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Introduction to Digital Signal Processing'

Information, Signals and Systems

Signal processing concerns primarily with signals and systems that operate on signals to extract useful
information. In this course our concept of a “signal” will be very broad, encompassing virtually any data
that can be represented as an organized “collection” of data.

Example

A continuous function f (¢)

A sequence of discrete data points f [n]

A multi-dimensional array of data

Audio, images, video, voltage of antenna

Stock prices, potassium concentration in a neuron

Our concept of a “system” will be a black box that takes a signal as input and provides another signal as
output.

Example

Analog-to-digital converters (ADCs)
Filters

Decimators/Interpolators

Matched filters

Face recognition systems

In this course we will approach signal processing from the point of view that signals are vectors living in an
appropriate vector space, and systems are operators that map signal from one vector space to another. This
allows us to use a common mathematical framework to talk about how to:

represent signals

measure similarity /distance between signals

transform signals from one representation to another
understand the operation of linear systems on the signals

Since the ficus of this course in on digital signal processing, this will also allow us to use tools from linear
algebra to facilitate this understanding.

Digital Signal Processing

DSP is often presented as an alternative to analog signal processing, i.e., instead of a purely analog sys-
tem as in Figure 1, we can build a digital implementation of an analog system as in Figure 2. This can

LThis content is available online at <http://cnx.org/content/m33588/1.2/>.



be advantageous since high-precision analog components are expensive (even compared to the cost of an
ADC/DAC).

H

Figure 1: An analog system.

Figure 2: A digital implementation of an analog system.

However, the success of DSP derives to a much greater extent from the facts that:

1. Discrete-valued signals can be more robust to noise, as illustrated in Figure 3. In Figure 3(a), noise
may be impossible to eliminate, but in Figure 3(b) noise can be eliminated entirely by exploiting the
discrete structure of the signal.

2. Once we have a digital, discrete-time signal, we can store it in memory and perform highly complex
processing.



L
i

Figure 3: (a) An analog signal corrupted with noise; (b) A discrete-valued signal corrupted with noise.

In this course we will consider signal processing systems beyond simple LTI filters. Themes of the course
include:

Signals as vectors, vector space geometry

Signal representations and bases

Linear systems analysis and linear algebra

“Optimality” in signal processing (e.g., optimal filter design)






Chapter 1

Signal Representation and
Approximation in Vector Spaces

1.1 Metric Spaces’

We will view signals as elements of certain mathematical spaces. The spaces have a common structure, so it
will be useful to think of them in the abstract.

1.1.1 Metric Spaces

Definition 1
A set is a (possibly infinite) collection of distinct objects.

Example 1.1

The empty set: @ = {} (plays a role akin to zero)

Binary numbers: {0,1}

Natural numbers: N = {1,2,3,...}

Integers: Z ={...,—2,-1,0,1,2,...} (Z is short for “Zahlen”, German for “numbers”)
Rational numbers: Q (Q for “quotient”)

Real numbers: R

Complex numbers: C

In this course we will assume familiarity with a number of common set operations. In particular, for the sets
A ={0,1}, B = {1}, C = {2}, we have the operations of:

Union: AUB ={0,1}, BUC ={1,2}

Intersection: ANB={1}, BNC =0

Exclusion: A\ B = {0}

Complement: A°=U\ A, A° = {2}

Cartesian Product: A2 = A4 x A ={(0,0),(0,1),(1,0),(1,1)}

In order to be useful a set must typically satisfy some additional structure. We begin by defining a notion
of distance.

Definition 2

A metric space is a set M together with a metric (distance function) d : M x M — R such that for all
z,y,z € M

LThis content is available online at <http://cnx.org/content/m33568,/1.3/>.
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0 VECTOR SPACES
M1. d(z,y) = d(y,z) (symmetry)
M2. d(z,y) > 0 (non-negative)
M3. d(z,y) =0 iff x = y (positive semi-definite)
M4. d(z,z) <d(z,y) +d(y, z) (triangle inequality).
Example 1.2
i . o 0if z =y,
Trivial metric: (M is arbitrary) d(z,y) =
1if x #y.

Standard metric: (M =R) d(z,y) = |z — y|

Euclidean (/5) metric: (M =R"Y) d(z,y) = Zf\; |z — yi|?
¢, metric: (M =RYN) d(z,y) = XN, |z — i

£, metric, 1 <p < oo: (M =RY) d(w,y) = (S, 2 — yil”)
ls metric: (M =RY) d(z,y) = ij?awai — il

1/p

=1,...,

L, metric: (M = real (or complex) valued functions defined on [a,b]) d,(z,y) =

(Sl -y rar) "

1.2 Completeness’

Distance functions allow us to talk concretely about limits and convergence of sequences.

Definition 1

Let (M, d (z,y)) be ametric space and {x;}5°, be a sequence of elements in M. We say that {z;}3°, converges
to z* if and only if for every e > 0 there is an N such that d(x;,2*) < e for all ¢« > N. In this case we say
that =* is the limit of {z;}$°;.

Figure 1.1: A sequence of points {z;} converging to x”*.

Definition 2
A sequence {z;}32, is said to be a Cauchy sequence if for any ¢ > 0 there is an N such that d (z;,z;) < €
for every 4,5 > N.

It can be shown that any convergent sequence is a Cauchy sequence. However, it is possible for a Cauchy
sequence to not, be convergent!

2This content is available online at <http://cnx.org/content/m33586,/1.2/>.



Example 1.3

Suppose that M = (0, 2), i.e., the open interval from 0 to 2 on the real line, and let d (x, y) = |z —y].
Consider the sequence defined by x; = % {z;} is Cauchy since for any € we can set N such that
+ < £, s0 that |z; — z;] < |zy] + |z < £ 4+ £ = . However, z; — 0, but 0 ¢ M, i.e., the sequence
converges to something that lives outside of our space.

Example 1.4

Suppose that M = C'[—1,1] (the set of continuous functions defined on [—1,1]) and let dy denote
the Lo metric. Consider the sequence of functions defined by

0 if t< —%
)y ={ 24+l if ~l<ci<d (1.1)
1 if t>1
5ilt)
- I -
_1 1 t
i Y !
Figure 1.2
For j > i we have that
(=)
2(f f]) 6]32 ( )

This goes to 0 for j,¢ sufficiently large. Thus, the sequence {f;}52, is Cauchy, but it converges to a

discontinuous function, and thus it is not convergent in M.
Definition 3

A metric space (M, d (z,y)) is complete if every Cauchy sequence in M is convergent in M.

Example 1.5
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e M =1[0,1],d(z,y) = |x — y| is complete.

e (C[-1,1],ds) is not complete, but one can check that (C'[-1,1],ds) is complete. (This
space works because using d.., the above example is no longer Cauchy.)

e @ is not complete, but R is.

1.3 Vector Spaces’

Metric spaces impose no requirements on the structure of the set M. We will now consider more structured
M, beginning by generalizing the familiar concept of a vector.

Definition 1

Let K be a field of scalars, i.e., K =R or C. Let V be a set of vectors equipped with two binary operations:

1. vector addition: +: V xV -V
2. scalar multiplication: - : K x V — V

We say that V' is a vector space (or linear space) over K if

VS1: V forms a group under addition, i.e.,

(r+vy)+2z=2+ (y+ 2) (associativity)

x4+ y =y + « (commutativity)
J0eVsuchthat VeV, z4+0=0+z==x
Ve eV, d ysuch that xt +y =0

VS2: For any o, € K and z,y € V
e «(fz) = (af)zr (compatibility)
o (a+p)(x+vy)=azxr+ay+ pz+ Py (distributivity)
e dl € K such that lx =z

Example 1.6

RY over R (not RY over C)

C» over C or CV over R

Set of polynomials of degree NV with rational coefficients over Q
The set of all infinitely-long sequences of real numbers over R
GF(2)" : {0,1}" over {0,1} with mod 2 arithmetic (Galois field)
C'[a,b] over R

1.4 Normed Vector Spaces’

While vector spaces have additional structure compared to a metric space, a general vector space has no
notion of “length” or “distance.”

Definition 1

Let V be a vector space over K. A norm is a function || - || : V' — R such that

N1. [jz|| > 0Vz e V
N2. ||z]| =0iff x =0

3This content is available online at <http://cnx.org/content/m33583/1.2/>.
4This content is available online at <http://cnx.org/content/m33561,/1.2/>.



N3. |jaz|| = |a||z|Vz e V,a e K
N4. [lz +y| < [lz]| + [lyl[Ve,y € V

A vector space together with a norm is called a normed vector space (or normed linear space).

Example 1.7

N 2
o V=R HQUHQZ Zi:1|$i|

3 E?

1zl

Figure 1.3

e V=RM: |z|, = Zf\il |z;] (“Taxicab”/“Manhattan” norm)
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y B?
x
L ]
[E<IP
- -
¥
Figure 1.4
o V=RY:|lz], = maz |z]
y F?
xr
L ]
1]l o
- -
¥

Figure 1.5
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1/p
o V=L,ab,pe[lo0) lz)],= (fab | (t) \pdt) (The notation L, [a,b] denotes the set
of all functions defined on the interval [a, b] such that this norm exists, i.e., || z (¢) [, < oc.)

Note that any normed vector space is a metric space with induced metric d(z,y) = ||z — y||. (This follows
since ||z —y|| = ||t —z+ 22—y € |lx— 2|+ ||y — #||.) While a normed vector space “feels like” a metric space,
it is important to remember that it actually satisfies a great deal of additional structure.

Technical Note: In a normed vector space we must have (from N2) that = y if ||z —y|| = 0. This can
lead to a curious phenomenon when dealing with continuous-time functions. For example, in Ls ([a, ]), we
can consider a pair of functions like x (¢) and y (¢) illustrated below. These functions differ only at a single
point, and thus || z (t) —y (¢) ||, = 0 (since a single point cannot contribute anything to the value of the
integral.) Thus, in order for our norm to be consistent with the axioms of a norm, we must say that z =y
whenever z (t) and y (¢) differ only on a set of measure zero. To reiterate x = y[U+21CE]z (t) = y (¢t) Vt €
[a,b], i.e., when we treat functions as vectors, we will not interpret « = y as pointwise equality, but rather
as equality almost everywhere.
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(i) &
-y -
1 E' ¥

¥

(a)

¥ §

=
-y .
4
2 b
Y
(b)
Figure 1.6

1.5 Inner Product Spaces’

Where normed vector spaces incorporate the concept of length into a vector space, inner product spaces
incorporate the concept of angle.

Definition 1

Let V be a vector space over K. An inner product is a function < -,- >: V x V — K such that for all
z,y,z€ V,ae K

5This content is available online at <http://cnx.org/content/m33556,/1.2/>.
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IP1. <z, y >=<y,z >

IP2. <ax,y>=a<z,y>

IP3. <z +y,z>=<z,2>+<y,z>
IP4. < z,x >> 0 with equality iff z = 0.

A vector space together with an inner product is called an inner product space.

Example 1.8

o V:CN,<x,y>:=Z£1xiE:y*x

o V=Clab], <zy>= f;x(t)y(t)dt

Note that a valid inner product space induces a normed vector space with norm |z|| = /< z,z >. (Proof
relies on Cauchy-Schwartz inequality.) In RY or C¥, the standard inner product induces the fo-norm. We
summarize the relationships between the various spaces introduced over the last few lectures in Figure 1.7.

Figure 1.7: Venn diagram illustrating the relationship between vector and metric spaces.

1.6 Properties of Inner Products’
Inner products and their induced norms have some very useful properties:

Cauchy-Schwartz Inequality: | < z,y > | < ||z||||ly|| with equality iff 3 o € C such that y = ax
Pythagorean Theorem: < z,y >=0= ||a + Z/H2 =z — y”2 = HJCH2 + ||yH2

Parallelogram Law: ||z +y|* + [lz — y[|* = 2]z + 2[ly|”

Polarization Identity: Re[< z,y >] = w

In R? and R3, we are very familiar with the geometric notion of an angle between two vectors. For example,
if z,y € R?, then from the law of cosines, < z,y >= ||z||||y||cosf. This relationship depends only on norms
and inner products, so it can easily be extended to any inner product space.

6This content is available online at <http://cnx.org/content/m33573/1.2/>.
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Figure 1.8

Definition 1

The anglef between two vectors z,y in an inner product space is defined by cosf =
Definition 2

Vectors x,y in an inner product space are said to be orthogonal if < z,y >= 0.

<z,y>
=Myl

1.7 Complete Vector Spaces’

Definitionl
A complete normed vector space is called a Banach space.

Example 1.9

e -Cla,b] with Lo norm, i.e., || f||., = ess sup|f ()| is a Banach space.
t€la,b]
Lpla,b] = {f:|| f I, <oc} for p € [1,00] and —o0 < a < b < oo is a Banach space.
£y (N) = {sequences z :|| x [|,, < oo} for p € [1, 0] is a Banach space.
Any finite-dimensional normed vector space is Banach, e.g., R or C with any norm.
C'[a,b] with L, norm for p < oo is not Banach.

Definition 2
A complete inner product space is called a Hilbert space.

Example 1.10

e [Ls]a,b]is a Hilbert space.
e /5 (N) is a Hilbert space.
e Any finite-dimensional inner product space is a Hilbert space.

Note that every Hilbert space is Banach, but the converse is not true. Hilbert spaces will be extremely
important in this course.

1.8 Hilbert Spaces in Signal Processing®

What makes Hilbert spaces so useful in signal processing? In modern signal processing, we often represent a
signal as a point in high-dimensional space. Hilbert spaces are spaces in which our geometry intuition from
R3 is most trustworthy. As an example, we will consider the approximation problem.

"This content is available online at <http://cnx.org/content/m33548/1.2/>.
8This content is available online at <http://cnx.org/content/m34036,/1.2/>.
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Definition 1.
A subset W of a vector space V is convex if for all z,y € W and A € (0,1), Az + (1 — \)y € W.

Theorem 1.1: The Fundamental Theorem of Approximation
Let A be a nonempty, closed (complete), convex set in a Hilbert space H. For any x € H there
is a unique point in A that is closest to x, i.e.,  has a unique “best approximation” in A.

Figure 1.9: The best approximation to x in convex set A.

Note that in non-Hilbert spaces, this may not be true! The proof is rather technical. See Young Chapter 3
or Moon and Stirling Chapter 2. Also known as the “closest point property”, this is very useful in compression
and denoising.

1.9 Linear Combinations of Vectors’

Suppose we have a set of vectors vy, v, ...,vn that lie in a vector space V. Given scalars oy, as, ..., ap,
observe that the linear combination

a1v1 + Qovy + ... + anUN (1.3)

is also a vector in V.

Definition 1

Let M C V be a set of vectors in V. The span of M, written span (M), is the set of all linear combinations
of the vectors in M.

Example 1.11: V =R?

1 0
vi=|1|, vu=|1]. (1.4)
0 0

9This content is available online at <http://cnx.org/content/m34030/1.2/>.
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span ({v1,v2}) = the zyzo-plane, i.e., for any z1,x2 we can write 1 = oy and z2 = a3 + a3 for some
1,0 € R.

¥ =

b
st
(=

o

i

Figure 1.10: Illustration of the set of all linear combinations of v; and vs, i.e., the x1x2-plane.

Example 1.12
V ={f: f(t) is periodic with period 27}, M = {e/*}B__,

span (M) = periodic, bandlimited (to B) functions, i.e., f (t) such that f (t) = Y7 cxei® for
k=B
SOME C_p,C_Bi1, ..., C,C1, -y CB € C.

1.10 Vector Subspaces”

Defintition 1
A (non-empty) subset W of V is called a supspace of V' if for any =,y € W, span ({z,y}) C W.
Note that this definition easily implies that:

e 0eW
e W is itself a vector space

Example 1.13: Which of these are subspaces?

[No]

10This content is available online at <http://cnx.org/content/m34073/1.2/>.
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[Yes]

V=R W={x:24=0,25 =0} [Yes]

=R, W ={z:24=1,25 = 1} [No]

V =C|0,1], W ={polynomials of degree N} [Yes]

V=C[0,1], W = {f : f is bandlimited to B} |Yes]

V =RY, W = {z : 2 hasnomorethan5nonzerocomponents, i.e., |||, < 5} [No]

<

1.11 Signal Approximation in a Hilbert Space"

We will now revisit “The Fundamental Theorem of Approximation” for the extremely important case where
our set A is a subspace. Specifically, suppose that H is a Hilbert space, and let A be a (closed) subspace of

H. From before, we have that for any x € H there is a unique z€ A such that z is the closest point in A to
x. When A is also a subspace, we also have:
Theorem 1.2: The Orthogonahty Principle

x€ A is the minimizer of ||z— « || if any only 1f z—x L Aie., <z —z,y >=0for all y € A.
Proof:

- - P 2
(a) Suppose that T —z J_ A. Then for any y € A With y #z|ly — z|* = |ly— = + = —z|| . Note
that y— z€ A, but ¢ —x L A, so that <y—x,z —x >= 0, and we can apply Pythagoras to
2
obtain ||y —z|? = |ly— = H + || x —x||. Since y 7éa: we thus have that ||y — z||* > || = a:H

Thus  must be the closest point in A to x.

1 This content is available online at <http://cnx.org/content/m34068/1.2/>.
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Figure 1.11: Illustration of the orthogonality principle.

~ ~

(b) Suppose that  minimizes ||x— z ||. Suppose for the sake of a contradiction that Jy € A such

that |ly|| =1 and < z— z,y >= 3§ # 0.

Let z =z +dy.

“ 2
2
Iz = 2| = [lz— = —dy|

=<zr—x,x—Ir>—<x—T,0y > — <0y, x— >+ < Oy, 0y > (15)
.2 )
=|lz— x| — 05— 65+ 60
2
2
= [lz— || —|[d]".

Thus ||z — z|| < ||x— @ ||, contradicting the assumption that  minimizes ||z— z ||.

This result suggests a that a possible method for finding the best approximation to a signal x from a

vector space V is to simply look for a vector x such that £ —z 1 V. In the coming lectures we will show
how to do this, but it will require a brief review of some concepts from linear algebra.

1.12 Linear Operators”

Definition 1
A transformation (mapping) L : X — Y from a vector space X to a vector space Y (with the same scalar
field K) is a linear transformation if:

1. L(ax)=aL(z)Ve e X,a € K
2. L(xl —l—l‘g) = L(:L‘l) -|—L(.7J2)V1‘1,l‘2 € X.

12This content is available online at <http://cnx.org/content/m34058/1.2/>.
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We call such transformations linear operators.

Example 1.14
e X=RN Y=RML:RYN - RMisan M x N matrix

oo

e Fourier transform: F (z (t)) = [ z(t)e 9"dtF : Ly (R) — Lo (R)

— 00

Let L: X — Y be an operator (linear or otherwise). The range spaceR (L) is

R(L)y={L(zx)eY :z e X}. (1.6)
The null spaceN (L), also known as “kernel”, is
N(L)={zxe X :L(z)=0}. (1.7)
If L is linear, then both R (L) and N (L) are subspaces.
1.13 Projections”
Definition 1
= P (x)Vx €

A linear transformation P : X — X is called a projection if P (x) = aVx € R (P), i.e, P (P (x))

X.

Example 1.15
P:R?® — R3 P (x1,22,23) = (21, 72,0)

Figure 1.12

Definition 2
If P is a projection operator on an inner product space V, we say that P is an orthogonal projection if

R(P) LN (P),ie,<z,y>=0zeR(P),yc N(P).
If P is an orthogonal projection, then for any = € V' we can write:
r=Prx+(I—-P)x (1.8)
where Pz € R(P) and (I — P)x € N (P) (since P(I — P)x = Px — P(Px) = Px — Pz =0.)

13This content is available online at <http://cnx.org/content/m34064,/1.2/>.




CHAPTER 1. SIGNAL REPRESENTATION AND APPROXIMATION IN

20 VECTOR SPACES

Now we see that the solution to our “best approximation in a linear subspace” problem is an orthogonal
projection: we wish to find a P such that R (P) = A.

4
X

(I—P)EA

Lz

Figure 1.13

The question is now, how can we design such a projection operator?

1.14 Linear Independence™

Definition 1
A set of vectors {v;
such that

N

j=1 is said to be linearly dependent is there exists a set of scalars a1, ...,ay (not all 0)

N
> ajv; =0. (1.9)
j=1

Likewise if Z;v:l a;v; = 0 only when o = 0V, then {vj}j»v:l is said to be linearly independent.

Example 1.16: V =R?

2 1 1
vi=|1|, va=|1], vs=]2 (1.10)
0 0 0
Find a1, ag, a3 such that ajv1 + agve + azvs = 0. [ag = 1,0 = —3, @3 = 1.] Note that any two vectors are

linearly independent.
Note that if a set of vectors {vj};-vzl are linearly dependent then we can remove vectors from the set
without changing the span of the set.

14 This content is available online at <http://cnx.org/content/m34042/1.2/>.
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1.15 Bases”

Definition 1
A basis of a vector space V is a set of vectors B such that

e span(B)=V.
e B is linearly independent.

The second condition ensures that all bases of V' will have the same size. In fact, the dimension of a
vector space V is defined as the number of elements required in a basis for V. (Could easily be in infinite.)

Example 1.17

e RY with B the “standard basis” for RY

1 0 0
0 1 0

bibo, by =1 [, 1. [ (1.11)
0 0 1

Note that this easily extends to ¢, (Z).

e RY with any set of N linearly independent vectors

e V = {polynomialsofdegreeatmost p} B = {1,t,t2,...,t?} (Note that the dimension of V is
p+1)

o V = {f(t): f(t) isperiodicwithperiod T}B = {e/**}> _ (Fourier series, infinite dimen-
sional)

1.16 Orthogonal Bases™

Definition 1
A collection of vectors B in an inner product space V is called an orthogonal basis if

1. span(B) =V
2. v; L Vg (i.e., <V, V5 >= 0) Vi #]

If, in addition, the vectors are normalized under the induced norm, i.e., || v; ||= 1V ¢, then we call V' an

orthonormal basis (or “orthobasis”). If V is infinite dimensional, we need to be a bit more careful with 1.
Specifically, we really only need the closure of span (B) to equal V. In this case any « € V can be written as

o]
=1

for some sequence of coefficients {c¢;}52;.

(This last point is a technical one since the span is typically defined as the set of linear combinations of
a finite number of vectors. See Young Ch 3 and 4 for the details. This won’t affect too much so we will gloss
over the details.)

Example 1.18

15This content is available online at <http://cnx.org/content/m34017,/1.2/>.
16This content is available online at <http://cnx.org/content,/m34067,/1.2/>.
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1 0
01:{01 1)2:[1] (1.13)

e Suppose V = { piecewise constant functions on [07 1) , [i, %) , [%, %) , [%, 1] }. An example of
such a function is illustrated below.

e V =R2?, standard basis

Example 1.19

1)

|

3
2 1 3

1 1
4 2

Figure 1.14

Consider the set



(£
1
i i & 1 ¢
-1
(a)
a(t)
1
S S T
-1
(b)
va(t)
V2
‘T
—v2
(c)
4[]
V2
S S R T
-2
(d)
Figure 1.15

The vectors {v1, va,v3,v4} form an orthobasis for V.
Suppose V = Ly [-m,7]. B = {\/%ejkt},;“; i.e, the Fourier series basis vectors, form an

—o0?

23
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orthobasis for V. To verify the orthogonality of the vectors, note that:

1 gkt _1 _jkt — 1 (7™ j(ki—ka2)t
< \/271'6 ’ \/27r6 > 2m f—ﬂ’e .
1 edlki—ka)t
= 2w j(ki—k2) | (1.14)

=5 - j(;f_*,§2) =0 (k1 # k2)

See Young for proof that the closure of B is Ly [—m, 7], i.e., the fact that any f € Lo [—m, 7]
has a Fourier series representation.

1.17 Computing the Best Approximation'

Recall that if P is an orthogonal projection onto a subspace A, we can write any x as

zr=Pr+(I—-P)x (1.15)

where Pz € A and (I — P)x L A. We now turn to how to actually find P.
We begin with the finite-dimensional case, assuming that {vy,...,un} is a basis for A. If (I —P)x L A
then we have that for any z

<({I—-P)x,v;>=0 forj=1,...,N (1.16)
We also note that since Px € A, we can write Px = Zi\;l civg. Thus we obtain

N

<zT— Z Vg, v; >=0 for j=1,..,N (1.17)
k=1
from which we obtain
N
<y >=» e <uvpv; > forj=1,..,N (1.18)
k=1

We know = and vy, ...,vx. Our goal is to find ¢y, ...,cny. Note that a procedure for calculating ¢y, ..., ¢ for
any given x is equivalent to one that computes Px.
To find ¢y, ..., ¢, observe that (1.18) represents a set of N equations with N unknowns.

< v1,v1 > <wvg,v1 > -+ <UN,V > Cc1 <x,v1 >
< V1,V2 > < V2,V > < UN,V2 > Co < x,v9 >
- , (1.19)
<wvi,vy > <V, > -+ < UN,UN > CN < Z, VN >
More compactly, we want to find a vector ¢ € CV such that Gc = b where
< x,v >
< x,vy >
b= _ (1.20)
< T, UN >

7This content is available online at <http://cnx.org/content/m34021/1.2/>.
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NOTE:

e G is called the “Grammian” or “Gram matrix” of {v;}
e One can show since vy, ...,vy are linearly independent that G is positive definite, and hence

inevitable.
e Also note that by construction, G is conjugate symmetric, or “Hermitian”, i.e., G = GH, where
H denotes the conjugate transpose of G.

Thus, since G~! exists, we can write ¢ = G~1b to calculate c.

As a special case, suppose now that {v;} is an orthobasis for A? What is G? It is just the identity matrix
I Computing ¢ just got much easier, since now ¢ = b. Plugging this ¢ back into out formula for Pz we
obtain

N
Px = Z < T, v > Ug (1.21)
k=1

Just to verify, note that P is indeed a projection matrix:

P(Pz) =N <3V < x5 > v, v, > U

k=1 j=1
=SSN <a v >< v, > v (1.22)
k=1 j=1
N
=>" <zv; >v; = Px.
=1

Example Suppose f € Ly ([0,4]) is given by
Example 1.20
Suppose f € Lo ([0,4]) is given by

(1.23)

1)

sl

S S B
-1
2
Figure 1.16

Let A = { piecewise constant functions on [0, %) , [i, %) , [%, %) ) [%, 1} }. Our goal is to find the
closest (in L) function in A to f (t). Using vy, ..., v4 from before, we can calculate ¢; = %, co =0,
c3 = ’1—\?, cy = %. Thus, we have that
B 1 2 2
V2 V2 (1.24)

Ft)=qv— g0+ g



CHAPTER 1. SIGNAL REPRESENTATION AND APPROXIMATION IN

VECTOR SPACES
o

3
2 1 3

26

sl

1 1
4 2

Figure 1.17

1.18 Matrix Representation of the Approximation Problem™

Suppose our inner product space V. = RM or CM with the standard inner product (which induces the
{y-norm).

~

Re-examining what we have just derived, we can write our approximation z= Px = V¢, where V is an
M x N matrix given by

V=1|v vy - vy (1.25)
and cis an N x 1 vector given by
1
2
(1.26)
cN

Given x € RM (or CM), our search for the closest approximation can be written as

min||z — Ve, (1.27)

or as
min|le||3 subjectto z=Ve+e (1.28)
c,e
Using V, we can replace G = VHV and b = VH 2. Thus, our solution can be written as

c= (VHV) 'VHg, (1.29)

18This content is available online at <http://cnx.org/content/m34050/1.2/>.
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which yields the formula

o= V(VEV) Vi, (1.30)

The matrix V1 = (VH V)71VH is known as the “pseudo-inverse.” Why the name “pseudo-inverse”? Observe
that

Viv = (vAV) VY = 1. (1.31)

Note that 2= VVtz. We can verify that V'V is a projection matrix since

VVIVVE = v(VEV) T VHEY (VEY) TV H

— V(vHV) vH (1.32)
. vaval

Thus, given a set of N linearly independent vectors in RM or CM (N < M), we can use the pseudo-inverse
to project any vector onto the subspace defined by those vectors. This can be useful any time we have a
problem of the form:

x=Vec+te (1.33)

where x denotes a set of known “observations”, V' is a set of known “expansion vectors”, ¢ are the unknown
coefficients, and e represents an unknown “noise” vector. In this case, the least-squares estimate is given by

c=Viz, r=VViz (1.34)

1.19 Orthobasis Expansions”

Suppose that the {v; }j\':l are a finite-dimensional orthobasis. In this case we have

. N
r= Z < x,v; > ;. (1.35)

Jj=1

But what if 2 € span ({v;}) = V already? Then we simply have

N
T = Z < @,v5 > vj (1.36)
j=1

for all z € V. This is often called the “reproducing formula”. In infinite dimensions, if V' has an orthobasis
{v;}52, and x € V has

Z|< z,v; >> < oo (1.37)
j=1
then we can write
x:Z<x,vj > vj. (1.38)
j=1

19This content is available online at <http://cnx.org/content/m34055/1.2/>.
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In other words, x is perfectly captured by the list of numbers < x,v; >, < x,v3 >, ...
Sound familiar?

Example 1.21

o V =C", {v;} is the standard basis.

T =< T,Vf > Uk. (1.39)

o V=Ly[-mxl]v(t) = \/12—€jkt For any f € V we have

T

F)= > cotn (1.40)
k=—o0
where ) .
cr =< f,up >= N f(t)e *at. (1.41)

The general lesson is that we can recreate a vector z in an inner product space from the coefficients {<
x,vg >}. We can think of {< z,v; >} as “transform coefficients.”

1.20 Parseval’s and Plancherel’s Theorems™

When dealing with transform coefficients, we will see that our notions of distance and angle carry over to

the coefficient space.
Let 2,y € V and suppose that {vy}, . is an orthobasis. (I' denotes the index set, which could be finite

or infinite.) Then =), rarvr and y = >, . Brvr, and

<@y >y = Zakm. (1.42)
kel
So
<zy>y=<a,fB>, (1.43)

This is Plancherel’s theorem. Parseval’s theorem follows since < x,z >, = < a,a >,, which implies that
[z[3, = llzl|7,- Thus, an orthobasis makes every inner product space equivalent to £5!

1.21 Error of the Best Approximation in an Orthobasis™

As an application of Parseval’s Theorem, say {vj}72, is an orthobasis for an inner product space of V.
Let A be the subspace spanned by the first 10 elements of {vy}, i.e., A = span ({v1, ..., v10})

1. Given z € v, what is the closest point in A (call it x) to z? We have seen that it is 2= "}, < z, v > vy

2. How good of an approximation is x to 2?7 Measured with || - ||:

~

| z— 2z} =110 < 2 vk > villy (1.44)
=Y etol < zvE > |2

20This content is available online at <http://cnx.org/content/m34062/1.2/>.
21This content is available online at <http://cnx.org/content/m34038/1.3/>.
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Since we also have that || = |3= 7%, | < #,v;, > |°, the approximation 2 will be “good” if the first 10
transform coefficients contain “most” of the total energy. Constructing these types of approximations is
exactly what is done in image compression.

1.22 Approximation in ¢/ _p Norms™

So far, our approximation problem has been posed in an inner product space, and we have thus measured
our approximation error using norms that are induced by an inner product such as the Lo/¢5 norms (or
weighted Lo/l norms). Sometimes this is a natural choice — it can be interpreted as the “energy” in the
error and arises often in the case of signals corrupted by Gaussian noise. However, more often than not, it
is used simply because it is easy to deal with.

In some cases we might be interested in approximating with respect to other norms — in particular we
will consider approximation with respect to ¢,-norms for p # 0. First, we introduce the concept of a “unit
ball”. Any norm gives us rise to a unit ball, i.e., {z : ||z|| = 1}. Some important examples of unit balls for
the ¢, norms in R? are depicted below.

(a) (b) (c)

Figure 1.18

We now consider an example of approximating a point in R? with a point in a 1-D subspace while
measuring error using the ¢, norm for p = 1,2, co.

Example 1.22
Suppose V = R2?,

A = span , and T = . (1.45)
1

r= (1.46)

22This content is available online at <http://cnx.org/content/m34019,/1.3/>.
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and thus

~ 2 — 2«
e=zx— 2= . (1.47)
1+«

While we can solve for o € R to minimize [[e]|,, directly in some cases, a geometric interpretation
is also useful. In each case, on can imagine growing an ¢, ball centered on z until the ball intersects

with A. This will be the point z€ A. that is closest to « in the £, norm. We first illustrate this for
the ¢5 norm below:

T

Figure 1.19

~

In order to calculate  we can apply the orthogonality principle. Since < e, [2 1]T >= 0 we
obtain a solution defined by o = %
We now observe that in the case of the /., norm the picture changes somewhat. The closest

point in £, is illustrated below:



----------J

)

Figure 1.20

Note that the error is no longer orthogonal to the subspace A. In this case we can still calculate

~

z from the observation that the two terms in the error should be equal, which yields o = %
The situation is even more different for the case of the £; norm, which is illustrated below:

L

Figure 1.21

We now observe that x corresponds to @ = 1. Note that in this case the error term is [0 2]
This punctuates a general trend: for large values of p, the £, norm tends to spread error evenly

T

31
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across all terms, while for small values of p the error is more highly concentrated.

When is it useful to approximate in ¢, or L, norms for p # 07

Example 1.23

Filter Design: In some cases we will want the best fit to a specified frequency response in an L.,
sense rather than the Ly sense. This minimizes the maximum error rather than total energy
in the error. In the figure below we illustrate a desired frequency response. If the L., norm
of the error is small, then we are guaranteed that the approximation to our desired frequency
response will lie within the illustrated bounds.

| H ()|

| |

-y

LT B

Figure 1.22

Geometry representation: In compressing 3D geometry, can be useful to bound the L., error
to ensure that basic shapes of narrow features (like poles, power lines, etc.) are preserved.

Sparsity: In the case where the error is known to be sparse (i.e., zero on most indices) it can be
useful to measure the error in the ¢; norm.



Chapter 2

Representation and Analysis of Systems

2.1 Linear Systems'

In this course we will focus much of our attention on linear systems. When our input and output signals are
vectors, then the system is a linear operator.

Suppose that L : X — Y is a linear operator from a vector space X to a vector space Y. If X and Y are
normed vector spaces, then we can also define a norm on L. Specifically, we can let

HLHE(X,Y) — maz 1 L=ly

= mazx L
:vEX:HxHX:l” lly

An operator for which ||L]|;(x y < oo is called a bounded operator.

Example 2.1
BIBO (bounded-input, bounded-output) stable systems are systems for which
llz||, < AL[U+27F9l||Lz| ., < B. (2.2)
Such a system satisfies || L], < &.
One can show that |-,y satisfies the requirements of a valid norm. In fact L£(X,Y) =
{ bounded linear operators from X to Y} is itself a normed vector space! If Y is a Banach space, then
sois £L(X,Y)!

Bounded linear operators are common in DSP—they are “safe” in that “normal” inputs are guaranteed
to not make your system explode.

Are there any common systems that are unbounded? Not in finite dimensions, but in infinite dimensions
there are plenty of examples!

Example 2.2
Consider Ly [—m, 7). For any k, fi (t) = \/%e*jk’t is an element of Ly [—m, ] with || fx (¢) ||, = 1.
Consider the system D = %, and note that

qa _ Ik e —

Since fi (t) € Lo [—m, ] for all k, we can set k to be as large as we want, so D cannot be bounded.

A very important class of linear operators are those for which X = Y. In this case we have the following
important definition.

LThis content is available online at <http://cnx.org/content/m34053/1.2/>.
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Definition 1
Suppose that L = X — X is a linear operator. An eigenvector is a vector x for which Lz = ax for some
a€ K (ie. a € Ror o € C). In this case, « is called the corresponding eigenvalue.

Eigenvalues and eigenvectors tell you a lot about a system (more on this later!). While they can sometimes
be tricky to calculate (unless you know the eig command in Matlab), we will see that as engineers we can
usually get away with the time-honored method of “guess and check”.

2.2 Discrete-Time Systems’

We begin with the simplest of discrete-time systems, where X = C¥ and Y = CM. In this case a linear
operator is just an M x N matrix. We can generalize this concept by letting M and N go to oo, in which
case we can think of a linear operator L : {5 (Z) — {5 (Z) as an infinite matrix.

Example 2.3
Consider the shift operator Ay : £2 (Z) — £2 (Z) that takes a sequence and shifts it by k. As an
example, A; can be viewed as the infinite matrix given by

0
y-1 | _ 0 1 0 T-1 (2.4)
Yo 0 1 0 i)
yl 0 1 O T
L - L 0 - L -

Note that [[Ax||,, = 1 (for any k and p) since the delay doesn’t change the norm of z. The delay
operator is also an example of a linear shift-invariant (LSI) system.

Definition 1
An operator L : {3 (Z) — l3 (Z) is called shift-invariant if L (Ag (x)) = A (L (z)) for all z € {3 (Z) and for
any k € Z.

Observe that Ay, (Ak, (2)) = Ak, +k, () so that Ay itself is an LSI operator.

Lets take a closer look at the structure of an LSI system by viewing it as an infinite matrix. In this case
we write y = Hx to denote

Y-1 [ . T_1
v | = R L 0 (2.5)
Y1 I 3}

2This content is available online at <http://cnx.org/content/m34041/1.2/>.
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Suppose we want to figure out the column of H corresponding to h°. What input = could help us determine
h%? Consider the vector

i.e., x = § [n]. For this input y = Hz = h’. What about h'? A; (z) = § [n — 1] would yield h'. In general
Ay (x) = 6 [n — k] tell us the column h*. But, if H is LSI, then

5
— A (H (5 [n])) (2.7)

This means that each column is just a shifted version of h°, which is usually called the impulse response.
Now just to keep notation clean, let h = h° denote the impulse response. Can we get a simple formula
for the output y in terms of h and 2?7 Observe that we can write

Y- hO hfl h72 T_1
vw | =] h1 ho h.1 - To (2.8)
Y1 hy hy ho X

Each column is just shifted down one. (Each successive row is also shifted right one.) Looking at y_1, %o
and y;, we can rewrite this formula as

y[-1] h (0] h(-1] h1-2]
ylo] [=-+z[=1] Q] [+z[]| &0} |+z]| A[-1] [+ (2.9)
y[1] h (2] h 1] h (0]

From this we can observe the general pattern

ynl=---+z[-1hn+1]+z[0]hn+0]+x[l]hn—1]+--- (2.10)
or more concisely
y[n] = Z xz [k h[n—kK|. (2.11)
k=—oc0

Does this look familiar? It is simply the formula for the discrete-time convolution of x and h, i.e.,

y=2xx*h. (2.12)
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2.3 Eigenvectors of LSI Systems’

Suppose that h is the impulse response of an LSI system. Consider an input z [n] = 2™ where z is a complex
number. What is the output of the system? Recall that = x h = h x x. In this case, it is easier to use the
formula:

yln] = k;_oo h[k]x[n — k]
o
K= oo (2.13)
=2" Y h[k]zF

where

H(z) = i hk] z7F. (2.14)

k=—o0

In the event that H (z) converges, we see that y[n] is just a re-scaled version of z[n]. Thus, z[n] is an
eigenvector of the system H, right? Not exactly, but almost... technically, since z™ ¢ {5 (Z) it isn’t really an
eigenvector. However, most DSP texts ignore this subtlety. The intuition provided by thinking of 2™ as an
eigenvector is worth the slight abuse of terminology.

Next time we will analyze the function H (z) in greater detail. H (z) is called the z-transform of h, and
provides an extremely useful characterization of a discrete-time system.

2.4 The z-Transform’

2.4.1 The z-transform

We introduced the z-transform before as

o0

H(z)= > hlkz" (2.15)

k=—o0

where z is a complex number. When H (z) exists (the sum converges), it can be interpreted as the “response”
of an LSI system with impulse response h [n] to the input of z™. The z-transform is useful mostly due to its
ability to simplify system analysis via the following result.

Theorem

fy=hx*x, thenY (2) = H (2) X (2).

Proof

First observe that

oo

DRINIOFES VAN NS CLTIRS)

= z[k] (Z:—Om hin — z‘") (2.16)

3This content is available online at <http://cnx.org/content,/m34026,/1.2/>.
4This content is available online at <http://cnx.org/content/m34821/1.2/>.
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Let m = n — k, and note that z=™ = 2z~ - z—%. Thus we have

S yile =S ol (S bl ) o
() (S o)
=H(2) X (2)
This yields the “transfer function”
H(z) = ){,((3 (2.18)

2.5 The Discrete-Time Fourier Transform’

2.5.1 The discrete-time Fourier transform

The (non-normalized) DTFT is simply a special case of the z-transform for the case |z| = 1, i.e., 2 = €/* for
some value w € [—m, 7]

X (ev) = Z x[n]e Ivn, (2.19)
The picture you should have in mind is the complex plane. The z-transform is defined on the whole plane,
and the DTFT is simply the value of the z-transform on the unit circle, as illustrated below.

5This content is available online at <http://cnx.org/content/m34819/1.2/>.
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Im[z] 4
1)
i
=i -
Re(z]
¥
Figure 2.1

This picture should make it clear why the DTFT is defined only for w € [—m, 7] (or why it is periodic).
Using the normalization above, we also have the inverse DTFT formula:

T or

x [n) ! /Tr X (/) ™ dw. (2.20)

—T

2.6 z-Transform Examples’

2.6.1 z-transform examples

Example 2.4
Consider the z-transform given by H (z) = z, as illustrated below.

6This content is available online at <http://cnx.org/content/m34823/1.2/>.



Figure 2.2

The corresponding DTFT has magnitude and phase given below.

|H (e 4

Figure 2.3
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LH(e) ¢

Figure 2.4

What could the system H be doing? It is a perfect all-pass, linear-phase system. But what does
this mean?
Suppose h[n] =6 [n — ng]. Then

o0

H (Z) :an?oo h [n] L n
SRR 1 R P (2.21)

Thus, H (z) = 2™ is the z-transform of a system that simply delays the input by ng. H (z) = 27!

is the z-transform of a unit-delay.

Example 2.5

Now consider z [n] = a™

un]
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111¢

-
i

Figure 2.5

X (2) :27:_00 x[n]z™" :Z(::O otz
) :ano (%)n (2‘22)

= (if /2] < 1) (Geometric Series)

s

_Z
Z—a

o0
What if |%’ > 17 Then >, _, (O‘)n does not converge! Therefore, whenever we compute a z-

n

transform, we must also specify the set of z’s for which the z-transform exists. This is called the
region of convergence (ROC). In the above example, the ROC={z : |z| > |a|}.
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Im[z] 4
ROC
Ok
- -
Re|z]
L
Figure 2.6
Example 2.6
What about the “evil twin” x [n] = —a™u[—1 — n]?

oo

X(3) =S s —0"u[-1-n]z =%, —az
— — Znigoo (g)fn

= Zn:l (é)n (2.23)
o0
=1->, (i)n (converges if |z/a| < 1)
_ 1 1 _ a—z—x __ z
— T 1I—Z2 T Ta—z T z—a

We get the exact same result but with ROC={z : |z| < |a|}.

2.7 z-Transform Analysis of Discrete-Time Filters’

2.7.1 z-transform analysis of discrete-time filters

The z-transform might seem slightly ugly. We have to worry about the region of convergence, and we
haven’t even talked about how to invert it yet (it isn’t pretty). However, in the end it is worth it because
it is extremely useful in analyzing digital filters with feedback. For example, consider the system illustrated

below

"This content is available online at <http://cnx.org/content/m34822/1.2/>.
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Figure 2.7

We can analyze this system via the equations

v[n] = box [n] + bix [n — 1] + bex [n — 2]

and

y[n] =v[n] +ary[n — 1] +agyn —2].

More generally,

N
vn] = Zbkw [n — K]
k=0

and

M
y[n) = aryln—k +vn]
k=1

or equivalently

Zbkx [n—k] =yn] — Zaky [n—k].
k=0 k=1

In general, many LSI systems satisfy linear difference equations of the form:

M N
Zaky [n—k] = Zbkx [n—k].
k=0 k=0

What does the z-transform of this relationship look like?

M M

Z{> p—o ary[n — Kk} = Z{Zk:() brw [n — K]}
M N

Zk-:o arZ{yn — kl} :Zk:O bpZ{x [n — kl}.

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)
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Note that

Z{yln -k} =S, ylh—kz"

=Y Jylmlzm R (2.31)
=Y (2)z7F.
Thus the relationship above reduces to
M N
Yoo arY (2)z7F =Y X (2) 27"
M N
V() (Shp o) =X ) (S ) .
N
Y(2) _ (Beme)
X(z - M
=) (Ek=0akz—k>

Hence, given a system like the one above, we can pretty much immediately write down the system’s transfer

function, and we end up with a rational function, i.e., a ratio of two polynomials in z. Similarly, given
a rational function, it is easy to realize this function in a simple hardware architecture. We will focus
exclusively on such rational functions in this course.

2.8 Poles and Zeros®

2.8.1 Poles and zeros

Suppose that X (z) is a rational function, i.e.,

(2.33)

where P (z) and @ (z) are both polynomials in z. The roots of P (z) and Q (z) are very important.

Definition 2.1: zero
A zero of X (z) is a value of z for which X (z) =0 (or P(z) =0). A pole of X (z) is a value of z
for which X (z) = oo (or Q () = 0).
For finite values of z, poles are the roots of @ (z), but poles can also occur at z = co. We denote poles in

a z-plane plot by “x” we denote zeros by “o”. Note that the ROC clearly cannot contain any poles since by
definition the ROC only contains z for which the z-transform converges, and it does not converge at poles.

Example 2.7
Consider

zZ
21 [n] = a"u [n] [V+27F7] X, (2) = ﬁ 2] > |af (2.34)

and

Z
s [n] = —a"u |1 —n] [U+27F7] Xo (2) = ﬁ 2] < |af (2.35)

8This content is available online at <http://cnx.org/content/m34817/1.2/>.



45

Im[z] 4
- -+ _ad
Re(2]
¥
Figure 2.8

Note that the poles and zeros of X (2) and X5 (2) are identical, but with opposite ROCs. Note
also that neither ROC contains the point «.

Example 2.8
Consider

23 [n] = (;)u ] + (—;>u n]. (2.36)
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3] 1

TT?T:#;-. .

Figure 2.9

We can compute the z-transform of x3 [n] by simply adding the z-transforms of the two different
(2.37)

terms in the sum, which are given by
n\" z 1
<) u [n] [U+27F7] : + ROC: [z| > -
z— 35 2

(2.38)

and
n z

<1>umummw121 ROC: |2 > +.

z+ 3

3

The poles and zeros for these z-transforms are illustrated below.
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48
X3 (2) is given by
X3 (2) = zf% + Zj%
_ #etd)+e(=3)
(2 gz_i_%)(z_%) (239)
o z2(22—3 . 1
= 06D ROC: |z] > 5
Im[z] 4
ROC
- i : -
= 13 Re[z
L
Figure 2.12

Note that the poles do not change, but the zeros do, as illustrated above.

Example 2.9
Now consider the finite-length sequence
" 0<n<N-1

24 [n] ={
0 otherwise.

(2.40)



¥
Figure 2.13
The z-transform for this sequence is
N-1 N—1
Xa(2) =), _oxaln]z7" =) a2 "
_ ()"
=122

N

= 25 ROC: z#0

49

(2.41)

We can immediately see that the zeros of X, (z) occur when 2V = . Recalling the “N*!' roots

of unity”, we see that the zeros are given by

ZK = aej%k, k=0,1,..., N —1.

(2.42)

At first glance, it might appear that there are N — 1 poles at zero and 1 pole at «, but the pole at
« is cancelled by the zero (zg) at a. Thus, X4 (z) actually has only N — 1 poles at zero and N — 1

zeros around a circle of radius « as illustrated below.
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Tmfz] 4
ROC
o 1 O
O o
- & - 3 -
N—1 nf‘l:
o o
o & o
Y
Figure 2.14

So, provided that |a| < oo, the ROC is the entire z-plane except for the origin. This actually
holds for all finite-length sequences.

2.9 Stability, Causality, and the z-Transform’

2.9.1 Stability, causality, and the z-transform

In going from

N m
Z ary[n—k] = Z brx [n — k] (2.43)
k=0 k=0
to
H(z) = f(((z (2.44)

we did not specify an ROC. If we factor H (z), we can plot the poles and zeros in the z-plane as below.

9This content is available online at <http://cnx.org/content/m34818/1.2/>.
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Im[z] 4

Re[z]

¥

Figure 2.15

Several ROCs may be possible. Each ROC corresponds to a different impulse response, so which one
should we choose? In general, there is no “right” choice, however, there are some choices that make sense in
practice.

In particular, if h [n] is causal, i.e., if h[n] = 0, n < 0, then the ROC extends outward from the outermost
pole. This can be seen in the examples up to this point. Moreover, recall that a system is BIBO stable if
the impulse response h € ¢1 (Z). In this case,

HE)| =300 __hnjz""
HE =S bl o)
<Y onmoo R[] 277
Consider the unit circle z = €%, In this case we have |2~"| = [e77“"| = 1, so that
) oo
|H (%) < Z |h[n]| < oo (2.46)

for all w. Thus, if a system is BIBO stable, the ROC of H (z) must include the unit circle. In general, any
ROC containing the unit circle will be BIBO stable.
This leads to a key question — are stability and causality always compatible? The answer is no. For
example, consider
2 4, 1,
H(z) = =243 2.47
) (z=2)(z4+3) 2-2 z+3 (2.47)

and its various ROC’s and corresponding inverses. If the ROC contains the unit-circle (so that the corre-
sponding system is stable) and is not to contain any poles, then it must extend inward towards the origin, and
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hence it cannot be causal. Alternatively, if the ROC is to extend outward, it will not contain the unit-circle
so that the corresponding system will not be BIBO stable.

2.10 Inverse Systems”

2.10.1 Inverse systems

Many signal processing problems can be interpreted as trying to undo the action of some system. For
example, echo cancellation, channel obvolution, etc. The problem is illustrated below.

Image not finished

Figure 2.16

If our goal is to design a system H; that reverses the action of H, then we clearly need H (z) Hy (2) = 1.
In the case where

_ P(2)
H(z)= o0 (2.48)
then this can be achieved via
Hp(z) = ggz; (2.49)

Thus, the zeros of H (z) become poles of Hy (z), and the poles of H (z) become zeros of Hj (z). Recall that
H (z) being stable and causal implies that all poles are inside the unit circle. If we want H (z) to have a
stable, causal inverse H (z), then we must have all zeros inside the unit circle, (since they become the poles
of Hy (z).) Combining these, H (z) is stable and causal with a stable and causal inverse if and only if all
poles and zeros of H (z) are inside the unit circle. This type of system is called a minimum phase system.

2.11 Inverse z-Transform''

2.11.1 Inverse z-transform

Up to this point, we have ignored how to actually invert a z-transform to find z [n] from X (z). Doing so is
very different from inverting a DTFT. We will consider three main techniques:

1. Inspection (look it up in a table)
2. Partial fraction expansion
3. Power series expansion

One can also use contour integration combined with the Cauchy Residue Theorem. See Oppenheim and
Schafer for details.

10This content is available online at <http://cnx.org/content/m34814/1.2/>.
1 This content is available online at <http://cnx.org/content/m34815/1.2/>.
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2.11.1.1 Inspection
Basically, become familiar with the z-transform pairs listed in tables, and “reverse engineer”

Example 2.10
Suppose that

z
X () = PO |z| > |al. (2.50)

n

By now you should be able to recognize that z [n] = a"u [n].

2.11.1.2 Partial fraction expansion
If X (2) is rational, break it up into a sum of elementary forms, each of which can be inverted by inspection.

Example 2.11
Suppose that

1422714272
3._ .-
-5zt 45272

X (z) = .zl > 1. (2.51)

By computing a partial fraction expansion we can decompose X (z2) into

8 9
X(2)= — 2 2.52
R e s R (2.52)
where each term in the sum can be inverted by inspection.
2.11.1.3 Power Series Expansion
Recall that
X (z =Y _znlzT"

=) St 059

=.x[-2]22+z[-lz+z[0]+z[l]z +z[2] 272 +....

If we know the coefficients for the Laurent series expansion of X (z), then these coefficients give us the
inverse z-transform.

Example 2.12

Suppose
X() =2 (- ) (ke (1) .
222—%2—1—1—%2_1
Then
x[n]:5[n+2]—%5[n+1]75[n]+%5[n71]. (2.55)

Example 2.13
Suppose

X (2) =log(1+az""), |2[>|a| (2.56)
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where log denotes the complex logarithm. Recalling the Laurent series expansion

= (1)

log(14+x) = 2.57
o1+ =3 (257)
we can write
[e’e] 1 n+1l p
X()=Y ()%z_". (2.58)
n=1
Thus we can infer that
(=n"tta™ >1
z[n] = { n "= (2.59)
0 n < 0.

2.12 Fourier Representations”

2.12.1 Fourier Representations

Throughout the course we have been alluding to various Fourier representations. We first recall the appro-
priate transforms:

Fourier Series (CTFS): z (t): continuous-time, finite/periodic on [—, 7]

1 g .
X[kl=—= [ =x(t)e *dt 2.60
H=—=[ =0 (2:00
R 4
z(t) = — X [k] e7kt 2.61
0= 75 3 X (2.1
Discrete-Time Fourier Transform (DTFT): z[n]: infinite, discrete-time
) 1 © )
X (e¥) = — x [n] e 7en 2.62
() = 757 2. ol (2.62)
x[n] = L X (/) &7 dw (2.63)
Vo J_n
Discrete Fourier Transform (DFT): z [n]: finite, discrete-time
| Nl
X[k =—=> axn]edFtn (2.64)
\/N n=0
1 = )
zn]=— X [k] eV (2.65)
VN (5

12This content is available online at <http://cnx.org/content/m34811/1.2/>.
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Continuous-Time Fourier Transform (CTFT): x (¢): infinite, continuous-time

X (Q) = \/% [ T o) e ay (2.66)

2 (t) = \/%77 [ T X () g (2.67)

We will think of Fourier representations in two complimentary senses:

1. “Eigenbasis” representations: Each Fourier transform pair is very naturally related to an appro-
priate class of LTI systems. In some cases we can think of a Fourier transform as a change of basis.

2. Unitary operators: While we often use Fourier transforms to analyze certain operators, we can also
think of a Fourier transform as itself being an operator.

Figure 2.17

2.13 Normalized DTFT as an Operator”

2.13.1 Normalized DTFT as an operator

Note that by taking the DTFT of a sequence we get a function defined on [—m,7]. In vector space notation
we can view the DTFT as an operator (transformation). In this context it is useful to consider the normalized

13This content is available online at <http://cnx.org/content/m34816,/1.2/>.
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DTFT

oo

Fz) = X (%) = \/% S wn]eien, (2.68)

One can show that the summation converges for any x € {5 (), and yields a function X (e’*) € Ly [—m, 7).
Thus,
F 42 (Z) — Lo [—m, 7] (2.69)

can be viewed as a linear operator!
Note: It is not at all obvious that F can be defined for all & € ¢5 (Z). To show this, one can first argue
that if « € ¢1 (Z), then

X ()] < \# S w[n]edon
< o Yool [l e (2.70)
= 7= Yooz ] <00

For an x € £y (Z)\ 1 (Z), one must show that it is always possible to construct a sequence xy € lo (Z)N¥¢1 (Z)
such that

klingoﬂ zp—x |, =0. (2.71)

This means {zj} is a Cauchy sequence, so that since ¢5 (Z) is a Hilbert space, the limit exists (and is x).
In this case

X (e7¥) = lim X (e/¥) . 2.72
() = lim X (%) (2.72)
So for any x € {5 (Z), we can define F (z) = X (e7*), where X (/) € Ly [—, 7]

Can we always get the original x back? Yes, the DTFT is invertible
N Vor J_x

To verify that F~! (F (z)) = x, observe that

F1 (X) X (ejw) celen (2.73)

T (A ke ) eendo = LS wlk] [T, et dw
=L 3% x[k]-2nd[n — kK| (2.74)
=z [n]
One can also show that for any X € Ly [-m, 7], F (F~1 (X)) = X.

Operators that satisfy this property are called unitary operators or unitary transformations. Unitary
operators are nice! In fact, if A = X — Y is a unitary operator between two Hilbert spaces, then one can
show that

< X1, X9 >=< Ax1,Axs > V 21,29 € X, (2.75)

i.e., unitary operators obey Plancherel’s and Parseval’s theorems!
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2.14 Fourier Transforms as Unitary Operators™

2.14.1 Fourier transforms as unitary operators

We have just seen that the DTFT can be viewed as a unitary operator between ¢ (Z) and Ly [—7, 7]. One
can repeat this process for each Fourier transform pair. In fact due to the symmetry between the DTFT
and the CTFS, we have already established this for CTFS, i.e.,

CTFS: Lo[—m 7] — {5 (Z) (2.76)

is a unitary operator. Similarly, we have

CTFS: L, (R) — Ly (R) (2.77)

is a unitary operator as well. The proof of this fact closely mirrors the proof for the DTFT. Finally, we also
have

DFT: CcV¥ — V. (2.78)

This operator is also unitary, which can be easily verified by showing that the DFT matrix is actually a
unitary matrix: UFU = UUH = 1.

Note that this discussion only applies to finite-energy (¢3/Ls) signals. Whenever we talk about infinite-
energy functions (things like the unit step, delta functions, the all-constant signal) having a Fourier transform,
we need to be very careful about whether we are talking about a truly convergent Fourier representation or
whether we are merely using an engineering “trick” or convention.

2.15 The DTFT as an “Eigenbasis”"”

2.15.1 The DTFT as an “Eigenbasis”

We saw Parseval /Plancherel in the context of orthonormal basis expansions. This begs the question, do F
and F~! just take signals and compute their representation in another basis?
Let’s look at F~1: Ly [—m, 7| — {3 (Z) first:

. 1 ™ o
FHX (V) = —/ X (7)) " dw. 2.79
() == [ x () 210)
Recall that X (ej“’) is really just a function of w, so if we replace w with ¢, we get
p— 1 i
B Vor ) _x

Does this seem familiar? If X (¢) is a periodic function defined on [—m, 7], then F~! (X (¢)) is just computing
(up to a reversal of the indicies) the continuous-time Fourier series of X (¢)!

We said before that the Fourier series is a representation in an orthobasis, the sequence of coefficients
that we get are just the weights of the different basis elements. Thus we have — z [n] = FF 1 (X (¢)) and

FH(X () X (t) el dt. (2.80)

o0

X(t)=Y zn (i;;) (2.81)

n=—oo

14This content is available online at <http://cnx.org/content/m34812/1.2/>.
15This content is available online at <http://cnx.org/content/m34820/1.2/>.
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What about F? In this case we are taking an x € {5 (Z) and mapping it to an X € L [—m, 7). X represents
an infinite set of numbers, and when we weight the functions e/“" by X (w) and sum them all up, we get
back the original signal

s

ehl= | X() (j;) dw. (2.82)

H = 0o (# 1) so technically, we can’t really think of this as a change of basis.

edwn

V2T
However, as a unitary transformation, F has everything we would ever want in a basis and more: We

can represent any = € {5 (Z) using {e’“"} and since it is unitary, we have Parseval and Plancherel

Unfortunately,

we[—m,x]’
Theorems as well. On top of that, we already showed that the set of vectors {ej“’"}we[
of LSI systems — if this really were a basis, it would be called an eigenbasis.

Eigenbases are useful because once we represent a signal using an eigenbasis, to compute the output of
a system we just need to know what it does to its eigenvectors (i.e., its eigenvalues). For an LSI system,
H (ej“’) represents a set of eigenvalues that provide a complete characterization of the system.

_nx,x] are eigenvectors

2.16 Eigenbases and LSI Systems™

Why is an eigenbasis so useful? It allows us to greatly simplify the computation of the output for a given
input. For example, suppose that X is a vector space and that L : X — X is a linear operator with
eigenvectors {vg},cp- If {vr}cp form a basis for X, then for any z € X we can write = ), _.cpvp. In
this case we have that

y =Lx
=L (Zker Ckvk)
= Eker crL (vr)

=D ker CkARVk

(2.83)

In the case of a DT, LSI system H, we have that \/%e*j“’” is an eigenvector of H and for any x [n] we can
write

x[n] = /_T; X (%) <6\7;> dw. (2.84)

From the same line of reasoning as above, we have that

y [n] = H (x[n])
™ ; —jwn
= T X () H (£ ) dw
m ; ; —jwn
= [T X () H (e) - (S ) do
T . —jwn
= f_TrY (ejw) : (em ) dw
Whenever we have an eigenbasis, we can represent our operator as simply a diagonal operator when the
input and output vectors are represented in the eigenbasis. The fact that convolution in time is equivalent to
multiplication in the Fourier domain is just one instance of this phenomenon. Moreover, while we have been

focusing primarily on the DTFT, it should now be clear that each Fourier representation forms an eigenbasis
for a specific class of operators, each of which defines a particular kind of convolution.

(2.85)

DTFT: discrete-time convolution (infinite)

16This content is available online at <http://cnx.org/content/m34810/1.2/>.



CTFT: continuous-time convolution (infinite)

/ f()gt—7)dr

-1

(z®y)] Zx yn [n — k]
k=0

DFT: discrete-time circular convolution

2

CTFS: continuous-time circular convolution

(f@g)( / f(@) gr(b—7)dr

59

(2.86)

(2.87)

(2.88)

This is the main reason why we have to care about circular convolution. It is something that one would
almost never want to do — but if you multiply two DFTs together you are doing it implicitly, so be careful

and remember what it is doing.
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GLOSSARY

Glossary

Z zero

A zero of X (z) is a value of z for which X (z) =0 (or P (z) =0). A pole of X (z) is a value of z
for which X (z) = oo (or Q () = 0).
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Digital Signal Processing

This course provides an overview of discrete-time signal processing from a vector space perspective. Topics
will include sampling, filter design, multirate signal processing and filterbanks, Fourier and wavelet analysis,
subspace methods, and a variety of topics relating to inverse problems and "least-squares signal processing”.
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