ESE 531: Digital Signal Processing

Week 7
Lecture 14: February 28, 2021
Frequency Response of L'TT Systems

LY}

' o ‘
Penn ESE 531 Spring 2021 — Khanna 0. e I l I l
Adapted from M. Lustig, EECS Berkeley



Iecture Outline

0 Frequency Response ot LTI Systems
= Magnitude Response
= Simple Filters

= Phase Response

= Group Delay
= Example: Zero on Real Axis

= Example: Higher order systems

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley



Frequency Response of L'TT Systems
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Frequency Response of 'TT System

o LTI Systems are uniquely determined by their impulse
response -

y[n]= E x[k] h[n—k]=x[k]>x<h[k]

k=—OO

0 We can write the input-output relation also in the z-domain

Y(z)=H(z)X(z)

0 Or we can define an LTI system with its frequency response

rlen)= e )x(e”)

a0 H(e®) defines magnitude and phase change at each

frequency

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley



Frequency Response of 'TT System

rler)=fen)x(e”)

0 We can define a magnitude response
Y (ej“’)

0 And a phase response

i)

X(e)

LY(ej‘“)=LH(ej“’)+AX(ej‘”)

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley



Phase Response

0 Limit the range of the phase response

—7 < ARG[H (¢/®)] < 7.

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley



Phase Response

0 Limit the range of the phase response

—7 < ARG[H (¢/)] < 7.

arg[ H(e /)] ARG[H(e/)]

i LA N~
T e \ /"

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley



Group Delay

0 General phase response at a given frequency can be
characterized with group delay, which 1s related to
phase

grd[H(e™)] = — < {arg[H(c*)]}

0 More later... \

Unwrapped phase

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley



Linear Ditterence Equations

N M
Zaky[n — k| = Z bxx(n — k
k=0 k=0

Example: Y[n| = z[n] +0.1y[n — 1]

H(2) bo+bi1z 4+ ... +byz™ b 2421(1 —cpz™ 1)
. _
ap+arz7t+...+anz™  ag fcvzl(l — dkz~1)

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley



Magnitude Response

Magnitude of products is product of magnitudes

M e

Jw\| b_O . Hk:O 1 —cre™ ‘
He) = %) i .

a0 |[p—oll —dre7¢

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes
M A
()| = o). ditoll = xe ™
a0 [lpeo |1 — dre=3¢

Consider one of the poles:
|1 — dke—jw| = |6+jw — dk| = |vq]

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes
M _j
L Jw
bo o |1 — cre™7%|

k=0 |1 — dre™7¢|

Consider one of the poles:

|1 — dke_jwl = |6+jw — dk| = |vq]
A
—>
d

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley




Magnitude Response

Magnitude of products is product of magnitudes

H(e”)| = |

bo, ITymoll — cke ]

ago H;cV:O 1 — dke—jw‘

Consider one of the poles:
- e = L))
A
e’”

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes
M A
()| = o). ditoll = xe ™
a0 [T |1 — die3¢|

Consider one of the poles:
N GG
A
e’”
/{I’l
w >

d

k

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes
M _j
L Jw
bo o |1 — cre™7%|

k=0 |1 — dre™7¢|

Consider one of the poles:

|1 — dke_jwl = |6+jw — dk| = |vq]
A

Jjw

e

//
Vl
o
d

k

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley




Magnitude Response

Magnitude of products is product of magnitudes

M A
bo 1 — cxre 7%

Consider one of the poles:

11 — dpe 9% = |eTI¥
A

k=0 |1 — dre™7¢|

—dg| = |v1]

ja

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes
M A
bo 1 — cxre 7%

k=0 |1 — dre™7¢|

Consider one of the poles:
|1 — dke_jwl = |6+jw — dk| = |vq]

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes
M A
bo 1 — cxre 7%

k=0 |1 — dre™7¢|

Consider one of the poles:
|1 — dke_jwl = |6+jw — dk| = |vq]

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley




Magnitude Response

Magnitude of products is product of magnitudes
M A
bo 1 —cre ¢

_ —Jw

Consider one of the poles:

|1 — dke—jwl = |6+jw — dk| = |vq]
A

M EVRER

Penn ESE 531 Spring 2021 — Khanna e
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes

_ —Jjw
|H(ejw)‘ _ b_O ?;V:O 1 Cr€ |
ao k—0 1 — dre—Iv
Consider one of the poles:
|1 — dke—jwl = |6+jw — dk| = |vq]
A

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

AN
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Magnitude Response

Magnitude of products is product of magnitudes

Consider one of the poles:

Penn ESE 531 Spring 2021 — Khanna

M A
bo, TIro |1 — cre7e
N o
|1 — dke—jwl = |6+jw — dk| = |vq]
A
n
VN

Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes

. b M1 — eI
|H(6‘7w)‘ _ 120, ?;V:O Ck€ | ‘
0 k=0 |1 — dre™7¥|

Consider one of the poles:

|1 — dke_jwl = |6+jw — dk| = |vq]
A
W Vl eja)
—=—m——e—>
d

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley




Magnitude Response Example

1+ 271
H = 0.
(2) = 0.05—1 50—
Vg
H(z 0.05—
|H(2)| o
A
>

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response Example

14+ 21
H = (.

(2) = 0.057 5=

V2]

H(z 0.00—

|H (z)] o]

A
o Se—>

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response Example

1+ 271
H = 0.
(2) = 0.05—1 50—
Vg
H 1“1
|H(z)| =0 O5|v1|

V2 4
A
/ ) >

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response Example

1+ 21
H = 0.
(2) = 0.057—55 =

2]

H(z 0.00—

|H(2)] o]

A .

S e

A
7 1
v, /v
7/ 1
G//a’)\ x X l
T 27T

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Simple Low Pass Filter

l—a 14 2z71
HLP(Z)Z

2 1 —az 1

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

al <1
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Simple Low Pass Filter

l—a 14271
Hpp(z) = ol <1
Lp(2) 2 1—az1 o
e
A

1
1/2 rx

! |

. 7'7: >

. 1 — sin(w,)
Wc is the 3dB cutoff frequency @ =
cos(w.)

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Simple Low Pass Filter 2 E

1oh Pass

l—a 1+ 271

Hip(z) = 2 1—az!

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

o] <1
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Simple High Pass Filter

l—a 1 —2z71

Hpp(2) = 2 14+ az—1

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

al <1
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Simple High Pass Filter

l—a 1 —2z71

Hpp(2) = 2 14+ az—1

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

al <1
A

M’

31



Simple High Pass Filter

l—a 1 —2z71

2 1+ az1

HHp(Z) -

1 — sin(w)

wc is the 3dB cutoff frequency =
cos(we)

Penn ESE 531 Spring 2021 — Khanna

Adapted from M. Lustig, EECS Berkeley 32



Simple Band-Stop (Notch) Filter

1+«
HBs(z) S

1 —2Bz"1 4 272

2

1-8(1+a)z=t +az2

ol <1

Bl <1

- ' .
Note: 1 — 252;_1 -+ 2_2 — (1 _ e]woz—l)(l . e—JWOZ—l)

cos(wp) = 3

\

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Simple Band-Stop (Notch) Filter

\

l+a 1—-2Bz714 272 ol <1
Hps(z) = 1 )
2 1-B(1l+a)z7t+az B8] <1
- - -
Note: 1 — 2ﬁz_1 4 2_2 — (1 _ eroz—l)(l . e—JWOz—l)
cos(wo) = B
-
A
x @
A
X \Q
Penn ESE 531 Spring 2021 — Khanna

Adapted from M.

Lustig, EECS Berkeley
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Simple Band-Stop (Notch) Filter

1+«
HBs(z)Z

1 —2Bz"1 4 272

2

1 —B(1+a)z-!+az?

ol <1

Bl <1

-
Note: 1 — 2ﬁz_1 4 2_2 — (1 _ e]woz—l)(l . e—JWOz—l)

~N

cos(wp) = 3
\
A
H(e™)
x/Q A
0 1
/
N\ . >
N\
N\
\‘ | > W
X
© “ oz
Penn ESE 531 Spring 2021 — Khanna

Adapted from M. Lustig, EECS Berkeley
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Simple Band-Stop (Notch) Filter

l+a 1—-2Bz714 272 ol <1
Hps(z) = 1 2
2 1-B(1l+4+a)z7t+az 8] <1
Note:
_1+4a 2+ 23 B
Hes(F) = 5~ Ao zp
A
(")
x @ A
/a)()
~ >
\\\ I >
X © @, T
Penn ESE 531 Spring 2021 — Khanna

Adapted from M. Lustig, EECS Berkeley



Simple Band-Stop (Notch) Filter

Hps(2) l+a 1—-2Bz714 272 ol <1
BS\?) =
> 2 1-B(l+a)z"l+az72 [B[<1
4 B
Note: As « — 1 poles approach zeros
14+« 2+ 23
Bs(F) = 5~ AT wa<s) )
A
H(e)
x @ A
d 1 \‘ I’
S ¥
N
\\ |
N | > W
X © @, s
Penn ESE 531 Spring 2021 — Khanna

Adapted from M. Lustig, EECS Berkeley
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Simple Band-Pass Filter

l — o
HBp(z):

] — 22

2

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

1-B(1+a)z! 4+ az=2

al <1

8| <1
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Simple Band-Pass Filter

1 -« 1 — 272 ol < 1
Hpp(z) = 1 2
2 1-Bl+a)z7t+az 8] <1
A
X
o o—
X
Penn ESE 531 Spring 2021 — Khanna

Adapted from M. Lustig, EECS Berkeley
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Simple Band-Pass Filter

R

l -«
HBp (Z) o
2
A
X
= o—>
X
Penn ESE 531 Spring 2021 — Khanna

Adapted from M. Lustig, EECS Berkeley

1-B(1+a)z! 4+ az=2

al <1

8| <1

40



Simple Band-Pass Filter

Hpp(2) l -« 1 — 272 al <1
BP\%) =
2 1-B(l+a)z7l+az"2 |Bl<1
A
)
X A
1 7 Larger o reduces pass band
o o— R
I\
/ *
- - >
I a
X w, e
Penn ESE 531 Spring 2021 — Khanna COS(W(]) =

Adapted from M. Lustig, EECS Berkeley 41



Phase Response

0 Limit the range of the phase response

—7 < ARG[H (¢/)] < 7.

arg[ H(e /)] ARG[H(e/)]

ds 1 T \/\\/ N~/
I ) \ S/

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley 42



Phase Response Example

H(el¥) = 7% 4 h[n] = d[n — ng

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Phase Response Example

H(e'%) = /%" < h[n] =

H ()| =1
arg[H (e*)] = —wnq

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

d|n — ng|

ARG is the wrapped phase
arg is the unwrapped phase

44



Phase Response Example

H(el¥) = ¥ 4 h[n] = d[n — ng

H(e?)| =1
arg[H (e?¥)] = —wng ARGl the wapped prase
ARG

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Group Delay

0 General phase response at a given frequency can be
characterized with group delay, which 1s related to

phase
Jw d Jw
grd[H(e™)] = ———1arg[H(e™)]}
W
. arg[H (e’*)]
1 1 2

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley Slope / 46



Phase Response Example

H(el¥) = ¥ 4 h[n] = d[n — ng

H(e?)| =1
arg[H (e?¥)] = —wng ARGl the wapped prase
ARG

TN,

grd[H ()] = ———{arg[H (¢/*)]}

Penn ESE 531 Spring 2021 — Khanna For linear phase system, group delay is n4
Adapted from M. Lustig, EECS Berkeley



Group Delay

0 General phase response at a given frequency can be
characterized with group delay, which 1s related to

phase
Jw d Jw
grd[H(e™)] = ———1arg[H(e™)]}
W
. arg[H (e’*)]
1 1 2

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley Slope / 48



Group Delay

grd[H (e?%)] = —%{arg[H(ejw)]}

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Group Delay

ard[H(e™)] =~ {arg[H (™))}

wqu w2

arg[H (e’*)]

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Group Delay Math

1 H(l—ckz"l)
H(z)=- ";l
“oTJa-d,z"

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

M

o H(l_c"e_jw)
H(e’”) =20 4!

“o ﬁ(l —d.e’”)
k=1 '

51



Group Delay Math

M M

. []a-¢ . [Ja-ce)
2) = 20 k;l /@) = 20 kl
“TTa-d:z" H(l d e

arg of products is sum of args

M N
arg[H(e’”)] = Earg[l —~ cke"]w arg[l-d, e ’”]
= k=1
grd[H(e™)] =Y grd[l-c,e™]- grd[1-d e™]
k=1 k=1

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Group Delay Math

0 Look at each factor:

[1-re’e ]

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Group Delay Math

0 Look at each factor:

JjO _—jw

arg|l-re’’e ]—tan'l(

rsin(w —0)

1-rcos(w-0)

r> —rcos(w - 6)

grd[1-re’’e™/] =

-

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

2
8_
re/le™l¢

|
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[1—re /"]

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

A\ /. J/
Y

~
@ a

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

A\ /. J/
Y

~
@ a

£,

r

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

A\ /. J/
Y

~
@ a

A{l\ !

r

Penn ESE 531 Spring 2021 - Khanna
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

A\ /. J/
Y

~
@ a

Penn ESE 531 Spring 2021 - Khanna
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

|\ J J

Y Y
@ 90

A A8

. 1
w) L R
T > (V)
| JU

Penn ESE 531 Spring 2021 - Khanna
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

\\§ J _J
Y~ Y~
(69,
=0 ¥
A
— " —

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

|\ J J

Y Y
Q@ 90

A arg

. 1
w) L R
T > (V)
1 JU

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

A\ /. J/
Y

~
@ a

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l1-re /] =arg[(e

S
I
S

=P
v

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

Jo _

r)e ’”]=arg[e’” — r]-arg[e’”]
\ ~ /. ~ J
@ w
A afg
> (VD
JU
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Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

A\ /. J/
Y

~
@ a

i o
| JU

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley




Example: Zero on Real Axis

0 Geometric Interpretation for (6=0)

arg[l-re™’”]=arg[(e’” —r)e "] =arg[e’” — r]-arg[e’”]

\ /L J/
Y Y
@ «w
L A8 A grd
> (D r w > D)

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Group Delay Math

grd[H(e™)] =y grd[l-c,e]- Y grd[l-d,e™]
k=1 =

0 lLook at each factor: e q‘; O?

arg[l-re’’e™/*]=tan™ rsin(w - 0)
1-rcos(w-0)

r> —rcos(w - 6)
2

grd[1-re’’e™/] =

9 -
‘l—re e/

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

a For 6=0

arg

- 3

0y -

Radian frequency (w)

rsin(w — 0)

arg[1-re’’e™*]=tan™
el ] (l—rcos(a)—H)

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

|

60=0
grd
2
ol : — -
) —r W
-4
iy
°f L
-10 ' i |
i 7 3m 27
2 2

Radian frequency ()

2
ard[1 - re’e 7] = r*—rcos(w—0)

o
‘l—rej e /?

068



Example: Zero on Real Axis

o For 6£0

arg

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

s @) = ()
—cme =N
2
——— =
grd
2

oF A~ TN ”
. \ J
. \ !
2 H v ! \
V! Vi
' | I
i ] ! Y
il ¥
- ||
adl ! 4
1 i ;
-8+ ' [
v B
-10 ] | |
0 ™ w 3n 27
2 . 2
Radian frequency ()
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Example: Zero on Real Axis

0 Magnitude Response

0 —jw —jw
l-re’’e™” =1-re™’
10
- }
0
-5
M
o
-10
-15
A
~20
=25 | l
0 ki o 3w 2w
o—> ! : ;
Radian frequency (w)
r

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

0 Magnitude Response

> Radian frequency (w)

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

0=0

-— - - 0_—_2
2
=
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Example: Zero on Real Axis

a For 6=n, how does zero location etfect magnitude,

phase and group delay?

10

Radian frequency (w)

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley

- = (.5
- 7 =0,
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Example: Zero on Real Axis

a For 6=n, how does zero location etfect magnitude,

phase and group delay? ——mer=05

o e w1 = ()7

b

Radians

3 27

T
2

<
iy -
3

Radian frequency (w)

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

a For 6=n, how does zero location etfect magnitude,

phase and group delay? —— =S
- 7 = (),7
........ r=0.9
. r=1
'-“.'-M*'H'-H"."'L; ......... :‘:._:_—-.; . P e i
= ﬁ_\__\.‘ ez S
NS ~7
-2 |~ N2
s :
s
&
-6 b
8=
~10 ' ' |
0 ™ T 3 21
2 2

Radian frequency ()

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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28d Order TIR with Complex Poles

1
(1 —re/fz71y(1 — re—i¥z—1) =0.9, 6=n/4

H(z) =

magnitude

dB

Radian frequency (w)

Penn ESE 531 Spring 2021 - Khanna
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28d Order TIR with Complex Poles

1
(1 —re/fz71y(1 — re—i¥z—1) =0.9, 6=n/4

H(z) =

phase
magnitude |
a ’ 2 Radianfcmucncy(w) }22 ’
~_group delay

[
T 3 2

|
m
2

Radian frequency (w)

Radian frequency (o)

Penn ESE 531 Spring 2021 - Khanna
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3t Order IIR Example

H(z)

0.05634(1 + z~ (1 — 1.0166z~1 + z~2)

T (1-0.683-1)(1 - 1.4461z-1 +0.795722)

Penn ESE 531 Spring 2021 - Khanna
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3t Order IIR Example

0.05634(1 + z~1)(1 — 1.01662~1 + z~2) —— Im  zplane

H(z) = —
) (1 —0.683z-1)(1 — 1.4461z~1 + 0.79572—2) \

Re

| |
T 3 2

<
IENS

Radian frequency (w)
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3t Order IIR Example

0.05634(1 + z~1)(1 — 1.01662~1 + z~2) —— Im  zplane

H(z) = —
) (1 —0.683z-1)(1 — 1.4461z~1 + 0.79572—2) \

20 1

0

20 Re
B -40

-60

~-80

| |

T 3 2

iy -
|

Radian frequency (w)

Radians
N S
/

N
[\

Radian frequency (w)
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3t Order IIR Example

Hi = 00563401 + 2711 — 1.0166z1 + z72) Unit circle Im zplane
© T (1= 0.683:1)(1 - 1.4461z-1 4 0.795722) N
X
‘ \“\\‘ 3¢ 1 y
3 \\ ’ N y

)

0 m T 3n 2a

Radians
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3t Order IIR Example

0.05634(1 + z~1)(1 — 10166z~ + z72) Im  zplane

Unit circle

T (1= 0.6832-1)(1 - 1.4461z-1 + 0.79577-2) \

| Re
2 B 1 |
g %
L]

H(z)

Rad
1 i
1)
/

20

-20

8 -40

~-80

~100 | | |
0 T m 3w 2m

L
2

Radian frequency (w
Radian frequency () quency (@)
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Big Ideas

0 Frequency Response of L'T1 Systems
= Magnitude Response
= Simple Filters

= Phase Response

= Group Delay
= Example: Zero on Real Axis

= Example: Higher order systems

Penn ESE 531 Spring 2021 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Admin

0 Midterm Next week T 3/9

2 hr window between 12pm EST — 12am EST
Covers Lec 1- 12 (week 1-6)

Can’t communicate with anyone else about the exam
until after exam period 1s over

Ditferent exams, random set of questions
Open note, open book

Old exams posted on previous years’ websites

= Disclaimer: older exams had different coverage

HW solns folder in Canvas

a0 HW 5 due Monday 3/15

Posted day of midterm
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