Digital Signal Processing
using MATLAB

4. The z — Transform

Two shortcomings to the Fourier transform
approach

1. useful signals in practice for which the
discrete—time Fourier transform does not exist

[ ex) u(n), nu(n) |

2. the transient response of a system due to
initial conditions or due to changing inputs
cannot be computed using the discrete—time
Fourier transform aproach

z=Transform
Extension of the discrete—-time Fourier
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THE BILATERAL z=TRANSFORM

1. the z-transform of a sequence x(n)

0

X(2) = Z[x(n)] = Y x(n)z™"

n=—00

ROC (region of convergence)
Set of z values for which X(z) exists

R, <|z|<R,,
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THE BILATERAL z-=TRANSFORM

2. inverse z—Transform of a complex
function X(z)

x(n)=Z[X(2)]= i §C X(2)z"'dz

[c : counterclockwise contour encircling the
origin and lying in the ROC]
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THE BILATERAL z=TRANSFORM

Comments:

1. z(complex variable) : complex frequency
z=z|e
| z| : attenuation
w: real frequency

2. shape of the ROC is an open ring
Figure 4.1
May be R, =0, R, =
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THE BILATERAL z-=TRANSFORM

3.1f) R, <R,
then) ROC is a null space and z-
transform does not exit
4.1if) /z/=1 (or z=e'")
then) unit circle
If) ROC contains the unit circle
Then) evaluate X(z) on the unit circle

X(2)|_=X(e™)= Y x(me = Flx(n)]

n=-w

S DTFET 1s a special case of the z—Transform
X(z)
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EX

Example 4.1 (positive—time sequence)
Let) x,(n)=a"u(n), 0<al<o

Then) x,(5)=3 (& =—— if |2k1
5 z z

l-a
z
=—= |zplal= ROC,:|a|| z|< »
Rx— Rx+
Note : X(z)is rational function
B(z z
X, (2) = (2) =
A(z) z-a
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B(z) = z: numerator polynomial

A(z) = z—a : denominator polynomial
Root of B(z): zeros of X(z) (X,(z), z=0)
Root of A(z): poles of X(z) (X,(z), z=a)

Pole-zero diagram in z—plane
FIGURE 4.2 (the ROC in ex4.1)

Zeros . 0
Poles : x
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Example 4.2 (negative-time sequence)
Let) x,(n) = -b"u(-n—-1), 0<|bl<oo

Then) X2 =3B =3y =3 Gy

O 1 z
=1->EF)"=1- = , ROC,:0<|z|<|b
2@ =l oy ROC:0zidb]

R R

X— X+

FIGURE 4.3 (the ROC in ex4.2)
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Example4.3 (two-sided sequence)
Let) %(n)=x(n)+x,(n)=a"u(n)—b"u(-n-1)
Then) x,(z)= ia"z*" —ib”z*"

z

:{Z_

z z
= -
zZ—da z—

FIGURE 4.4 (the ROC in ex4.3)

, ROC, : |z|>|a|}+{i, ROC,:0<|z|<|b|}
a z-b

ROC, : ROC, N ROC,
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PROPERTIES OF THE ROC

1. ROC i1s always bounded by a circle
2. x,(n)=a"un) ( x,(n)=0, n<ny)

Special case of a right—sided sequence

ROC (right-sided sequence) ¥ 9+
always outside of a circle of radius & _
If) n,=0
Then) right-sided sequence is causal sequence

Digital Signal Processing Using H2SHIEF DSP A7 1
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3.x,(n)=-b,u(-n-1) ( x,(n)=0, n>n,)
Special case of a left sided sequence

ROC (left-sided sequence) B¢ +=
Always inside of a circle of radius &,
If) n, <0

Then) left-sided sequence is anticausal
sequence

4. x4=x,(n)+x,(n)
Two-sided sequence
ROC : always an open ring R._< /z/ <R,
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5. 17(17] , n>n, oA 0 <1 S
lete duratlon sequence

ROC : the entire z—plane

If) n,<0

Then) z=<0is not in the ROC

If) n,>0

Then) z=01is not in the ROC
6. ROC cannot include a pole
7. there 1s at lest one pole in the boundary
of a ROC of a rational X(z)
8. ROC 1s one contiguous region ; that is, the
ROC does not come 1n pieces

Digital Signal Processing Using H2SHIEF DSP A7 13
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IMPORTANT PROPERTIES OF THE
z—TRANSFORM

1. linearity :
zla;x,(n)+ ax,(n)] = a,X,(z) + a,X,(2)
ROC : ROC,, N ROC,,
2. sample shifting :
z[x(n-n,)] =z"X(z) ; ROC : ROC,
3. frequency shifting :

zla"x(n)]=X(z/a) ; ROC : ROC scaled by
| al
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4. Folding

z[x(-n)] = X(1/z); ROC : Inverted ROCx
5. Complex conjugation :

z[x#(n)] = x*(z*) ; ROC : ROCx
6. Differentiation in the z— domain :

Z[nx(n)]z—z% ; ROC : ROCx
Z
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7. Multiplication
Z[x,(n)x,(n)] = ZL § X ()X, (z/v)v
Iq c

ROC : ROCx N inverted ROCx2
¢ : closed contour that encloses the
origin and lies in the common ROC
8. convolution :
zlx,(n)*x,(n)] = X;(2)X,(2) ;
ROC : ROC,; N ROC,,
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Example 4.4
Let) X,(z)=2+3z"+4z7
X,(z2)=3+4z"+5z27 + 62
X;5(2) = X(2)X,(2) ?
sol)

>>x1 =1[2,3,4] : x2 = [3,4,5,6];
>> x3 = conv(x1,x2)

x3= 6 17 34 43 38 24

X, (z2)=6+17z" +34z7 +4327° +38z7 + 2477
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Example 4.5
Let) X,(z2)=x+2+3z"
X,(z2)=22"+4z+3+5z""
X;3(2) = X (2)X,(2) ?

Sol

0 ) >>x1=[1,2,3];nl=[-1:1] ;

>>x2 = [3,4,5,6]; n2=[-2:1] ;

>> [x3,n3] = conv_m(x1, n1, x2, n2)
x3= 3 10 22 28 27 18
nd= -3 -2 -1 0 1 2

X,(2)=22" +82" +17z+23+19z7" +15z7°

Digital Signal Processing Using HE SIS DSP A4
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Deconvolution
MATILAB

[p.rl=deconv(b,a)

Compute the result of dividing o by ain a
polynomial part p and a remainder r

Digital Signal Processing Using FESH TSR DSP ¢ a 19
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SOME COMMON z-TRANSFORM PAIRS
d(n) 1 Vz
1
u(n z[>1
() o 2]
1
—u(n-1) 5 lz|<1
1-z
N 1
a"u(n) 5 lz|<la]
1-az
1
b"u(n z|<|b
(n) v |zkIb
. -1
[a" sin wyn]u(n) (asinw, )j — [zl a]
1-(2acoswy)z +a'z
1— -1
[a" cos wyn]u(n) (acos w?])z s |zPla
1-(2acoswy)z" +a°z
-1
n az
na"u(n —_— z|<a
() T 2K
-1
—nb"u(—n—1) bz - |z|<|b|
(1-bz7)
20
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Example 4.6
x(n) = (n—2)(0.5)""? cos[= (n — 2)Ju(n —2)

Sol) Applying the sample-shift property

X (2) = Z[x(n)] = 2 Z[n(0.5)" cos(Z)u(n)]

Applying the multiplication by a ramp property

_dZ[{0.5) cos()u(n)]

X(z2)=z7{- 7

}

1-(0.5cos 2)z™"

Applying Table4.1 Z[(0.5)" cos(Z)u(n)] = z[>0.5
pplying [(0.5)" cos(B)u(n)] 12005005 5)z" 402527 [z]
Hence
1 _ . ), —0. -2 . -3 —0. -4
xo= 4y (0.5c0s %)z po gy 0252740527 ~00625

dz 1-2(0.5 cos%)z’1 +0.25z7
=025z +0.527*-0.0625z"°
1-z7+0.75z272 -0.25z7° +0.0625z~*
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1-z7'40.75272-0.2527° +0.0625z~*

}
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?b=[0,0,0,0.25,-0.5,0.0625];
?a=[1,-1,0.75,-0.25,0.0625];
?[delta,n]=impsea(0,0,7)

delta = 1 0 0 0 0 0 0 0

n= 0 1 2 3 4 5 6 7

?x=filter(b,a,delta)

x=0 0 0 0.2500 -0.2500 -0.3750 -0.1250

?x=[(n-2).x(1/2).~(n—2).*cos(pi*(n—2)/3)].*stepseq(2,0,7)

x=0 0 0 0.2500 -0.2500 -0.3750 -0.1250
Digital Signal Processing Using HEEABEE DSP AR A
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0.0781

0.0781
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INVERSION OF THE z=TRANSFORM

Central Idea - When X(z)is a rational
function of z7Z, it can be expressed as a
sum of simple (first-order) factors using
the partial fraction expansion

Method - Given
by +bz" + .. +b,z"
X(5) =2 M — R <zI<R,,
l+az" +... +ayz” ’
Express it as
-1 ~(N-1)  M-N
X(z) = by +bz j ........ +bN*lZ,V N chz*"
I+az +...+ayz” s
proper rational part polynomial part if M >N
Digital Signal Processing Using YESLSER DSP A7 A
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Perform a partial traction expansion on the
proper rational part of X(z) to obtain.

X(z)=) ———+ > C,z"
k:ll—PkZ_l k=0 *
M>N

R, ——U=pz ),
z

P, kthpoleof X(z)

R, :residuesat p,

If a pole p, has multiplicity r

LR,z R R,z R,z
then) 1k,l _ l:1 £l _— 1 k2 S 1A.r —
7 (1=-pz7) —PiZ (I-pz7) (I-pz™)
Digital Signal Processing Using S LI DSP SR a
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Write x(n1) as
=3 RZ[

1 M-N
—1+ > C,6(n—k)
1_pkzl kz:(; g

M =N

Finally, use the relation from Table 4.1 to
complete

P {piu(n) 2(/< R..
-pju(-n=1) |z <R,
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Example 4.7

z
Inverse z-transform of *®=37-41
Sol) Write

-2 1
z Xz 3Z z
X@)= -

3z -4z 4+ xz7? lféz’lwtéz’z_(lfz’])(lféz’1 - - -

1 1 1 1
X(z)=— -= X(z) —» z, =1, z,=
@ 2[1—2’1) 2[1—;z]j @ ! ?

Figure 4.5

-1

[y

W=
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a. ROC, : I</z/<eo (both pole are on the
interior side of the ROC, /z,/=R,,=1 and
/ﬁguf %L)(n) - % (%)” u(n) right - sided sequence

b ROC, : 0(/2/ <1/3 (both pole are on the

£, - g Kteriol-sitdgof-tht RPE Yz = Ry =11y 5 aived seauence

[ 2,/ <1/3)

xy(n) =——u(-n— )—7( "u(n) two -sided sequence

- c ROC2 : 1/3<t2/ <1 (pole z, is on the exterlor
SE‘T%/‘ASQMISPTHSSWQ Usj gthe ROCSOEC/QCN7 [22-?/5))

MATLAB IMPLEMENTATION

Residues : (MATLAB function)

Compute the residue part and the direct
terms of a rational function in z7!

by+bz " +...... +b,z" _ B(2)

X(2)=
@ l+az" +..+ayt™  Alz)

[R, p, Cl=residuez(b, a)

Digital Signal Processing Using HE SIS DSP A4
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Similarly

[b, al=residuez(R, p, C)

If) plk) = -+ = p(k+r-1)is pole multiplicity
I,
Then) R, R, R,
I-pz” (=-pz?)’ (1-pz)
Digital Signal Processing Using HESALBER DSP AP A 29
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E le 4.8 X@=15—
Z =
Xample <. 3z —4z+1
Sol) i 1 1
X(z) = . z ><zi2 _ zﬁ1 - 0+,1Z -
(Bz" —4z+1) xz 3-4z7 4z 3-4z7 4z
Using MATLAB
b=1[0,1]; R= 0.5000 , .
a=[3-41] -0.5000  y(;)-_2 __ 2
[R.p,C] = residuez(b,a) p= 1.0000 -z 1-1z7
0.3333
c= T[]
[b.a] = residuez(R,p,C) 041z i .
b= -0.0000 0.3333 Xz)= -4z 41272 T3 42427 324241
a= 1.0000 -1.3333 0.3333 ’ ’
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Example 4.9 compute inverse z—transform

X(z)= = .
(1-0.92z")°(1+0.9z7)
Sol)

b=1;a=poly([0.9,0.9,-0.91)

a= 1.0000 -0.9000 -0.8100 0.7290

[R,p,c] = residuez(b,a)

R = 0.2500 + 0.0000i 0.25 0.5 0.25

, 1z]>0.9

0.5000 = 0.0000i **) =197 o9. 7y Fiige 0 P07
0.2500 j
b= 0.9000 +0.0000i —— 22 93, 092 02 1 g4
0.9000 - 0.0000i 1-0.9z 09 (1-09z7)" 1+0.9z
—-0.9000
c= [l
Digital Signal Processing Using FESH TSR DSP ¢ a 31
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Using TABLE 4.1
x(n) = 0.25(0.9)" u(n) + g(n +1)(0.9)" u(n + 1)+ 0.25(=0.9)" u(n)

x(n) =0.75(0.9)" u(n) + 0.51(0.9)" u(n) + 0.25(-0.9)" u(n)
<HIEL> b, a A5 o] &3 filter & 73 24,
x(n)# MATLAB= o] &3 vl gt}

[delta,n] = impseq(0,0,7) ;

x=filter(b,a,delta)

x= 1.0000 0.9000 1.6200 1.4580 1.9683
1.7715 2.1258 1.9132

=(0.75)*(0.9).”n+(0.5)*n.*(0.9).”"n+ (0.25)*x(-0.9).”n

= 1.0000 0.9000 1.6200 1.4580 1.9683
1.7715 2.1258 1.9132

X
X
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Example 4.10 inverse z—transform
14044227

X(2)=
@ 1-0.82z7 +0.64z7
Sol)
b =[1,0.4xsart(2)]; R= 0.5000 - 1.0000i
a=[1,-0.8xsqart(2),0.641; 0.5000 + 1.0000i
[R,p,C] = residuez(b,a) p= 0.5657 + 0.5657i
% pole magnitudes 0.5657 — 0.5657i
Mp=abs(p') c= [l
% pole angles in pi units
Ap=angle(p')/pi Mp = 0.8000 0.8000
Ap = -0.2500 0.2500
X(z) = 0.5+ B 0.5—-j 1z 08

—jZn 1 JEn -1
1-10.8]e "+ z 1-10.8]e’" z
Digital Signal Processing Using YESLSER DSP A7 A 33
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Using TABLE 4.1 )
x(n)=(0.5+ 7)]0.8]" e’ "u(n) +(0.5—-7)|0.8|" &’ "u(n)

n

=0.8]" [0.5( T + e ™1 4 jle” ™ + !V u(n)
=0.8]" [cos(%) + ZSin(%)]u(n)

<H]AL> b, a AlFE o] &3 filter = 73 A¥ x(n)
7 MATLABS o] &-3f H]aLght}.
[delta,n] = impseqa(0,0,7) ;
x=filter(b,a,delta)
x= 1.0000 1.6971 1.2800 0.3620 -0.4096
-0.6951 -0.5243 -0.1483
x=((0.8).”n).*(cos(pi*n/4)+2*sin(pi*n/4))
x= 1.0000 1.6971 1.2800 0.3620 -0.4096
-0.6951 -0.5243 -0.1483
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SYSTEM REPRESENTATION IN THE
z—DOMAIN

H(z) : system function, z—domain function
DEFINITION1 7he System Function
H(z) = Z[hn)] = Y hm)="; R, <z <R,

Convohﬂkﬁlpropeﬁy
Y(z) = H(z)X(z) - ROC, ROC, N ROC,

X(z) — H(z) — Y(z2) = H(Z)X(2)

Digital Signal Process ing Using HEEABEE DSP 01 A!
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SYSTEM FUNTION FROM THE
DIFFRENCE EQUATION
REPRESENTATION

LTI system (described by a difference
equation)

y(n)+ Zaky(n —k) = ZbIX(n =)

Digital Signal Processing Using HE SIS DSP A4
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z=Transform

Y(z)+ iakz’kY(z) = iblz’lX(z)

N b
27! byz ™M (2" + .+
H(z)=L = __ = _B@) _ b,
- N -N/_-N
X(2) 1+ gz A(z) MV +otay)
k=1
M
H(Z -z)
H(z)=byz" ™" b —— Zz,: system zeros
H(Z—Pk) 0y - system poles
k=1
Digital Signal Processing Using HESAREL DSP AR A
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MATLAB function

roots : determine zeros and poles of

rational H(z)

poly : determaine polynomial coerrieients

from its roots

zplane(b,a) :plots poles and zeros, given the

numerator row vector b and the
denominator row vector a.
0 : zeros

X ! poles

Digital Signal Processing Using HE SIS DSP A4
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TRANSFER FUNCTION
REPRESENTATION

If) ROC of H(z)includes a unit circle (z=e/")

Then) H(z) on the unit circle
That is => H(e™)

(frequency response, transfer function)

From 4.21
1" -=)

H(Z) — b ej(N—M)w 1
0

1" -p)
FIGURE 4.6 pole and zero vector

Digital Signal Processing Using HEEABEE DSP 01 A!
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Magnitude response function
le™ —z |...|e" -z, |

| H(e™) = by |
- D ‘|€ — Py |

Jw Jw

|e

Phase response function

ZH(e™) = [00r7r]+[(N—M)w]+iL(ejw —zk)—ié(ejw -p)

constant linear nonlinear

Digital Signal Processing Using HE SIS DSP A4
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MATLAB IMPLEMENTATION
freqz :
[H, w] = freqz(b, a, N)
b ,a : numerator, denominator coefficients
N : N point equally spaced
w . N point frequency vector
H : N-point complex frequency response vector
[H, w] = freqz(b, a, N, ‘whole’)
N point around the whole unit circle for compute
H = freqz(b, a, w)

The frequency response at frequencies designated
in vector w, normally between O and =«

Digital Signal Processing Using H2SHIEF DSP A7 41
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Example 4.11 given a causal system
y(n)=0.9y(n—-1)+ x(n)

A. find H(z), pole-zero plot
Sol) from Table 4.1

1
H(z)=———— |z509
B= 109 17

b=1[1,0];a=[1,-0.9]:

[H1,H2,H3] = zplane(b,a):
set(H1,'markersize',10,'color',[0,1,01);
set(H2,'markersize', 10, 'color',[1,0,01);
title('Pole—=Zero Plot');
text(0.85,-0.1,'0.9');text(0.01,-0.1,'0");
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Pole-Zero Plot

" D ]
- | N
0.8} //” | S i
, I S
0.6] 7/ : \\ J
0.4 // : \\ i
E 0.2+ / : \\ 4
! \
) S L N
) . 0 0.9
g -02f \ I I 4
= \ | /
0.4+ \\ : /’ 4
0.6 N : /// |
08} AN : 7 E
SO | B _
1F e B
1 0.5 6 0.5 1
Real Part
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B. plot /H(e)/ and < H(e")
[H,w] =freqz(b,a,100);
magH = abs(H) ;
phaH = angle(H);
subplot(2,1,1) ; plot(w/pi, magH) : grid
xlabel('frequency in pi units') ; ylabel('Magnitude') ;
title('Magnitude Response');
subplot(2,1,2) ; plot(w/pi, phaH/pi) ; grid
xlabel('frequency in pi units') ; ylabel('Phase in pi unit ') ;
title('Phase Response');
Digital Signal Processing Using HEEABEE DSP AR A
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Magnitude Response

10 T T T T T T T T T

| | | | | | | | |
Bl e e T e it e

o | | | | | | | | |
R e e e B i e e e A e

g | | | | | | | | |
|7 T NG

= | | | | | | | |
ey

| i | | | | |

0 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ﬁ'eci]uenc in pi units
ase Response

P

=
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C. determine the impulse response A(n)
Sol) from the z —transform Table 4.1
1
hn)=Z"——— ,|z[>0.9|=(0.9)"u(n
(n) 09,0 |z ] (0.9)"u(n)
Digital Signal Processing Using HEEABEE DSP AR A 46
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z+1
Examp|e 412 H(Z):ZZ—O.9Z+O.81
A. transfer function representation
Sol) substituting z=¢” in H(z)
e +1 B e +1
2 _0.9¢” +0.81  (e” —0.9¢" ) (e —0.9¢77"%)
B. difference equation representation
Sol) H(z) = Y(2)/X(z)
Y(z): z+1 (ZZJ: z7 42"
X(z) z*=09z+081\z2) 1-09z7"+0.81z2
Y(2)-0.9z"Y(2)+0.81z°Y(2) =z X (2) + 22 X (2)
Inverse z transform  y(n)—0.9y(n—-1)+0.81y(n—2)=x(n—1)+ x(n—-2)
Or  y(n)=0.9y(n-1)-0.81y(n—-2)+x(n—1)+x(n-2)

H(e™) =
e

2

Digital Signal Processing Using HEEABEE DSP 01 A!
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C. impulse response representation.
Sol) using MATLAB

b=[0, 1, 11; a=[1, -0.9,0.811;
[R,p,C] =residuez(b,a)

R= -0.6173 — 0.9979i
-0.6173 + 0.9979i
p= 0.4500 + 0.7794i
0.4500 - 0.7794i
C= 1.2346

Mp=abs(p')
Mp = 0.9000 0.9000

Ap = angle(p')/pi
Ap = -0.3333 0.3333

Digital Signal Processing Using HE SIS DSP A4
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~0.6173+ j0.9979 —0.6173— j0.9979
1-10.9]e "z " 1-]0.9] ez

H(z) =1.2346 +

Hence from Table 4.1
h(n) =1.23465(n) +[(=0.6173 + j0.9979) | 0.9|" e /™" +(-0.6173 - j0.9979) | 0.9|" &/™"* Ju(n)
=1.23465(n)+| 0.9 |" [—1.2346 cos(zm / 3) +1.9958 sin(zm / 3)Ju(n)
=[0.9|" [-1.2346 cos(zm /3) +1.9958sin(7m / 3)Ju(n —1)

Digital Signal Processing Using H2SHIEF DSP A7 49
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RELATIONSHIPS BETWEEN SYSTEM
REPRESENTATIONS

Express H(z)in Z-7 H(z)
cross multiply and

take inverse

ke inverse

Take
z—transform
solve for Y/

Diff Ean hin)
- 1
P
Substitute | Take inverse /
z=e" | 4 DTFT PR
Take DTF +’ _ # Take Fourier
solve for Y/X - transform

H(ew) = =
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MATLAB




STABLITY AND CAUSALITY

LTI Systems the BIBO stability
> I h(k) < o
H(elw) exists
Unit circle /z/=7 must be in the ROC of H(z)
THEOREM 2 z-Domain L7/ Stability

An LTI system is stable if and only if the unit
circle is in the ROC of H(z)

Digital Signal Processing Using H2SHIEF DSP A7 51
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THEOREM 3 z—Domain causal LT/
stability

A causal LTI system is stable if and only if
the system function H(z) has all its poles
inside the unit circle.
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Example 4.13 causal LTI system (by
difference equation)
y(n)=0.81y(n—-2)+x(n)—x(n—-2)
A. the system function H(z)
Sol) from(4.20)
Y(2)-0.81z7Y(z) = X(2) -z X (2)
_Y(2) 1-z72 _ 1-z72

X(z) 1-081z2 (140.9z7)1-0.9z")
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B. the unit impulse response A(n)
Sol) using MATLAB

b=[1, 0, -1]; a=[1, 0, —0.811];
[R,p,Cl=residuez(b,a)
R

= -0.1173
-0.1173

p= 0.9000
—-0.9000

C= 1.2346

—0.1173%, 12> 0.9

H(z)=12346-0.1173 1
1+0.92" 1-0.9z

from table 4.1
h(n) =1.234656(n) —0.1173{1+ (-1)"}(0.9)" u(n)
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C. unit step response v(n) |
Sol) from table 4.1 Z[u(n)]=§, lz[>1

V(z)=H(z)U(z):{ (=)= }{ 171},|z|>0.9m|z\>1

(1+0.9z7)(1-0.9z7") | [1-2

-1

- l+z —2>0.9
14+0.9z7)1-0.9z7)
or
1 1

V(z) =1.0556————-1.0556————, |z]>0.9

1-0.9z 1+0.9z
finally

v(n) =[1.0556(0.9)" —0.0556(—0.9)" Ju(n)
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D. the frequency response function H(e"*), and
plot its magnitude and phase over 0=<w=<mx
Sol) substituting z=e* in H(z)
l_eﬁfZW

HEe")y=——
™) 1-0.81e /"

w=[0:1:500]*pi/500;

H=freqz(b,a,w);

magH=abs(H); phaH=angle(H);

subplot(2,1,1); plot(w/pi,magH); grid

xlabel('frequency in pi units'); ylabel(‘Magnitude')

title('Magnitude Response')

subplot(2,1,2); plot(w/pi,phaH/pi); grid

xlabel('frequency in pi units'); ylabel('Phase in pi units')

title('Phase Response')
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