DSP First, 2/e

Lecture 23

Frequency Response,
H(z), Poles and Zeros

for IIR and FIR Systems
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READING ASSIGNMENTS

This Lecture:
Chapter 9, Sects. 9-5 and 9-6
Chapter 10, Sects. 10-5 and 10-7
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LECTURE OBJECTIVES

THREE DOMAINS: H(e'?)

ZEROS and POLES
Relate H(z) to FREQUENCY RESPONSE

H(e)=H(z)|,

Four demos: PeZ, 3-Domain movies
Placing Poles and Zeros

Bandpass Filters: IIR

Nulling Filters: FIR  Notch Filters: [IR
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H(z) = by + b2 |- TRANSFORM-DOMAIN

1-az POLYNOMIALS: H(z)
j
z=¢’
a,,b
TIME-DOMAIN { ¢ k} FREQ-DOMAIN
y[n] =a,y[n-1]+byx[n]+bx[n-1] H (e)%) = b, + ble‘j‘?’

Impulse response, h[n] 1- ale‘jf”
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Motivation: Filter Design

H(z) = Rational Function

Some tasks/analysis easier in one domain
Freq domain: system response to sinusoids
Time domain: calculate output to any signal
Z-domain: given specs, build a filter

Can we design a filter that removes DC and
sinusoids at frequency o =7/3 ?

Z-domain reduces this to polynomial roots
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First Order:

b, +hz

H(z) =
(2) 1-a,z"

We can also study Second-Order Systems:

b, +bz " +b,z?  B(z)

H(z) = —
@) 1-az'-a,27° A2)

Numerator & Denominator Polynomials
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POLES & ZEROS of H(z)

Poles/Zeros of 1st-order H(z)

Zeros of H(z), i.e., where is H(z)=07?

Look for Roots of Numerator Polynomial

H(z)=@, so B(z,)=0= H(z,)=0

AZ) if A(zy)=0

Poles of H(z), i.e., where is H(z)=infinity?
Look for Roots of Denominator Polynomial

H(Z)=%, S0 A(zy) =0 = H(z,) >

if B(z,)#0
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Roots of Numerator & Denominator Polys:

1+bz™
H(z)= 1
(2) 1-0.827"
_ z(1+bz™)  z+b
z(1-0.8z7") z-0.8

H(z)

Poleat:z =0.8| |Zeroat:z =—-b,
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3-D VIEWPOINT:
EVALUATE H(z) EVERYWHERE

PHASE from 3-D PLOT

Poleat:z =0.8|
H(z) = ——
12 | © = 1 — 0.8z71
10
s J|Zeroat:z=0
6
4
2
0
UNIT CIRCLE i

FREQ. RESPONSE from H(2)

UNIT CIRCLE: RECAP

H(e")=H(z)|,

Relate H(z) to FREQUENCY RESPONSE

EVALUATE H(z) on the UNIT CIRCLE
ANGLE is same as FREQUENCY

z=e? (as® varies)
defines a CIRCLE, radius =1
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Imaginary Part

MAPPING BETWEEN Z and @

The Complex z-Plane .
0 Lz=1 & =0
03 z=-1 & w=1ir
" I=t] © w=tir

Real Part
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Frequency Response from
poles and zeros

IR H(z) example: two poles

e/? — 71| |e/? — 2,

|H (/") = G — _
e/ — p1]]e/” — paf

Poles just inside the unit circle (for stability)

1
2,2-7:Z () = 097771 092007
[ I ) . .
H (/)] = G=——aes B — +0.972 " + Z
1 L2 - -
_ //1\ 2 Poles:z =0.97e*27/3| (2 Zeros:z=0,0
Ay
Y ST MATLAB: roots( ) and poly( )
7 — 7 7 — 7 i\,
Hiz) =G (2 —2)(@ —22) R roots( [1, 0.97, 0.9409] )
2= p)E—pa) . poly( 0.97*exp(j*2*pi*[1,-117/3) )
MOVIE for H(z) in 3-D Frequency Response from H(z)
POLES to H(z) to Frequency Reponse Walking around the Unit Circle
TWO POLES SHOWN | e e
cm T:fjmm o Pole-Zero Plat P
o T S S @L_____T

__________________




THREE DOMAINS: H (') 3 DOMAINS MOVIE: FIR

-1 ZEROS on l
H(z) = 2 +b12_1 Z-TRANSFORM-DOMAIN O eRoLE | o rerset [A(2)
1-a,z POLYNOMIALS: H(z) '
2 iE: ,_ DTFT: MAGNTUDE RESPONSE
; ((A) 7 )
Z=¢' “
{a( ) bk} FREQ-DOMAIN IMPULSEI::;;ZJHNSE: hin] DTFT: PHASE RESPONSE(DEGREES)IT
TIME-DOMAIN : T SRS EEEEEEEEE
yl=ayin bl ebd -l ey Dy+be - T"""‘"""“""""""""'h[n] pEEEE S
—ja 5 I A
|mpU|Se response, h[n] 1_ aj_e ¢ 5 0 5 W 1 25 30 3 05 04 03 b2 01 0 01 02 13 04 05
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3 DOMAINS MOVIE: IR 7 IR MOVIES @ WEBSITE

: |
b ﬁf H(Z) http://dspfirst.gatech.edu/chapters/08feedbac/demos/3_domain/index.html
n:-| ) | . 1
g0 3 DOMAINS MOVIES: IIR Filters
E* e DTFT: MAGNITUDE RESPONSE . ..
-?4,_: g . o N T B One pole moving and a zero at the origin
=y of One pole and one zero; both moving
oy :: : e Two complex-conjugate poles moving radially
S MOiES{ Respan L e i e Two complex-conjugate poles moving in angle
IMPULSE RESPONSE: hinl DTFT: PHASE RESPOMNSE (DEGREES) H (eja,}) Movement Of a Zero In a tWO-pOIG Fllter
. Radial Movement of Two out of Four Poles
e mH“HlTT“nm, ,,,,, /_\_// Angular Movement of Two out of Four Poles
a5} h[n] 90 ]
= s - 18 lnﬁ % s 28 33 _Ia-%'s i i _::m::uld F,:q“n:;: “nz': L L I Aug 2016 © 2003-2016, JH McClellan & RW Schafer 22




Reminder:
4 FIR MOVIES @ WEBSITE

Remove Interference

http://dspfirst.gatech.edu/chapters/08feedbac/demos/3_domain/index.html

3 DOMAINS MOVIES: FIR Filters

Two zeros moving around UC and inside
Three zeros; one held fixed at z = -1
Ten zeros; 9 equally spaced around UC; one moving

Ten zeros; 8 equally spaced around UC; two moving
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Design a NOTCH filter (Find a, and b, )

To Reject completely 0.7n
This is NULLING
Zeros on UC 2/eros:z=e

Make the frequency response magnitude FLAT

away from the notch. |2 Poles: z = 0.97e*/%"~
Use poles at the same angle

Z-POLYNOMIALS provide the TOOLS
PEZDEMO GUI

+j0.7x

Aug 2016 © 2003-2016, JH McClellan & RW Schafer 24

PeZ Demo: Pole-Zero Placing

Complex POLE-ZERO PLOT

<) Pole-Zero GUI =1olx|
File Ecit Options Help
pp| zz|pz| —Pl—Z | —Al Add Fapeatedly | Addwith Conjugate | Zoom Ensble | ClickEnable | Uniink | Fitter Coefiicients | Shaw Graph |
Pole-Zero Plot
18 : Pole Location Zero Location
; (052941, 055017 ) B (0.98616,0)
1 (0.52841.-055017 Gain |(-0.98616,0)
05 x !
0 [} : Q
05 x 7
. ; - _~| o
7 S
Edit | Delete Ecit |Delete
15 i
45 4 05 0 05 1 15
Impulse Response real part Magnitude Response Phase Response
il 4 5 3
""""" a AN 2
05 K magnaypst |- ) 1/ N
0 o v— JARAY ol -\ |\
2 X
\J 1 '
0.5 System 1 S
A
q stable 0 3
1
0 10 20 2 2 0 2 2 0 2
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0.5 1-0.92"+0.81z72

Magnitude Response

Where is
the peak?

1 - - omega-hat

0.5

fiee | [y 1=04827
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h[n]: Decays & Oscillates

— AF

3 DOMAINS MOVIE: IIR

“PERIOD” 6-I - POLE MOVES
0.5 5 : 1+2"
ole o e Bt 1-1.362" + 0.91827 H(z)
% ol - “ DTFT: MAGNITUDE RESPONSE
-1k 1 . d e
11— : time index (n) st “Rg it 05 04 03 02 -ol1 S 02 08 TS
x IMPULSE RESPONSE: hn] mnTFT PHASE RESPONSE (DEGREES) H(w)
0.5 hinl N
0 60 h[n] = (0.9)" cos(zn/3)u[n] '-—Tﬂ" JT’%’”’%“@“ e
-0-5 : x\\‘\\ 20 3o 8-05 -04-':I3';:;Z‘I -0;F0q01‘:.2 :3 0.4 0.5
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SINUSOIDAL RESPONSE POP QUIZ
x[n] = SINUSOID => y[n] is SINUSOID Given: 919771
Get MAGNITUDE & PHASE from H(z) H(z) = 1-08,"
J - .
If X[n]= glon Find the Impulse Response, h[n]
% % Find the output, y[n
then y[n]=H(e!?)ei" e e output, v
en
. X[n] = c0s(0.257n)
where H(e)=H(z)|_ .
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Evaluate FREQ. RESPONSE POP QUIZ: Eval Freqg. Resp.
1, |DCIis @ = O]—_ Magritude Response 2+22_11 at &=0.257| n
Nt —n 1-0.82° Given: [ (7) = 24277
: . 1-0.827|
5] Find output, y[n], when W] = 0s(0.257zn)
““-I/ Evaluate at S o l0Br
2+2(2 - %) i
: H(@) = 086 5 =5.182¢ 71
Au _2_6 B _zNormalized?:requency c?>2 ) 6 31 y :n] — 5'182 COS(O'257Zn - 0'4177Z-)




