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Figures and images used in these lecture notes are adopted from
“Signals & Systems” by Alan V. Oppenheim and Alan S. Willsky, 1997
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= Time-Domain & Frequency-Domain Characterization:

Introduction
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= Time-Domain & Frequency-Domain Characterization:
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oo . _ +o0 _
H(j’lU) e / h(t)e_ju"tdt H(ej'w) = Z h[n]e_-?wn

n=——oo

5()/oln .
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2(t) —— X(jw) h(t) <= HGw) yi) s Y(w)
z[n] —— X(e/) h[n] s H(™) yln] —— Y (&)

y(t) = 2(t) * h(t) «— Y(jw) = X(jw)H(jw)

yln] = z[n] * hin] —— Y (&™) = X (e/*)H(e™)
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* The Magnitude-Phase Representation
of the Fourier Transform

* The Magnitude-Phase Representation

of Frequency Respo
= Time-Domain Prope

nse of LTI Systems (p. 427)
rties

of ldeal Frequency-Selective Filters
= Time-Domain and Frequency-Domain Aspects

of Non-ideal Filters
= 1st-Order & 2nd-Oro
= 1st-Order & 2nd-Orc

er Continuous-Time Systems
er Discrete-Time Systems

= Time- & Frequency-

Domain Analysis of Systems
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= Magnitude & Phase Representation:

- ( T:\/a2+52
" (a,b) a+ib = b
- \ tén(é?) =2
0 = a+jb = rel?
'Re 1 B 1
a+jb] = a2 +0? = Va2 +b2
X(Gw) = Re{X{Gw)}+ j Im{X(Gw)} = X(jw)‘ej%’ix(jw)
X () = Re {X(ejw)}-l- 7 Im {X(ejw)} — X(ejw)‘eﬁx(ejw)

‘X(jw)‘ or ‘X(ej‘w)| . magnitude

X X(jw) or X X(e’*) : phase angle




Magnitude-Phase Representation of Frequency Response of L| SWateffis®
= Magnitude Distortion & Phase Distortion: (p. 428)

. _>-_> y Y (jw) = X (jw) H(jw)
Y (&™) = X () H(e™)

s |Y(jw)|ej9iy(j’w) = | X (Gw) ejazX(jw)|H(jw)‘eja<H(jw)

= | X (jw) ‘H(jw)‘ej(aEX(jw)HaH(jw))

Y (jw)| = |X(Gw)||H(Gw)] magnitude distortion
- { IY(w) = I X(Gw)+ X H(jw) phase distortion
N { Y(e)| = |X(e)| [H(e™)]

LY () = FX() + S H(e™)

|H(jw)| or |[H(e’¥)| : gain of the system
X H(jw) or X H(e’) : phase shift of the system
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Magnitude-Phase Representation of Frequency Response of k{,@g&ﬂﬁ
= | og-Magnitude & Phase Plots: (p. 436)

Y(jw) = X(w) H(jw)

N { Y(Gw)| = [XGw)|[H(Gw)
LY (Gw) L X(jw) + 5 H(jw)

= log |Y (jw)| = log | X (jw)| 4 log |H (jw)

= 20 10910 |Y (jw)| = 20 10910 [ X (jw)[4+20 logig |H(jw)]

20 logqo (1) = O dB
= 20 logio (10) = 20 dB
{ 20 logip (0.1) = —20 dB
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= | og-Magnitude & Bode Plots: (p. 436)
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* The Magnitude-Phase Representation
of the Fourier Transform

= The Magnitude-Phase Representation
of Frequency Response of LTI Systems

= Time-Domain Properties
of ldeal Frequency-Selective Filters

= Time-Domalin and Frequency-Domain Aspects
of Non-ideal Filters (p. 448)

» 1st-Order & 2nd-Order Continuous-Time Systems
= 1st-Order & 2nd-Order Discrete-Time Systems
= Time- & Frequency-Domain Analysis of Systems
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First-Order & Second-Order CT Systems
First-Order CT Systems: (p. 448)

o .. o= oo

d
rou(t) +y(t) = 2 (1) h(t) = e t/7 w(t)
= H(jw) = 1 T (@) |
JW) = JwT + 1
s() s(t) = [1 B e_t/T] u(t)
SR = S e T ) Mo
T

= s(t) = h(t) * u(t)

— —1
— {1 — € /T} u(t) e Time Constant
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= First-Order CT Systems: H(jw) = !
. 1 Jwt + 1
|H(jw)| =
\/(w’r)2 +1
2010910 |H (jw)| = —10109;, {(’w’r)Q + 1}
) _ _ 1
—10logqo [(wr)2 4+ 1| =0 WSST
- - 1
~{ —10logy |(wr)? +1| = —10l0ogss(2) ~ —3dB W = 7
- 5 - l
. 1010910 _(w’r) o 1_ = —20logqg(wT) W=
y | = —20log10(w) — 2010910(7)
E 0dB f-~----- e '5 """"""""
:ge; —20 "__"""_"""""'""""""i _________________
e
— 80 | | il i
0.1/7 141 10/7 100/7
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= First-Order CT Systems: H(jw) = !
2 0.1
O w < =
_ 1
- 10
~{ 2 w2
— (Pllogro(wr) +1] &L <w <10
4 10 T — — T
= —(%) | log1o(w) + log;o(T) + 1
/4 h
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e 04 AT Qi 10047 tan_l(:v) — T m_ —I_ m_ -




First-Order & Second-Order CT Systems
= First-Order CT Systems:

2010910 |H(jw)| =

(0
—10|Oglo(2) ~ —3dB

—20 IOglo(’L{)’T)

I H(jw) =
e
—(7/4)[log1o(wT) + 1]

I = —(x/4) | 1ogso(w)

—7/4

—7/2

\

= —20log19(w) — 2010g;0(7)

40 |-

20
w<<1l/T _
3 008
w=1/7r =
$ -20
w>>1/7 &
il
™4
w < 0.1/7 0
g
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¥ il
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~mi2
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, 1
H(jw) = -
Jwt + 1
3dB

approximation

Asymptotic

approximation

0Afr 14T 100/
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= Second-Order CT Systems: (p. 451)

d? d
V() + 2 Cwn —y() + wh y(t) = wf ()
2
: . Wn
= AW = N2 ¥ 2Cwn(Gu) + wn?
B 1
G2 +20G2) + 1
2
— H(jw) = 1

(Jw —c1)(Jw — ¢2)

1 = —Cwn + wn/C2 —1
co = —Cwn — wm/gz —1
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= Second-Order CT Systems:

2
: L Wn
= ) = e  2CwnGw) + wn?
H(juw) = !

(Gpo)?+ 20050 + 1

¢ . damping ratio
wn, - undamped natural frequency

(0< (< 1: underdamped
4 (=1": critically damped

. (> 1: overdamped
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* Second-Order CT Systems: .,y — wy
eFor( =1 = ¢c1 =co=—wp . (w —e1)(Jw - ¢2)
2

w
= H(jw) =
(Jw + wn)?
= h(t) = w2 t e “nlu(t)
e For (#1 = ¢y Fco:
. M M
jw—c1  Jw—co 2 /c2 1

= h(t) =M [ecﬂ — eczt} u(t)
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= Second-Order CT Systems: M=_%"
24/¢2 -1

e For O < ( <1, c¢1,co: complex:
1 w2
H(jw) = — . = — -
G2 +2¢0 ) +1 (jw—e1)(Gw —e2)

e1 = —Cwn + jwny/1 — ¢2
cp = —Cwnp — anﬂ
—Cwnt
— Wwne {ef"“‘w 1=t _ gmilumy ”2)t} u(t)

B 2j1/1 —=¢?

— Q\U/”f__czz [sin ((wn\/l——cz)t)] u(t)
et el

- s(t)zh(t)*u(t)z{l—l—M[Ct Ct]}u(t} ¢# 1

€1 €2

= h(t) =M [ecﬂ - eCQt] u(t)
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= Second-Order CT Systems:

h(t)/wn

N
h(t) = \/1__70: [sm ((wn\/l — )t)] u(t) E?:
hu()Z) \;1_%;2 [sm ((wn\/l _ )t)] u |

{al

s() :{1 + M [Gflt _ 6021 } u(t)

{bj
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= Second-Order CT Systems: H(jw) = 1

G)2 +2¢(G2) + 1

- ()7 +ac ()

201090 |H(jw)| = —101091, { {1 _ (5))2]2 + 42 (w>2}

H(jw)| =

n Wn,
{{1 - (;tl)erLAfgz (i)z} {[1 - (i)QIQ + 4¢2 (i)Q}
Q=2ic (0 w << wn
~ ¢ —20109;0(2¢) W = Wn

— 40 Ioglo(w) —I— 40 |Oglo(wn) w >> Wn

\
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1

JJ- )] +ac2 ()

N (ﬂ)4—2(3)2+1+4<2 (3)2 = (£>4+(462—2) (§>2+1

H(jw)| =

Wn Wn Wn, Wn n
d w \ % 5 w \ 2 .
> () e () =
3
SN (4&4) + (4¢% = 2) (2—1;) =0 = w ('w2 + (2¢? - 1)w§) =0
wn wn

= w=0, +\/1 - 2¢2 wp
o Forg<§

, 1
= max {|H(jw)|} at wmax=wnv/1-2¢2 | H (jwmax)| =
2¢y/1 —¢?
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= Second-Order CT Systems: H(jw) =

1

20 logyg|H{jw)|

20

0dB

—20

~40

G2 +20(G2) + 1

—20 |Oglo(2C) W — Wn
L 40 Ioglo(’UJ) —|— 40 Ioglo(wn) w >> Wnp

o
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= Second-Order CT Systems: #(w) =

1

X H(jw) = —tan~ ! (

Q

G2 +2¢(G2) + 1

20( L) )

R
e w < 0.1wp
—7/2 w = wn
— (7/2)[10916(2) + 1] 0.1wy < w < 10wy
| — T w > 10wn,
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= _ . ) = 1
Second-Order CT Systems: H(jw) G2 42005y + 1

Wn,
20 1 -
. =01 _
2010910 |H(jw)| = 02 Q=5
oib (=04 QC
= Asymptotic
0 w << wy % _a0 k- approximation §=€0:_71
—2010944(2¢) w = wn § el {=15
—4010g;0(w) 4+ 4010910(wp) w >> wy N
-60 |-
—-80 |
2 0.1wp, wp, 10w, 100w,
o For C < g Wmax — wn\/l — QC o
{=0.1
; (=02
{=0.4
S H(jw) = T
2 Asymptotic
T —7w/2 |- approximation
i
—3mw/4 |-
0 w S 0.1wn
S
— (w/2)[10g10(w/wyn) + 1] 0.1wp < w < 10wy, 1 | | |
—7/2 W = Wn 01w, o, 10w, 1000,
— T w Z 10'U_)n -
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= Example 6.4: (p.457 T(jw) = wi
& (p-457) HOW) = Gy F 2CunGuy + w?
2 x 104 : : !
H(Qw) = 00 | = = b
VW) = GuyZ F100Gw) + 108 I
_ | N N O
H(jw) =2 x H(jw) S ISR S S S
¥ H(jw) = ¥ A(jw) —
wnp = 100 R T ----------
(=1/2 | i
e}

2010910(2) + 2010910 |H (jw)| g\
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= Example 6.5: N 100(1 + jw)
MW= G0+ juwy (100 + juw)

:(i)(1+jw)( 1 )( ! )
10 1+585) 1+ %

¥ ] ]
(i} | Epeestooooooooooooooogooooooocoooac o EEEEEEEEEEEEEEEEEEEEEEEEEREEIY ©ooochoooooooos -
1
1
1
1
1
1
1 ! !
1 1 1 1 | ]
— 20 - o oo smsosmss—te——--—--------- Iatniaitte ettt ettt et Tttt T
| 1 1 1 1
1
1
1
| L
1
1 1
— 30 -—"":‘ """""""" | J.' """""""" T"""""""": """"" 1
[ | I b
[ T | 1 10 100 plnislel
[k
................................... e R EEE e
ari= T " | 1 I i
1 1 1
1 ! 1
N R EEEEEEE -
i : : : : |
1 I 1
_____________________ L o e e e e e e e e e e L
L 1 I 1
L] 1 1 1
1 : 1
1
______________________________________________________ Y [
e | T T 1 1 1 : : m
1 1 1
1
! 1
———————————————————————————————————————————————————————————————————————————————— =)
ars2 - 'I ; M - L
L | 1 10 100 1000
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= Example 6.5:

—-40 |

w2 I

w4 T

-mi4

—7/2
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hitlies, =01
=02
1 Fe04
£=0.7
h(t 2
=1
t
20 =01
20 1=0.2
3dB 0dB s
' "
= . = Asymptotic
3 0dB -, . Asymp?otml 3 . approximation y_g 7
£ < approximalion I B =1
. = 2 v
2010910 |[H(Gw)| &7 “
10 ] ¥
=
o |- 60 -
N | -80 -
-80 L ! 1 0.1w, w, 10w, 100w,
[INF 1T 10/ 100/
o ®
w4
7=0.1
o _ Asymptotic 0 {=02
- approximation L=0:4
l_c N -mw/4
. [PE— 5 Asymptotic
w T —w2 | approximation
"
—m b -3w/4 |-
i
a4 1 ! L 1
0.1/ 17 100 100/ J ‘ L .
w 0.1, @, 10w, 100w,
w
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* The Magnitude-Phase Representation
of the Fourier Transform

= The Magnitude-Phase Representation

of Frequency Respo
= Time-Domain Prope

nse of LTI Systems
rties

of ldeal Frequency-Selective Filters
= Time-Domalin and Frequency-Domain Aspects

of Non-ideal Filters
= 1st-Order & 2nd-Oro
p.461 = 1st-Order & 2nd-Oro

er Continuous-Time Systems
er Discrete-Time Systems

* Time- & Frequency-

Domain Analysis of Systems
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= First-Order DT Systems: (p.461)

V() = X (&) H(e™)

v — [

yln] —ayln— 1] =aln] |a| <1

1

= H(eV) = .
(e’ 1l —aqe v

= h[n] = a" u[n]

1 — gntl
= s[n] = hn] *x u[n] = i uln]
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= Impulse Response of First-Order DT Systems:

h{n] h[n]
ie p
a=+ . e
0 n 0 n
h[n] h[n]
1 11
a=_1z a:—%
OI n 0 | n
(a) (b)

h[n] = a™ u[n]
h[n] h[n]
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First-Order & Second-Order DT Systems (ISR S5 TS
= Step Response of First-Order DT Systems:

s[n] &in]

s[n] sn]

"" { Hirit

n

(c) (d)




. Feng-Li Lian © 2015
First-Order & Second-Order DT Systems NTUEE-SS6-TimeFreq-35

= Magnitude & Phase of Frequency Response:

H(e™) = — :
e p— - p— -
1l —ae v 1l —acosw + jasinw

1

|H ()| =
\/1 —|—ar,2 — 2a COSw

¥ H(e/v) = _4an-1 [ a Sinw }

1l —acosw
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= Magnitude & Phase of Frequency Response:

[l

[ N Y B T

N

20 logyp [H(e!)|

-+ 20dB

20 logyg |H(e!”)|

+ 20dB

-2

w
jw
a:_g 4 H(e')
3 I
a‘:—z 2
a=-1
aal s
a= 2 4
—nr T
-2 24 w
I
4
o
2
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= Second-Order DT Systems: (p.465)

O<r<land0<6<m

y[n] — 2rcos(8) y[n — 1] + r2 y[n — 2] = z[n]

1
1 — 2rcos(f) e iw 4 p2 g—52w

= H(ejw) =

cos(f) = (6.7'9 + 63‘9)

1
2

. 1
(1= (re)eiv] [1 = (re/%)emiv]
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= Impulse Response of 2nd-Order DT Systems:

e For 6 =0:
1

= H(Y) = (1=r )2 = h[n] = (n+1) ()" uln]

e For 6 = m:

- 1
JWY — — Y ¢
= H(eV) = (1—|—7‘ e—jw)Q = h[n] =(n+1) (—r)" uln]
e For 8 =0 or |
a=_
- A B 24 sin(0)
= H(eY) = . : . : -
() 1 — (rei?)e-iwv 1 — (re19)e-Jw B 8%

~ 2jsin(6)

LSin[(n 4+ 1)6]
sin(6) v

= h[n] = [A(re’”")" + B(re")"| uln] =7 [1]
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=

- | -3
reg r=s r=z

[
(=
I
o =
ENTA

o

1”][]]1- ) 1(‘)!“““‘“"%.;"";— : hln] = (n+1) ()™ uln]

0 n 0

e 1 1 LSin[(n + 1)6]
[ , [1.. r : u
: ] S e k& ; sin(0)

7]

1 _1 _3
:z ——2 I'—4
3w 1 3z 1 37 1 -3z
6=8 =7 0= b=
L. [ll.
T 1

I
£l

e | | Il - H“h hln] =(n+1) (=r)" uln]
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= Step Response of 2nd-Order DT Systems:

e For 0 =0:
1 r n r n
sln] = !(r DY - o 1)2fr -+ — 1(n + 1)r ] uln]
e For 6 = m:
- 5 L —r)" uln
ol = |5z + "+ g D" ul
e For 6 =0 or A= 2j;j:(9)
s[n] = h[n] * u[n] B= _sziie(e)

_ (reifynt1 _ (re—ityn+1
e e

1—7’639 1—7"6_39
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1 1
r=z r=s
s[n] s[n]
4.
| r=‘1‘ r=% 4 T=%
3 =0 e=0 3| 0=0
8=0 2} e
o] n o]
sn] s[n]
rﬂﬁ- O I r=%
31 ﬂ:% 31 o= 3L Q=%r
o=T
4 2 - 2
0 n 0 o
s[n] s[n) s[n]
a4F r:% ar r:% ar
I 3t (-):%" 3 e:g 3r
2 Al sl sl
1 U 1t
lo] n o] 0
s[n] s[n] s[n]
4| r=% 4| r:% 4}
3 9:3?" 3 9=3m411 3r
e:%" 2} 2t
R T e
o n T 0
s(n] ill?] i[n]
r=i- r=% r=%
i 0=ar = B== 3 B=qr
0=1r 2 2 2t
1 1 1
e] n o] 0

* Note: The plot for r= % , 8=0 has a different scale from the others.
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= Magnitude & Phase of Frequency Response:

20 logyq [H(e™)]

i kA

H(el") = N N

1

1 — 2rcos(f) e=7w + 72 e=i2v s é 3 i
—Qg —T w us @ =27 -1 ™ 4 ﬁ'r

(b) ()
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hln]
s[n]
s[n] 3

(c)
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y I Hiel
j w 20 logyg [H(e™)] 20 logqo |H(e™)|
2010 H(e
10 :
i ) 116
N \ 2 +12
\ i r_%
—ar =
! % f 7 : t
—2m 14 Sg 7 2w [8
T-8
T-12

X H(™™)

20 |Og]_0 ]H(ejw)|

X H(e™)
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* The Magnitude-Phase Representation 423
of the Fourier Transform

= The Magnitude-Phase Representation

of Frequency Respo
= Time-Domain Prope

nse of LTI Systems
rties

of ldeal Frequency-Selective Filters
= Time-Domalin and Frequency-Domain Aspects

of Non-ideal Filters
= 1st-Order & 2nd-Oro
= 1st-Order & 2nd-Orc

er Continuous-Time Systems
er Discrete-Time Systems

* Time- & Frequency-

Domain Analysis of Systems
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Magnitude-Phase Representation of Fourier Transform LIRS G T e L

= Magnitude & Phase Representation:

- ( T:\/a2+52
" (a,b) a+ib = b
- \ tén(é?) =2
0 = a+jb = rel?
'Re 1 B 1
a+jb] = a2 +0? = Va2 +b2
X(Gw) = Re{X{Gw)}+ j Im{X(Gw)} = X(jw)‘ej%’ix(jw)
X () = Re {X(ejw)}-l- 7 Im {X(ejw)} — X(ejw)‘eﬁx(ejw)

‘X(jw)‘ or ‘X(ej‘w)| . magnitude

X X(jw) or X X(e’*) : phase angle
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Magnitude-Phase Representation of Frequency Response of H,IESM
= Magnitude & Phase Distortions:

g

X —>-—> Y Y(jw) = X(Jw) H(jw)

Y (/) = X (/%) H(e'Y)

= Y (jw)| = [X(Gw)| [H(jw)]

. , , magnitude distortion
Y ()| = [X ()] [H(e™)]

= LY (jw) = L X(jw) + ¥ H(jw)
Y (™) = 3 X() + L H()

phase distortion

|H(jw)| or |[H(e’™)| : gain of the system

X H(jw) or ¥ H(e’¥) : phase shift of the system
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- MagnitUde & Phase Angle: A cos(wot + ¢) = é el0 eiwot 4 g o= g—Jwot

Magnitude-Phase Representation of Fourier Transform

z(t) = 1 cos( t-!-qbo)-l-% cos(2nt+¢1)+1 cos( t+¢2)+§ cos(6nt+¢3)

4 ss3-17

. : : : - : ‘ (;bl = 0 ('rad,) ss3-18
o ] o> = 0 (rad)
L i .

-2 15 1 05 0.5 1 1.5 2 ¢)3 = 0 (?“Cl,d)

1r | | ‘ ‘1/2005(2‘75 t +¢1)‘ i

N N TN T
1t j

-2 1.5 1 0.5 0.5 1 1.5 2

1 ‘ ROS (41 JE0,) 4

1 i

-2 15 1 05 0.5 1 1.5 2

1r | | ‘ ‘2/3005(6‘75 t +¢3)‘

d\VAVAVAVAVAV/\VAVAVAVAVAV/
L

-2 15 1 0.5 0.5 1 1.5 2

4 T T T T

2 \/v\/\_/v\/\/v\/\/\’\/

0 | | | j
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- MagnitUde & Phase Angle: A cos(wot + ¢) = é el0 eiwot 4 g o= g—Jwot

Magnitude-Phase Representation of Fourier Transform

z(t) = 1 cos( t+¢o)+% cos(2nt+¢1)+1 cos( t+¢2)+§ cos(6nt+¢3)

A

A

VVVV

1 1 L
-2 -1.5 -1 -0.5 (] 0.5 1 1.5 2

VAVaAVAVAVAY.

2/3cos(6n t +¢,) |

\VAVAVAVAVAV,

1 L L 1 1 L
-2 -1.5 -1 -0.5 (] 0.5 1 1.5 2

ANAYS

VAVAv

-2 -1.5 -1 -0.5 (] 0.5 1 1.5 2

-2 15 %) 05 ¢ 0.5 1 15 2

1 b ‘ ‘ ‘ 1/2cos(2n t +0,) ‘ -

N T T

N T $»1 = 4 (rad)

-2 15 1 0.5 ) 0.5 1 1.5 2 q‘)Q = 8 (?“ad)
o3 = 12 (rad)
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= Magnitude & Phase Angle: Acostuot+¢) =5 7 /vt + 2 ¢3¢ o

Magnitude-Phase Representation of Fourier Transform

1 2
x(t) = 1 cos(0 mt+gb0)+5 cos(2nt+¢q)+1 cos(4:t+gb2)—|—5 cos(6rt+d3)

{ »1 = 0 (rad)
j}“[j}“{j}“[j“/‘_’\“f o = 0 (rad)
! t o3 = 0 (rad)
H H M H H {Cbl = 4 (rad)
po = 8 (rad)
® ‘ o3 = 12 (rad)
P11 = 6 (rad)
ATAVATAYIVAYIYAYAYAY {q; = 27 (rai
® ! $3 = 0.93 (rad)
P11 = 1.2 (rad)
AN NATNAINS {é = e
(@ : o3 = —7.02 (rad)
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Magnitude-Phase Representation of Fourier Transform LS G e

= Magnitude & Phase Angle in Images:

F . . X X (Jw,jw
2ty t2) +— X(jwy, jwo) X (jwi, jwp)|e’* (3‘“ ?)
x[ni,no] +— X (V1,6 e/V2) ‘X(ejw1,€jw2) I X X (771 ,e772)

yini, n2

“new mg" "+ pha
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* The Magnitude-Phase Representation
of the Fourier Transform

* The Magnitude-Phase Representation 427

of Frequency Respo
= Time-Domain Prope

nse of LTI Systems
rties

of ldeal Frequency-Selective Filters
= Time-Domalin and Frequency-Domain Aspects

of Non-ideal Filters
= 1st-Order & 2nd-Oro
= 1st-Order & 2nd-Orc

er Continuous-Time Systems
er Discrete-Time Systems

* Time- & Frequency-

Domain Analysis of Systems
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Magnitude-Phase Representation of Freq Resp of LTI Systemsg .
= Linear Phase:

— )
4_LJ_|_|_L_‘—A__. o 4 (ejw) — ¢ JWn0
’ ) : { [Hi(e™)] =1
= Jw S
y[n] = z[n — 5] X |H1(e’)|] = —wng

Yi(e’) = H1(e") X (&)

— e_jwnO X(ej’w)

TLO_5
= y[n] = x[n — ng]
. d .
J Hy(e’") = T w {%( Hl(eﬂ’w)} —
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Magnitude-Phase Representation of Freq Resp of LTI Systemsg .

= Non-Linear Phase:
X —».—»Y

JJJlL————— Ho(el®) = el/()

0
(a)

o V(&) = Ho(e!") X (/)

H,l”.H“““Hnn....z — pif(w) X(ejw)

(©)

9 Ha(e") = 2 {3 Hae)} =
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= Linear & Non-Linear Phase:
-

z[n]

Magnitude-Phase Representation of Freq Resp of LTI Systems, .

o Y3(e/) = Hao(e!") Hi(e’") X (")

m H3(e'") = Ho(e'") Hy(e)

’ i (b) — Hz(ejw)e—jwno
H_l”.‘Hl]lllnnn....: — i (f(w)=wng)
| RELICOIE
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= Linear Phase: X I- .Y

|H1(jw)] = 1

I H1(Jw)| = —wio

Magnitude-Phase Representation of Freq Resp of LTI Systemsg .

Hq(jw) = e %0 =

= y(t) = z(t — to)

| -

(1) y(t) = z(t — 10)
to = 10

|
10 t
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= Non-Linear Phase: X 4,-_, v

Magnitude-Phase Representation of Freq Resp of LTI Systemsg .

Hy(jw) = e/

- b
() \/




Magnitude-Phase Representation of Freq Resp of LTI SyStems,cceoe rrorress

» Linear & Non-Linear Phase: ¥ 4,-_,Y

Hy(jw) = Ho(Jw) H1(jw) = Hg(jw)e_jwto — I (f(w)=wtg)

A

|
0 10 t
t

/)
Vgl
/)

1
0 1 6 t
d

x(t)

—
—

(c
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Magnitude-Phase Representation of Freq Resp of LTI Systemsg .

= Group Delay & Phase:
* Linear Phase & Delay:

Hqi(jw) = e Ivto = y(t) = z(t — tp) = delay = ig

Hq(el") = e w0 = y[n] = z[n — ng] = delay = ng

* Nonlinear Phase & Group Delay

Ho(jw) = /™) = T(w) = — T {<I Hg(jw)}
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= Example 6.1: X —p

H1l p—

H2 |e—p HI fepp Y

H(jw) = H1(jw) Hz(jw) Hz(jw)

_(w)? 4 (jw)? = 2¢w; (jw)

1+ (%)2 —25¢Gi(55)

H;(y — = :
i(Gw) (w;)? + (Jw)? + 2Gw; (jw) 1+ (£9)2 4+ 25¢(2)
(|Hi(jw)] = 1 o
= X H;,(jw) = — 2 arctan llfi((g)l}
N { [H(jw)] = 1
S H(jw) = S H1(jw) + L Ho(jw)

= r(w) =~ - {3 H(w)}

< Hz(jw)
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Magnitude-Phase Representation of Freq Resp of LTI Systemsg .

i Gy — 14 (jwll)z_zjcl(wﬂl) Zvl = 310566 rad/sec
= : , 1 = U
L+ Ggp)? + 206G fi ~ 50  Hz
[ Hi(Gw)[ = 1 ()
o | 2C1(5,-
X Hi(jw) = -2 arctan [1(_3;?_1)2]
\ “1
%-200
400 500 1000 e 1500 2000 2500
§ o

rad/sec
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Magnitude-Phase Representation of Freq Resp of LTI Systemsg; .

X ey H] eyl H2 e H3  e—) )

w; = 315 rad/sec (1 = 0.066
wr = 943 rad/secC s = 0,033
w3z = 1888 rad/sec (3 = 0.058
0 0 0
| 0] ]
N = ]
T m  w m s a N @ m @ @ m P e as
rad'sec rad'sec
20 ‘ 20 200
100 100 wol
100} -100 1ol
Ay 5 100 150 2000 220 0, 5D 100 1500 2000 20 20, - oo e o0 2500

radsec rad'sec rad/sec




Magnitude-Phase Representation of Freq Resp of LTI System§TUEE‘_§;‘g;5L_iT$§QF(?£’§35

Xyl H1l | H2 [P H3  f—p )

{H(jw)[ = 1
L HGw) = X H1(jw)+ X Ho(jw) + X H3(jw)

wy = 315 rad/sec mzoo
wr, = 943 rad/sec %ﬁ 0
w3z = 1888 rad/sec ° | | ‘ ‘
'2000 500 1000 1500 2000 2500
(1 = 0.066 9
(> = 0.033 > O
©
(3 = 0.058 00 | | | |
200° 500 1000 1500 2000 2500
: \[\
g O |
-200 \ \ | \
200° 500 1000 1500 2000 2500
&
5 O |
-200 \ \ | \
0 500 1000 1500 2000 2500
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w1
wo
w3

(o
(3
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X eyl H]l f——pp| H2 e H3 [ Y
{ H(jw)] = 1
X H(jw) = Y Hi(jw)+ X Hy(jw) + ¥ Hz(jw)

315 rad/SeC ) _4:’:'-:- 15{'}-:- '-:»I}:l '5-':»:' 2-}'3.’) 250
943 rad/sec . N
1888 rad/seCc gl X |
0.066 = ‘
0.033 §oo| K
O g O 5 8 _'“':'-::- 5z|:-:- --:»I::—::- 1 E\-I:—:l 2—:::::- RO

%‘ -400 - —




Magnitude-Phase Representation of Freq Resp of LTI Systemsg; .

rw) = - - {3 HGw)}

w1
wo
w3

IR

315 rad/sec
943 rad/sec
1888 rad/sec

0.066
0.033
0.058

27 f;

50 Hz
150 Hz
300 Hz

Group Delay (sec)

Phas? {rad)

5

10

-15

—20

0.10

=
(=]
@

=
o
&

=
|
E

=
=
[

]
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—~_

&0 100

150

200
Frequency [Hz)

250 300 350

400
()

) N

]

a0

100

150

200
Frequency (Hz)

250 300 380

400
{=)
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300 Hz

Magnitude-Phase Representation of Freq Resp of LTI Systemsg; .

0.5

-0.5

0.5

-0.5

Sum
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0.10

Group Delay (sec)
o (=] (=1
o o o
I (o] oo
T T T

o

=]

=]
T

I

N

|

100 150 200

Frequency (Hz)

+ 2o(t) + z3(%)

1 1 1
0.08 01 012
sec

1 1 1
0.14 0.16 0.18

= |
[g%]

0.08 0.1 012
sec

0.08 0.1 012
sec

1 1 1
0.08 01 012
sec

1 1 1
0.14 0.16 0.18 02

250 300 350

y(t) =

400
[

+ yo(t) + y3(t)

2

—_ T T T T T T T
K
> 05r J
o
S 0
T
S 05
Irs)
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& 05F
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Z 05F
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x(t)
X(jw)

w1
wo
w3

&
&,
3

IR

o(t)
1, YVw

315 rad/sec
943 rad/sec
1888 rad/sec

E00

0.066
0.033 400
0.058 200
0
27 f;
200
50 Hz — 400
150 Hz
—B00
300 Hz
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X oyl H| ety H2  j—pp H3 e )
{H(jw)l = 1
I H(jw) = Y Hi(jw)+ X Ha(jw) + ¥ H3(jw)
gtJ.EJS _
%anm k 7]
'0 j] | | | A—/I\'—

Fraquency (Hz)

0

0.02

0.04

0.08

0.08

0.1
Tima (sac)

0.12

0.14

0.16

0.18 0.2
(d)
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= Example 6.2:

0

‘ dB)
) i - |
o o ) =) 1)

Magnitude (20log,, [H(w)],

|
w
(=]

Switched
Telecommunicayy

shot — Short
>
\ (‘_U 6,000
(b
Medium \\ D 5,000
Medium \ =
| \\ 2
P - \m
Og
= S
\\ 5
\\ 2 2,000
o
ciJ 000
c i
O
Z o

o

600 1

,200 1,800 2,400 3,000 3,600

Frequency (Hz)

0.6

E-SS6-TimeFreq-68

Analog Transmission Performance on the

n Networks (AT&T/Bell)

) |
shon \ /, Short

0

600 1,200 1,800 2,400 3.000  3.600

Frequency (Hz)

=y

Time (msec)

(a)
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X eyl H| ety H2  j—p H3  je—) )

50 100 150 200 250 300 350 400
Frequency (Hz) o)

0.10 :

Group Delay (sec)

r(w) =~ {3 H(jw)|

0.02 F AL
1 | | | |

0 50 100 150 200 250 300 350 400
Frequancy (Hz) )

600 T T T T T T T T T
a0 | -
200 |-

2(t) = 6(1) °

—200

—400

L I !
o 0.02 0.04 0.06 0.08 ot 012 0.14 0.16 0.18 0.2
Time (sec) (@}

—600
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* The Magnitude-Phase Representation
of the Fourier Transform

= The Magnitude-Phase Representation

of Frequency Respo
= Time-Domain Prope
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of Ideal Frequency-Selective Filters 439
= Time-Domalin and Frequency-Domain Aspects

of Non-ideal Filters
= 1st-Order & 2nd-Oro
= 1st-Order & 2nd-Orc

er Continuous-Time Systems
er Discrete-Time Systems

* Time- & Frequency-

Domain Analysis of Systems
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= |deal Lowpass Filters:

(1, |w| < we
H(jw) = « . .
\ 0, |w| > we —unit gain
| 1, |w| < we —zero phase distortion
H(e?Y) = |
0, we<|w| <7

\

H(jw)
Y HGw) X H(E™)

—Wg We W

@ |
H(eY)

—2T —1T —Wg W m 2T w
(b)
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Time-Domain Properties of Ideal Frequency-Selective Filters . cc sce rimerreq-72

= |deal Lowpass Filters:

() 1, |w| < we
H ]’UJ — ¢ .
O, |w| > we h(t) = qur?Ct
=
: ]-: w| < w — Sihwen
H (/") = C | hln] = =
0, we<|w| <
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Time-Domain Properties of Ideal Frequency-Selective Filters . cc sce rimerreq-73

= |deal Lowpass Filters with Linear Phase:

H(jw) h{t)
. N N\ /-\\_/AV -
—We 0 e o = = ~ \Ua|a t
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= Step Response of Ideal Lowpass Filters:

t s ringing
s = [ n(rydr i
oo ol
V’“v’\/\/u{ E\/\f‘v e — B —— :
S rse time
n
s[n] = > hlm] ol
Mm=—00
v 1
0 5 ¢
ST TS | J 1 1] “l h!_”“ 11 et e et e __u,.r.‘.s_t_c..,T.mg_._"_.!H_u‘Tl
(b)
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* The Magnitude-Phase Representation
of the Fourier Transform

= The Magnitude-Phase Representation

of Frequency Respo
= Time-Domain Prope

nse of LTI Systems
rties

of Ideal Frequency-Selective Filters 444
= Time-Domain and Frequency-Domain Aspects

of Non-ideal Filters
= 1st-Order & 2nd-Oro
= 1st-Order & 2nd-Orc

er Continuous-Time Systems
er Discrete-Time Systems

* Time- & Frequency-

Domain Analysis of Systems
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= Qverlapping Spectra: ¥ _,-_,y

X(jw)

Time- & Frequency-Domain Aspects of Non-ideal Filters

Xo(jw)

A{je) Ideal Band-Pass Filter 7

(a)
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= Desired Filter Characteristics: % 4,-_,1/

Time- & Frequency-Domain Aspects of Non-ideal Filters

[H(jo)] 5 r .

1 01 : allowable passband ripple
1+ 9 - 0o : allowable stopband ripple
1-3, po—— | § wp : passband edge

A | W stopband edge
CoN ws — wp - transition band
Passband | Transition | Stopband .
s | ; 2
0 . ~ T -, m== ==
wp Ws 0 27
. s
A : overshoot I
0 . steady-state error
 wy 1 ringing frequency
tr 1 rise time : :
t : settling time i i
| Us g t’l" :tS
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= Three Frequently Used Filters:
« Butterworth, Chebyshev, Elliptic filters

|H,(j)]

G| =
He jQ = ,

G

0

G| :

1+ 2VE(z2)

Vn(x) = cos (N cos™* a:)
- 1 Bava

‘HC(]Q)‘ = 1_|_62U]%(Q) \

Uy (z) : Jacabian elliptic function &———t\——<<—

0 Q, Q Q




= Example 6.3: Two Frequently Used Filters:

Magnitude of frequency response

Time- & Frequency-Domain Aspects of Non-ideal Filters

e Butterworth filter

 Elliptic filter

0.9 L

0.8t

0.7

0.6 |

05+

0.4

03t

0.2

01 F

Frequency Response
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Fifth-order rational frequency response
Cutoff frequency = 500 Hz

Step Response

A
‘t‘ .— Elliptic filter
1
]
1
]
B
q) L
[®) 1
2 g
. — ]
= ‘~.
(@) :
@© \
= ;
1
‘h--"' Butterworth filter
%
\\
LY
b
L]
| S
200 400 800 800 1,00(
Freguency

1.2

- T
lost
106
104 F

To2l

Elliptic filter

6 8 10

Time(msec)

% Time (ms) °
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* The Magnitude-Phase Representation
of the Fourier Transform

= The Magnitude-Phase Representation
of Frequency Response of LTI Systems

= Time-Domain Properties
of ldeal Frequency-Selective Filters

= Time-Domalin and Frequency-Domain Aspects
of Non-ideal Filters

= 1st-Order & 2nd-Order Continuous-Time Systems
= 1st-Order & 2nd-Order Discrete-Time Systems

= Time- & Frequency-Domain Analysis of Systems
472
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= DT Non-recursive Filters:

e Recursive or infinite impulse response (lIR) filters

> Impossible to design a causal, recursive filter
with exactly linear phase (related to time delay)

gl —ayln—1=2ln] |o|<1 = H(E) = —
1l —ae V¥
e Non-recursive or finite impulse response (FIR) filters
> Can have exactly linear phase (related to time delay)
ss3-105
h(n] 1
N+M+1
1 M
yln] = z[n — k]
N M,
---------- N Mmoo "

1 jw[(N—M)/2]Sin[w(M+N+1)/2]
N+ M+41 sin(w/2)

= H{{e') =
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= Log-Magnitude Plots: | | ! ' |Lesece
Wit
e YYYYYYYYY
N+ M-+1=33 E_SO_ (a)
H(™) = - e:fwKN—M)/z]5‘"[w(ﬂ-f+f\’+1)/2_]Tr e ; 7 "
B N+ M+1 sin(w/2)
wﬂn%
= 4omq m i Wﬂ
N+M+1=65 )
rl

- —7/2 0 /2 —
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400

= | owpass Filtering I
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Time-Domain & Frequency-Domain Analysis of Systems Ny Uy
= General Form of DT Non-recursive Filters: 53-104
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= General Form of DT Non-recursive Filters:
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= Comparison on a Linear Amplitude Scale:
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= | owpass Non-recursive Filter with 251 Coefficients:
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Summary: Chap 6 - 1 NTUEE-SS6-TimeFreq-88
d
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Summary: Chap 6 - 3

x(t) = 6(¢)
X(jw) =1, Yw
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Summary: Chap 6 - 4
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Summary: Chap 6 -5

= | owpass Filters:
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* The Magnitude-Phase Representation of the FT
* The Magnitude-Phase Representation

of Frequency Respo

* Time-Domain Prope
ldeal Frequency-Sel

nse of LTI Systems

rties of
ective Filters

* Time-Domain and Frequency-Domain Aspects

of Non-ideal Filters
= 1st-Order & 2nd-Oro
= 1st-Order & 2nd-Oro

er CT Systems
er DT Systems

= Time- & Frequency-

Domain Analysis of Systems




