Chapter 3

31 X,(jQ) = jxa(t)e 7 gr Now, j|xa(t)|dt<oo Hence,

— 00 —00

X, ()| =

00 .
[x (e Y ar
—Q0

< J‘ —jQut 7
< [ lxg@®e P dr < flx, (1) dt < oo,
— 00 —00

o0 Q 1—00 . . .
32 (@) Y,(j)= [cos(Q,t)e/ tdt:§ [ (eJQU’+e”QOt)e‘JQ’dt

—0

:%(S(Q—QO)+6(Q+QO)).

(b) U,(jQ)= J'e el =i gy J'ewe JQtdt+je Lo gt

—00 —0o0

_ [(a JQ)t]f _ [ (owQ)t]? _ Lt 2
Ca- J a—J o+ o +Q

OL+]Q

©) V,(jQ) = [e/ole g = [Ty _ 500 ).
a (0]

—00 — 00

—oo\f=—© l=-0\ —0

d) P,(jQ) = | [ S 8(t —ET)je_jQ’dt - [ [8(t —ZT)e_thdtj using the
linearity property of the CTFT. Next, using the shifting property of the CTFT we get

o0 .
P,(jQ) = Ye /T which can be alternately expressed in the form

{=—0

P,(jQ) = 2771 § o(Q ——) making use of the results of Problem 3.2(c).

f=—0

33 (a) V,(jQ)= Te—fodtza(Q).

—00

o0 0 0 t ‘0 1
(b) LW(Q) = [we)e Hdr= || [8(r)dt|e”’ tdt:6+n8(Q).
J

—00 —00 \ —00

c) The function x_(¢) is also denoted by rect(r). Thus, X, (jQ)= [x (t)e_thdt
(c) a y alJ a

—0

=sinc(€2/2).

_1?2 i 1( _jQ/2 jg/z)ZQSin(Q/Z) sin(Q/2)
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3.4

3.5

1-2, |t/ < 0.5, . .
(d) y, () :{ 0 |t|| > 0.5 A more convenient way to determine the CTFT of y,(7)
2
is to differentiate it twice with respect to ¢, determine the CTFT of dyiaz(t) and then
dt

make use of the time-differentiation property given in Problem 3.6(e) and time-shifting

. dy, |2 ||<05 a0
ropert en in Problen 3.6(a). Now, —¢-~ = g 4
Property given (@). Now, =, {_z, |205.

discontinuities with a positive jump of value 2 at ¢+ =+0.5, a negative jump of value —4
d*y, (1)
dt?

has jump

at + =0, and zero everywhere else, has only impulses of strength 2 at ¢t = +0.5,

d?y, (1)
dr?
Y, (j)) denotes the CTFT of y,(¢), then using of the time-differentiation property we

a2y (1) CTFT )
2 o ()Y, (j). Using the time-shifting property, we arrive at the

and an impulse of strength —4 at r =0, i.e., =238(t+0.5) —40(t) +26(t — 0.5). If

have

2 . .
CTFT of L34 given by 2672 —4 4207722, Therefore (j)2Y,(j) =
dt

—0%Y,(jQ) =2e"? — 442672 —4(cos(Q/2)-1), iLe,

Y, (jQ)= o2 (cos(Q/2) 1) o2 sin (4) sinc (4)

2
2 /262 o 2,52 .
o221 —o OV2T

© 2 2 .
je—r /20 e—J(Kr+p)dT
OV2T _

Making a change of variable t —pu =1t we get H(jQQ) =

1 _ion © 12792 _: 1 _ _<202
e JjQu Ie t° /20 e JQTdt= e ]Qp.(F 2n-e O Q°/2
o227 —o oV27

212
c Q .
—( +jQu) . .
=e 2 . For a zero mean impulse response, we then have the CTFT pair
2 CTFT

212
< o\2me 0 /2

2
e—t /20

w0 : o , R
xa(t)zl IX(jQ)eJQtdQ:L [el® 40 = 1 (ejg_e_JQ): Sln(t)'
2m 2 j2nt t

© T_1
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[ee} . 0 .
36 () [x,(t—t,)e " ¥dt= [x,(t)e ¥ **o)gr obtained using a change of variable

3.7

3.8

—00 —0

t—t,=1. Therefore [x,(t—t,)e " ¥dt=e"" o [x, (v)e ¥ar=e" /Yo X, (jO).

—00 — 00

(b) [x ()Pl ¥ ar = [x,()e /) g = x(j(Q-Q,))

- —00

1 jQt e —jQt
(c) xa(t):z— [X,(jQ)e”**dQ. Therefore 2nx,(-1)= [X,(jQ)e > dQ.
T _o

—a0

© .
Interchanging r and Q we get 2nx,(-Q)= [X, (jtye ¥ dt.

—00
(d) For a positive real constant a the CTFT of x,(at) is given by

(e8] o0
_ 1 _i 1 0 .
[x,(at)e O [x,(D)e J(Q/")Tdrz—Xa(]—). In a similar manner we
a a a

—00 o0

can show that for a negative constant a the CTFT of x,(at) is given by —éXa (j %).

CTFT 0
Therefore x,(at) « |Xa(]j.
a

|a

(e) Differentiating both sides of x,(7) = ZL X, (jQ)ethdQ get
T

—o0

dx, (t x :
x;( ) zzi [ jQX,(jQ) e’ d0. Therefore
t T _o

T
o JQX, ().

dxa (t) CTF
dt

X, () = [xq()e ¥ dr = |X,(j)|e®« Y where 60, (Q) = arg{X, (jQ)}. Thus,

— 00

o0 .
X,(—j) =[x, (t)eJQ’dt. If x,(¢) is areal function of then it follows from the
—Q0

definition of X ,(jC2) and the expression for X ,(—jQ) that X,(jQ) and X ,(—jQ) are
complex conjugates. Therefore X, (—jQ)| = |X,(jQ)| and 6,(-Q) =-6,(Q). Orin
other words, for a real , the magnitude spectrum |Xa (jQ)| is an even function of Q and
the phase spectrum 6, (Q2) is an odd function of Q.
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3.9

3.10

3.11

3.12

x(t)= [hyr (t —v)x(t)dt. where hyp(t) is the impulse response of the Hilbert

transformer. Taking the CTFT of both sides we get X( JQ) = Hygr (jQ)X(jQ) where
X( Jj) and Hpgp(jQ) denote the CTFTs of x(r) and hyp(¢), respectively. Rewriting
X(jQ) = Hygr GOX , () + X, (J)) = —j X , () + j X, (j). As the magnitude and
phase of )?(jQ) are an even and odd function, x(z) is seen to be real signal. Consider
the complex signal y(¢) = x(¢) + j x(¢). Its CTFT is then given by

Y(jQ) = X(jQ) + j X(jQ) =2X » (JE).

O —or? T 2ar L | —2at 1
The total energy € ,= | |e dt= [e “dt=——|e =— =1.
_ _ -2 20g=1/2
o0 o0
The total energy can also be computed using using the Parsevals’ theorem
171
g,=— [ ——dQ.
* m?ima2+Q2
P2y
Therefore, the 80% bandwidth Q. can be found by evaluating o | —5—5dQ
T -Q, o +Q
11 1 oY]% 1 (@ S @ 1 (@
:[-tan [ﬂ = ——|tan (CJ—tan (—C] = —-tan~ (C]
2| o o —Q, 2o o o o & Jloci/n
_Ztan'(20,)=0.8. Therefore, Q, = % : tan(o'f“) = 1.5388.
I
1 11
Yinl=plnl = yey[nl+yoqlnl, where ye,[nl=—(inl+yl-nl) =2 +-8[n] and

Yoalnl = OIn1={=n]) = 2 (un] = wl-n]) = uln] =~ 8[n]. Now,
oy 1 0 1 o 1 .
Y,, (') = —[2n >o(m+ 2nk)} +—=7 >.0(w+2nk)+—. Since
2 k=—o0 2 k=—00 2
Yoglnl = uln] - % -%8[711, Vogln—11=pln—1] —%—%S[n ~1]. Asaresult,
Yoalnl = Yoaln=11=un] = uln =11~ 8[n— 11+ 8[n] = (8[n]+8[n 1)
Taking the DTFT of both sides of the above equation, we get

. . . . . —jo
Yod(ef(!))_e_](OYOd(e]CO):l(l_’_e—]w)or YOd(ejm):1(1+e ' j: 1 _l.
2 2\ =g /O

Hence, Y(e/®)=7Y,,(e/®)+ Y, (e/®) = +1 Y 8(w+2mk).

e /®

The inverse DTFT of X(ej“)) = > 2nd(w+2mk) is given by

k=—o0
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3.13

3.14

3.15

T .
x[n] = 1 [2n8(w) e’ do = 2 _ 1.
2n 2n

T

. o0 .

Y(e/®) = Za‘"‘e‘f“)” with |of <1. Rewriting we get
n=-oo

. - . ) . ) . 0 .

Y(e/®)= Ta "e /" + Ta"e /" = T(ae!®)+ T(ae /?)
n=-—00 n=0 n=1 n=0
oel® 1 1-o?
+

l—0e’® 1-—ae® 1-2acosm+a’

. o0 1 . .
G'”)= % (&n]—wje_m”:l—HLp(ef“)).
n=-—ow n
G(e/®)
1
—;'C _O‘)C 0 (Dc ;t ®

T . . T . .
x[n]:i [X(e!®)e!" do. Hence, x*[n]:L [X*(/®)e /™ dw.
2 2n

(a) Since x[n] is real and even, we have X(e/®) = X *(e/®). Thus

T . .
[X(e!®)e /" do. Therefore,

x[—n]= 21 i

T

x[n] =%(x[n]+x[—n]) =2i }TX(ejw) cos(on)do. As x[n] is even, X(e/®) = X(e™/®).
T_g

As a result, the term X(ej‘”)cos n(wn) inside the above integral is even, and hence

x[n] = lTth(ef‘”) cos(on)do.
To

(b) Since x{n] is real and odd, we have x[n] = —x[-n] and X(e/®)=—-X(e~/®). Thus,

x[n] = %(x[n] —x[-n]) = ZL }TX (ejw)sin(om)dco. As aresult, the term X (ej‘”)sin(om)
T

—T

;T .
inside the above integral is even, and hence x[n] = 2L [ X(e’/®)sin(on)do.
To
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3.16

3.17

jogn _jb  —jogn —jb
x{n] = Ao sin(wgn + )u[n] = Aa”[e ¢ 2?, < Ju[n]

= ;.ejd’ (a 0 Tu[n] —;e_jd’ (a e =100 Tu[n]. Therefore, the DTFT of x[n] is given
J J
by X(ejm) :iejq) —1 , —ie_jq) .1 )
J2 1-ael®e/®0  Jj2 1-ae/®e /0

Let x[n] = o u[nl] with |0c| <1. Its DTFT was computed in Example 3.6 and is given by
1

l-ae

X(e!®) =

jo

(@) xi[n]=o"wn—1] with o <1. Its DTFT is given by X, (¢/®) = %a”e‘j"’”

n=1

8

. . ~jo
(e i) = S(oe oy 1= Lo et
1 n=0 l-oe /® l-ae /®

8

n

(b) xp[n]=na"p[n] with |a| <1. Note x,[n]=nx{n]. Therefore, using the
differentiation-in-frequency property in Table 3.4 we get
dXe) d 1 ae /O
Jjo

X ejw =]j—= : .
2= o ) o2

l—ae ™/ (1-oe

(¢) x3[nl=o"p[n+1] with |o <1. Its DTFT is given by

. © . o o0 . o 1 1 eJ(D—OL
X3(e]m): Z(Xne JOn — o 1 JO 4 Zoc”e JOm — o 1€Jw+ —— = — |
n=— n=0 l—ae /®  o{l-—qe /?

(d) x4[n]=na"u[n+2] with |o <1. Its DTFT is given by

X4’ = Yna"e ' = Y na'e /" 207 %e/?® — o 1eJ®. From the results of Part

n=-2 n=0
o . ae_jw
(b) we observe that Y no''e /" =—————. Hence,
n=0 (1-ae /?)
. —jo . .
oe — —
X4(e!®) = : 20 2ed?0 g 1edo,
(1-oe /®)?

(€) xs[n]=no"p[-n—1] with |a|>1. Its DTFT is given by
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3.18

. -1 . o) . o) .
XS(er): zane—]wn: Za—meja)m: Za—meja)m_lz 1=
n=—00 m=1 m=0 l1-a

n
(f) xglnl= O“ " |”| <M, |1tsDTFTis given by
0, otherwise.

. M » -1 l_aM+le—jco(M+1) . l_aM+le—jco(M+1)
X6(ejm)= Zane jon Yo np=jon _ ' +OLM€J(DM'

n=0 n=—M l—ae /® l—OLe'_jCO
(a) x,[n]=pln]—pn—>5]. Letdenote pL(e/®) the DTFT of p[n]. Using the time-

shifting property of the DTFT given in Table 3.4, the DTFT of x,[n] is thus given by

X, (e/)=(1-e7®)p(e’/®). From Table 3.3, we have

(e/®) :;4— §n8(®+2nk) Therefore,
1—€]® k=—o0
X, (/) = (1—¢~® )(L + Y nd(w+ 2nk)].
1-¢/®  k=—w

(b) xp[n]=o (u[n]-pln—8]). Let x[n]=o"p[nl] with |of <1. Its DTFT was
1

computed in Example 3.6 and is given by X(e/®) = ——— Now
l-ae
xp[n] = x[n]—x[n—8]. Using the time-shifting property of the DTFT given in Table
. . : _ 8w
3.4, the DTFT of x,[n] is thus given by X, (e/®) = (1-e 78X (/) = I=e o
l-ae

(€) xc[nl=(m+Da"p[n]=na"u[n]+a"pln] with o] >1. We can rewrite it as
x.[n]=x5[n]+ x[n]. The DTFT of x,[n] was computed in Problem 3.17(b) and is

. —jo
given by X, (e/®) = xe , and the DTFT of x[n]was computed in Example 3.6
(1-ae ’/?)
and is given by X(e/®) = ;,m Therefore X, (e/?) = X, (e’®) + X(e/®)
l-oe
oe /@ 1 1

= - + - - .
A-ae /@) 1-ge /@ (A-ae /®)?

—j(D

_ . N . . _ _—JO(2N+1)
3.19 (a) V1 [n] = {1’ N=sns< N’ Then Yl (e]@) — Ze—](ﬂl’l _ e—](})N(l e J

0, otherwise. noo N I—e
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sin(o)[N + ;]j
B sin(w/2)
| — o JON+D)

(1, 0<n<N, joy Y _jen _
() y2[n]—{0, otherwise, 11N T2(€ )_rEOe e

_JoN/2 sin(w[N +1]/2)
sin(®/2) '

I
(c) y3lnl= {1 N N=n<N, Assume N to be odd. Then we can express

0, otherwise.
N N

y3[n]:%y0[n]@y0[n] where yo[n]:{l’ > Therefore,

0, otherwise.

Y3(e/®) = %YO (e/®)Yy(e/®) = %YO2 (e/®). Now, from the results of Part (a), we have

) . .2

_ s1r.1(ooN/2). Hence. Y3(efm):i-sm 2((0N/2).
sin(w/2) N sin“(0/2)

Note: The above result also holds for N even.

Yo (e’®)

I
(d) y4lnl= {N +1- N’ ~NsnsN,_ Ny;[nl+ y3[n], wherey,[n] is the sequence
0, otherwise,

considered in Part (a) and y3[n] is the sequence considered in Part (c). Hence,
: 1
, . . sm((n[N + ]) )
sin@/2) N sin?(w/2)

cos(mn/2N), —-N<n<N,

(e) ys[ﬂ]={ 0, otherwise. Then

Ys(ejco)zl ge—j(nn/ZN)e—jmn+l gej(nn/2N)e—jo)n
2n=—N n=—N
1 g —j(m—%)n 1 g —j(m+%)n 1 Sin((m—%)(N+%)) 1 sin((w+%)(N+%))
=— Ye +— Ye =—- —- .
2 p=—N 2 =N 2 Sin(((u—%)/Z) 2 sin((m+%)/2)
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—1)!
3.20 Denote x,,[n] :%a”u[n] with |o] < 1. We shall prove by induction that the
n:(m-—1).

DTFT of x,,[n] isgiven by X,, (ej“)) = ; From Table 3.3, it follows that

(1—ae /@y
itholds for m=1. Let m=2. Then

D!
xp[n]= (n; )

a'u[n] = (n+)x;[n] = nx;[n]+ x[n]. Therefore,

—Jjo .
ae +1-ae /® :;, and it also holds for m = 2.

X, (/)= :
g (1-ae /)2 (-0 /)

|
Now, assume that it holds for m. Consider next x,, ;[n] = Moc”u[n]

n!(m)!

:(n+mj(n+m—l)!anu[n]:(n+m]xm[n]:i_n.xm[n]+xm[n], Hence,
m

m nl(m—1)! m
: 1 .d 1 1 e /O 1
X, (7)) =—j— — + — = ——— —
m- do\ 1-—ae /)" | (1-0e /)"  (-oe /®)" (I—oe /)™

B 1

(l_ae—j(}))m"rl ’

. 0 T .
321 () X,(e/®)= Y 8(w+2mk). Hence, xa[n]:zi [8(0) e/ dw =1.
T _

k=—00 T

© ejm!l_eij) wN=1 . . =N+l .
(b) Xp(e!®)= : =e/? Y . Let m=-n. Xp(e!®)=e/" ¥ e/,
1—e/® n=0 m=0

. -N+1 .
Consider the DTFT X(e/®)= Y e /®™. Its inverse is given by

m=0

> Therefore, by the time-shifting property of the DTFT, the

(1, = (N=1)<n<0
xn]= {O, otherwise.

1, —-N<n<-1,

. Jjoy _ jo JON e i — -
inverse DTFT of X, (/™) =e’"X(e’™") isgiven by x,[n]=x[n+1]= {O, otherwise.

3, n=0,

. N N .
() X (e/®)=1+2 Ycos(w)=2+ Ye /™. Hence, x.[n]=11 0<|n<N,
=0 {==N 0, otherwise.

(d) Xg(e/®)= with |o <1. We can rewrite X,(e’®) as

(-ae—j/®)
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where X, (ej“’) = ; From Table 3.3, the inverse

l—ae /®

DTFT of X (ej(”) is given by x,[n]=a"u[n]. From Table 3.4, using the
d o

o dX, (e!®)
X4(e?)=—2"—2
ae’™) 7

differentiation-in-frequency property the inverse DTFT of Xd(ej"’) Is thus given by

xqlnl=nx,[n]= noc"u[n].

. jdo _ —jdo . .
3.22 (a) H,(e!®)=sin(4o)=>—"" = 1 4o _ 1 =j4o  Therefore,
2j 2j 2j

h,[n]={-j05, 0, 0, 0, 0, 0, 0, 0, jO.5},-4<n<4.
. j4o —j4o . .
(b) Hp(e!®)=cos(dm) =" =0.5¢/*" +0.5¢7/*®. Therefore,
hy[n]={05 0, 0, 0, 0, 0, 0, 0, 0.5},-4<n<4.
. jSo __—jSo . .
(c) Hc(ejm):sin(S(o):%:%eﬁm _%e—]Sm. Therefore,
J J J

h.n]={-j05 0, 0, 0, 0, 0, 0, 0, 0, 0, jO.5),—-5<n<5.
. jS5o —j50 . .
(d) Hy(e/®)=cos(5m)="1¢"" =0.5¢/>° +0.5¢"/>°. Therefore,

hy[n]={05, 0, 0, 0, 0, O, O, O, O, 0, 0.5},-5<n<5.

. jo —j® Jj2o —-Jj2m
3.23 (a) Hi(e/®)=1+2cos(®)+3cosm)=1+2 < ¢~ |43/ ¢ *¢
1 2 2

—14+e/® 40770 1150729 1150772 Therefore,
(y[n)}={15 1, 1, 1, 1.5, -2<n<2.

(b) H2 (ej(’)) = (3 +2cos(m) + 4COS(2(D))005(620)6_j0)/2

_ |:3 + 2(@’0 +e I j + 4(e-i2m e I?0 }}(ejm/z +e 02 je—jm/Z
2 2 2

:%(3 +el® 4e7I0 4 2/20 +26_j2°)X1+e_j°))

—2+1.56/0 426779 40720 15,7720 L7739 Hence,
{hhinl}={1, 15 2, 2, 15 1},-2<n<3.

(c) Hy (e/®) = J[3 + 4 cos(®) + 2 cos(2w) sin(w)
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:j{?,+4(ejw+e_jwj+2(ej2w+e_j2w j}(ejw—e_jwj
2 2 2j
= ;(3+2ej(D +2e7 IO 4 /20 +e_j2°°}ej(” —e I?)

=342e/® 42779 1056729 10.5¢772°, Hence,
{h,[n]}=1{05 2, 3, 2, 05},-2<n<2.

(d) Hy(e’®)= j[4+2cos(w)+3cosw)]sin(w/2)e/®’?

jo _ ,—jo Jj20 . —j20 jol2 _ —jol/2) .
=jl4+2 e e T |yl e *e e e o012
2 2 2j

- ;(4+ef‘” +e 0 1150720 I.Se_jszI—e_j(D)

—1.5-025¢/° —1.5¢779 +1.5¢/2° _0.5¢772° _0.75¢7/3°, Hence,
{hyln]}={-15 -05 -3, 3, —-05, -3},-3<n<2.

3.24 Let H(e/®) and G(e/®) denote the DTFTs of the sequences A[n] and g[n], respectively.

(a) Linearity Theorem: ¥ {a hln]+ Bg[n]}: E(oc hin]+Bgln]) e~ Jon

n=-—00

=a §h[n] e /" 4B OZO‘,g[n] eI = o H(e!®) + BG(e!®).

n=—a Nn=—o0

(b) Time-reversal Theorem: gh[—n]e_j“)" = %O;h[m]eﬂ”m = H(e /).

n=—00 m=—oo

o0 . o0 .
(c) Time-shifting Theorem: > Aln—n,le /" = S h[m]e /Ot o)

n=—o0 n=-—

=¢ 1 S hmle /" = /"0 H(e!?).
m=—0o0

(d) Frequency-shifting Theorem: Z(ej%”h[n])e_jm” = S hn]e /(@7®o)n

n=-—o0 n=—00

— H(ej(m_(%)).
3.25 Let Hl(ejw): F {hl[n]}and H, (/)= F {hz[n]}. From Example 3.8 we have

Hz(ejm)= OZO: (MJ

n=-00 n
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3 1, OS|(0|£0)2,
o, 032<|03|£n.

. 00 i ; 0, 0< < 5
H, @ = 3 |- sin(w;n) oo Jon _ |o3| ]
Tn I, o< |co| <m

From the result of Problem 3.14 we get

n=—x

As the impulse response of the cascade is given by h[n] = hy[n]® h,[n], using the

convolution theorem we obtain the DTFT of the cascade: H(e/®) =H {(e/®)H (e’®)
0, 0< |03| <oy,

=<1, 0)1S|0)|30)2,
0, < |(o| <T.

H(e/®)

t —
-T-wy-®1 0 W] W27

326 ¥(e/®) = X(e™®) = x[(e7)*] Now, X(/®)= ¥ fnle/®" . Hence,

n=—

V)= Syme " =x{e)t)= Satnle oMt = Satmiaeion.
x[n], n=0,£4,£8,+16,...

Therefore y[n] ={ 0 otherwise

. o . ) © .
3.27 X(e'®)= Y x[nle /" . Therefore, X(e/®'?)= Y x{n]e /@' and

n=-—oo n=—o0

. o0 .
X(=el®'2y = S xn](=1)"e @/ Thys, we can write

Y(e/®) = néi[n]e‘f“)" = % {X(ej“)/z)Jr X(—el®'? )}: ;né(&c[n] + xlnl(=1)" )e‘f@".

Hence, y[n]= ;(x[n] + x[n](=1)" )= {x[on], fftz)rr r; i)vcfél.,

3.28 T{x*[—n]}: %x*[—n]e_j(””z %x*[n]ej“m =( OZO‘,)c[n]e_jo‘m)*:X*(ejm).

n=—oo n=—o0 n=—o0
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3.29

3.30

3.31

3.32

3.33

3.34

Xca(ejm) = ;[X(ejm) —X*(e_jm)]:

=;( Sty [mle ™+ F g lnle T = T [nle O - ) §xim[n]e‘jwnJ

n=—o0 n=—o0 n=—o0 n=—oo

o, =] gx,-m[n]e_j‘”" = F {j x;plnl}

n=—0o0

IX(e/®)|

N\

0 0.6 147w 27

From Table 3.2 we observe that an even real-valued sequence has a real-valued DTFT
and an odd real-valued sequence has an imaginary-valued DTFT.

(a) Since xj[n] is an odd sequence, it has an imaginary-valued DTFT.
(b) Since x,[n] is an even sequence, it has a real-valued DTFT.

(©) x3[-n]= sin(zocn) _ —sin(ocn) _ sin(ocn) _ x3[n]. Since, x3[n] is an even
—Tn —Tn mmn

sequence, it has a real-valued DTFT.

(d) Since x4[n] is an odd sequence, it has an imaginary-valued DTFT.
(e) Since xs[n] is an odd sequence, it has an imaginary-valued DTFT.

From Table 3.2 we observe that an even real-valued sequence has a real-valued DTFT
and an odd real-valued sequence has an imaginary-valued DTFT.

(a) Since Y;(e’/®) is a real-valued function of w, its inverse is an even sequence.
(b) Since Y, (e/®) is an imaginary-valued function of w, its inverse is an odd sequence.

(c) Since Y3 (e/®) isan imaginary-valued function of ®, its inverse is an odd sequence.

(a) Since H;(e’®) is areal-valued function of o, its inverse is an even sequence.

(b) Since H,(e’®) is areal-valued function of w, its inverse is an even sequence.

Let u[n] = x*[-n],and let X(e/®) and U(e’®) denote the DTFTs of x[n] and u[n],
respectively. From the convolution property of the DTFT given in Table 3.4, the DTFT
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3.35

3.36

of y[n] = x[n]@®uln] is given by Y(e/?) = X(e/®)U(e’®). From Table 3.1, U(e/®)
. . , . 2

= X*(e’®). Therefore, Y(e/®) = X(e/®)X*(e/®) = ‘X(e/(”)‘ which is a real-valued

function of .

From the frequency-shifting property of the DTFT given in Table 3.4,
F {x[n]e ™73} = X (/™3 A sketch of this DTFT is shown below

X(e J(o+m/3) )
| ¥ t +—
-t 2. m 0 T
3 3

n - Joy _ 4 n —jon _ < -n_jon _ ___—1_jo < o )"
{a"u[-n-1]} =X(’")= X-a"e =—Ya "M =0T T || .
0

n=—oo n=1 n=

1 1

. . .12
For |OL|>1, X(ejm):—oc_le](D : = —. :>‘X(€]w)‘ = > .
1-(e’/® /o) 1-ael® 1+0~ —20 cos(m)

From Parseval’s relation, — j X(ef(”)‘ do = Z Bl n]|
o S

1

JoN" _
(a) ‘X(e )‘ 5+4 cos(®)

. Hence a.=-2. Therefore, x[n]=(-2)"p[-n-1].

Now, 4J‘X(ef‘”)‘

f“’)‘ do=4n 3 |xn]® =4n 3

n=—o n=—0
n 0 n
:4752(1) :TCZ (1) :4—71.

(b) ‘X(ef“’)‘ — 1 Hence a=15. Therefore, x[n]=—(1.5)" u[-n-1].
3.25-3cos(®)

)‘ dco—— j ‘X(ej‘”)‘ do=n z |x[n]| . ‘

n=-—
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3.37

3.38

3.39

(c) Using the differentiation-in-frequency property of the DTFT as given in Table 3.4,

; Jo . d 1 ae /O : n
the inverse DTFT of X(e/™) = ]_03 1 T |T — IS x[n] =—-na " u[-n-1].
—ae

Hence, the inverse DTFT of

=T is —(n+ 1o u[-n—1].
—ae

2

1

2
e
‘ (5-4e /)2

. Hence a=2. Therefore, y[n]=—(n+12" py[-n—1].
T .12 T .12 0 2 -1 ) )

Now, 4J‘X(e]m)‘ do=2 | X(e](”)‘ do=4x Y [nl* =4n Tn+D2-2%"
0 -7

n=—o Nn=—00
MY 9 9/4
=TT — n :n7:4ﬂ?.
2 ( 9/16

n=0 4
T dX(ej“’)z ® 2 6 2 . ) : :
[ T do =213 [nx[n]” =2nY|nx{n]” =152z (Using Parseval’s relation with
- ® —o0 -3

differentiation-in-frequency property)

(@) X = Sxinl= ¥inl=10.

n=-—oo n=-2

(b) X(ejn)= Ex[n]ejm: gx[n]ejm:—ﬁ

n=-—oo n=-2

(c) TjEX(ejm )do = 2mx[0] = 2.

T

@ ] [xe™ do=2r ¥ |dn® =2z ¥ |xin” 1207
- n=—o0 n=-2
m dX(ef‘”)2 ® 2 6 2

€ | do=2nY |[nx[n]” =2nX|nx[n]” =124n.
n do P 5

(@) X0 = Safnl= Safnl=12.

n=-—ow n=—6

. 0 . 2 .
(b) X(/™)= Y x[nle!/™ = Y x[n]e!™ =-12.

n=-oo n=—6

() ?X(ej“) )do = 2mx[0] = —4 7.
.2 o0 ) 2 )
X do=2r ¥ [xinl® =2n £ |ain]

n=—o0 n=-6

=160m.

@ |
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(€) I

=T

dxile)‘ do —2nz|nx[n]| _2nz|nx | =136m

3.40 From the differentiation-in-frequency property of the DTFT given in Table 3.4 we

z jon _ - dX(e!®) jo
have > nx[n]e = j——= where X(e’™) = F{x[n]}. Therefore,
n=—o0 @
dX(eJ‘”) - jo < — jon
an[n] =] . From the definition of the DTFT X(e’™)= 3 x[n]e
n=—© ®=0 n=-w0
. dX(el®)
I
: & 0 ® =0
it follows that 3 x{n]= X(e’"). Therefore, C, ==
n=-—oo X(e] )
From Table 3.3, X(e/?) = F {o"u[n]} = <1. Asaresult,
l—a e /@
jo —jo .
jaxEe) =_%¢ . =L2 and X(e/®)=_1 . Hence, Co=—".
do =0 (1—(16_‘](’)) =0 (1-a) 1-a 1-a

3.41 Let Gy(e/®)= F {g[n]}.
(b) Noteg,[n]=g[n]+g;[n—4]. Hence, F {g,[n]} :Gz(ejw)
=G(e/®)+e 4G (e/®) = (1+e‘f4“’)cl(ef“’).
(c) Notegs[n]=g,[~(n—3)]+g[n—4]. Now, F {g,[-n]} = G;(e ®). Hence,
F {g3(n]} = G3(e’®) =Gy (e /) + e *°G (/).
(d) Notegyln]=gi[n]+gi[—(n—7)1. Hence, F {g4[n]}=Gy(e’®)

=G () +e7 TG (7).

3.42 Y(e/) = X1 (e/)X5 (!, i, §y[n]e‘j°°":( §x1[n]e_jmJ( §x2[n]e_jm]'

n=-—o0 n=— n=—w
(a) Setting @ =0 inthe above we get > y[n]

5 ( §x1[n]j[ S xy[n] j

(b) Setting o= we get  X.(~1)"y{x] =[ §(—1>”x1[n]j( §(—1>”xz[n]j.

n=—o0 n—=—o0 n=—0

1

3.43 x[n]= < 1.From Table 3.3, T{x[n]}:X(ej"’)z . The total energy
1-oe
2
. 1 T 1 L a2 4 .
of x[n] ISE,;=— [|——| do= Y(a")" =— =—. To determine the
T _all—ae™ /@ n=0 1—a?| g=1/2
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2
do=0.8 qzx:o.g-g

O‘)C
80% bandwidth of the signal, we set £, g = zi |
’ T

-0,

1

l—ae /®

Oc

. 1 1
and solve for ., i.e., set E,gp=|—

do ==
n—wc (l—occoso))2+0c2 sin2m a=1/2 3
A numerical solution of the above equation yields ®,. = 0.5081x.

3.44 Recall x[n] = x,,[n]+ x,,4[n], where x,,[n] :%(x[n]+x[—n]) and As x[n] is causal,

x[n]=0 forn<0 and x[-n]=0 for n>0. Hence, there is no overlap between the
nonzero portions of x[n] and x[—n] except at n =0, and we have
x[n] =2x,,[n]u[n]—x,,[0]0[n] and x[n]=2x,,4[nluln]+ x,,[0]6[n]. Moreover, since

x[n] is real, it follows from Table 3.2 that F{x,,[n]} = X,, (¢/®) and

Fi{xplnl}=jX;n (ej(’)). Taking the DTFT of x[n]=2x,,[n]u[n] - x,,[0]6[n] we
arrive at

. Y . .
X(e/®) = % [ X, (7)) (el @)y — x[0].
—1TT
From Table 3.3 we have

(/)= Flun]} =

Y o+ 2mk) = 1(1 iy cot(m)j by (o + 27k).
l-e™ ® k=—0 2 2 k=—0
Substituting the above in the equation preceding it we get

X(ej“)):% ?Xre(ej")[ (1 ]cot( 5 D:ldv

Py }Txre (e’V)8((w—v) + 27k )dv — x[0]

k=—00—7'r,

=i7thre(ejV)dv o jXre(e]V)cot[ )dv+Xre(e]m) x[0].
—T -7

Comparing the last equation with X(e/®) = X,,(¢/®) + j X;,,(¢’®), we arrive at

X, (e/®) = —2i ) Xre(eJV)cot( )dv

—T
Likewise, taking the DTFT of x[n]=2x,,[n]u[n]+ x,,[018[n] we get
. . T . .
X(e!®) = % [ X, (e )Y/ @™)av + x{0].
—T

Substituting the expression for ;,t(ej(”) given earlier in the above equation we get
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3.45

3.46

3.46

T

- T o

v S }Txim (/¥ )8((®—v) + 27k )dv + x[0]

k=—OO—7[
j " v 17 v O-V . o
= [ X, (e’ yav+—— [ X, (e! )cot(z)dv+]Xim(e] )+ x[0].
T T
—T —T
Comparing the last equation with X(e/®) = X,,(¢/®) + j X;,,(¢’®), we arrive at

. T .
X, (e7®) = i [ X (efv)cot[“’;v]dv +x[0].

—-T

If u[n] =z" is the input to the LTI discrete-time system, then its output is given by

Minl= SHkuln—kl= SHKZ"*=z" Sk ¥ =2"H().
k=—o0 =— k=—w

00

k

0
where H(z) = Zh[k]z_k. Hence is an eigenfunction of the system.

k=—0

If v[n] = z"u[n] is the input to the LTI discrete-time system, then its output is given by

ylnl= §h[k]v[n—k]:z” §h[k]u[n—k]z”_k=zn fh[k]z"‘.
k=—0 k=—0 k=—o0

Since in this case the summation depends upon is not an eigenfunction of the system.

F {hy[n]} = H{(e/®) = F{S[n]+ %S[n 1]} =1+0.5¢7/°,

F (hy[n]} = Hy (e/®) = fF{% 8[n] - % 8[n—1]}=0.5-0.25¢77°,

F {h3[n]} = H3(e®) = F(28[n]} =2,

F lhglnl) = Hy(e™) = P23 ulnl) = ————.

2 1-0.5¢ /¢

The overall frequency response of the structure of Figure 2.35 is given by

H(e!®)= H{(e/®)+ H, (e/®)H5(e’®) + Hy (e/®)H 4 (/)

~2(0.5-0.25¢7/®)
1-0.5¢7/®

=1+0.5¢ 7/ +2(0.5-0.25¢ /) ~1.

Denote H;(e/®)= F {hy[n]},1<i<5.
(a) The overall frequency of Figure P2.2(a) is then given by
H;(e’®) = H{(e/®)H, (e/®) + H3(e/®)H 4 (¢/®) + H{(e/®)H (e/®)H; (e/®)H 5 (e7®).
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(b) The structure of Figure P2.2(b) can be redrawn as shown below

.

| haln —l

hyln] ha[n] —XD—

A4

A 4

where the block with an impulse response represents the part of Figure P2.2(b) with a
feedback loop as shown below

w(n]
uln] —@—>| hyn] | hyln] »v[n]

I

Let U(e/®)= F {u[n]}, V(e/®)= F {v[n]}, and W(e/®)= F {w[n]}). Then we have
W(e/®) = U(e!®) +H3(e/®)WV(e/®) and V(e!®) =H (e/®)H 5(e/®)W(e/®).

hs[n]|e

Eliminating W(e/®) from these two equations we get

(1 =H (1) H (67 )H 5(e7®) W (e3) =H \(e3 ) H 5 () (¢1)
which leads to the frequency response of the feedback structure given by

Ho(ej@): V(e](’)) _ Hl.(ejm)Hzl(ej(D) |
Ue’®) 1-H(e!®)H,(e!®)H 5(e’®)

The overall frequency of Figure P2.2(a) is thus given by

H{(e’®)H (/) |
1-H (e/®)H 5 (e’®)H 5(’®)

H(e'®) =H 4(e/®)+H ,(e/*)H3(e/®) =H 4(¢’®) +

3.48 F {hy[n]} = H(e/?) = F28[n—2]-38[n+1]} =2 />® —3/°,
F {hy[n]} = Hy (/) = FLo[n—11+28[n+2]} = /© +2¢/2°,
F {h3[n]} = H3(ej(°) = F{58[n—-5]+78[n—3]+20[n—1]—-0[n]+38[n+1]}
=570 4 7730 L 07O 143,00,
The overall frequency of Figure P2.3 is given by
H(e/®) =H3(e/®) +H [(e/®)H 5(/®) = 5¢777° +7e773® 42779 _1 4 3¢/®

+ (Ze_jzm —3ej(°Xe—j°) + 2ej2°))= Se_jsm + 9e_j3m + 2e_j°) + 3ej°) —6ej3m.

3.49 Now, h,,[n] isthe inverse DTFT of H,, (ej"’). Rewriting we get
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. jo , —jo Jj20 , —j20 j3o , —j3o
Hre(e]m)=1+2(e +2e j+3(e +2e ]+4(e +2e J

— 14+ e/ 470 115720 11507729 120739 12,7739 |tsinverse DTFT is
hev [n]=0[n]+d[n+1]+0[n—1]+1.50[n+2]+1.50[n— 2]+ 20[n + 3]+ 20[n —3].

Since h[n] is real and causal, and its DTFT H(ej“)) exists, it is also absolutely

summable. Hence, we can reconstruct i[n] from h,,[n] as

h[n) = 2h,, [nlu[n] - h,,[018(n] = 2(8[n] + 8[n — 1]+ 1.58[n — 2]+ 28[n — 3]) - &[n]
=0[n]+28[n—1]+30[n—2]+49%[n—13].

3.50 (a) y,ln]l= sin(?)cos(coon) = ;sin((coo + g)nj - ;sin((coo - g)n). Hence, the angular

frequencies present in the output are (o, £ g)n.

(b) yplnl= cos’ (o, n) = cosz(won) cos(m,n) = B + ;cos(2w0n)J cos(m,n)

= %cos((oon) + %cos(ZcoOn) cos(w,n) = %cos((oon) + % [cos(30)0n) + cos((oon)]
= %cos(mon) + %cos(&non). Hence, the angular frequencies present in the output are

30, and o, .

(€) y.[n]=cos(3w,n). Hence, the angular frequency present in the output is 3w, .

3.51 F (8[n]-od[n—R1} = He®)=1-a e /R Let a =|a|e’®. Then the maximum value
of ‘H(ef‘”)‘ is 1+|o| and the minimum value is 1—|o|. There are R peaks of ‘H(ej‘”)‘

located at ® =2nk/R,0<k <R-1, and R dips located at
o=2k+1Dn/R, 0<k<R-1 inthe frequency range 0 < ® < 2.

o 2
15 g 1
S ®
S g
T 1 £ 0
g g
= e
0.5 o -1
0 | 2 | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Jjo ML —jon 1-oMe /oM Jjo jo
352 GE'™)= Y a’e = P Note G(e’™)=H(e’™") for a =1. In order
n=0 l—ae ™’/
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to have G(ejo) =1, the impulse response should be multiplied by a factor K, where

1-a
7

K =

l-o

3.53 H(e’®) = [a; cos(20) + (ay +a3)cos(®) +az |+ j[- aj sin(20) + (ay —a3)sin(w)]
The frequency response will have zero-phase for a5 = a3 and a; =0.

354 H(e!®)=ay +aye ® +aze 7 + age 3 + age /4¢
= (alejzw + ase_jzm )e_jzm + (azejm + a4e_j(” )e_jzm + a3e_j2“).
If @y =as5 and a, = a4, then we can rewrite the above equation as

H(e/®) = [2a; cos(20) + 2ay cos(m) + a3 Je/>® which is seen to have a linear phase.

355 H(e!®)=ae’™® +aye/* V0 4 g7 Ik=20 4 g o=/ k=D

= ejkm(al +612€_](D +a2e_]2(” + ale_]3m)
jk=2)o
2 Utl(eﬂ'w/2 +e_]3(’)/2)+0t2(e]°°/2 +e_f(’)/2)] Hence, H(e’®) will be a

real function of o if k =3/2, in which case we have
H(ejﬂ)):al(e]30)/2 +e—]30)/2)+a2(e]0)/2 +e—‘]0)/2).

=e

356 F {ad[n]+bd[n—11+8[n—2]}= H{(e/®)=a+be /® +¢7/2°,
1 : 1

Y and F {d"u[n]} = H3(e!®) = =T
The overall frequency response is then H(e/®) = H,(e/®)H, (e/®)H, (e®)
__aF be,_jw al e_jzw_ . Therefore,

(I-ce /®)1-d e7/®)

a+be O 4 o720 a+bel® I3
(-ce /®)Y1-d e /) (1-ce/®)1-d e/®)

(@ +b? +1)+2b(a +1)cos(w) + 2a cos(20)

- (1 —2ccos(w) + c? Xl —2d cos(w) + d? )
~ (a® +b% +1)+2b(a +1)cos(®) + 2acos(2m)
(42 4d? +c2d? +2ed) - 2c + d)(1 + ed) cos() + 2¢d cos(20)

F {c"u[n]} = Hy(e!®) =

e -

. Hence,

. 2
‘H(eﬂ”) CLifa?+b2+l=1+c%+d% +c2d% +2cd,

b(a+1)cos(w) =—(c+d)(1+cd), and a =cd. Substituting a = c¢d in the equation on the
left we get b = —(c +d).
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. T 1 . Jjo . jo—1
3.57 Y(ef‘”):‘X(ef“’)‘ JugX(@®) Therefore, H(ef‘”):L,):‘X(eJ“’)‘ )
X(e!?®)
Since H(e/®) is real function of o, it has zero-phase.

3.58 y[n]=x[n]-ay[n—R]. Takingthe DTFT of both sides we get
Y(e/®) 1

Y(e/®) = X(e’*)—ae MR ¥ (e/®). Hence, H(e/*)= """ = o
X(e/®)  14aeJOR

. i . .. . 1
The maximum value of H(e/®) is _ 1 and the minimum value is — . There are

1—|0c| 1+|a| '
peaks and dips in the range 0 < w < 2n. The locations of the peaks and the dips are given
by 1-oe /K =1x|of or e™/OR = itL'. The locations of the peaks are given by

_ 2mk _ (@2r+Dk

®=0p == and the locations of the dips are given by o = w; = n LO0<k<R-1.
Plots of the magnitude and the phase responses of H(e/®) for a.=0.8 and R =5 are
shown below:
1
2 05
©
g 8
€ c 0
o [
= 2
£ -05
L \ | -1 | L L
0 0.5 1 1.5 2 0 0.5 1 1.5 2

. . 1 . o
In this case the maximum value is 08" 5 and the minimum value is T 0.5556.

0 by + ble_jm 0 2 i® 0 0 —j®
3.59 A(e/®)=—-——=——. Thus, we set ‘A(e] )‘ = A(e’/®)A* (e!®) = A(e/®)A(e/?)

1+aje®

(b +b1e I by +b1e?®)  bF +bi +2bgby cos(®) |

(A+aje /)1 +aye’®) 1+ af +2ay cos(w)
_ . : 1+aye/®
Solution #1: by =+1 and by =sgn(bg)a;. Inwhich case A(e’®) =i+al—e.= I, a
1+aje/®
trivial solution.
. —jo
Solution #2: by =1 and by = sgn(by)a;. Inwhich case A(e/®) = iLejw.
l+ae

Not for sale 65



3.60

3.61

by +bje/® B Boe](l)0 wLBleJd)le_j(D

A(e’®) = . T . Thus, we set
1+aje /® 1+ A/
. 2 . . B e](')o + B e]¢1 e_j(D B e_j(')o + B e_j¢1 ejm
Al = Aeiyarx ey = S0C A T 20 1e -
1+Ae/"e™/® 1+Ae Pe/®

B Bg +812 +2ByBj cos(w— ¢y +dg)
1+ A + 24, cos(w - 0)

1.

Solution #1: By ==£1, B; =sgn(By)A;, ¢ — o = 6. In which case

. . 0) —i 0 i

1+A;e/%e @ 1+A;e/%e /@

do =£m. Atrivial solution.

j = +e/%0 implying

Solution #2: By =+1, By =sgn(B))A;, &1 — o =6. In which case

Ae/®) =

i01-0) . —jo —j0 | —jo
tAe! h ke = +e /1 Ape T te = +¢/%1 implyin ¢ =1m
0 g % 0 o |T T plying ¢; ==xm.
1+A1€J e J 1+A1€ e
* =]
. . - =l aj +e
Hence, a non-trivia solution is A(e’®) = /" [1—]

(@) H, (ej(D) = cosec(m) = cot(‘;j — cot(w) = cos(w/2) cos(w)

sin(w/2) sin(o)

_jte
(6]0)/2_6—]0)/2) (6]0)_6—]0))

jm/2+e—j0)/2) j(ejm+e_j°))

B (eJCO/Z+e_J0)/2)(ej(l)_e—JOJ)_(eJ(D/Z_e—j®/2)(ejw+e—JOJ)

(eJ(D/2 _e—](D/Z)(ejo) _e—](o)

jo _ _—j2m
=2 ¢ ¢ — |. Therefore, the input-output relation is given by
1—e /O _7J40 4 =30

yinl=yln=1]=yln =21+ yln=3]= j2x[n—1]— j2 x[n-2].
o 1 2 2e71® .
(b) Hp(e!®)=sec(o) = = — — = —. Therefore, the input-output
cos(®) IO 1 oTIO |4 e7/20
relation is given by y[n]+ y[n—2]1=2x[n—1].

cos(m) _ .(ef(”+g_jmj_ j(ej(’)+e_jw) _ je_jw(ejw+e_jw)

sin(®) e J® _,—J0 /O _pmJ® |_e—J20

(€) H,(e/®)=cot(w)=

_ j(+eI29)
- l_e—ij
yln]=yln—2]= jx{n]+ jx[n-2].

. Therefore, the input-output relation is given by
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3.62

3.63

3.64

3.65

Sln((D/Z) _ ej(D/z _e_j(*)/z l_e—jO) o _j+j€—j(0

d) H,(e® =tan(m)= = . — = .
( ) d( ) 2 COS((D/2) j(ejo)/2+g—](x)/2) j(1+6_J0)) 1+e—j0)

Therefore, the input-output relation is given by y[n]+ y[n—1]=—j x[n]+ j x[n—1].

From Eq. (2.20), the input-output relation of a factor-of- L up-sampler is given by

_Jx[n/L], n=0,+L,+2L,+3L,... . .
yin] —{ 0, otherwise. The DTFT of y[n] is thus given by

Y(e/®)= Yylnle /" = Sxn/Lle " = ¥ x{mle /"™ = X(e/F?), where
n=-o n=-oo m=
n=mL

X(e/®) = Flain]).

1

G(e’®) - Tile 0c| <1. Thus, we can write G(e/®) = X(e/I®), where
l-oe

X(e/®) = ;ﬂn From Table 3.3, the inverse DTFT of X(e/®) is x[n] = o u[n].
l-oe

Hence, from the results of Problem 3.62, it follows that
oln] = {X[n/L], n=0,+L+2L+3L,...

0, otherwise.
From Table 3.3, H(ej‘”) :;,, Thus, ‘H(ef@)‘ = 1 and
1-0.5¢77/° \J1.25 — cos(w)
arg{H(e/®)} = 6(w) = tan! Z03sIn(®) |y £ inlS) g 35047 j0.6664. Therefore
1-0.5cos(w)

‘H(eijn/ 5 )‘ ~1.5059 and 6(<7/5) = T0.4585 radians.
Now, for an input x[n] = sin(w, n)u[n], the steady-state output is given by

yln] = ‘H (/) sin(w,n +6(w,)). For , =m/5, the steady-state output is therefore

given by y{n] = ‘H(ej“/ 5)

sin(: n+ e(z)j =1.5059sin sin(z n— 0.4585).

H(e/®) = h{O]+ h[1]e™® + h0]e™72® = h{O](1 + ¢ /2®) + h1]e ™/
= e°(2h01cos(@)+ 11} We require | (e/"?)

= 2h[0]cos(0.3)+ A[1] =0

and ‘H(ejo'6 )‘ =2h[0]cos(0.6) + A[1] =1. Solving these two equations we get
h[0]=3.8461 and A[1] = —6.3487.
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3.66 H(e/®)=h[0](1+e/2®) + h[1]e/® = ¢ /®(2h[0]cos(w) + A[1]). We require
‘H(ef°~3 )‘ — 2h[0]cos(0.3) + A[1] = 1and |H (/%6 )‘ — 2h[0]cos(0.6)+ A[1] = 0. Solving
these two equations we get 4[0] =—-3.8461 and A[1]=7.3487.

3.67

3.68 H(e!®) = h0]( + e /*) 4 h[1](e 7 + e 3°) 4 p[2]e /%@
= ¢7/2°(2[0] cos(2w) + 2A[1] cos(w) + A[2]). We require
H(e/%2)| = 2c0s(0.4)h[0] + 2 cos(0.2)A[1] + h[2] = O,

H(e/%) = 2cos(1.0)h[0] + 2 cos(0.5)A[1] + H[2] = 1,

H(e/%8) = 2cos(1.6)h[0]+ 2 cos(0.8)A[ 1]+ A[2] = 0. Solving these three equations we

get A[0] = —13.4866, h[1] = 45.228, h[2] = —63.8089, i.e.,
{Aln]} ={-13.4866, 45.228, —63.8089},0<n<2.

3.69 H(e!®) = h[0]+h[1]e ™/ + h[2]e/%® + h[3]e/3®. Therefore,
H(e/0) = 0]+ A[1]+ h[2]+ A[3] = 2,
H(e™?) = 0]+ h[1]e /™2 + h[2]e /™ + h[3]e 372
= h[0] - jh[1]=h[2]+ jh[3]=T-j3,
H(ej“) = h[0]—A[1]+ A[2]-AK[3] = 0. Since the impulse response is real, the value of
H(ej“’) at o =37/2 isthe conjugate of its value at @ =w/2, i.e.,
H(e™ 2y = H*(e/™?) = i0]+ jh[1]- h[2]- jh[3] =7+ j3. Writing the four
equations in matrix form we get

ROl 11 1 11 2 11 1 17 2 4
N s T A 2 O 1 O s ey | 2 I
T S 0 A1 =1 1 -1] o ~3f
el |1 -1 =] |7+53 1 —j -1 j||7+3] |-t

hence {h[n]=1{4, 2, -3, —-1},0<n<3.

and

3.70 (a) H(e!®)=h[0]+A[1]e ™/ + h[2]e /2 + h[3]e/3®
= B[O] + A[1]e® — h[1]e % — h[0]e /3. Therefore,

H(e/™?) = h[0]+ h[1]e /™2 —h[1]e ™7™ — hj0]e /3™ 2
= h[0]— jA[1]+ A[1]— jA[O] = -2 + j 2,

H(ej“) = h[0] - A[1]- A[1]+ A[0] =8. Solving these two equations we get
h[0]=1 and A[1]=-3. Hence, {h[n]}={1, -3, 3, —1},0<n<3.
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3.71 (a) H(e!®) = h0]+h[1]e ® + h[2]e % = h{0]+ A[1]e /® + h[0]e /2®. The two
conditions to be satisfied by the filter are:
H(e?"*™) = h[0]+ A{1]e /%4 + 1n[0]e /8™ =0 and

H(ejo) = h[0]+ A[1]+ A[0]=1. Solving these two equations we get 4[0]=0.7236 and
h[1]=-0.4472.

(b) H(e/®)=0.7236-0.4472¢ 7 +0.7236 ¢ /2°.

2

1.5

1

Magnitude
Phase, radians

0.5

3.72 (a) H(e/®)=h[0]+A[1]e ® + h[2]e™/%® + h[3]e /3
= W[0]+ h[1]e7® + h{1]e /2 + h[0]e/3® = ¢ 732 (2h[0]cos(Bw/2) + 2h[1]cos(w/2)).
The two conditions to be satisfied by the filter are:
‘H(efm“) = 2h[0]cos(0.37) + 2A[1]cos(0.17) = 0.8,

get A[0]=0.0414 and A[1]=0.395.

= 2h[0]cos(0.75m) + 2h[1]cos(0.25m) = 0.5. Solving these two equations we

(b) H(e/®)=0.0414+0.395¢ 7/ +0.395 e /2 +0.0414¢/3°.

1

0.8

Magnitude
o
(o]

©
~

Phase, radians

o
o

o

3.73 (a) H(e/®) = h0]+h[1]e /® + h[2]e /> + h[3]e/3®
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= h[0]+h[1]e/® — h[1]e772® — h[0]e /3 = j /32 (2h[0]sin s(3ew/2) + 2A[1]sin(w/2))
The two conditions to be satisfied by the filter are:
‘H(e1'0~5“) = 2h[0]sin(0.75m) + 2A[1]sin 5(0.25m) = 0.2,

‘H(ejo'g") = 2h[0]sin(1.27) + 2Ah[1]cos(0.47) = 0.7. Solving these two equations we get

h[0]=-0.14 and A[1] = 0.2815.

(b) H(e’®)=-0.14+0.2815¢ 77" —0.2815 ¢ /2 10.14¢ /3

1
| | | |
| | | |
0.8F----- - EE— S R
| | | | »
| | | cC
[0} | | | | a
BV 06F-——— -~y = 5
2 | | | | 8
) 1 1 1 1 o
S 04—t o »
= 1 1 ‘ 1 g
| | | | o
0.2------ T 7 i Ay
| | | |
| |
O | | | L
0 0.2 0.4 0.6 0.8 1

3.74 (a) H(e/®) = h0]+h[1]e /® + h[2]e/® + h[3]e /3 + h[4]e /4

= h[O]+ A[1]e ™/ — h[1]e™3® — h[0]e 74 = je™/2® (2h[0]sin s(2w) + 2A[1]sin(w))
The two conditions to be satisfied by the filter are:

‘H(ef”“) = 24[0]sin(0.87) + 2A[1]sin s(0.47) = 0.8,

‘H(ejo'g") = 2h[0]sin(1.67) + 2Ah[1]cos(0.8) = 0.2. Solving these two equations we get

h[0]=0.112 and A[1]=0.3514.

(b) H(e/®)=0.112+0.3514e/® —0.3514 ¢ 3° —0.112e 774,

|
|
|
|
4
|
|
|
|
a
|
|
|

Magnitude
Phase, radians
o
T
|
|
|
|
|

0 0.2 0.4 0.6 0.8 1
/T
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3.75 (a) H4(e/®)=03-e77° +03¢7 %, Hp(e’®)=03+¢7/° +0.3¢77/2°,
A B

[Ha(e)] [Hg(e")|

| ‘ 2

3.76

3.77

2

Magnitude
Magnitude

It can be seen from the above plots that H 4 (ej(”) is a highpass filter, whereas Hp (ej“))
is a lowpass filter.

(b) He(e/®) = Hp(e®) = H 4 (e/©FM),

yln]=yln—-1]+ O.S(x[n] + x[n— 1]). Taking the DTFT of both sides we get
Y(e/®)=e Iy (e/®) + O.S(X(ej“)) +e7I° X(ej“’)) Hence, the frequency response is

Y(e/®) 1 (1 + e‘f‘”J

given by H,,, (/)= .

X(/®) 2(1-¢7/©
ynl=yln—2]+ %(x[n] +4x{n—1]+x{n—-2]). Hence,
oy 1[1+4e7I0 4720
Hsimpson (/) = 3 e .
1-e/
2 | _ | 7
—— ~ Trapezoidal

Magnitude

Note: To compare the performances of the Trapezoidal numerical integration formula
with that of the Simpson’s formula, we first observe that if the input is x,(¢) = ej“”, then
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the result of integration is y, (1) = _imej“” . Thus, the desired ideal frequency response is
J

H(ejm) = i Hence, we take the ratio of the frequency responses of the approximation
Jjo

to the ideal, and plot the two curves as indicated on the previous page. From this plot, it
is evident that the Simpson’s formula amplifies high frequencies, whereas, the
trapezoidal formula attenuates them. In the very low frequency range, both formulae
yield results close to the ideal. However, Simpson’s formula is reasonably accurate for
frequencies close to the midband range.
3.78 G(e!®)=gg+g1e ’® + gze_ﬂ(0 + g3e_]3°)

=e—j3co/2( j3w/2

8o¢€ +81€jm/2

—jwl2 —j3m/2)

+ gre +8p¢€
80 cos(3w/2)+ jgo sin(3w/2) + g3 cos(—3w/2) + jgz sin(-3w/2)

+ g1 cos(®/2) + jg sin(w/2)+ g, cos(—m/2) + jg, sin(—w/2)]]
_ e—j303/2

_i30/2

[(gp +g3)cos(3w/2)+(g; + g2 )cos(w/2)
+j(go — &3)sinBw/2) + j(g; — g2)cos(w/2)].
Thus, if gg = g3 and g; = g5, then

G(e/®) = e—j3®/2[(g0 +g3)cos(3w/2) +(g; + g5 )cos(w/2)] which has a linear phase

O(w) = —370’, and hence, a constant group delay.
Alternately, if go =—g3 and g; =—g5, then
G(e®) = je 32 [(go + g3)sin(B3w/2) + (g1 + g )sin(w/2)] which has a linear phase

O(w) = —37(” + g and hence, a constant group delay.

379 (@) Hy(e/®)=a+be ' =a+bcoso— jbsino. Thus, Op, (@):tan_l(—_bsmw J

a+bcosm
Hence, 1y (0))=—deH“ (w):— ! i( —bsinw J
a do _bsine )2 dola+bcoso
1+(a+bcosc)j
(a+bcos o))2 - (a+bcosw®)bcos®— (—bsin ®)(—bsin ®)
- (a+bcosm)2+(bsino))2 (a+bcosm)2
—abcoso—b? cos® o—b” sin’ b +abcos®

a2 +b2 0052 o)+2abcoso3+b2 sin2 0 a2 + b2 +2abcosm
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(b) Let G,(e’®)=1+ce/®=1+ccosm— jcsinw. From the results of Part (a) we

have 15, (0) = € _TCCOSO gince Hb(ej(”): 1, = ! —,
1+c¢” +2ccos® Gp(e!®) 1+ce ™ /®
2
c” +ccosm
Op, (0) =8¢, (), we have 1y, (0) = -1, (0) = ——— :
1+c¢” +2ccosm
a+be

(€) H.(e!®)= e = H,(e/*)H, (e/®), where H (¢/®) is the frequency
+ce

response of Part (a) and H,, (e/®) is the frequency response of Part (b). Thus,
GHC () = eHa (0)+ eHb (®), and therefore, Ty, (0) = Ty, (®)+ TH, (o)

B b2+abcosm c2+ccosm

a2 +b2 +2abcosm 1+c2 +2ccosm

() PO ) P S——
l+ce ® 1+de/®

=Hb(ej®)He(ej(°), where H, (e/®) isthe
frequency response of Part (b) and H, (e/®) is similar in form to H, (e/®). Thus,
eHd (®) =eHd (oo)+6He (®), and therefore, THy, (m)erb (m)+rHe (®)

B c2+ccosm N d2+dcosm

1+c2 +2cCcosm 1+d2 +2dcoso).

3.80 The group delay of a causal LTI discrete-time system with a frequency response
H(e!®) = ‘H(ejm)‘eje(“’) is given by 1, () =~ ()

. Now,
(O]
o) o dHE) .
dH(e™) ):efe(“)) +j‘H(eJ°3)eJe(‘”)—de(m). Hence,
do do d

. NG jo

—j‘H(eJ"’)‘efe("’)@zefe("’) y —dHC(Ze ), or, equivalently,
Q)] Q)] Q)]
d0(w) /8@ d‘H (ejm)‘ 1 dH(e/®)
Cdo j‘H(ejco) 0O do j‘H(ejm)ejem)  dw
jo .
1 d‘H(e )‘ Lo L dHE®)

= — J . . The first term on the right-
jaE  do T HER)  do

hand side of the above equation is purely imaginary. Hence,
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. dH(e/®)

J
To(0) =~ d©) _ e —do__
do H(e/®)
. jor . o, dH(T®) i,
3.81 Since G(e’™) isthe Fourier transform of ng[n], G(e ):]d—. Rewriting Eq.
. *
. . . ()
aHE®) (. aHE®) )" aH(ei®) | e
117 d J d 1 JT do
(3.127) we get 1, () =— O 4 © == s
2| HE®) | H(E®) 2| HE™®)  H ()

*k

Jjo . jo .
i )H*<ef°°>+£j‘”“e )j H(e'®)
® do

N | —

e

- 1. 5 [(Gre(ejm)+jGim(ejm)XHre(€jm)+jHim (ejm))*
Z‘H(e]w)‘
+ (Gre (ejo)) +JjGip (ejw)XHre (ejo)) +JjHip, (ejw))*]
Z‘H(ejw)‘

_ Gre(e) Hyo(e7°) + Gipy () Hipy ()

e

382 (@) H,(e/®)=1+04e/®=1+04cosw—j0.4sin® and thus,

Re{Ha (ef“))}z 1+0.4cosm and Im{Ha (ef"’)}z ~0.4sin®. .

G,(e’®) = jM = j(—j0.4e”/®)=0.4cosw— jO.4sinw. Thus,

do

Re{Ga (ef“))}z 0.4cos® and Im{Ga (ef‘”)}z —0.4sinw.. Therefore, using Eq. (3.128) we

(1+0.4cos®)(0.4cos®)+ (0.4 sin @)2
(1+0.4cos ®)> +(~0.4sin ®)°

_0.16 cos? ®+0.16sin2 @+ 0.4 cosm _0.16 +0.4cosw

- 1+0.16 0052 (o+0.16sin2 ®+0.8cosm - 1.16 +0.8cos®

get t H, () =
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(b) Let G,(e/®) = b 1406677, Then 16, (©) = =1, (®). Then using the

Hy(e!®)
] 0.36 +0.6cos ®
same procedure as in Part (a) we get 1 o) = . Therefore,
P (@) g Gb( ) 1.36 +1.2cos
0.36 +0.6cosm®

Ty (@) =— i
Hy, (@) 1.36 +1.2cos®

(c) Let H.(e/®)=(1-0.5¢"/®) - G,(e’®)G,(e’®), where
1+0.3e7/?
G,(e’*)=1-0.5¢77° and G, (/) b Therefore,
1+03e/?

TH, (®) = TG, (o) + TG, (®). Then using the same procedure as in Part (a) we get
16 (@)= 0.25=0.5cos® and using the same procedure as in Part (b) we get

a 1.25—-cosw

0.09+0.3cos® 0.25-0.5cos® 0.09+0.3cosm

TG, () =— . Hence, 14 (o) = - .

b ¢ 1.25—-cosw 1.09+0.6cos®

1.09 +0.6cos®

(d) Let Hd(ejm)=( ! ]{ ! ]=Ga(ej°))Gb(ej°)), where

1-03¢77/® | 1+0.5¢7/
G, (e!®) = B S Gp(e’®) = L Therefore,
1-03e/® 1+0.5¢7/?
T, (@) =16, (0)+16, (©). Then using the same procedure as in Part (b) we get
o (©)= —0.09+0.3cosm and 15 () = —0.25—0.500503_ Hence,
a 1.09-0.6cos® a 1.25+cosw
0.09-0.3cos® 0.25+0.5cosw
TG (w)=— + R
a 1.09-0.6cosm 1.25+cosw
3.83 From Table 3.3, H(e’™") = — = : ——. Thus,
1405 /° 14+0.5cosm— jO.5sin®
1 1

‘H(ej"’)‘ - and

\/(1 +0.5c050)2 +(0.5sinw)?  V1-25+cosw

arg{H(e/®)} = 0(w) = —tan ! —05sino. —tan"! _03sino . Now
1+0.5cos® 1+0.5cosm®

H(e/™3) = ! =0.6821+ j 0.1427. Therefore,

1+0.5cos(n/5)— jO.5sin(m/5)
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H(e/™/%)| = 0.6969 and arg{H(e/™')) =6(r/5) = tan—l(g-é‘g

j =0.2063 radians.

Since for a frequency response with real coefficient impulse response,

H(ej‘”)‘ is an
even function of ® and 06(w) is an odd function of ®, we have ‘H(e‘j“/S)‘ =0.6969 and

0(—m/5) =-0.2063.
Now, for an input x[n] = sin(w,n)u[n], the steady-state output is given by

yln] = ‘H(ejm” ) sin(w,n +6(w,)). Thus, for o, =n/5, the steady-state output is given

by yn] = ‘H(ej“/ %) sin(zn + e(n/S)j = 0.6969 sin(zn + 0.2063).

3.84 H(e!®)= h[O](l + e‘12°’)+ h1]e™I® = ¢7/®(2h[0]cos w+ A[1]). We require
2h[0]cos(0.3) + A[1] =1 and 2A[0]cos(0.7) + A[1] = 0. Solving these two equations we
get A[0]=2.6248 and A[1]=—4.015.

2.5

2

1.5

Magnitude

1

0.5
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M3.1 r=0.9,0=0.75

Amplitude

/T

Magnitude

r=0.7,0=0.5
Real part
|
|
I W S
|
3 |
S |
T
IS |
< |
|
|
|
1
0.5 1
/T
(0]
©
=
'c
(o))
]
=

Imaginary part

Amplitude

/T
(2]
C
8
©
o
0y
[2]
©
e
o
Imaginary part
0 i
|
|
g e .
> |
5 1
& 2t-3--4--- s .
|
1
-3 |
0 0.5 1

/T
Phase Spectrum

M3.2 It should be noted that Program 3_1.m uses the function freqgz to determine the

samples of a DTFT that is rational function in e /®, ie. aratio of polynomials in

e /®. Their inverse DTFTs are two-sided sequences. However, all sequences of
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Problem 3.19 except that in Part (b) are two-sided finite-length sequences of length

2N +1, and their DTFTs have both positive and negative powers of e/, Asaresult,
the frequency sample computed using fregz should be multiplied by the vector

¢/°n evaluated at the frequency points ®,, used in fregz. InParts (a), (c) and (d),

the phase spectra are the plots of the unwrapped phase obtained using the function
unwrap.

Moreover, the DTFTSs of the sequences in Parts (a), (c) and (d) are real functions of ®
and thus have zero phase. More accurate plots of the DTFTs are obtained using the
function zerophase.

-10<n <10, Yl(ejm) _ sm(21c)/2)

otherwise, in@/2) The plots obtained using

@ nlnl={g

Program 3_1.m are shown below:

Real part x 107'* Imaginary part

30

20

10

Amplitude
Amplitude

0

-10

o/T o/T

N
o

- N
o O

Magnitude
S

Phase, radians

Amplitude
o S O

o
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(b) yz[n]:{la 0<n<N, Then Yz(e](D) :e—j(,\)N/Z(

0, otherwise.

obtained using Program 3_1.m are shown below:

Amplitude

Magnitude

(©) yslnl=

using Program 3_1.m are shown below:

10

Amplitude

Magnitude

Real part

15

/T
Magnitude Spectrum
15 T
|
l
100 - .
|
l
SE-h-- - e
|
l
0 |
0 0.5
/T

i

0, otherwise.

Real part

/T

sin(w[N +1]/2
(.[ 1/2) . The plots
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Imaginary part
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. 1 2
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g 1 bomsmsmoe-
2 |
g |
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The plot obtained using the function zerophase is shown below:

apnydwy

(%4

1 sin?(oN/2)

])+_.

1
2
Imaginary part

sin((o[N +
=N- ‘
sin(®/2)

)

Jjo

b

N sin%(w/2)

otherwise.

x 10"

Real part

spnydwy

Phase Spectrum

Magnitude Spectrum

apnubey

0.5
o/T

The plot obtained using the function zerophase is shown below:

epnydwy

o/n
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_jcos(mn/2N), =N <n<N,
(&) ysln]= { 0, otherwise.

1 sin((co—;v)(N+;))

1 sin((co+%)(N+l))

2 °. The plots obtained using

Ys(e/®)=—-
. b
sm((co—ﬁ) / 2)

+§. sin((co+%)/2)

Program 3_1.m are shown below:

Real part

15

Amplitude

T
|

|

|
-
|

|

|
-
|

|

|

|

|

|

1

%

Magnitude

Amplitude

x 10" Imaginary part

|
|
0.5H---------- -
l
O |
|
|
05| e
|
l
0 0.5 1
o/T

Phase, radians

Phase Spectrum

25

Amplitude
—_ —_ nN
o (6] o (6] o

0.2418(1+0.139¢ 7/ —0.3519 ¢ /2? 1+.(0.139¢7/3® 4 p=/4®)

M3.3 (a) X(e/®)=

1+0.2386¢7° +0.8258 ¢ /2® 4+ 0.1393¢ /3 1 0.4153¢ /4

The plots obtained using Program 3_1.m are shown below:
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Real part Imaginary part

1
0.5
(O] (O]
8 8
s 5 0
E E
-0.5
-1
/T /T
Magnitude Spectrum
1 ~—-
|
0.8 - "
[ ! &
E 0.6 ———i ——————————— 3
© 04 - g
- (2]
= | 8
0.2 e o
|
|
O |
0 0.5
/T
—j —-j2m —j3m
i 0.1397(1-0.0911¢™7/® +0.0911 ¢ /°® —¢7/
(b) X(e®)= 212N )

1+1.1454¢77® +0.7275 ¢ 2© 4+ 0.1205¢ /3¢

The plots obtained using Program 3_1.m are shown below:

Real part Imaginary part
0.8 0.6 ‘
0.6 0.4
o) o
S o4 S
= = 0.2
g 02 g
< <
0 0
-0.2 -0.2
/T /T
2
() [
2 8
g g
(O]
©
o

M3.4 % Property 1
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M3.5

N = 8; % Number of samples in sequence
gamma = 0.5; k = 0:N-1;

= exp(-j*gamma*k); yv = exp(-j*gamma*fliplr(k));

r = x[-n] then vy r{n-(N-1)]

so if Xl(exp(jw)) is DTFT of x[-n], then

X1l (exp(jw)) = R(exp(jw)) = exp(jw(N-1))Y(exp(jw))
Y,w] = freqz(y,l 512);
1 (N

II~e

= exp (J*w* 1)) .*Y;

= 0:511; w —pl*m/512
= fregz(x,1,w);
Verify X = X1

00 X B X — 00 00 0° X

Property 2

= 0:N-1; yv = exp(j*gamma*fliplr(k));
Y,w] = freqz(y,l 512);

1 = exp(j*w*(N-1)) .*Y;

X, w] = freqz(x,l,512);

Verify X1 = conj (X)

O — X — X o

o

Property 3

vy = real (x);

[Y3,w] = fregz(y,1,512);

m = 0:511; wO = -pi*m/512;

X1 = freqgz(x,1,w0);

[X,w] = fregz(x,1,512);

% Verify Y3 = 0.5*(X+conj (X1))

% Property 4
= j*imag(x); [Y4,w] = fregz(y,1,512);
Verify Y4 = 0.5* (X-conj(X1))

o0 K

o

roperty 5

:N-1; v = exp(-j*gamma*fliplr(k));

Xcs 0.5*[zeros(1,N-1) x] + 0.5*[conj(y) zeros(1l,N-1)1];
xacs = 0.5*[zeros(1,N-1) x] - 0.5*[conj(y) zeros(1l,N-1)1;
[Y5,w] = freqgz(xcs,1,512);

[Y6,w] = fregz(xacs,1,512);

Y5 = Y5. *exp(j*w*(N—l));

Y6 = Y6.*exp(j*w* (N-1));

% Verify Y5 = real(X) and Y6 = j*imag (X)

AN o°
I}
I © 0

N = 8; % Number of samples in sequence

gamma = 0.5; k = 0:N-1;

X = exp(gamma*k); y = exp(gamma*fliplr(k));
xev = 0.5*([zeros(1,N-1) x] + [y zeros(1l,N-1)1);
xod = 0.5*([zeros(1,N-1) x] - [y zeros(1l,N-1)1)
[X,w] = fregz(x,1,512);

[Xev,w] = fregz(xev,1,512);

[Xod,w] = fregz(xod,1,512);

Xev = exp(j*w* (N-1)) .*Xev;

7
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Xod = exp(j*w* (N-1)) .*Xod;

% Verify real(X) = Xev, and j*imag (X) Xod

M3.5

input ('The length of the segeunce
0:N-1; gamma = -0.5;

exp (gamma*k) ;

is an exponential segeunce
sin(2*pi*k/ (N/2));

1s a sinusoidal sequence with period = N/2
G,w] = freqgz(g,1,512); [H,w] = freqgz(h,1,512);

I
—
<~

— o0 T X EH
S50 Q

Q

% Property 1

alpha = 0.5; beta = 0.25;

vy = alpha*g+beta*h; [Y,w] =
fregz(y,1,512);

Q

% Plot Y and alpha*G+beta*H to verify that they are equal

% Property 2

n0 = 12; % Sequence shifted by 12 samples
v2 = [zeros(1l,n0) gl;

[Y2,w] = freqgz(y2,1,512);

GO = exp(-j*w*n0) .*G;

Q

% Plot GO and Y2 to verify they are equal

% Property 3

w0 = pi/2; % the value of omegal = pi/2

r = 256; % the value of omegal in terms of number of
samples

k = 0:N-1; y3 = g.*exp(j*w0*k) ;

[Y3,w] = freqgz(y3,1,512);

w = -wO+pi*k/512; % creating G(exp (w-w0))
Gl = freqgz(g,l,w);
% Compare Gl and Y3

Property 4
= 0:N-1; v4 = k.*qg;
Y4,w] = fregz(y4,1,512);
To compute derivative we need sample at pi
y0 = ((-1).%k).*g;
G2 = [G(2:512)"' sum(y0)]1';
delG = (G2-G)*512/pi;
Compare Y4, delG

o0 — X o°

oe

o

Property 5

v5 = conv(g,h);

[Y5,w] = fregz(y5,1,512);
% Compare Y5 and G.*H

% Property 6
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Ma3.7

M3.8

M3.9

y6 = g.*h;
[Y6,w] fregz(y6,1,512, 'whole');
[GO,w] freqgz(g,1,512, 'whole');
HO,w] fregqz (h,1,512, 'whole') ;
Evaluate the sample value at w = pi/2
and verify with Y6 at pi/2
Hl1 = [fliplr(HO(1:129)') fliplr(HO(130:512)"')]"';
val = 1/(512) *sum(GO.*H1) ;
Compare val with Y6(129) i.e., sample at pi/2
Can extend this to other points similarly

o° 00 —
i

o° o°

o

Parsevals theorem
vall m = sum(g.*conj(h)); val2 = sum(GO.*conj(HO0))/512;
% Compare vall with val2

Jjo
The DTFT of nh[n] is jdH;ew ). Hence, the group delay t,(w) can be computed at a
set of N discrete frequency points o, =2nk/N,0<k <N —1, as follows:
_ DFT{nh[n]}
Te(0p) = Re( DFT{h[n]} j

where all DFTs are N —points in length with N greater than or equal to the length of
{hln]}.

h = [3.8461 -6.3487 3.84617];

[H,w] = fregz(h,1,512);

plot (w/pi,abs(H)); grid

xlabel ('\omega/\pi'); ylabel('Magnitude') ;

15

-
o

Magnitude

[é;]

0 0.2 0.4 0.6 0.8 1

h = [-13.4866 45.228 -63.8089 45.228 -13.4866];
[H,w] = fregz(h,1,512);

plot (w/pi,abs(H)); grid

xlabel ('\omega/\pi'); ylabel (Magnitude) ;
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