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Policy Statement

* We encourage you to collaborate, but only in a group of up to five current
EE 120 students.

* Be sure to write the names of your collaborators at the appropriate location
on the next page. Each collaborator must submit a distinct, self-prepared so-
lution document containing original contributions to the collaborative effort.

* To submit your work, you have several options:

(a) Print out this homework document and write your solutions on the
printout. Then upload a PDF file of the scan.

(b) Write your solutions on this PDF file using a tablet device. Then upload
a PDF file.

(c) Use your own sheets of paper, but demarcate clearly the space for each
problem, part, and subpart. Then upload a PDF file.

¢ Please write neatly and legibly, because if we can’t read it, we can’t evaluate
it. Remember that, even though the problem sets are self-graded, we will
evaluate your work whenever we check your self grades.

¢ Unless we explicitly state otherwise, you may expect full credit only if you
explain your work succinctly, but clearly and convincingly.

e If you are asked to provide a “sketch,” it refers to a well-labeled hand-drawn
sketch—not a plot generated by a computing device.

* On occasion, a problem set contains one or more problems designated as
“optional.” Your solutions to such problems will NOT be evaluated. Never-
theless, you're responsible for learning the subject matter within their scope.

¢ If you have a confirmed disability that precludes you from complying fully
with these instructions or with any other parameter associated with this prob-
lem set, please alert us immediately about reasonable accommodations af-
torded to you by the DSP Office on campus.



Overview

This homework covers:

¢ State Space
¢ Feedback
e DTFS



NOTE: This is a repeat problem from HWS5. The solutions for this problem have
been released but please try the problem earnestly. Parts (a) and (b) are optional
and can be reused from the previous homework. Parts (c), (d), and (e) are manda-

tory.

HW?7.1 (A Jolly Famous Sequence of Numbers)

The input = and the output y of a causal, discrete-time LTI system H are governed
by the second-order linear constant-coefficient difference equation

yln] = yln = 1] +yln — 2] + z[n],

where the system is assumed to be initially at rest—that is, y[n] = 0 for all n < 0.

(a)

(b)

Determine h[n], the impulse response values of the system H. What famous
sequence of numbers does the impulse response h trace? Is the system BIBO
stable? Provide a succinct, yet clear and convincing explanation.

Plug in z[n| = d[n].

Hcausal = h[n| =0, Vn <0
h[0] = h[—1] 4+ h[—2] 4+ 4[0] =1
hll] = h[0] + A[—1] + 0[1] =1

—~—

h[2] = h[1] + h[0] = 2
h[3] = h[2] + h[1] = 3
h[A] = h[3] + h[2] = 5

The impulse response is the Fibonacci sequence.

This system is not BIBO stable, as the impulse response keeps on growing
with each sample and is therefore not finitely summable.

Draw a delay-adder-gain (DAG) block diagram implementation of the sys-
tem.

Because of the y[n—2] term, at least two delay blocks are needed to implement
the system. There are a couple DAGs that can be drawn for this problem,
with two of them shown below.



z[n) >ff y y[n| x[n] )ff > y[n]
@ [n] @ [n+1]
D D
@i[n +1] ¢ [n]
S — D
¢2[n] q2[n + 1]
D D
g +17 qa[n]

Figure 1: Two possible delay-adder-gain block diagrams for 4.1(b)

(c) On the DAG block diagram implementation of the previous part, label the
appropriate state variables ¢;[n| and ¢;[n]. Then proceed to write the corre-
sponding state-space equations

qln + 1] = A g[n| + B z[n] State-Evolution Equation
and
y[n] = Cqln| + D z[n|, Output Equation

where q[n] = [q1[n] ¢:[n]]" is the state vector at time n. You must, of course,
determine the matrices A, B, C, and D completely.

We denote where our state variables are on the diagrams in Figure 1. For the
diagram on the left,

@[] 2 y[n — 1] +y[n — 2]
galn] = yln — 1]

BE:H - [y[n]ym]?[nq :Eﬂ [Z;[ZH +Elx[n]
ylnl = ailn] + z[n] = [iﬁﬂn] + Dz, BD 21



Note that if we swap our definitions for ¢;[n] and ¢;[n| for either DAG block

(1) } , which is a valid setup but will not match
the format for the modes in part (d).

diagram, we will get A =



(d)

(e)

Determine the modes (A;,v;) and (A2, v2) of the system. For consistency,

show that the modes are of the form <)\1, v = { 1)\ }) and ()\2,’02 = [ 1)\ }),
W Y

where \; and )\, are the eigenvalues that you must determine. Also, explain
why the eigenvectors must be mutually orthogonal.

Since an eigenvalue ) and eigenvector 7 # 0 of A satisfy A7 = A7, \I — A has
a nontrivial nullspace and det(AI — A) = 0.

A—1 =1 B
det[_l )\}—)\ —A—1=0
)\:1:':\/5
i 2
1+\/§ . —14V5 -1 . 5
)\1: 5 ()\11—A) 1= _21 1+2\/51111:0
1= o] - )
V1 = =
1 ,12\/5 _)\2
1_\/3 ~ _—1—\/5 -1 ~ .
)\2: 2 ()\QI—A) 2 = _21 1_2\/5 2:0
2= |a] - ]
Vo = =
2 ,1;\/5 _)\1

The eigenvectors must be orthogonal because A is a symmetric matrix. By the
Spectral Theorem, we can decompose a symmetric matrix: A = VDV 1. Vis
an orthonormal matrix containing the eigenvectors of A, so the eigenvectors
of A are orthogonal.

Is the system internally stable? Provide a succinct, yet clear and convincing
explanation.

The system is not internally stable because the mode associated with A; “blows
up” as n — oo. Since A is diagonalizable, we can look at the state-evolution



equation under a change of basis.

A0

At o] = [ o] [ ! ]
0 A

T 2

Lv
2p

gln +1] = VDV ¢[n]
Vgn+1] =DV ¢n]
N——

—_——
Z[n+1] éé’[n]

Since |A;| = 15 ~ 1.618 > 1 and 2[1] # 0, lim,_,o |21[n]| = 0.
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HW?7.2 (Feedback System and BIBO Stability) Consider the discrete-time feedback
system with frequency response H(w), as shown in the figure. The LTI plant has
frequency response F'(w). The LTI controller is the cascade of an LTI system with
frequency response G(w) and a tunable multiplier with multiplication factor k. As-
sume the overall system H is causal.

x(n) T » Fw) > y(n)

G(w) [«

H

The plant has the impulse response values

o™ ifn=1,3,57,...
-]

0 otherwise,

where 0 < a < 1. Furthermore, G(w) = e~

(a) Determine the frequency response F'(w) of the plant.

Pw) = 3 fnyein

nez
— E ate W
n>0, n odd
00
— Oéeim) § (a26712w)l
=0
Oz@iiw

1 — o2e 2w !



(b) Determine the impulse response values g(n) corresponding to G(w).

G(w) is recognized as the frequency response of the unit delay. Its impulse
response is therefore

gn)=4n—-1).
This can be verified by checking that

e = 25(71 —1)e ™,

nez

(c) What is the forward gain of the feedback system?

The forward gain is
ae—iw

F(w) = 1 — a2e—i2w

(d) What is the loop gain of the feedback system?
The loop gain is

kaefzﬁw

1 — o2e 2w '

—kG(w)F(w) =
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(e) Determine the closed-loop frequency response H (w). You may derive it or apply
Black’s Formula.

The closed loop frequency response is

Forward Gain
1 — Loop Gain
F(w)
1+ EG(w)F(w)

Hw) =

ae*iw
1_o2e 2w

kae— 2w
1+ 1—a2e 2w
ae—iw

1—(a? — ka)e=2w

(f) For what values of k is the closed loop system BIBO stable?
Hint: Your answer must be in terms of . Recall that a discrete-time LTI system
having impulse response h is BIBO stable if, and only if, Z |h(n)] < oo.

ne”L

From the formula for H(w), we can derive its LCCDE:

h(0) =0

h(l) =«

h(2) =0
h(3) = a(a® — ka)

h(4) =

Unrolling the recursion, we can state that

h(n) = 0 unless n > 0 and n is odd
T ala? — ka)mm/2 if n > 0 and n is odd
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Thus .
> an)| = lal Y |a® — kal'.
nez =0

This means that
> |h(n)| < 0o == |a® —ka| < 1.

ne’

Thus the closed loop system is BIBO stable if and only if
o> —ka<land o® —ka > —1,
i.e., if and only if

1 1
a——<k<oa+—.
«Q «Q

12



HW?7.3 (Inner Product) Let x € C? and y € C? be two p-dimensional vectors of
complex numbers, thought of as column vectors, where p is a positive integer. The
inner product of  with y, denoted (x, y), is the complex number defined as

(x,y) = xly*.

Here ™ denotes the transpose of , and y* denotes the complex conjugate of y.
For example, if

Zo Yo
T Y1
T = and y=| . |,
Lp—1 Yp—1
then
p—1
k=0
In the following, x,y, 1, 2, T3 . . ., Tk, Y1, Y2 are all vectors in CP.

(a) Show that (z, z) is a real number. Further, show that (x, ) > 0, with equality
if, and only if, x is the zero vector.

n n

(e, @) =) a(i)z()" =) [e()f

i=1 1=1
This is a sum of nonnegative real numbers, hence it is real and nonnegative.

Further, (x, z) equals zero if and only if each |z(4)|* equals zero, i.e. if and
only if each x(i) equals zero, i.e. if and only if x is the zero vector.

13



(b) Show that (y,z) = (z,y)*.
= Zy(i)x(i)* = Z(x(’i)y(i)*)* = (Y 2(Dy()) = ((2,9))".

(c) Show that (1 + x2,y) = (x1,y) + (x2, ).

n

(@1 +@2,9) = Y _(22(0) + 22(0))y(i)"

=1

= 25131 +ZI2
= <w1 y) + (w2, y>

True or False? (x,y1 + y2) = (x,y1) + (x, y2). No explanation is necessary.

True.

n

(@ yr+y2) = Y w()(yi(0) +y2(d)"

i=1

- Zl‘ i)y (i +Zx i)yali

= <w Y1) + (=, y2>

(d) We know that (ax,y) = a(x,y), where a is a complex scalar. Show that
(z,0y) = a"(z,y).

(, 0y) = Z (i) (ay(i))”

14



(e)

(f)

If (x,y) = 0, we say that x is orthogonal to y, and we denote this by = L
y. According to part ((b)), this implies that (y,x) = 0. Show that if = is
orthogonal to y, then

(x+y,z+y) = (z,z)+ (y,y).

Explain how this is an articulation of Pythagoras’s theorem.

Since x is orthogonal to y, we have (x,y) = 0, by definition. By part (b) of
the problem, this also means that (y, ) = 0. Hence we can write, using parts
(c) and (d) of the problem

(x+y,x+y) = (x,xzt+y) +(yxz+y)

= (z,x) +(x,y) + (y,x) + (y,y)

Y (@) + (y,y) .

Here, in step (a), we used the orthogonality of « and y (this step is not correct
in general).

The Pythagorean theorem says that a® + b* = ¢* where a and b are orthogonal
sides of a right triangle. In the inner product space, (z, z) = ||z||?, which pro-
vides the connection between the inner product space and the Pythagorean
theorem when applied to the equation we just derived.

Suppose x = oy x1 + ... + o g, for some complex scalars oy, as, ..., ag.
Show that if

(k,x;) =0 foralll <i<Fk,
then x must be the zero vector.

We write

(k,x) = (x,a1T1+ asxs + ...+ arxg)
= (x,qx1) + (x,a0wa) + ... + (x, apxy)
= aj{x, x1) + ay{x, x2) + ... + ap (T, z)
= 0,
where, in the last step we use the given fact that = is orthogonal to each of

the x;, 1 < i < k. Now, using part (a) of the problem, we know that  must
be the zero vector.
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HW?7.4 (DTFS Expansion) Determine the complex-exponential discrete-time Fourier
series (DTFS) expansion for each signal x : Z — R described below, or explain why
no such expansion exists. For each case where a DTFS expansion exists, be sure to
identify the period p and the fundamental frequency w.

For parts (f) and (g), assume = denotes exactly one period of a periodic signal z.
Your answer would then be the DTFS expansion of the periodic signal z for certain
values of n, and zero otherwise.

(@) x(n) =sin (%Tn) + cos (%Tn) ,  Vn.

x(n) = sin(?n)vLcos(?n)

1 21 2m 1 s s
_ 2_2-(62?” 671?n)+§(615n—|—e 145 n)
2
Therefore, p = 5, wy = %
3 1 4
(b) xz(n) = cos (%n) + 3 s (%n) ,  Vn.
3 1 4
x(n) = cos(in) + = cos(ln)
3 5
]_ .37 .37 47 - 47
_ 5(ez%n + —z%n) 4 (61 Fno e_l?n)

Therefore, p = 10, wy = g

(c) z(n) = cos (@n) ,  Vn.

V2r

xz(n) = cos( = n)
2
Qp = 2%km < p=>5V2k

Since /2 is irrational, p cannot be an integer, and hence z is not periodic.

16



Therefore, p = 6, wy = g

2 2 ,
Cos(?ﬂn) +(=1)" = COS(?T(TL) + e
L 2 imn
§(€l3n+623n)+€
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