filter Ho(jw) is defined as the interval
between zero frequency at which the output power reaches its peak value and
the cutoff frequency w, at which the output power is half of the peak power.
As the output power is proportional to |Hc(jw)|? and He(0) = 1, we have

|He (jwe) _ 1 _ 1
|Hc(0)|? (weT)2+1 2

(5.120)

Solving for w,.., we get the cutoff frequency w. = 1/7. Equivalently we also have
|H(jw)| = 1/v/2 = 0.707 and Lm H (jw.) = 20log |Ho (jw.)| ~ —3 dB.
The filtering effects can also be determined based on the locations of the zero
and pole of the system. For each point jw along the imaginary axis, we define
two vectors corresponding to the zero s, = 0 of Hg(s) and the common pole
of both He(s) and Hg(s) as shown in Fig.5.4:

u=jw, v=jw+1l/T (5.121)
Now the magnitudes of He(jw) and Hg(jw) can be expressed as:

|Ho(jw)| = 1/7|v|,  [Hr(jw)| = |ul|/]v] (5.122)
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Figure 5.3 Filtering effects of first order systems
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Figure 5.4 Qualitative determination of filtering behavior of first order systems

Based on the following two extreme cases:

— When w =0, |u| =0 and |v| = 1/7, we have Hc(0) = 1 and Hr(0) = 0;
— When w = oo, |v] = |u| = o0, we have Ho(joo) = 0 and Hp(joo) = 1.

we conclude that He(jw) and Hg(jw) are low and highpass filters, respec-

tively.

Second order system

In the transfer function H(s) of a second order LTI system, the denominator
polynomial D(s) has an order n = 2, and H(s) is conventionally written in the
following canonic form:

N N N

© D(s) 2+ 2was+wi (s —p1)(s —p2)

The order of the numerator N(s) can be m =0, m = 1, or m = 2, and w,, and ¢
in D(s) are two system parameters called respectively natural frequency, which
is always positive, and damping coefficient. The two poles p; and ps of H(s) are
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the two roots of the denominator quadratic function D(s) = 2 + 2w, s + w2:

{p1 = (=C+ V= Dwn = (= +jv/1 = )wn (5.124)

p2=(—C— /= Dwy, = (== jV1-Cwn
If || > 1, both poles are real, else when || < 1, they form a complex conjugate
pair located on a circle in the s-plane with radius w,:

pre=(—CEjv1—CPw, = |p| etile — wpeti® (5.125)
where
/1 _ (2
lp| = wn, Ip= tan ™" < C ¢ ) (5.126)

The positions of the poles on the circle are determined by the angle ¢.

When the value of { increases from —oo to oo, the pole locations change along
the root locus in the s-plane, as shown in Fig.5.5 from which we see that each of
the two poles follows its own root locus when ¢ moves from —oo to oc:

e Locus of p1: 00 = w,, = jw, = —w, = 0
e Locus of po: 0 = w,, = —jw, = —w, = —

The root locus is further summarized in the table below:

¢ || P1, P2 | comments
(=—-00 o0, 0
—00< (< —1| (=C++/¢2—1)w, | real poles 0 < ps < p;
(=-1 Wn repeated real poles 0 < p1 = p2 = wy,
-1<(<0 (=¢£37/1—(?)w, | complex conjugate pair in quadrants I, VI
(=0 +jwny imaginary poles
0<(<1 (=¢ £ 37/1—(?)w, | complex conjugate pair in quadrants IT, 11T
(=1 —Wp repeated real poles p; = p2 = —w, <0
1<({ <o (—C+ \/QQ — 1w, | real poles py < p;1 <0
(= 0, —o0

We see that only when ¢ > 0, will the two poles be in the left half of the s-
plane and the system is stable. When ¢ = 0, the poles are on the imaginary axis
and system is marginally stable, and when ¢ < 0 the poles are on the right half
plane and the system is unstable.

The behavior of a second order system in terms of its impulse response function
h(t) is determined by the two system parameters w,, and ¢, which are directly
associated with the locations of the poles of the transfer function H(s). In the
following, we show how h(t) can be determined by inverse Laplace transform of
H(s), based on the given pole locations in the s-plane. Here we assume N (s) = 1
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Figure 5.5 Root locus of the poles of a second order system

so that the transfer function is:
1 1
H(s) = = 5.127
(5) $2 +2Cwps+ w2 (s—p1)(s—p2) ( )

If ( = +1, we have

1 1
H(s) = = 5.128
() 2+ 2wps+ w2 (stwy)? ( )

where +w,, are repeated poles of H(s), then we have:

1 -1 +wnt
If |{] # 1, then py # p2, and H(s) can be written the following by partial fraction
expansion:

1 1 1
H(s) = { - } (5.130)
Pr—p2 |S—P1 S—DP2
and the impulse response can be found by inverse Laplace transform:
1
h(t) =L [H(s)] = [eP1t —eP2t] u(t) = C [P — P2t u(t)  (5.131)
P1— P2
where
1 1 1
C = (5.132)

Cpi—P2 2w /P =1 2jwp/1— 2

In the following we consider specifically how h(t) varies when the value of ¢
changes from —oo to co.

® —00 < (< —1, both poles p; > 0 and ps > 0 are on the real axis on the right
side of the s-plane, and both terms e”'* and eP?! grow exponentially as ¢t — oo,
so does their difference:

h(t) = C [e" — P! | u(t), (p1 > p2) (5.133)

The system is unstable.
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(=-1,p1 = ps = —Cw, = w, are two repeated poles still on the right side of
the s-plane. We have:

h(t) = te“ tu(t) (5.134)

which grows without bound when ¢ — oo, the system stays unstable.
—1 < ¢ <0, now the two poles become a conjugate pair in quadrants I and
1V, respectively:

pr2=(—CEtjvV1—C)w, = —wpl + jwag (5.135)

where

wg =wnV1—0C<w, (5.136)

is called the damped natural frequency. Now we have:

1 . )
h(t) = ———————e¢ CWnl[elwal _ gmiwat]y (¢
= g (o)
—Cwnt
S sin(wat)u(t) (5.137)
wq

As ¢ < 0 and therefore —Cw,t > 0, h(t) is an exponentially growing sinusoid,
the system is still unstable.

¢ =0, p1,2 = £jw, are on the imaginary axis, and the system is marginally
stable:

1 [efent — e~dwnt)y () = 1 sin(wnt) u(t) (5.138)

h(t) =
®) 25wy, W,

In particular, when the frequency of the input x(t) = e/“»! is the same as the
system’s natural frequency w,,, the output can be found to be (Eq.5.86):
1 eJwnt

y(t) = H(jw)| elomt — et = —— — — o0 (5.139)

w=w . 2 2 2 _ 4,2
(Jw)? +wi | om0, wp — Wi

The response of the system becomes infinity, i.e., resonance occurs.
0<¢<1,p12=(-C%jy/1—(?w, form a complex conjugate pair in quad-
rants IT and III, respectively. Similar to the case when —1 < ¢ < 0, we have
the same expression for h(t):

e—(wnt

h(t) = o sin(wat)u(t) (5.140)

However, as now ¢ > 0, p; and ps are on the left half plane, and the impulse
response h(t) is an exponentially decaying sinusoid with frequency wgy, the
system is underdamped and stable.

(=1,p1 =p2 = —Cw, = —w, < 0 are two repeated poles on the left side, the
system is critically damped and stable.

h(t) = te “rtu(t) (5.141)
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® 1 < ( < o0, both poles p; < 0 and ps < 0 are on the real axis on the left of the
s-plane, the impulse response is the difference of two exponentially decaying
functions:

h(t) = C(e—\mlt _ e—\l)zlf/)u(t)7 (Ip1] < Ip2|) (5.142)
which decays to zero in time. The system is overdamped and stable.

All seven cases considered above are summarized in the table below:

¢ H H(s) = m ‘ h(t) = C(ePrt — eP2t) ‘ Comments on h(t)
(< -1 C(ePrt — eP2t)u(t) exponential growth
¢(=-1 1/(s — wn)? tewntu(t) exponential growth
-1<(¢<0 67;—:“ sin(wqt)u(t) exponentially growing sinusoid
(=0 1/(s% + w?) u% sin(wpt) u(t) constant sinusoid
0<(<1 87::"1‘ sin(wqt)u(t) exponentially decaying sinusoid
(=1 1/(5 4+ wy)? te nt u(t) critically damped
¢>1 C(e Pt — e=Ip21t) (1) exponential decay

These different impulse response functions h(t) corresponding to different val-
ues of ( are plotted in Fig.5.6. Note in particular the following two cases:

e (< —1,wehave 0 < py < p; and

h(t) = C(eP*! — er2yu(t) ~ Cer! (5.143)

i.e., p1 which is farther away from the origin dominates the system behavior.
e (> 1, we have py < p1 < 0 and

h(t) = C(e—\l)lh‘/ _ e—\l)z‘t)u(t) ~ Ce Pt (5.144)

i.e., p1 which is closer to the origin dominates the system behavior.

In either case, when the non-dominant pole can be neglected, the behavior of the
second order system can be approximated by a first order system with a single
pole p = —1/7.

As a typical example of the second order system, consider a circuit composed
of a resistor R, a capacitor C' and an inductor L connected in series. A voltage
x(t) is applied as the input to the series combination of the three elements and
the output y(¢) is the voltage across one of the three elements. The system can
be described by a differential equation in time domain:

2(t) = vi(t) + va(t) + vo(t) = L% i) + Ri(t) + é /; i(ndr  (5.145)
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Figure 5.6 Impulse response of 2nd order system for different ¢

Taking Laplace transform on both sides, we get an algebraic equation in s-
domain:
1
X(s) =Vi(s) + Vr(s) + Ve(s) = [sL + R+ E] I(s)
=[ZL+ Zr+ Zc|I(s) = Z(s)I(s)

Here Z;, Zr and Zc are the impedances of the circuit elements L, R and C,
respectively, defined as:

Vi(s) _ »_ V&(s) o) = 1/sC = Vels)
I(s)’ Zr=R= I(s) Zo(s) = 1/sC 1(s)

In general, the impedance of an element is the ratio Z(s) = V(s)/I(s) of the
voltage across and current through the element in s-domain (sometimes s = jw
with o = 0), similar to the resistant R = v(t)/i(t) defined by Ohm’s law as the
ratio between the voltage across and current through a resistor R in time domain.

Z(s) =sL = (5.146)

The total impedance Z(s) of the three elements in series is the sum of the
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individual impedances:

_Vis) _ 1 _
Z(S)— I(S) —SL+R+SC—ZL+ZR+ZC (5.147)
|| capacitor C' | resistor R | inductor L
time domain ve(t) = [i(t)dt/C | vr(t) = Ri(t) | vi(t) = Li'(t)
s-domain Ve =1/Cs Vr = RI Vi =1IsL
impedance Z = V/I 1/sC R sL

The transfer function H (s) is the ratio of the output and input voltages, where
the output voltage across any one of the three elements (Vy,, Vg, or Vi) can be
found by treating the series circuit as a voltage divider:

e Qutput is voltage across the capacitor v ()

_Vo(s)  Zco(s) 1/sC B w2 (5.148)
 V(s)  Z(s) Ls+R+1/sC  s2+2(w,s +w? '

Hc(s)

e Output is voltage across the resistor vg(t)

_ Vr(s)  Zgr(s) _ R 20w s

RS =V T 2 T RTIC i Xes ar 019
e Output is voltage across the inductor vy (t)
A L 2
Hy(s) = 28 _ Zels) > ° (5.150)

V(s) Z(s) 7L5+R+1/50252+2Cwn5+w%
Here we have converted the denominator D(s) into the canonical second order
form:

D(s) = s>+ (R/L)s + (1/LC) = s* + 2Cw,s + w? (5.151)
where the damping coefficient ¢ and natural frequency w,, are defined as:

R [C 1
=250, wh=-—=>0 5.152
“=3V1I “r = VI (5.152)

In the following, we further consider some important characteristics of the

second order systems in both time and frequency domains.

1. Impulse response function:
1
ho(t) = L7 He(s)] = w2L™ {—} 5.153
o(t) = £ [He(s) e et IS
Depending on the specific value of ( (0 < (<1, (=1, or ¢ > 1), h(t) takes

one of the three forms in Eqs.5.140, 5.141, 5.142.
2. Step response:
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In s-domain, the response to a step input X (s) = Llu(t)] = 1/s is:

w? 1
Y :H X :—n —
() = He(s)X(5) = g
1 1 1 1
e + 2 (5.154)

Cpipa s pr—pis—pi p2—pis—D2
Specifically, if we assume 0 < ¢ < 1, the two poles are:

P12 = (—CE£jV1—?wn = —Cwp £ jwg (5.155)
We also have:
pip2=wi, P2 —p1 = —2jwa/1 - 2 (5.156)

and the step response in time domain can be obtained by inverse transform:

- 1 D2 D1 .
t :l: 1YS = — |:1— (76p1t__ epzt>:|
o i) wy D2 — D1 D2 — D1
_ L (V=@ vt S IVE = (Cewjwat
i 2jy/1—¢? 2j/1— (2
L e et CHIVI=C jout  C—IVI=C
wi VI-¢ 2j 2j

1| e Cwnt [ gitpiwat _ o—idg—jwat
sl 1_\/1—§2< 2j )]
[ e~ Cwnl

= 1 Ve sin(wqt + @)
where angle ¢ = tan~!(y/1 — (2/() as defined in Eq.5.126. This step response
function is plotted in Fig.5.7.

. Second order systems as filters:

The filtering effects of the three second order systems He(s), Hg(s) and
Hj (s) are characterized by the magnitudes and phases of their frequency
response functions Ho(jw), Hg(jw), and Hy,(jw), as plotted in Fig.5.8, based
on assumed parameters w, = 271000 and ¢ = 0.1 (top) and ¢ = 1/v/2 = 0.707
(bottom). Here the magnitudes of the three frequency response functions are
plotted in linear scale (left), together with their Bode plots of both magnitudes
(middle) and phases (right). We see that when ¢ = 0.1 < 0.707, both He (jw)
and Hy (jw) behave like a bandpass filter similar to Hg(jw) (top row), but
when ¢ > 0.707, they behave respectively as low-pass and high-pass filters
without any peak (bottom row).

Also, the filtering effects of the three systems can be qualitatively estimated
based on the location of the zeros and poles of their corresponding transfer
functions. We first define the following vector one for each of the poles and

(5.157)
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35 4 4.5 5

Figure 5.7 Step response of 2nd order system for different ¢
Step responses corresponding to five different values of : 0, 0.05, 0.5, 1, and

2. The envelop of the step response for ¢ = 0.05 is also plotted to show the
exponential decay of the sinusoid.
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Figure 5.8 Linear and Bode plots of frequency response functions He (jw), Hr(jw),

and Hp (w)

zeros in s-plane:
u=jw, V] =jw-—p1, Us=jw—ps (5.158)
and then observe how each of the three frequency response functions below
changes when w increase from 0 toward oo, as illustrated in Fig.5.9:
— He(s) = w2 /D(s) with two poles but no zero:
2

2
“n “n (5.159)

e )l = 15 ol —pal ~ Torlloa)
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Figure 5.9 Qualitative determination of filtering behavior of second order systems

which is some constant when w = 0 but approaches 0 when w — oo causing

both |v1]| — oo and |ve| — oo, i.e., the system is a low-pass filter.

— Hpg(s) = 2¢wys/D(s) with two poles and one zero:

2Cwn |JW|

2Cwy, |ul

|Hr(jw)|

jw = pilljw —p2|  |vi]|ve]

(5.160)

which is zero when w = 0 or w — o0, but greater than 0 when 0 < w < oo,

i.e., the system is a band-pass filter.

— Hp(s) = s?/D(s) with two poles and two repeated zeros (corresponding to

two vectors w1 = uy = u):

ljw?

|H(jw)]

 jw = pilljw —pa|  |vi||ve]

(5.161)

which is zero when w = 0, but approaches constant 1 when w — oo, i.e.,

the system is a high-pass filter.
4. Peak frequency of second order filters:

The peak frequency w), of a filter H(jw) is the frequency at which |H (jw,)| =
|Hppaz| is maximized. To simplify the algebra, we first define a variable
u = (w/wp)? (where w/w, can be considered as the frequency normalized by
the natural frequency w,,) so that the squared magnitudes of the frequency

response functions can be expressed as:

w2 1
H 1 2 — n _

[He (jw) (jw)? + 2Cwnjw + w2 (w— 12 +4C%u
. 2Cwn jw 4¢C%
[Hr(jw)| ()2 + 2Cwmjw + w2 | (u—1)2 +4C%u

S .
Hy () = |0 o
(jw)? + 2¢wpjw + w? (u—1)2 +4C%u

(5.162)

To find the value u, at which each of these functions is maximized, we take
derivative of each of the functions with respect to u, set the results to zero,
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and then solve the resulting equations to get:

Upe = 1 —2¢? Wpe = Wn/Upe = wny/1 —2¢2

Up, = 1 ie. Wpp = Wny/Upy = Wy
up, =1/(1-2¢%) Wy, = Wny/Up, = wn/y/1—2¢2
(5.163)
We see that the three peak frequencies are different:
we, <wgr, Swr, (5.164)

Substituting these peak frequencies into Eq.5.162, we get the peak values of
the three filters:

|Himazg| = [H(jwpg)| =1
1

[ Hmaze| = [H(jwpe)| = [Hmae, | = [H(jwp, )| = YN (5.165)
Also note that for Ho(jw) and Hp(jw) to behave as a band-pass filter that
reaches a peak value at respectively w,, and w,, given in Eq.5.163, ¢ has to
satisfy the following (for the peak frequency to be real):

1-2¢2>0, e, (<1/V/2=0.707 (5.166)

If ¢ > 1/+/2 this condition is not satisfied, then |H¢(jw)| is a low-pass filter
that reaches its maximum of 1 at w =0, and |H(jw)| is a high-pass filter
that reaches its maximum of 1 at w = oco. These two cases have already been
illustrated in Fig.5.8.

. Bandwidth of second order bandpass filter:

In general, the bandwidth Aw = w; — ws of a bandpass filter H (jw) is defined
as the interval between two cutoff frequencies w; and wy at which the output
power is half of that at the peak frequency wy:

) . 1 . 1
[H (jun)|* = [H(jw2)|* = SIH(jwp)[* = 5| Himaz | (5.167)

Specifically, for the bandpass filter Hg(jw), Hmaz(0) =1, and at the two
cutoff frequencies we have:

| Hi(joo) . ictu |
— = |H B .EhEE——— 5.168
T U = eage = 61609

Solving this quadratic equation we get two solutions:
urp =1+2¢*+2¢\/1+ ¢ (5.169)

the corresponding cutoff frequencies are:

w2 = wn\/l +2¢2 £2¢V1+¢? (5.170)
and the bandwidth is:

Awg = w1 — wae = 2Cwn (5.171)
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Based on this result, the denominator of the second order transfer function
can also be written as:

D(s) = 8% + Awps + w2 (5.172)

The Unilateral Laplace Transform

The bilateral Laplace transform can be applied to left-sided signals (or anti-
causal systems) as well as right-sided ones (or causal systems). Also, we have seen
that it is a convenient tool for solving differential equations (LCCDESs). However,
the bilateral Laplace transform also has some drawbacks, e.g., it can only find
the particular solutions of a differential equations, as the initial conditions are
not taken into consideration. This problem can be overcome by the unilateral
or one-sided Laplace transform, which can solve a given LCCDE to find the
homogeneous solution due to non-zero initial conditions as well as the particular
solution due to the input on the right-hand side of the equation.
The unilateral Laplace transform of a given signal z(t) is defined as

UL(t)] = X (s) = /0 " a(etdt (5.173)

When the unilateral Laplace transform is applied to a signal z(t), it is always
assumed that the signal starts at time ¢ =0, i.e., 2(¢t) =0 for all ¢ < 0. When
it is applied to the impulse response function A(t) of an LTI system to find
the transfer function H(s) = UL[h(t)], it is always assumed that its impulse
response h(t) = 0 for ¢t < 0, i.e., the system is causal. In either case, the all poles
have to be on the left half s-plane, i.e., the ROC is always in the right half s-
plane. Obviously, the unilateral Laplace transform of any signal z(t) = z(¢)u(t)
is identical to its bilateral Laplace transform. However, when x(t) # x(t)u(t),
the two Laplace transforms are different.

The unilateral Laplace Transform shares all of the properties of the bilateral
Laplace transform, although some of the properties may be expressed in different
forms. Here we will not repeat all the properties except the following, which are
most relevant to solving the LCCDE of an LTI system.

e Time derivative

L{L[%x(t)] — ULLi()] = sX(5) — 2(0) (5.174)

Proof:
UL[%a:(t)] - /O T iBetdt = /O " e tdla(t)] = o(t)e | /0 " a(t)d(e)
= —xz(0) + s /0Oc z(t)e *dt = sX(s) — z(0) (5.175)

We can further get the transform of the 2nd derivative of x(¢):
UL[i(t)] = sUL[z(t)] — #(0) = s X (s) — sx(0) — 2(0) (5.176)
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and in general we have:
UL[z™ (1)) = Zsk (n=1=k) () (5.177)

® The initial value theorem:
If a right-sided signal z(¢) containing no impulse or higher order singularities
at t = 0, its initial value z(0™) (¢ — 0 from ¢ > 0) can be found to be:

z(0h) = }1_{% x(t) = }LIIOIC sX(s) (5.178)

Proof: Consider the Laplace transform of a time derivative:

£lpeto) = /om[%m(t”e‘“dt =a(t)e ™|y ~ /OOO x(t)d(e)
= —2(0) 5 [ a0t = 5X(5) ~0) (5.179)
0

At the limit s — 0, the equation becomes:

lig(l) /000 %x(t)e’“dt = /OOC dx(t) = z(c0) — z(0) = Ei%[SX(S) — x(0)]
(5.180)

?i% sX(s) = x(c0) (5.181)

® The final value theorem:
If a right-sided signal z(¢) has a finite limit as ¢ — oo, this final value can also
be found to be:

z(o0) = tlilgo x(t) = llg(l) sX(s) (5.182)
Proof: At the limit s — oo, Eq.5.179 becomes:
811:?)10 000 ix(t)e’“dt =0= SILHOL[SX(S) — z(0)] (5.183)
ie.,
8113)10 sX(s) = z(0) (5.184)

Due to these properties, the unilateral Laplace transform is a powerful tool
for solving LCCDEs with non-zero initial conditions.

Example 5.9: We consider Example 3.4 in Chapter 3 one more time, where the
LCCDE of the first order system is:

T(t) +y ==z (5.185)
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Taking the unilateral Laplace transform on both sides, we get:

X(s) TYo

—190)Y(s) =X ie. Y(s)= 1
5= (9) = X(s), G V()= k4T (5.180)
where yo = y(t) is the initial condition. Now we consider two cases:
e When z(t) = u(t), i.e., X(s) = 1/s, the output is:
1 1 TYo 1 T TYo
Vis) = = = _ 5.187
() ss7’—|—1+sr—|—1 s ST—|—1+ST+1 ( )

Taking inverse transform we get:
y(t) =1+ (yo — Ve " Tu(t) = (1 — e/ T)ult) +yoe Tu(t)  (5.188)

These two terms represent respectively the charge of the capacitor C' by the
input z(t) = u(t) and the discharge of the initial voltage y(0) = yo (superpo-
sition property of linear systems).
e When z(t) = §(t), i.e.,, X(s) = 1, the output is:
1 TYo

Y(s) = — 1
() ST+1+ST—|—1 (5.189)

Taking inverse transform we get:

y(t) = [% + yo} et Tu(t) (5.190)

This result represents the discharge of the total voltage across the capacitor,
including the instantly charged voltage u(t)/T and the initial voltage y(0) =
Yo. In particular, under zero initial condition y(0) = yo = 0, we get the impulse
response:

y()],,—o = 1(0) = le_t/Tu(t) (5.191)

T

All these results are consistent with Example 3.4.

Example 5.10: A 2nd-order system is described by this LCCDE:

d? d
S(0) + 35 (0) + 2(1) = (1) = au(t) (5.192)
with initial conditions
y(0) =06, 9(0)=~ (5.193)

To find y(t), we first apply unilateral Laplace transform to the differential equa-
tion to get

s2Y (s) — s — v+ 3sY(s) =38 +2Y(s) = (s> +35+2)Y(s) — Bs —y—3B3=a/s
(5.194)
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Solving this algebraically for Y (s) we get:

o B(s +3) n v
s(s+1)(s+2) (s+1)(s+2) (s+1)(s+2)

Y(s) = = Y (s) + Yi(s)

(5.195)
This is the general solution of the LCCDE which is composed of two parts:

e The homogeneous (zero-input) solution due to the nonzero initial con-
ditions y(0) # 0 and y(0) # 0 with zero input z(¢) = 0:
5+3
Yals) = B(s+3) gl
(s+1)(s+2) (s+1)(s+2)

e The particular (zero-state) solution due to the nonzero input z(t) # 0
but with zero initial conditions y(0) = ¢(0) = 0:

(5.196)

«

Y, (s) = ————— 5.197

b(s) s(s+1)(s+2) ( )

Given specific values for a, # and v such as « =2, § = 3 and 7 = —5 and using
the method of partial fraction expansion, we can write Y (s) as:

B B 2 3643 1 5
Y(s) =Y,(s) + Yu(s) = [s(s+1)(8+2) (s+1)(5+2)] (s+1)(s+2)

|1 2 n 1 n 1 n 2
s s+1 s+ 2 s+1 s+2

Taking the inverse Laplace transform on both sides we get the solution in time

domain solution:

1 2 1
= L‘1Y = L_l P
wlt) =UL 6] =L [ -

} =[1—2e" + e *u(t)

yn(t) = UL Y (s)] =UL™! [s i 1 + . i 2} = [e7" 4 2e Hu(t)
and
y(t) = yn(t) + yp(t) = [1 — e " + 3 *u(t) (5.198)

If bilateral Laplace transform is applied to the same LCCDE, we get
2
$2Y (s) + 3sY () + 2V (s) = (2 + 35 + 2)V(s) = % == (5.199)
Solving this for Y (s) and taking inverse transform, we get:
2
Yis)= — "
)= 5T D61

This is the particular solution above with zero initial conditions. From this we

y(t) = [e7" + 2e 7 u(t) (5.200)

see that bilateral Laplace transform can only solve an LCCDE system of zero
initial conditions. When the initial conditions of the system are not all zero,
unilateral Laplace transform has to be used.
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The Z-Transform

Similar to the Laplace transform, the Z-transform is also a powerful tool widely
used in many fields, especially in digital signal processing and discrete system
analysis/design. Much of the discussion below is similar to and in parallel with
the previous discussions for the Laplace transform, with the only essential dif-
ference that all signals and systems considered here are discrete in time.

From Discrete Time Fourier Transform to Z-Transform

The Z-transform of a discrete signal z[m] can be considered as the generalization
of the discrete-time Fourier transform (DTFT) of the signal:
o0
Flafm]l = > am]e ™ = X(e/*) (5.201)
m=—0o0

Here we adopt the notation X (e/*) for the DTFT spectrum, instead of X (f) or
X (w) used previously, for some reason which will become clear later. Note that
this transform is based on the underlying assumption that the signal x[m] is
square summable so that the summation converges and X (/) exists. However,
this assumption is not true for signals such as x[m] = m, z[m] = m?, and z[m] =

eam

, all of which grow without a bound when |m| — oo, and are not square
summaable. In such cases, we could still consider the Fourier transform of a
modified version of the signal z/[m] = z[m]e 7™, where e”?™ is an exponential
factor with a real parameter o, which can force the given signal z[m] to decay
exponentially for some properly chosen value of o (either positive or negative).
For example, z[m] = e*"u[m] (a > 0) does not converge when m — oo, therefore
its Fourier spectrum does not exist. However, if we choose Re[s] = o > a, the
modified version e~ (7~®™y[m] will converge as m — oo.

In general, the Fourier transform of the modified signal is:

Flz'[m]] = Z x[mle el ™Y = Z x[m]e m(+Iw) — Z x[m]z™™
m=-—00 m=-—00 m=-—00
(5.202)
where z is a complex variable defined as
z=¢e =" =7 = |2|/2 (5.203)

which can be represented most conveniently in polar form in terms of its mag-
nitude |z| = ¢ and angle /z = w. If the summation above converges, it results
in a complex function X (z), which is called the bilateral Z-transform of x[m],
formally defined as:

X(2)=Z[zlm]] = Y zlm]z™ (5.204)
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Here X (z) is a function defined over a 2-D complex z-plane typically represented
in polar coordinates of |z| and /z. Similar to the Laplace transform, here the
Z-transform X (z) exists only inside the corresponding region of convergence in
the z-plane, composed of all z values that guarantee the convergence of the
summation in Eq. 5.204. Due to the introduction of the exponential decay factor

—o™ we can properly choose the parameter ¢ so that the Z-transform can be

e
applied to a broader class of signals than the Fourier transform.

If the unit circle |z2| = e” =1 (when 0 = 0 and s = jw) is inside the ROC, we
can evaluate the 2-D function X (z) along the unit circle with respect to z = /¢
from w =0 to w =27 to obtain the Fourier transform of z[m]. We see that
the 1-D Fourier spectrum X (e?“) of the discrete signal x[m] is simply the cross
section of the 2D function X (z) = X (|z|e’*) along the unit circle z = /¥, which
is obviously periodic with period 27. In other words, the discrete-time Fourier

transform is just a special case of the Z-transform when ¢ = 0 and z = e/«

Flz[m]] = Z[z[m]]| = X(z)| = X (&) (5.205)

z=elw z=elw

This is the reason why sometimes the discrete-time Fourier spectrum is also
denoted by X (e/*).

Given the Z-transform X (z) = Z[z[m]], the time signal z[m] can be found by
the inverse Z-transform, which can be derived from the corresponding Fourier
transform of discrete signals:

Zla[m]] = X(2) = X(e"H) = Y a[m]e” "™ = Flam]e ™| (5.206)

m=-—00

Taking the inverse Fourier transform of the above, we get

) 1 27 o
z[mle ™ = F X (e7T¥)] = Py X (e7T9) ™ d (5.207)
™ Jo
Multiplying both sides by ™7, we get:
1 27 ) )
x[m] = — X (e7Hiw)elotiwimq, (5.208)
27T 0

To further represent the inverse Z-transform in terms of z (instead of w), we note
dz = d(e” %) = e7jel¥dw = jzdw, ie., dw=z'dz/j (5.209)

The integral of the inverse transform with respect to w from 0 to 27 becomes an
integral with respect to z along a circle of radius e?:

x[m] = % %X(z)zmz_ldz/j = % %X(z)zm_ldz (5.210)
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Now we get the forward and inverse Z-transform pair:

X (z) = Z[z[m]] = Z x[m]z™™
2m] = 2 VX (2)] = % j{X(z)zm’ldz (5.211)
which can also be more concisely represented as
z[m] <2 X (2) (5.212)

In practice, we hardly need to carry out the integral in the inverse transform
with respect to the complex variable z, as the Z-transform pairs of most of the
signals of interest can be obtained in some other ways and made available in
table form.

As shown in Eq.5.203, the Z-transform is related to the Laplace transform by
an analytic function z = e® which maps a complex variable s in the s-plane to
another complex variable z in the z-plane and vice versa. This function is called
a conformal mapping as it preserves the angle formed by any two curves through
each point in the complex plane. For example, a vertical line Re[s] = op in the
s-plane is mapped to a circle |z| = e?° centered at the origin in the z-plane, a
horizontal line I'm[s] = jwy in the s-plane is mapped to a ray /z = wp in the
z-plane from the origin in the direction determined by angle wg, and the right
angle formed by the pair of vertical and horizontal lines in the s-plane is mapped
to the right angle formed by the circle and ray in the z-plane, i.e., the right angle
is preserved by the mapping z = e®.

The following three mapping pairs are of particular interest:

e The imaginary axis Re[s] = 0 = 0 in the s-plane is mapped to the unit circle
|z| = e =1 in the z-plane. In particular, the origin s = o + jw = 0 of the
s-plane is mapped to z = e® = e® = 1 on the real axis in the z-plane;

e The vertical line corresponding to Re[s] = 0 = —o0 in the s-plane is mapped
to the origin |z| = ¢ = 0 in the z-plane;

e The vertical line corresponding to Re[s] = 0 = oo in the s-plane is mapped to
a circle with infinite radius |z| = ¢” = co in the z-plane.

Note that the continuous-time Fourier spectrum X (jw) = Flz(¢)] is a non-
periodic function defined over the entire imaginary axis s = jw of the s-plane
in the infinite range —oo < w < oo. But when the signal z(t) is sampled to
become a discrete signal z[m], the corresponding discrete-time Fourier spectrum
X (e9) = F[x[m]] becomes a periodic function over a finite range 0 < w < 27
around the unit circle z = e’* in the z-plane. These results are of course consis-
tent with those obtained in the previous chapters.
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In some applications the Z-transform takes the form of a rational function as
a ratio of two polynomials:

X() = M) _ Ziobet b [T (= = 2)

_ 2k - k 5.213
DE) -~ Siem anlliaGom) O

where the roots z, (k = 1,2,--- ,m) of the numerator polynomial N(z) of order

m are the zeros of X (z), and the roots pg, (k = 1,2, ,n) of the denominator

polynomial D(z) of order n are the poles of X (z). Some of these roots may be
repeated. Obviously we have:

X(zx) =0, and X(pg)=o0 (5.214)

Moreover, if n > m, then X (c0) =0, i.e., 2 = 00 is a zero. On the other hand,
if m > n, then X (00) = o0, i.e, z = 00 is a pole. In general, we always assume
m < n, as otherwise we can expand X (z) into multiple terms so that m < n is
true for each term. Same as in the case of the Laplace transform, the locations
of the zeros and poles of X (z) characterize some essential properties of a signal
x[m].

Region of Convergence

Same as in the Laplace transform, the region of convergence plays an important
role in the Z-transform. Here we consider Z-transform of a set of signals which
are in parallel with those in Example 5.1 of the Laplace transform:

Example 5.11:

1. A right-sided discrete signal x[m] = a~™u[m]:
o0 o0
X(z) = Z x[m]z™™ = Z(az)_m (5.215)
m=-—00 m=0

where a is a real constant. This summation is a geometric series which does
not converge unless |(az)~!| < 1, i.e., the region of convergence (ROC) can
be specified as |z| > 1/|a|, which is the entire region outside the circle with
radius |z] = 1/]a|. Now the summation of the Z-transform above can be further
written as:

o
X(z) = n;)(azfl)m _ ﬁ if |2 > 1/]al (5.216)

Specially when a = 1, we have x[m| = u[m] and
U(z) = Z[ufm]] = 1_71271 if |2 > 1 (5.217)
If we let RQ[S] =0—0,ie, |[z] =1, U(z) wil be evaluated along the unit
circle z = €/¥ and become Z[u[m]|] =1/(1 — e %), which is seemingly the
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Fourier spectrum of u(t). However this result is actually invalid, as |z| =1
is not inside the ROC |z| > 1. Comparing this result with the real Fourier
transform of u[m| in Eq.4.18:

Flulm]] = ﬁ + % > 6(f—n) (5.218)

we see that an extra term >~

d(f —n)/2 in the Fourier spectrum which
reflects the fact that the summation is only marginally convergent when |z| =
1.

. A left-sided signal x[m] = —a~"u[—m — 1]:

00 -1 00
X(z)=— Z a Mul-m—1]z7" = — Z (az) ™ =1- Z(az)”
n=-—oo m=—00 n=0
(5.219)
where we have assumed n = —m. We see that only when |az| < 1, i.e., z is

inside the circle |z| < 1/]a| will this summation converge and X (z) exist:

1
l—az 1—(az)™V’

X(z)=1 if |z] < 1/|al (5.220)
. A two-sided signal z[m] = o~ ™ = a="u[m] + a™u[—m — 1]:
The transform of this signal is the sum of the transforms of the two individual
terms. According to the results in the previous two cases, we get:
! 1
T 1—(az)! 1—az U

X(2) |z| > 1/|al, |z] < |a] (5.221)
provided the intersection of the two individual ROCs is non-empty, i.e.,
1/]a|] < |z] < |a|, which is possible only if |a| > 1, i.e., z[m] decays when
|m| — oo. However, if |a| < 1, the intersection of the two ROCs is an empty
set, and the Z-transform does not exist, reflecting the fact that xz[m] grows
without bound when |m| — co.

Based on the examples above we summarize a set of properties of the ROC:

If a signal z[m| of finite duration is absolutely summable then its transform
X (z) exists for any z, i.e., its ROC is the entire z-plane.

The ROC does not contain any poles because by definition X (z) does not
exist at any pole.

Two different signals may have identical transform but different ROCs. The
inverse transform can be carried out only if an associated ROC is also specified.
Only the magnitude |z| = e” of z determines the convergence of the summa-
tion in the z-transform and thereby the ROC. The angle /z has no effect on
the convergence. Consequently the ROC is always bounded by two concen-
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tric circles centered at the origin corresponding to two poles p; and ps with
[p1] < |p2]- Tt is possible that |p1| = 0 and/or |ps| = oc.

e The ROC of a right-sided signal is outside the outermost pole; The ROC of a
left-sided signal is inside the innermost pole. If a signal is two-sided, its ROC
is the intersection of the two ROCs corresponding to its two one-sided parts,
which can be either a ring between two circles or an empty set.

e The Fourier transform X (e/“) of a signal x[m] exists if the ROC of the cor-
responding Z-transform X (z) contains the unit circle |z| = 1, i.e., z = e/*.

The zeros and poles of X (z) = Z[xz[m]] dictate the ROC and thereby the most
essential properties of the corresponding signal z[m], such as whether it is right
or left-sided, whether it grows or decays over time. Moreover, the zeros and poles
of the transfer function H(z) = Z[h[m]] of an LTI system dictate its stability and
filtering effects. All such properties and behaviors can be qualitatively charac-
terized based on the locations of the zeros and poles of in the z-plane, as we will
see in the later discussions.

Example 5.12: Find the time signal corresponding to the following Z-transform:

1 1/5 6/5
X(2) = = - 5.222
=) (1—3z71)(1—-2271) 1—3z71 T1c 2271 ( )

This function has two poles: py = 1/3 and ps = 2. Now consider three possible
ROCs corresponding to three different time signals:

e |z| > 2: The ROC is outside the outermost pole pa = 2, both terms of X(z)
correspond to right-sided time functions:

1 1.1
olm) = —3 (3)"ulm] + £ ()" ulm) (5.223)
® |z| < 1/3: The ROC is inside the innermost pole p; = 1/3, both terms of X (z)
correspond to left-sided time functions:

1 1
= _(=\m —_ — ]_ — ==
LG ulm 1] -
® 1/3 <|z] <2: The ROC is a ring between the two poles, the two terms cor-

respond to two different types of functions, one right-sided while the other
left-sided:

x[m] )" u[—m — 1] (5.224)

1.1, 1
—g(g) u[m] — g(g

In particular, note that only the last ROC includes the circle |z] =1 and the

x[m] = )" u[—m — 1] (5.225)

corresponding time function x[m] has a discrete Fourier transform. Fourier trans-
form of the other two functions do not exist.
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Example 5.13:
e Let z[m] = 0 for all m except m = —1,0, 1, then

1
1
X@%:E:z””=;+l+z (5.226)

m=—1

As z27™ = 0o when z = 00 or z = 0, neither of these two z values is included
in the ROC.

z[m] = o™ = v ufm] + b u[—m — 1] (5.227)

For the right-sided part:

oo o]

1
m _ m.—m __ —1\m __
Z™ulm]) =Y 0" = (b )" = T A>b (5.228)
m=0 m=0
For the left-sided part:
-1 0
ZhMuf-m =] = Y b =) (be)" -1
m=-—00 m=0
1 -1
- 1l=— 1/b
1—bz 1—(bz)~! Izl <1/
The ROC for both parts combined is the intersection of the individual ROCs:
b<|z|<1/b (5.229)

When b < 1, x[m] decays on both sides as m — oo and its ROC is a ring.
But when b > 1, x[m] grows on both sides and it is not absolutely summable,
correspondingly its ROC is an empty set, i.e., its Z-transform does not exist.

Properties of the Z-Transform

The Z-transform has a set of properties many of which are in parallel with
those of the discrete-time Fourier transform. The proofs of such properties are
therefore ommitted as they are similar to that of their counterparts in the Fourier
transform. However, here we need to pay special attention to the ROCs. In the
following, we always assume:

Zlzm]] = X(2), Zlylm]l =Y (2) (5.230)

with R, and R, as their corresponding ROCs. If a property can be easily derived
from the definition, the proof is not provided.

e Linearity

Zlaz[m] + by[m]] = aX (2) +bY (2) ROC 2 (R, N Ry) (5.231)
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Similar to the case of the Laplace transform, the ROC of the linear combina-
tion of z[m] and y[m| may be larger than the intersection of their individual
ROCs R, N Ry, due to reasons such as zero-pole cancellation.

Time shifting

Z[zlm —mp]] = 27" X (2), ROC =R, (5.232)
Time reversal
Zlz[-m]] = X(1/z), ROC=1/R, (5.233)
Proof
Zla[-m]] = Y al-mlzm =Y x[n](%)*n =X(1/z) (5.234)
where n = —m.
Modulation
Z[(=1)™z[m]] = X (—=2) (5.235)

Here modulation means every other sample of the signal is negated.
Proof:

Z[(-D)"afm] = Y alm](-1)" = Y alml(-2) " = X (=)
o T (5.236)
Down-sampling
Zla)[m]] = %[X(Z”Q) + X (=2"%)] (5.237)

Here the down-sampled version x (o) [m] of a signal x[m] is composed of all the
even terms of the signal with all odd terms dropped, i.e., z(2)[m] = x[2m)].
Proof:

Zeemll = 3 alpmlzm = 3, afnleVHT
m=-e0 n=- —20,,2
~ 1S G 3 bl
= %[X(zm) + X (=212 (5.238)

where we have assumed n = 2m. The second equal sign is due to the fact that
the sum of the two terms is zero when n =---,-3,—1,1,3,--- is odd.

e Up-sampling

Z[z®m]] = X (z%) (5.239)
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Here 2% [m] is defined as:

(5.240)

20 [m] = x[m/k] if m is a multiple of k
0 else

i.e. 27 [m] is obtained by inserting k — 1 zeros between every two consecutive
samples of z[m].
Proof:

o] o]

2P m)) = Y alm/klem = Y aln)z = X () (5.241)

m=-—o00 n=-—o00

Note that the change of the summation index from m to n = m/k has no
effect as the terms skipped are all zeros.
Convolution

Z [z[m] xy[m]] = X (2)Y(z), ROC 2 (RyNRy) (5.242)

The ROC of the convolution could be larger than the intersection of R, and
Ry, due to the possible pole-zero cancellation caused by the convolution.
Autocorrelation

Z

Z x[klxlk — n]] =X(2)X(z (5.243)
2

Proof:

The autocorrelation of a signal x[n] is the convolution of the signal with its
time reversed version. Applying the properties of time reversal and convolu-
tion, the above can be proven.

Time difference

Zz[m] —xm -1 =1 -2"1X(2), ROC =R, (5.244)
Proof:
Zlz[m] —x[m —1]] = X(2) — 27 ' X(2) = (1 — 27 1) X (2) (5.245)

Note that due to the additional zero z = 1 and pole z = 0, the resulting ROC
is the same as R, except the possible deletion of z = 0 caused by the added
pole and/or addition of z = 1 caused by the added zero which may cancel an
existing pole.

Time accumulation

k=—o00

3 m[k]] - 1_71271)((2) (5.246)

Proof: First we realize that the accumulation of z[m] can be written as its
convolution with u[m]:

u[m] * x[m] = Z ulm — k|zlk] = Z x[k] (5.247)
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Applying the convolution property, we get

m

2| Y olkl| = Zlulm] = o] = - _1271X(z) (5.248)
k=—00
as Zulm]] =1/(1 — z74).
Scaling in Z-domain
Z[2lzim]] = X (Z—ZO) ., ROC = |z| R, (5.249)

Proof:

Z [zl a[m]] i x[m] (;1)_1 =X (Z_i)> (5.250)

In particular, if zg = e/*°, the above becomes
Z [ef™0x[m]] = X(e/°z), ROC =R, (5.251)

The multiplication by e™7“° to z corresponds to a rotation by angle wq in
the z-plane, i.e., a frequency shift by wg. The rotation is either clockwise
(wo > 0) or counter clockwise (wp < 0) corresponding to, respectively, either
a left-shift or a right shift in s-domain. The property is essentially the same
as the frequency shifting property of discrete Fourier transform.
Conjugation

Z[2*[m]] = X*(*), ROC = R, (5.252)

Proof: Complex conjugate of the Z-transform of x[m] is

X*(2) = l > x[m]zm] = > am](z)" (5.253)

m=—00 m=—00

Replacing z by z*, we get the desired result.
Differentiation in z-Domain

d

Z [ma[m]] = —EX(Z), ROC =R, (5.254)
Proof:
dilzX(z) = Z x[m]dilz(z_m) = Z (—=m)x[m]z~™ 1 (5.255)
d
Z [mzx[m]] = —ZEX(Z) (5.256)

Example 5.14: Consider the following examples:
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%x[n]

012345678 910

Xdown[n]

012345678 910

X ] [n]=x10wnfup [n]

4

012345678 910

Figure 5.10 Down and up sampling

® The Z-transform of a modulated, time-reversed and shifted signal (—1)"x[k —
n| is

Z[(-1)"zlk —n]] = Z (=D)"z[k —nlz™" = Z zlk —n](—z)™"
= Y aml(=2)"F = (=) Y alm](—2) " = (—2) P X (=27

(5.257)

where m = k — n.
e The Z-transform of a signal z[n] first down-sampled then up-sampled is

X'(z) = %[X(z) + X(=2)] (5.258)

which can be obtained by applying the properties of down-sampling and up-
sampling in Eqs.5.237 and 5.239. To verify this result, we apply the property
of modulation in Eq.5.235 to the second term and get:

1

@n) = Z7X'(2)] = 5[3_1[)((2)] + Z7MX(=2)]]
_ %[m[n] 4 (=1)"afn]] = {g[”] e (5.259)

e Taking derivative of the right side of

1
Zla™u[m]] = =" |z| > a (5.260)
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we get
d 1 —az"?
el = 5.261
dz[l—az—l] (1 —az"1)2 ( )
Due to the property of differentiation in z-domain, we have
Zima™uim] =~ |2l >a (5.262)
ma™ulm|] = ——, .
Note that for a different ROC |z| < a, we have
m az !
Z[-ma™u[-m —1]] = Tt || <a (5.263)
5.2.4 Z-Transform of Typical Signals
o 8lm], 8fm — 7]
[o¢]
Z[[m]l = > dmlz™ =1, forall z (5.264)
Due to the time shifting property, we also have
Z[6[m —n]]=2"", forall z (5.265)
o u[m], a™u[m], ma™u[m)]
o0 . 1
Zum]] =Y 2" = — ll>1 (5.266)
m=0
Due to the scaling in z-domain property, we have
1 1
Zla™u[m]] = |z| > a (5.267)

T1- (2/a)"1  1—az"V’
Applying the property of differentiation in z-Domain to the above, we have

d 1 —az"? az™t
=—z = |z] > a

e P e KA (e
(5.268)

o ctimwoym], cos[mwolulm], sin[mwo)u[m]
Applying the scaling in z-domain property to Z[u[m]] = 1/(1 — z7'), we have
1 1

Z[e?™woy[m]] = T (eroa) T i || > 1 (5.269)

and similarly, we have
1

Z[e—jmwo u[m]] = =

2] > 1 (5.270)
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Moreover, we have
edmwo 4 emimwo 1 1 1
2 ulml] = 5[1—ej“’02*1 + 1— e Jwoy—l
92— (ejwo + e*jwo)zfl
2[1 — (e3wo 4+ e9wo)z=1 + 272
1 — coswpz~"

= T > (5.271)

Z[cos(mwo)ulm]] = Z|

]

Similarly we have

sinwgz~*

Z[sin(mwo)ulm]] |z| > 1 (5.272)

1 2coswpz™ !t + 272’
o rcos[muwolulm], r™ sin[mwolu[m)
Applying the z-domain scaling property to the above, we have

1—r coswoz’1

Z[r™cos(mwo)u[m]] |z| >r (5.273)

1 —2r coswpz=t +r2z=2’
and

r sinwz *

Z[r™ sin(mwo)u[m]] |z| >r (5.274)

1 — 27 coswpz=1 + r2z=2’

Analysis of LTI Systems by Z-Transform

The Z-transform is a convenient tool for the analysis and design of discrete LTI
systems whose output y[m] is the convolution of the input a[m] and its impulse
response function h[m]:
[o¢]
y[m] = Olz[m]] = hlm] * x[m] = Z hlk]z[m — k] (5.275)
k=—00

In particular, if the input is an impulse z[m] = §[m], then the out is the impulse
response function:

y[m] = O[0[m]] = h[m] * é[m] = Z h[n]o[m — n] = him] (5.276)

S

If the input is a complex exponential x[m] = 5™ = 2™ where z = e* = 7%,

then the output is:

ym) = 0" = Y hlklzmF =2m Y bk P = H(z)2" (5.277)

k=—00 k=—00

where H(z) is the transfer function of the system, first defined in Eq.1.88 in
Chapter 1, which is actually the Z-transform of the impulse response h[m] of the
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system:

o0
H(z)= > hlk]z"" (5.278)
k=—00

Note that Eq.5.277 is the eigenequation of any discrete LTT system, where the
transfer function H(z) is the eigenvalue, and the complex exponential input
x[m] = e*™ = 2™ is the corresponding eigenfunction. In particular, if we let o =
0,i.e., 2 = ¥, then the transfer function H(z) becomes the discrete-time Fourier

transform of the impulse response h[m] of the system:
H(z)|,_. =H(®) = > hlmle 7™ = F[hm]] (5.279)

m=-—00

s=jw

This is the frequency response function of the discrete LTI system first defined
in Eq.4.81 of Chapter 3.

Moreover, due to its convolution property of the Z-transform, the convolution
in Eq.5.275 can be converted to a multiplication in z-domain:

ylm|] = him] * x[m)| 2, Y(2)=H(2)X(2) (5.280)

Based on this relationship the transfer function H(z) can also be found in z-
domain as the ratio of the output Y (z) and input X (z):

(5.281)

The ROC and poles of the transfer function H(s) of an LTI system dictate
the behaviors of system, such as its causality and stability.

e Stability
Also as discussed in Chapter 1, a discrete LTI system is stable if to any
bounded input |z[m]| < B its response y[m] is also bounded for all m, and its
impulse response function h[m| needs to be absolutely summable (Eq.1.96):

> |hm]| < oo (5.282)

m=—00

ie., the frequency response function F[h[m]] = H(e/*) = H(z)|___,. exists.
In other words, an LTI system is stable if and only if the ROC of its transfer
function H(z) includes the unit circle |z| = 1.

e Causality
As discussed in Chapter 1, a discrete LTI system is causal if its impulse
response h[m] is a consequence of the impulse input §[m], i.e., h[m] comes

after 6[m]:

hlm] m >0

h[m] = h[m]u[m] = {O m < 0

(5.283)
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and its output is (Eq.1.97):

ylm] = Y hnlz[m —n] = Y h[n]z[m — n] (5.284)
n=-00 m=0

We see that the ROC of H(z) is the exterior of a circle. In particular, when
H(z) is rational, the system is causal if and only if its ROC is the exterior of
a circle outside the outermost pole, and the order of numerator is no greater
than that of the denominator so that z = oo is not a pole (H(00) exists).

Combining the two properties above, we see that a causal LTI system with a
rational transfer function H(z) is stable if and only if all poles of H(z) are inside
the unit circle of the z-plane (the magnitudes of all poles are smaller than 1).

Many LTT system can be described by a linear constant-coefficient difference
equation (LCCDE) in time domain

N M
> agylm — k] =Y bpx[m — k] (5.285)
k=0 k=0

Taking Z-transform of this equation, we get an algebraic equation in the z
domain:

N M
Y(z)[z apz " = X(s)[z bz (5.286)
k=0 k=0
The transfer function of such a system is rational:
_Y(2) _ Sptobert _ N() _bar [Tl (2 — 20,)
H(z) = = Lk = = M Lk (5.287)
X(z)  Spgaz®  D(z)  an [[i,(z — z0,)
where z, (k=1,2,---, M) are the roots of the numerator polynomial N(z),

and pg, (k=1,2,---,N) are the roots of the denominator polynomial D(z),
they are also respectively the zeros and poles of H(z).

Note that just as the LCCDE alone does not completely specify the relation-
ship between x[m] and y[m/| (additional information such as the initial conditions
is needed), the transfer function H(z) does not completely specify the system.
For example, the same H (z) with different ROCs will represent different systems
(e.g., causal or anti-causal).

Example 5.15: The input and output of an LTI system are related by

y[m] — %y[m — 1] = afm] + %x[m 1 (5.288)

Note that without further information such as the initial condition, this equation
does not uniquely specify y[m| when x[m] is given. Taking Z-transform of this
equation and using the time shifting property, we get

Y(z) — %z_lY(z) =X(2)+ %z_lX(z) (5.289)
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and the transfer function can be obtained

Y(z) 1+3z7! 1 1
= = 14 - 5.290
X(z) 1-3271 1—%2*1( +3Z ) ( )

H(z) =

Note that the causality and stability of the system is not provided by this equa-
tion, unless the ROC of this H(z) is specified. Consider these two possible ROCs:

e IfROC s |z| > 1/2, it is outside the pole z, = 1/2 and includes the unit circle.
The system is causal and stable:
1 1.1
h =(=)" (=
[m] = (5)™ulm] + 3(3
e If ROC is z| < 1/2, it is inside the pole z, = 1/2 and does not include the
unit circle. The system is anti-causal and unstable:

hlm] = —(l)mu[—m -1] - %(%)mflu[—m] (5.292)

)" uim — 1] (5.291)

The Unilateral Z-Transform

Same as the bilateral Laplace transform, the bilateral Z-transform does not take
initial condition into consideration while solving difference equations, and this
problem can be resolved by the unilateral Z-transform defined below:

UZ[zn)] = X(2) = > a[mlu[m]z"™ =Y a[m]z"" (5.293)
m=-—00 m=0

When the unilateral Z-transform is applied to a signal z[m], it is always assumed
that the signal starts at time m = 0, i.e., 2[m] = 0 for m < 0; when it is applied
to the impulse response function of a LTI system to find the transfer function
H(z) =UZ[hIm]], it is always assumed that the system is causal, i.e., h[m] =0
for m < 0. In both cases, the ROC is always the exterior of a circle.

By definition, the unilateral Z-transform of any signal x[m] = x[m]u[m] is iden-
tical to its bilateral Z-transform. However, when z[m] # x[m]u[m], the two Z-
transforms are different. Some of the properties of the unilateral Z-transform
different from the bilateral Z-transform are listed below.

e Time advance

=2[)_aln]e™" — 2[0] = 2X(2) — 22[0] (5.294)

where n = m + 1.
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Time delay
UZ[x[m —1]] = Z zfm— 1)z =z"! Z x[n]z™"
m=0 n=-—1
= z_l[z z[n)z " + zx[—1]] = 271X (2) + z[~1]
n=0

where n = m — 1. Similarly, we have

UZ[x[m —2]] = x[m — 2]z = 272 Z x[n]z™"
m=0 n=-2

301

(5.295)

= 272[2 z[n]z™™ + za[—1] + 2%2[-2]] = 272X (2) + z[-1]z" " + z[-2]

n=0

where n = m — 2. In general, we have
UZ[x[m —mg]] = 27 X (2) + 2Pk — my)

Initial value theorem
If x[m] = z[m]u[mn], i.e., x[m] = 0 for m < 0, then

z[0] = lim X (z)

Z—00

Proof:

All terms with n > 0 become zero as z~
first one which is always 2[0].

Final value theorem

If z[m] = z[m]u[m], i.e., x[m] = 0 for m < 0, then

lim x[m] = lim(1 — 27 1) X (2)
m—00 z—1

Proof:

(5.296)

(5.297)

(5.298)

(5.299)

=1/2™— 0 as z — 00, except the

(5.300)

Zz[m] —z[m —1]] = X (2) = X(2)z7! = Z [x[m] — x[m — 1]]z"™ (5.301)

3
o

i.e.
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Letting z — 1 in the above, we get

N
lim(1— 27X (2) = lim Y [z[m] — z[m — 1]]

z—1 N—oo
m=0

N-1
= lim {3 [afm] — xlm]] + 2[N] - 2[~1]} = lim [N}
=0

N—o0
as z[—1] = 0.

Due to these properties, the unilateral Z-transform is a powerful tool for solving
LCCDESs with non-zero initial conditions.

Example 5.16: A system is described by this LCCDE
y[m] + 3y[m — 1] = z[m] = au[m] (5.303)

Taking unilateral Z-transform of the DE, we get

Y(2)+3Y ()27 +3y[-1] = X(2) = _O‘Z_l (5.304)

e The particular (zero-state) solution
If the system is initially at rest, i.e., y[—1] = 0, the above equation can be
solved for the output Y (2) to get

B 1 a  3a/4 n a/4
143271 1—21 143271 1-—z1

Y(z) = H(2)X(2) (5.305)

where H(z) = 1/(1 + 327!) is the system’s transfer function. In time domain
this is the particular (or zero-state) solution (caused by the input with zero
initial condition):

+ —(=3)"u[m] (5.306)

e The homogeneous (zero-input) solution
When the initial condition is nonzero

y[-1] =8 (5.307)

but the input is zero z[m] = 0, the Z-transform of the difference equation
becomes

Y(2)+3Y(2)z2 1 4+38=0 (5.308)

Solving this for Y (z) we get

(5.309)
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In time domain, this is the homogeneous (or zero-input) solution (caused by
the initial condition with zero input):

yn[m] = =38(=3)"u[m] (5.310)

When neither y[—1] nor xz[m] is zero, we have
a

Y(2)+3Y(2)z ' +33=X(2) = T (5.311)
Solving this algebraic equation in z-domain for Y'(z) we get
« 30

Y(z)= — 5.312

)= G a1  1rse (5:312)
The first term is the particular solution caused by the input alone and the second
term is the homogeneous solution caused by the initial condition alone. The Y (z)
can be further written as

1 3 1

@
Y() = amGe =30+ g15= (5.313)
and in time domain, we have the general solution
3 m o
yglm] = [(For = 38)(=3)" + lulm] = ynlm] + yp[m] (5.314)

4 4
which is the sum of both the homogeneous and particular solutions.

Note that bilateral Z-transform can also be used to solve LCCDEs. However,
as bilateral Z-transform does not take initial condition into account, it is always
implicitly assumed that the system is initially at rest. If this is not the case,
unilateral Z-transform has to be used.

Example 5.17: The input to an LTI is
z(t) = e 3tu(t) (5.315)
and the output is
y(t) = h(t) * z(t) = (e7" — e 2)u(t) (5.316)

We want to identify the system by finding h(t) and H(s). In s-domain, input
and output signals are

X(s)= . i 3 Re[s] > —3 (5.317)

1 1 1
s+1 s+2 (s+1)(5+2)
The transfer function can therefore be obtained
Y (s) s+3 s+3

His)= X(s) (s+D(s+2) s2+3s5+2 (5:319)

Rels] > -1  (5.318)
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This system H (s) has two poles p1 = —1 and ps = —2 and therefore three possi-
ble ROCs: Re[s] < —2, —2 < Rels] < —1 and Re[s] > —1 corresponding to left-
sided (anti-causal), two-sided and right-sided (causal) system, respectively. To
determine which of these ROCs the system has, recall that the ROC of a convo-
lution Y'(s) = H(s) * X(s) should be no less than the intersection of the ROCs
of H(s) and X(s), i.e., the ROC of H(s) must be Re[s] > —1, i.e., the system
is causal and stable. The inverse Laplace transform of Y(s) = H(s)X (s) is the
LCCDE of the system:
d? d d
Ey(t) + 3Ey(t) +2y(t) = Ex(t) + 3x(t) (5.320)

Example 5.18: Find the inverse of the given Z-transform
X(z) =422 +2+3271 (5.321)

Comparing this with the definition of Z-transform:

X()= 32 almle ™ = --al-20® +al-1]e! +al0] + altle + al2]z 2 4 -
T (5.322)
we get
x[m] = 40[m + 2] 4 26[m] + 36[m — 1] (5.323)
In general, we can use the time shifting property
Z[8[m + myo]] = 2™ (5.324)

to inverse transform the X (z) given above to z[m] directly.

/]]—

The Z-transform is also widely used to characterize discrete, linear, and time-
invariant (LTI) systems. In fact, the transfer function H(z) of a discrete LIT
system defined in Eq.1.88 in Chapter 1 is just the Z-transform of the impulse
response function h[m] of the system:

H(z) = Z h[m]z=™ = Z[h|m]] (5.325)

m=—00

In particular, if we let Re[s] =0 =0, i.e., 2= e/, the above becomes the
discrete-time Fourier transform of h[m]:

=H(e/)= Y hlmle 7™ = F[h[m]| (5.326)

m=—00

H(z)l

z=eiw



The Laplace and Z Transforms 305

This is the frequency response function of the LTI system defined in Eq.4.81 of
Chapter 4.

Example 5.19:
z(t) = e Dyt + 1) (5.327)
This signal is right-sided starting at t = —1 (i.e., (t) # x(t)u(t)). By definition,

the bilateral Laplace transform of x(t) is

o0 00
Llz(t)] :/ e—a(t+1) g =st gy e—a/ o (ats)t gy

e @ e’
- - —(a+s)t | _ - _
—(a—i—s)e 5 a+s’ Rels] > —a

The unilateral Laplace transform of this signal is

o0 o0
UL[x(t)] = / eia(t+1)€78tdt = eia/ e*(a+8)tdt

0 0
—a —a
= 676_(a+5)t|00 = c , Re[s] > —qa
—(a+ s) O a+s
Example 5.20:
z[m] = a " Dy[m 4 1] (5.328)

This signal is right-sided starting at m = —1 (i.e., z[m] # x[m]u[m]). By defini-
tion, the bilateral Z-transform of z[m] is

0 00 -1

_ —(m+1) ,—m __ -1 —m_—m __ a B z
Z[xz[m]] —mgla M =z4+a mzz:oa 2=z 4 1= (a2) 11— (az)!

(5.329)

It was assumed that |z| > a. The unilateral Z-transform of this signal is
00 00 -1
_ —(m+1) ,-—m _ -1 -m __ a
UZ[zIm]] = mzz:oa (m+)-m — g Z::(az) b= = (@) T (5.330)

m=0

If we assume zero initial condition y[—1] = 0,
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6.1.1

Fourier Related Orthogonal
Transforms

The Hartley Transform

Continuous Hartley Transform

Similar to the cosine transform considered previously, the Hartley transform is
also a real integral transform that is closely related to the Fourier transform.
Specifically, the kernel function of the Hartley transform is:

o5 (t) = cas(2m ft) = cos(2m ft) + sin(27 ft)

— V2 sin(2nft + %) = V2 cos(2r ft — %), (—00 < t, f < 00) (6.1)

This kernel function ¢y(t) = cas(2n ft) is the cosine-and-sine function defined
as:

¢5(t) = cas(2m ft) = cos(2m ft) + sin(2w ft) = ¢ (f) (6.2)

which is symmetric with respect to f and t. We can show that this is a set of
uncountable orthonormal functions satisfying;:

<¢rt),Qp(t) >=06(f = f), and < ¢(f), v (f) >=6(t—1t") (6.3)
Proof:

<osl0)000) >= [ " o (g (1) di

— /jo [cos(2m ft) + sin(27 f1)] [cos(2m f't) + sin(2n ft)] dt

- /DO [cos(2m ft) cos(2m f't) + sin (27 ft) sin(27 f't)] dt
+ /DO [cos(2m ft) sin(27 f't) + sin(27 ft) cos(2m f't)] dt
= /DO cos(2m(f — f)t) dt + /DO sin(2m(f + f)t) dt (6.4)

Here the first term is a Dirac delta 6(f — f) according to Eq.1.30, while the
second integral can be dropped as its integrand sin(2x(f + f')t) is odd with
respect to t, so that the integral over all time is zero. Now the inner product

306
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above becomes

< op(t), 0p(t) >=06(f — ) (6.5)
As ¢5(t) = ¢¢(f) is symmetric with respect to ¢ and f, we also have:
< ou(f),du(f) >=0d(t -t (6.6)

The Hartley transform can now be similarly defined as the Fourier trans-
form. Based on the kernel function ¢ (t) = 2™/t = cos(27 ft) + j sin(27 ft), the
Fourier transform is defined as:

o0

Xp(f) = Flo(t)] =< a(t), 6 (t) >= / ()3, (1) dt

-0
= / x(t)e 2™ dt = / x(t)[cos(2m ft) — jsin(2w ft)] dt
-0 -0
Based on a different kernel function ¢ (t) = cos(2n ft) + sin(2n ft), the Hartley
transform is defined as:

Xu(f) =Hlzt)] =< z(t), ps(t) >= /_OO z(t)py(t) dt
= /_OO x(t)[cos(2m ft) + sin(2w ft)] dt (6.7)

Here the transform Xg(f) is a function of frequency f and is therefore called
the Hartley spectrum of the signal x(t), similar to its Fourier spectrum X pg(f).

The inverse Hartley transform can be obtained by taking an inner product
with ¢¢(t') = ¢¢(f) on both sides of the forward transform above:

<Xuloul$)> = [ xXupodrn = [ [ | aterty dt] o) (f) df
= [atr | [ estwors | ar
- [ TR0 — 1) dt = 2(t) (6.8)

oo

We can write both the forward and inverse Hartley transform as the following
pair of equations:

Xp(f) = Hz(t)] = < a(t), ds(t) >= / " () [cos(2 ft) + sin(2r f1)] dt

—00

w(t) =H ' Xu(f)] = < Xu(f),¢:(f) >= /_OO X (f) [cos(2m ft) + sin(27 ft)] df
(6.9)

As @5 (t) = ¢¢(t) is symmetric, the inverse transform H is identical to the forward
transform H~1:

w(t) = [Xu(f)] = HXu(f)] = H[ H[z(t)]] (6.10)
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Properties of the Hartley Transform

e Relation to Fourier transform:

Here we assume the signal x(t) = Z(¢) is real. First, if a signal x(t) = x(—t)
is even, its Fourier spectrum is real and therefore its the same as its Hartley
spectrum; on the other hand, if a signal x(t) = —x(—t) is odd, its Fourier
spectrum is imaginary and its Hartley spectrum is the negative version of its
Fourier spectrum. Second, we consider the general case where the signal is
neither even nor odd. Then its Hartley spectrum is:

Xu(f) =Hz(@)] = /jc x(t)[cos(2m ft) + sin(2nm ft)] dt

o0

= /jc x(t) cos(27 ft) dt + /Oc x(t) sin(2m ft) dt

o0 —00

= Xe(N]+ Xo(f) (6.11)

where X (f) and X,(f) are respectively the even and odd components of the
Hartley spectrum X g (f):

X,(9) = 3BXu(0)+ Xu(=1)) = [ ol0) cosznf) a
X,() = 5Xu($) ~ Xu(-9) = [~ a(0sinznse) a

On the other hand, the Fourier spectrum of x(t) is:

Xr(f) = Flz(t)] = /jc x(t)e 92t gt = /OO x(t)[cos(2m ft) — jsin(2w ft)] dt

o0 —00

= /jc x(t) cos(2m ft) dt — 5 /Oc x(t) sin(27 ft) dt

o0 —00

= Xe(f) =3 Xo(f) (6.12)

We see that both the Hartley and Fourier spectra of a real signal x(t) are
composed of the same even and odd components X.(f) and X,(f), which are
also the real and imaginary parts (negative version) of the Fourier spectrum

Xr(f):
Xc(f) = Re[Xp(f)], Xo(f) = —Im[Xp(f)]

Now the Hartley spectrum can be obtained as a linear combination of the real
and imaginary parts of the Fourier spectrum:

Xu(f) = Xe(f) + Xo(f) = Re[Xr(f)] = Im[XF(f)] (6.13)

e Convolution in both time and frequency domains:
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Let z(t) = x(t) * y(t) be the convolution of x(t) and y(t), then the Hartley
spectrum Zy(f) = H[z(t)] is

ZH( ) = Hla(t) x y(t)]

 Xut ()Y (F) = X (= )Y (—1) + Xet ()Yt () + Xet (— )Y ()
(6.14)

T2

where X (f) = H[z(t)] and Yy (f) = H[y(t)] are the Hartley spectra of z(¢)
and y(t), respectively.
Proof:
According to the convolution theorem of the Fourier transform (Eq.3.113),
the Fourier spectrum Zp(f) = F[z(t)] is the product of the spectra Xp(f) =
Flz(t)] and Yr(f) = Fly(t)]:
Zp(t) = Xp(f) Yr(f) = [Xe(f) =3 Xo(F)] [Ye(f) = 7 Yo(F)]
= [Xe(f)ye( ) ( ) ( )]_j[Xo(f)Ye(f) (f) (f)]
= Z(f) =3 Zo(f) (6.15)

where X (f), Xc(f) and Y.(f), Ye(f) are the even and odd components of
Xu(f) and Yy (f), respectively:

X(f) = 3Xu() + Xu(=Pl Xolf) = 51Xulf) = Xu(~f)

Vo) = 5Vn(H) 4 Yi (=Pl Yolf) = 5Va(f) ~ Yar(~f)]

and Z.(f) and Z,(f) are the even and odd components of Zy(f) (note that
the product of two even or odd functions is even, and the product of an even
function and an odd function is odd):

Ze() = XelH)YelF) = XolfI¥ol ) = 5 X (NYa (=) + Xia (= )V ()]

Zo(f) = Xe()Yo(f) + Xo(f)Ye(f) = %[XH(f)YH(f) — X (=f)Yu (<G)6)

Substituting these into Zgy (f) = Z.(f) + Zo(f), we get Eq.6.14.
Also, based on Eq.3.114, we can similarly prove the Hartley spectrum of the
product of two functions z(t) = x(t) y(t) is:

Zu(t) = Hlz(t) y(t)]
= % (Xu(f)*Yu(f) = Xa(=f)*Yu(—f) + Xu(f) « Ya(=f) + Xu(=f) * Yu(f)]
(6.17)

e Correlation:
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Let z(t) = x(t) xy(t) be the correlation of x(t) and y(t¢), then the Hartley
spectrum Zg (f) = H[z(t)] is

ZH( ) = Hlx(t) xy(t)]

[XH() w(f)+ Xu(=)Yu(=f)+ Xu(f)Yu(=f) = Xu(=f)Yu(f)]
(6.18)

2

In particular, when z(t) = y(t), i.e., Xg(f) = Yu(f), then the odd part Z,(f)
of its spectrum is zero, and the correlation z(t) * y(t) = x(t) » z(¢) becomes
autocorrelation, the Eq.6.18 becomes:

LX) + X3(-1)] (6.19)

Hla(t) *z(t)] = 5

Proof:
According to the correlation property of the Fourier transform (Eq.3.108),
the Fourier spectrum Zp(f) = F[z(t)] is the product of the spectra Xp(f) =

Fla®)] and Yr(f) = Fly(t)]:
Zp(t) = Xr(f) Yr(f) = [Xe(f) =3 Xo(H)] [Ye(f) + 5 Yo(S)]
= [Xe(HYe(f) + Xo(/)Yo(f)) = 3 [Xo(f)Ye(f) = Xe(f)Yo(S)]
= Zc(f) =3 2,(f) (6.20)

where X (f), Xe(f) and Ye(f), Ye(f) are the even and odd components of
Xu(f) and Yy (f), respectively:

X(f) = 51X () + Xu(=Pl Xo(f) = 51Xu(f) = Xu(~f)
Yof) = 5l + V(=D Yolf) = 5[¥i(f) = V()
and Z.(f) and Z,(f) are the even and odd components of Zg (f):
Z(§) = XelDYel ) + Xol £)YolF) = 5 [Xn(F) Vi () + X (— )V (= )]
Zu§) = XolPYef) = XelF)Volh) = 51X (F)Yir () = X (= )V ()]

Substituting these into Zg (f) = Zc(f) + Zo(f), we get Eq.6.18.

6.1.3 Hartley Transform of Typical Signals

As the Hartley transform is closely related to the Fourier transform, the Hartley
spectra of many signals are similar to or the same as their Fourier spectra. We
consider a few examples:

Example 6.1:
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1 . , . ,
x(t) = cos(2m fot + 0) = E[eﬂﬂfoteje + eiﬂﬂf‘)te*]e]

and its Fourier transform is
1 ) .
Xp(f) = 5[6(f = fo)e’” +8(f + fo)e™"]

2
= %[5(f — fo)(cos@ + jsind) + o(f + fo)(cos® — jsin )]
— 50005 = fo)cos6+ 8(F + fo) cost] + J6(f ~ fo)sin ~ 5(f + o) sin)

Its Hartley transform is
Xu(f) = Re[Xp(f)] — Im[Xp(f)]

= %[5(]” — fo)(cos@ —sin @) + 5(f + fo)(cosO + sin0)]

In particular, if § = 0, we have x(t) = cos(27 fot), and its Hartley spectrum
becomes:

Xi(f) = Hieos(2fot)] = 516(F — o) + 37 + )]

which is the same as the Fourier spectrum Xp(f). Also if 6 = —7/2, we have
x(t) = cos(27 fot — w/2) = sin(27 fot), and its Hartley spectrum becomes:

Xu(f) = Hlsin(n fot)] = 51507 — fo) — 8(F + fo)

which is the negative version of imaginary part of the Fourier spectrum

Xe(f) = 3 10(F = fo) = 87 + o)l =5[=5(F = fo) + 87 + f)
For a specific example, consider a signal:
x(t) = 1+ 3cos(2m32t) + 2s8in(27128¢) 4 2 cos(2w256t + pi/3)

In Fig.6.1 this signal is plotted (top) together with both of its Hartley (mid-
dle) and Fourier (bottom) spectra. Also, in the top panel, the reconstruction
of the signal (dashed line) from its spectrum is plotted. We see that the recon-
struction is perfect as its plot is right on top of that of the original signal.
We also see that the DC and cosine component (without phase shift) appear
the same in the two spectra. The sine component appears in the two spectra
as the negative version of each other. When there is a phase shift of 7/3, the
Hartley spectrum is the difference between the real and imaginary parts of
the Fourier spectrum.

x(t) = e “u(t)

This exponential decay function together with its Hartley and Fourier spectra
are shown respectively in top, middle and bottom panels of Fig.6.2.
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Figure 6.2 The Hartley and Fourier spectra of exponential decay

6.1.4 Discrete Hartley Transform

When a continuous signal x(t) is truncated to have a finite duration 0 < ¢ < T
and sampled with sampling rate F' = 1/t, it becomes a set of M = T'/t, samples
that form an M-D vector = [z[0],--- ,z[M — 1]]7. Correspondingly the Hartley
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transform also becomes discrete based on a discrete kernel:
1 mk
m| = —cas(27 | —
o] = —easter (7 )
1 k k
= i [008(277 (mﬁ)) + sin(27 (mﬁ))] (6.21)

which form a set of basis vectors ¢, = [cas(2m0k/M),- -, cas(2m (M —
k/M)|T (k=0,---,M — 1) that span an M-D vector space. Following the
proof of Eq.1.29, we can show that these vectors are orthogonal:
M-1
]' /
< @, P > = — Z cas(2mmk/M)cas(2mmk' /M)

1= (S
= [Z cos(2mrm(k — k') /M) + Z sin(27 m(k — k/)/M)]
m=0 m=0

M-1
cos(2mm(k — k') /M) = o[k — K| (6.22)

m=0

ilH

The discrete Hartley transform of a signal vector « is then defined as:

M-1

Xu[k] = Hlz[m]] = > x[m]cas (Qﬂmﬁk)

m=0

1 mk mk
= — cos | 2mr— | +sin | 2mr— 6.23
S O e (rig)] o
Here Xylk] (k=0,--- ,M — 1) are M frequency components of the signal, sim-
ilar to the case of the dlscrete Fourier transform. Due to the orthogonality of

¢, and following the same method used to derive Eq.6.8, we get the inverse
transform by which the signal can be reconstructed:

1= mk
z[m] = H [ Xg[k]] = NiTi Z Xk]cas <2Wﬁ> (6.24)
k=0

Same as in the continuous case in Eq.6.13, the discrete Hartley transform is
closely related to the discrete Fourier transform:

= Flx[m —LM_laz:me_jz’””k/M—LM_1 cos Wm_k; — 7 sin Wm_k;
Xl = Flaim) = 702 3 el —mmo[ (25 ) - 3 sn (20535 )|
:Xe[k]—on[k], (kzoa 7M_1)
where
| M I
X k] = Re = — x|m|cos | 2mr—
)= RelXrlb] = 2 37 il cos (2537 )
1 M mk
Xolk] = —Im[XFlk]] = Wivi x[m] sin (Zﬂﬁ)



314

6.1.5

Chapter 6. Fourier Related Orthogonal Transforms

and the discrete Hartley spectrum can also be obtained from the discrete Fourier
transform:

Xulk] = Hlz[m]] = X.[k] + Xo[k] = Re[Xp[k] — Im[Xp[k]] (6.25)

Example 6.2: As considered before, the DFT of a 8-D signal vector @ =
[0,0,2,3,4,0,0,0]7 is (Eq.4.147) X = X, + j X ; where:

X, = [3.18, —2.16, 0.71, —0.66, 1.06, —0.66, 0.71, —2.16]T
X; =10.0, —1.46, 1.06, —0.04, 0.0, 0.04, —1.06, 1.46}T (6.26)
The discrete Hartley transform of this signal vector is:
Xpy=X,-X;=[3.18,-0.71,-0.35, -0.62, 1.06, —0.71, 1.77, —3.62] "

The inverse Hartley transform will convert this spectrum X g back to the original
signal.

2-D Hartley Transform

Similar to the 2-D Fourier transform, the 2-D Hartley transform of a signal array
xm,n] (0<m <M —1,0<n<N —1) can be defined as:

M-1N-1
X[k, 1] = Hlzx[m,n]] = Z Z x[m, n)eg,[m,n] (6.27)
m=0 n=0
where ¢ ;[m,n] is a discrete 2-D kernel function. There exist two different def-
initions for the 2-D Hartley transform depending on which of the following 2-D
kernel function is assumed:

G1lm, n] = cas(2m(mk/M +nl/N))/vVMN (6.28)
valm,n] = cas(2rmk/M) cas(2mnl /N) /v MN (6.29)

Note that the second kernel is separable, i.e., it is a product of two 1-D kernels
one for each of the two dimensions, while the first one is inseparable. As shown
below, these two different kernel functions are very similar to each other:
cas(2mmk/M) cas(2m nl/N)
= [cos(2m mk/M) + sin(2w mk/M)] [cos(2m nl/N) + sin(27 nl/N)]
= [cos(2m mk/M) cos(2m nl/N) + sin(2mw mk /M ) sin(27 nl /N )]
[sin(2m mk /M) cos(2m nl/N) + cos(2m mk /M) sin(2w nl /N)]
= cos(2m(mk/M — nl/N)) + sin(2w(mk/M + nl/N))
# cos(2m(mk/M + nl/N)) + sin(2w(mk/M + nl/N))
= cas(2n(mk/M + nl/N)) (6.30)
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We see that the only difference between the two kernels is the sign of the argu-
ment of the cosine function. Both of these kernel functions satisfy the orthogo-
nality:

M—-1N—
Z Z Gra[m, n) o p[m,n] = 8k — K, 1 1] (6.31)

therefore either of which can be used for the 2-D Hartley transform.

* First we consider ¢} ,[m,n] = cas(2r(mk/M +nl/N)). The forward trans-
form is:

B
7

Xiylk,l] = x[m, n]cas(2m(mk/M + nl/N))

0
-1

2

- 5
=

iMIiM

:

x[m,n][cos(2m(mk/M + nl/N)) + sin(2w(mk/M + nl/N))]

(6.32)

m=0 n=0
This Hartley transform can be compared with the 2-D Fourier transform:
M-1N-1
ok, o~ 2m(mk/M+nl/N)
m=0 n=0
M-1N-1

1
B v MN m=0 n=0

= X [k, 1] — 7 Xolk,l] = Re[X [k, U] + jIm[X,[k,]]
where
| MoIN-1
Xelk,l] = Re[Xplk,l]] = —= x[m, n] cos(2m(mk/M + nl/N))
MN m=0 n=0
1 MoanN-d
Xolk, Ul = —Im|XFplk,l]] = xlm,n]sin(2r(mk/M + nl/N
il = = Il ) = e 32 3 s lsin@n(ok/M + ni/N)
are respectively the 2-D even and odd components of X[k, ]. We can see the
same relationship between the Hartley and Fourier transforms as in 1-D case:
Xylk, 1] = X[k, 1] + Xolk, 1] = Re[Xplk,l]] — Im[XF[k,1]] (6.34)
Extending the orthogonality in Eq.6.22 from 1-D to 2-D, we get:
| MoiN-1
TN ZO ZO cas(2m(mk/M + nl/N))cas(2r(mk' /M +nl' /N)) = 6k — k', — ]

(6.35)

Z Z x[m, n][cos(2m(mk /M + nl/N)) — jsin(2r(mk/M + nl/N))]

(6.33)
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Based on this orthogonality and following the same method used to derive
Eq.6.24, we get the inverse transform by which the signal can be reconstructed:

1 M—-1N-1 )
z[m, n] = A ;0§XH[k,1]cas(2w(mk/M+nl/N)) (6.36)

* Next we consider ¢} ;[m, n] = cas(2m mk/M)cas(2rnl/N), which is is separa-
ble, same as the 2-D Fourier kernel e/27(mk/M+nl/N) — oj2m(mk/M) gj2m(nl/N)
therefore the 2-D transform can also be carried out in two stages of 1-D trans-

forms for each of the two dimensions:

N-1M-1
X4k, 1) = \/ﬁ Z x[m, n)cas(2m mk/M)cas(2mnl/N)
n=0 m=0
| NI Mo
= — — m,n|cas(2mmk/M)| cas(2mwnl/N
M mZ: (2 mk/M) | cas(zmnl/N)

(6.37)

According to Eq.6.30, this transform can be further written as:

M-1N-1

\/ﬁ >3 afm,nlfcos(2n(mk/M — nl/N)) + sin(2m(mk/M + nl/N))]

= Xe[ka _l] + Xo[kv l] = RG[XF [kv _ZH - Im[XF[ka l]] (638)

Xplk, 1] =

Similarly the inverse transform can also be carried out in two stages

M-1N-1

x[m,n| = Z Z X%k, lcas(2m mk /M )cas(2m nl/N)
m 0 n=0
— Z Z XYk, cas(2mmk /M) | cas(27 nl/N(6.39)

Note again that the inverse transform in either Eq.6.36 or Eq.6.39 is identical
to the forward transform. Also, to better compare the two versions of the 2-D
Hartley transform, we put Egs.6.34 and 6.38 side by side:

X[k, 1] = Xe[k, 1] + Xo[k, 1] = Re[Xplk,l]] — Im[Xp[k,]]
X[k, = Xelk, =] + X,lk, 1] = Re[X gk, =1]] — Im[X [k, ]]
We see that the difference between the two methods is simply the sign of the

argument in the even term, it is either X [k,[] or X[k, —] = X .[—k,!] (even).
As X [k+ M,l 4+ N] = X_.[k,] are periodic, we have X_[k, —] = X [k, N —I].
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Figure 6.3 The 8 by 8 basis functions for the 2-D Hartley transform

The left half of the image shows the basis functions based on the separable kernel
&% [m,n], and the right half based on the inseparable kernel ¢ ;[m, n]. The DC
component is at the top-left corner, and the highest frequency component in
both horizontal and vertical directions is at the middle, same as the 2-D Fourier
basis.

Example 6.3: Given a 2-D signal array:

[ 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 ]
0.0 00 70.0 80.0 90.0 0.0 0.0 0.0
0.0 0.0 90.0 100.0 110.0 0.0 0.0 0.0
0.0 0.0 110.0 120.0 130.0 0.0 0.0 0.0
0.0 0.0 130.0 140.0 150.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

| 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 |

The Hartley spectrum corresponding to inseparable kernel ¢;€7 m,n] is:

165.0 -10.0 -45.0 -32.2 55.0 -10.0 65.0 -187.8
274 -100.5 54.8 6.3 9.1 -15.2 -47.7 65.8
0.0 171 -10.0 -2.9 0.0 29 100 -17.1
-26.4  -15.2 17.7 71 -88 -0.5 -20.6 46.6
15.0 0.0 -50 -29 5.0 0.0 5.0 -17.1
-57.4 20.2 5.3 9.2 -19.1 5.5 -12.3 48.7
30.0 -17.1 0.0 -29 100 -29 0.0 -17.1

-153.6  105.5 -17.7 184 -51.2 20.2 0.6 779 |

Xl
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Figure 6.4 The Hartley and Fourier filtering of an image

The image and its Fourier and Hartley spectra before and after a low-pass filter-
ing are shown in the top and bottom rows, respectively. The second and third
panel of each row are the real and imaginary parts of the Fourier spectrum, while
the forth panel is for the Hartley spectrum.

The Hartley spectrum corresponding to separable kernel % y[m,n] is:

165.0 -10.0 -45.0 -32.2 55.0 -10.0 650 -187.8 ]
274 -35 -56 -54 9.1 -35 127 -31.2
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
-26.4 1.5 7.3 5.2 -8.8 1.5 -10.3 30.0
15.0 0.0 -5.0 -29 5.0 0.0 5.0 -17.1
-57.4 3.5 156 11.2 -19.1 3.5 -22.7 65.4
30.0 0.0 -10.0 5.9 10.0 0.0 10.0 -34.1

| -153.6 8.5 42.7 30.0 -51.2 8.5 -59.8 1749 |

X// —

In either case, the signal is perfectly reconstructed by the inverse transform
(identical to the forward transform) corresponding to each of the two kernels.

Example 6.4: An image and both of its Fourier and Hartley spectra are shown
in the top row of Fig.6.4. The real and imaginary parts of the Fourier spectrum
are shown respectively in the second and third panels, and the Hartley spectrum
is shown in the forth. These spectra are then low-pass filtered and then inverse
transformed as shown in the bottom row of the figure. The Hartley filtering effect
is identical to that of the Fourier filtering, shown in the first panel of the bottom
row.
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The Discrete Cosine Transform

In general, the discrete Fourier transform (DFT) converts a complex signal into
its complex spectrum. If the signal is real, as in most of the applications, the
imaginary part of the signal is all zero, and its spectrum is symmetric (real part
is even and imaginary part odd), i.e., half of the data is redundant in frequency
domain as well as in time domains. Consequently, half of the computational time
and storage space in the transform is unnecessary.

Such redundancy can be avoided in the discrete cosine transform (DCT') which
transforms a real signal into its real spectrum. Also, as the DCT can be derived
from the DFT, the fast algorithm FFT can still be used for the DCT computa-
tion.

Fourier Cosine Transform

Let us first review the Fourier transform of a real signal x(¢):

X(f)= /jc x(t)e’j%ftdt = /Oc x(t)[cos(2m ft) — jsin(2m ft)]dt

o0 —00

= Xo(f) =3 X;(f) (6.40)

where the real part of the spectrum X,.(f) is even and the imaginary part X;(f)
is odd:

X.(f) = /_OC z(t) cos(2m ft)dt = X,.(—f)

oo

X;(f) = /_OC x(t) sin(2m ft)dt = —X;(—f) (6.41)

oo

Moreover, if we can further assume the signal is even, i.e., z(t) = z(—t), then
X;(f) =0 as the integral of the odd integrand x(t) sin(2w ft) is zero. Now the
Fourier transform becomes a real cosine transform:

X(f)= /jc x(t) cos(2m ft)dt = 2 /0Oc x(t) cos(2m ft)dt = X (—f) (6.42)

The second equal sign is due to the fact that the integrand x(t) cos(27 ft) is even
with respect to ¢. This spectrum X (f) is real and even with respect to f. The
inverse transform becomes:

o) = [ " X(f)eItdf = / " X(f) cos(2nft)df + g / " X(f) sin(2n fo)df

_9 / " X(f) cos(2m fr)df (6.43)
0

The last equal sign is due to the fact that the integrands X (f) cos(2x ft) and
X (f)sin(27ft) are even and odd respectively. We see that now both the forward
and inverse cosine transforms involve only real operations. As a real transform,
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the cosine transform is computationally more advantageous compared to the
Fourier transform.

Of course this cosine transform is valid only if the signal of interest is even.
However, if the signal is not even but it is known to be zero before a certain
moment, i.e., x(t) = z(t)u(t), we can construct an even signal:

%ﬂ:{x@ t>0

Te 2(—t) t <0

so that the cosine transform can still be used.

Obviously if we can assume or construct an odd signal z(t) = —z(—t), we can
also derive in a similar manner the sine transform.

The consideration above for the continuous signals can be extended to discrete
signals of a finite duration. The corresponding cosine transform is called the
discrete cosine transform (DCT). However, different from the continuous case,
here we have more than one way to construct an even signal based on a set of
finite data samples «[0], - - - , [N — 1]. For example, by assuming x[—m| = x[m],
we can obtain a sequence of 2N — 1 samples that is even with respect to the
point m = 0. Alternatively, we could also let z[—m] = z[m — 1], i.e., z[—1] = z[0],
z[—2] = z[1], and z[-N] = z[N — 1] to get a sequence of 2N samples that is
even with respect to the point m = —1/2. Moreover, there may be different
ways to assume the periodicity beyond these 2N — 1 or 2N data samples. In the
following, we will take the second approach to construct a sequence of 2V points
and assume it is periodic beyond its two ends. Then the DCT can be derived by
applying the DFT to this even sequence of 2N points.

From Discrete Fourier Transform to Discrete Cosine Transform

We now derive the DCT of an N-point discrete signal, based on the 2N-
point DFT, as described above. First, given an N-point real signal sequence

x[0],- -+, &[N — 1], we construct a new sequence of 2N points:
, [ x[m] 0<m<N-1)
x[m]{m[—m—l] (“N <m<—1) (6.44)

This 2N-point sequence z’'[m] is assumed to repeat itself outside the range —N <
n < N —1, i.e., it is periodic with period 2NV:

2'[m] =2/ [-m — 1] =2'2N —m — 1] (6.45)

In the following we simply denote this constructed sequence by x[m]. Note that
this signal /[m] is even with respect to the point m = —1/2. If we shift it to the
right by 1/2, or, equivalently, if we define a new index m’ =m +1/2, i.e., m =
m’ —1/2, then the function z[m] = z[m’ — 1/2] is even with respect to m’ = 0.

Fig. 6.5 shows a discrete signal of N =4 data points z[0],---,z[3]. A
new signal is then constructed by including N =4 additional points z[—1] =
x[0],- - ,x[—4] = x[3]. This signal of 2N =8 points is even with respect to
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=3 g 2 3 4 m’=m+(0.5
Figure 6.5 Formulation of DCT

m = 1/2. After define m’ = m + 1/2, these points z[m’ — 1/2] (from —N +1/2 =
—3.5to N —1/2 = 3.5) are even with respect to m’ = 0.

Now we can apply a 2N-point DFT to this constructed even signal of 2N points
and get:

N-1/2

1 1. o
Xnl = zlm! — = 67]27rm n/2N
" V2N m’zN:Jrl/Q | 2]

1 Nil:/Q olm’ — 1] cos (27rm’n>
2N m'=—N+1/2 2 2N

S Nil:/Q x[m' — 1] sin 2mmn (n=0 2N —(616)

V2 =N 2 2N - ’ ’
m'=—

Note that as cos(2rm/n/2N) and sin(27rm/n/2N) are even and odd, respectively,
and xz[m’ — 1/2] is even, all with respect to m’ = 0, the terms in the first summa-
tion are even while those in the second summation are odd. Consequently, the
first summation of 2N terms is equal to twice the sum of the first IV terms, and
the second summation is simply zero, and we have

X[n] = \/% Ni/Q a[m’ — %] cos (27;’]”\[”> (n=0,---,2N —1) (6.47)

m'=1/2

Note that X[n] = X[—n] is real, even (as cos(—2mm/n/2N) = cos(2rm'n/2N)),
and periodic with period 2N. Specifically, we have X[N 4+ n] = X[N +n —
2N] = X[-N + n] = X[N — n], indicating a point X[N + n| in the second half
of the 2N coefficients is equal to its corresponding point X [N — n] in the first
half, for all n =0,1,--- , N — 1. In other words, the range for the index n in the
equation above can be from 0 to N — 1, as the second half is redundant and
can therefore be dropped. Finally, replacing m’ by m + 1/2, we get the discrete
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cosine transform (DCT):

\/7 <W> (n=0,---,N—1) (6.48)

We compare the DCT discussed above with the DFT considered in previous
chapters to realize the following advantages:

e The DCT is a real transform with better computational efficiency than the
complex DFT as no complex operations are needed.

e The DCT does not introduce discontinuity while truncating and imposing
periodicity on the time signal. To perform the DFT of a physical signal,
it needs to be truncated to have a finite duration 0 < ¢ < T, and assumed
periodic with period T" beyond this range. In this process, discontinuity is
inevitably introduced in time domain and some corresponding artifacts, most
likely some high frequency components, are introduced in frequency domain.
But as even symmetry is assumed in the case of DCT while truncating the
time signal, no discontinuity and related artifacts are introduced in DCT.

e The DCT coefficient X[n] given in Eq.6.48 corresponds to a sinusoid
cos(2m fr,(m + 1/2)) of frequency f, =n/2N, which is half of the frequency
fn = mn/N represented by the nth DFT coefficient:

N-1 N-1
Xn] = Z z[mlexp(j2mmn/N) = Z z[m]lcos(2m fym) + 7 sin(27 frm)]
m=0 m=0

Both the DCT and DFT spectra contain N coefficients. However, half of the
N DFT coefficients represents the negative frequencies of the complex expo-
nentials, while each of the N DCT coeflicients represents a different frequency
of a sinusoid. Both DCT and DFT spectra represent the same frequency range
but the resolution of the DCT spectrum is twice that of the DFT.

Discrete Cosine Transform in Matrix Form

An N by N DCT matrix C can be constructed by defining its element of the
mth row and nth column as:

(2m + 1)nw (m+1/2)nw
c[m,n] = cos( 5N ) = cos( I ),  (myn=0,1,---, )
(6.49)
This matrix can also be expressed in terms of its IV column vectors
c0,0] -+ ¢[0,N —1]
C= : : =lco---en-] (6.50)

c0,N —1]--- ¢[N —-1,N —1]
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where the nth column ¢,, of this matrix is:

B nm 3nm Snm 2N — D)nr\1"
c, = |:COS (W) , COS (W) , COS <W> e, COS (T)} (6.51)

We can show that all column vectors of C' are orthogonal:
<cg, ¢, >=0, foranyn#k (6.52)

We first show the following is true:

N-1

(2 Dk N k=
Zcos m—|— — ) = {01@7&8 (6.53)

Obviously when k =0, all N cosine functions are zero and the summation is
indeed N. We only need to show the summation is zero when k # 0. Consider:

N-1 N—
2m+ 1)k 1 . e
05(7 =3 Z J@mADkT/2N | o=i(2m+1)kr/2N)
m=0 m=0
1 N-1 _
_ [ jkm/2N Z jk)ﬂ'/N) 7jk7r/2N Z (e—jkn—/N)m]
2 m=0 m=0
1 1 — eikm ) 1 — g Jdkm
_ jkW/QN —jkmw/2N
B 2[ 1— eabn/N T € 1 _ g—dkn/N (6.54)

Here we have used the identity St 2 = (1 — 2V)/(1 — ). When k is even,
e/k™ = ¢77F™ — 1 and the numerators of both fractions are zero. When k is odd,

e/k™ = ¢=I*™ — —1, and the above becomes:
1 2 2
2 [e—jkw/QN(l _ ejkw/N) + ejkw/QN(l — e—jkw/N)]
1 1 _
e—Jkm/2N _ cjkm/2N + eikm/2N _ g—jkn/2N 0 (6'55)

Now we can consider the inner product of the kth and nth columns of C:

B (2m + 1)kn (2m + 1)nm
< e, Cp >= P> c[m, kle[m,n] = miz:ocos( 5N ) cos( 5 )
N-1 N-1
1 Cem+1)(k+n)r, 1 @2m+1)(k —n)m
=5 2 cos( SN ) 2 2 cos( SN ) (6.56)

Here we have used the trigonometric identity cos o cos § = [cos(a + 3) + cos(a —
B8)]/2. When k # n, both terms are zero according to Eq. 6.53, i.e., the inner
product is zero, indicating the column vectors of C are orthogonal. When n = k,
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the inner product becomes the nth column’s norm squared:

1 V=
(2 1)2 (2 1)
< ey en >= |Jem|? = Zc m + D2, Z (B 0T,
N iftn=0
{N/Q otherwise (6:57)

This is because the first term is either N/2 zero if n = 0 or zero if n # 0, while
the second term is always N/2. In order to make all columns of C' normalized,
we define a coefficient a[n]:

aln} = { \/;% i)ftge?w(i)se (6.58)

and multiply C by a[n], so that the columns of the modified version of the DCT
matrix, still denoted by C, are orthonormal:

lk=n

0k%n (6.59)

< Ck, Cp, >=5[k;—n]={

and they can therefore used as a basis of the N-D space RY, and the modified
DCT matrix C becomes orthogonal:

cT=cCc', ie. CTC=1 (6.60)
Expressing both the discrete signal z[m] (m =0,1,---,N —1) and its DCT
transform coefficients X[n] (n =0,1,--- , N — 1) as vectors:

x=[z[0], -, z[N-1]", X =[X][0], -, X[N-1]]" (6.61)

we can represent the forward DCT as a matrix multiplication:

<
X=Clz=| : |=z (6.62)
Ch-1

The nth component X [n] of X is actually the projection of the signal vector @
onto the nth basis vector ¢,,:

N-
X[n]=<cp,z>=cla Z
N-1
1
x[m] cos( ﬁ), (n=0,---,N—1) (6.63)
m:O 2N

which is the same as Eq. 6.48 derived previously as a[n] = y/2/N for all n =
1,---,N =1, except when n =0 we have a different scaling constant a[0]
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1/\/N:

X0 = 3 cl0,mlzfm] = \/—% S ] (6.64)

representing the DC component of the signal.
The inverse DCT can be obtained by pre-multiplying C on both sides of Eq.
6.62 for the forward DCT. As CCT = CC™! = I, we get

z=CX =[co, - ,cN_1] : = X[n]e, (6.65)
X[N —1] n=0
i.e., the signal vector x is expressed as a linear combination of the basis vectors

¢, (n=0,1,--- ;N —1). The inverse DCT can also be expressed in component
form for z[m] (m =0,--- ,N —1):

ply i (2m + 1)nw
x[m] = Z c[m,n|X[n] = Z X[n]a[n] COS(T) (6.66)
n=0 n=0
Putting Egs. 6.63 and 6.66 together, we have the DCT pairs:
N-1
B (2m+ 1)nrw B
X[n] = a[n] ;Ox[m] cos(——5 =), (n=0,--,N-1)

(2m + 1)nm

N-1
x[m] = Z X[n]aln] cos(
n=0

In matrix form, the DCT pair can be written as:

{X =CTz (forward)

z=CX (inverse) (6.68)

As a specific example, consider the 2-point DCT matrix:

ct,, = {COT} :[ V2 /172 }:0.707 {1 1} (6.69)

ct cos(m/4) cos(3w/4) 1-1

This matrix is composed of two row vectors ¢} = [L 1]/v2andef =[1 —1]/v2
and is identical to the 2-point DFT matrix W5 discussed before. The DCT of
a 2-point signal & = [2[0], z[1]]T is

R [ e

The first component X [0] is proportional to the sum z[0] + z[1] of the two signal
samples representing the average or DC component of the signal, and the second
component X[1] is proportional to the difference x[0] — z[1] between the two
samples.
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When N =4, the 4-point DCT matrix is:

el 0.50 0.50 0.50 0.50
T
T cl 0.65 0.27 —0.27 —0.65
= = . 1
Cia ct 0.50 —0.50 —0.50  0.50 (6.71)
el 0.27 —0.65 0.65 —0.27

which is composed of four row vectors, corresponding to four sinusoids with
progressively higher frequencies.

Example 6.5: Find the DCT of a real 8-point signal: = = [0,0,2,3,4,0,0,0]7.
First we find the 8-point matrix C7:

[0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35]
0.49 0.42 0.28 0.10-0.10 —0.28 —0.42 —0.49

el 0.46 0.19 —0.19 —0.46 —0.46 —0.19 0.19 0.46
cr | .| _[042-010-049-0.28 028 049 0.10-0.42 (6.72)
8x8 . 0.35 —0.35 —0.35 0.35 0.35 —0.35 —0.35 0.35 ‘
= 0.28 —0.49 0.10 0.42 —0.42 —0.10 0.49 —0.28

0.19 —0.46 0.46 —0.19 —0.19 0.46 —0.46 0.19
10.10 —0.28 0.42 -0.49 0.49 —0.42 0.28 —0.10 |

The N =8 values of the nth row vector ¢! (n=0,1,---,7) can be consid-
ered as eight samples of the corresponding continuous cosine function b, (t) =
a[n] cos((2t 4+ 1)nm)/2N) shown in the left column in Fig.6.6, with progressively
higher frequencies as the index n increases. The the DCT of & can be found by
a matrix multiplication:

X =C"z =[3.18,0.46, —3.62, —0.70, 1.77, —0.22, —0.42, 1.32] " (6.73)

The interpretation of these DCT coefficients is very straight forward. X[0] rep-
resents the DC component or the average of the signal, while the subsequent
coefficients X [n] represent the magnitudes of progressively high frequency com-
ponents contained in the signal.

The inverse DCT represents the signal vector as a linear combination of the

eight column vectors of C' = [¢y, - , ¢7], which form a set of orthonormal basis
vectors that span the 8-D vector space:
z[0] X10] 7
€T = = CX = [CO, e 7(27] — Z X[n]cn (674)
(7] xm] n=°

The reconstruction of the signal by the linear combination of the eight vectors
is shown in Fig. 6.6
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Figure 6.6 Basis functions of 8-point DCT and reconstruction of a signal

The left column shows the 8 continuous and discrete basis DCT functions
while the right column shows how a discrete signal can be reconstructed by
the inverse DCT as a linear combination of these basis functions weighted by
WHT coefficients (Eq.6.73). From the top down, the plots on the right show the
reconstructed signal as progressively more components of higher frequencies are
included.
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Fast DCT algorithm

If the DCT is implemented as a matrix multiplication, the computational com-
plexity is O(N?) (O(N) for each of the N coefficients X [n]. However, as the DCT
is closely related to the DFT, it can also be implemented by the FFT algorithm
with complexity O(N loga N).
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We first define a new sequence y[0],--- ,y[N — 1] based on the given signal
(E[O], e ,LL‘[N - 1]:
{y[N—l—m]—x[Qm—i—l] (m=0,---,Nj2=1)  (6:75)

Note that the first half of y[m] contains all the even components of x[m], while
the second half of y[m] contains all the odd ones but in reverse order. The N-point
DCT of the given signal 2[m] now becomes:

N-1

B (2m+ 1)nm

X[n] = mzz:ox[m]cos(T)

N/2-1 N/2-1

= mz::() x[2m]cos(7(4m;—N1)nﬂ) + mz::O z[2m + 1]005((4m2+N3)mT)
N721 (dm + o, 23 (4m + 3)

= Z y[m]cos(T) + Z y[N —1— m]cos(Twég.)?G)
m=0 m=0

For simplicity, we temporarily dropped the scaling factor a[n]. Here the first
summation is for all even terms and second all odd terms. We define m' = N —
1 — m and rewrite the second summation as:

N-1 N-1
4m’' + 1)nm (4m' + )nz
eos(2nm — AT eos(A AT g
Z y[m'|cos(2nm 5N ) Z y[m|cos( 5N ) (6.77)
m'=N/2 m'=N/2
Now the two summations in the expression of X [n] can be combined to become

N-1

B (dm+ D)nrw
X|[n] = a[n] mzz:oy[m]cos( 5N ) (6.78)
We next consider the DFT of y[m]:
N-1 _
Yn] = y[m)e=72mmn/N (6.79)
m=0

If we multiply both sides by e 7""/2N and take the real part of the result, we

get:
N-1 N-1
Re[efjmr/QNy[n]] _ Re[ y[m]efj27rmn/Nefjn7r/2N] _ RC[Z y[m]efj(4m+1)n7r/2N]
m=0 m=0
ply (4m + 1)nm (4m + 1)nrw
= Rel 3 ol eos( ) — jein(H )
N-1
4 1
- mzoy[m] cos(%) (6.80)
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Note that the second term of the sine function is imaginary (as y[m] is real) and
has been dropped. As the right-hand side of this equation is identical to that of
Eq. 6.78, we have

X[n] = Re| e_j””/QNY[n] l, (n=0,---,N—-1) (6.81)

The DCT coefficient X [n] for signal z[m] can be obtained once the DFT coef-
ficient Y'[n] for y[m] is computed using the FFT algorithm with complexity

In summary, the fast algorithm for forward DCT can be implemented in 3
steps:

e Step 1: Generate a sequence y[m| from the given sequence z[m|:

ylm] = x[2m] o -
{y[N—l—m]—x[2m+1] (m=20,-,N/2-1) (6.82)

e step 2: Obtain DFT Y[n] of y[m] by FFT. As y[m] is real, Y[n] is symmetric
and only half of the data points need be computed.

Yn] = Fly[m]], (n=0,---,N—-1) (6.83)
e step 3: Obtain DCT X|[n] from Y[n] (n =0,--- ,N —1):
[n] Re e /"™ /2NY [n]
[n] [Y[n] cos(nm/2N) + Yi[n] sin(nm/2N)] (6.84)

X[nl=a

where Y, [n] and Y;[n] are the real and imaginary part of Y'[n], respectively.

Note that the DCT scaling factor a[n] is included in the third step, and no scaling
factor (either 1/N or 1/4/N) is used during the DFT of y[m].

Next we consider the inverse DCT. The most obvious way to do inverse DCT
is to reverse the order and the mathematical operations of the three steps for
the forward DCT:

e step 1: Obtain Y[n] from X[n] by solving the N equations in Eq. 6.84. There
are N equations but 2N variables (both Y, [n] and Y;[n]). However, note that
as y[m] is real, Y;[n] is even (N+1 independent variables) and Y;[n] is odd
(N-1 independent variables with Y;[0] = Y;[N/2] = 0). So there are only N
independent variables which can be obtained by solving the N equations.

e step 2: Obtain y[m] from Y [n] by inverse DFT also using FFT in N loga N
complexity.

ylm] = F Y n]] (6.85)

e step 3: Obtain z[m] from y[m] by

e N SRt
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However, there is a more efficient way to do the inverse DCT without the need
to solve an equation system. First consider the real part of the inverse DFT of a

sequence a[n]e!"™/2N X[n] (n =0,--- ,N — 1):
) N-1 ) N-1 )
Re [6]27rmn/N Z a[n]X[n]e]nw/2N — Re [Z a[n]X[n]e](4m+1)n7r/2N]
n=0 n=0

N-1
-3 a[n]X[n]cos(W) —a2m], (m=0,--.N—1) (6.87)
n=0
The first half of these m values are the N/2 even samples z[2m], (m =
0,---,N/2—1). To obtain the odd samples, recall that z[m| = z[2N —m — 1]
(Eq. 6.45), and the N/2 odd samples are actually the second half of the previous
equation in reverse order:

z2m+1]=z2N - 2m+1) -1 =z2(N-m—-1)], (m=0,---,N/2-1)
(6.88)
In summary, we have these steps for the inverse DCT:

e step 1: Generate a sequence Y'[n] from the given DCT coefficients X [n]:
Y[n] = a[n)X[n]e’™™ /2N, (n=0,---,N —1) (6.89)

e step 2: Obtain y[m] from Y [n] by inverse DFT by FFT. (Only the real part
need be computed.)

ylm] = Re[F ' [Y[n]] (6.90)

e Step 3: Obtain z[m]'s from y[m|'s by

x[2m] = y[m) )
{x[2m+1]=y[N—1—m] (t=0,---,N/2-1) (6.91)
These three steps are mathematically equivalent to the steps of the first method.
Also note that no scaling factor (either 1/N or 1/v/N) is used during the inverse
DFT of Y[n]. Now both the forward or inverse DCT are implemented as a slightly
modified DFT which can be carried out by the FFT algorithm with much reduced
computational complexity of O(N logaN).

The C code for for the fast DCT algorithm is given below. The DCT function
takes a data vector z[m] (m =0,---, N — 1) and converts it to the DCT coeffi-
cients X [k]. This is an in-place algorithm, i.e., the input data will be overwritten
by the output. This function is also used used for the inverse DCT, in which
case the input is the DCT coefficients while the output is the reconstructed sig-
nal vector in time domain. The function carries out the forward DCT when the
argument inv=0, or inverse DCT when inv=1.

fdct (x,N,inverse)
float *x;
int N,inv;
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int m,n,N2=N/2;
float a,u,v,w, *yr,*yi;
w=3.14159265/2/N;
a=sqrt(2.0/N);
yr=(float *)malloc(N*sizeof(float)); // allocate memory for two
yi=(float *)malloc(N*sizeof (float)); // temperary vector variables
if (dnv) { // for IDCT
for (n=0; n<N; n++) x[n]=x[n]*a;
x[01=x[0]/sqrt(2.0);
for (n=0; n<N; n++) {
yr [n]=x[n] *cos (n*w) ;
yil[n]l=x[n]*sin(n*w) ;
}
} // for DCT
else {
for (m=0; m<N2; m++) {
yr [m]=x[2*m] ;
yr[N-1-m]=x[2*m+1] ;
yi[m]=yi[N2+m]=0;

}
}
fft(yr,yi,N,inv); // call FFT function
if (inv) { // for IDCT

for (m=0; m<N2; m++) {
x [2*m] =yr [m] ;
x [2*m+1]=yr [N-1-m];
}
}
else { // for DCT
for (n=0; n<N; n++)
x[n]=cos (n*w) *yr [n]+sin(n*w) *yi[n] ;
for (n=0; n<N; n++) x[nl=x[n]x*a;
x[0]=x[0]/sqrt(2.0);
}
free(yr); free(yi);

6.2.5 DCT Filtering

As a real-valued transform, the computation of the DCT filtering is more straight
forward compared to the DFT filtering. A simple example is illustrated in the
example below.
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Original signal DCT spectrum

filtered signal vs. original signal Filtered DCT spectrum

Figure 6.7 DCT Filtering

Example 6.6: The signal shown in the top-left panel of Fig.6.7 is a signal with
three frequency components: the DC, we well as two sinusoids at frequencies of
8 Hz and 19 Hz. Moreover, the signal (solid line) is also contaminated by some
white noise (dashed line). The DCT spectrum of the signal is shown in the top-
right panel in which the three frequency components are clearly seen (solid line),
together with the white noise whose energy is spread over all frequencies (dashed
line), therefore the name white noise. The lower-right panel of the figure shows
the filtered DCT spectrum containing only the frequency component at 8 Hz,
and the lower-left panel shows the filtered signal obtained by inverse transform
of the filtered spectrum. We can see clearly that only the 8-Hz sinusoid remains
while all other components in the original signal are filtered out (solid line),
which is compared with the original signal (dashed line). If we assume this 8-Hz
sinusoid is the signal of interest and all other components are interference and
noise, then this filtering process has effectively extracted the signal by removing
the interference and suppressing the noise.

Example 6.7: Here we compare two different types of signals and their DCTs.
Shown in Fig.6.8 are images of two natural scenes, the clouds on the left and the
sand on the right, with very different textures. Specifically, In the cloud image,
the value of a pixel is very likely to be similar to those of its neighbors, i.e.,
they are highly correlated, while in the sand image, the values of neighboring
pixels are not likely to be related, i.e., they are much less correlated. Such a
difference can be quantitatively described by the auto-correlation of the signal
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Figure 6.8 Two types of natural scenes: clouds and sand
From left to right and then top to bottom:

defined before in Eq.3.111:

o0 o0

r®)= [ a(matr - 0dr = [ X(OPSI = 7S,
—00 —00

where X (f) = F[z(t)] is the Fourier spectrum of signal (t) and S, (f) = | X (f)[?

is the power density spectrum of signal.

To compare the two types of signals, we take one row of each of the two
images as a 1-D signal and consider the auto-correlations of the signal as well
as its DCT, as shown in Fig.6.9. The four panels on the left are for the clouds
showing the signal (1st) and its DCT (3rd), together with their auto-correlation
(2nd and 4th). Note that the original signal is highly correlated, and the closer
two samples of the signal the more they are correlated. But after the DCT, the
frequency components are not correlated at all. (Note that the auto-correlations
look symmetric due to the periodicity assumed by the DCT.) In the same manner,
the four panels on the right show the signal of the sand and its DCT together
with their auto-correlations. In this case, the signal is hardly correlated, and the
frequency components in its DCT spectrum are even less so.

In general, all natural signals are correlated to different degrees, depending on
their specific natures. Most signals are highly correlated, such as the example
of clouds, although some exceptions are less so, such as the sand. But in either
case, the components in the spectrum of the signal after DCT, or any other
orthogonal transform for this matter, are much less correlated. This example
illustrates that signal decorrelation is an important feature of all orthogonal
transforms, by which the autocorrelation of a typical signal will be significantly
reduced.

These two very different types of signals of high and low correlations will be
reconsidered in the future discussion regarding the statistical properties of the
signals (Chapter 10).
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Figure 6.9 Decorrelation of cloud and sand signals

Two-Dimensional DCT and Filtering

The DCT of a 2-D signal 2[m,n] (m =0,--- ,M —1,n=0,--- ,N — 1) such as
an image, and the inverse DCT are defined respectively as:

N-1M-1
Xk, 1] = a[k]all] nz:;) ngox[mm] COS((QmQZfl)kW) cos(@”;Nl)l”),
-1 M-1
eimn] = Y all] Y k)X [k. ] cos( BT oo G 21T

0 0
(m,k=0,--,M—1,n,1=0,--- ,N—1) (6.92)

The inverse DCT (second equation) expresses the given signal as a linear combi-
nation of a set of M by N 2-D basis functions, a product of two sinusoidal func-
tions in horizontal and vertical directions, respectively. Each of these basis func-
tion is weighted by the corresponding coefficient X [k, ], which can be obtained
by the forward DCT (first equation) as the projection of the signal onto the cor-
responding basis function. These 2-D basis functions can be visualized as shown
in Fig.6.10 for M = N = 8.

Similar to the 2-D DFT, the two summations in either the forward or inverse
DCT in Eq. 6.92 can be carried separately in two separate steps, First, we can
carry out N M-point 1-D DCTs for each of the IV columns of the 2-D signal array
(the inner summation with respect to m in Eq.6.92), and then carry out M N-
point 1-D DCTs for each of the M rows of the resulting array after the first step
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Figure 6.10 The basis functions for the 2-D DCT (M = N = 8)
The DC component is at the top-left corner, and the highest frequency com-
ponent in both horizontal and vertical directions is at the lower-right corner.

(the outer summation with respect to n in Eq.6.92). Of course we can also carry
out the row DCTs first and then the column DCTs. In matrix multiplication
form, the forward and inverse 2-D DCT can be represented as

XM><N = C?\;ijuxNCN (forward) (6 93)

LTMxN — CMXJMXNCTA} (inverse) '
Here Cy; = [co, -+ ,cp—1] is an M by M matrix for the column transform and
Cny =]co, - ,cn-1] is an N by N matrix for the row transform. The DCT

spectrum of a 2-D signal, e.g., an image, is a real matrix composed of the M
by N coefficients X [k, [] representing the magnitudes of the corresponding basis
functions. Different from the Fourier transform, the phases of the basis functions
are not of interest in the DCT.

The DCT matrix C can be expressed in terms of its column vectors and the
inverse transform can be written as:

X[0,00 -~  X[0,N—1] el
1::[60,--- ,CM—l] :
[M 1,0]--- X[M—1,N—-1]] [ %,
M—-1N-1 M-1N-1
X[k, leref = > X[k, 1| By (6.94)
k=0 [=0 k=0 1=0

Here we have defined By = ckclT, where ¢;, is the kth column vector of the M
by M DCT matrix for the row transforms and ¢; is the Ith column vector of
the N by N DCT matrix for the column transforms. We see that the 2-D signal
T« N is now expressed as a linear combination of a set of MN 2-D (M x N)
DCT basis functions By (k,{ =0.--- ,N — 1), which can be obtained from the
equation above for the inverse transform when all elements of X are zero except
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Figure 6.11 An image and its DCT spectrum

X[k,l] =1. When M = N = 8, the 8 x 8 = 64 such 2-D DCT basis functions are
shown in Fig.6.10. Any 8 by 8 2-D signal can be expressed as a linear combination
of these 64 2-D orthogonal basis functions.

In the equation above, each basis function By, is weighted by the kl-th DCT
coefficients X[k, [], which can be obtained by the forward transform:

Co

X = : xlco, - ,eN-1] (6.95)
T
Cr-1

and the kl-th coefficient X [k,!] is the projection of the 2-D signal & onto the
kl-th basis function, i.e., their inner product:

2[0,0] - z[0,N — 1]
Xie=cf | 1 - ; .
M —1,0] -+ x[M —1,N — 1]
M-1N-1
= Z Z x[m, n]|By[m,n] =< x, By > (6.96)
m=0 n=0

Same as in the 2-D DFT case (Eq.4.214), the coefficient X[k, [] can be found as
the projection of the signal x onto the kl-th DCT basis function By;.

Example 6.8: An image and its DCT spectrum are shown in Fig. 6.11. Different
from the complex DFT, the DCT is a real transform and a 2-D DCT spectrum is a
array of real elements representing the magnitudes of the frequency components,
unlike a 2-D DFT spectrum which contains both the real and imaginary parts,
representing the magnitudes and phases for the frequency components.

Various types of filtering, such as high-pass (LP) and low-pass (HP) filtering,
can be carried out in the frequency domain by modifying the spectrum of the
signal. Fig.6.12 shows some HP and LP results using two different types of fil-
ters, the ideal filter and the Butterworth filter. In the case of an ideal filter, all
frequency components higher than a cut-off frequency, i.e., farther away from
the DC component (top-left corner of the spectrum) than a distance correspond-
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Figure 6.12 LP and HP filtering of an image

Similar to the Fourier transform, DCT also suffers from the ringing artifacts
caused by the ideal filters (first and third), which can be avoided by the smooth
Butterworth filter.

ing to the cut-off frequency, are suppressed to zero with all other components
unchanged. The modified spectrum and the resulting low-pass filtered image
after inverse DCT are shown in the figure at top-left and bottom-left, respec-
tively. Similar to the case of the DFT, some obvious ringing artifacts can be
observed in the ideal-filtered image. To avoid this, the Butterworth filter with-
out sharp edges can be used, as shown by the pair of images second from the
left. The same ideal and Butterworth filters can also be used for HP filtering, as
shown by the other two pairs of images on the right. Again, note that the ringing
artifacts due to the ideal filter is avoided by Butterworth filtering.

Example 6.9: The example shown in Fig. 6.13 illustrates why the DCT can also
be used for data compression. In this particular case, 90% of the DCT coefficients
(corresponding mostly to some high frequency components) with magnitudes less
than a certain threshold value were surprised to zero (black in the image). The
image is then reconstructed based on the remaining 10% of the coefficients but
containing over 99.6% of the signal energy. As can be seen in the figure, the
reconstructed image, with only 0.4% energy lost, looks very much the same as
the original one except some very fine details corresponding to high frequency
components which were suppressed.
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Figure 6.13 Image Compression based on DCT

An image and its DCT spectrum (left) and the reconstructed image (right) based
on 10% of the coefficients but 99.6% of the total energy.

We can throw away 90% of the coefficients but still keep over 99% of the
energy only in the frequency domain, but not in the spatial domain, due to the
two general properties of all orthogonal transforms: (a) decorrelation of signals
and (b) compaction of signal energy. In this example, the effect of energy com-
paction of the DCT is stronger than that of the DF'T discussed before. For this
reason, DCT is widely used in image compression, most noticeably in the image
compression standards, such as JPEG (http://en.wikipedia.org/wiki/JPEG).
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7.1.1

The Walsh-Hadamard, Slant and

Haar Transforms

The Walsh-Hadamard Transform

The Walsh-Hadamard Transform (WHT) is yet another real orthogonal trans-
form which can also be closely related to the discrete cosine transform (DCT),
although they are defined totally differently.

Hadamard Matrix

Let us first consider an operation between two matrices. The Kronecker product
of two matrices A = [aij|mxn and B = [b;;|xx is defined as

(L11B s alnB
A®B=|--- - ... (7.1)
am,lB e amnB mkxnl
In general, A® B # B® A. Now the Hadamard Matriz is defined recursively
as:
1 {1 1
H, = — 2
= [1 _J (7.2)
1 H7 -1 Hn—1:|
H,=H,@H, 1=— ' 7.3
! ! \/i |:Hn—1 _Hn—l ( )
Note that the dimensionality of matrix H,, is 2" by 2". For example, when n = 2,
we have
1 1 1 1
1 |H, H; 1 1-1 1-1
Hy=H,®H, =— = 4
? 1o ﬂ{Hl—Hl] Vil 1-1-1 (7.4)
1-1-1 1

339
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Figure 7.1 The basis functions for the WHT

and if n = 3, we have

(111 1 1 1 1 1700
1-1 1-1 1-1 1-1|17
1 1-1-1 1 1-1-1(23
1 [Hy H, 1 J/1-1-1 1 1-1-1 1| 34
E{HQ—HJ V811 1 1 1-1-1-1-1|41
1-1 1-1-1 1-1 1|56
1 1-1-1-1-1 1 1|62
|1-1-1 1-1 1 1-1]75
(7.5)
The first column to the right of the array is the index numbers k of the N = 8
rows, and the second column represents the sequency s, the number of zero-
crossings or sign changes in each row. As can be seen, the index numbers cor-
responding to sequencies s =0,1,2,3,4,5,6,7 are k =0,4,6,2,3,7,5, 1, respec-
tively.
Similar to frequency, sequency also measures the rate of changes in a signal.

H;=H,® Hy =

But, different from frequency, sequency can be used to measure non-periodical
signals as well as periodic ones.

Alternatively, a Hadamard matrix H can also be defined in terms of its element
h[k, m] in the kth row and mth column as below (for simplicity, the scaling factor
1/V/N is neglected for now):

n—1
hlk,m) = (—1)Zim0kimi = TT(=1)%™ = hlm, k] (k,m=0,1,--- N —1)

1=0
(7.6)
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where
n—1 )
k= k2 = (kn1kn - -kiko)s (ki =0,1) (7.7)
i=0
n—1 )
m = Z miT = (mn_lmn_g s 'mlmo)g (mi = 0, 1) (78)
i=0

ie, (kn1kn—2---kiko)2 and (my,_1m,_2---mimg)e are the binary representa-
tions of k and m, respectively. Obviously, we need n = loga N bits in these binary
representations. For example, when n = 3 and N = 2" = 8, the element hlk, (] in
row k =2 = (010)2 and column m = 3 = (011) of Hy is (—1)01+0 = —1.

It is easy to show that this alternative definition of the Hadamard matrix is
actually the same as the previous recursive definition given in Egs. 7.2 and 7.3.
First, when n = 1 and N = 2" = 2, the two rows and columns indexed by a single
bit of ky and my, respectively, and the product kgmg of the two bits has four pos-
sible values, 0 x0=0,0x1=0,1x0=0and 1 x 1 =1, and they correspond
to the four elements of the matrix, i.e., h[0,0] = h[0,1] = h[1,0] = (—1)kom0 =
(-=1)° =1 and h[1,1] = (=1)ko™0 = (—1)! = —1. This is actually Eq. 7.2.

Next, when n is increased by 1, the size N = 2" of the matrix is doubled,
and one more bit k,_; and m,_1 (the most significant bit) is needed for the
binary representations of k and m, respectively. The product of these two most
significant bits k,,_1m,_1 determines the four quadrants of the new matrix H,,.
The first three quadrants (upper-left, upper-right and lower-left) corresponding
to kn—1my—1 = 0 are therefore identical to H,,_1, while the lower-right quadrant
corresponding to k,_1m,_1 = 1 is the negation of H,_;. This is the recursion
in Eq. 7.3.

Obviously H is real and symmetric, and we can easily show that it is also
orthogonal:

H=H =H"=H" (7.9)

To do so, we first note that H1H{ = I. Next we assume H, 1H, =1, 1,
and consider

H.H. — i Hn71 anl i anl Hn—l
e \/ﬁ anl _anl \/ﬁ anl _anl
1 [2H, 1H, , 0 I,. O
— g :In .].
2[ 0 9OH, H, 0 I, (7.10)

therefore the matrix is orthogonal for all n:

H=H"! (7.11)
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Hadamard Ordered Walsh-Hadamard Transform (WHT},)
The orthogonal Hadamard matrix can be written in terms of its columns:
H = [hg, - ,hn_1] (7.12)
As these N vectors are orthonormal
< b, hy, >=hEh, = §[m —n] (7.13)

they form a complete basis that spans the N-dimensional vector space, and the
Hadamard matrix H can be used to define an orthogonal transform, called
Hadamard ordered Walsh-Hadamard transform (WHT},):

X = Hx (forward)
14
{:1: =HX (inverse) (7.14)
Here x = [z[0],---,z[N —1]]7 is an N-point signal vector and X =
X1[0],---, X[N —1]]7 is its WHT spectrum vectors. Note that, interestingly, as

H™' = H, the forward (first equation) and inverse (second equation) transforms
are identical. Also, note that the WHT can be carried out by additions and sub-
tractions alone.

The inverse transform (IWHT},) can be written as:

x=[ho, -, hn_1] : = X[klhy (7.15)
X[N —1] k=0

i.e., the signal vector is expressed as a linear combination of the N basis vectors
h; weighted by the WHT coefficients X[k] (k=0,---,N — 1), which can be
written by the forward WHT:

X=Hzx= [ho,-" ,hN_l]a: (716)
or in component form:
X[k]=<z,hy >=hjz, (k=0,---,N—1) (7.17)

i.e., the coefficient X [k] is the projection of the signal vector & onto the kth basis
vector hj, which can also be written as

X[k = z_: hlk, m]z[m] = z_: x[m] ﬂ(—l)mik"' (7.18)

Fast Walsh-Hadamard Transform Algorithm

The complexity of WHT implemented as a matrix multiplication X = Hx is
O(N?). However, similar to the FFT algorithm, we can also derive a fast WHT
algorithm with complexity of O(NlogaN) as shown below. We assume n = 3 and
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N = 2" =38, and write the WHT}, of an 8-point signal x as:

X:ng:

X:[3] :{Hz Hz} f3 (7.19)

Hy; —H>

This equation can be separated into two parts. The first half of vector X can be
obtained as

Xﬂ xﬂ xﬁ 1 ﬂ
X|1 z|1 |5 1|1
x21 | TH2 o | T e | T2 | ey (7.20)
X[3] x[3] x[7] x1(3]
where we have defined
xifi) =z[i] +z[i+4] (i=0,---,3) (7.21)
Similarly the second half of vector X can be obtained as
X {4} xﬂ xﬁ 1 {4}
X5 z|1 |5 1[0
xi6] | = H2 a2 | T2 a6 | T 2 | 2yl (7.22)
X[7] (3] 7] 1 [7]
where we have defined
xili+4] =zfi] —z[i+4] (=0,---,3) (7.23)

What we did above is to convert an 8-point WHT into two 4-point WHTs. This
process can be carried out recursively. We next rewrite Eq. 7.20 as:

(0] 2 [0]]
X[].] o H1 H1 X1 [1]
x[2)| = {Hl —HJ n[2] (7.24)
X[3) nl3

which can again be separated into two halves. The first half is

B R R R R [ e
where

zoli] = x1[i) +21[i +2] (1=0,1) (7.26)
and

X[0] = 2o[0] + 22[1],  X[1] = 22[0] — a2[1] (7.27)

+£L’2[1
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Figure 7.2 The fast WHT algorithm

The second half is

o e R e e | e

(7.28)
where
wali+2 = a1fi] —a1[i +2] (i=0,1) (7.29)
and
X[2] = 22[2] + 22[3],  X[3] = 22[2] — 22[3] (7.30)

Similarly the coefficients X [4] through X [7] in the second half of the transform
in Eq. 7.22 can be obtained by the same process. Summarizing the above steps
of Equations 7.21, 7.23, 7.26, 7.27, 7.29, 7.30, we get the fast WHT algorithm as
illustrated in Fig. 7.2.

Sequency Ordered Walsh-Hadamard Matrix (WHT,,)

The rows in the WHT matrix @ are not arranged in order of their sequencies,
while it makes better physical sense if the elements of the WHT spectrum X =
[X[0], X[1],---, X[N — 1]]T are arranged according to their sequencies so that
they represent different components contained in the signal in a low-to-high
order, such as in the Fourier transform. To do so, we can re-order the rows
(or columns) of the Hadamard matrix H according to their sequencies. We first
consider the conversion of a given sequency number s into the corresponding row
index number k in Hadamard order, which can be down in the following three
steps:
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1. represent s in binary form:

n—1
5= (Sn-1-""50)2 = Z ;2"
i=0

2. convert this n-bit binary number to an n-bit Gray code:

9= (9gn-1---90)2, where g;=s5®si41 (i=0,---,n—1)

345

(7.31)

(7.32)

Here @ represents exclusive OR of two bits and s,, = 0 is defined as zero.

3. bit-reverse the Gray code bits g;’s:
ki = gn-1-i = Sn-1-i ® sn—

Now row index k can be obtained:

n—1 n—1

k= (kpo1kn_o---kiko)s = Z Spo1-i D 8p_i2" = Z 55 @ sj412"

i=0 J=0

where j =n — 1 — i or equivalently i =n — 1 — j.

For example, when n = loga N = log28 = 3, we have

s 0 1 2 3 4 ) 6 7
binary 000 001 010 011 100 101 110 111
Gray code | 000 001 011 010 110 111 101 100
bit-reverse | 000 100 110 010 011 111 101 001
k 0 4 6 2 3 7 5) 1

(7.33)

1-j

(7.34)

(7.35)

Now the sequency-ordered (also called Walsh-ordered) Walsh-Hadamard matrix

can be obtained as

1 1 1 1 1 1 1 1700
11 1 1-1-1-1-1|14
1 1-1-1-1-1 1 1|26
1|1 1-1-1 1 1-1-1]32
VBl1-1-1 1 1-1-1 1|43
1-1-1 1-1 1 1-1|57
1-1 1-1-1 1-1 1|65
[1-1 1-1 1-1 1-1]71

(7.36)

Here a subscript w is included to indicate the row vectors of this matrix H
is sequency-ordered (or Walsh-ordered). The two columns to the right of the
matrix are the indices of the row vectors in the sequency order (first column) and
the original Hadamard order (second column). Note that this sequency-ordered

matrix is still symmetric: H% =H,.

Now the sequency-ordered Walsh-Hadamard transform (WHT,,) can be car-

ried out as

X =H,x

(7.37)
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Figure 7.3 The basis functions for the WHT (sequency ordered)
or in component form:

N-1
X[k =" hulk, m]a[m] (7.38)

m=0

where h,, [k, m] is the element in the kth row and nth column of H,,.

Fast Walsh-Hadamard Transform (Sequency Ordered)

The sequency ordered Walsh-Hadamard transform (WHT,, can be obtained by
first carrying out the fast WHT}, and then reordering the components of X as
shown above. Alternatively, we can use the following fast WHT,, directly with
better efficiency.

Similar to the WHT shown in Eq.7.18, the sequency ordered WHT of z[m]
can be represented as:

N-1 N-1 n—1

X[k] = ho[k, mlz[m] = x[m) (—1)(k"L*1*J+k"L*j)mi
m=0 m=0 7=0
N-1 n—1

=Y afm] [J(-1)kethedmaa o (7.39)
m=0 i=0
Here N = 2™ and k,, = 0. The second equal sign is due to the conversion of index
k from Hadamard order to sequency order (Eq.7.34). Here we have also defined
i=n—1-j and note that (—1)k®ki+1 = (—1)kiTkisr where m;, k; = 0, 1.
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In the following, we assume n = 3, N = 23 = 8, and we represent m and k in
binary form as m = (mamimg)2 and k = (kok1ko)2 respectively:

n—1 n—1
m=> m2 =dmy+2my +mo, k= k2 =dky+2ki+ko (7.40)
i=0 1=0

Here k,, = k3 = 0 is defined to be zero. This 8-point WHT,, can be carried out
in these steps:

e As the first step of the algorithm, we rearrange the order of the samples x[m)]
by bit-reversal to define:

xo[dmo + 2my + meo] = x[dma + 2my +mo]  form=0,1,---7  (7.41)

Now Eq.7.39 can be written as:

1 1 1 2
Xk = >0 37 3" wmoldmo + 2my +ma] [ [(—1)Fethermao
mo=0m1=0my=0 i=0
1 1 1 2
=D > woldly + 20 + 1] [[ (=)t (7.42)
lp=010;=012=0 =0

Here we have defined [; = m,—1_;.
e FExpanding the 3rd summation into two terms for [ = 0 and lo = 1, we get

(—1)Ktheb (2020 + 1] + (—1)*2 F220[4 + 21 + Lo]]

>
o
M-
M-
.

~
<
Il
o
=
Il
o
S
Il
o

(_1)(ki+ki+1)lix1 [4k2 + 211 + lO] (743)

Il
MH
MH

—-

~
<
Il
o
=
Il
o
S
Il
o

where x7 is defined as

$1[4]€2 + 201 + lo] = X9 [211 + lo] + (—1)k2+k3.130[4 + 201 + lo] (744)
e Again, expanding the 2nd summation into two terms for [y =0 and [y =1,
we get
1
X[k =Y (—1)Fthiedlofgy [4ky + lo] + (—1)F T2y [4ky + 2 + 1))

0=0

(—1)etReen)lo gy [dfy + 2Ky + m) (7.45)

I
B

0=0

where x5 is defined as
X2 [4](32 +2k1 + lo] = x1[4k:2 + ZQ] + (—1)k1+k2l‘1[4k2 + 2+ ZQ] (746)

e Finally, expanding the 1st summation into two terms for l[j =0 and [y = 1,
we have

X[k] = wo[dko + 2k1] + (—1)Fo TRy [dky + 2k + 1] (7.47)
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Figure 7.4 The fast WHT algorithm (sequency ordered)

Summarizing the above steps, we get the fast WHT,, algorithm composed of
the bit-reversal and the three equations (11), (12), and (13), as illustrated in
Fig.7.4. In general, the algorithm has logy N stages each with complexity O(N),
the total complexity is O(N log, N).

The C code for the fast WHT algorithm is given below. The WHT function
takes a data vector z[m| (m = 0,--- , N — 1) and converts it to WHT coefficients
X[k] (k=0,---,N — 1), which are Hadamard ordered if the argument sequency
sequency=0, or sequency ordered if sequency=1. This is an in-place algorithm,
i.e., the input data will be overwritten by the output. The function can be used
for both forward and inverse WHT transforms as they are identical.

wht (x,N, sequency)
float *x;
int N,sequency;
{ int i,j,k,jl,m,n;
float w,*y,t;

m=log2f ((float)N);
y=(float *)malloc(N*sizeof (float));

for (i=0; i<m; i++) { // for log2 N stages
n=pow(2,m-1-1) ; // length of section
k=0;
while (k<N-1) { // for all sections in a stage
for (j=0; j<n; j++) { // for all points in a section
ji=k+j;

t=x[j1]+x[j1+n];
x[j1+n]=x[j1]-x[j1+n];
x[j1l=t;
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}
k+=2%n; // move on to next section
}
+
w=1.0/sqrt ((float)N);
for (i=0; i<N; i++) x[il=x[i]*w;
if (sequency) // converting to sequency (Walsh) order
{
for (i=0; i<N; i++) { j=h2w(i,m); yl[il=x[jl; }
for (i=0; i<N; i++) x[il=y[i];
}
free(y);
}

where h2w is a function that converts a sequency index i to Hadamard index j:

int h2w(i,m) // converts a sequency index i to Haramard index j
int i,m;
{ int j,k;
i=17(1>>1);
3=0;
for (k=0; k<m; ++k)
j=G << | L& @ > k)); // bit-reversal
return j;

Example 7.1: The sequency ordered WHT of an 8-point signal vector x =
[0,0,2,3,4,0,0,0]" can be obtained by matrix multiplication:

X = H,x = [3.18,0.35, -3.18, —0.35,1.77, —=1.06, —1.77,1.06]"  (7.48)

where H,, is given in Eq.7.36. The inverse transform (which is identical to the
forward transform as H ;Ul = H,,) represents the signal vector as a linear com-
bination of a set of square waves of different sequencies:
7
@ =H,X = [ho, -+, h7]X = X[n]h,[0,0,2,3,4,0,0,0]" (7.49)

n=0

This example is illustrated in Fig.7.5.
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Figure 7.5 The WHT of a 8-point signal

The left column shows the 8 basis WHT functions (both continuous and discrete),
while the right column shows how a signal can be reconstructed by the inverse
WHT (Eq.7.49) as a linear combination of these basis functions weighted by
WHT coefficients obtained by the forward WHT (Eq.7.48). The plots on the right
show the reconstructed signal using progressively more components of higher
sequencies (from DC component alone to all 8 sequency components).

The Slant Transform

Slant Matrix

Like the Hadamard matrix, the matrix for the slant transform (ST) can also be
generated recursively. Initially when n = 1, the slant transform matrix of size
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N = 2" = 2 is defined the same as H; for the Hadamard matrix (Eq.7.2):

S, = % E _H (7.50)

The recursive definition for matrix S,, of size N = 2" is:

1 Sp1 Sa-
Sn—Rn[Sl®Snl]——Rn{S 1_5 1]

V2

where R, is a size N = 2" rotation matrix by which the N/4-th row and N/2-th
row are rotated by an angle 60,,:

(7.51)

1 -

COSs Gn — Sin Hn (271,—2 - N/4)th row

R, = (7.52)

sin 6, cos b, (27! = N/2)th row

where

22n72 -1 1/2 3N2
COS gn = (7) = 47

22n — ] N2 —4
. 92n-2 _ 92n-2 1/2 N2 _4

Note that indeed we have Sini +cos? = 1. For example, when n =1, 2,3 we
have:

n N | cosb, sin 6,

1 2 0 1

2 4 | 1/v5  2/\5

3 8 | B/21 4/v21

The N row vectors of the identity matrix I,, of size N = 2™ can be considered
as a set of N standard basis vectors e, (k=0,---,N —1) of an N-D vector
space. Similarly, the N vectors of matrix R,, also form a set of basis vectors, of
which N — 2 are the same standard vectors as those in I,,, except rows number
N/4 and number N/2 which are rotated by an angle 6,,. As rotation is a unitary
transformation, the rotation matrix is unitary, i.e.,

R'R, =1,
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Without the rotation, i.e., if 8, =0 and R, = I,,, Eq.7.51 for slant matrix

becomes the same as Eq.7.3 for Hadamard matrix.

The slant transform matrix S,, is obviously real but not symmetric, and we

can also show that it is orthogonal:

ie., STS,=1I,

ST = g1
Proof:

This is a proof by induction. First, when n = 1, it is trivial to show that R,

is orthogonal:

171 111 1 10
T —— — g
S151=3 {1 —1} [1 —1} i } I

Next, we assume Sz,lsn,l = I, 1, and consider:

T -
1 |:Sn1 Sn1:| RTR |:Sn1 Snfl _

1
T _ —
SnSn B 2 Snfl _Snfl Snfl _Snfl_ 2

55_1 :| |:Sn1
Sg—l —55_1 Sn-1

_ 1 |:2S£1'Sn—1 On—l :| _ |:In—1 0n—1:| =T
2 0,-1 ZSZ,l,S’n_l 0, 11,1 "

As a slant matrix S, is closely related to a Hadamard matrix H,,, the sequen-
cies of their corresponding rows are the same. The same re-ordering method given
in Eq. 7.35 can be used to rearrange the rows in S,, in ascending order of their
sequencies. Based on the recursive definition in Eq.7.51, and after conversion to
sequency order, the slant matrices of the next two levels for n = 2 and n = 3 can

generate:
[1.00 1.00 1.00 1.00
S _111.34 0.45-0.45—-1.34
2792 11.00 =1.00 —=1.00 1.00
0.45 —1.34 1.34 —0.45
and
[1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00]
1.53 1.09 0.65 0.22 —0.22 —0.65 —1.09 —1.53
1.34  0.45 —0.45 —1.34 —1.34 —0.45 0.45 1.34

0.68 —0.10 —0.88 —1.66 1.66 0.88 0.10 —0.68

1
S3= 2 1100 —1.00 =1.00 100 1.00 —1.00 —1.00 1.00 (7.56)
1.00 =1.00 —1.00 1.00 —1.00 1.00 1.00 —1.00
045134 1.34-0.45-045 1.34-1.34 045
1045 —1.34 1.34 —0.45 0.45 —1.34 1.34 —0.45 |

We can make the following observations of the slant matrix:

e In particular, the second row with sequency of 1 has a negative linear slop,

thereby the name “slant” matrix.

(7.54)

Sn1:|

_Snfl

(7.55)
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e Unlike the Walsh-Hademard matrix, the slant matrix S7 # S is not symmet-
ric;

e Like the Walsh-Hadamard matrix, the sequency of the row and column vectors
of the slant matrix increases from 0 of the first row/column to the last one;
However, we prefer to treat the row vectors as the orthogonal basis vectors
that span a vector space, i.e,

Fast Slant Transform
Given an orthogonal matrix S,,, an orthogonal transform of an N-D vector «
can be defined as:
X[0] 80
X = g =Sz = g x, (7.57)

X[N —1] SN-1
or in component form:

X[k] = six =< sp,x >

i.e., X[k] is the projection of the signal vector & onto the kth basis vector s.
The inverse transform reconstructs the signal from its transform coefficients:
X[0] N1
x=8"X =[so, - ,sn_1] : = Z X [k]sk (7.58)
X[N —1] k=0
Like the Walsh-Hadamard transform, the slant transform also has a fast algo-
rithm with computational complexity of O(N logy N) instead of O(N?). This

algorithm can be explained in the following example of n = 3. The slant trans-
form of a vector & of size N =23 =8 is:

_3;[0]_
_ _ L S2 SQ l‘[?)] o L Sgwl
X = S3w = \/§R3 |:S2 _SQ:| 1[,'[4] = \/§R3 |:S2w2:| (759)
al7]
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Figure 7.6 A comparison of slant (solid lines) and Hadamard (dashed lines) matrices

where
(0] (4] x[0] (4]
= |t xo=| | =] :
(3] 7] (3] 7]
We see that an 8-point slant transform is converted into two 4-point slant trans-

forms, each of which can be in turn converted to two 2-point transforms. This
recursive process is illustrated in the diagram in Fig.7.7. The three nested boxes
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Figure 7.7 A recursive algorithm of fast slant transform

The three nested boxes (dashed line) are for 8, 4 and 2-point transforms, respec-
tively. Letter ¢ and s represents cos#,, and sin6,, for the rotation for each of the
transforms (except for N = 2).

(dashed line) represent three levels of recursion for the 8-point, 4-point and
2-point transforms, respectively. In general, an N-point transform can be imple-
mented by this algorithm in logy, N stages each requiring O(N) operations, i.e.,
the total complexity is O(N logy N). This algorithm is almost identical to the
WHT algorithm shown in Fig.7.4, except an additional rotation for two of the
rows at each level.

While the algorithm can be implemented in a manner very similar to the WHT
code discussed previously, here we present an alternative implementation based
on recursion, which fits the algorithm most naturally.

slantf (float *x, int N)
{
int i,j,k,1,m,n;
float c,s,u,v,w,*yl,*y2;
yl=(float*)malloc(N/2 * sizeof (float));
y2=(float*)malloc(N/2 * sizeof (float));
if (N==2) { // 2-point transform
u=x[0]; v=x[1];
x[0]=(u+v) /Sqrt2;
x[1]=(u-v)/Sqrt2;
+
else {
for (n=0; n<N/2; n++) {
y1[n]l=x[n]+x[N/2+n];
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y2[n]l=x[n]-x[N/2+n];
}
slantf (y1,N/2); // recursion
slantf (y2,N/2);
for (n=0; n<N/2; n++) {
x[n]=y1[n]/Sqrt2;
x[N/2+n]=y2[n]/Sqrt2;
+
w=4xN*N-4;
c=sqrt (3*N*N/w) ;
s=sqrt ((N*N-4) /w) ;
u=x[N/4]; v=x[N/2];
x[N/4]=c*xu-s*v; // rotation
x [N/2]=s*u+c*v;
}
free(yl); free(y2);
}

The inverse transform can be implemented by reversing the steps and opera-

tions both mathematically and order-wise in the forward transform:

slanti(float *x, int N)
{
int i,j,k,1,m,n;
float c,s,u,v,w,*yl,*y2;
y1=(float*)malloc(N/2 * sizeof (float));
y2=(float*)malloc(N/2 * sizeof (float));
if (N==2) { // 2-point transform
u=x[0]; v=x[1];
x[0]=(u+v)/Sqrt2;
x[11=(u-v)/Sqrt2;
}
else {
w=4xN*N-4;
c=sqrt (3*N*N/w) ;
s=sqrt ((N*N-4) /w) ;
u=x[N/4]; v=x[N/2];
x[N/4]=c*u+s*v; // rotation
x[N/2]=c*xv-s*u;
for (n=0; n<N/2; n++) {
y1[n]l=x[n]*Sqrt2;
y2[n]=x[N/2+n] *Sqrt2;
}
slanti(y1,N/2); // recursion
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slanti(y2,N/2);
for (n=0; n<N/2; n++) {
x[n]=(y1[nl+y2[nl)/2;
x[N/2+n]=(y1[n]l-y2[nl)/2;
}
}
free(yl); free(y2);
}

Example 7.2: The sequency ordered WHT of an 8-point signal vector x =
[0,0,2,3,4,0,0,0]" can be obtained by matrix multiplication:

X = Ssx = [3.18,0.39, —3.64, —0.03,1.77, —1.06, —0.16,1.11]" (7.60)

where S is given in Eq.7.56. The inverse transform will bring the original signal
x back:

S;'X =8TX =2=10,0,2,3,4,0,0,0]" (7.61)

The Haar Transform

Continuous Haar Transform

Similar to the Walsh-Hadamard transform, the Haar transform is yet another
orthogonal transform defined by a set of rectangular shaped basis functions.
However, compared to all orthogonal transform methods considered so far, the
Haar transform has some unique significance in the sense that it is also a special
type of the wavelet transforms to be discussed in a later chapter.

The family of Haar functions h,(¢), (n =0,1,2,---) are defined on the interval
0 <t <1.Except ho(t) = 1 defined as a constant 1, the shape of the nth function
hn(t) for n > 0 are determined by two parameters p and ¢, which are related to
k by:

n=2"+q-1 (7.62)

For any given n > 0, p and ¢ are uniquely determined so that 2P is the largest
power of 2 contained in n, i.e., 2P <nor 0 < p < logak, and ¢ — 1 is the remain-
der,ie., q—1=n—2P or 1 < q < 2P. For example, the values of p and ¢ corre-

sponding to n = 1,--- , 15 are shown in the table:
n{l 2 3 4 5 6 7 8 9 10 11 12 13 14 15
p/O 1 1 2 2 2 2 3 3 3 3 3 3 3 3 (7.63)
qll 1 2 1 2 3 4 1 2 3 4 5 6 7 8
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Figure 7.8 The 8 basis functions for the Haar transform

Now the family of Haar functions can be defined in terms of p and ¢ as:

e When n = 0:
ho(t)=1, (0<t<1) (7.64)
e When n > 0,
2P/2 (g —1)/2P <t < (q¢—0.5)/2P
hi(t) = —2P/2 (¢ —0.5)/2P <t < q/2P (7.65)
0 otherwise

The first N = 8 Haar functions are shown in Fig. 7.8. We see that the Haar
functions h,(t) for all n > 0 contain a single prototype shape composed of a
square wave followed by its negative copy, with the two parameters p specifying
the magnitude and width (or scale) of the shape and ¢ specifying the position
(translation) of the shape. For example, if n = 3, then p = 1, ¢ = 2, and we have

V205 <t<0.75

ha(t) =< —v2 075<t<1 (7.66)
0 0<t<0.5
These Haar functions are obviously orthonormal:
<h(t)h(t)>—/1h(t)h (W)t =d[n—v] =4 1=V (7.67)
n b v - o n v - - O n # v .

and they can be used as the basis functions to span a function space over 0 <t <
1. A signal function x(¢) in this space can be expressed as a linear combination
of these Haar functions:

2(t) = 3 X[nlha(t) (7.68)

where the nth coefficient X [n] can be obtained as the projection of x(t) onto the
nth basis function A, (t):

X[n] =< 2(t), hn(t) >= /0 1 2(t)ha(t)dt (7.69)
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This is the continuous Haar transform of the signal (¢). Let us further consider
what each coefficient X [n] represents. First, when n = 0, the coefficient

X[0] = /O ' (Oho()dt = /O eyt (7.70)

represents the average or DC component of the signal, same as all orthogonal
transforms discussed before. Next, each of the coefficients X [n] for n > 0 repre-
sents two specific aspects of the signal characteristics, determined by p and g¢,
respectively:

e certain detailed feature of the signal, in the form of the difference between
two consecutive segments of the signal, at different time scales
e and when the detailed feature occurs in time.

For example, a large value (either positive or negative) of the coefficient X[3] for
the basis function hs(t)) would indicate that the signal value has some significant
variation in the second half of its duration.

In light of these two characteristics, especially the second one, it is inter-
esting to compare the Haar transform with all the orthogonal transforms dis-
cussed before, including Fourier transform, cosine transform, Walsh-Hadamard
transform. What all of these transforms, including the Haar transform, have in
common is that their coefficients represent some type of details contained in
the signal, in terms of different frequencies (Fourier transform and cosine trans-
form), sequencies (Walsh-Hadamard transform), or scales (Haar transform), in
the sense that more detailed information is represented by coefficients for higher
frequency/sequency/scales. However, none of these transforms is able to indicate
when in time such details occur, except the Haar transform, which can represent
not only the details of different scales, but also their temporal positions. It is
this feature that distinguishes the Haar transform from all of other orthogonal
transforms, and for this reason, the Haar transform is also a special form of the
wavelet transform to be discussed later.

Discrete Haar Transform (DHT)

The discrete Haar transform (DHT) is defined based on the family of Haar
functions. Specifically, by sampling each of the first N Haar functions h,,(t)
(n=0,---,N —1) at time moments t =m/N (m =0,1,2,--- ,N — 1), we get
N orthogonal vectors. Moreover, if a scaling factor 1/ VN is included, these
vectors become orthonormal:

< hy,h, >=hrh, = 6[m —n] (7.71)

These N orthonormal vectors form a basis that spans the N-dimensional vector
space, and they form an N by N DHT matrix H (not to be confused with the
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WHT matrix):

hg
H =[hy,--- ,hy_1], or H'= : (7.72)
hi s
which is obviously real and orthogonal:
H=H'' H'=H" ie H'H=1I (7.73)

As some examples, the DHT matrices corresponding to N = 2,4,8 are listed
below.

e When N = 2, the 2 x 2 DHT matrix is identical to the transform matrices for
all other discrete transforms including DFT, DCT and WHT:

111 0.71 0.71
T = — =
Hy = V2 {1 —1] {0.71 —0.71] (7.74)

The first row represents the average of the signal, while the second represents
the difference between the first and second halves of the signal, same for all
transform methods.

e When N =4
1 1 1 1 0.50 0.50 0.50 0.50
11 1-1 -1 0.50 0.50 —0.50 —0.50
27 921V2-Vv2 0 0 0.71 —0.71 0.00 0.00 (7.75)
0 0v2-V2 0.00 0.00 0.71 —0.71

In comparison, the transform matrices C and H,, for the other two real
transforms DCT and WHT are also listed below:

0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
CT — 0.65 0.27 —0.27 —0.65 HT _ 0.50 0.50 —0.50 —0.50
0.50 —0.50 —0.50 0.50 |’ w 0.50 —0.50 —0.50 0.50
0.27 —0.65 0.65 —0.27 0.50 —0.50 0.50 —0.50
(7.76)

Here a subscript w is included in the WHT matrix H,, to tell it apart from
the DHT matrix H. We see that all three matrices have identical first rows
representing the DC component of the signal, and the elements of their sec-
ond rows have the same polarities, although different values, representing the
difference between the the first and second halves of the signal. However, the
third and forth rows are quite different. In the case of DCT and WHT, they
represent progressively higher frequency/sequency components in the signal,
but in the case of DHT, these rows represent the same level of details in signal
variation, and their different temporal locations (either in the first or second
half), at a finer scale than the second row.
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® When N = 8, we have

11 1 1 1 1 1 17 ¢olt)

1 1 1 1-1-1 =1 —=1] vt
V2V2—V2-V2 0 0 0 0] ¢ro(t)

r_ 1L 00 0 0v2V2-vV2-V2| ¢ia(t)

H; = V8l 2-2 0 0 0 0 0 0o (7.77)

00 2 =20 0 0 0t

00 0 0 2-2 0 0o

L 00 0 0 0 0 2 —2]| a3t

It is obvious that the additional four rows represent signal variations and their
temporal positions at a finer still scale than the previous two rows. Note that
each row is also labeled as a function (p(t) for the first row and v (¢) for the
rest) on the right. The significance of these labelings will be clear in the future
when we discuss discrete wavelet transforms.

Now any N-point signal vector = = [z[0],--- ,z[N — 1]]T] can be expressed as
a linear combination of the column vectors h,, (n =0,---,N — 1) of the DHT
matrix H:
X|[0] Ne1
x=HX =[ho, - ,hy_1] : =Y X[nlhn, (7.78)

X[N —1] n=0

This is the inverse discrete Haar transform (IDHT), where X [n] is the coefficient
for the nth vector h,, which can be obtained as the projection of the signal
vector « onto the nth basis vector h,,:

X[n)=<z,h, >=hlz (n=0,1,---,N 1) (7.79)
or in matrix form:
ho
X=H's=H"z=| : |z (7.80)
hT
N-1

This is the forward discrete Haar transform (DHT), which can also be obtained
by pre-multiplying H ! on both sides of the IDHT equation above. The DHT
pair can be written as:

{ X =H"z (forward)

x=HX (inverse) (7.81)

Example 7.3: The Haar transform coefficients of an 8-point signal = =
[0,0,2,3,4,0,0,0]" can be obtained by the DHT as:

X = Hz = [3.18,0.35, —2.50, 2.0, 0.0, —0.71, 2.83,0.0]” (7.82)
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where the 8-point Haar transform matrix is given in Eq.7.77. Here, same as
in DCT, WHT and ST, X[0] = 3.18 and X|[1] = 0.35 represent respectively the
average and the difference between the first and second halves of the signal.
However, the interpretations of the remaining DHT coefficients are quite different
from the DCT and WHT. X[2] = —2.5 represents the difference between the
first and second quarters in the first half of the signal, while X [3] = 2 represents
the difference between the third and forth quarters in the second half of the
signal. Similarly, X[4],---, X[7] represent the next level of details in terms of
the difference between two consecutive eighths of the signal in each of the four
quarters of the signal.

The signal vector is reconstructed by the inverse transform IDHT which

expresses the signal as a linear combination of the basis functions, as shown
in Eq.7.78.

Computation of discrete Haar transform

The computational complexity of an N-point discrete Haar transform imple-
mented as a matrix multiplication is O(N?). However, a fast algorithm with
linear complexity O(N) exists for both DHT and IDHT, as illustrated in Fig.7.9
for the for an N = 8 point DHT transforms. The forward transform X = H3 x
can be written in matrix form as:

X[0]] 11 1 1 1 1 1 17 0]
X[1] 11 1 1-1-1 -1 —1]|=2[1]
X[2] V2V2-V2-v2 0 0 0 0] |z
X[B| 1] 00 0 0v2v2-v2-V2]| |3
X4l Rl 2-2 0 0 0 0 0 0] |z(4
X[5] 00 2 -200 0 O0f]ap
X[6] 00 0 0 2-2 0 0|6
| X[7] L o0 0 000 2 —2]|=z[7]

(1111 1 1 1 1)/V2] [a0]]

1 1 1 1-1-1-1-1)/v2"]| |2[1]

1 1-1-1 0 0 0 0)/v2°]| |2

_ 0o 00 0 1 1-1-1),/2"]| |2B] (7.83)

1-1 00 0 0 0 0)/v2]||*4

© 0 1-1 0 0 0 0)/v2] |z

© 00 0 1-1 0 0)/v2] |*[6

(0 000 0 0 1-1)/v2] Le[T]

By inspection of this matrix multiplication of this forward transform, we see
that each of the last four coefficients X[4],---, X[7] in the second half of vector
X can be obtained as the difference between a pair of two signal samples, e.g.,
X[4] = (2[0] — z[1])/+/2. Similarly, each of the last two coefficients X [2] and X [3]
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x[0]

x[1]
x[2]
x[3]
x[4]
x[5]
x[6]

x[7]

Figure 7.9 The fast Haar transform algorithm

The forward DHT transform shown on the left of the diagram converts the signal
x to it DHT coefficients X in the middle, which is then inverse transformed back
to time domain by the IDHT shown on the right of the diagram.

of the first half of X can be obtained as the difference between two sums of two
signal components, e.g., X [2] = ((z[0] + «[1]) — («[2] + 2[3]))/2. This process can
be carried out recursively as shown on the left of Fig.7.9, each performing some
additions and subtractions on the first half of the data points produced in the
previous stage, and in logy, 8 = 3 consecutive stages, the N DHT coefficients
X|[0],-- -, X[7] can be obtained. Moreover, if the results of each stage are divided
by v/2, the normalization of the transform can also be taken care of.
The inverse transform & = H3X can also be written in matrix form:

z[0]] 11 v2 0 2 0 0 0] [X]0]]
z[1] 1 1 vV2 0-2 0 0 0 |X[1]
z[2] 1 1—v2 00 2 0 0] |X[2
8] 1 |1 1-v2 0 0-2 0 0] |X[3]
4| T Bl1-1 0 V2 0 0 2 0 |X[4]
(5] 1-1 0 v2 0 0-2 0] |X[5]
(6] 1-1 0-v2 2 0 0 2| |X][6]
L 2[7] | [1-1 0-v2 0 0 0-2] | X[7]]

1110 1 0 0 0] [X[O)/V2

1 11 0-1 00 0f]|X[1/V2

1 1-1.0 0 1 0 0 ]|x[2/v2

1 1-1. 0 0-1 0 0 2

“l1-10 1 0 0 1 0 ﬁiﬂ?g (7:84)

1-1 01 0 0-1 0 X[5]/\/§

1-1 0-1 0 O O 1 X[G]/ﬂ

1-1 0-1 0 0 0-1] Xm/ﬁ
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By inspection we see that this matrix multiplication can also be carried out in
log, 8 = 3 stages as shown on the right of the diagram in Fig.7.9. Again, the
output of each stage needs to be divided by v/2.

Following this example for NV = 8, we see that in general an N-point DHT can
be carried out in log, N stages, and the number of operations for each stage is
always half of that of the previous stage (i.e., N, N/2,--- ,2), therefore the total
number of operations for the DHT is

N N N N —/1\* 1
a4 19=N — =2N(1 — — 2N .
Tttt tg ot z;o(?> (1-5) < (7.85)
i.e., the computational complexity of this DHT algorithm is O(V), much more
efficient compared to the typical complexity of O(N log, N) for most of other
transforms such as FFT, DCT and WHT. The C code for both the forward and
inverse discrete Haar transform is listed below:

dht (x,N,inverse)
float *x;
int N,inverse;
{ int i,n;
float *y,r2=sqrt(2.0);
y=(float *)malloc(N*sizeof (float));
if (inverse) {
n=1;
while(n<N) {
for (i=0; i<n; i++) {
y[2%i] =(x[i]l+x[i+n])/r2;
y[2xi+1]=(x[1]-x[i+n])/r2;

}
for (i=0; i<nx*2; i++) x[i]l=y[i];
n=nx*2;
}
}
else {
n=N;
while(n>1) {
n=n/2;
for (i=0; i<n; i++) {
y[i]l =([2*i]+x[2*i+1])/r2;
y[i+n]=(x[2*i]-x[2*i+1]) /r2;
}
for (i=0; i<n#¥2; i++) x[i]=y[i];
+
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free(y);
}

Filter bank implementation

The fast algorithm of the Haar transform can also be viewed as a special case of
the filter bank algorithm for general wavelet transforms, to be discussed later.
Here we briefly discuss such an implementation as a preview of the filter bank
idea. To see how this algorithm works, we first consider the convolution of a
signal sequence x[n] with some convolution kernel h[n]:

2'[n] = z[n] * h[n] = Z him]x[n — m] (7.86)

In particular, for the Haar transform, we consider four different 2-point convo-
lution kernels:

o hol0] = holl] = 1/V2
o m[0] =1/v2, m[l] =-1/v2
e go[0] = go[1] =1/V2
* q[0] =—1/v2, m[l]=1/V2

Note that g;[n] is the time-reversed version of h;[n] (i = 0,1), i.e., the order of
the elements in the 2-point sequence is reversed (the two elements of go and hg
are identical). Depending on the kernel, the convolution above can be considered
as either a highpass or lowpass filter. Specifically, if the kernel is hy (or go), we
have

1
o) = o]+ halr) = 3 o neml= (- 1+af) (757

This can be considered as a lowpass filter as the output y[n] represents the
average of any two consecutive data points z[n — 1] and x[n] (corresponding to
some low frequencies). On the other hand, if the kernel is hy, then

y[n] = z[n] * hi|n Z holm m] = %(m[n —1] — z[n)]) (7.88)

This can be considered as a highpass filter as the output y[n] represents the
difference of the two consecutive data points (corresponding to some high fre-
quencies). Finally, if the kernel is gy, the convolution is also a highpass filter:
1
y[n] = x[n] * g1|n] = E(m[n] —z[n — 1]) = —z[n] * hy[n] (7.89)

Due to the convolution theorem of Z-transform, these convolutions can also be
represented as multiplications in Z-domain:

Y(2) = Hi(2)X(2), Y(2)=Gi(2)X(2), (i=0,1) (7.90)
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Now the forward transform of the fast DHT shown on the left of Fig. 7.9 can
be considered as a recursion of the following two operations:

e Operation A (average or approximation): a lowpass filter implemented as
y[n] = x[n] * ho[n], followed by downsampling (every other point in y[n] is
eliminated);

e Operation D (difference or detail): a highpass filter implemented as y[n] =
x[n] x hy[n], also followed by downsampling.

For example, operation A applied to a set of 8-point sequence z[0], - -, z[7] will
generate a 4-point sequence containing x[0] + z[1], z[2] + x[3], x[4] + z[5], and
x[6] 4 z[7] (all divided by v/2) representing the local average (or approximation)
of the signal. When operation D is applied to the same input, it will generate
a different 4-point sequence containing x[0] — z[1], z[2] — x[3], x[4] — z[5], and
x[6] — z[7] (all divided by v/2) representing the local difference (or details) of
the signal.

In this filter bank algorithm, this pair of operations A and D is applied first to
the N-point signal xz[n] (n =0,---, N — 1), and then recursively to the output
of operation A in the previous recursion. As the data size is reduced by half
by each recursion, this process can be carried out log, N times to generate all
N transform coefficients. This is the filter bank implementation of the DHT, as
illustrated on left of Fig.7.10.

The inverse transform of the fast algorithm (right half of Fig. 7.9) can also be
viewed as a recursion of two operations:

e Operation A: a lowpass filter implemented as y[n] = z[n] * go[n], applied to
the upsampled version of the data (with a zero inserted between every two
consecutive data points, also in front of the first sample and after the last
one);

e Operation D: a highpass filtered by y[n] = z[n] * g1[n], applied to the upsam-
pled input data.

For example, when operation A is applied to X|0], it will first be upsampled
to become 0, X[0],0, which is then convolved with go[n] to generate a sequence
with two elements X[0], X[0]. Also, when operation D is applied to X[1], it will
be upsampled to become 0, X[1], 0, which is convolved with g;[n] to generate a
sequence X[1], —X|[1]. The corresponding elements of these two sequences are
then added to generate a new sequence X|[0] + X[1],X[0] — X[1]. In the next
level of recursion, operation A will be applied to this 2-point sequence, while
operation D is applied to the next two data points X[2], X[3], and their outputs,
two 4-point sequences, are added again. This recursion is also carried out logy N
times until all N data points x[0],--- ,2[N — 1] are reconstructed. This is the
filter bank implementation of the IDHT, as illustrated on the right of Fig.7.10.
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Figure 7.10 Filter bank implementation of DHT
Here Hy and Go(z) are lowpass filters and H; and G are highpass filters. The
up and down arrows represent upsampling and downsampling, respectively.

Two-dimensional Transforms

Same as the discrete Fourier and cosine transforms, all three of the trans-
form methods discussed above can also be applied to a 2-D signal z[m,n]
(m=0,---,M—1,n=0,---,N —1), such as an image, for purposes such as
feature extraction, filtering and data compression. For convenience, in the fol-
lowing we will represent any of the three orthogonal matrices considered above
for the Walsh-Hadamard, slant and Haar transforms by a generic orthogonal
matrix A. The forward and inverse 2-D transform of a 2-D signal are defined
respectively as:

(7.91)

X]\,{XN = A%}ZCMXNAN (forward)
Ty = Ay X uxnAy  (inverse)

where  and X are respectively the 2-D M by N signal matrix and its trans-
form coeflicient matrix, and Ay and Ay are respectively M by M matrix for the
column transforms and N by N matrix for the row transforms. The inverse trans-
form (second equation) expresses the given 2-D signal  as a linear combination
of a set of N2 2-D basis functions:

X[,0] -+  X[0,N—1] al
w:[a()v"'val\f—l] " :
X[M—-1,0--- X[M-1,N—-1]] |a%_,
M-1N-1 M-1N-1
X[k, lara! =Y > X[k,||By (7.92)
k=0 1=0 k=0 1=0

where By, = aral is the kl-th 2-D (M by N) basis function, weighted by the
corresponding coefficient X [k, []. Also, same as in the cases of DFT (Eq.4.214)
and DCT (Eq.6.96), this coefficient can be obtained as the projection (inner
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Figure 7.11 The basis functions for different 2-D orthogonal transforms

DCT (top left), WHT (top right), ST (lower left), and DHT (lower right). In
all cases the DC component is at the top-left corner, and the farther away from
the corner, the higher frequency/sequency contents or scales of details are rep-
resented. Specially, the spatial positions, as well as different levels of scales, are
also represented in the Haar basis.

product) of @ onto the kl-th basis function Byy:

2[0,0] -+ z[0,N —1]
X[kbl]:af a
o[M —1,0]- a[M —1,N — 1]
M-1N-1
= Z Z x[m,n]Bgilm,n] =< x, By > (7.93)
m=0 n=0

We see that this coefficient is the projection of the 2-D signal @ onto the 2-
D basis function. When M = N =8, the 8 x 8 = 64 such 2-D basis functions
corresponding to Walsh-Hadamard, slant, and Haar are shown in Fig.7.11. For
comparison, the basis functions corresponding basis functions for discrete cosine
transform are also shown.

All of these transform methods can be used for filtering. Fig.7.12 shows both
the low-pass and high-pass filtering effects in both spatial domain and spatial
frequency domain for each of the transform methods. We can also see that all of
these transforms have the general property of compacting the signal energy into
a small number of low frequency/sequency components. In the low-pass filtering
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Figure 7.12 Low-pass and high-pass filtering based on different 2-D transforms

The spectrum of each of the transform methods (from left to right: DCT, WHT,
ST and DHT) after filtering is given in the first (low-pass) and third (high-pass)
row, and the corresponding filtered image is given directly below each spectrum.

examples, only about one percent of the transform coefficients are kept after
filtering in the transform domain of DCT, WHT, ST and DHT, but they carry,
respectively, 96.4%, 94.8%, 95.5% and 93% of the total signal energy. Therefore
all of these transform methods lend themselves to data compression, same as the
Fourier transform.

On the other hand, these transform methods use different basis functions,
which may be suitable for different types of signals. Most obviously, like the
DFT, the DCT has sinusoidal basis functions and is therefore suitable for rep-
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resenting signals that are smooth in nature. However, it is also possible that in
some specific applications other transform methods may be more suitable, as the
signals of interest may be more effectively represented by a particular type of
basis functions other than sinusoids. For example, if the signals are square wave
like in nature, then the WHT may be more suitable to use, as the signal may
be most effectively represented by a small subset of the basis functions, so that
corresponding transform coefficients may contain most of the signal energy.

Also we make some special note regarding the Haar transform. Same as all
other 2-D transforms, the first basis function, the top-left corner in Fig.7.11,
is a constant representing the DC component of the 2-D signal. However, the
rest of the basis functions are quite different. For example, the lower-right quar-
ter of the image shows the last 16 basis functions representing not only the
details in the signal at the highest scale level, but also their spatial positions.
This contrasts strongly with the spectra of all other transforms, which represent
progressively higher spatial frequencies/sequencies (for signal details at different
levels) without any indication in terms of their spatial positions. It is this unique
characteristic that makes the Haar transform also a special case of the wavelet
transform, as we will see in a later chapter.
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8.1.1

Karhunen-Loeve Transform and
Principal Component Analysis

Stochastic Signal and Signal Correlation

Signals as Stochastic Processes

In all of our previous discussions, a signal z(t) is assumed to take a deterministic
value z(tp) at any given moment ¢ = to. However, in practice, many signals of
interest, such as weather parameters (temperature, precipitation, etc.), are not
deterministic, in the sense that multiple measurements of the same variable may
be similar but not identical. While such probabilistic nature of these signals
could be caused by some inevitable measurement errors, we also realize that
many natural processes are affected by a large number of factors which are
simply impossible to model precisely in terms of how they affect the variables of
interest. Consequently the measured signals seem to be contaminated by some
random noise.

The time signal z(t) of such a non-deterministic variable can be considered as
a stochastic process or random process, of which each time sample can be treated
as a random variable with certain probability distribution. In this chapter, we
will consider an spectial orthogonal transform that can be applied to stochastic
signals, similar to the way all orthogonal transforms discussed previously are
applied to deterministic signals, so that the subsequent signal processing and
analysis can be carried out more effectively and conveniently.

First let us review the following concepts of a stochastic process x(t).

e The mean function of x(t) is the expectation of the stochastic process:

palt) = [ alt)pler)do = Efa(e) (8.1)

where p(x) is the probability density function of the variable x(t). If ji,(t) = 0
for all ¢, then x(t) is a zero-mean or centered stochastic process, which can
be easily obtained by subtracting the mean function . (¢) from the original
process z(t). Therefore, without loss of generality, we can always assume that
a given process x(t) is centered with p,(t) = 0.

371
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e The auto-covariance function of x(t) is defined as

Covg(t,7) = 02(t,7) = / / (£(t) — pa(t)) () — Tia (7)) 1)t dr
= Bl(@(t) — pa(t) (@(r) — T (7)] = Ble(t)E(r)] — pa (75 (7)

where p(x¢, z) is the joint probability density function of z(¢) and z(7). When
t =7, the covariance o2 (t,t) = Cov,(t) = Var,(t) = E[|z(t)|?] becomes the
variance of the signal at t. Without loss of generality, we can always assume

z(t) to be centered with s, (t) = 0, and the covariance o2 (t,7) becomes:

02(t,7) = Ele(t)z(r)] =< a(t), 2(r) > (8.2)

which can be considered as an inner product of the two variables z(t) and
z(7) (Eq.2.27 in Chapter 2). In particular, if 02(¢,7) =< z(t), (1) >= 0, the
two variables are orthogonal to each other.
e The autocorrelation function of x(t) is defined as the covariance o (t, ) nor-
malized by o, (t) and o, (7):
B O’%(t,’r) B < z(t),z(1) >
VRO 20 V< a,al) >< a(r).a(r) >
Due to the Cauchy-Schwarz inequality: | < z,y > |? << 2,7 >< y,y >, we see
that |r,(¢t,7)] <1, and r,(¢t,7) = 1 if and only if ¢ = 7. This results indicates
that the similarity between any two different variables x(t) and z(7) is always

smaller than that of a variable x(t) to itself, which is always 1 or one hundred
percent.

re(t,T)

(8.3)

Moreover, if the joint probability density function of the random process z(t)
does not change over time, then x(t) is called a stationary process, and the
following hold for any 7:

pa(t) = po(t —=7),  oR(t,7) =0kt =7), ra(t,T)=ro(t—7)  (84)

If these equations still hold while the joint density function may not be neces-
sarily invariant over time, then x(t) is called weak-sense stationary or wide-sense
stationarity (WSS).

Same as a deterministic signal, a random process x(t) can also be
truncated and sampled to become a finite set of N random vari-
ables z[i] = x(t;) (:1=0,---,N —1), which can be represented by a ran-
dom vector x = [z[0],--- ,z[N — 1]]T. Correspondingly, the mean and auto-
covariance/autocorrelation functions above become a vector and matrix, respec-
tively:

e The mean vector of a random vector x is its expectation:
MKy = E(CI!) = [M[O]a e 7M[N - 1]]T (85)

where pli] = E(x[i]) is the mean of z[i] (i =0,--- , N —1). Also, without loss
of generality, we can always assume « is centered with u = 0.
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e The covariance matriz of a random vector @ is defined as:

2 2
% " IyN-1)

2 2
ON-10 """ IN-1

where the element o7, is the covariance of two z[i] and x[j]:

o}y = El([i] — pli) @] - Bl = E([7l]) - pliAl], (.5 =0,---,N-1)
(8.7)
When p, = 0, we have o;; = E(z[i]T[j]) =< z[i], z[j] >. The ith component
on the main diagonal is the variance o2 = E[|z[i] — p[i]|?] of the ith variable
x[i]. Note that this covariance matrix 3 = ¥, is Hermitian and positive
definite.
e The correlation coefficient between two random variables z[i] and z[j] is
defined as the covariance J?j normalized by o; and o;:
& < [i], z[j] >

o2 o?  V/<alilali] > < aljl. 2] >

) (ZvjzoavN_l)

Tij =

(8.8)
which measures the similarity between the two variables. In matrix form, we
have the correlation matriz composed of all correlation coefficients:

70 o To(N-1)
R, = : : (8.9)
"(N-1)0 " TN-1
where |r;;| <1 for all i # j, and 7;; = r; along the main diagonal of R, is 1.

The true mean vector p, and covariance matrix 3, of a random vector x
are difficult to obtain as they depend on the joint probability density func-
tion p(x), which is unlikely to be available in practice. However, u, and X,
can be estimated if enough samples of the random vector can be obtained. Let
{zk,(k=1,--- ,K)} be a set of K samples of the N-D random vector x, then
the mean vector and covariance matrix can be estimated as:

K K
1 1 .
My = K 321 T, and E:F = E I;:l(wk - Nz)(wk - IJ’z) (810)

As we can always trivially subtract the mean vector from each of the K samples
so that they all have zero mean (centered), we can assume p, = 0 without loss
of generality. Moreover, we further define a K by N matrix D = [z1,--- ,zx]’
composed of the K sample vectors of zero mean as its row vectors, then the
estimated covariance matrix can be expressed as:

1

ﬁ:x - K[DTD*]NXN (8.11)
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Signal Correlation

Signal correlation is an important concept in signal processing in general, and in
the context of the KLT transform in particular. As the measurement of a variable
associated with a certain physical system, a signal tend to be continuously and
relatively evenly distributed in either time or space, in the sense that any two
near by samples of such a temporal or spatial signal are likely to be highly
correlated. For example, given the current temperature as the signal sample
x(t), one could predict with reasonable confidence the temperature x(t + 7) in
the near future (small 7) as the next sample to be fairly similar, in contrast
with the temperature in the far future (large 7). In other words, the two signal
samples z(t) and x(t + 7) are highly correlated, i.e., 2(¢,t + 7) has a large value
or r(t,t 4+ 7) is close to 1.

This common sense in everyday life is due to the general phenomenon that the
energy associated with a system tends to be distributed smoothly and evenly over
both time and space in the physical world governed by the principle of minimum
energy and maximum entropy, which dictates that locally (strictly speaking, in a
closed system), concentrated energy tends to disperse over time, and differences
in physical quantities (temperature, pressure, or density) tend to even out. In
this physical world, any disruption or discontinuity, typically associated with
some kind of energy surge, is a relatively rare and unlikely event.

On the other hand, we also observe that when the spatial or temporal interval
between two signal samples increases, their correlation tends to reduce. While
predicting the future temperature z(t + 7) based on the current one z(t), one
would be less confident when 7 becomes larger. The correlation between two
signal samples will eventually be totally diminished when they are so far apart
from each other that they are not related anymore.

The signal characteristics of local correlation is reflected in the correlation
matrix R, of the signal. All elements along the main diagonal take the maximum
value 1, representing the maximal self-correlation of each signal sample, and
all off-diagonal elements r;; < 1 takes a smaller value representing the cross-
correlation between two signal samples x[i] and z[j]. Moreover, due to local
correlation, elements 7;; close to the main diagonal (small |7 — j|) tends to take
large values (close to 1) than those which are farther away from the main diagonal
(large |i — j|). If we consider the correlation matrix as a landscape, then there is
a ridge along its main diagonal.

Based on this observation, the signal can be modeled by a stationary first
order Markov process (a memoryless random process) with correlation 0 <r <1
between two consecutive samples. In general, the correlation between any two
samples x[i] and x[j] is r;; = rli=il | i.e., the correlation will reduce exponentially
as a function of the distance between two samples. The correlation matrix of this
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Markov chain is:

1 r r? rN-1
T 1 r rN-2
2 N-3
R,=| T roo Lo (8.12)
N-1,N-2 N-3
r r r 1 NuN

This is a Toeplitz matrix with all elements along each diagonal being the same.
This first-order Markov chain model will be used later.

We next consider a set of simple examples to illustrate intuitively the correla-
tion ry, between two random variables x and y. In each of the following cases,
we first assume an experiment concerning two random variables x and y is car-
ried out K = 3 times with different outcomes as listed in the tables, and then
calculate their correlation r;, based on the estimated means and covariances:

1 1
= (k) = — (k)
o=z o™ =2y (8.13)
k=1 k=1
2 1o k), (k &
52y = 2 SOy iy, ey = (8.14)
k=1 6262
1.
k | 1st 2nd 3rd
z® 1 2 3 (8.15)
y® 11 2 3
We have fi, = fi, = 2, 62, = 62 = 6, = 2/3 and
G 2/3
Pay w Y _ = (8.16)
Jorer V)
i.e., z and y are maximally correlated (Fig.8.1(a)).
2.

k Ist 2nd 3rd
z® |2 4 6 (8.17)
y® 13 6 9

These values of x and y are the scaled version of the previous ones by 2 and
3, respectively, and we have:

flu =4, fy, =6, 62=8/3, 6.=6, 62, =4 (8.18)
and
~2
g
Poy = ——= =1 (8.19)
62 62
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We see that the two variables  and y are scaled differently but their correla-
tion, the normalized covariance, remains the same without being affected by
the variable scaling.

3.
1st 2nd 3rd
«® 1 2 3 (8.20)
y® 13 2 1
Same as before, we have fi, = fi, = 2 and 62 = &, = 2/3, but 62, = —2/3.
Then correlation becomes 7, = —1, indicating that the two variables are

negatively or inversely correlated (Fig.8.1(b)).

k 1st 2nd 3rd
12 3 (8.21)
y® 12 2 2

We have fi, = fi, = 2, 6fcy =0, and 73y = 0, indicating that the two variables
are completely uncorrelated (Fig.8.1(c)).

k Ist 2nd 3rd
z® 2 2 2 (8.22)
y® 11 2 3

Same as before, the two variables are completely uncorrelated (Fig.8.1(d)).

k 1st 2nd 3rd 4th 5th
z® 1 2 2 2 3 (8.23)
y® 12 1 2 3 2

This is the combination of the outcomes of the previous two cases when the
experiment is repeated K = 5 times. Now we still have fi, = fi, = 2, 692L,y =0
and 7, = 0, indicating that the two variables are completely uncorrelated.

In the examples above the variances o2 and 05 represent the dynamic energy

or information contained in the two variables x and y, and the covariance ag,y

represents how much the two variables x and y are similar or in common, i.e.,

how much they are correlated. If Uf,y > 0, they are positively correlated, but if
2
at all. Specifically, in the first case above, the two variables x and y contain the
2
y7
i.e., the information they carry are redundant. On the other hand, in cases 4 and

af,y < 0 they are negatively correlated, and if o7, = 0, they are not correlated

same amount energy o2 = o2, and they are maximally correlated with r,, = 1,
5, rzy = 0, indicating the two variables are not correlated at all, i.e., there is no
redundancy among the two variables. Also, as variables y in case 4 and x in case
5 contain zero energy and therefore carry no information, they can be omitted
to reduce data without losing any information. Comparing these two situations
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Figure 8.1 Different correlations between x and y

it becomes clear, from the signal processing point of view, that the latter cases
4 and 5 are much more preferred than the first one. In general we want to avoid
high signal correlation and even energy distribution, it is therefore desirable
to convert the given data in such a way that (1) the signal components are
minimally correlated with little redundancy and (2) the total energy contained
in the components is mostly contained in a small number of them so that those
that carry little information can be omitted. These properties are commonly
desired for many data processing applications such as information extraction,
noise reduction and data compression. We will next consider such a transform
method that can achieve these goals in an optimal way.

Karhunen-Loeve theorem (KLT)

Continuous Karhunen-Loeve theorem (KLT)

As discussed previously, a deterministic time signal z(¢) can be represented by
an orthogonal transform as a linear combination of a set of orthonormal basis
functions:

z(t) = > cupr(t)
{Ck =< x(f)vd)k(t) >= [ 2(t)g,(t)dt (8.24)

Similarly, as a stochastic process, a random signal can also be represented in
exactly the same form according to the Karhunen-Loeve theorem (Theorem
2.16). As discussed in section 2.5, the covariance o2 (¢, 7) of a centered stochastic
process z(t) is Hermitian kernel, and the associated integral operator is a self-
adjoint and positive definite with real positive eigenvalues A; > 0 and orthogonal
eigenfunctions ¢y, (t):

< bu(t), du(t) >= / o (1B, (1)dt = 6k 1] (8.25)

Based on this result we obtained the Karhunen-Loeve theorem, which states that
a stochastic process z(t) can also be expressed as a linear combination of the
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orthogonal basis functions ¢y (t) (Eq.2.322):
2(t) = crno(t) (8.26)
k=1
where the coefficients can be obtained as (Eq.2.323):

or =< o(t), op(t) >= / 2(1)3, (1) dt (8.27)

These two equations for the series expansion of the stochastic signal x(t) can
also be considered as an orthogonal transform by which the time domain signal
is converted into a set of coefficients ¢ for the series in the transform domain.
Although Eqs.8.26 and 8.27 appear to be identical to Eq.8.24, these two sets of
equations are significantly different as the former is for deterministic signals while
the latter is for random signals. The coefficients ¢; in Eq.8.24 for a deterministic
signal are constants, but the coefficients ¢, in Eqs.8.26 and 8.27 are random vari-
ables. The random nature of a stochastic signal, when series expanded to become
x(t) = >, ckdi(t), is reflected by the random coefficients ¢ in the expansion.
However, the orthogonal functions ¢ (t) of the expansion are deterministic, and
they form a specific basis that spans the function space.

Discrete Karhunen-Loeve Transform

We now consider the discrete version of the KLT. When a stochastic process
x(t) is truncated and sampled, it becomes a random vector composed of N
random variables = [z[0],- - ,z[N — 1]]T. For convenience and without loss of
generality, we will always assume in the following that the signal is centered
with g, = 0, and its covariance matrix is 3, = E(xza*) with its ij-th element
being U?j = E(x[i]z]j]) =< z[i], z[j] >. As X5 is a positive definite Hermitian
matrix its eigenvalues \; are real and positive, and its eigenvectors ¢, form a
set of orthogonal basis vectors that span the N-dimensional vector space. Any
given N-D random vector in the space can therefore be represented as a linear
combination of these basis vectors. This is the discrete KLT.

Let ¢; (i=0,---,N — 1) be the eigenvector corresponding to the ith eigen-
value \; of the covariance matrix X, i.e.,

The matrix ® = [¢g, -+ ,Pn_1] formed by these N orthogonal eigenvectors is
unitary, i.e., 8! = ®*, or ®*® = ®P* = I, and the N eigenequations in Eq.8.28
can be combined to become:

3, P =PA (8.29)
where A is a diagonal matrix A = diag(Ao, -+, An—1). If we pre-multiply ®* =

&~ ! on both sides, the covariance matrix X, is diagonalized:

PE, P =P"PA=A (8.30)
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The discrete Karhunen-Loeve Transform of a given random signal vector @ can

now be defined as:
X10] LN
X = =®'x = x (8.31)
X[N —1] dN-1

where the ith component X [i] of the vector X in transform domain is the pro-
jection of @ onto the ith basis vector ¢;:

X[i] = pjx =<z, ¢, > (8.32)
Pre-multiplying ® on both sides of equation 8.31, we get the inverse KLT trans-
form:
X[0] No1
X[N —1] =0

Eqgs. 8.33 and 8.31 can be rewritten as a pair of the discrete KLT transform:

X =%z
{ B X (8.34)
The first equation is the forward transform that gives the random coefficient Xi
as the projection of the random vector @ onto the ith deterministic basis vector
¢, (i=0,---,N —1), while the second equation is the inverse transform that
represents the random vector @ as a linear combination of the N eigenvectors
¢; (i=0,---,N—1) of ¥, weighted by the random coefficients X [i]. Note that
Egs. 8.33 and 8.31 for the discrete KLT correspond to Eqs.8.26 and 8.27 for the
continuous KLT.

The Optimality of the KLT

As discussed previously, all orthogonal transforms considered in previous chap-
ters (e.g., DFT, DCT, WHT, Haar transform, etc.) exhibit to various extents
the properties of signal decorrelation and energy compaction. For example, in
frequency domain after the Fourier transform, most of the signal energy is con-
centrated in a small number of low frequency components while little energy
is contained in high frequency components. Moreover, while the signal is typ-
ically locally correlated in time domain in the sense that given the value of a
time sample x[m] of the signal one could predict the value of the next sample
x[n + 1] to be similar, this is certainly no longer the case in frequency domain in
which knowing the value of one frequency component X [n] would provide little
information regarding the value of the next frequency component X[n + 1]. Such
tendencies are generally true for all other transform methods.

Now we will show that as far as the properties of signal decorrelation and
energy compaction are concerned, the KLT is the optimal transform as
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1. The KLT completely decorrelates any given signal and
2. The KLT mazimally compacts the signal energy.

The first property is simply due to the definition of the KLT transform by
which the covariance matrix X x of the resulting vector X = ®*x is diagonalized
(Eq.8.30):

Sx = B(XX") = E[(®'z)(®'z)"] = @ E(za)® =35, &=A (8.35)

After KLT the covariance Xx = A becomes a diagonal matrix with all off-
diagonal element E(X[i]X[j]) =< X[i], X[j] >= 0, indicating that the correla-
tion between any two different components X [i] and X[j] (i # j) is indeed com-
pletely decorrelated, i.e., the signal components become orthogonal to each other.
Also, the trace of the covariance matrix remains the same:

¥y = tr(®* 8, ®) = tr(®®X,) = tr3, (8.36)

(recall tr(AB) = tr(BA)), indicating that the total signal energy is conserved
by the KLT:

N-1

N-1 N-1
Y E(eli) =Y B(XEP) =Y N (8.37)
=0 1=0

i—
This result corresponds to the Parseval’s identity for the deterministic signals
indicating that the signal energy is conserved by any orthogonal transform.

Next we prove the second property of the KLT, i.e., it redistributes the energy
contained in all IV signal components in such a way that the energy is optimally
compacted into a minimum number of components. Let A = [ag, - ,an_1] =
(A")~! be an arbitrary unitary matrix, based on which an orthogonal transform
can be defined as X = A"z, with the ith element of X being X[i] = ajx. The
energy contained in the first M < N components after this transform is the sum
of the first M elements along the main diagonal of ¥ x:

Em(A) = i B(X[i]?) (8.38)

We now prove the second property above by showing that y/(A) is maximized
if and only if the transform matrix is A = ® for the KLT, i.e.,

Ev(P®) > Em(A) (8.39)
We first rewrite the expression for Eg(A) above as:
M-1 M-1 M-1
Eu(A) =) BIX[P) =) Eajzl’) = ) El(ajz) (z"a:)’]
1=0 =0 1=0
M-1 M-1 M-1
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The task of finding the optimal matrix A that maximizes Ey/(A) can now be
formulated as a constrained optimization problem:

M-1
Em(A) = Z a;¥,a; — max
=0
subject to: aja;, =1 (i=0,---,M—1) (8.40)

Here the constraint aja; =1 is to guarantee that A is indeed an orthogonal
matrix with orthonormal column vectors. This problem can be solved using
the method of Lagrange multipliers. Specifically, we set the following partial
derivative with respect to a; to zero and solve the resulting equation for a;
(j=0---,M—1):

P M-1 5 M-l
80,] ;)\laal 1] = 8a]lz::aﬁ)az Aiaia; + \;)]
0 ~—la;¥.a; — \jaja;] =2%,a; — 2)\;a; =0 (8.41)

8a]

The second to the last equal sign is due to the derivative of a scalar function f(a)
with respect to its vector argument a, see appendix A). This result indicates a;
must be the eigenvector of 3,:

Comparing this to Eq.8.28, we see that a; = ¢,, i.e., we have thus proved that
the optimal transform matrix is indeed the KL'T matrix ®. The energy contained
in the M components is

M-1 M-1
=D S = > N (8.43)
=0 =0

where the ith eigenvalue \; represents the average energy contained in the ith
component of the signal. We see that this £5(®) can be maximized if we choose
the M eigenvectors ¢; corresponding to the M largest eigenvalues. The percentage
of energy kept in the M components is Zi i if ZN I

Due to its optimality of signal decorrelatlon and energy compaction, the KLT
can be used to reduce the dimensionality of a given data set while preserving
maximum signal energy in various applications such as information extraction
and data compression. The signal components X [i] after the KLT are called the
principal components, and the data analysis method based on the KLT transform
is called principal component analysis (PCA), which is widely used in a large
variety of fields. Specifically the PCA can be carried out in the following steps:

1. Estimate the mean vector p, of the given random signal vector @. Subtract
W, from « so that it becomes centered with zero mean.
2. Estimate the covariance matrix X, of the centered signal.
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3. Find all N eigenvalues and sort then in descending order:
Ao > > ANo1 (8.44)

4. Determine a reduced dimensionality M < N so that the percentage of energy
contained Ei\ial Aif Zij\:)l A; is no less than a preset threshold (e.g., 99%).

5. Construct an N x M transform matrix composed of the M eigenvectors cor-
responding to the M largest eigenvalues of 3,:

Pr = @0, Prralnam (8.45)
and carry out the KLT based on this ®;:
X[0] o (0]
Xum = : =®yx=| ! : (8.46)
XM =111 Ori-1d ey LEIN =11 oy

where the kth element is X [i] = ¢jx =< x, ¢; >. As the dimensionality M of
X is less than the dimensionality IV of «, data compression is achieved. This is
a lossy compression with the error representing the percentage of information
lost: SN0/ SN . But as these ;s in the numerator summation are
the smallest eigenvalues, the error is minimum (e.g., 1%).

6. Carry out analysis needed in the M-dimensional space, and inverse KLT for
reconstruction if needed (e.g., for compression):

T = @A{XM = @]\4‘1)7\/112 (847)
or in component form:

z[0] X|0] Mot
& = : =[bo brr1] : = > X[k]gy (8.48)

E[N —1] X[M—-1]] *=°

¢6 M—-1
= [¢o : "¢Mfl} T = lz ¢k¢2] T (8.49)
D1 F=0 NN

Here Eq.8.48 indicates that & is a linear combination of the first M of the
N eigenvectors that span the N-D space, while Eq.8.49 indicates that & is a
linear transformation of by an N x N matrix formed as the sum of the M
outer products ¢, ¢y, (kK =0,---, M — 1). In particular when M = N, this matrix
becomes ® NPy = Inxn and & = x is a perfect reconstruction.

Although the KLT is optimal among all orthogonal transforms, other orthogo-
nal transforms are still widely used for two reasons. First, by definition the KLT
transform is for random signals and it depends on the specific data being ana-
lyzed. The transform matrix ® = [¢g, - - - , P _1] is composed of the eigenvectors
of the covariance matrix ¥, of the signal @, which can be estimated only when
enough data are available. Second, the computational cost of the KLT transform



8.2.4

Karhunen-Loeve Transform and Principal Component Analysis 383

is much higher than other orthogonal transforms. The computational complex-
ity of the eigenvalue problem of the N-D covariance matrix is O(N?), while the
complexity for any other orthogonal transform based on a predetermined trans-
form matrix is no worse than O(N?). Moreover, fast algorithms with complexity
O(N logaN) exist for many transforms such as DFT, DCT, and WHT. For these
reasons, the DFT, DCT or some other transforms may be the preferred method
in many applications. The KLT can be used when the covariance matrix of the
data can be estimated and computational cost is not critical. Also the KLT as
the optimal transform can be used to serve as a standard against which all other
transform methods can be compared and evaluated.

Geometric Interpretation of KLT

Assume the N random variables in a signal vector = [z[0],--- ,2[N — 1]]7 have
a normal joint probability density:
G Bl a5 @ = )T @ = )
(8.50)
As always, we can assume p, = 0 without loss of generality. The shape of this
normal distribution in the N-dimensional space can be represented by an iso-

value hyper-surface in the space determined by:

p(ar:) = N(:z:, Mg, Ex) =

N(z, py, y) = ¢ (8.51)
where the constant is chosen to be ¢ = (2r)~N/2 |§]gg|1/2 e /2 so that:
(@ — 1) "5 @ — ) = 275 e = 1 (.52)
In particular, when N = 2, this equation becomes:

275 = [1[0], 2[1]] [b;’2 bﬂ [;”[[f]” = a2?[0] + ba(0]a[1] + c2?[1] = 1
(8.53)

where we have assumed:

1 a b/2
=[] -
As 3, is positive definite and so is 3, ', we have |E;1‘ =ac—b*/4> 0 and the
above quadratic equation represents an ellipse (instead of other quadratic curves
such as hyperbola or parabola) centered at the origin (or at p,, if it is not zero). In
general when N > 2, the equation N(x, pu,,3,) = 1 represents a hyper-ellipsoid
in the N-D space. The spatial distribution of this ellipsoid is determined by X,.
When « is completely decorrelated by KLT X = &%, the covariance matrix
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becomes diagonalized:

A 0 - 0 o2[0] 0 - 0
0 A -+ 0 0 o%[1] - 0

Sx=A=| . . . ) = ) . ) (8.55)
00 - Ay_1 0 0 - o%[N-1]

and the quadratic equation becomes:

B N-1 XQ[Z.] N-1 X[i] 2
T 1 _ —
XX = ; DS <UX[Z,]> (8.56)

This equation represents a standard hyper-ellipsoid in the N-D space. In other
words, the KLT transform X = ®"x rotates the coordinate system in such a way
that the semi-principal axes of the hyper-ellipsoid associated with the normal
distribution of x are in parallel with ¢, (i =0,--- , N — 1), the basis vectors of
the new coordinate system. Moreover, the ith semi-principal axis is equal to the
square root of the corresponding eigenvalue v/\;.

The 2-D KLT is illustrated in Fig.8.2. A given signal & = [2[0], z[1]]7 is origi-
nally represented under the standard basis vectors ey and e:

z— BE’H — 2[0]eo + 2[1]er = a[0] m +af2] m (8.57)

We see that the two components z[0] and z[1] are maximally correlated with
701 = 1 and equal energy o2[0] = ¢2[1], i.e., the energy is evenly distributed
among both components. The KLT of the signal is a process of three stages: (1)
subtract the mean pu, from @ so that it is centered, (2) carry out the rotation
X = ®"z, and (3) add back the mean vector in the rotated space py = ®*p,,.

After the KLT rotation, the signal is represented as X = ®*x:

[0]
1]
Now the signal is represented by two new basis vectors ¢, and ¢;, which are
just rotated version of ey and e;. In this space spanned by ¢, and ¢, the ellipse
representing the joint probability density p(x) becomes standardized with major
semi-axis A\g = 0%[0] and minor semi-axes A\; = 0%[1], in parallel with the new
basis vectors ¢, and ¢, respectively. We see that the two components X [0] and
X[1] are completely decorrelated with rg; = 0, and A9 > A1 indicating that the
energy is maximally compacted into X [0] while X[1] contains minimal energy.
We see that this KLT rotation is optimal in terms of both signal decorrelation
and energy compaction, as no other rotation can do any better in these regards.

o = X =gy &) 11} | = X006+ X[1Je, (8.58)

Comparison with Other Orthogonal Transforms

To illustrate the optimality of the KLT transform in terms of the two desirable
properties of signal decorrelation and energy compaction discussed above, we
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Figure 8.3 An image of clouds and covariance matrices after various transforms

compare the performance of the KLT with a set of other orthogonal transforms
considered in previous chapters including identity transform (no transform),
discrete Fourier transform DFT, discrete cosine transform DCT, and Walsh-
Hadamard transform WHT, in the following examples.

Each row of a 256 x 256 image of clouds (left panel in Fig.8.3) is treated as an
instantiation of a random vector @ (with 256 components). Different orthogonal
transforms X = A*x are carried out and the corresponding covariance matrices
3 x are obtained and compared to see how well each transform decorrelates the
signal and compacts its energy. Fig.8.3 shows the original image (left panel)
together with three covariance matrices corresponding to identify transform IT,
DCT, and KLT. As the behaviors of DFT and WHT are very similar to that
of DCT, they are not considered here. The pixel intensities of the images for

0-3 50 that those low values

covariance matrices are rescaled by a mapping y = x
can still be seen.

In the second panel of Fig.8.3 showing the covariance matrix of the original
signal without any transform, there exist quite a lot bright areas off the main
diagonal, indicating that many signal components are highly correlated (afj > 0).

In the third panel of Fig.8.3 showing the covariance matrix after a DCT, the
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——Pca

Figure 8.4 Signal energy distribution after various transforms

values of the off-diagonal elements are much reduced, indicating that the signal
components are significantly decorrelated. Finally, in the last panel of the figure
showing the covariance matrix after the KLT, all off-diagonal elements are zero,
i.e., the signal components are completely decorrelated.

The effect of energy compaction is also represented in the figure by the bright-
ness of the elements along the main diagonal, which is gradually reduced from
top-left to bottom-right. This effect is more clearly shown in Fig.8.4 where the
energy distribution among the N elements is plotted. The flat curve is the orig-
inal energy distribution (no transform), indicating the energy is pretty evenly
distributed without any transform. The remaining curves for energy distribution
after the DCT, WHT and KLT all show some very steep descent (high on the left
and low on the right), indicating that the signal energy is mostly concentrated in
a small number of signal components. In particular, the curve with the steepest
descent corresponds to the KLT with optimal energy compaction.

The effect of energy compaction is also illustrated by the table below, showing
the number of components needed in order to keep certain percentage of the total
signal energy (information) in data compression. For example, if it is tolerable
to lose 5% of the signal energy /information, out of the total 256 components we
need to keep 230 without any transform, 22 after DCT, but only 13 after KLT.
In the optimal case of KLT, we can achieve a compression rate of 13/256 ~ 0.05,
i.e., 5% of the components contain keep 95% of the signal energy /information.

Percentage: 920% 95% 99% 100%
no transform: | 209 230 250 256
DCT: 10 22 97 256
KLT: 7 13 55 256

Next we apply the same analysis process to a different image of sands, shown
in the left panel of Fig.8.5. As the color of a grain of sand is irrelevant to that of
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Figure 8.5 Image of sands and covariance matrices after various transforms
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Figure 8.6 Signal energy distribution after various transforms

the neighboring grains, the texture of the sand is drastically different from that
of the clouds in the previous case, and the pixel values are much less correlated
in comparison to the pixels in the image of clouds. Again, the row vectors of
the image are treated as different instantiations of a random vector and its
covariance matrix is shown in the second panel. We see that all off-diagonal
elements have very low values, indicating the pixels are hardly correlated. The
signal correlation after the DCT is approximately the same, as indicated by
signal covariance matrix after the DCT shown in the third panel. However, after
the KLT the signal is again completely decorrelated as indicated by the diagonal
covariance matrix shown in the last panel of the figure.

The energy distribution plots shown in Fig.8.6 indicate that DCT does not
make much improvement in term of energy compaction, compared to the original
signal (the two very similar flat plots), but KLT still maximally compact the
energy, as shown by the curve high on the left low on the right.

From the two examples above, several observations can be made.

e All orthogonal transforms tend to decorrelate a natural signal and compact
its energy, and KLT does it optimally. Typically, after an orthogonal trans-
form, consecutive signal components in the transform domain are much less
correlated, and the signal energy tends to be compacted into a small num-
ber of signal components. For example, after DFT or DCT, two consecutive
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frequency components in the spectrum are not likely to be correlated, and
most of the signal energy is concentrated in a small number of low frequency
components as well as the DC component, while most of the high frequency
components carry little energy. These are essentially the reasons why orthog-
onal transforms are widely used in data processing.

® The general claim that orthogonal transforms tend to reduce signal correlation
and compact signal energy is based on the the implicit assumption that time
or spatial signals in most applications are mostly continuous and smooth due
to the nature of underlying physics. However, this assumption may not be
necessarily true in every single case. In fact, the effects of signal decorrelation
and energy compaction depend on the nature of the specific signal at hand.
These effects may not be obvious in some unlikely cases where the signal is
not correlated to start with, such as the image of sands.

e The KLT is optimal among all orthogonal transforms in terms of signal decor-
relation and energy compaction. However, in many cases the performance of
other transforms, such as the DCT, are not too different from that of the KLT.
Although suboptimal, such a transform is often used due to its fast algorithm
for much reduced computational complexity.

Approximation of KLT by DCT

Although no fast algorithm exists for the KLT, it can be approximated by the
discrete cosine transform DCT if the signal is locally correlated and therefore
can be modeled as a first-order Markov process with Toeplitz correlation matrix
R (Eq.8.12). Specifically, we will show that when the correlation r of Markov
process approaches r = 1, its KLLT transform approaches the DCT. The proof is
a two-step process: (1) find the KLT matrix for the Markov process by solving
the eigenvalue problem of its correlation matrix R, and (2), let » — 1, and show
that the KLT matrix approaches the DCT matrix.

The KLT matrix is the eigenvector matrix ® of the Toeplitz R which can be
obtained by solving the eigenvalue problem:

R® =®A, ie, ®TRE®E=A (8.59)

As R is symmetric (self-adjoint), all A, are real and all ¢,, are orthogonal. It can
be shown ! that @ and A for a Toeplitz correlation matrix R take the following
forms:

e The nth eigenvalue is:

B 1—r
1 —2rcoswy, + 712’

An (n=0,---,N—1) (8.60)

1 Ray, W.D. and Driver, R.M., Further decomposition of the Karhunen-Loeve series represen-
tation of a stationary process, IEEE Transaction on Information Theory, 16(6), November
1970
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17 is:

e The mth element ¢y, of the nth eigenvector ¢,, = [+, dmn, - - -

2 1/2 . N -1 T
d)mn_(N—i—)\n) sm<wn(m—T)+(n+1)§>a (0<mn<N-1)
(8.61)

e In the above, w, (n =0,--- N — 1) are the N real roots of the following equa-
tion:
(1—r?)sinw
(14 r2)cosw — 2r

tan(Nw) = — (8.62)
The proof for these expressions is lengthy and therefore omitted here.

Next we consider the three expressions given above when r — 1. First, Eq.8.62
simply becomes:

0
N - = .
tan(Nw) 30 = o) 0 (8.63)
Solving this for w we get:
wp, =nm/N (8.64)

However, note that when n = 0, wg = 0 and coswy = 1, and Eq.8.63 becomes an
indeterminate form 0/0. But applying L’Hopital’s rule twice yields:

0
lim tan(Nw) = li =0 8.65
) an(Nw) 520 2 cosw ( )

i.e., wp =0 is still a valid root for Eq.8.62. Having found w, = nw/N for all
0<n <N —1, we can further find the eigenvalues \,, in Eq.8.60 when r — 1.
For n > 0, w, # 0 and cosw,, # 1, we have:

1—r
Ap = 1li =0 1<n<N-1 8.66
" rlirll]_—27“COSan+7'2 » (Isns ) (8.66)

We also get A\g = N by noting that the second equation in Eq.8.59 is a similarity
transformation of R which conserves its trace:
N-1

trR=N=trA=>Y X\ =X (8.67)

n=0
We can now find the elements ¢,,, in the eigenvector ¢,,. For all n > 0, we have
An = 0 and w,, = nw/N, Eq.8.61 becomes:

2 . (nm N -1 m 2 . /nmw m
Pmn = \/;Sln (W(m— T)+ (n+ 1)§> = \/;sm (W(Zm—l—l)—i— 5)

2 ni
— < < — < < — .
= \/NCOS(ZN(2T)’L+1)), 0<m<N-1,1<n<N-1) (8.68)

When n =0, wg =0 and Ay = N, and Eq.8.61 becomes:

¢mo=\/%sin (g) :\/%, 0<m<N-1) (8.69)
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This is the DCT transform matrix derived in section 6.2.3, and we can therefore
conclude that the KLT of a first order Markov process approaches the DCT when
r— 1.

However, we also note that at the limit of » = 1, all elements of the correlation
matrix R become 1 and its eigenvectors are no longer unique. While the column
vectors of the DCT matrix are indeed its eigenvectors as shown above, so are
the column vectors of any other orthogonal transform matrix A considered in
the previous chapters (e.g., DFT, WHT, etc.), i.e.,

ATRA = A = diag|N,0,--- ,0] (8.70)

where A = [ag, - ,an—1] and the first column aq is composed of N constant
1/V'N (representing the DC component). Note that as all columns are orthogo-
nal, all other columns a,, (n # 0) sum up to zero:

N-1
1
< anp,a)>=alag= N Z alm,n] =0, (1<n#N-1) (8.71)
m=0

Now we see that the mnth element of the matrix in Eq.8.70 is zero:

11---1
11---1

a’Ra,=al | . . |a,=0, (m#0,n#0) (8.72)
11---1

except when m = n = 0, the top-left element is

11--- 171
1 11--1] |1

agRag = [L,1, 0] | || | =N (8.73)
11---1] 1

As an example, Fig.8.7 shows the first 8 of the N = 128 basis vectors of the
KLT of a Markov process with = 0.9 in comparison to the corresponding DCT
basis vectors. Note that the KLT vectors match the DCT very closely and the
similarity will increase when r approaches 1. Also note that as the eigenvector
of R, a KLT vector ¢, can have either a positive or negative sign, i.e., the
corresponding transform coefficients of the KLT and DCT may have opposite
polarity. However, this does not affect the transform as the reconstructed signal
will be the same.

The result above has important significance. As most signals of interest in
practice are likely to be locally correlated and can therefore modeled by a first
order Markov process, we can always expect the results of the DCT transform
are close to the optimal transform of KLT. Furthermore, as the basis vectors
of the KLT are the eigenvectors of the signal covariance 3, corresponding to
the eigenvalues arranged in descending order, they are actually arranged accord-
ing the energy contained in signal components (represented by the eigenvalues).
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Figure 8.7 Comparison of the first 8 basis vectors of the DCT and KLT of 1st order
Markov process

Consequently, as the KLT is approximated by the DCT, its first principal compo-
nent corresponding to the DC component contains the largest amount of energy,
and the subsequent components corresponding to progressively higher frequen-
cies in the DCT contain progressively lower energy. This approximation is valid
in general for all locally correlated signals.

To illustrate this fact, we reconsider a dataset of annual temperatures in Los
Angeles area collected over the period of 1878-1997, shown in the top panel of
Fig.8.8. To obtain the covariance of a sequence of n = 8 samples of the data,
we truncate the signal into a set of segments of n samples each, and treat these
segments as random samples from a stochastic process. We next obtain the n
by m covariance matrix of this data, as shown in the lower left panel of the
figure. We see that the elements around the main diagonal of the matrix have
high values, indicating that the signal samples are highly correlated when they
are close to each other (taken within a short duration), but the values of the
elements farther away from the main diagonal are much reduced, indicating that
the signal samples are much less correlated when they are far apart (separated
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by a long period of time). This kind of behavior can be modeled by a first-order
Markov chain of n points whose covariance is shown in the lower right panel
of the same figure (correlation between two consecutive samples assumed to be
r = 0.5), which looks similar to the covariance of the actual signal, in the sense
that the correlation is gradually reduced between signal samples when they are
farther apart.

Next we further consider the KLT transform of the signal and its approxima-
tion by the DCT. The KLT transform matrix is composed of the n eigenvectors
of the signal covariance, shown in the panels on the left of Fig.8.9, which are com-
pared to the eigenvectors of the covariance of the Markov model (solid curves)
shown in the panels on the right of the figure. These two sets of curves look
similar in terms of the general wave forms and their frequencies (not necessarily
in the same order). Moreover, comparing the eigenvectors based on the Markov
model with the rows of the DCT transform matrix, also shown in the panels on
the right (dashed curves), we see that they match very closely (except certain
phase shifts).

We can make the following observations based on this example:

e The temperature time function, as one of the weather parameters represent-
ing a natural process, confirms the general assumption that the correlation
between signal samples tends to decay as they are farther apart.

e The signal correlation can be indeed closely modeled by a first order Markov
chain model with a correlation r and the only parameter.

e The eigenvectors of the covariance matrix above can be closely matched by
the row vectors of the DCT transform matrix.

e Based on the observations above, we conclude that the KLT transform of a
typical natural signals can be approximately carried out as a DCT transform.

e [In particular, the first eigenvector ¢, corresponding to the largest eigenvalue
is approximated by the first row of the DCT matrix composed of all constants,
representing the first principal component yo =< x, ¢y >= ¢ is the average
(DC component) of all elements in signal x.

Applications of the KLT Transform

Image processing and analysis

The KLT can be carried out on a set of N m X n images for various purposes
such as feature extraction and data compression. There are two alternative ways
to carry out the KLT on the N images, depending on how a random vector is
defined. We can treat each of the K = m x n pixels of the N images as a sample
of an N-D random vector, the N images form a K by N matrix D each of whose
row is for such an N-D random vector, whose covariance matrix can be estimated
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Figure 8.8 Covariances of natural signal and 1st order Markov chain
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Figure 8.9 KLT of signal (left) compared with KLT of Markov model and DCT (right)
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as (Eq.8.11):

. 1 T

Y, = F[D D]nxnN (8.74)
Alternatively, each image can be converted into a K = m x n dimensional vector
by concatenating the rows (or columns). Each of these N vectors from the N
images can be treated as a sample of a K-D random vector, represented by a
columns of D defined above, or a row of D, and the covariance matrix can be
estimated as:
1
N
We now show that the eigenvalue problems of these two different treatments are
equivalent. We first assume the eigenequations for D D and DT D are:

ﬁ:x = [DDT]KXK (875)

DTD¢ = \op, DDy = jap (8.76)
Pre-multiplying D? on both sides of the second equation we get:
D" D[D" ] = u[D ] (8.77)

which is actually the same as the first eigenequation with the same eigenvalue
p =\, and the same eigenvector D¥4) = ¢ (when both sides are normalized).
Although the dimensionalities of DT D and DT D are respectively N and K, the
two matrices must have the same rank min(N, K) and therefore the same number
of non-zero eigenvalues. Consequently, the KLT can be carried out based on either
DT D or DT D with essentially the same effects in terms of signal correlation and
energy compaction. In the likely case where the number of image pixels is greater
than the number of images, i.e., K = mn > N, we will take the first approach
above to treat the same pixel (e.g., ith row and jth column) of the N images as a
sample of the N-D random signal vector and carry out the KLT based on the N
by N covariance matrix ¥, = DTD/ K. Each of the K pixels represented by a
vector x is then transformed to a new vector X = ®*x corresponding to the same
pixel of a set of N eigen-images, as illustrated in Fig.8.10. Due to the nature of
the KLT, most of the energy/information contained in the N images, representing
the variations among the images, is now concentrated in the first M eigen-images
(M < N), so that the remaining N — M eigen-images can be omitted without
losing much energy/information. This is the foundation for various KLT-based
image feature extraction/classification and image compression algorithms, all of
which could be carried out in a much lower dimensional space.

Consider, as an example, a sequence of N=8 frames from a video of a mov-
ing escalator shown on top of Fig.8.11. The covariance matrix and the energy
distribution plot both before and after the KLT are shown in Fig.8.12. We see
that due to the local correlation of the video frames, the covariance matrix (left)
indeed closely resemble the correlation matrix R of a first order Markov process
(bottom right in Fig.8.9) (consequently the KLT basis is very much similar to
the DCT basis as shown in Eq.8.13). The covariance after the KLT (middle)
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Figure 8.10 KLT of a set of images

is completely decorrelated and its energy highly compacted. The comparison of
the energy distribution before and after the KLT is shown in the plots (right).
Also, the eigen-images after the KLT are shown in the bottom half of Fig.8.11.
It is interesting to observe that the first principal component represents mostly
the static scene of the video frames, while the subsequent eigen-images represent
mostly the motion in the video, the variation between the frames. For example,
the motion of the people on the escalator is mostly reflected by the first few
eigen-images following the first one, while the motion of the escalator steps is
mostly reflected in the subsequent eigen-images.

As another example, consider a set of N=20 face images shown on top in
Fig.8.14 (credit to AT&T Laboratories Cambridge). The KLT is carried out on
these images to obtain the eigen-images, called in this case eigen-faces (middle).
It can be seen that the first few eigenfaces capture the most essential common
features shared by all faces. Specifically, the first eigen-face represents a generic
face in the dark background, while the second eigen-face represents the darker
hair versus the brighter face. The rest of the eigenfaces represent some other fea-
tures with progressively less significance. The table below shows the percentage
of energy contained in each component:

# of components 1 2 3 4 ) 6 7 8 9 10
% energy 485 116 6.1 46 38 3.7 26 25 19 1.9
accumulative 485 60.1 66.2 70.8 746 783 81.0 83.5 854 873
11 12 13 14 15 16 17 18 19 20
1.8 16 15 14 13 12 1.1 1.1 09 0.8
89. 90.7 922 936 949 96.1 97.2 982 99.2 100.0

Reconstructed faces using 95% of the total information are also shown in the
figure. The method of eigenfaces is used in facial recognition and classification.
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Figure 8.11 Video frames (top) and the eigen-images (bottom)

Covariance matrix before KLT  Covariance matrix after KLT Energy distribution

—hefore LT
----afterkKLT

Figure 8.12 Covariance matrix before and after KLT

The covariance matrices before and after the KLT are shown as images (left and

middle), while the energy distributions among the N components before and
after the transform are also plotted (right).

Feature extraction for pattern recognition

In the field of machine learning, pattern recognition and classification is a general
method that classifies a set of objects of interest into different categories or classes
and recognizes any given object as a member of one of these classes. Specifically,
each object is represented as an N-D vector, known as a pattern, based on a
set of N features that can be observed and measured to characterize the object.
Then a pattern recognition/classification algorithm can be carried out in the
N-D space, called feature space, in which all patterns reside. The classification
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Figure 8.13 KLT basis vectors compared with DCT basis
The basis vectors of the KLT of the video frames closely resemble the DCT basis
vectors.

is essentially the partitioning of the feature space into a set of regions each
corresponding to one particular class. A given pattern is recognized as a member
of the class corresponding to the region in which it resides. There are in general
two types of pattern classification algorithms, depending on whether certain a
priori knowledge or information regarding the classes is available. An algorithm
is supervised if it is based on the assumed availability of a set of patterns with
known classes, called training samples. When such training samples can not be
be obtained, an unsupervised algorithm has to be used. The KLT is an effective
tool in the process called feature extraction, for extracting a set of pertinent
features from the patterns to be classified.

For example, KLT is used in remote sensing, where the images of the sur-
face of Earth or other planets such as Mars are taken by orbiting satellites, for
various studies in fields such as geology, geography and agriculture. The cam-
era system on the satellite has a set of N sensors each sensitive to a different
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Figure 8.14 Original faces (top), Eigenfaces (middle), and Reconstructed faces
(bottom)

wavelength band in the visible and infrared range of the electromagnetic spec-
trum. Depending on the number of sensors IV, the image data collected are either
multi-spectral (N < 10) or hyper-spectral (N is up to 200 or greater). At each
position in the image, a set of N pixel values each produced by one of the N
sensors form an N-D vector in the feature space, representing the spectral sig-
natures of the surface material. As different types of materials on the ground
surface have different spectral signatures, a typical application of the multi or
hyper-spectral image data is to classify all patterns in the N-D feature space,
each for a pixel in the image, into different classes corresponding to different
types of surface materials of interest. For hyper-spectral data with large N, the
KLT can be used to reduce the dimensionality from N to M << N without loss
of essential information. Now the classification can be carried out in the M-D
space corresponding to the first M eigen-images, thereby significantly reducing
the computational complexity.

In many applications the patterns to be classified are given in image form, such
as an object in an image. Extracting from the image a set of suitable features to
represent the patterns may be a challenging task as it requires specific knowledge
regarding the objects of interest. Alternatively, a more straightforward way of
representing such image objects is simply to use all the pixels of the image. The
shortcoming of this method, however, is that (1) the pixels are not particularly
pertinent to the specific objects in the image, and (2) the dimensionality N,
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the total number of pixels in the image, is typically unnecessarily high for the
classification algorithm. In such case the KLT can be used.

Consider the feature extraction of a supervised classification problem for the
recognition of hand-written characters, such as the 26 English letters or the 10
digits from 0 to 9, represented in image form by N = 16 x 16 = 256 pixels. We
assume a set of training samples with known classes is available based on which
we need to come up with M features that represent the patterns of different
classes most effectively. To so, we could use the KLT to extract a set of MjN
features from the N pixels, by first converting each image containing an object
into an N-D vector by concatenating its rows (or columns) one after another,
and then carrying out the KLT based on the covariance matrix of these vectors,
independent of the classes of the objects they contain. However, we realize that
the resulting features of this generic KLT are not specifically pertinent to the
classification of the objects in the images, as they are extracted from all patterns
without indiscriminating their classes.

Alternatively, to obtain M features most pertinent to the classification task by
the KLT method, we can come up with a different covariance matrix containing
the information directly reflecting the differences among the classes to be distin-
guished. We first let {wgk), (t=1,---,ng)} be a set of ni N-D vectors for the
training samples of class k, where k = 1,--- |, K for all K classes. Based on these
training samples we then define the following scatter matrices:

e Scatter or covariance matriz of class k for the variation or scatteredness within

the class:
1 & k
S’“:n_k;(w§>—mk)<w§>—mk)T, (k=1 .K)  (878)

where my, is the mean vector of the kth class:
1

e Within-class scatter matriz for the average within-class scatteredness of all K
classes:

K 1 K
Sw = ;pksk = E ;nkSk, (8.80)

where n = Zszl ny is the total number of training samples of all K classes,
and pr = ng/n.

e  Between-class scatter matriz for the separability, or the variation between all
K classes:

K
Sy =Y pr(my —m)(my, —m)", (8.81)
k=1
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where m is the mean vector of all n training samples of all K classes:

Zw— an—Zw(k) Zpkmk (8.82)

e Total scatter or covariance matriz for the total variation among all n samples
of the K classes:

S = % Z(w —m)(x —m)T

K Nk

= 3D @) g = m) (@ ® oy )T
k=11i=1
XS0 2 Lyt
_ - k k) T - B . T
D ) NELRERICEMCEES 35 DTl
k 1i=1 k=11i=1
=8y + Sy (8.83)
The second to the last equal sign is due to the fact that
K ngk
S @ — ) (my —m)” =0 (8.84)
k=1 i=1

The equation S; = S, + S, indicates that the total scatteredness S; of the n
samples is due to the contributions of the total within-class scatteredness S,
and the total between-class scatteredness Sj, as one would intuitively expect.
Now we can carry out the KLT based on the between-class scatter matrix Sy,
so that most of the energy or information specifically representing the separa-
bility of the K classes will be compacted into a small number of M components
after the transform. The classification/recognition can then be carried out in
the resulting M-D feature space containing most of the information relevant to
the classification (separability) with much reduced computational complexity, by
certain classification algorithm. As a simple example, we could classify a given
pattern x to the class with minimum distance D(x, m}) between its mean and
the pattern x:

@ belongs to class k iff D(x,my) < D(x,m;), (l=1,---,K) (8.85)

Moreover, it may be desirable to be able to visualize the data, for intuitive
assessment of the distribution of the patterns in the feature space. However,
visualization of is obviously impossible when N > 3. In such cases the KLT
transform based on the overall covariance matrix of the data can be used to
project the data points from the original N-D space to a 2 or 3-D space in which
most of the information characterizing the spatial distribution of the data points
is conserved for visualization.

To illustrate the method, we now consider a specific example of classification
of the 10 digits from 0 to 9, each written multiple times by different people, in
the form of a 16 by 16 image, as shown in top-left panel of Fig.8.15. Each pattern
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can be simply represented by the N = 256 = 16 x 16 pixels in the image, which
can be converted to an N-D vectors obtained by concatenating the rows of its
image. Based on S representing the separability of the 10 classes, the KLT can
be carried out. The energy distribution plots both before and after the KLT are
shown in the two right panels in Fig.8.15. Different from the KLT based on the
covariance matrix of the data as discussed previously, here the KLT is based on
the between-class scatter matrix Sy, and consequently the energy in question
represents specifically the separability information most pertinent to the classi-
fication of the 10 digits. From the distribution plots we see that before the KL T,
the energy is relatively evenly distributed through out most of the 256 pixels with
high local correlation in the same row (each corresponding to one of the 16 peaks
in the plot), but after the KLT, the energy is highly compacted into the first 9
principal components, while the remaining 256 — 9 = 247 components contain
little energy and therefore can be omitted. The classification is then carried out
in the M=9 dimensional feature space with much reduced computational cost.
Also, in order to visualize the information contained in the 9-D space used in the
classification, we can carry out the inverse KLT to reconstruct the images based
on the 9 components (Eq.8.47), as shown in bottom-left panel of the figure. We
see that these images contain most of the information pertinent to the classifi-
cation, in that the within-class variation is minimized while the between-class
variation is maximized.

Energy distribution before KLT

1000
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w1 04 Erergy distribution after KLT
OO DO k 9
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Figure 8.15 KLT of image pattern classification based on between-class scatter matrix
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Singular Value Decomposition Transform

Singular Value Decomposition

The singular value decomposition (SVD) of an M by N matrix A of rank
R <min(M,N) is based on the following eigenvalue problems of an M by M
symmetric matrix AAT and an N by N symmetric matrix A7 A:

AAT’U@:AZ"U,Z‘, (izl,'~',M)

ATAv; = \wv;,  (i=1,---,N) (8.86)
As both AAT and AT A are symmetric (self-adjoint), there eigenvalues ); are
real and their eigenvector u; and v; (i = 1,---, R) are orthogonal:
ulu; =vlv; =i —j (8.87)
and they form two orthogonal matrices U = [uq, - ,un]puxp and V =
[v1, -+ ,vN]|Nxn that satisfy:

UU" =U"U = Tyuxu
VVT =VTV = Iy.n (8.88)

The two AAT and AT A can be diagonalized by U and V respectively:

UT(AAT)U = AJWXJW = dia’g[Ala e 7)‘R7 Oa e 70]
VI(ATAV = Ay.n = diag[\,--- , AR, 0,---,0] (8.89)

Note that as the rank of A is R, there exist only R non-zero eigenvalues.
The theorem of singular value decomposition states that any M by N matrix
A can be diagonalized by U and V:

UTAV = AV? = diag[\/x,--- s VAR, 0, ,0] = diag[s1, -+ ,SRr,0,---,0]
(8.90)
Here s; = \/\; (i =1, , R) is defined as the ith singular value of matrix A. This
equation can be considered as the forward SVD transform. By pre-multiplying
U and post-multiplying V7 on both sides of the equation above, we get inverse
transform:

Y

R
A=UNPVT =" N[weof] =) silupv]] (8.91)
k=1 k=1

by which represents the original matrix A is decomposed into a linear combina-

tion of R matrices [u;v}] weighted by v/A; (i =1,---, R). We can rewrite both

the forward and inverse SVD transform as a pair:
{AW =u'av

The matrix A can be considered as a 2-D signal, such as an image, which can
be forward SVD transformed to obtain a set of coefficients s; = v/\; for the
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components [u;v!] (i =1,---,R), which can also be called eigen-images, and
2-D signal A can also be expressed by the inverse SVD transform as a linear
combination of R SVD components weighted by the singular values.

Same as all orthogonal transforms discussed previously, the SVD transform
also conserves the signal energy. The total energy contained in the M by N matrix
A is simply the sum of the energy contained in each of its M x IN elements a;;,
which is equal to the trace of either AAT and AT A:

M N
= laij|* =tr(AA”) = tr(AT A) (8.93)
i=1j=1
Moreover, as trace is conserved by an orthogonal transform, we take trace on
both sides of Eq.8.89 to get:

R
U (AAT)U] = tr(AAT) =trA = > \;

;1
tr[VI(ATAV] = tr(ATA) =trA => " \; (8.94)

This result indicates that the energy contained in the signal A is the same as
the sum of all singular value squared representing the signal energy in transform
domain after the SVD transform.

We can further show that the degrees of freedom (DOF), the number of inde-
pendent variables in the representation of the signal, is also conserved by the
SVD transform, indicating that no information is lost or generated, i.e., the sig-
nal information is conserved. If, for simplicity, we assume M = N = R, then the
DOF of Ay before the transform is N2. In the transform domain, the signal is
represented in terms of U, V', and A. The DOF of both U and V is (N? — N)/2
for the following reason. The DOF of the first column with N elements is N — 1
due to the constraint of normalization, and the DOF of the second column is
N — 2 due to the constraints of being orthogonal to the first one as well as being
normalized. In general, the DOF of a column is always one less than that of the
previous one, and the total DOF of all N vectors of U is:

(N=1)+(N—-2)+---+1=N(N-1)/2=(N*~N)/2 (8.95)

The same is true for V. Together with the DOF of N for A, the total DOF in
the transform domain is 2 (N2 — N)/2 + N = N2, same as that of A before the
SVD transform.

Application in Image Compression

The SVD transform has various applications including image processing and
analysis. We now consider how it can be used for data compression. For simplicity
we consider an N by N image matrix Ayxxy = [a1, -, ay] where a; is the ith
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column vector of A. Image compression can be achieved by using only the first
K eigen-images of A:

K
Ak = Vhuo! (8.96)
i=1

The energy contained in Ay is:

K K
tr [AAg] = tr[z \/)\—iviuiT][Z VAjuvf ]

K

K
VANl uol)] =ty \vg! ]
1 =1

i=1

K K K
= Z )\itr [’Ui'UZT] = Z /\i'UZT'U'L' = Z )\i
i=1 i=1 i=1

The percentage of energy contained in the compressed image A is:

K R
Z i/ Z Ai (8.97)

Obviously if we use the K components corresponding to the K largest eigenvalues,
the energy contained in A g is maximized.

Next we consider the compression rate in terms of the DOF of Ax. The DOF
in the K orthogonal vectors {u; i =1,---,K} is:

= tr[Z(

(N—1)+(N=2)+---+(N—K)=NK - K(K +1)/2 (8.98)

The same is true for {v; i=1,---,K}. Including the DOF of K in {)\;, i =
1,---, K}, we get the total DOF:

2NK — K(K +1)+ k=2NK — K? (8.99)
and the compression ratio is

INK - KE 2K K 2K (8.100)
N2 N N2 N ’

We consider a specific example of the image of Lenna (M = N = R = 128)
shown in Fig.8.16 (left) together with its SVD matrices U and V (middle and
right). The singular values s; = v/); in descending order and the energy \; con-
tained are also plotted respectively in the top and bottom panels of Fig.8.17.
The reconstructed images using different number K of the SVD eigen-images are
shown in Fig.8.18, where the top two rows show the SVD eigen-images (1st row)
corresponding to the first (largest) 10 singular values, and the corresponding par-
tial sums (2nd row) for the reconstruction. The bottom two rows show the rest
of the eigen-images and the corresponding reconstructions, when the number K
is increased by 10 each time (K = 10,20, 30,---).



Karhunen-Loeve Transform and Principal Component Analysis 405

We see that the reconstructed images approximate the original image pro-
gressively closely as K is increased to include more eigen-images in the partial
sum. This effect can be quantitatively explained by the energy distribution over
the total 128 SVD components, shown in the lower panel of Fig.8.17. The dis-
tribution curve is obtained by simply squaring the singular value curve in the
top panel so that it represents the energy contained in each of the eigen-images.
As most of the signal energy is contained in the first few SVD components, all
eigen-images for K > 20 in the 3rd row contain little information, correspond-
ingly, the reconstructed images in the 4th row closely approximate the original
image, which is perfectly reconstructed only if all M = N = 128 eigen-images
are used.

Figure 8.16 Original image (left), matrices U (middle) and V (right)

Singular values
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Figure 8.17 Singular values s; = v/\; (top) and their energy distribution \; (bottom)
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Figure 8.18 SVD components (top) and the corresponding partial reconstructions
(bottom)
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Continuous and Discrete-time
Wavelet Transforms

Why Wavelet?

Short-time Fourier transform and Gabor transform

A time signal x(t) contains the complete information in time domain, i.e., the
amplitude of the signal at any given moment ¢. However, no information is explic-
itly available in z(¢) in terms of its frequency contents. On the other hand, the
spectrum X (f) = Flz(t)] of the signal obtained by the Fourier transform (or
any other orthogonal transform such as discrete cosine transform) is extracted
from the entire time duration of the signal, it contains complete information in
frequency domain in terms of the magnitudes and phases of the frequency com-
ponent at any given frequency f, but there is no information explicitly available
in the spectrum regarding the temporal characteristics of the signal, such as
when in time certain frequency contents appear. In this sense, neither x(¢) in
time domain nor X (f) in frequency domain provides complete description of the
signal. In other words, we can have either temporal or spectral locality regarding
the information contained in the signal, but never both.

To address this dilemma, the short-time Fourier transform (STFT), also called
windowed Fourier transform, can be used. The signal z(¢) to be Fourier analyzed
is first truncated by a time window function before it is transformed to the
frequency domain. Now any characteristics appearing in the spectrum will be
known to be from within this particular time window.

Let us first consider using a simple rectangular window with width 7 to trun-
cate the signal:

10<t<T
wr(t) = {O otherwise (0-1)

If a particular segment 7 < t < 7+ T of the signal x(t) is of interest, the signal
is first truncated by multiplication of the window w,(t) shifted by 7, and then
Fourier transformed:

00 T+T
Xo(f,7) = Flzt)w,(t — 7)] = /_ z(t)w, (t — 7)e 2™ tat = / x(t)e 2 It dt
(9.2)

407
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Based on the time-shift and frequency convolution properties of the Fourier trans-
form, the spectrum of this windowed signal can also be expressed as:

Xo(f,7) = X () % [We(f)e *mIT] (9-3)

where W,.(f) = Flw,(t)] is the Fourier transform of the rectangular window
wy(t), a sinc function. While certain temporal locality can be achieved in the
transform domain, the STFT spectrum X,.(f) in frequency domain is severely
distorted due to the convolution with the ringing sinc function W,.(f) = Flw,(t)].

In order to overcome this drawback, a smooth window such as a bell-shaped
Gaussian function can be used:

wy(t) = e (/) (9.4)

where the parameter o controls the width of the window. Again the signal is
first multiplied by a shifted version of the Gaussian window wg (¢t — 7), and then
Fourier transformed to get:
X, (f,7) = Fle(thwy (t — 7)) = / w(t)e T ity (9.5
—00

This Fourier transform of the Gaussian windowed signal is called the Gabor
transform of the signal, from which the original time signal can be obtained by
the inverse Gabor transform. Multiplying ¢/27f7 on both sides of the equation,
and then integrating with respect to f, we get the inverse transform:

o0 [o¢] [o¢]

/ X, (f, m)e??™ 7 df z/ [/ w(t)e= (=T /0% mi2nt gi | (32717 gf
o0

o0 o0
/ x(t)e—(t—7)2/a2 [/ 6—j27rftej27rf7'df ] dt = / x(t)e_(t_T)z/“z(;(t B T)dt

o0

= z(7) (9.6)

Similar to the case of rectangular windowing in Eq.9.3, due to the frequency
shift and the convolution properties of the Fourier transform, the Gabor spec-
trum in Eq.9.5 can also be written as:

Xg(f,7) = [Wy(f)e ™ % X (f) (9.7)

Different from the rectangular windowing, here the Fourier transform of the
Gaussian window is also a Gaussian function (Eq. 3.149):

Wy (f) = Flwy(t)] = oe ™ )* (9.8)

i.e., the spectrum X (f) is now convolved with a smooth function Wy (f), instead
of a ringing sinc function W,.(f) as in the previous case, therefore the Gabor
spectrum X, (f) will not be distorted as severely as in the previous case.
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The Heisenberg Uncertainty

The STFT methods in general, either with rectangular or Gaussian windowing,
suffer from a more profound difficulty, namely, an increased time resolution will
necessarily result in a decreased frequency resolution. The frequency resolution
of STFT spectrum, either X,.(f,7) or X4(f,7), is a blurred version of the true
Fourier spectrum X (f), due to the convolution in Eqs.9.3 or 9.7. For example,
in the case of the Gabor transform, as the width of Wy(f) (1/0) in frequency
domain is inversely proportional to the width of wy(t) (o) in time domain, a
narrower time window wy(t) for higher temporal resolution will necessarily cause
a wider Wy(f) and thereby a more blurred Gabor spectrum X,(f).

This issue could be more clearly illustrated if we further assume the trun-
cated signal x(t) repeats itself outside a finite window of width T, i.e., the sig-
nal z(t +T) = x(t) becomes periodic. Correspondingly, its spectrum becomes
discrete, composed of an infinite set of discrete frequency components X [k]
(k=0,%+1,£2,---), with a gap of fo = 1/T between any two consecutive compo-
nents X [k] and X[k + 1]. Obviously this discrete spectrum provides no informa-
tion in the gaps. Moreover, the higher temporal resolution we achieve by reducing
T, the lower frequency resolution will result due to the larger gap fo = 1/7T in
frequency domain.

Another drawback the general STFT approach also suffers from is that the
window width is fixed through out the analysis, independent of the specific signal
being analyzed, while there may be a whole variety of different characteristics
of varying time scales in the signal. For example, the signal may contain some
random and sparse spikes, and bursts of rapid oscillation, which can be localized
only if the time window used is very narrow. On the other hand, there may be
some totally different features in the signal, such as some slow changing drifts
and trends, which can be captured only if the time window has much wider
width. Therefore it would be very difficult for the STFT method to detect and
represent at the same time all such signal characteristics that are potentially of
great importance and interest.

We see that it is fundamentally impossible to have the complete information of
a given signal in both time and frequency domains at the same time, as increasing
the resolution in one domain will necessarily reduce that in the other. This effect
is referred to as the Heisenberg uncertainty, as previously discussed in Chapter3
and clearly demonstrated by Eq.3.165.

If the temporal features of interest in a signal do not change much over time, i.e,
the signal is stationary, then the Fourier transform is sufficient for the analysis of
the signal in terms of characterizing these features in frequency domain. However,
in many applications it is the transitory or non-stationary aspects of the signal
such as drifts, trends, and abrupt changes that are of most concern. In such
cases, Fourier analysis is unable to detect them in terms of when such events
has taken place, therefor unsuitable to describe or represent such signal features
which may be of most interest.
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Figure 9.1 Comparisons of temporal and frequency locality in Fourier and wavelet
transforms

In order to overcome this limitation of the Fourier analysis and to gain localized
information in both frequency and time domains, a different kind of transform,
called the wavelet transform can be used. The wavelet transform can be viewed as
a trade-off between time and frequency domains. Unlike the Fourier transform
which converts a signal between time (or space) and frequency domains, the
coefficients of the wavelet transform represent signal details of different scales
(corresponding to different frequencies in the Fourier analysis), and also their
temporal (or spatial) locations. Different scale levels from lowest to the highest
can reveal events of different scales.

The discussion above can be summarized by the Heisenberg Box (Cell) shown
in Fig.9.1, which illustrates the issue of resolution or locality in both time and
frequency in the Fourier transform, short-time Fourier transform and wavelet
transform.

The first figure is the time signal with full time resolution but zero frequency
resolution. The second is its Fourier spectrum with full frequency resolution but
zero frequency resolution. The third one is the short-time Fourier transform with
a fixed window size and inversely proportional resolutions in time and frequency
domains. The last one is for the wavelet transform with varying scale levels
and their corresponding time resolution, i.e., at a low scale level (less details
corresponding to low frequencies) the window size a large, while at a high scale
level (more details corresponding to high frequencies) the window size is small.
In other words, local information in both time and frequency domains can be
represented in this transform scheme.

Continuous-Time Wavelet Transform (CTWT)

Mother and daughter wavelets

All continuous orthogonal transforms previously discussed, such as the Fourier
transform, are integral transforms that can be expressed as an inner product of
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the signal x(t) with a transform kernel function ¢(¢):

X(1) =< o(0).05(t) >= [ 2(3 ()t (9:9)

where the kernel function ¢ (¢) represents the fth member of a family of complete
basis functions that span the space in which the signal z(¢) exist. For example,
in the case of Fourier transform, the kernel function is a complex exponential
or(t) = e??7f with a parameter f representing a specific frequency. Similarly,
the continuous wavelet transform (CWT) is also an integral transform based
on a set of kernel functions, sometimes referred to as the daughter wavelets, all
derived from a mother wavelet 1(t) that satisfies the following conditions:

e 1(t) should have a compact support, i.e., 1(t) # 0 only inside a bounded range
a<t<b.
e (t) has zero mean or zero DC component:

/jo bt =0, ie. W()|,_, = W(0)=0 (9.10)

where U(f) = F[i(t)] is the Fourier transform of ¢(¢). In other words, the
DC component of the mother wavelet is zero. This condition is needed in the
future discussion of wavelet transforms.

e (t) € £? is square integrable:

/jO [ (t)|?dt < oo (9.11)

oo

e (t) can be normalized (same as all orthogonal transforms with normalized
basis vectors):

el = [ " ) =1 (9.12)

Qualitatively, a mother wavelet 1 (t) has two properties. First, it is non-zero
only within a finite range (first condition), i.e., it is “small”. Second, it has a
zero mean (second condition), i.e., it is a “wave” that takes both positive and
negative values around zero. In other words, 1(t) is a small wave, therefore the
name “wavelet”. Obviously this is essentially different from all other continuous
orthogonal transforms, such as the Fourier and cosine transforms, whose kernel
functions are sinusoidal waves defined over the entire time axis.

Based on the mother wavelet, a family of kernel functions v, - (), the daughter
wavelets, can be generated by scaling and translating the mother wavelet by s
and 7, respectively:

1 t—T1
VAL

where 7 is the time translation (7 > 0 for right shift and 7 < 0 for left shift)
and s > 0 is a scaling factor (s > 1 for expansion and s < 1 for compression).

ws,ﬂ' (t) =

) (9.13)

Unlike the kernel function ¢ (t) = 2™/t of the Fourier transform with only one
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parameter f for frequency, the CWT kernel 5 -(¢) has two parameters 7 and
s for translation and scaling, respectively, this is the reason why the wavelet
transform is capable of representing localized information in time domain as
well as in different scale levels (corresponding to different frequencies), while the
Fourier transform is only capable of representing localized frequency information.

The factor 1/4/s is included in the wavelet 15 ;(¢) so that it is also normalized
as the mother wavelet, independent of the scaling factor s:

O /|w”<>| dt = 1/ o (L=
/wﬂ sdt—/ Gdt = pmIF =1 (9.14)

Here we have assumed ¢’ = (¢t — 7)/s and therefore dt’ = dt/s.
If we obtain the Fourier spectrum of the mother wavelet ¥(f) = F[i(t)], the
Fourier spectrum of each kernel function 15 () can be found according to the

D)2at

time-shift and scaling properties of the Fourier transform: (Eqs.3.103, 3.102):

V() = Pl (0] = Flp(S0] = VERENe T (1)

The forward and inverse wavelet transforms

First we consider the forward continuous wavelet transform. Given a mother
wavelet () and all her daughter wavelets 15 - (t) for different s and 7, we can
define the continuous wavelet transform (CWT) X (s, 7) of a time signal z(t) as
an integral transform: 1

X(s7) = Wit(0)] =< 20,6 (0) >= [ (0} ()1

_ % /jo x(t)w(t%)dt — o) % s o(7) (9.16)

As indicated by the last equality, the wavelet transform of z(t) can also be
considered as the correlation of the signal x(t) and a wavelet function v, o(t) =
¥(t/s)/+/s. Therefore, according to property of the correlation (Eq.3.108), the
Fourier spectrum of the CWT X (s, 7) can be obtained in frequency domain as
a multiplication:

X(s, f) = FIX(s,7)] = X(f) Us0(f), (9.17)

where X (f) = Flz(t)] and ¥ o(f) = Flis,0(t)] are the Fourier spectra of the
signal x(t) and the wavelet 1, o(t), respectively. Also, according to Eq.9.15, we

I Various notations have been used for the continuous wavelet transform of a signal z(t), such
CWT,(s,7) and Wzx(s, 7). However, in this chapter a notation X (s, 7) is used in consistence
with X (f) = F[z(t)] for the Fourier transform of z(t).
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have
Vo(f) = Uer(f)],_y = VsW(sf)e 2| _ = /5¥(sf) (9.18)

Now the CWT can be readily found as the inverse Fourier transform of X (s, f):
X(s,7) = F 1X(s, /)] = FHX() U o(f)] (9.19)

Next we consider the inverse wavelet transform (ICWT) by which the original
time function x(t) can be reconstructed based on its CWT X (s, 7):

z(t) = WX (s, 7)] Cw/ / XSTweT()dTg

Cw/oo\f/ X(s:7) (;T)dT;ig (9.20)

where Cy, is defined as

1w
Cw_/o 7 o df < oo (9.21)

Eq.9.21 is referred to as the admissibility condition, which is necessary for the
inverse CWT to exist. Note that in order for this condition to hold, we must
have U(f)r=0 = ¥(0) =0, i.e., the wavelet ¢(¢) has zero mean, as one of the
conditions specified before (Eq.9.10). Consequently, Eq.9.19 will produce the
same result for different X (0) values (as it is always multiplied by ¥(0) = 0). In
other words, CWT is insensitive to the DC component X (0) of the signal z(t).

Now we prove the inverse CWT given in Eq.9.20. Multiplying ¥, o(f) on both
sides of Eq.9.17, we get

X (s, H)Wao(£) = X(f) Vo () Vs0(f) = X(f) [La0(f)? (9.22)
and then divide both sides by s and integrate with respect to s:

S R s oo sf)|2
/ X(s (f)d——X(f)/O I\Ifs,o(f)IQ;i—Q:X(f)/O [P(sHF

s

(9.23)
The last equal sign is due to Eq.9.18. We further consider the integral on the
right-hand side:

<ENE TR [P
f; S [ e = [ -

where we have assumed [’ = sf, and the last equal sign is due to the definition
of Cy in Eq.9.21. Now Eq.9.23 can be written as:

ds
Cw / X s0(f)—= 2 (9.25)

(9.24)
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Now the time signal can be obtained by taking the inverse Fourier transform on
both sides:

1 i ds
z(t) = F[X(f)] = a ), FX(s ) Uso(Nl =

52
ds

1 o0
_ C_¢/o X(5,0) * Yao(t) o
t—T1 ds

_ Ciw/om ﬁ/:X(s,T)w(T)dTS—Q (9.26)

Here we have used the convolution theorem of the Fourier transform. The inverse
wavelet transform given in Eq.9.20 is thereby proven.

As a side product, we note that the result of Eq.9.24 indicates a very interesting
fact. For any given function f(x), the integral of its scaled version f(sx)/s over
all scale s is a constant, over the entire domain of z. This result has some
important significance, as we will see later in the discussion of the discrete-time
wavelet transform.

In summary, the continuous wavelet transform in Eq.9.16 converts a 1-D con-
tinuous time signal z(¢) into a 2-D function X (s, 7) of two arguments s for scale
and 7 for translation, and by the inverse transform in Eq.9.20, the signal can
be reconstructed based on its CWT coefficients X (s, 7). Although this pair of
forward CWT and inverse CWT is similar to all previously discussed orthogonal
transforms such as the Fourier transform, there are some essential differences.
Most obviously, the Fourier spectrum X (f) of a time signal z(¢) is a 1-D function
of frequency f, but the CWT coefficient X (s, 7) is a 2-D function of two variables
s and 7. Also, unlike the Fourier transform or any othter transforms, the CWT
is not an orthogonal transform, as its kernel functions v ,(¢) are not orthogonal
to each other, i.e., they do not form an orthonormal basis of the function space.
We will consider in more details in terms of such differences between the CWT
and other orthogonal transforms.

Properties of CTWT

® Linearity:
Wlax(t) + by(t)] = aW[z(t)] + bW][y(t)] (9.27)

The wavelet transform of a function z(t) is simply an inner product of the
function with a kernel function 95 -(t) (Eq. 9.16). Therefore due to the lin-
earity of the inner product in the first variable, the wavelet transform is also
linear.

e Time shift: If W[z (t)] = X (s,7), then W[z(t —t')] = X (s,7 —t/).

Wisle =) = 5= [~ ale— 03

t—T

—)dt (9.28)
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Let u=t—1t,ie., t=u+t and dt = du, the above becomes:

_ _u_(T_t/) W= ST—/
Wia(t — ) f/ YT g = X (s, ) (9.29)

S

e Time scaling: If W[z (t)] = X (s, 7), then W[z(t/a)/\/a] = X (s/a,T/a).

Wlatt/a)/val = | stegai =Ty (9.30)

Let u = t/a, i.e., t = au and dt = adu, the above becomes:
— au —7)

Wl (t/a)/Va) = i = [ atwn =
W=D\ g = X (/0,7 /a) (9.31)

-7 [ i

e Localization Property:

Consider the scaling and translation of a mother wavelet ¥(¢) in frequency
domain as well in time domain. Assume its center is at t = ¢ty and its width
is At, and the center and width of its Fourier transform ¥(f) are fo and Af.
Then the center of the scaled and translated wavelet function ¢, » (Eq. 9.13)
is at t = atg + 7 and its width is

At = sAt (9.32)

The Fourier transform of v, - (t) is W, . (f) = v/s¥(sf)e™2™/7 and its center
fs,r and width Af,  are:

fs,‘r - %fo
Afor = EA f (9.33)

We can now make two observations:
— The product of the window widths of the wavelet function 1, ,(¢) in time
and frequency domains is constant, independent of s and 7.

1
AtyrAfor=sA-Af = AAS (9.34)

— If we consider a wavelet function v - (¢) as a band-pass filter ¥, -(f) with
a quality factor @ defined as the ratio of its bandwidth and the center
frequency, then we have

_4af
Q== (9.35)

i.e., the quality factor @) of the filter is constant, independent of the scaling
factor s.
e Multiplication theorem:
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Let X1(f) = Flz1(t)] and Xa(f) = Flz2(t)] be the Fourier transforms of x4 (t)
and x2(t), respectively. Then, according to Eq.9.19, we have:

(s,7) f/ Xi(f),U(sf)e??™maf,  (i=1,2) (9.36)

We substitute these expressions into the inner product of X1 (s, 7) and Xz(s, 7)
defined as:

ds

< X1(5,7), Xa(s,7) >= /OO/Oc Xi(s,7)Xo(s,7) dr
[ [ xS || R )veuss e ) ar

/// X1 ()Xo (f)sT(sf) T (sf)/ pi2n(f- f>fd]df,dfs_2

[T xR e - arar
00 0 <12 - B
:1 Xl(f)Yz(f)[/o Mds]df:cwl X0 () Xa(f) df (9.37)

S

Note that the integral with respect to s inside the brackets is Cy. Now due
to the multiplication theorem of the Fourier transform < x1(t),z2(t) >=<
X1(f), X2(f) >, we have:

< Xl(S,T),XQ(S,T) >= Cil’ ‘/700 Xl(f)YQ(f) df = Cil’ < (L‘l(t),xg(t) >

(9.38)
This is the multiplication theorem of the CWT. In particular, when x;(t) =
x2(t) = x(t), we have < X(s,7), X (s,7) >= Cy < z(t), z(t) >, i.e.,

IS e /Oo X (s,7)dr % (9.39)

o]

This is Parseval’s identity (energy conservation) for the CWT.

e Non-orthogonality
All previously considered orthogonal transforms, such as the Fourier trans-
form, convert a 1-D time signal z(¢) into another 1-D function in transform
domain, such as the spectrum X (f) in frequency domain. All basis functions
that span the vector space containing the signal x(t) are orthogonal

<¢f(t),dp(t) >=0,  (f#[) (9.40)

indicating that they are completely uncorrelated and there exists no redun-
dancy among these basis functions. In other words, every single point f in the
transform domain makes its unique contribution to the reconstruction of the
time signal by the inverse transform.

However, this is no longer the case for the continuous wavelet transform, which
converts a 1-D time signal z(¢) to a 2-D function X (s, 7) defined over a half
plane —oco < 7 < 0o and s > 0. Consequently, there exists a large amount of
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redundancy in the 2-D transform domain in terms of the information needed
for reconstruction of the time signal x(t). The redundancy between any two
points (s,7) and (s',7') in the transform domain can be measured by the
reproducing kernel, defined as the inner product of the two corresponding
kernel functions (basis functions) v, - (t) and ¢y - ():

K(s,7,8,7) =<5+ (t), g +( / Vs ()Y (t)dt #0 (9.41)

The fact that this inner product is not zero indicates a major difference
between the CWT and all orthogonal transforms considered before, i.e., the
CWT is not an orthogonal transform anymore. This reproducing kernel can
be considered as the correlation between the two kernel functions ¢, -(¢) and
g (t), representing the redundancy between them.

On the other hand, if X (s,7) is a CWT coeflicient of a signal x(¢), X (s/,7) at
any other point in the (s, 7) plane may not also be a CWT coefficient of x(t)
unless it is a linear combination of all those true coefficients, each weighted
by the corresponding reproducing kernel K (s, 7, s, 7'):

! / ]‘ ~ o / ! ds
X(S’T):C_w | K(s,T,s,T)X(s,T)dTS—2 (9.42)

This identity can be easily proved. For X (s',7") to be a CWT coefficient of
x(t), it has to satisfy the CWT definition:

X(s',7) =< (t), o, (8) >= / "t (0t (0.43)

o0

Substituting the reconstructed x(¢) in Eq.9.20 into this equation, we get:

s = [ g [ [ X v o
Cw/ / XST[/ s 7 (t ws"r’()dt:|d7'—

_ / / ﬁ
= /0 /_oo K(s,7,8,7)X (s, 7)dr 2 (9.44)

Typical Mother Wavelet Functions

In the discussion of the wavelet transform, the waveform of the mother wavelet
function is not specifically defined. Here we consider some commonly used mother
wavelets.

e Shannon wavelet



418

Chapter 9. Continuous and Discrete-time Wavelet Transforms

This wavelet can be more conveniently defined in frequency domain as an
ideal band-pass filter:

0 otherwise

m(f)={1f1<|f|<f2 (9.45)

The Shannon wavelet in time domain can be obtained by inverse Fourier
transform as:

~ —h P
’Lp(t) = f*l[\ll(f)] :/_ \I/(f)ej%rftdf _ /_f ej27rftdf+/ ej27rftdf

[o¢]

- %[sin(%r Fot) — sin(2m f11)] (9.46)
Note that while the Shannon wavelet has very good locality in frequency
domain, it has relatively poor locality in time domain. However, this wavelet
has some significant importance for the discussion of an algorithm for the
reconstruction of the time signal from its wavelet coefficients, to be considered
in the next section.
Morlet wavelet
As shown in Fig.9.3, a Morlet wavelet is a complex exponential e/«ot =
cos(jwot) + jsin(jwot) modulated by a normalized Gaussian function

e /2 )\/2r:

]. - 2 ]. 2 2
t) = —=eI@0te /2 = —Jcos(wot)e ™t /2 + j sin(wot)et /2 9.47
According to the frequency shift property of the Fourier transform (Eq.3.104),
the spectrum of the Morlet wave is another Gaussian function shifted by —wy,
as shown in the bottom panel of Fig.9.3:

00 ) 1 o0 .
U(w) = Fly(t)] = / Y(t)etdt = ,/271—/ et 2ei(wmwo)t gy
— o~ (w—w0)?/2 _ ,—(2m(f~f0))?/2 (9.48)

Note that when wg =0, ¥(0) = e ws/2 > 0, violating the requirement needed
for the admissibility condition. However, when wy is large enough, e.g., when
fo=1 Hz, wo=2m, ¥(0)= e 6:28%/2 = 9.7 % 107 is small enough to be
neglected.

As the Fourier spectrum ¥(w) of the Morlet wavelet is zero when w < 0, it is
an analytic signal according to the definition discussed in chapter 1.
Derivative of Gaussian

This wavelet is the first order derivative of a normalized Gaussian function
g(t) = e ™t/ /g

d d ]. - a)? 27Tt - a)?
b(t) = 79(t) = —[-e /") = — ¢ o (9.49)
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Figure 9.2 Shannon wavelets of different scale levels and their spectra

Note that the Gaussian function is normalized

o0
/ g(t)dt =1 (9.50)
—00

and the parameter a is related to the standard deviation o by a = v2702. The
Fourier transform of this derivative of Gaussian can be easily found according
to the time derivative property of the Fourier transform (Eq. 3.118) to be

U(f) = Fl(t)] = j2 fte @ (9.51)

e Marr wavelet (Mexican hat)
This wavelet is the negative version of the second derivative of the Gaussian
function g(t) = e ™#/%)* /a. As we have

i d 2mt rja?) _ _2Tq 2T

a” _ 4 1— —7(t/a)? 59
Lo =42 -2 (9.52)
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Figure 9.3 Morlet wavelets of different scale levels and their Spectra

the Marr wavelet is:
2 2T ta)?
U(t) = (1= =p)e w0/

If we let a = V27102, the Gaussian function g(t) is normalized [ g(t) = 1, and
the Marr wavelet becomes:

- (9.53)

1 2 2902

h(t) = ——(1— = )e t/% 9.54
vlt) = o= ) (9.54)
The Marr wavelet function is also referred to as the Mexican hat function due
to its shape. The Fourier transform of the Gaussian function is also Gaussian
(Eq.3.148):

f[ée*ﬂt/af] = (@)’ (9.55)
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Figure 9.4 Marr wavelets of different scale levels and their spectra

and according to the time derivative property of the Fourier transform
(Eq.3.118), we get the Fourier transform of the Marr wavelet

U(f) = Flp(t)] = —(j2nft)2e ™" = 4x? 2o m(a))? (9.56)

The Marr wavelet and its Fourier transform are shown in Fig.9.4. Note that
as this wavelet function is real, its Fourier spectrum is symmetric with respect
to zero frequency.

¢ Difference of Gaussians
As the name suggests, this wavelet is simply the difference between two Gaus-

sian functions with different parameters a; > a2 (representing the variance):
1 1

B(t) = gi(t) — ga(t) = —e "Wa)? _ —gmm(t/az)® (9.57)
aq a9

The spectrum of this function is the difference between the spectra of the two
Gaussian functions, which are also Gaussian:

U(f) = Gi(f) — Ga(f) = e ™(@f) _ gmmlaz)? (9.58)
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Figure 9.5 Difference of Gaussians and its spectrum

Note that ¥(0) =1 — 1 = 0. As can be seen in Fig.9.5, the difference of Gaus-
sians looks very much like the second derivative of Gaussian (Marr) wavelet,
and both functions could be brieviated as DoG. But note that they are two
different types of functions.

Discrete-time wavelet transform (DTWT)

Discretization of wavelet functions

In order to actually obtain the wavelet transform X (s, 7) of a given signal x(t) by
a computer, we need to discretize not only both the signal x(¢) and the wavelet
functions 15 - (t), but also the scaling factor s. Then the discrete version of the
wavelet transform, referred to as the discrete-time wavelet transform (DTWT),
can be carried out numerically.

Specifically, by sampling both the signal (¢) and the mother wavelet 1 (t), we
get N samples for each functions: z[m| and ¢¥[m] (m =0,--- , N — 1), together
with their DFT Flz[m]] = X[n]| and F[i)[m]] = ¥[n], where n is for all frequency
components. Also, based on the mother wavelet, we generate a set of K wavelet
functions s, o[m] = ¥[m/sx], each scaled by a different factor sg:

sk = 502" =502V, (k=0,---,K) (9.59)

Here sg is the base scale factor and r is a parameter that determines the total
number of scale levels K = rlog,(N/sg). When the mother wavelet ¢)[m] is scaled
by sk, it becomes s, o[m] = 1[m/sg], and, correspondingly, its DFT becomes
U0 = ¥[sgn]. When k = 0, the mother wavelet is scaled minimally by a factor
sp. When k > 0, the scale factor becomes s, = $92%/" > 5o, and the wavelet
s,.0[m] = [m/sy] is expanded in time domain and its DFT ¥, o[n] = U[syn]
is compressed in frequency domain. In the extreme case when k = K, the mother
wavelet is maximally stretched by a factor of sx = N, and its N-point Fourier
spectrum Uy, o[n] = ¥[skn| is maximally compressed to become a single point.
Moreover, if 7 > 1, the base of the exponent is reduced from 2 to 2V/" < 2,
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consequently we get a finer scale resolution with smaller step size between two
consecutive scale levels. For example, when r = 2, the base of the exponent in
Eq.9.59 is reduced from 2 to v/2 = 1.442, and the total number of scale levels is
correspondingly doubled and the scale resolution is increased.

The forward and inverse transform

Now the DTWT of a discrete signal z[m] can be obtained according to Eq.9.16
as a correlation of the signal and the wavelet function s, o[m]:

X[k, m] = z[m] * s, o[m] (9.60)

Alternatively, similar to the continuous case in Eq.9.19, this transform can also
be carried out as a multiplication in frequency domain:

X[k, n] = F[X[k,m]] = X[n]Ts, o[n] (9.61)

where X[k, n] is the DFT spectrum of the DTWT coefficients X[k, m] of the
signal z[m]. Now the DTWT can be readily obtained by the inverse DFT:

X[k, m] = F [X[k, n]} = F U [X[n] T, oln]] (9.62)

The inverse DTWT can also be more conveniently obtained in frequency
domain, similar to the derivation of the inverse transform in the continuous
case in Eq. 9.26. We first multiply both sides of Eq.9.61 by ¥y, o[n] and then
sum both sides over all K scale levels to get:

K

Zan Vg, 0ln] = D [X[0] T, 0[n]] W, 0[] Z|‘I’sko J2 (9.63)

k=0

But according to Eq.9.24, the summation of the daughter wavelets squared over
all scales is a constant, i.e., in discrete case we have:

K
Z ason?=C (9.64)

Now the above equation becomes:

K
Zan sn0ln] (9.65)
k=0

Taking inverse DF'T on both sides we get the inverse DTWT by which the original
time signal x[m] is reconstructed:

K
z[m] = F1X[n]] Z [k, n] s, o[n] (9.66)
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A fast inverse transform

Next we consider a fast algorithm for the inverse DTWT, under the condition
that the sum of the DFTs of the wavelet functions over all scales is constant:

K K K
> Waoln] =) Ulspn] = > U[s2""n]=C,  (foralln#£0) (9.67)
k=0 k=0

where the constant C' is not the same as that in Eq.9.64. This equation holds
for all n representing different frequency components, independent of the specific
function ¥[n].

To prove this result, we first consider the corresponding situation in the contin-
uous case, the integral of an arbitrarily given function f(z), scaled exponentially
by a factor s = b":

/_Z f(b" x)du = /_O:c f(sz)d(logy s) = ﬁ /OOO f(jx)
1

_ * f(sz) IR S v i CO
b ), T d(sz) = an/o 5 ds' =C (9.68)

Here we have assumed s’ = sz, and that the integral converges to a constant

C'. This result indicates that the summation of all exponentially scaled versions
of any function f(z) is a constant over the entire domain z of the function,
independent of the specific form of the function. Now we see that the summation
in Eq.9.67 above is simply the discrete approximation of the integral in the
continuous case. If the parameter r takes a large enough value, then the resolution
for the different scales should be fine enough, and the summation will be a valid
approximation of the integral in Eq.9.68, therefore it should also converge to a
constant. For example, as shown Fig.9.6, the differently scaled Morlet and Marr
wavelets in frequency domain do indeed add up to a constant over the entire
horizontal axis for frequency.

We are now ready to consider the fast algorithm for the inverse DTWT. Based
on the result in Eq.9.67, we see that the same should also hold for Wy, o[n] (in fact
the DFTs of all typical wavelets discussed above are real Wy, o[n] = Uy, o[n]),
i.e., they also add up to a constant S 4, Wy, o[n] = C. We can show that the
inverse DTWT can be carried out simply by summing all the DTW'T coefficients
obtained by Eq.9.62:

K K B K
ZX[k,m] - Z}'—l [X[ |0, Z Z X[n ]27rm,n/N
k=0 k=0 k=0
N-1 K -

= Z X|[n] ZWS;C,O["]] edZmmn/N — Z X[n)e??™™ /N = C x[m] (9.69)
n=0 k=0

Therefore the original time signal can be reconstructed by the inverse DTWT:

K K
1 —
=G E X[k,m], where C= E U, 0[n] (9.70)
k=0 k=0
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pLcCC

Figure 9.6 Summations of the spectra of Morlet wavelets (top) and Marr (Mexican
hat) wavelets (bottom)

This fast algorithm for inverse DTWT can also be illustrated as an all-pass
filter bank. We first consider the case of the DTWT based on the Shannon
wavelet, whose spectrum W(f) is an ideal band-pass filter in frequency domain
(Eq.9.45). As the magnitude of this filter is 1 within a finite passing band Af =
f2— f1, but 0 elsewhere, it preserves all signal information inside the passing
band while suppressing to zero all frequency components of the signal outside the
passing band. Moreover, as we choose the scale levels in such a way that these
band-pass filters U, (f) corresponding to all K different scales form a filter
bank that completely covers the entire frequency range without any overlap or
gap, Eq.9.67 is satisfied. These ideal band-pass filters in the filter bank form an
all-pass filter with a collective frequency response equal to 1 at all frequencies
n # 0, except at zero frequency where all Uy, ([0] = 0 (Eq.9.10), as required by
the admissibility condition. In frequency domain, the outputs of these filters are
simply the DFTs of the DTWT coefficients X [k, n] = X[n] ¥y, o[n], and when
combined together, they carry the complete information contained in the signal
x(t), except its DC component. Therefore it becomes clear that the original
signal z(t) can be perfectly reconstructed as the sum of the outputs from all
filters of the all-pass filter bank, as indicated in Eq.9.70. As a specific example,
eight Shannon wavelets and their spectra as ideal band-pass filters are shown
in Fig.9.2, and a filter bank composed of these band-pass filters is illustrated in
Fig.9.7. This filter bank can therefore be considered as the inverse DTWT.

Due to the result in Eq.9.70, the discussion above for the Shannon wavelets
applies to all other wavelet functions, such as Morlet and Marr wavelets, as
they can all form a all-pass filter bank due to the result of Eq.9.67, also shown
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Figure 9.7 All-pass filter bank composed of band-pass wavelets

in Fig.9.6. Although their spectra corresponding to different scale levels are no
longer ideal band-pass filters and their passing bands have significant overlaps,
these filters still add up to a constant over all frequencies, and their outputs also
carry collectively the complete information of the signal, which can therefore be
reconstructed as the sum of the outputs of all these band-pass filters.

For example, consider the wavelet transform of a sawtooth time signal of
N =128 samples, shown in Fig.9.8. Here we choose to use Morlet wavelets of
K = 8 different scale levels, corresponding to the same number of band-pass fil-
ters. These wavelets ¥, () in time domain and their spectra ¥4(f) in frequency
domain have already been shown in Fig. 9.3. The DTWT coefficients X[k, m)|
corresponding to different scale levels s are shown on the left of Fig.9.8, and
their partial sums are shown on the right, where the kth panel is the partial sum
of the first k scale levels. We see that the partial sums as the approximation of
the original sawtooth signal z[m] improves progressively as more scale levels are
included, until eventually a perfect reconstruction of the signal is obtained when
all K scale levels are included.

Wavelet Transform Computation

Here we give a few segments of C code needed to implement the DTWT algorithm
discussed above.

e Scale levels

r=2; // scale resolution

s0=1; // smallest scale
K=r*log2((float)N/s0); // total number of scale levels
scale=allocldf (K); // allocate memory for K scales

for (k=0; k<K; k++) {
scale[k]=sO*pow(2.0,k/r); // kth scale s_k
}
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Figure 9.8 The reconstruction of a sawtooth signal (right) as the sum of its DTWT
coefficients over K = 8 scale levels (left)
In the panels on the left, the solid curves are for the real part of the DTWT and
the dashed curves for the imaginary part. In the panels on the right, the solid
curves are for the partial sums of the DTWT coefficients, in comparison with
the original signal shown by the dashed curves.

The scales corresponding to three different sets of parameters are plotted in
Fig.9.9 to show how the resolution r and base scale sO affect the scales sy.

e Wavelet functions:
As both forward and inverse DTWT can be more conveniently carried out in
frequency domain, the spectra of the wavelet functions will be specified and
used in the code. First we show the code for generating Morlet wavelets of K

scales:

£0=0.6;
for (k=0; k<K; k++) {
for (n=0; n<N; n++) {

// wavelet parameter
// for all K scale levels
// for all N frequencies
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Figure 9.9 Scales sy versus k = 0,--- , K corresponding to different parameters r and
sp for DTWT of a signal with NV = 512 samples

The circles represent K = 9 scales corresponding to r = 1 and s¢o = 1; the squares
represent K = 13 scales corresponding to r = 1 and sg = 0.05; and the diamonds
represent K = 18 scales corresponding to » = 2 and sg = 1.

wavei [k] [n]=0; // imaginary part is zero
v=2*Pi*(scale[k]*((float) (n-N/2)/N)-£0); // DC in middle
waver [k] [n]=exp(-v*v/2); // real part of spectrum

}

In the code “waver” and “wavei” are two 2-D arrays for the real and imaginary
parts of the wavelet spectrum for N samples (frequencies) and K scales. Also
shown below is the code for generating Mexican hat wavelets of K scales:

a=2; // wavelet parameter
for (k=0; k<K; k++) { // for all K scale levels
for (n=0; n<N; n++) { // for all N frequencies
wavei [k] [n]=0; // imaginary part is zero

v=a*scale[k]*(n-N/2)/N; // DC in middle
waver [k] [n]=4*Pi*Pixvxvkexp(-Pi*v*v); // real part of spectrum

3

¢ Forward DTWT:
Here we assume the real and imaginary parts of the time signal are stored in
two N x 1 arrays xr and xi, respectively, and the real and imaginary parts of
the DTWT of the time signal are stored in two K x N arrays Xr and Xi for
wavelet coefficients of K scales and N time translations:

dft (xr,xi,N,0); // DFT of time signal to get spectrum
for (k=0; k<K; k++) { // for all K scale levels
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for (n=0; n<N; n++) { // for all N frequencies
Xr [k] [n]=xr [n]*waver [k] [n] +xi [n] *wavei [k] [n] ;
Xi[k] [n]=xi[n]*waver [k] [n]-xr [n] *wavei [k] [n];
}
dft (Xr[k],Xi[k],N,1); // inverse DFT to go back to time domain
}

e Inverse DTWT:
Listed below is the code for the inverse DTWT algorithm based on Eq.9.66.
Again, the real and imaginary parts of the DTWT coefficients are stored in
the two K x N arrays Xr and Xi, and the real and imaginary parts of the
reconstructed time signal are in two IV x 1 arrays yr and yi, respectively.

for (n=0; n<N; n++)
yr[n]l=yi[n]=0; // initialization
for (k=0; k<K; k++) { // for all K scale leves
dft (Xr[k],Xi[k],N,0); // DFT of DIWT coefficients to frequency domain
for (n=0; n<N; n++) {
yr [n]=yr [n]+Xr [k] [n] *waver [k] [n]-Xi [k] [n] *wavei [k] [n];
yi[n]=yi[n]+Xr[k] [n]*wavei [k] [n]+Xi [k] [n]*waver [k] [n];
}
dft(yr,yi,N,1); // inverse DFT to go back to time domain
}

The code based on Eq.9.70 is trivial and not listed.

As some examples of the DTWT, a set of typical signals as well as their
DTWT transforms are shown in Fig.9.10 qualitatively in image forms. All of
these DTWTs are based on the Morlet wavelets. These signals include sinusoids
and their combinations, a chirp signal (a sinusoid with continuously changing
frequency), square, sawtooth, and triangle waves, impulse train and random
noise.

Filtering Based on Wavelet Transform

Here we consider some examples to illustrate the filtering effects of the wavelet
transform in comparison with that based on the Fourier transform.

Example 9.1: The monthly Dow Jones Industrial Average (DJIA) from 1999 to
2008 and its Fourier spectrum are plotted in top two panels of Fig.9.11. The LP-
filtered spectrum is plotted in panel 3. Similar LP-filtering can also be carried
out based on the wavelet transform, as shown in Fig.9.12. The LP-filtered data
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Figure 9.10 Typical signals and their DTWT transforms

Eight typical signals z(t) (left) and their DTWT (Morlet) coefficients X [k, m] as
a 2-D image (right), with the real part is in the upper part and the imaginary
in the lower part.

obtained from both the Fourier and wavelet transforms are re-plotted as the solid
and dashed curves in panel 4, in comparison with the original one as the dotted
curve. We see that the LP-filtered curves by both transform methods are very
similar to each other, and, as expected, they are both much smoother than the
original one.
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Figure 9.11 Monthly Dow Jones Industrial Average (DJIA) from 1999 to 2008

The four panels are, respectively, the DJIA index, its Fourier transform, the
LP-filtered spectrum, and the LP-filtered data by both the Fourier and wavelet
transforms.

Figure 9.12 Wavelet transform or DJTA and its filtering

The top panel shows the wavelet transform coefficients and the bottom panel
shows the LP-filtered version of the same spectrum. All coefficients for higher
scales are suppressed to zero (gray in the image).
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Example 9.2: In this example we compare the filtering effects of an exponen-
tial chirp signal based on the Fourier transform and the wavelet transform. In
general, a chirp is a signal whose frequency increases or decreases with time. If
the frequency increases linearly in time, the signal is a linear chirp, if the fre-
quency increases exponentially in time, the signal is an exponential chirp. As
the frequency changes continuously over time, it may seem that filtering out
certain frequency should only affect the signal locally during the time interval
corresponding to the frequency removed. However, this is not actually the case
if the filtering is carried out in Fourier domain.

As shown in Fig.9.13, the original signal (top panel) is first Fourier trans-
formed to get its spectrum (2nd panel), then certain frequency components in
the signal spectrum are completely suppressed to zero by an ideal band-pass
filter (3rd panel), and finally the signal is reconstructed by the inverse Fourier
transform of the filtered version of the spectrum (bottom). Note that although
only a relatively narrow frequency band is suppressed, the entire time signal is
affected, including the slow changing portion on the very left, as well as the time
interval (roughly from 150 to 250) corresponding to the frequency components
that are suppressed. This is due to the nature of the Fourier transform that
the frequency information is extracted from the entire time span of the signal,
and the suppressed frequency components also contribute to the slow changing
portion of the signal as well.

On the other hand, the filtering based on the wavelet transform demonstrate
some different effect, as shown in Fig.9.14, where the same chirp signal and its
DTWT coefficients are shown in the top two panels, and the filtering in transform
domain and the filtered time signal are shown respectively in the 3rd and 4th
panels. Similar to the Fourier filtering, here the DTWT coefficients inside a
certain band of scale levels are suppressed to zero. However, different from the
Fourier filtering, in the reconstructed signal, only a local portion (also roughly
from 150 to 250) of the signal corresponding to the scale levels being suppressed is
significantly affected, while the rest of the signal has been affected little. This very
different filtering effect is due to the fact that the wavelet transform maintains
the local information in time as well as in different scales levels.

Example 9.3: One of the weaknesses of the Fourier transform is that it is insensi-
tive to non-stationary characteristics in the signal because all frequency informa-
tion is extracted from the entire signal duration without temporal locality. Here
we consider a signal before and after it is contaminated by some spiky noise, and
shown on the top and bottom panels on the left in Fig.9.15, and the correspond-
ing Fourier spectrum shown on right. As we can see, the spiky noise has a very
wide-spread spectrum in frequency domain, consequently all frequency compo-
nents of the signal are affected by the noise. In particular, some of the weaker
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Figure 9.13 F'T filtering of chirp signal
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Figure 9.14 CWTT filtering of chirp signal

frequency components in the signal are completely overwhelmed by the noise,
and it is obvious that separating the noise from the signal by Fourier filtering is
extremely difficult.

The same problem can also be addressed by the wavelet filtering, as shown in
Fig.9.16. The top, middle and bottom panels on the left show the original signal
and its reconstructions after high-pass and low-pass filtering, respectively, and
their corresponding wavelet coefficients are shown in the panels on the right. We
see that it is possible to separate the noise from the signal by wavelet filtering
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Figure 9.15 A noise-contaminated signal and its Fourier spectrum

Reconstruction Wavelet coefficients

HF Reconstruction Wavelet coefficients (HP-filtered)

LP Reconstruction Wavelet coefficients [ILP-filtered)

20 40 B0 il 100 120

Figure 9.16 Separation of the signal and noise by wavelet filtering

Time signals are shown on the left, and their wavelet coefficients are shown on
the right. The original signal and its reconstructions after HP and LP filtering

are shown in the top, middle and bottom rows, respectively.

(top-left panel), due obviously to the temporal locality of the wavelet transform.
The signal is reasonably recovered after low-pass filtering (bottom left), while

the spiky noise is separated out by high-pass filtering (middle left).
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Figure 9.17 Annual temperature in LA area from 1878 to 1997

Example 9.4: Here we consider the annual average temperature in Los Angeles
area from 1878 to 1997 (from NOAA National Weather Service Center in the
US), as shown in the top panel of Fig.9.17 (solid curve). The data clearly shows
a upward trend of the annual temperature. In fact there is a 5.57° F annual
temperature rise during these 120 years, with an average annual increase of
0.0464° F.

If needed, the upward drift in the data can be removed in either time domain
or some transform domain. In time domain, we can first find the linear regression
of the curve in terms of the slope and the intercept representing the trend, and
then subtract it from the data. The result is shown as the dashed curve in the
top panel of Fig.9.17. We next consider if and how this could be done by filtering
in either the Fourier or wavelet transform domain.

The Fourier spectra of the temperature data with and without the upward
drift are shown in the 2nd and 3rd panel of Fig.9.17. We see that their real parts
are the same, but their imaginary parts differ significantly at the low frequency
region. The positive and negative peaks in the imaginary part of the spectrum
for the original data (2nd panel) represent the slow-changing upward trend (an
odd function), which no longer exist in the spectrum of the data when this trend
is removed (3rd panel). As the frequency components for the slow-changing trend
are mixed with those for the more rapid variations, it is hard to separate out the
trend from the rest of the signal by filtering in frequency domain.
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Figure 9.18 Wavelet transform of LA temperature data

The top panel shows the wavelet transform of the original data. In comparison,
the middle panel shows the transform of the same data but with the upward trend
removed. The bottom panel shows the filtering in wavelet transform domain by
suppressing to zero (grey) the coefficients representing the low-scale (frequency)
components in the signal.

On the other hand, the wavelet transform generates some different result in its
transform domain, as shown in Fig.9.18. The wavelet transforms of the original
data with and without the upward trend are shown in the top two panels, while
in the bottom panel the coefficients for the trend are filtered out. After the
inverse wavelet transform, the temperature signal is reconstructed, as shown in
the bottom panel of Fig.9.17. Indeed the upward trend is removed by wavelet
filtering.
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Provide a platform, a toolbox for a wide variety of data processing and analysis
methods based on orthogonal transforms.
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Multiresolution Analysis and
Discrete Wavelet Transform

Similar to the Fourier and other orthogonal transforms, the continuous wavelet
transform (CWT) discussed in the previous chapter also converts a signal z(t)
into the transform domain by an integral transform based on a kernel func-
tion, the wavelet function v, ,(¢) in this case. However, different from all those
transforms, the CWT of a 1-D signal z(t) is a 2-D function X (s, 7) with high
redundancy. Moreover, unlike all transforms discussed before, the CWT is not an
orthogonal transform, as its transform kernel functions do not form an orthogonal
basis to span the function space containing the signal functions z(t) (Eq.9.41).
As the result, CWT, or its discrete version DTWT, with some favorable features
in filtering, is not suitable for data compression.

In this chapter, we will consider the concept of multiresolution analysis (MRA),
also called multi-scale approximation (MSA), based on which a set of orthogonal
wavelet functions can be constructed to span the function space L?(R), same as
all the orthogonal transforms discussed before. The discrete implementation of
this method is called the discrete wavelet transform (DWT), not to be confused
with the discrete-time wavelet transform discussed (DTWT) in the previous

chapter.
Specifically, the two parameters s and 7 of a wavelet function considered pre-
viously
1 t—1
Ysr(t) = —=¥(——) (10.1)

NG s

are discretized in a binary fashion to become:
_ 9

wj,k(t) = \/;T]w(t Q%j n) = 2J/21/)(23t - k)v (]a keZ= { -, —1,0,1,-- })

(10.2)
where Z = {---,—1,0,1,---} is the set of all integers. This function is either an
expanded (dilated) version of the mother wavelet 1 (¢) if j < 0, or a compressed
version of (t) if j > 0. In either case, it is also translated by an integer amount
in time to the right if £ >0 or to the left if k¥ < 0. While constructing the
specific mother wavelet function v (t), we will further impose the orthogonality
requirement so that all daughter wavelets v, 1 (¢) are orthogonal with respect to
not only integer translations (in terms of k), but also binary scaling (in terms of

7). In other words, for a given j, these functions form an orthogonal basis that

438
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Figure 10.1 The nested V; spaces for MRA

spans a space of a certain scale level j, and all bases across different scale levels
are also orthogonal to each other. In the following, we will develop the necessary
theory for the construction of such a set of orthogonal wavelet functions.

Multiresolution Analysis

Scale spaces

Definition 10.1. The multiresolution analysis is based on a sequence of nested
scale spaces V; C L*(R):

{0}c---cVycVicVocVicVacC- - C LAR) (10.3)
that satisfies the following requirements:

e Completeness: the union of the nested spaces is the entire function space and
their intersection is a set containing 0 as its only member:

UjeaVy = L*(®),  NyeaVy = {0} (10.4)
o Self-similarity in scale:
z(t) eV iff x(2t) eV, FEZ (10.5)
o Self-similarity in translation and scale:
zt)eVo iff xz(t—k)eW, kel (10.6)
® [FExistence of a basis, called Riesz basis, 0i(t) (k € Z) that spans Vy:
Vo = span(0y, k € Z) (10.7)
Note that although Eq.10.6 is only for self-similarity in Vj, i.e., any z(t) € V}

translated by integer £ is still in Vy, we can generalize this result to V. To do
so, we replace t by 2/t in 10.6 and combine it with Eq.10.5 to get:

z(t) e Vo iff x(2t) eV, iff x2(2t—k)eV; (10.8)
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If we define a new function y(t) = x(277t), the relationship above can also be
expressed as

yit) eV, iff  yt—27k) €V (10.9)

which indicates that any function in Vj translated by 277k is still in V.

The significance of this set of nested scale spaces V; (j € Z) is that any given
function z(t) € L?(R) can be approximated at a different level of details in each
subspace V; C L?(R). We consider the following two cases:

e First, a space V; (j > 0) is spanned by the basis functions that are time-
compressed versions of 0 (t) in Vy. As the width of these basis function
becomes 27 times narrower, they are capable of representing variations of
smaller scales or more detailed information in a given signal x(¢) than the
basis functions 0y (t) of Vo, i.e., Vi C V;. In particular, when j — oo, the basis
functions of V; is maximally compressed to become an impulse function with
a zero width and infinite height (for finite energy), and the space they span
becomes the entire L?(R) space capable of representing all details in a signal,
as indicated by Eq.1.5 at the beginning of the book:

[o¢]

/ z(1)8(t — 7)dr = 2(t) € L*(R) (10.10)

—00

e Second, a space V_; (j > 0) is spanned by the basis functions which are time-
expanded versions of 0y (t) in V. As the width of these basis function becomes
27 times wider, they can only represent variations of larger scales or less
detailed information in a given signal z(t) than the basis functions 6 (t) of
Vo, i.e., V_; C Vy. In particular, when j — oo, the basis function is expanded
to have an infinite width but zero height, a constant 0 for all ¢, and the
corresponding space becomes {0}, a set containing 0 as its only member.

Based on the Riesz basis 0(t), a set of orthogonal scaling functions ¢(t), also
called father wavelet, can be constructed in frequency domain:

o)
Dk O(f = k)PIH2
where O(f) = F[0(t)] is the spectrum of 0(t). We now show that this scaling
function ¢(t) is indeed orthogonal to itself translated by any integer amount:

O(f) = Flo(t)] = (10.11)

<ot =100 >= [ ot~ 130 = 611 (10.12)

We first represent this orthogonality in frequency domain. As the inner product
in the equation is actually the self-correlation of ¢(t) evaluated at t = k for all
k € Z, it can be expressed as the product of the self-correlation r4(t) and an
impulse train with unity interval, and the equation above becomes:

7“4)(7)‘7:%2 = /_O:c ot — T>$(t)dt|7=k€z =ry(7) Z o(r —k)=0[k] (10.13)

keZ
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This product in time domain corresponds to a convolution in frequency domain
of the spectrum of the correlation r4(¢) (Eq.3.111) and that of the impulse train
(Eq.3.2.5):
2 O(f k) =Y [@(f - k)P (10.14)
keZ keZ

Also, as the Fourier transform of §[k] on the right-hand side of the equation
above is 1, we have:

dole(f—k)F=1 (10.15)
keZ

Obviously this condition for orthogonality is satisfied by the father wavelet ®(f)
constructed in Eq.10.11, i.e., the scaling functions translated by different integer
k ¢r(t) = ¢(t — k) form an orthonormal basis that spans Vy. We denote these
functions by ¢o () and write

Vo = span(pok(t), k€ Z) (10.16)

This result can be generalized to space V;. Replacing ¢ in Eq.10.12 with 27t we
get:

/ D27t — k)p(271)d(27¢) / V2 (27t — k)V2I ¢(27t)dt

= < $jk(t), dj0(t) >=0k] (10.17)
where we have defined
dix(t) = V22t — k) = 2242t —k) €V;, ke (10.18)

which, according to Eq.10.8, is in Vj, i.e., they form an orthogonal basis in Vj:
Vi = span(¢;r(t), k€ Z) (10.19)

For j > 0, functions ¢;x(t) are compressed in time (shorter duration) but
scaled up in value (larger amplitude), and therefore they span a space V; D 1}
that can better approximate a given function.

The scaling functions in spaces V; of different levels are related. Specifically,
the scaling functions ¢(t) € Vi C Vi can be expressed in terms of the orthonormal

basis ¢1 1 (t) = \/5(]5(275 — k) of Vi:
= holklgri(t) = V2 holklp(2t — k (10.20)

keZ keZ

where the coefficients hg[k] can be found as the projection of ¢(¢) onto the kth
basis function ¢y 1 (t) = v24(2t — k):

holk] =< ¢(t), V2p(2t — k) >= \f/ d(t)p(2t — k)dt (10.21)
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Next, this relationship between Vp and Vi can be generalized to V; and Vjii.
Replacing ¢ in Eq.10.20 with 27t — [, we get:

G2t —1)=v2>  holklp(2(27t — 1) =2 holkle(27tt — (20 + k)

keZ keZ
(10.22)
But due to Eq.10.18, we have
$ia(t) = holklgjp124n(t) = > holk' — 21410 (2) (10.23)

keZ k'€l

where we have assumed k' = 2] + k, i.e., k = k' — 2[. This relationship can also
be described in frequency domain. Taking the Fourier transform of Eq.10.20, we
get

/ $(t)e It = V2 ) " holk / ¢(2t — k)e 2Tt dt

keZ
— \/_Zho / ¢ —JQTFf(t +k)/2d( )
keZ
eIk f 32T It /2 gyt
\/_%ho / ot dt
= iH (i)@(i) (10.24)

2 2

Vol
where we have assumed ¢’ = 2t — k, and Hy(f) is the discrete-time Fourier trans-
form of the coefficients ho[k] for the scaling filter:

= holkle /S (10.25)
keZ
Note that for As ho[k] is discrete with sampling frequency F = 1 by assumption,
Ho(f £1) = Ho(f) is periodic with a period of F' = 1. Eq.10.24 can be further
recursively expanded to become:

B() = ()= $)B(L)] = -1 [ 5300 H

( 10. 26)
The last equal sign is based on the assumption that ¢(t) is normalized, i.e., its
DC component is 1:

- /OC P(t)e 2™t = 1 (10.27)

The summation index in the discussion above always takes values in the set of
integers, e.g., k € Z={—o00,---,—1,0,1,--- ,00}. In the following, for simplic-
ity, we will only indicate the summation index without explicitly specifying the
range of values it takes.
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Example 10.1: Consider a square impulse function defined as:

10<t<1
= 10.2
o(t) {0 otherwise (10.28)

This function is orthogonal to itself translated by any integer amount:
< (), ¢ / o(t)p(t — k)dt = 5[k], (k1€ Z) (10.29)

Based on this function, we can construct a set of scaling functions ¢g x(¢) that
spans Vp. Any function z(t) € L?(R) can be approximated in this space Vj as:

ch¢0k Zcm t—k (10.30)

Replacing ¢ in ¢ox(t) = ¢(t — k) by 27t and including a normalization factor
27/2 we get another set of orthonormal functions:

Giu(t) =222t — k), ke (10.31)

As ¢(t) = 1 when its argument satisfies 0 < ¢ < 1, we see that ¢; (t) = ¢(27t —
k) =1 when its argument satisfies:

. k k 1
g i o BRI
0<2t—k<1, ie., 2]<t<2]+2] (10.32)
i.e., dj(t) = (27t — k) is a square impulse of height v/27 and width 1/27, and
it is shifted k times its width. Obviously these functions are also orthonormal
and they span space V;:

< @jk(t), d,1(t) >= bk — 1] (10.33)

The basic ideas above are illustrated in Fig.10.2. The first two panels show two
scaling functions ¢(t) = ¢o,0(t) and ¢o,1(t) = ¢(t — 1) both in space Vj, the next
two panels show another two scaling functions ¢y (t) = v2¢(2t) and ¢y 1(t) =

V2¢(2t — 1) in space V;. Panel 5 shows a function z(t) € V; represented as a
linear combination of the scaling functions ¢1 (t):

x(t) = 0.5¢1,0(t) + ¢1,1(t) — 0.25¢1 4(1) (10.34)

Finally panel 6 shows that a scaling function ¢ o(t) in Vj can also be represented
as a linear combination of the basis functions ¢1 1 (t) in V3 (Eq.10.23):

G0.(t) = hol0]61.21(2) + ho[1dna0:1 () = qum() %@,W(ﬂ (10.35)

where the coefficients ho[0] = ho[1] = 1/+/2 are obtained according to Eq.10.21.

The ideas illustrated in this example are still valid if the square impulses are
replaced by any family of functions with finite support (with non-zero function
values over a finite time duration).
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Figure 10.2 Square impulses used as scaling functions
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Figure 10.3 The nested V; and W; spaces for MRA

Wavelet spaces

Previously we constructed a sequence of nested scale spaces V; C V;41 in which
a given function z(¢) € L*(R) can be approximated at different levels of details,
i.e., the approximation in Vj;; contains more detailed information in the signal
than that in Vj. In other words, certain functions in Vj; are not representable
in Vj. All such functions are contained in the difference space between V;; 1 and
Vj, define the wavelet space W;. As W; C Vi1, V; C Vjq1, and W; NV, = {0},
W; is the complementary space of Vj, i.e., V11 is the direct sum of V; and Wj:

Vim=W;oV;=W; oW1 0V = (10.36)

This relationship can be further expanded recursively for all j € Z, and according
to Eq.10.3, have:

L*(R) = ®;czW; (10.37)

This result indicates that the L? space is the direct sum of all the wavelet spaces
W;. In other words, any function z(t) € L?(R) can be considered as a combina-
tion of infinitely many approximations of different levels of details.
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Same as a scale space V; which is spanned by a set of orthogonal scaling
functions ¢; x(t), a wavelet space W, can also be spanned by a set of orthogonal
wavelet functions 1 ,(t), defined similarly to the scale functions ¢; 5 (t). These
wavelet functions are further required to be orthogonal to the scaling functions,
i.e., the following should hold for all integer shifts k,l € Z at all levels j € Z:

<Y k(t),j0(t) >=d[k] (10.38)
< ¢jk(t), ¥ju(t) >=0 (10.39)

Specifically at scale level j = 0, the orthogonalities above can be written as:
o0
<ot =100 >= [ ot~ Tt = oK

< Pt — k), Y(t) >= /jc B(t — k)(t)dt =0 (10.40)

Following the same process for the derivation of Eq.10.15 from Eq.10.12 for
the orthogonality of the scaling functions, we can also represent these required
orthogonalities for the wavelet functions in frequency domain:

DUk =1
k

S O(f—k)T(f—k)=0 (10.41)
k

Consequently, spaces W, and V; spanned respectively by v () and ¢;,(¢)
are orthogonal, i.e., W;LV;. Moreover, as V; = W;_; @ V;_1, it follows that
W;LW;_1 and W;LV;_; for all j € Z. The fact that W; LW;_; also indicates
that the wavelet functions ;1 (t) are orthogonal with respect to j for different
scale levels as well as to k for different integer translations in each scale level. Note
that in contrast, the scaling functions ¢; 1 (t) are not orthogonal across different
scale levels. Further more, since all wavelet spaces W; are spanned by ;1 (), the
entire function space L?(R) = ®;Wj, as the direct sum of these wavelet spaces,
is also spanned by these orthogonal wavelet functions:

LA(R) = span(t;u(t), (. k € Z) (10.42)

In the following we will construct such wavelet functions that satisfy Eq.10.39.
We first consider the case when 7 = 0 and how corresponding wavelet function
Y(t) = 1o,0(t), called mother wavelet, is related to the scaling functions. Similar
to the representation of the father wavelet ¢(t) € V4 in Eq.10.20, the mother
wavelet 9 (t) € V1 can also be expressed as a linear combination of the basis

o1.1(t) = V26(2t — k) of Vi:
P(t) = V2 hlklore(t) = V2 hilklg(2t — k) (10.43)
k k

The coefficients hy[k] are obviously different from but certainly related to the
coefficients ho[k] for ¢(t), for the wavelet functions ¥(t) to be orthogonal to the
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scaling functions ¢(t), as to be discussed later. We next replace t by 27t — [ in
the equation above to get

Y2t —1) = Zhl 227t — 1) — Zhl (271 — (20 + k)

= \fz h[E = 20)p(27F 1t — k') (10.44)
But due to Eq.10.18,

G2 — k) = 270D 20,0, k(1) (10.45)

the above equation becomes:

Yia(t) = 27227t = 1) = > ha[k — 206414 (t) (10.46)
k

which defines the wavelet functions v, ,;(t) that span Wj.
Eq.10.43 above for the wavelet function can be equivalently represented in
frequency domain, similar to Eq.10.24 for the scaling functions:

U(f) = Flbt)] = \/52 ha[k]Flo(2t — k)]

oibmgy( L 1 S
\/—th kq’(g) EHl(_

2
where Hi(f) is the discrete-time Fourier transform for the wavelet filter:

Hy(f) = halkle /7S (10.48)
k

f
2

)B(L) (10.47)

Note that Hy(f £1) = Hy(f) is periodic with period 1. Again, same as in
Eq.10.26, the wavelet filter can also be recursively expanded to become:

¥(f) = 2= () [ () (10.49)

Also recall that in order to satisfy the admissibility condition (Eq.9.21), the
integral of the wavelet 1 (¢) needs to be zero (Eq.9.10), i.e., its DC component
should be zero:

(0) = /_OC Y(t)e 720t = /_OC Y(t)dt =0 (10.50)

For the wavelet functions to be orthonormal and also orthogonal to the scaling
functions as required, they obviously need to satisfy certain conditions in terms of
the coefficients hq [k] or equivalently the wavelet filter H1(f). Now we consider the
how to construct the wavelet functions that satisfy the required orthogonalities.
To do so, we first prove the theorem below, and then construct a wavelet function
accordingly.
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Theorem 10.1. The wavelet functions 1(t) defined in Eq.10.43 are orthogonal
to the scaling functions ¢(t — k), i.e., Eqs.10.40 and 10.41 hold, if and only if
the wavelet filter Hy(f) is related to the scaling filter Ho(f) by the following:

Ho(f)YH1(f) + Ho(f — %)E(f - %) =0 (10.51)

Note that as H;(f +1) = H;(f) is periodic, H;(f — 1) = Hi(f + 3) for i =
0,1.

Proof:

Substituting Eqs.10.24 and 10.47 into Eq.10.41, we get:

DY ACAPEAS) ARALY R ALy
k

2 2 2
N T N
:ZHO( 5 JH 1 ( 5 ) |o(
k
Separating the even and odd terms in the summation we rewrite the above as:
f—2k — 2k'
Z Ho( 5 VH éf’

+ZH0 2/<;+1))H1(f 2k-+1 ‘(b 2k+1)>

2
=0 (10.52)

=0(10.53)

We replace f/2 by f’ and recall that Hy(f) and H;(f) have period 1 to get

N> lef -
k

+H(f - (- )Y

k

1 2
=0 (10.54)

cI)(f’—k:—§)

The proof is complete by realizing that both summations are equal to 1
(Eq.10.15).
Next we show that the condition in Eq.10.51 is satisfied by the wavelet filter
Hy(f) constructed below:
. — 1
Hy(f) = e Ho(f — ) (10.53)

Substituting this H;(f) into the left-hand side of Eq.10.51 we can easily verify
that this equation indeed holds:

~Ho(£)e™ Ho(f = 3) ~ Ho(f — )0V Ho(f 1)

= —Ho(/)e” Ho(f ~ ) + Ho(f — 5)e” Ho(f) = 0 (10.56)
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The time domain filter coefficients hi[n| can be obtained as the inverse Fourier
transform of Hi(f):

Mk = F e P Ho(f - )] = (C)F Rl - K (1057)

Substituting these coefficients into Eq.10.43, we can construct the wavelet func-
tions that are indeed orthogonal to the scaling functions ¢(t — k):

t) =v2>  hlklp(2t — k) WZ Fholl —klp(2t —k)  (10.58)
k

Replacing ¢ by 2/t — k, we obtain the wavelet functions ; x(t) = ¥ (27t — k) that
span W.

Theorem 10.2. The wavelet function ¥(t) € Vi defined in Eq.10.58 are orthog-
onal to its integer translations ¥(t — 1) for alll € Z:

<Pt —1), / ot —1)o = J[l] (10.59)
Proof:
Substituting 10.58 into Eq.10.59, we have
<Pt —1),v¢ / Yt — 1)y

= 22 Z DM T = ko[l — &) / S(2(t — 1) — K)B(2t — k)dt
—222 m+kh01—k]h01—m+2l/ B2t — m)B(2t — k)dt
- Z Z 1) ¥ ho[1 — K]ho[1 — m + 21)6[m — k]

= Zho [1 — KkJho[l — k + 21] = &[] (10.60)
k
Here we have assumed m = 21 4+ k' and used the fact that ¢ j(¢) are orthonormal

(Eq.10.17). The last equal sign is due to a property of the coefficients hg[k], to
be proven below (Eq.10.66)

Example 10.2: The scaling function ¢(t) considered in the previous exam-
ple is a square impulse with unit height and width, and the coefficients are
ho[0] = ho[1] = 1/+/2. Now the coefficients for the wavelet functions vy x(t) can
be obtained as
0] = (=1)Phol1 = 0] = ho[0] = 1/
1 (10.61)
hi[l] = (=1)'ho[l — 1] = —ho[0] = ~1/v/2
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Figure 10.4 Square impulses used as wavelet functions

and the wavelet function is:

. 10<t<1/2
V20(2t) — —=V2p(2t —1) = —11/2<t <1
V2 0 otherwise
(10.62)
The first two panels of Fig.10.4 show two of the wavelet functions (t) =
Yo,0(t) and g 2(t) = ¥(t — 2) in space Wy. Note that ¢y 1 (t) = V20 x(2t) can
be generated by the linear combination of ¢g x(t) and 1o 1 (t):

d1(t) = g

The 3rd panel shows a wavelet function vy o(t) = v/21(2t) in space Wy. The 4th
panel shows a function in space Vj, while the 5th panel shows a function in space
Wo. Finally the 6th panel shows a function in space V; = V) & Wy, which can be
written as a linear combination of ¢1 (%), or, equivalently, of ¢g () and g ().
This example together with the one in previous section illustrate that the Haar
transform as discussed in Chapter 6 is actually a wavelet transform. For example,
when N = 2, as shown in Fig.7.8 and Eq.7.74, the first row contains the scaling
coefficients hg[k], the second row contains the wavelet coefficients hq[k].

1

Y(t) = le h[l]V2¢[2t — 1] = 7%

[P0,k (t) + Yok (t)] (10.63)

Properties of the scaling and wavelet filters

We now consider a set of important properties for both the scaling filter ho[k] or
Hy(f) and the wavelet filter hq[k] or Hi(f), which will be of great importance
for the wavelet filter design to be discussed in future.

1. Normalization:
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> hol2k] = hol2k+1] =1 (10.64)

k keZ
We integrate both sides of Eq.10.20 with respect to t to get

/¢dtf2ho/¢ dcho\/_/gbdt

(10.65)
where we have assumed ¢ = 2t — k, i.e.,;t = (' — k)/2. Dividing both sides by
f_oo ¢(t)dt =0, we get the second equation.

. Shift-Orthonormality:
The scaling and wavelet filters are orthogonal to themselves translated by any
even number of positions:

S holkfFolk — 2n] = 8ln]
k
> bkl [k — 2n] = 6[n] (10.66)
In particular, when n = 0, we have
S lholklP =1, D |m[k]* =1 (10.67)
k k

Proof: Substituting Eq.10.23 into Eq.10.17 (and replacing k by 1), we get
o) = < 634(0),050(0) >= | 0501300
= S holk = 200lK] [ by a0 ()
kK -
=3 holk — 20ho[k)o[k — k'] = _ holk — 21]ho[k] ~ (10.68)
k k' k

The proof for >, |h1[k]|? = 1 is identical.
. Normalization in frequency domain:

Hy(0) =0, Hp(0)=V2 (10.69)

These can easily obtained by letting f = 0 in Eqs.10.24 and 10.47, and noting
#(0) =1 (Eq.10.27) and ¥(0) = 0 (Eq.10.50). Equivalently, we have

> hilk] =0, > holk] = V2 (10.70)
k k

which can be also be easily shown by letting f = 0 in Eqs.10.25 and 10.48 and
applying the results Hy(0) = v/2 and H;(0) = 0 above.
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4. Shift-Orthogonalities in frequency domain:
1
[Ho(I? + [Ho(f + 5)I* =2

(L ()P + |H(f + %)P -

Ho(f)YH1(f) + Ho(f + 5 )Hl(f+ ) 0 (10.71)
Proof:
Substituting Eq.10.24 into Eq.10.15, we get
e ANE:
> Ho(f2 ) ¢(f2 )| =2 (10.72)

k

We separate the even and odd terms in the summation on the left-hand side
to get:

>

k

F—2k
2

f 2k+1)

f—(2k+1)
)

(10.73)

)

HO(

9

—)

But as Ho(f + 1) = Hy(f) is periodic the above can be written as

g f+1 ¢u_k)

2
+ | Ho(

o]

¢( —/f)

k

- ‘Ho(g) —1 (10.74)

+ ‘Ho(g + 5)

The last equal sign is due to Eq.10.15. Replacing f/2 by f, we complete
the proof. The relation for Hi(f) can be proven in the same way. The third
equation relating Ho(f) and Hq(f) is Eq.10.51 already proven above.

Example 10.3: Here we verify that all properties above are satisfied by the scaling
and wavelet filters of Haar transform as illustrated in the previous two examples.
Recall that the scaling and wavelet coefficients are ho[0] = ho[l] = 1/v/2 and
hi[0] = 1/sqrt2, hi[1] = —1/+/2, with all other ho[k] = hi[k] = 0 for k # 0,1. We
can see immediately that >°, ho[k] = ho[0] + ho[l] = 2/V2 = V2 and 3, hi[k] =
h1[0] + R1[1] = 0. Also, he orthogonality in time domain is obvious. Next we find
the DTFT spectra of holk] and hq[k]:

1) =" holkle ™ =
k

Hy(f) = Y hlke 7/ =
k

We obviously have

(14 e77277)

(1 —e9270)

Sl Sl

Ho(0) =1/v2,  Hi(0)=0

=2
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and

[Ho(£)2+ [Ho(f + 5)I> = [1+ cos(2n )] + [1 — cos(2f)] = 2
|Hi(f)]*> + |Hi(f + %)|2 =[1—cos(2mf)] + [1 + cos(2nf)] =2

Ho(PVL(f) + Ho(f + 3 T1(f +5) =0

Moreover, we can find ®(f) and U(f) of ¢(¢) and t(t) respectively (Eqs.10.28
and 10.62):
1

00 1
_ —jomft 34 _ —jomft 3,
<I>(f)7/70C¢>(t)e J fdtf/o e 12ty = o

> , 12 I
\I/(f) = / w(t)eij%rftdt :/ e*j?ﬂ'ftdt +/ e,jgﬂftdt
e 0 1/2
1

(1- e_j%f)

1

_ 1 —2¢97f —j2rfy _ 1 — e J7f)2
—j27rf( e +e ) —j27rf( e ™)

and further verify that Eqs.10.24 and 10.47 hold:
1 N 1 1 . . 1 .
T Hy(L)®(L) = ————— (1 +e ™) = 1—e ™y = 1—e 927y = @
S = 51t e T (- o) = (1) =)
and
1 o f 1 1 . . 1 .
H(DYP(L)= —— (1 — IS 1 — e Imfy = 1—e7N2
H()0(5) = (1T (- e = (L e = u ()

10.1.4 Construction of scaling and wavelet functions

To carry out the wavelet transform of a given signal, the scaling function ¢(t)
and the wavelet functions ¥ (¢) need to be specifically determined. In general this
is a design process which can be done in one of three different ways:

e Specify directly ¢(t) and 9 (t);
e Specify their spectra ®(f) and ¥(f) in frequency domain;
® Specify their corresponding filter coefficients ho[k] and hq[k].

Ideally our goal is to find the scaling and wavelet functions with good locality in
both time and frequency domains. In the following we will consider these three
different methods for the construction the of scaling and wavelet functions, each
illustrated by one example.

e Haar wavelets
Based on the discussions above, we can now specifically construct the scaling
and wavelet functions following the steps below:
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1. Choose the scaling function ¢(t) satisfying Eq.10.12:
< o(t — k), p(t) >= J[k] (10.75)
or ®(f) satisfying Eq.10.15:
Sje(f-k)P=1 (10.76)
k

For Haar transform, the scaling function is:

10<t<1
o(t) = {O otherwise (10.77)

2. Find scaling coefficients hg[k] based on Eq.10.21:
holk] =< ¢(t), V2¢(2t — k) > (10.78)
or Hy(f) according to Eq.10.24:

Ho(f) = V2 ——= (10.79)

For Haar transform, we have

holk] = V2 [ N () p(2t — k)dt = /2 /0 1 B(2t — k)dt

2, , 1 (1k=0,1
B ﬁ/@ St —k)dt' = V2 {0 otherwise (10-80)
3. Find wavelet coefficients hq[k] according to Eq.10.57
hi[k] = (=1)% ho[1 — k] (10.81)
or Hy(f) according to Eq.10.55
. — 1
Hi(f) = —e 72" Ho(f - 5) (10.82)
For Haar transform, we have:
1k=0
hilk] = (=1)*ho[l —k] = —={ -1k =1 (10.83)
V2 0 otherwise
4. Find wavelet function v (t) according to Eq.10.58
() = V2 S (1) Roll — Klo(2t — k) (10.81)
k
or U(f) according to Eq.10.47
T Y
w(r) = m(lud) (10.85)
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Figure 10.5 Haar scaling and wavelet functions

For Haar transform, we have:

10<t<1/2
Y(t) = hi[0]pro(t) + hi[llp11(t) =< —1/2<t <1 (10.86)
0 otherwise

Based on ¢(0) = ¢0,0(t) and (0) = 1o,0(t), all other v} 1(t) can be obtained.
Obviously the Haar scaling and wavelet functions ¢(t) and (t) have perfect
temporal locality. However, similar to the ideal filter discussed before, the
drawback of the Haar wavelets is their poor frequency locality, due obviously
to their sinc-like ®(f) and ¥(f) caused by the sharp corners of the rectangular
time window in both ¢(t) and (t).

Meyer wavelets

Here we will try to construct a wavelet that has good locality in both time
and frequency domains. To do so, we need to avoid sharp discontinuities in
both domains. This time we start in frequency domain by considering the
spectrum ®(f) of the scaling function ¢(¢). We will first define a function for
a smooth transition from 0 to 1 and then use it to define a smooth frequency
window. While there exist many different functions with a smooth transition
between 0 and 1, we here consider a 3rd order polynomial function with a
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Figure 10.6 Haar scaling and wavelet functions and their spectra

smooth transition between 0 and 1 (Fig.10.7(a)):

0 <0
viz) =< 322 -2230<2 <1 (10.87)
1 r>1

The coefficients are chosen so that v(1/2) =1/2 and v(z) +pu(l —z) =1, a
property needed for the orthogonality requirement Eq.10.15 to be satisfied by
the corresponding spectrum ®(f) defined below:

[ Vr(2+3f) fF<0
q)(f)—{\/mf>0 (10.88)

As shown in Fig.10.7(b), ®*(f) =1 when |f| <1/3, ®3(f) = 0 when 2/3 <
Ifl <1, and ¢(f) + ¢*(f £1) =1 when 1/3 < |f| < 2/3 during the transi-
tion interval where the two neighboring copies of ®(f) overlap, i.e., Eq.10.15
is indeed satisfied. Note that ®(f) is non-zero only for |f| < 2/3

Having obtained ®(f), we will next find the scaling filter Hy(f) based on
Ho(f) = V28(2f)/®(f) (Eq.10.24). As shown in Fig.10.7(c), ®(2f), a com-
pressed version of ®(f), is zero for all f except for |f| < 1/3, therefore
V2®(2f)/®(f) is also zero for all f except when |f| < 1/3, during which
interval ®(2f)/®(f) = ®(2f) as (f) = 1. Also, as the scaling filter Ho(f) is
periodic Ho(f £ 1) = Ho(f), we can write the scaling filter as:

Ho(f) =) _®(2(f — k) =) _®(2f — 2K) (10.89)
k k
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Given Hy(f), we can find the wavelet filter H;(f) based on Eq.10.55:

Hy(f) = —e 2" THy(f - %) =—e 7N " D(2f — 2k — 1) (10.90)

k
and then the spectrum U(f) of the wavelet function v (t) based on Eq.10.47:
R SV SN SN ay e Rty |
¥(f) = Z=H(§)8() = e (L hed)

1 f
= 5¢ f§qu>(f—2k—1)<1>(§) (10.91)

As is shown in Fig.10.7, U(f) can be written as:

Lo 71<1/3
) e O(f—1)1/3<|fl<2/3
0 lf1>4/3

Finally, the scaling function ¢(t) and wavelet function v (¢) can be obtained by
inverse Fourier transform of ®(f) and ¥(f), respectively, as shown in Fig.10.8,
and the scaling filter coefficients can be found as:

holk] = /OlHo(f)e‘ﬂ”’“fdf, keZ (10.93)

We see that in the case, there may exist infinite number of coefficients hg[k].
® Daubechies’ wavelets

Another way to achieve better smoothness in time domain and locality is fre-
quency domain is based on the following observation which is also illustrated
in Fig.10.9. If we convolve the highly discontinuous rectangular function x(t)
with itself, a smoother triangular function y(t) = x(¢) * x(t) is obtained. In
frequency domain, the spectrum of the rectangular function X (f) = Flx(¢)],
a sinc function, is raised to the 2nd power by the convolution to become
Y (f) = X?(f) with higher frequency components attenuated. If we further
convolve this triangular function with itself, a smoother still bell-shaped func-
tion z(t) = y(t) x y(t) = x(t) * x(t) * x(t) * 2(t) is obtained, corresponding to
X (f) in frequency domain raised to the 4th power Z(f) = X*(f), with higher
frequency components further suppressed. We see that in general, if the spec-
trum of a scaling function is raised to a higher power, it becomes better local-
ized in frequency domain and smoother in time domain, due to the attenuation
of most higher frequency components. Now consider in particular the identity
cos?(mf) +sin?(rf) = 1 raised to the 3rd power:

1 = [cos*(nf) + sin?(n f)]3
= cos®(mf) 4+ 3 cos* (nf) sin®(nf) 4 3 cos?(n f) sin* (7 f) + sin® (7 f)
= cos® (1 f) + 3cos*(nf)sin®(n f) + 3sin®(nf + 7/2) cos* (nf + 7/2) + cos®(n f 4+ 7/2)
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Figure 10.7 Construction of Meyer scaling and wavelet functions

The last equal sign is due to these identities:
cos(f) =sin(d + 7/2),  sin(f) = —cos(6 + 7/2)
We further define
|Ho(f)|? = 2[cos®(nf) + 3 cos* ( f) sin? (7 f)] (10.94)

then we have Hy(0) = v/2 and the above equation becomes:
Ny o1
|Ho(f)[? + |Ho(f + §)|z =2 (10.95)

As this function Hy(f) satisfies both the normalization and shift-orthogonality
properties of a scaling filter given in Eq.10.69 and 10.71, it can indeed be used
as a scaling filter, as the notation suggested. Now all we need is to find H(f)
by taking square root of H?(f). To do so, we rewrite its expression as:

|Ho(f)[? = 2cos™(wf)[(cos(m f))* + (VBsin(r f))?]
= 2cos(nf) |cos®(nf) + jV/3sin?(n f)|? (10.96)
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Figure 10.8 Meyer scaling and wavelet functions and their spectra
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Figure 10.9 Getting smoother time function by attenuating higher frequency
components

and get:
Ho(f) = V2cos®(r f)[cos*(n f) + j3 sin®(r f)]

1 . . . . . .
= m(eﬂwf + 24 eI 4 eI 4 V3eim — \/§67ﬂf)
=7

3 3
> holkle T | eI =N " pg[ked2h (10.97)
k=0 k=0

L+ VB any  BHVE jany B2 VB gy ige—jswf)ejswf
1 1 4 4

Note that we have dropped the exponential factor e/37/ as the value of
|Ho(f)|? is not changed. Here we have obtained a set of four scaling coef-
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ficients for Daubechies’ 4-point wavelet transform:

_1++3 0683 _3+V3 1183
Wl==% =~m MU=77m =5
_3-V3 0317 _1-v3  -0.183

The corresponding wavelet coefficients can be obtained according to Eq.10.57
hilk] = (=1)*ho[1 — K] as:

ha[1] = —ho[0] = —%, 7 [0] = ho[1] = %
hl=1] = —hof2] = ~ 23T hi1=2] = hoj3] = =213 (10.99)

V2 V2
Next, both the scaling function ¢(t) and wavelet function ¥ (f) can be obtained
based on Eqs.10.26 and 10.49. Alternatively, ¢(¢) and 1 (t) could also be
obtained iteratively by Eqs.10.20 and 10.43 based on an initial Haar scaling
function:

10<t<1
o(t) = { 0 else where (10.100)

The approximated scaling and wavelet functions from the first six iterations
are shown in Fig.10.10.

function daubechies

T=3; % time period in second

s=64; % sampling rate: s saples/second
t0=1/s; % sampling period

N=T*s; % total number of samples

K=4; % length of coefficient vector
r3=sqrt(3);

hO=[1+r3 3+r3 3-r3 1-r3]/4; Y Daubechies coefficients
h1=f1iplr (h0); % time reversal of hO

h1(2:2:K)=-h1(2:2:K); % negate odd terms

phi=zeros(1,N); % scaling function
psi=zeros(1,N); % wavelet function
phiO=zeros(1,N);
for i=1:s
phiO(i)=1; % initialize scaling function
end
for j=1:log2(s);
for n=1:N
phi(n)=0; psi(n)=0;
for k=0:3
1=2*n-k*s;
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Figure 10.10 Iterative approximations of Daubechies’ scaling and wavelet functions

if (1>0 & 1<=N)
phi(n)=phi(n)+h0(k+1)*phi0 (1) ;

end

1=2*n-k*s;

if (1>0 & 1<=N)
psi(n)=psi(n)+h1(k+1)*phi0(1);

end

end
end
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phiO=phi; % update scaling function
end
subplot(2,1,1)
plot(0:t0:T-t0,phi)
title(’Scaling function’);
subplot(2,1,2)
plot(-1:t0:T-1-t0,psi);
title(’Wavelet function’)

Wavelet Series Expansion

As discussed at the beginning of the book in Eq.1.5, a given signal z(t) € L?(R)
can be approximated as a sequence of square impulse functions of unit height
weighted by its discrete samples x. For simplicity we assume the sampling inter-
val between two signal samples is A =1, and call the square impulse as the
scaling function ¢(t) € Vj, as defined in Eq.10.28, then the signal can be approx-
imated as:

o(t) = ) clk]gord(t — k) (10.101)
k

where c[k] is the kth sample value of the amplitude of the signal. This expression
is a linear combination of a set of standard basis functions ¢g (k € Z) that
spans space Vp, i.e., it can be considered as an identity transform. Obviously
this approximation can be improved if the more detailed information contained
in Wy is added, i.e., if the signal is approximated in space Vi =V & Wy. Of
course the approximation can be further improved in space Vo = Vo & Wy @ Wy
with still more detailed information in W; added. In general the approximation
can be progressively refined if this process is repeated to include more and more
wavelet spaces W;, until j — oo, when x(t) is precisely represented in L?(R). In
this case, the signal can be written as a linear combination of the orthogonal
basis functions ¢o x(t) and ¥;x(t) (4, k € Z) of L*(R):

o(t) = cordor(t) + > > djntk(t) (10.102)
k

j=0 k
where cg 1 is the approzimation coefficient:

co =< z(t), po i (t) >= /x(t)¢07k(t)dt, (for all k) (10.103)

and d; j, is the detail coefficient:

djr =< x(t), ¢ x(t) >= /x(t)d)j?k(t)dt, (for all k and j > 0)  (10.104)
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The first term contained in the wavelet expansion of the function x(t) represents
the approximation of the function at scale level 0 by the linear combination of
the scaling functions ¢ x(¢), and the summation with index j in the second term
in the expansion is for the details of different levels contained in the function z(t)
approximated by the linear combination of the wavelet functions of progressively
higher scales.

Example 10.4:
Here we use the Haar wavelets to approximate the following continuous func-
tion z(t) defined over the period 0 < ¢ < 1:

t20<t<1
= - 10.1
z(t) {O otherwise (10.105)

We start at scale level j = 0. Each individual space (Vy, Wy, W1, -+ ) is spanned
by different number of basis functions. For example, there is only one basis

function in spaces Vy and Wy, while space W is spanned by 2 basis functions,
and space W; is spanned by 4.

1 1
co(0) :/O t200,0(t)dt :/0 t2(t)dt :%
1 0.5 1
do(0) :/0 24,0 (t)dt :/0 tQ(t)dt—/O 2(t)dt = _i

.5

w0 = [ Posou= [ varaa - [ evage - -2

B 1 ) B 0.75 ) B 1 ) B _3\/5
dy (1) 7/0 2y 1 (8)dt = . V213 (t)dt /0.7515 V2(t)dt = TR
(10.106)

Therefore the wavelet series expansion of the function x(t) is

o(t) = Sno(t) + (oo (0] + - L o) - 22000+ (10107
3 4 32 32

Here the first term is Vj, the second term is Wy, the third term is W3, and

Vi=Voo Wy, Va=VioW) =Voo Wy W,

This process can be carried out further by including progressively more
detailed information in wavelet spaces Ws, W3, until j — oco. When higher tem-
poral resolution (doubled) is obtained in the next wavelet space W, the cor-
responding frequency resolution is always reduced (halved), as shown in the
Heisenberg box.
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Figure 10.11 Wavelet approximation of a function

10.3 Discrete Wavelet Transform (DWT)

10.3.1 Iteration algorithm

To carry out the discrete wavelet transform, both the signal x(¢) and the basis
functions ¢o x(t) and v, ,(¢t) will need to be discretized. The signal becomes
a vector x = [z[0],- -+ ,2[N — 1]]7 containing a set of N samples taken from a
continuous signal

x[m] = x(mA), (m=0,1,---,N—1) (10.108)

for some sampling period A. Similarly the basis functions ¢g x(t) and ; (t) are
also discretized to become basis vectors ¢q ), = [+, ¢ox[m],---]" and ¥, =
[+, ¥jk[m],---]T for all k and all scale levels j =0,1,---,J — 1. Now the
wavelet expansion becomes discrete wavelet transform (DWT) by which the dis-
cretized signal z[m] is represented as a weighted sum in the space spanned by
the discretized bases ¢ j, and 9, ;.

ZX¢Ok¢ok +ZZXM, jklml, (m=0,---,N—1)

7=0 k
(10.109)

This is the inverse wavelet transform where the coefficients or weights are the
projections of the signal vector on the orthogonal basis vectors:

N-1

X[0,k] =< x, g ), >= Z m) o x[m], (for all k) (10.110)

N-1
Xylj k] =< x,%; , >= Z z[m]i; . [m],  (for all k and all j > 0) (10.111)

m=0
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where X0, k] and Xy[j, k] are the approzimation coefficient and detail coeffi-
cient, respectively. These are the forward wavelet transform. Same as all other
orthogonal transforms discussed before, the general application of the discrete
wavelet transform is to represent the signal in terms of the DWT coefficients for
different scales and translations (similar to the Fourier transform coefficients for
different frequencies) in the transform domain, in which various filtering, feature
extraction and compression can be carried out. The inverse DWT transform can
then be carried out to reconstruct the signal back in time domain.

Example 10.5:
Assume N = 4-point discrete signal x = [z[0],--- ,z[N — 1]]T =[1,4, -3,0]”
and the discrete Haar scaling and wavelet functions are:

1

L (10.112)

The coefficient for Vp:

1-144-1-3-140-1]=1  (10.113)

N =

400,01 = 5 3 almldoolm] =

m=0
The coefficient for Wy:
3

Xy[0,0] = % > wmlo o[m] = %[1 144-1-3-(=1)4+0-(=1)] =4
" (10.114)
The two coefficients for Wi:
3
Xy[1,0] = % > almlipr o[m] = %[1 V244 (—V2)=3-0+0-0] = —1.5V2
" (10.115)

Xy[1,1] = % > almlipro[m] = %[1 04+4-0-3-V240-(—V2)] = -1.5V2

m=0
(10.116)
In matrix form, we have
1 1 1 1 1 1
4 111 1 -1 -1 4
= 10.11
—1.5v/2 21v2-v2 0 0 -3 (10.117)
—1.5v/2 0 0 vV2-v2] L0
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Now the function xz[m| (m =0,---,3) can be expressed as a linear combination
of these basis functions:

z[m] = %[X¢[07 0]o,0[m] + Cy[0,0]100,0[m] + Xp[1,0]301,0[m] + Xo[1, 1]1p1,1[m] |

(10.118)
or in matrix form:
1 1 1 v2 0 1
4 111 1=v2 0 4
=_ 10.11
=3 2 |1-1 0 V2| |-15/2 (10.119)
0 1-1 0—v2] | -1.5v2

Fast Discrete Wavelet Transform (FDWT)

Here we consider Mallat’s fast algorithm for the discrete wavelet transform.
As shown before, the discrete wavelet transform of a discrete signal x =

[#[0],--- ,z[N — 1]]T is the process of getting the coefficients:
N-1
X400,k = Z x[m]do kx[m] (for all k) (10.120)
m=0
N-1
Z z[m];r[m]  (for all k and all j > 0) (10.121)

However, as both ¢;;[m| and 1;,;[m] can be expressed as a linear combination
of ¢j11.x[m] (Egs.10.23 and 10.46), the two equations above can be written as:

N-1 N-1
Xoli k) = xlmldjrlm] =Y xlm] > holl — 2k)¢11.4()
m=0 m=0 l
N-1
= holl —2k] > a[m]gjira(t) = holl — 2k]Xe[j + 1,1] (10.122)
l m=0 l

and

N-1 N-1
Zx myjplm] =Y wlm Z [0 — 2k] ¢ 14(2)
=0

m=0
N-1
—Zhll—% > almlgira(t) =D hall = 2k]X[j +1,1]  (10.123)
m=0 l

Comparing these equations with a discrete convolution:

ylk] = h[k] * x[k] = > h[k — n]z[n] (10.124)

we see that the wavelet transform coeflicients Xy[j, k] and Xy[j, k] at the jth
scale can be obtained from the coefficients X4[j + 1, k] at the (j+1)th scale by:
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Figure 10.12 Filter banks for both forward and inverse DWT

e Convolution with time-reversed hg or hy;
e Sub-sampling to get every other samples in the convolution.

We can therefore write

X¢[]a k] = hl[_n] * X¢[j +1, n]|n=2k’

_ _ 10.125
X¢[]ak] :ho[_n]*X¢[j+1’n]|n=2k’ ( )

Based on these two equations, all wavelet and scaling coefficients Xy [4, k] and
X4, k] for all scale levels of a given signal x can be obtained recursively from
the coefficients Xy[J, k] at the highest resolution level (with maximum details),
which are the data samples x[m] directly from the signal z(¢). As a member of
the vector space V; at the highest scale level, the discrete signal can be written
as a linear combination of the scaling basis functions ¢ j[m]:

=" Xyl Klgsklm), (m=0,---,N—1) (10.126)

If we let the kth basis function be a unit impulse at the kth sampling time,

e., ¢gi[m] = 0[k —m] (same as the ith component of a unit vector e; in N-
dimensional vector space is e;; = d[i — j|), then the kth coefficient Xy[J, k] is
the same as the kth sample of the function z(t). In other words, given Xy4[J, k] =
x(k), the scaling and wavelet coefficients of the lower scales j < J can be obtained
by the subsequent filter bank, as shown on the left-hand side of Fig.10.12. The
right-hand side is for the signal reconstruction, to be discussed in the following
section.

The computation cost of the fast wavelet transform (FWT) is the convolutions
carried out in each of the filters. The number of data samples in the convolution
is halved after each sub-sampling, therefore the total complexity is:

N N N
O(N+5+Z+§+...+1):O(N) (10.127)

i.e., the FWT has linear computational complexity.
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Figure 10.13 Two-channel filter bank

Filter Bank Implementation of DWT

As shown before, the forward wavelet transform that converts a given signal
vector & into a set of transform coefficients X 4[4, k] and X [j, k] in the transform
domain can be implemented by the analysis filter bank. Here we will further show
that the inverse wavelet transform for the reconstruction of the signal from the
DWT coefficients can be similarly implemented by a synthesis filter bank, as
illustrated on the right-hand side of Fig.10.12. In the following we will derive the
theory for the design of the the filters Gy and G in the synthesis filter bank.

Two-Channel Filter Bank

The DWT filter bank shown in Fig.10.12 can be considered as a recursive struc-
ture based on a two-channel filter bank, shown in Fig.10.13. This two-channel
filter bank is composed of a low-pass filter ho[n] with output a[n] (for approxi-
mation) and a high-pass filter hq[n] with outputs d[n] (for detail) for the analysis
filter bank, and two additional filters go[n] and g1 [n] for the synthesis filter bank.
Our goal is to design the two filters go[n] and g1[n] so that their output ' is
the same as the input . Once this perfect reconstruction is achieved by the
two-channel filter bank at the lowest level, it can also be achieved recursively at
all higher levels in the entire filter bank in Fig.10.12.
According to Eqs.10.122 and 10.123, we have:

alk] = ho[n — 2k]z[n] =< @, ho(k) >

dk] = hi[n — 2k]z[n] =< @, hy (k) > (10.128)
n
and the output z’[n] of the two-channel filter bank is:
2'n) = alklgoln — 2k] + Y d[k]gi[n — 2k], (for all n) (10.129)
k k

or in vector form:

' =" alklge(k) + ) dlklg (k) (10.130)
k

k



468 Chapter 10. Multiresolution Analysis and Discrete Wavelet Transform

Our goal here is to design the two filters go[n] and gi[n] on the right-hand side
for the inverse DWT so that the output 2'[n] = x[n], i.e., the original signal can
be perfectly reconstructed after DWT and inverse DWT. For convenience, we
will carry out the derivation in the following in frequency domain based on the
discrete-time Fourier transforms (DTFT) of signals and the impulse responses
of the filters. Note that the DTFT spectra are all periodic with period 1, e.g.,
Ho(f +1) = Ho(f) (or equivalently Ho(w + 27) = Hp(w)).

Based on the down-sampling property of the discrete-time Fourier transform
(Eq.4.39), the outputs of filters Ho(f) and Hy(f) can be expressed in frequency

domain as:
A(f) = %[Ho(g)X(g) + Ho(f ;L 1)X(%)] (10.131)
p() = mdxdy e m I x Iy o)

Then, based on the up-sampling property of the DTFT (Eq.4.36), the overall
output z'[n] can be expressed as:

X'(f) = Go(£)ARF) + Gr(£)D(2)
= S GolP)Hof) + Gr(1) L (1)) X (1)

+ 3 [Go()Hof +5) + GrNH( + ) X(F+3)  (10.133)

For perfect reconstruction, the output must be identical to the original signal,
ie., X(z) = X'(2), we need to have

Go(f)Ho(f +3)+ Gi(f)Hi(f+3) =0
{Go(f)Ho(f) +2G1(f)H1(f) g (10.134)

These two equations can be written in matrix form as:

sty V26V ] ma G- oo

where H is defined as:

_ [Ho(f+3) Hi(f + 3) n i L[ HW() —Hi(f+3)
20 = [ iy ] m 0= 535 D)
(10.136)
where A(f) is the determinant of H(f):
A) = Holf + SHL(F) ~ Ho(PH(f ~ 3) (10.137)

Solving the equation above for Go(f) and G1(f), we get:

&) -] s [ we il

)
_ 2 {_Hl(fﬁﬂ (10.138)
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Now Go(f) and G1(f) can be expressed as:
-2 1 2 1
Go(f) = mHl(f +3) Gilf) = mHo(f +3) (10.139)

Also, if we replace f by f+ 3 in H, and notice that Ho(f 4+ 1) = Ho(f) and
Hy(f +1) = H1(f) have period 1, we get:

1 H H
H(f +3) = HSE?Jr L Hﬁl 1 (10.140)
and A(f + 3) = —A(f). Now we can replace f by f + 1 in the above expression
for G1(f) to get:

—2
A(f)
Multiplying the two sides of this equation by ’KQHl (f+ %) = Go(f), which is
just the first equation in Eq.10.139, we get:

1 1 . 1 1
Gi(f+ §)H1(f + 5) = Go(f)Ho(f), ie. Gi(f)Hi(f)= Gol(f+ E)Ho(f + 5)
(10.142)

This equation can be substituted back into the two equations in Eq.10.134 in

Gi(f+ %) = Ho(f) (10.141)

different ways to get the following four conditions for perfect reconstruction:

Go(H)Holf) + Golf + 5)Holf +3) =2
1
>
Gr (P Ho(f) + Gr(f + ) Ho(f +3) =0

G H(f) + Gi(f + )H(f +3) =2

Go(f)H1(f) + Go(f + %)Hl(f + %) =0 (10.143)

Comparing these equations with the three equations in Eq.10.71 for the prop-
erties of Hy(f) and Hi(f), we see that these conditions will be satisfied if the
following hold:

Go(f) =Ho(f), and Gi(f)=Hi(f) (10.144)

These two relations can be considered as the new conditions for perfect recon-
struction, and they will be satisfied if the following is true in time domain for
1=0,1:

® gi[n] = h;[—n] is the time reversal of h;[n], so that G;(f) = H;(—f) according
to the time reversal property of DTFT (Eq.4.23);

e All filter coefficients h;[n] = h;[n] are real, so that H;(—f) = H;(f) according
to the time reversal property of DTFT (Eq.4.24.

Now we see that given hg[n] and hi[n] in the analysis filter bank, go[n] and g1 [n]
in the synthesis filter bank can be easily obtained as shown above for a perfect
signal reconstruction.
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Moreover, based on the DTFT properties of down and up-sampling (Eqgs.4.39
and 4.36), the four biorthogonal relations in Eq.10.143 are the down and up-

sampled versions of Go(f)Ho(f), G1(f)H1(f), G1(f)Ho(f), Go(f)H1(f), corre-

sponding to the following four down-sampled convolutions in time domain:

go[2n] * ho[2n] = Zho go[2n — k] = é[n]
g1[2n] * hi[2n] = Zhl Jg1[2n — k] = é[n]
g1[2n] * ho[2n] = Zhl [k]go[2n — k] =0
go[2n] * hi[2n] = Zho g[2n—k =0 (10.145)

Comparing the first two convolutions above with the orthonormality property of
the scaling filter hg and wavelet filter h; in Eq.10.66, we also see that here go[n] =
ho[—n] and g1 [n] = hi[—n] are the time reversal of hg[n] and hq[n], respectively. If
express the four filters hg, h1, go and g1, all shifted by 2n positions, as four vectors

hi(n)=1[--,hik—2n],---]T and g;(n) = [ -+ , ha[k — 2n],---]T fori = 0,1, the
four convolutions in Eq.10.145 can now be written as vector inner products:

< g0(0), ho(n) >=4[n]

< 1(0), ha(n) > [n]

< gl(o)a hO(n)

< go(0),h1(n) > (10.146)
These four equations can be further summarized as:

< gi(n), b (0) >=oi — j}olnl,  (irj = 0,1) (10.147)

This is the biorthogonal relationship between the analysis and synthesis filters,
as discussed in Chapter 2 (Theorem 2.11).

We can now verify that Eq.10.130 is indeed a perfect reconstruction of the
original signal «, if Eq.10.146 is satisfied. We first assume the given signal & can
indeed be expanded in the following form:

z = argo(k) + ) dig. (k) (10.148)
k k

where aj and di are two sets of coefficients which can be found by taking the
inner product with ho(l) and hq(l), respectively, on both sides of this equation:

<z ho(l) > = Zak < go(k),ho(l) >+ di < g, (k), ho(1) >
k

= Z k-1 =a (10.149)
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and

<@, h(l) > = ar <go(k),ha(l) >+ di <gy(k),ha(l) >
k k
=" dlkls[k — 1] = dy (10.150)
k

We see that the two coefficients a; and d; needed for the expansion of x are
exactly the same as a[k] and d[k] in Eq.10.128, used in Eq.10.130 to generate the
output @, i.e., it is indeed the perfect reconstruction of the input signal .

In summary, we can view the two-channel filter bank in Fig.10.13 as a pro-
cess of signal transform based on two pairs of biorthogonal bases {hg, gy} and
{h1,9:}, where g, and g, are dual to hy and hy, respectively. This transform is
essentially the same as what we discussed in Theorem 2.11, where a signal x is
reconstructed according to Eq.2.253 as

=Y <z b >, (10.151)
k

We see that this reconstruction is different from the two-channel filter bank
discussed above in that only a pair of dual biorthogonal bases is used, while in
the case of the 2-channel filter bank, two pairs are used.

Recall that we discussed a two-point filter bank implementation of Haar trans-
form (section 7.10 of Chapter 7), which is actually a simple example of the general
discrete wavelet transform.

We list below the Matlab code for the implementation of the two-channel
filter bank. Based on this code, the forward discrete wavelet transform for signal
decomposition and the inverse DWT for signal reconstruction can be recursively
constructed.

function y=reconstruction(x,h)

N=length(x); % length of signal vector
K=length(h); % length of filter (K<N)
h=h/norm(h) ; % normalize h
hO=zeros(1,N); hO(1:K)=h; % analysis filter HO
HO=fft (hO) ;

for k=0:N-1

m=mod (k-N/2,N)+1;
H1(k+1)=-exp(-j*2xpixk/N)*conj(HO(m)); % analysis filter H1

end

GO=conj (HO); Gl=conj(H1); % synthesis filters GO and G1:

% Decomposition by analysis filters:

A=fft(x); % input signal as initial approximation
d=ifft(A.*H1); % filtering of detail d

a=ifft (A.*HO); % filtering of approximation a

d=d(1:2:length(d)); % downsampling d
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a=a(l:2:1length(a)); % downsampling a

% Reconstruction by synthesis filters:

a=upsample(a,2); % upsampling for A
d=upsample(d,2) ; % upsampling for D

a=ifft (fft(a).*G0); % filtering of a

d=ifft (££ft(d).*G1); % filtering of d

y=a+d; % perfect reconstruction of x

As can be seen, here the filtering is carried out in frequency domain by multi-
plication. Alternatively, the filtering can also be carried out in time domain as a
circular convolution, as discussed in 4.2.5.

The code for both forward and inverse DWT transforms is listed below. The
input of the forward DWT function includes a vector = for the signal to be
transformed and another vector h for the father wavelet coefficients ho[k], and
the output is a vector w for the DWT coefficients.

function w=dwt(x,h)
K=length(h);
N=length(x); n=log2(N);
if n"=int16(n)
error (’Length of data x should be power of 2’);
end
if K>N
error (’K should be less than N’); % assume N > K
end
h=h/norm(h) ; % normalize h
hO=zeros(1,N);
hO(1:K)=h;
HO=fft (hO);
for k=0:N-1
m=mod (k-N/2,N)+1;
H1(k+1)=-exp(-j*2*pi*k/N)*conj (HO(m)) ;

end

a=x;

n=length(a);

w=[1;

while n>=K
A=fft(a);
d=real (ifft(A.*H1)); % convolution d=a*hil
a=real (ifft (A.*HO)); % convolution a=a*hO
d=d(2:2:n); % downsampling d
a=a(2:2:n); % downsampling a
HO=HO(1:2:1length(HO)) ; % subsampling HO

H1=H1(1:2:length(H1)); % subsampling H1
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w=[d,w]; % concatenate wavelet coefficients
n=n/2;

end

w=[a w]; % append signal residual

The input of the inverse DWT function include a vector w for the DWT
coefficients and a vector h for the father wavelet coefficients hg[k], and the output
is a vector y for the reconstructed signal x.

function y=idwt (w,h)
N=length(w); n=log2(N); K=length(h);
if n"=int16(n)
error (’Length of data w should be power of 2°);

end
hO=zeros(1,N); hO(1:K)=h; HO=£fft (hO);
for k=0:N-1
m=mod (k-N/2,N)+1;
H1(k+1)=-exp (-j*2*pixk/N)*conj (HO(m)) ;
end
GO=conj(HO); Gl=conj(H1); % synthesis filters
i=0;
while 27i<K
i=i+1; % starting scale based on filter length
end
n=2"(i-1);
a=w(1l:n);
while n<N
d=w(n+1:2%n) ; % get detail
a=upsample(a,2,1); % upsampling a
d=upsample(d,2,1); % upsampling d
if n==1 a=a’; d=d’; end % upsampling 1x1 is column vector
n=2*n; % signal size is doubled
A=fft(a).*GO(1:N/n:N); % convolve a with subsampled GO
D=£fft(d).*G1(1:N/n:N); % convolve d with subsampled G1
a=real (ifft(A));
d=real (ifft(D));
a=a+d;
end

y=a;
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Perfect Reconstruction Filters

As there are four function variables Hy, Hi, Gy and G; in the two equations
in Eq.10.134, there exist multiple designs for the filter banks. Here are three
particular ones:

¢ Quadrature mirror filters (QMFs) We let
Hl(z) = HQ(—Z), GQ(Z) = HQ(Z), G1 (Z) = —HQ(_Z) (10.152)

both of the two equations above can be written in terms of Hy(z). The first
equation above becomes:

GQ(Z)HQ(_Z) + Gl(Z)Hl(—Z) = HQ(Z)HQ(_Z) — HQ(—Z)HO(Z) =0
(10.153)
and the second equation becomes:

Go(2)Ho(2) + G1(2)Hy(2) = Ho(2)Ho(2) — Ho(—2)Ho(—2) =2  (10.154)

where Ho(z) is so chosen that HZ(z) — H3(—z) = 2 to satisfy the requirement
for perfect reconstruction.

e Conjugate quadrature filters (CQFs)
We let

Go(2) = Ho(z™), Gi(2) = 2zHo(—2), Hy(z) =z 'Ho(—2z"1) (10.155)

and both of the two equations above can be written in terms of Hy. The first
equation above becomes:

Go(2)Ho(—2) + G1(2)Hy(—2) = Ho(z 1 Ho(—2) — 2Ho(—2)z " Hp(2™) = 0
(10.156)
and the second equation becomes:
Go(2)Ho(2) + G1(2)H1(2) = Ho(z V) Ho(2) + 2Ho(—2)z *Ho(—27")
= Ho(z V) Ho(2) + Ho(—2)Ho(—27") =2 (10.157)
where Hy(z) is so chosen that the second expression is 2 to satisfy the require-
ment for perfect reconstruction.
e Orthonormal (fast wavelet transform) filter
We let
Ho(2) = Go(=71), Hi(2) =Gi(z™h), Gi(z) = 2" 1Go(—27)
(10.158)
and both of the two equations above can be written in terms of Go(z). The
first equation above becomes:
Go(2)Ho(~2) + G1(2)Hi(=2) = Go(2)Go(—2"") + G1(2)G1(—271)
= Go(2)Go(—271) — 272G (=271 221Gy (2)
= Go(2)Go(—271) — Go(—2"HGo(2) =0 (10.159)
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and the second equation becomes:

Go(2)Ho(2) + G1(2)H1(2) = Go(2)Go(z7) + G1(2)G1(27h)
= Go(2)Go(z7") + [=27 1 Go(=2 )] [ Go(—2)]
= GQ(Z)GO(Z_l) + Go(—Z_l)Go(—Z) =2 (10.160)
where G(z) is so chosen that the second expression is 2 to satisfy the require-
ment for perfect reconstruction. Note that P(z) = Go(2)Go(271) is the Z-

transform of the autocorrelation p[n| =" go[m]go[m + n], and the second
equation becomes

P(z)+ P(—2)=2 1ie. =Z[P(z)+P(—2)=1 (10.161)

N =

Replacing z by z'/2, we get
1
E[P(zl/Q) +P(—2?)) =1 (10.162)

Consider the down sampled version of the function gj[n] = go[2n], and its
autocorrelation p'[n] = p[2n]. As in Z domain we have:

1
P'(z) = 5[P(,zl/?) +P(—2?)) =1 (10.163)
in time domain we have

Pl = 3 g mlgIn+m) = S glmlgl2n+m] = 8n)  (10.164)

i.e., the down-sampled version of gg[n] is orthonormal.

Example: There are different ways to design the FIR filter orthonormal
impulse response gg[n] for the two-channel filter bank.

The conditions for perfect construction filters listed above can be inverse Z-
transformed to get:

Hi(z) = Gi(z) < hi[n] = gi[-n], (i =0,1) (10.165)

Gi(z) = =272 Go(—27Y) & gi[n] = (=1)"go[2k — 1 — n] (10.166)

i.e., h; is the time-reversed version of g; (i =0, 1), and ¢; is both time reversed
and modulated version of gy. Once gy is determined, the rest can all be deter-
mined.

Two-Dimensional DWT

Similar to all orthogonal transforms previously discussed, the discrete wavelet
transform can also be applied to two-dimensional signals such as an image. Sim-
ilar to the 1-D DWT two-channel filter bank shown in Fig.10.13, a 2-D DWT
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Figure 10.14 2-D two-channel filter bank
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Figure 10.15 Signal decomposition and reconstruction by 2-D two-channel filter bank

two-channel filter bank for both analysis and synthesis is shown in Fig.10.14,
where the left half is the analysis filter bank for signal decomposition and the
right half is the synthesis filter bank for signal reconstruction. The input of the
analysis filter bank is a 2-D signal array treated as the coefficients X4[j] at scale
level j, and its columns are filtered (horizontal filtering) by the low-pass filter
Hy(f) and high-pass filter H;(f), and then the columns of the two resulting
arrays are further filtered (vertical filtering) by Ho(f) and Hy(f) to generate
four sets of coefficients at the next scale level j — 1, including X q}f [7 — 1] low-pass
filtered by Ho(f) in both directions, Xﬁ [/ — 1] high-pass filtered by H;(f) in hor-
izontal direction, X[j — 1] high-pass filtered in vertical direction, and X{[j — 1]
high-pass filtered in both directions (diagonal). The synthesis filter bank reverse
the process to generate a perfectly reconstructed signal as the output.

This two-channel filtering can be carried out to the low-pass filtered signal
Xy[7 — 1] to generate four sets of coefficients at the next scale level j — 2, and
this process can be further carried out recursively to obtain the complete 2-
D DWT coefficients, as illustrated in Fig.10.16. Four sets of these coefficients
obtained at four consecutive stages of the recursion are shown in Fig.10.17. Note
that the 2-D DW'T coefficients look very much like other 2-D transforms such as
discrete cosine transform and Haar transform, in the sense that the coefficients
around the top left corner represent low-frequency components of the signal while
those around the bottom right corner represent high-frequency components.
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Figure 10.16 Recursion of 2-D discrete wavelet transform

Figure 10.17 2-D DWTT coefficients obtained at four consecutive stages

The Matlab code for both forward and inverse 2-D DWT transform is listed
below. The input of the forward DWT function includes a 2-D array z for the
signal, such as an image, and a vector h for the father wavelet coefficients hg[k],
and the output is a 2D array w of the same size as the input array for the DWT
coeflicients.

function w=dwt2d(x,h)
K=length(h);
[M,N]=size(x);
if M™=N
error (’Input should be a square array’);
end
if K>N
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error (’Data size should be larger than size of filter’);
end
n=log2(N) ;
if n"=int16(n)
error (’Length of data x should be power of 2’);
end
hO=zeros(1,N);
hO(1:K)=h;
HO=fft (hO);
for k=0:N-1
m=mod (k-N/2,N)+1;
H1(k+1)=-exp(-j*2*pi*k/N)*conj (HO(m)) ;
end
a=x;
imshow(a, []);
w=zeros (N) ;
n=length(a);
while n>=K
pause;
t=zeros(n,n) ;
for k=1:n % for all n columns
A=fft(double(a(:,k)));
D=real (ifft(A.*H1’)); Y% convolution d=axhil
A=real (ifft(A.*HO’)); % convolution a=a*xhO
t(:,k)=[A(2:2:n); D(2:2:n)];

end

for k=1:n % for all n rows
A=fft(t(k,:));
D=real (ifft(A.*xH1)); % convolution d=axhil
A=real (ifft (A.*xHO)); % convolution a=a*h0
t(k,:)=[A(2:2:n) D(2:2:n)];

end

w(l:n,1:n)=t; % concatenate wavelet coefficients

HO=HO(1:2:1ength(HO)); % subsampling HO

H1=H1(1:2:1length(H1)); % subsampling H1

n=n/2;

a=t(1:n,1:n);
imshow(w, []1);
end

The inputs of the inverse DWT function include a 2-D array w for the 2D
DWT coefficients and a vector h for the father wavelet coefficients ho[k], and the
output is a 2D array y for the reconstruction of the input data array.



Multiresolution Analysis and Discrete

function y=idwt2d(w,h)
N=length(w); n=log2(N); K=length(h);
h=h/norm(h) ; % normalize h
hO=zeros(1,N); h0(1:K)=h; HO=fft (hO);
for k=0:N-1
m=mod (k-N/2,N)+1;
H1(k+1)=-exp(-j*2*pi*xk/N)*conj (HO(m));
end
GO=conj (HO); Gl=conj(H1); %
i=0;
while 27i<K
i=i+1; b
end
n=2"(i-1); %
y=w;
t=y(1l:n,1:n);
while n<N
fprintf (’\ndata length: %d\n’,n);
g0=GO(1:N/(2%n) :N);
g1=G1(1:N/(2%n) :N);

for k=1:n %
% rows in top half:
a=upsample(y(k,1:n),2,1); %
d=upsample(y(k,n+1:2%n),2,1); %
A=fft(a).*g0; Y
D=fft(d).*gl; Y

y(k,1:2%n)=real (ifft (A)+ifft(D));
% rows in bottom half:

Wavelet Transform 479

synthesis filters

starting scale based on filter length

signal size of initial scale

filtering n rows

approximate
detail

convolve a with GO
convolve d with G1

a=upsample(y(n+k,1:n),2,1); % approximate
d=upsample(y(n+k,n+1:2*n),2,1); % detail
A=fft(a).*g0; % convolve a with GO
D=fft(d).*gl; % convolve d with G1
y(n+k,1:2*n)=real (ifft (A)+ifft(D));

end

for k=1:2xn % filtering 2n columns
a=upsample(y(1l:n,k),2,1); % top half
d=upsample(y(n+1:2%n,k),2,1); % bottom half
A=fft(a).*g0’; % convolve a with GO
D=fft(d).*gl’; % convolve d with G1
y(1:2%n,k)=real (ifft (A)+ifft(D))/2;

end

n=nx*2;

imshow(y, [1); pause;
end
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Applications in Data Compression

In many fields of social and natural sciences as well as engineering, a large quan-
tity of raw data is regularly collected and accumulated, often automatically.
However, it may become more challenging to transmit and store the data, and,
more importantly, to extract the information meaningful to the specific field, due
also to the large quantity of the data. To address such issues, transform based
methods for data compression and information extraction are widely used, based
on various orthogonal transforms such as DFT, DCT and DWT.

Due to the essential nature of all orthogonal transforms, a given signal in
the transform domain is always decorrelated and its energy (information) redis-
tributed, and more concentrated in a small number of components, compared
to the original signal in either temporal or spatial domain. Consequently it is in
general much more convenient and effective to carry out information extraction
and data compression in transform domain.

Specifically, by taking the orthogonal transform on a signal originally given as
a 1-D function of time or 2-D function of space (e.g., an image), it is converted
to a set of transform coefficients, and the total energy contained in the signal is
likely to be concentrated in a small number of the coefficients so that the rest
of the coefficients containing little energy can be dropped, i.e., suppressed to be
zero, without losing much information contained in the signal. Such methods
are called lossy compression, as some information, although very little, does get
lost. Due to the tremendous reduction of the data achieved by the orthogonal
transform, combined with other coding methods (such as Huffman coding), the
subsequent storage and transmission can be carried out much more efficiently.

For example, the DCT transform is used in the image compression standard
JPEG, named after the Joint Photographic Experts Group, who developed this
standard, and the DWT transform is used in the later version of the standard
JPEG2000. Both transform methods can drastically compact most of the signal
energy in a small number of transform coefficients. However, as the wavelet
transform is capable of representing information of the signal z(t) with temporal
or spatial locality, as well as frequency locality in terms of different scale levels
for different resolutions, its performance is superior to the DCT, both in terms
of the percentage of energy conserved and the percentage of data kept, but also
in terms of subjective evaluation of the compressed images.

Example 10.6: The image Lenna is compressed using both DCT and DWT, as
shown in Fig. 10.18. The original image with pixels z[i, j] and its DCT spectrum
composed of frequency coefficients X[k, [] are shown respectively in the top and
bottom panels in left column. Then a threshold value is use to suppress to zero
all DCT coefficients in the spectrum containing energy less than the threshold
energy level. Here the energy contained in a frequency component is simply its
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value squared, and the total energy contained in the signal is conserved before
and after any orthogonal transform according to Parseval’s theorem:

E=D > X[kI1?=D>ali,j) (10.167)
k l i 7

The threshold value is so chosen that 99% of the total amount of signal energy
are kept by 2.44% of the DCT coefficients with values above the threshold, while
all remaining coefficients containing only 1% are suppressed to zero. The filtered
spectrum and the reconstructed image are shown in the 2nd column of the figure.

The result of the same compression method based on the DWT is shown in the
right four panels in the figure. The original image and its DWT coefficients are
shown in the 3rd column. Now a threshold value is chosen so that 2.01% of the
DWT coefficients above the threshold also contain 99% of the total signal energy,
as shown in the panel on the bottom right, together with the corresponding
reconstruction of the image in the top right panel.

We can make an obvious observation: in order to preserve 99% of the total
signal energy, 2.01% of the data is needed after DWT, but 2.44% of the data is
needed after DCT. Moreover, the quality of the reconstructed image can also be
evaluated subjectively. We see that the reconstructed image based on the DWT
is more visually acceptable than that based on the DCT.

Another aspect of this image compression example is the different energy dis-
tributions before and after the transform, either DCT or DWT. Fig.10.19 shows
the histogram of the pixels in the image over all 256 gray scales (top panel), and
the histograms of the transform coefficients over the range of all values (both
positive and negative) after the DCT (middle panel) and DWT (bottom panel).
We see clearly that the energy is relatively evenly distributed among all gray
scale levels before the transform, but it is highly concentrated in the transform
coefficients with values around zero after the transform, i.e., most of the coeffi-
cients after the transform take very low values. This fact lends itself very well
to a lossless compression method based an entropy encoding algorithm called
Huffman coding. Essentially, Huffman coding assigns variable code lengths to
different symbols to be transmitted according to how frequent or probable each
symbol occurs. By assigning shorter code length to more frequent symbols, Huff-
man coding can minimize the total code length. The effectiveness of Huffman
coding is directly related to the entropy of the data defined as:

H == pilogsp: (10.168)
k

where py is the frequency or probability of the kth symbol, in our case, for
all pixels or transform coeflicients taking the kth value in the histogram. The
entropy values of the original image and its DCT and DW'T transform coefficients
are computed to be 6.05, 0.41 and 0.37, respectively. Correspondingly, Huffman
coding will be most effective for the DWT coeflicients, less so for the DCT
coefficients, and not very effective at all for the pixels in the original image.
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Figure 10.18 Image compression based on DCT and DWT
A nonlinear mapping y = 23 is applied to all DCT and DWT coefficients for
all of them to be visible.
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Figure 10.19 Signal histogram before and after DCT and DWT
The entropy values for the three histograms are 6.05, 0.41 and 0.37, respectively.




11 Appendix 1: Review of Linear
Algebra

11.1 Basic Definitions

e Matrix
i . . w
An m x n matrix A € R™*"™ or C"™*" is an array of m rows and n columns

aip @12 - QGip
a21 ag2 - Q2p

A= T (11.1)
aml Am2 *** Amn

mxn

where a;; € R or C is the element in the ith (first index) row and jth (second
index) column. In particular,

— if m = n, A becomes a square matrix;

— if m =1, A becomes an n-dimensional (1 by n) row vector;

— if n =1, A becomes an m-dimensional (m by 1) column vector.

Through out the book, a vector a is always assumed to be a column vector,
unless otherwise specified.

Sometimes it is convenient to express a matrix in terms of its column vectors

A=la, -, a] (11.2)
where a; (j =1,---,n) is an m-dimensional column vector:
aij
az;j
a;=| . (11.3)
amj
The ith row is an n-dimensional row vector [a;1 a2 - @]

e Transpose and Conjugate Transpose
The transpose of an m x n matrix A, denoted by AT, is an n x m matrix
obtained by swapping elements a;; and aj; for all 4,j € {1,--- ,n}. In other
words, the jth column of A becomes the jth row of AT, and at the same time,

483
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the ith row of A becomes the ith column of A”:

T
a; a1l a1 --- Gmil
T
T T as; @12 a2 - Gm2
A = [a1;a27"' ;an] = . = . . . . (114)
T
a,, Ain A2n *** Qmn d

where a; is the jth column of A and its transpose ajT is the jth row of A”:

T
aij
az;
(I?Z . = [alj,agj,--- ,anj] (11.5)
Unj

Here are some important properties related to transpose:
AT =A, (AB)" =BTA” (11.6)

The conjugate transpose of an m x n complex matrix A, denoted by A*, is
the complex conjugate of its transpose, i.e.,

A =AT =A4" (11.7)
i.e., the element in the ith row and jth column of A* is the complex conjugate
of the element in the jth row and ith column of A. We obviously have:

(A*)" = A, (AB)' =B'A’ (11.8)

e Identity Matrix

The identity matriz I is a special n X n square matrix with all elements being
zero except those along the main diagonal which are 1:

10--- 0
01---0

I=diag[l,---,1]= | . | ) (11.9)
00---1

nxn

The identity matrix can also be expressed in terms of its column vectors:
I=lei, -, e, (11.10)

where e; is an n-dimensional column vector with all elements equal to zero
except the ith one which is 1:

e;=1[0,---,0,1,0,---,0]" (11.11)

e Scalar Multiplication
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A matrix A can be multiplied by a scalar ¢ to get

a11 @12 -+ Ain ca11 caiz2 -+ Cain
@21 G22 -+ A2n Ca21 C€azz --- Caz2p

cA=c| . . . = . . . (11.12)
Am1 Am2 *** Omn Cam1 Cam2 *** Cmn

Dot Product
The dot product, also called inner product, of two real column vectors x =
(@1, 2,)T and y = [y1,- -+ ,yn)T is defined as

Y1 n
xy=<zy>=2'g=y'x=I[r1, 7] : :Zmiyi (11.13)
— i=1
Yn
where u + jv = u — jv is complex conjugate of u + jv. If the inner product of

x and y is zero, then the two vectors are said to be orthogonal, denoted by
x ly. If particular when = y, we have:

ox=|z|P =) z7 =) |w]>>0 (11.14)
i=1 i=1
where
||| = (11.15)
is called the norm of ®. When ||z|| = 1,  is normalized.
Matrix Multiplication
The product of an m x k matrix A and a k x n matrix B is
Amkakxn = men (11-16)

where the element in the ith row and jth column of C' is the dot product of
the ith row vector of A and the jth column of B:
bkl k
cij = lan, -~ aw] | ¢ | = Zailblj (11.17)
bkn =1
For this multiplication to be possible, the number of columns of A must be
equal to the number of rows of B, so that the dot product can be carried out.
Otherwise, the two matrices can not be multiplied.

Trace
The trace of A is defined as the sum of the element along the main diagonal:

tT(A) = zn:aii (1118)
i=1
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Rank

If none of a set of vectors can be expressed as a linear combination of the
rest of the vectors, then these vectors are linearly independent. The rank of a
matrix A, denoted by rankA, is the maximum number of linearly indepen-
dent columns of A, which is the same as the maximum number of linearly
independent rows. Obviously the rank of an m by n matrix is no larger than
the smaller of m and n:

rankA < min(m,n) (11.19)

If the equation holds, matrix A has a full rank.

Determinant

The determinant of an n x n matrix A, denoted by detA or |A|, is a scalar
that can be recursively defined as

detA = (1) ay; detAy; (11.20)
j=1

where A;; is an n — 1 x n — 1 matrix obtained by deleting the first row and
jth column of A, and the determinant of a 1 by 1 matrix is det(a) = a. In
particular, when n = 2,

ab
det[cd] = ad — bc (11.21)
and when n = 3,
abc
det | de f —adet[zq —bdet{dq +cdet{d;j
ghi ! g g
=aei—afh —bdi+bfg+ cdh — ceg = (aei +bfg+ cdh) — (gec+ hfa + idb)
(11.22)

Here are some important properties related to determinant:
det(AB) = detA detB, det(AT) =detA, det(cA) = c"detA (11.23)

Inverse Matrix

If A is an n X n square matrix and there exists another n x n matrix B so
that AB = BA = I, then B = A~ ! is the inverse of A, which can be obtained
by:

T
Ci1 €12 -+ Cin
-1 1 C21 €22 *** C2n (11.24)
T detA '
Cm1 Cm2 " Cmn

where ¢;; is the ij-th cofactor defined as

cij = (=1)"7 detp;; (11.25)
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with p;; being an n —1 x n — 1 minor matriz obtained by removing the ith
row and jth column A. Obviously if detA = 0, A~! does not exist.

The following statements are equivalent:

— A is invertible, i.e., inverse matrix A~ exists.

— rankA = n (full rank).

— detA # 0.

— All column and row vectors are linearly independent.

— All eigenvalues of A are nonzero (to be discussed later).

These are some basic properties related to inverse of a matrix A:

(A—l)—l — A, (CA)—l _ 114—17 (AB)—l _ B_lA_l, (A—l)T _ (AT)—l
‘ (11.26)

Pseudo-Inverse Matrix

Let A be an m x n matrix. If m # n, then A is not a square matrix and its

inverse does not exist. However, we can find its pseudo-inverse A™, an n X m

matrix, as shown below.

— If A has more rows than columns, i.e., m > n, then

A =(A"A) 1A (11.27)
We can verify that A”A = I:
A"A=(A"A)TAA=1,., (11.28)

Note that AA™ # I:
— If A has more columns than rows, i.e., m < n, then

A™ = A (AA)! (11.29)
We can verify that AA™ = I:
AA™ = AA(AA) ! =T, (11.30)

Note that A~ A # I:
Note that the pseudo-inverses in Eq.11.27 (m > n) and Eq.11.29 (m <n)
are essentially the same. Assume A has more rows than columns (m > n),
then another matrix defined as B = A" has more columns than rows. Taking
conjugate transpose on both sides of Eq.11.27, we get:

(A7) =(A") ' =[(A4"A)tA] = A(A*A)! (11.31)
B~ =B*(BB")! (11.32)

which is the same as Eq.11.29.
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We can also show that (A7)~ = A. If m > n, then we have:
—\— * - *]— * - *7k * - * * — w171
(A7) =[(A"A)TAT]” = [(A"A) AT [(A"A) T AT[(ATA) T AT
— A(A*A) (AT A) AT A(AarA) T
= A(A"A) 1 (A"A) = A (11.33)
Similarly we can show the same is true if m < n.

Specially when m =mn, A is invertible and the pseudo-inverse in either
Eq.11.27 or Eq.11.29 becomes the regular inverse A~ = A~L.

Eigenvalues and Eigenvectors

For any n x n matrix A, if there exists an n by 1 vector ¢ and a scalar A
satisfying

Aan¢nx1 = )‘¢n><1 (1134)

then A\ and ¢ are called the eigenvalue and eigenvector of A, respectively. To
obtain A, we rewrite the above equation as

(M — A)p =0 (11.35)

This is a homogeneous algebraic equation system (of n equations) for n
unknowns, the elements in vector ¢. This equation system has non-zero solu-
tions if and only if

det(\ — A) =0 (11.36)

This nth order equation of A is the characteristic equation of the matrix A,
which can be solved to get n solutions, the n eigen values {A1,---,\,} of A.
Substituting each \; back into the equation system, we can obtain the non-zero
solution, the eigenvector ¢;corresponding to eigenvalue \;:

Ap, = \¢o;, (i=1,---,n) (11.37)
Putting all n such equations together, we get
A 0-0
Algr bl = b Dl = 61,00 | 0270 (13w
00 -\
Defining
D =[¢py,-,¢0,], and A=diag[\, -+, \] (11.39)

we can write the equation above in a more compact form:

AP =PA, or P 'A®P=A (11.40)
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The trace and determinant of A can be obtained in terms of its eigenvalues

trA = z": Ak, detA = ﬁ AL (11.41)
k=1 k=1
AT has the same eigenvalues and eigenvectors as A:
AT, =Ng;, (i=1,--,n) (11.42)
A™ has the same eigenvectors as A, but its eigenvalues are {\J*,--- , A"}
A"y =N"¢p;,  (i=1,---,n) (11.43)
where m is a positive integer. When m = —1, the relation still holds, i.e., the

eigenvalues of A~* are {1/A1,---, 1/, }:

1
Al = T (i=1,---,n) (11.44)
i
A Hermitian matrix A is positive definite, denoted by A > 0, if and only if for
any nonzero = [x1,- -+ ,x,]7, the quadratic form x* Az is greater than zero:
" Az >0 (11.45)

In particular, if we let = ¢; be eigenvector corresponding to the ith eigenvalue
i, then the above becomes:

P AP, = Nipid; >0 (11.46)

as ¢;¢; >0, we know \; >0 for all i=1,---,n, i.e., A >0 if and only if all
of its eigenvalues are greater than zero. Also, as the eigenvalues of A™' are
1/Xi, i=(1,---,n), we have A > 0 if and only if A™! > 0.

Hermitian Matrix and Unitary Matrix

If a matrix A is equal to its conjugate transpose, i.e., A* = A, then it is a
Hermitian matriz. When a Hermitian matrix A is real (A = A), it becomes
a symmetric matriz, AT = A. All eigenvalues of a Hermitian matrix are real.
Eigenvectors corresponding to distinct eigenvalues are orthogonal.

A is a unitary matriz if and only if A* A =1TI,1i.e., A* = A~'. When a unitary
matrix A is real (A = A), it becomes an orthogonal matriz, AT = A~'. The
eigenvalues of a unitary matrix are complex numbers of absolute value 1 (i.e.
they lie on the unit circle centered at 0 in the complex plane). The determinant
of a unitary matrix A is

detA = +1 (11.47)
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The columns (and rows) of a unitary matrix A are orthonormal, i.e. they are
both orthogonal and normalized:

_ lifi=4
<a;,a; >= Zaikajk =0ij = {0 else J (11.48)
k

where a; and a; are the ith and jth columns of A, respectively.

Consider the eigenvalues and eigenvectors of a Hermitian matrix (symmetric
if real) A:

A® =PA, e, P TABP=A (11.49)

where ® = [¢1,- -, ¢n]. As the eigenvectors corresponding to distinct eigenval-
ues are orthogonal, ® is unitary, i.e., ® ! = ®* and we have

AP =P AD = A (11.50)

In other words, a Hermitian matrix A can be diagonalized to become A by its
unitary eigenvector matrix ®.

Based on any unitary matrix A = [a; - - , a,] (where the jth column vector is
a; = [a;,- - ,anj]T), a unitary transform of a vector = [xq, - - - ,xn]T can be
defined:

[ 21 (1
] aiar - a Y2 .
T = = Ay = | 77 " =Y i—1yja; (inverse transform)
LLn Yn
I Y1 a){ T
Y2 1 y a; T2
y=| | =A'z=A"c= . . (forward transform)
LYn a; Tn

(11.51)
In particular, when A = A is real, A~! = AT is an orthogonal matrix and the
corresponding transform is an orthogonal transform.
The forward transform can also be written as component form:

yj=ajx =Y agz, (j=1,-,n) (11.52)
=1

where the transform coefficient y; = ajx is the dot product of the two vectors,
representing the projection of vector @ onto the ith column vector a; of the
transform matrix A. The inverse transform can also be written as:

n n
x = E y; a;  or in component form: z; = E ai;jy; (i=1,---,n)
=1 j=1

(11.53)
By this transform, vector @ is represented as a linear combination (weighted
sum) of the n column vectors a1, asq, -, a, of matrix A. Geometrically, x is a
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point in the n-dimensional space spanned by these n orthonormal basis vectors.
Each coefficient (coordinate) y; is the projection of  onto the corresponding
basis vector a;.

The n-dimensional space can be spanned by the column vectors of any n by n
unitary (or orthogonal) matrix, and a vector @ in the space can be represented
by any of such matrices, each defining a different transform.

e When A=1=[ey, - ,e,] is an identity matrix, the transform becomes:

T = Zyjaj = ijej (11.54)
j=1 j=1

where e; = [0,---,0,1,0,---,0]7 is the ith column of I with the ith element
equal 1 and all other 0.

e When ap,,, = wim,n] = e~72mmn/N “the corresponding transform is the dis-
crete Fourier transform. The nth column vector w,, of the transform matrix
W = [wop, - ,wy_1] represents a sinusoid of a frequency nfy, and the cor-
responding complex coordinate y,, = w},x represents the magnitude |y, | and
phase Zy, of this nth frequency component. The Fourier transform y = Wa
represents a rotation of the coordinate system.

A unitary (orthogonal) transform y = A can be interpreted geometrically as
the rotation of the vector X about the origin, or equivalently, the representa-
tion of the same vector in a rotated coordinate system. A unitary (orthogonal)
transform y = Ax does not change the vector’s length:

lly||? =y'y = (A*z)"(A*z) = " AA'x = x*x = ||z||? (11.55)

as AA* = AA~! = I. This is the Parseval’s relation. If = is interpreted as a

signal, then its length ||x||?> = ||y||? represents the total energy or information

contained in the signal, which is preserved during any unitary transform. How-

ever, some other features of the signal may be changed, e.g., the signal may be

decorrelated after the transform, which may be desirable in many applications.
If « is a random vector with mean vector p, and covariance matrix 3,:

e = B(@), I, = E@a’) - (11.56)
then its transform y = A"z has the following mean vector and covariance matrix:
n, =E(y)=FE(A'z) = A"E(x) = A'p, (11.57)
2y = E(yy") — pypy, = E[(A"z)(A%2)"] — (A", ) (A" p,)"
— BA"(@a")A] — A" p i A = A'[B(za’) — i) A
=AY, A (11.58)

If A is Hermitian (symmetric if A is real), then all of its eigenvalues \;” are
real and all eigenvectors ¢, are orthogonal:

;P = 0ij (11.59)
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If all ¢,’s are normalized, matrix ® is unitary (orthogonal if A is real):
o =" (11.60)
and we have
P AP =P AD = A (11.61)
On the other hand, the matrix A can be decomposed to be expressed as
A - 0 ot .

0 - A\ o =1

Toeplitz and Circulant Matrices

A square matrix is called a Toeplitz matriz if any element a,,, is equal to its
lower-right neighbor a,, 11,41, i-€., every diagonal of the matrix is composed of
the same value. For example, the following matrix is a Toeplitz matrix:

[abcdef]
gabcde
hgabdcd
Ar = 11.

T i hgabc (11.63)
jithgab
kit hga|

An N by N Toeplitz matrix can be formed by a sequence
L2, X1, L0, L1, L2,

ag ai a2 tr AN-3 AN-2 GN-1
a—1 ao ai rr GN—4 GN-3 AN-2
a_2 a-1 aop tr GN-5 GN—4 AN-3
Ap = | : : R : : (11.64)
a3-N A4-N A5-N *** Q0 ay a2
2N A3-N Q4-N - Q-1 QQ ay
| @1-N G2-N G3-N -** Q-2 a-1 Qg |

In particular, if the sequence is periodic: x,, = z,+n with period N, then the
Toeplitz matrix above becomes a circulant matriz, composed of N rows each
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rotated one element to the right relative to the previous row:

-GO ai az -+ AN-3 AN-2 aN—l_
anN—-1 ao ap - AN—4 AN-3 AN-2
GN-2 AN-1 Q0 *** GN-5 AN—-4 AN-3
Ap=|: o Lo (11.65)
as Qa4 as -+ ap aq a9
a2 as Qg -+ AN-1 A0 ai
L a1 a2 ag -+ AaN-2 AN-1 Qg

When the period N of the sequence is increased to approach infinity N — oo,
the periodic sequence approaches aperiodic, correspondingly, the circulant matrix
asymptotically becomes a Toeplitz matrix.

11.5 Vector and Matrix Differentiation

A vector differentiation operator is defined as
i — [i i]T
dx 0xr1’  Oxp
which can be applied to any scalar function f(x) to find its derivative with
respect to x:

(11.66)

d af aof

%f(a:) = [8—551’ 787]T (11.67)
Vector differentiation has the following properties:
d 7 _ & 7

d:z:(b xT) = dw(w b)="> (11.68)

i(wTw) =2 (11.69)

dz N '

d 7 e AT

—(z' Ax) =2Ax (if A" =A) (11.70)

dx

To prove the third one, consider the kth element of the vector:

n n n n n
a;zk(wTAw) = a;zk Z Z Qi T;T5 = Z aipTi + Z AT = 2 Z kT
i=1 j=1 i=1 Jj=1 i=1
(11.71)
for (k=1,---,n).
Note that here we have used the assumption that a;z = ag;, i.e., AT = A.
Putting all n elements in vector form, we have the above.
When A = I, we have

d T
—(x" x) =22 11.72
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You can compare these results with the familiar derivatives in the scalar case:

d
d—(axQ) = 2azx (11.73)
x
A matrix differentiation operator is defined as
8 DR a
d Odary dain
- = S (11.74)
A o ... _9_
dam1 Oamn

which can be applied to any scalar function of f(A):
d 6511 f(A) U 8517,, f(A)
d_Af(A): : : (11.75)
g [(A) - 5= f(A)

Specifically, consider f(A) = u’ Av, where u and v are m x 1 and n x 1 con-

stant vectors, respectively, and A is an m X n matrix. Then we have:

d

a(uTAv) = uv? (11.76)
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Appendix 2: Review of Random
Variables

Random Variables

¢ Random Experiment and its Sample Space

A random experiment is a procedure that can be carried out repeatedly with
a random outcome generated each time. The sample space Q of the random
experiment is a set containing all of its possible outcomes. €2 may be finite,
countable infinite, or uncountable.

For example, “Randomly pick a card from a deck of cards labeled 0, 1, 2, 3
and 47 is a random experiment. The sample space is a set of all of the possible
outcomes: 2 ={0,1,2,3,4}.

Random Events

An event A C ) is a subset of the sample space Q. A can be an empty set (),
a proper subset (e.g., a single outcome), or the entire sample space 2. Event
A occurs if the outcome is a member of A.

The event space F is set of events. If Q is finite and countable, then F =
Pow(Q) is the power set of Q (a set of all possible subsets of ). But if 2 is
infinite or uncountable, F is a g-algebra on (2 satisfying the following:

- Qe F (orbeF).

— closed to countable unions: if A; € F (i =1,2,---), then U;A; € F;

— closed to complements: if A € F, then Q=Q — A € F.

The ordered pair (2, F) is called a measurable space. The concept of o-algebra
is needed to introduce a probability measure for all events in F.

For example, F = {0,{0,1,2},{2,3},2=1{0,1,2,3,4}}

Probability

The probability is a measure on F. Probability of any event A € F is a function
P(A) from A to a real value in the range [0, 1], satisfying the following:

— 0<P(A) <1lforall AecF.

— P(0) =0, and P(Q) = 1.

— P(AUB)=P(A)+P(B)if ANB=0forall A,B€ F.

For example, “The randomly chosen card has a number smaller than 3” is a
random event, which is represented by a subset A = {0,1,2} C Q. The prob-
ability of this event A is P(A) = 3/5. Event A occurs if the outcome w is one
of the members of A, w € A, e.g., 2.

e Probability Space

495
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The triple (Q, F, P) is called the probability space.

Random Variables

A random variable z(w) is a real-valued function z : Q@ — R that maps every
outcome w € €2 into a real number z. Formally, the function z(w) is a random
variable if

{wrzw)<r}eF, VreR (12.1)

Random variables x can be either continuous or discrete.
Cumulative Distribution Function
The cumulative distribution function of a random variable x is defined as

Fp(§) = Pz <€) (12.2)

and we have F,(c0) = 1 and F,(—o0) = 0.
Density Function
The density function of a random variable z is defined by

pa() = B0, e, B = [ " pa(e)dg (12.3)
We have
b
Pla<z<b) = Fu(b) - Fy(a) = / D (E)de (12.4)
In particular
Pl <o) = B(0) - F-o0) = [ p@de=1  (125)

The subscript of p, can be dropped if no confusion will be caused.
Discrete Random Variables

If a random variable = can only take one of a set of n values {z; ¢=1,--- ,n},
then its probability distribution is

Ple=z;)=p; (i=1,---,n) (12.6)
where

0<p; <1, and Y pi=1 (12.7)

i=1
The cumulative distribution function is
F(¢)=P@<& =) p (12.8)
;<&

Expectation
The expectation is the mathematical mean of a random variable z. If z is
continuous,

o = E(z) = / e p(e)de (12.9)
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If x is discrete,

n
pe = E(x) = inpi (12.10)
i=1

e Variance

The variance represents the statistical variability of a random variable z. If
is continuous,

o]

02 =Var(z) = El(z — pe)?] = / (x — pz)*p(z)dx (12.11)

—00

If x is discrete,
ol =Var(z) = E[(x — pa)’] = Y (@i — pta)’pi (12.12)

We also have

02 = Var(z) = El(z — pa)?] = E(@®) — 21, B(a) + 2 = B(?) — 42
(12.13)
The standard deviation of x is defined as

oy =/ Var(z) (12.14)

e Normal (Gaussian) Distribution

Random variable z has a normal distribution if its density function is

1 _(empa)?
2) = N(x, iy, 04) = e oz 12.15
It can be shown that
/ N(x, pig,0,)dx =1 (12.16)
—00
(o)
E(x) = / x N(z, iy, 02)dT = piy (12.17)
and
Var(z) = / (x — pz)’>N (2, piy, 02 )dx = 02 (12.18)
—00
Multivariate Random Variables
e Multivariate Random Variables
A multivariate random variable or random vector is a vector & = [z1, - - - ,a:n]T

with each component x; being a random variable. When a stochastic process
or random process (discussed later) x(t) is sampled, its discrete time samples
can be considered as a random vector .
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e Joint Distribution Function and Density Function

The joint distribution function of a random vector x is defined as

Fr(uy, - yup) = Plrr <wup,- - ,xn < up)
/ [ pen e ds (2.9
where p(&1,- -+ ,&,) is the joint density function of the random vector x.

Independent Variables
A set of n random variables are independent if

p(@1, -y an) = pler) p(az) - - plan) (12.20)

Mean Vector
The expectation or mean of random variable xz; is defined as

pi= B = [ [ 6, (12.21)
—00 —00
The mean vector of random vector x is defined as

w, = B(@) = [B(er), -, B@a)]” = [, ] (12.22)

which can be interpreted as the center of gravity of an n-dimensional object
with p(xy,- -+ ,x,) being the density function.

Covariance Matrix

The wariance of random variable z; measures its variability and is defined as

o? = Var(z;) = E[(z; ,uz) | = E(a?) — i
/ / p(&r, - &) dEr - dE, (12.23)
The covariance of x; and ; measures their similarity and is defined as
o5y = Cov(ws, xj) = El(w; — pi)(xj — py)] = E(wizy) — pipy

/ / =) P&, &) déa - dEy — pipd2.24)

(12.25)
The covariance matriz of a random vector @ is defined as
23? = E[(SC - Nz)(m - I’l’x)T] = E(wa) - Nz”g
oty - o,
_ Do (12.26)
U'r211 ’ O-rzzn nxn

When i = j, 02 = E(z?) — u? is the variance of x;, which can be interpreted
as the amount of information, or energy, contained in the ith component x;
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of the signal x. Therefore the total information or energy contained in @ is:

n
tr¥,=> o (12.27)
i=1
3 is symmetric as afj = 0]2-1-. Moreover, it can be shown that X is also positive
definite, and all its eigenvalues {\1, -+, \,, } are greater than zero and we have
n n
tr¥,=>» A>0, and detS, =][X\>0 (12.28)

i=1 i=1
Correlation Coefficient
The covariance o7; of two random variables x; and x; represents the statistical
similarity between them. If 0’% >0, x; and x; are positively correlated; if
Ufj < 0, they are negatively correlated, if Ufj =0, they are uncorrelated or
decorrelated. The normalized covariance is called the correlation coefficient:
rij = % _ i) = i (12.29)

719 B(2?) — pi\/B(x3) — 1]

Now if the two variables are identical, i.e., x; = x;, then ¢;; = 1, indicating
they are one hundred percent similar to each other.

A random vector @ = [r1,--- ,x,|T is said to be decorrelated if rij = 0 for
all 4 # j, and its covariance matrix ¥ becomes a diagonal matrix with only

non-zero o2 (i = 1,--- ,n) on its diagonal.
Ifx; (¢ =1,---,n)areindependent, i.e., p(x1,- -+ ,x,) = p(x1) - - p(z,), then
they are also uncorrelated, i.e., E(x1,- -+ ,2,) = E(x1) - - E(x,). On the other

hand, uncorrelated variables are not necessarily independent. (But uncorre-
lated variables with normal distribution are also independent.)
Note that the term corration is also used to describe the similarity of two
deterministic time functions z(¢) and y(t)
Mean and Covariance under Orthogonal Transforms
If the inverse of a matrix is the same as its transpose: A~ = A’ then it is an
orthogonal matrix. Given any orthogonal matrix A, an orthogonal transform
of a random vector & can be defined as
T
{y —Aw (12.30)
= Ay
The mean vector p, and the covariance matrix 3, of y are related to the p,
and X, of x by:

m, = E(y) = E(ATz) = ATE(x) = ATp, (12.31)
2, = E(yy") — pypy = E(ATzx" A) - ATp, pul A

= ATB(xz")A - ATp,puz A= AT[E(zz”) — p,p;]A
=ATS, A (12.32)



500

Chapter 12. Appendix 2: Review of Random Variables

Orthogonal transform does not change the trace of 3:

tr 2y =tr [E(yy") — pypy] = Eltr (yy™)] = tr (pypy)
=E@y"y) —pyp, = BE@x" AATz) — py AAT
=EBx"x) - plp, =tr%, (12.33)

which means the total amount of energy or information contained in x is
not changed after a unitary transform y = A%z (although the distribution of
energy among the components may be changed).

Normal Distribution

The density function of a normally distributed random vector x is:

exp[—l(w —p,) Sz — )]

2
(12.34)
When n =1, ¥, and p, become o, and p,, respectively, and the density
function becomes single variable normal distribution.
To find the shape of a normal distribution, consider the iso-value hyper surface
in the N-dimensional space determined by equation

=N ) a:)z = T o —1/n

N(x, py, 35) = co (12.35)
where ¢g is a constant. This equation can be written as
(@ —1,) 'S @ —p,) = o1 (12.36)

where c; is another constant related to co, p, and X,. For n = 2 variables x
and y, we have

(@ = 1) 35 (@ = o) = [o1 = i, 22 — o) { a b/Q] [m —m]

b/2 ¢ T — s
= a(xy — ) + b(x1 — ) (w2 — p2) + (w2 — p2)* = 1 (12.37)
Here we have assumed
a b/2]
[b/2 g } =y (12.38)

The above quadratic equation represents an ellipse (instead of any other
quadratic curve) centered at g, = [11, u2]”, because 3!, as well as 3, is

x

positive definite:
S =ac—0%/4>0 (12.39)

When n > 2, the equation N(x, u,, X,) = ¢y represents a hyper ellipsoid in
the n-dimensional space. The center and spatial distribution of this ellipsoid
are determined by p, and 3, respectively.
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In particular, when @ = [z1,- -+ ,2,]T is decorrelated, i.e.,
0 =0 forall i# j, 3, becomes a diagonal matrix

a2 0 - 0
003+ 0
3, = diag[o},--- 0] =| . 7 | (12.40)
00-- 02
and equation N(z, pu,,, X,) = ¢o can be written as
(i — i)’
Ts—-1 i M

which represents a standard ellipsoid with all its axes parallel to those of the
coordinate system.

¢ Estimation of p, and 3,
When p(x) = p(x1, -+ ,x,) is not known, p, and X, cannot be found by
their definitions, but they can be estimated if a set of K outcomes (z*), k=
1,---, K) of the random experiment can be observed. Then the mean vector
can be estimated as

K
1
o= — (k)
L, = kglw (12.42)

i.e., the ith element of fi, is estimated as

K
R 1 .
k=1

(k)

where x;’ is the kth element of &j. The covariance matrix 3, can be esti-

mated as

H
~
Mx

2 _ z® _ Zw%) BT _ g pl (12.44)
k:l

i.e., the ijth element of 3, is
K

k k k k AA ..
O—”:KZ () ()_,u'j* Z()() it (17‘7:17"'an)

k;:
(12.45)
However, note that in order for this estimation to be unbiased, i.e., E(X;) =
3., the coefficient 1/K needs to be replace by 1/(K —1).

12.3 Stochastic Model of Signals

A physical signal can be modeled as a time function x(¢) which takes a real
or complex value z(tp) at each time moment ¢ = tg. This value may be either
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deterministic or random with a certain probability distribution. In the latter case
the time function is called a stochastic process or random process.

Recall that a random variable x(w) is a function that maps the outcomes
w € Q in the sample space 2 of a random experiment to a real number between
0 and 1. Here a stochastic process can be considered as a function x(w,t) of two
arguments of time ¢ as well as the outcome w € €.

If the mean and covariance functions of a random process z(t) do not change
over time, i.e.,

po(t) = pe(t —7), Rp(t,7)=Ry(t—71), Zu(t,7)=%,(t—7) (12.46)

then z(t) is a stationary process, in the weak or wide sense (weak-sense or wide-
sense stationarity (WSS). If the probability distribution of x(¢) does not change
over time, it is said to have strict or strong stationarity. We will only considered
stationary processes.

e The mean function of x(t) is the expectation defined as:
pa(t) = Ela(t) (12.47)

If 1, (t) = 0 for all ¢, then x(t) is a zero-mean or centered stochastic process,
which can be easily obtained by subtracting the mean function p, (¢) from the
original process z(t). If the stochastic process is stationary, then g, (t) = py
is a constant.

e The auto-covariance function of z(t) is defined as

(
o(t, 1) = Covla(t), 2(t)] = Bl(x(t) — pa(t)) (x(t) — pa(t)]
= Blat)z(t)] — pa () e (t') (12.48)
If the stochastic process is stationary, then o2(t) = o2(t') = 02, p.(t) =

pz(t') = e, and o2(t,t') = 02(t — t'), the above can be expressed as
oa(t —t) = Bl(z(t) — pa(t))(@(t) = pa(t)] = Ble(®)z(t')] — p7  (12.49)

e The autocorrelation function of x(t) is defined as

2 /
oz (t, 1)
)= —22~ 12.50
rz( ) ) O'x(t)O'x(t/) ( )
If the stochastic process is stationary, then 02(t) = 02(t') = 02, and o2 (t,t') =
o2(t —t'), the above can be expressed as
o2t —t)

2
O

re(t —1t) = (12.51)

e When two stochastic processes x(t) and y(t) are of interest, then their cross-
covariance and cross-correlation functions are defined respectively as:

03y (t,7) = Covl(t),y(7)] = E(x(t) — pa(t)) (y (1) — py(7))]
= Elz@)y(7)] — pa(t)py (1) (12.52)
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and

02yt 7)
oz (t)oy(T)
When only one stochastic process x(t) is concerned, i, (t) and o2 can be simply
referred to as its mean and covariance. If a stochastic process x(t) has a zero

mean, i.e., 1, (t) = 0 for all ¢, then it is said to be centered. Any stochastic process
can be centered by a simple subtraction:

2(8) = 2(t) - o (t) (12.54)

so that p, = 0. Without loss of generality, any stochastic process can be assumed
to be centered. In this case, its covariance becomes

Tay(t, 7) = (12.53)

o2 = E[2*(t)] (12.55)

x

A Markov process x(t) is a particular type of stochastic process whose future
values depend only on its present value, independent of any past values. In other
words, the probability of a certain future value conditioned on present and all
past values is equal to the probability conditioned only on the present value:

Priz(t + h) = ylz(s) = &(s), Vs <t] = Priz(t+ h) = ylz(t) =&()], VYh>0
(12.56)

The discrete version of a Markov process is called a Markov chain where the
random variable z[n] is only defined over a set of discrete time moments, and it
can only take a set of finite or countable values. A Markov chain has the similar

property:
Pr(zln] = ylz[m] = {[m], Vm <n) = Pr(z[n] = y|z[n — 1] = {[n —1]) (12.57)
Sometimes this definition of Markov chain can be modified to become:

Pr(zin] = ylzm] =¢[m], Vm <n)=Pr(zn+1] =ylz[n —m|=En—m], m=1,--- k)
(12.58)
This is called a Markov chain of order k, i.e., the future value depends on the k
prior values.
In particular, when k& = 0, we get a memoryless 0 order Markov chain of which
random variables at all points are totally independent . Assuming the Markov
chain is stationary with N
, and its covariance matrix is diagonal:

G20 0 - 0
0620 - 0
$,=]0 00 0| =42 (12.59)
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The covariance matrix of a stationary first order Markov process (k = 1) is

1 p P2 pN-1
p 1 p pN
S, =02| PP p 1 o pNT (12.60)
pN-1 pN=2 )N=3 .

2
n,n—1

secutive variables, i.e., 0 < p < 1. We see that the correlation between two vari-
ables z[n] and xz[v] is pl"~¥I, which decays exponentially as a function of the
distance |n — v| between the two variables. Note that here X, is a Toeplitz
matrix.

where p = o /o? is the correlation (normalized covariance) between two con-



