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Frequency Response of LTI Systems
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oelsiese’s

0 Noise Shaping
0 Frequency Response of LTI Systems

= Magnitude Response
= Simple Filters

= Phase Response
= Group Delay

= Example: Zero on Real Axis
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Noise Shaping

& Penn

Adapted from M. Lustig, EECS Berkeley 2
¢ Oversampled ADC
.
ADC AD
Sharp Anal ] [ ¢ ] =
Te(t) | [Sharp Analog oln] = ze(nT) |
Filter HLP(jn)J L T J
Oversampled ADC A/D
N arp Digital
-Tc(t) Simple Analog| cm Anti-aliasing X
Anti-Aliasing —>p_ L (-~ filter M || Quantizer
Filter M QN) 7
4

Penn ESE 531 Spring 2019 - Khanna

Quantization Noise with Oversampling

o(t) [l 5 F =) o ™
) We=r'M j-d[n] =

A el Zaln] + eqlr]
QM

¢
Oy Q

eelsieeels

X (&)

X(79)

Penn ESE 531 Spring 2019 - Khanna 5

Noise Shaping

eelsieeels

Ideal Digital
owpass Filter -
Shaped quantization noise

Uniform quantization noise

Noise Shaping Function

>

A [

Frequency

0 Idea: "Somehow" build an ADC that has most of its
quantization noise at high frequencies

0 Key: Feedback

Penn ESE 531 Spring 2019 - Khanna
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Noise Shaping Using Feedback

E2)

Y(2)
—>

Penn ESE 531 Spring 2019 - Khanna

a

oelsiese’s

Noise Shaping Using Feedback

E(2)

Xa . / - Y@)

El
1+ 4(z) 1+ 4(z)
= E(2)Hy (2)+ X (2)H x (2)
Noise Signal
Transfer Transfer
Function Function

Penn ESE 531 Spring 2019 - Khanna

seseees

Noise Shaping Using Feedback

¥(2)= B2} + x(z)-2E)

J 7/
1+ A(z) 1+ A(z)
N —
Noise Signal
Transfer Transfer
Function Function

o Objective
= Want to make STF unity in the signal frequency band
= Want to make NTF "small" in the signal frequency band
o If the frequency band of interest is around DC (0...f5) we
achieve this by making | A(z) | >>1 at low frequencies
= Means that NTF << 1
= Means that STF = 1

Penn ESE 531 Spring 2019 - Khanna
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First Order Sigma-Delta Modulator

E2)

Y@)
—>

= E(z)(lf z‘])+X(z)z_I

0 Output is equal to delayed input plus filtered quantization
noise

Penn ESE 531 Spring 2019 - Khanna
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NTF Frequency Domain Analysis

eelsieeels

Hy(z)=1-z"

2

o ol -
=272 Jj sin| o = 2sin| o773
2 2

\Hg(f)\=2\Si"(fﬂ)=2xin[n%]‘

a "First order noise Shaping"

H(jo) =(1_effwr)=2571wm[M]
g

Noise Shaping Function

Frequency

= Quantization noise is attenuated at low frequencies,

amplified at high frequencies

Penn ESE 531 Spring 2019 - Khanna

Higher Order Noise Shaping

eelsieeels

o L% order noise transfer function

HE(z)=(I—z")L

=5
€ - |
2 | 1ceal Digitar -
2 | Lowpass Filter
5 F----+
2
g
£
»
&
[ N fg/2
Frequency
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Frequency Response of LTI Systems

& Penn.

Penn ESE 531 Spring 2018 - Khanna

seseees

Frequency Response of LTI System

()= (o) x(e”)

0 We can define a magnitude response

v ()= [ (e (e)

0 And a phase response

L¥(e?)= 2H(e?)s Lx(e®)

Penn ESE 531 Spring 2018 — Khanna

oelsiese’s

Frequency Response of LTI System

0 LTI Systems are uniquely determined by their impulse

response y[n]= i x[k] h[n—k]=x[k]*h[k]

0 We can write the input-output relation also in the z-domain
Y(z) = H(Z)X(Z)
o Or we can define an LTT system with its frequency response
()=t (e") x(e)
0o H(e®) defines magnitude and phase change at each frequency

Penn ESE 531 Spring 2018 — Khanna

Adapted from M. Lustig, EECS Berkeley 15
: Phase Response
:
0 Limit the range of the phase response
~n < ARG[H (/“)] < 7.
arg[H(e/)] ARG[H(e/)]
"% + AN\
-
— T e
. % N\~
=27
3w
—an
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 17

Adapted from M. Lustig, EECS Berkeley 14
: Phase Response
o Limit the range of the phase response
-7 < ARG[H (e/*)] < 7.
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 16
¢ Group Delay
0 General phase response at a given frequency can be
characterized with group delay, which is related to
phase
d[H ()] = 2 H{(e
grd[H(e)] = — -+ {arg[H(e™)]}
0 More later... \
Unwrapped phase
Penn ESE 531 Spring 2018 — Khanna
18

Adapted from M. Lustig, EECS Berkeley
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Linear Difference Equations

N M
Zaky[n — k] = Zbkx[n — k]
k=0 k=0

Example: ¥[n] = z[n] + 0.1y[n — 1]

bg+biz ... +byz ™ _ b_o Hkle(l —cxzY)

H(z)= =
@) ap+aiz7t+...+anz VN ag HkN:1(17dk271)

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes

. b Mol — crei@
ety =120 Lizoll —cae]
@0 [l —dre=7¢|

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes
, b M |1 —crei@
()| = (2. oL e
a0 ol —dre=3%|

Consider one of the poles:
|1 — dpe 3| = et — di| = |v1]

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes

; b Mo |1 — crei®
()| = 2. oL e
@0 [l —dre=7¢|

Consider one of the poles:

—Jjw| — |, tIw —
[1—dre™| = e —di| = |vi]
———>
d/r
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley

Magnitude of products is product of magnitudes
(o)) = ). Mizo It = cxe™
a0’ ey |1 — dxe—3v|

Consider one of the poles:

|1~ dge™3| = : o

P

K

d

k

23

eelsieeels

Magnitude Response

Magnitude of products is product of magnitudes

, b M1 — cremi@
(@) = 2. Dol =™
a0 [lp_o|l — dre—3v|

Consider one of the poles:

1= - ()

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Magnitude Response

Magnitude of products is product of magnitudes

. b Mol — crei@
) =2 ol Z e
a0 [Ji=ol — dre=7¢|

Consider one of the poles:

oelsiese’s

Magnitude Response

Magnitude of products is product of magnitudes

. b Mol — crei@
ety =120 Lizoll —cae]
@0 [l —dre=7¢|

Consider one of the poles:

|1 — dre9«) = |et9% — dy,| = |v1
oo
1
1
l, vl
|
dk
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 26
¢ Magnitude Response

Magnitude of products is product of magnitudes

; b Mo |1 — crei®
()| = 2. oL e
@0 [l —dre=7¢|

Consider one of the poles:

|1 —dre™| = |et% — dg| = |v1]
o
-
/’[H v‘
dk
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 25
¢ Magnitude Response
Magnitude of products is product of magnitudes
M s
— Jw
(@) = |2 Lo L= e
N s
a0 ol —dre=3%|
Consider one of the poles:
|1 —dre ™| = ™% — dg| = |v1]
e’
T\\Z’ W
dA
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 27
i Magnitude Response
Magnitude of products is product of magnitudes
M —a
— Jw
|H(ejw)|—|b—0|~ Hk:()|1 Cre€ |
= N —
a0 [[e_o|l — dre3«|
Consider one of the poles:
|1 — dpe %] = |t — di| = |v1]
o
Y
w
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 29

—jw +jw —
[1—dre 99| = |eT9¥ — di| = |v1]
oo
VI
o
d/r
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 28
¢ Magnitude Response

Magnitude of products is product of magnitudes

, b M1 — cremi@
(@) = 2. Dol =™
a0 [lp_o|l — dre—3v|

Consider one of the poles:
1 — dre 9| = |e™9% — dy| = |v1]

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 30




Magnitude Response

oelsiese’s

Magnitude of products is product of magnitudes

. b Mol — crei@
) =2 ol Z e
a0 [Ji=ol — dre=7¢|

Consider one of the poles:

oelsiese’s

Magnitude Response

Magnitude of products is product of magnitudes

. b Mol — crei@
ety =120 Lizoll —cae]
@0 [l —dre=7¢|

Consider one of the poles:

—Jw| _ |pt+iw _
|1 —dre 7| = |e™¥ — di| = |v1]
o
vl
FRRER
dk
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, BECS Berkeley
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Magnitude Response Example

14271
H(z) = 0.05— 2
(2) = 005755 =
Y
()| =005

Penn ESE 531 Spring 2018 — Khanna

[1—dre | = [eT7¥ — di| = |v1
. (&
M d|v,
.
N
Penn ESE 531 Spring 2018 — Khanna e
Adapted from M. Lustig, EECS Berkeley 31
¢ Magnitude Response Example
14271
H(z) = 0.05— 2
(2) = 005G o
[va
H(z)| = 0.05 2
()] = 005,
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 33
¢ Magnitude Response Example
H(z) = 00517
) =005 1%
1-0.9271
[va|
H(2)| = 0,052
()] = 0052
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 35

Adapted from M. Lustig, EECS Berkeley 34
¢ Magnitude Response Example
14271
H(z) = 005— =
@) 1-0921
[ve]
H(z)| = 0.05] 2
()] = 0,05,
‘ ™)
1
i 'n/—I ®
g 2w
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 36




Simple Low Pass Filter

oelsiese’s

Simple Low Pass Filter

oelsiese’s

l—a 14271
HLP(Z) = —0 0757 \a| <1
2 1—az
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 37
: Simple High Pass Filter
l14+a 1—271
Hyp(2) = T 1 lal <1
2 1+ az
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 39

l—a 14271
Hip(z)= o a]<1
2 1—az
‘ H(e jm)
1
N2 p----- p
1
1 |
T w
T w, r
) 1 — sin(w,)
Wec is the 3dB cutoff frequency o= ——""
cos(we)
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 38
: Simple High Pass Filter
l+a 1—-2z71
Hyp(z) = o T -1 lal <1
2 1+ az
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 40

Simple High Pass Filter

eelsieeels

l+a 1—271
Hup(d) = 5~ 1 aet
|Fr(e™)
1

1
H
I w
.

Wc is the 3dB cutoff frequency

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley

_ 1 —sin(wc)

cos(w)

41

Simple Band-Stop (Notch) Filter

eelsieeels

I (z)il-ﬁ-a 1—2B2z71 4272 ol <1
B S Ty 1Bl +a)z T taz 2 |Bl<1

Note: 1-282" 4272 = (1 -2 1)(1 — e 79027}

cos(wo) = B

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 42
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Simple Band-Stop (Notch) Filter

" (z)*l+a 1-28z71 4272 la| <1
B T T T 1B+ @)z T az? |8l <1

Note: 1-28z" 4272 =(1 -0z )1 —eIw0zY)

cos(wo) = B

Penn ESE 531 Sgiring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley

Simple Band-Stop (Notch) Filter

oelsiese’s

I (2)41+o¢ 1-2B82z7 4272 lal <1
B8\~ Ty 1-8(1+a)zt+az?2 |Bl<1

cos(wo) = B

tNote: 1-282" 4272 =(1— ez 1)1 —e 990z

seseees

Simple Band-Stop (Notch) Filter

1+ 1-282z"14+272 lal <1
HBS(Z) =5 1 2
2 1-B(1+a)z7t+az 1Bl <1
Note:
l4a 2428
Hes(F) = 5~ raazs !
‘H(ef“')
1
T f w
wo T
Penn ESE 531 Sgring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 45
¢ Simple Band-Pass Filter
1-a 1—272 la| <1
Hpp(z) = 1 2
2 1-B81+a)z7+az Bl <1
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 47

T w
w, -
Penn ESE 531 Sgjring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 44
¢ Simple Band-Stop (Notch) Filter
1+« 1-282"1 4272 lal <1
Hps (z) =5 1 —2
2 1-B(l+a)z"l+az 18l <1
Note: As a — 1 poles approach zeros
_lta 2428
Hps(¥1) = — (IT+a)(1£8) !
‘H(e )
1 \‘ I’
\Y/
W
f w
w, s
Penn ESE 531 Spjring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 46
¢ Simple Band-Pass Filter
l-a 1—272 laf <1

Hgpp(z) =

2 1-B(1l+a)z14+az2 |Bl<1

Penn ESE 531 Sgfring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 48




Simple Band-Pass Filter

oelsiese’s

11—« 1—272 la] <1
H =
Br(2) 2 1-B1+a)z14+az?2 |B<1
‘H(e/‘“)

1 /\

1 w
! w, s
Penn ESE 531 Sgjring 2018 — Khanna cos(wo) =B

oelsiese’s

Simple Band-Pass Filter

Hop(2) l-a 1—272 la] <1
BP(%) =
2 1-Bl+a)zl+az2 |B<1
e
1 7N Larger @ reduces pass band
/A
I
4 N,
’ N 1
T w
! w, s
Penn ESE 531 Sgfring 2018 — Khanna cos(wo) = B

Adapted from M. Lustig, EECS Berkeley
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Phase Response Example

H(e)= & & hln] = dln —nd

Penn ESE 531 Spring 2018 — Khanna

Adapted from M. Lustig, EECS Berkeley 49
¢ Phase Response
o Limit the range of the phase response
—7 < ARG[H (¢/°)] < 7.
arg[H(e™)] ARG([H(e™)]
# * NN N~/
)
. . 74 \ /7
=27
3w
—an
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 51
: Phase Response Example
H(eM%) = ¢/ & hln] =6[n — ng
|H(e")] =1
jw\) ARG is the wrapped phase
arg[H (e] )] = —Wwngqg arg isthe unwrapped phase
Penn ESE 531 Spring 2018 — Khanna
53

Adapted from M. Lustig, EECS Berkeley

Adapted from M. Lustig, EECS Berkeley

Adapted from M. Lustig, EECS Berkeley 52
¢ Phase Response Example
H(e%) = ¢ < h[n] =d[n —ng
|H(e™)| =1
arg[H(e™)] = —wna LS immetme
ARG
1
:\ 1
i \E\ w
1 1
- %
Penn ESE 531 Spring 2018 — Khanna
54




Group Delay

oelsiese’s

0 General phase response at a given frequency can be
charactetized with group delay, which is related to
phase

grd[H(*)] =~ {arg[H(c)]}

arg[H(e’)]

w

LUI ()
T
1
1
1
1

Penn ESE 531 Spring 2018 — Khanna _
Adupted from M. Lutig, EFCS Berkeley ~ SIOPE ~

Phase Response Example

oelsiese’s

H(e*) = &“m« & hln] = b[n —ny]
H(e) =1

ARG is the wrapped phase
arg is the unwrapped phase

arg[H ()] = —wnq
ARG

_,,p \5\ “

7

grd(H()] = - {arg[H ()

Penn ESE 531 Spring 2018 — Khanna For linear phase system, group delay is ny

Adapted from M. Lustig, EECS Berkeley

56

Group Delay

seseees

grd[H(e™)] = — - {arg[H(e)]}

arg[H(e™)]

wi w2

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley

58

55
¢ Group Delay
o General phase response at a given frequency can be
characterized with group delay, which is related to
phase
jo d joo
grd[H ()] = — L {arg[H(c)]}
arglH(c™)]
1) 1)
1 2 w
Penn ESE 531 Spring 2018 — Khanna
Adapted from M l,utr,g, EECS Berkeley ~ slope -~ 57
¢ Group Delay
Jw d Jw
grd[H(e™)] = — = {arg[H ()]}
%)
~ w
1
1
1
1
i
- slope .~
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 59

Group Delay Math

eelsieeels

M
H(l-cke’f”)
H(e/w) = bfo k=1

a, )
0 1;[(1-@5/“)

b H(l—ckz’l)
H(z)=-"24k1

N

PR
0 H(l—dkz")

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Group Delay Math

M
H(I - cke’/“’)
()= ia

% ﬁ(l—d eI
kel k

b I_[(l—ckz")

H(z)= 2k
“TJa-dz"
k=1

arg of products is sum of args
M N
arg[H(e™")] = Y arg[1-c,e”"]- Y arg[1-d,e "]
k=1 k=1

M N
grd[H(e’)]= Y grd[1-c,e "]~ Y grd[1-d, ]
k=1 k=1

Penn ESE 531 Spring 2018 — Khanna

oelsiese’s

Group Delay Math

M N
grd[H(e’")]= Y grd[1-c,e ]~ Y grd[1-d, e

k=1 k=1

o Look at each factor:

arg[l-re’’e™*]=tan™ (7r sin(w-0) )

1-rcos(w-0)

r* = rcos(w—6)

grd[1-re’’e ] = >
‘l —relfe

Penn ESE 531 Spring 2018 — Khanna

Adapted from M. Lustig, EECS Berkeley 61

¢ Example: Zero on Real Axis

s

o Geometric Interpretation for (8 =0)
arg[l-re™’]
iy

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 63

Adapted from M. Lustig, EECS Berkeley I3
¢ Example: Zero on Real Axis
o Geometric Interpretation for (6 =0)
arg[l-re™™] =arg[(e’” - r)e™/”] = argle’” - r] - arg[e’”]
—
@ w
r
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 04

Example: Zero on Real Axis

eelsieeels

o Geometric Interpretation for (8 =0)

arg[l-re™ ] = arg[(e’” - r)e /] = arg[e’” - r]-arg[e’”]
—
@ w
()

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley

65

Example: Zero on Real Axis

eelsieeels

o Geometric Interpretation for (8 =0)

arg[l-re”"”] =arg[(e’” - r)e” "] =argle’” - r]-arg[e’”]
S
@ ®
[

Penn ESE 531 Spring 2018 - Khanna

66
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Example: Zero on Real Axis

oelsiese’s

o Geometric Interpretation for (8 =0)

)= argle’” - r]-arg[e’]

— Y~
@ w

arg[l-re™ "] =arg[(e’” - r)e

p-w
¢
T

Example: Zero on Real Axis

oelsiese’s

o Geometric Interpretation for (8 =0)

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

S Y~
@ 1)

Penn ESE 531 Spring 2018 - Khanna 68

Penn ESE 531 Spring 2018 - Khanna 67
¢ Example: Zero on Real Axis
o Geometric Interpretation for (8 =0)
arg[l-re™”]=arg[(e’” - r)e™*] = arg[e’” - r]-arg[e’”]
\___YF__/ \——YF_/
=0 ¢ @
arg
r [\ w
1 ﬂ\/

Penn ESE 531 Spring 2018 - Khanna
Adapted from M. Lustig, EECS Berkeley 69

seseees

Example: Zero on Real Axis

o Geometric Interpretation for (6 =0)

arg[l-re ] =arg[(e’” - r)e™/”] = arg[e’” — r]-arg[e’]
—
@ )
p-w

arg

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 70

Example: Zero on Real Axis

eelsieeels

o Geometric Interpretation for (8 =0)

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

H_/W_/
@ [

N AN
T

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley

71

Example: Zero on Real Axis

eelsieeels

o Geometric Interpretation for (8 =0)

- jo jo jo

-r)e”]=argle’” - r]-arg[e™]

H_/W_/

w=mx @ w

T

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 72

arg[l-re™’"]=arg[(e

12



Example: Zero on Real Axis

oelsiese’s

o Geometric Interpretation for (8 =0)
arg[l-re™ ] = arg[(e’” - r)e /] = arg[e’” - r]-arg[e’]

— Y~
@ w

arg

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley
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Group Delay Math

M N
grd[H(e™")]= Egrd[l -ce - Egrd[l —de ]

6+07?

rsin(w - 0)
1-rcos(w-0)

o Look at each factor:
arg[1-re’’e "] = tan'l(

? —rcos(w - 0)

12
‘1 —relfe I

grd[1-re’’e ] =

Penn ESE 531 Spring 2018 — Khanna

oelsiese’s

Example: Zero on Real Axis

o Geometric Interpretation for (8 =0)

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

arg grd

T

Penn ESE 531 Spring 2018 — Khanna

Adapted from M. Lustig, EECS Berkeley 75
¢ Example: Zero on Real Axis
2
0 Magnitude Response =0
1-re’e™” =1-pe™
10
5
o
-5
]
-10
-15
20
25 L :
0 T = 3 2
2 Radian frequency (@)
t
Penn ESE 531 Spring 2018 — Khanna
7

Adapted from M. Lustig, EECS Berkeley

Adapted from M. Lustig, EECS Berkeley 74
¢ Example: Zero on Real Axis
:
a For 6 #0
arg grd
s :
o
: '
3 g
= 3
“
M
-10 - 1
: : O
2 Radian frequency (0) 2
Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley 76
¢ Example: Zero on Real Axis
:
0 Magnitude Response
1-rele™
3
Radian frequency (@)
s
Penn ESE 531 Spring 2018 — Khanna
78

Adapted from M. Lustig, EECS Berkeley
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Example: Zero on Real Axis

a For 8 =7, how does zero location effect
magnitude, phase and group delay?

1-rele™®

10 —_—

dB

-10

Radian frequency ()

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley

seseees

Example: Zero on Real Axis

a For 0 =7, how does zero location effect
magnitude, phase and group delay?

Samples

4 1
w 37 27
2

wia |-

Radian frequency ()
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: 27 Order IIR with Complex Poles
H() = !
T A e - remif ) =09, 6=7/4
. phase
magnitude .
‘ %W‘J’
. group delay
Radian frequency (w)
Penn ESE 531 Spring 2018 - Khanna 83

Example: Zero on Real Axis

oelsiese’s

a For B =7, how does zero location effect
magnitude, phase and group delay?

Radians

oyl
S
g

Radian frequency (w)
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Adapted from M. Lustig, EECS Berkeley 80
: 27 Order IIR with Complex Poles
H(x) = !
T = ez = re=ifz—1) =09, 6 =7 /4
magnitude
Ry (0
Penn ESE 531 Spring 2018 - Khanna 82
: 3" Order IIR Example
He = 0.05634(1 + z71)(1 — 10166z +z72) Unit circle o zplane

(1 —0.683z-1)(1 — 1.4461z~1 +0.7957z-2)

Penn ESE 531 Spring 2018 - Khanna
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34 Order IIR Example

0.05634(1 + z71)(1 — 1.0166z~ +272) Unitcircle

H(z) =

(1-0.683z-1)(1 — 1446171 +0.79572-2)

2-plane

(1 - 0.683z~1)(1 — 1446121 +0.7957z-2)

[ry—

Penn ESE 531 Spring 2018 - Khanna

Re
x
Radian frequency (w)
Penn ESE 531 Spring 2018 - Khanna 85
¢ 39 Order IIR Example
Heg = 00563401 + (1 - 1.0166z71 + 272) Unit cirele F-plane

87

Big Ideas

eelsieeels

a Frequency Response of LTI Systems
= Magnitude Response
= Simple Filters
= Phase Response
= Group Delay
= Example: Zero on Real Axis

Penn ESE 531 Spring 2018 — Khanna
Adapted from M. Lustig, EECS Berkeley
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: 3" Order IIR Example
Hi = 005634+ 27 - 1016671 4278 e I eyl
(1 —0.683z-1)(1 — 1.4461z~1 +0.7957z-2)
—_
I |

86

3t Order IIR Example

seseees

0.05634(1 + z~)(1 — 1.0166z 1 + z~2)
1—0.683z-1)(1 - 1.4461z1 +0.79572-2)

z-plane
Unif circle P

HG) =
90

P Radunteguny @)

7 T Rt

[R——

Penn ESE 531 Spring 2018 - Khanna
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Admin

eelsieeels

o HW 5 due Sunday
0 Midterm after spring break 3/12

= During class
= Starts at exactly 4:30pm, ends at exactly 5:50pm (80 minutes)
= Location DRLB A2
= Old exams posted on previous years’ website
= Disclaimer: old exams covered more matetial
= Covers Lec 1- 11 €changed from last lecture
= Closed book, one page cheat sheet allowed
= Calculators allowed, no smart phones

= Review session (likely Sunday before exam)

= Keep an eye on Piazza

Penn ESE 531 Spring 2019 - Khanna
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