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CM23 231121T on Log-Magnitude and Phase, CT/DT Rational Frequency Response
Announcements

1. Messages from Instructor
o Goal of Life: Self-Fulfillment and Contribution to Collective (KIOt&®, S&X| 7| )
= Attitude: Exceed the expectations! (7|CHE E O A 2})
o "Ob= 30| BO|Ch BP0} R YOI Sk AE, 424
o B (H123 9317])
= Theory Learning (O| & H{ 2 7])
= Problem Solving (X Z7])
= H{R 7|2} 93|7[9|
o How to Learn
= Stop and Think; & 7|7} chess master & ZH=C}; Find commonality, similarity, and difference
o How to Practice
Purposeful practice with 3F: Time, Focused Action (£ A2 2 A|7| 2= 2 & 91 71?), Experience, Lesson, Immediate Feedback (ZX| 2| &8 4), Fix, Growth

o How to solve? How to understand? ((S))implify and ((V))isualize:
= essence, simplify; generalize; consider extremes; mental representation, representational examples;
= Venn diagram, necessity and sufficienciency, existence and uniqueness/plurality
o An imperfect classification rule is better than no classification rule as long as you recognize the imperfection and update your rule.
= block diagram, G(V,E); graph of a function, algebraic vs. geometric interpretations, mathematical vs. physical/engineering interpretations/implications

2. X Zel =3/t At
o Def. of CT/DT Memoryless System
® ina narrow sense
o Def. A CT/DT system is memoryless if the current output depends only on the current input.
o Consequence. If a CT/DT system is memoryless then it is time-invariant.
¢ There exists a scalar-input scalar-output system such that ....

¢ Example. y(t) = {x(t)}*2; Causal, Nonlinear, Time-Invariant; Initial rest, ZIZO; memoryless, y = x"2
. . R
* in a wide sense




= in a wide sense
o Def. A CT/DT system is memoryless if the current output does not dependent on the past and future inputs.
¢ Example. y(t) = {x(t)}*2 cos(2\pi f_c t); Causal, Nonlinear, Time-Varing; Initial rest, ZIZO; memoryless in a wide sense

3. HW, Quiz, and Exam
o Quiz 2 is taken today.
o There may be a supplementary CM. No attendance required. The recorded lecture will be uploaded as CM21.
o HW12 will be assigned by this Friday. Due will be next Tuesday.

4. Lo A=
o Handouts and annotated pdfs are downloadable from the non-PLMS class homepage at http://cisl.postech.ac.kr/class/eece233/schedule.htm.
o Recorded CMs are available from cisl.postech YouTube channel. Please place clickable time stamps.

5. 54

o ZZMERO| CHB ™ AtE Z A AEI( https://wpsc.postech.ac.kr/eams/login )= ZOISHM| Q. M™EAIR 7} /e stl2 SHE MEd] M L.

6. Overview (The numbers are the chapter numbers of the textbook)
1. Signals and Systems
2. Linear Time-Invariant Systems
3. Fourier Series Representation of Periodic Signals

4. Continuous-time Fourier Transform E A I |
5. Discrete-time Fourier Transform
6. Time and Frequency Characterization of Signals and Systems

(€>) : + -5 1
9. Laplace Transform I_-" E _I J_ITI_ K 3

10. Z-transform

7. Sampling /\’F‘/\J /\:ﬂ “ /\‘F@ )) Z/\& H“ﬁ

8. Communication Systems =] G= 1 [

7. Related Courses offered in 24-1 B B B A
o EECE302 AT A (ZE U HEIZZ AN A), 24 MZHAIAH! <+ by g

o EECE361/DISU361 M AIIIS L 3}

R20)1=

= S0l 4

= 1A "A|E O E
o EECE441 CIX|ESLINE; = 11A|,*._|§‘3<' A28, ™A ot

o EECE442/NGCN301 EA1314
o EECE443/NGCN302 EA13Y4
o EECE451 C|X|EMZS XN E2|INZ;
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8. Review

| n
. Revi KUY X X i)
o Convolution property (cont.) - (’Vt’ﬂ)(xn MFM_J

= convolution sum of two causal geometric sequences

= I
O two different bases => weighted sum of the two sequences V] 0("(/( rM’J’(' [ M('VQ

O same base => weighted sum of the sequence and the linear x the sequence
= LCCDE

o frequency response is rational in e*{-j omega}
O impulse response by PFE
o ex. first-order recursive system in initial rest

o Multiplication property
* multiplication in TD <=> 1/(2 pi) times periodic convolution in FD wepeit 6 1o S0 - o yo
N 0O ex. DTFT of DT sinc squared WHAIRKIE  1m R
¢ Duality in Fourier Analysis

23| S4EHGs2s, vz, 3 S A8ts)
o CTFT and inverse CTFT

= rect <->sinc, sinc <->rect.
o CTFS and DTFT
= CTFS: periodic in time <->discrete in frequency
= DTFT: discrete in time <-> periodic in frequency
o DTFS
= discrete and periodic in time <-> discrete and periodic in freq.
¢ Parseval's relation and Effect of phase
o Two different time functions can have the same ESD.

9. Preview
¢ Miscellaneous
o LTI system
®= magnitude and phase responses
= vs. log-magnitude and phase responses
= How to read a log-log plot
o Linear-phase system vs. Nonlinear-phase system
= Def. A CT/DT LTI system is a linear phase system if .... Otherwise, the system is of nonlinear phase

= Caution. In DT LTI, arbitrary linear phase is NOT allowed.
o All-pass system




= Def. A CT/DT LTI system is an all-pass system if ...

o Def. Given a nonlinear-phase system, the group delay at omega_0 is defined as ...

o Ideal vs. non-ideal LPFs

* Q. How to choose coefficients to design a desirable frequency response?
o Al. CT/DT rational frequency responses with real coefficients

= Jst-order system
= 2nd-order system
o A2. Laplace and Z-TFs.

EECE233 Signals and Systems

Lecture Note #12
Prof. Joon Ho Cho
(Slides thanks to Qing Hu*, D. Boning, D. Freeman, T.
Weiss, J. White, and A. Willsky)

. Covers O & W pp. 427-472
<Log-Magnituc9 and Phase

ﬁLinear anc@onlinear Phasé>>

deal and Nonideal Frequency Response

CT and DT Rational Frequency Responses
. DT First- and(éecond-Order Systems>>

* These lecture notes are based on the lecture notes used in 6.003 taught by
Prof. Qing Hu at M.LI.T. These notes are adopted for EECE233 under the
permission of Prof. Qing Hu.

1

o] lecture note R3]
A=

LCCDE® YEl}i= CT
LTI system¥} DT LIT
system®lA] coefficient
S5 ojwA Aegof o
31+ response’} YEY
Ao & A A
(qualitatively) o & Hl|-&

tt.



Log-Magnitude and Phase

1) ——|  H(jo) ——> y(1)

Yjo) = H(jw)X(jw)

U
¥ (jo)| = |H(jo)- |X(jo)

ot loglt(jo)| = loglH(jo)| + loglX )|
LY(jo) = LH(jo)+ LX(jo)

H(]w)

/

and:

H(jw)

Cascading:

~

log|H( jw)| = log|H, (jw)| + log|H, ( jw)|} J
. . . Easy to add
LH(jw) = LH,(jo) + LH,(jo)

2

Plotting L.og-Magnitude and Phase éode

a) For real-valued signals and systems

Plot for w > 0, often with a
logarithmic scale for frequency
inCT

= |H(jow)

(- jo) R
- - LH(jo)

LH(- jo)

b) In DT, need only plot for 0 < w < rt (with /inear scale)
¢) For historical reasons, log-magnitude is usually plotted in units

of decibels (dB):
(l<be> 10 decibels =

AN
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20log, i) = 0y, | WAL 7193 dBY
:_/E dB _HGw)|=1 [l—tt‘w)\-l powerj{t energy#}°]
S =2 < !§§ ) 9 21 ] power 1=
( Vo (_\w)r- 2 energy&to] ot}
H(o)=2 —~6dB __ [H(w]4 10 log10 (2) = 10+
|H(jw)|=10 — 20dB — fg(els l]QO power gain 0.3010 = 3.010
—_— s L 4
w2} A power 2= °F 3
[H(jw)|=100 40dB M dBA}o] & Wh=th
Frarg, SAeA $F octave}oli= —r-l]'—r 2 29]o]t}, —> MATLAB 3o} vb5o]wz}, CTFSE] K

°}71" & harmonic A¥-50] th=1}, ‘

90 \eg.o |HP (=20l

/ Approximate Bode plots for insightful analysis
) For small
For a frequency response H(jw) < — \omega, H(jomega)
| Jo+ 1 \approx 1
DI
~.\ﬁig}h-frequency asymptoty 0 ; ’L : : t‘\ For ]argc \omcga,
— | F J ow-frequency asympto .
% é)\y-frequency asymptoté} o) 20 &’ 7 H(J\Omega) .
;’@ 7 g \approx 1/(jomega)
E ————? 2 40 3
E Bandwidth 45 o
?@ éorner frequen@ ® 60 19 logs sk 0.
I [0 \}
. slope 4 ” <Qorner frequen
a0 -20dB/dec g hf tot
& ‘ Q » |g requency asympo% Q h(O=?
sy T ,...._b‘ RHIE
Radian frequency (rad/sec) Radian frequency (rad/sec)
. . . MATLABeNA]
Both the amplitude and phase of H(jw) change rapidly plot (x,y) tl Al
around the‘corner frequenc} =1. semilogx (x,y),
semilogy (X,y),
linear —linear A = ”é}-"’(oglo> Qgglog(x,y) oS
NM = 71&717F 549 A4 oY=

10 ¥ ™ 20dBE o] Xt} log magnitude”} 20 dB per decade® F+A3tc}. & 1= 10m) v}
shg] w27} 20 dB (5 100M14) 7H2 7).
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A Typical Bode plot for a second-order system

E.g. LCR circuit
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Linear Phase

CT xX(t) — H(jo) —— ()

H(jw)=e7 = |H(jw)|=1, LH(jw)=-aw — Linearin @
Y(jw) = ¢/ X(jo) <™ y(1)= x(1 - 1)

Result: {Linear phase}» simply a rigid shift in time, no distortion
Nonlinear phaseys distortion as well as shift

Example: Shifted square pulse

x1(t)

Tl T| t
X2(t)=x4 (t-0)
1 -
|-—| 1.7 X(jo) =X (jw)eive
a t

Effect of Linear and Nonlinear Phase on the Output Signal

x(t)
Input

1EaL ol E A ARE
cascaded} log
magnitudei= U3 A =
o] A4 g3 % A Ado]
H % log—magnitude®
Azbshd A A A9
responses 17 o] sl
sk = QA A= A4
o] gtk



Input

Output from a y(t)
system with

linear phase _
E.g SAW H(o) = 7
devices and
telecom systems.

Linear phase

[0) i0 t

y(t) Nonlinear phase
distortion as well as delay

Output from a
system with

; 0 /1\ T
nonlinear phase t\/

7

Linear Phase in DT systems
DT Mn] = x[n - no] s V()= X (™)
H(e")= ™ = |[H(*)| =1, LH(I) = -nyo

Example: F/R (Finite-Impulse Response) filters

FIR filter2] antonym->-

A . , IR filter ©]t}.
h[n]= Eaké[”_k] - Finite duration IIR = infinite impulse
k=N, response

A special case: N, =0,N,=2n,,a,=1,—> A 2n,+1 — point averager
ex/ hln]=alpha~n uln]
sinfw (n, +1/2)] s

2n,
h[n]= Eé[n k)<
k=0

sin(w / 2)
” , R s
Note: hn+n]= E Sln— k] <= Sul[c?(;zo + )]
k==n, sin(w / 2)

Question: ~ What about  H(e’”)= ¢, a = integer?

8
Q. TDellA] o]W 41514 €71 9]4] inverse transform3al] X.%?
A. H(e~{j \omega}) = WF=A] \omega®] 713 % 7] 2\pio]of gt} whefa] en{—j
\nmooa \alnhal ollA \alnha7k inteoar7k ol DWTRET7E olUth
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<All-Pass ystems
(Hjw)| =1 = |H(@)))

CT H(jw)=e*" — Linear phase
— Nonlinear phase
2 2
but all - pass  |H(jw)| = a2 A a)2 =1, bLC/O
a +w
DT H(e™)=e /™ — Linear phase
— Nonlinear phase
but all - pass |H(ej“’)’ I (e cosw)” + sin’ w =1 \vlbb
pa; (1-cosw)’ +sin"w 7

9

ﬁw do we handle signal delay when the phase is nonlinear?
<¢roup Dela}
‘ ~T(jw,) When the signal is narrowband, then
i /~/ dLH(jo) LH(jo)
| S EEED) nstead of ~ =2

o | dw o
reflects the time delay.

For frequencies “near” w,
== o

- 1)=-——[LH(jw)]

LH(jw)=/LH(j wc) -T(,)w-w,)=¢-1(W,)

= Group Delay

X(o) |

all—pass system =

frequency flat filters
such as

identi

ty,

linear phase,
nonlinear—phase

syste

ms

<<—=> >

frequ

ency selective

filters
including LPF, BPF,

HPF

AM
SkAbdtkHe
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2
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e [ S

T

Macymohand
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where phi = angle
H(\omega_0 +
\tau(\omega_0)




'z) LH(jo) = LH(j @) - T(@,)© -0,) = $ - T(@,) o where phi = angle
- H(G\omega_0 +

(w,) = ——[LH(j(u)] = Group Delay \tau \omega_0)
A - ,F( dc? w=o, \omega_0
%- 1’)*{ h’) (x .) o|t},
l . _ . j _jt(wo )w
H(jw) = (|H(jw)|0’¢ ) e?

— v Delay
Distortion of
the signal by T(w,)

10

Demo: All-pass system H(jw) = e/4H0®),
and ZH (jw) = -aw + bar.

Phase = -ao+b"’ Input x(t)

frequency(Hz) time(secs)
Group Delay = t Output y(t)
a b
[7 [0:626
frequency(Hz) time(secs) J

11

Ideal Lowpass Filter
ol714] Fel g R,
\omega_c”’} Ee}A4 %

9%Gibbs_ | t=— \pi/\omega_c°lA]

H(jw) o : -
A"‘/ overshoot N, t=+ \pi/\omega_c 74 2
1 s(00) T AX 710 mW=l2] okl

sin ® 1
h(t)= ‘

CT T




CT h(t)y= —
H(jo) - 9% Gibbs
| 5(c0) T overshoot
@ a i

Noncausal (2 <0) = 0

T |®
o O

*  Oscillatory Response — e.g. step response Overshoot by 9%,
s(t) 1bbs phenomenon
st) = [ hwydr ol

s(®) = f_ Z h(t)dt
= H(jO)
=1

12
\omega_c”} 1A 4

maximum overshoot® = 9] X]3= 00l 7}7} 2} *] A] w},
maximum overshoot?] 92 Wa}#] ¢i=t}.

Q. Gibbs phenomenon}2] ¥7]3=?7?

ex/ periodic square wave®| Fourier series&
7}2729

Q. 228 9d jump discontinuity 7} 213 413 2] Gibbs phenomenon->-
g ot

vk x () 7} t_0°ll A4l alpha=L7]19] jump discontinuity 7} 9124
x(t) = x_0(t) + alpha u(t—t_0) & JeRo]...

Demo: Gibbs phenomenon in FT
Passing a square pulse through an ideal LPF

2

I

3

37

+ truncatedli= A9} 4= ¥

Al

\omega_c”/} ©oFA4 5
t=—\pi/\omega_c°l 4
t=+ \pi/\omega_c 7} 9]
R R e K D I e

._,_01 = u]-
S yE o HolA]
WS wakelA At

step responseﬂ
t=—\infty ol 4] =
t=\infty ol A= 1°]—Tl,
h(t) = t=08 4o %
symmetrical 3} &,
step responses= t= O°ﬂ

A 1/29 k& Zh=d

oA 4
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Nonideal Lowpass Filter

¢ Sometimes we don’t want a sharp cutoff, e.g.

y = signal + noise

? ?




= - o

y(t) signal + noise

! l

AW

(0] (0]

¢ Often have specifications in time and frequency domain = Trade-offs

IH(jo)! s() Step response
Freq. Response
1484 R 2n/oy,
1-84 ,.-‘_‘.\ &
PassbaﬁTral"‘lsitionEtopband
0 op 0s """ ) t ts

14

o] Al qualitatived}Al LCCDE®Z YEly3i= LTI system= A A= 1o 7%

= -t B} AA S 218 Laplace transform®} $H7) nj--t},

$-2]&= LCCDER Yeli= Al AElo] §19] 9] real—valued signal2 real—valued signal  mapping3d}

712 Aaki= 497 .

olgl A 51719 % sufficientdt W ©. %= H(\omwga) 7} real—valued coefficient® Z+i= rational

function 2] producto]'d H ),

CT Rational Frequency Responses
If the CT system 1s described by LCCDEs,

d*y(t) d*x(t)
Eak i =Ebk ik

then L «—> (jo)*, and H(j VD) H(j
s » and H(jw) = 2. Go) —H {(Jw)

H.(jw) = First- or Second — order factors

Prototypical Hjw) =
Systems

- — First - order system, has only one
Jjot +1

energy storing element, i.e.Lor C
1 w?

(j2f+2g(jz)+1 (oF+ %, o) 7 07

Hyjw) =

— Second - order system, has fwo energy storing
in I AandC

alamantco

\Pi
o= A \pio] t}.
+ (product) & eI T

Pil el Ui AL
multiplicand ¥} 32 .
¢ ar(d,

f) summ
integrand

olg A sl system<
TAEE h i) S 2=
A2 systemeS A8
©] serially connect3}¥
Ht}. parallel
connection ©. & A1k
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DT Rational Frequency Responses
If the DT system is described by LCCDE’s (Linear-Constant-

Coefficient Difference Equations

E ayn-k]= Ebkx[n -k]

then from y[n — k] < Y(&’*)e ™™, x[n-k] < X(e’*)e /™

bke—jkw bk( e—jw )k

| PRE&T).

We have:

Eake—jkw Eak (e—jw )k

H(ejw) =
=[]H™
H (¢’®) = First — or second — order

16
CT
=t

FEsi.

2 Pt

= LCCDE®R Al A&
3 %?SFE} Laplace transform...

ll
o
—

TA8FH A orders M and N¥} coefficients a_k, b_k &

factoringd}'® serial connection®.

Lol Al 2} wlzk7}A) =2
2 AE= 8381 PFESHA parallel connection©

A7 sl ok

5
> #7} ¢

314, Fourier transform W2 &= o]@ 7| o} dli=%] 43] noljx ¢ki=v} —



DT First-Order Systems
n]-ayn-1]=xn] |a|<1, inital rest
1 _ 1
l-ae’®  (1-acosw) + jasinw

U

H(®) =

Frequency Domain

. 1 o

IH(EM)I= T 08 el

1+a’ -2acosa))2 _
T 06
and AH(ejw) =—tall_l [w] %0‘4
1-acosw
02 I
Time Domaln l{n]=an"[n] 0 0 2 4 6 8 10 12 14 16 18
n 1_ an+1 n
s[n]= h[n]* ll[n] = 2 a' = h{n]
m=0 l-a
17

Demo: Unit-sample, unit-step, and frequency response
of DT first-order systems

Impulse Response Magnitude of Frequency Response
’ pr—oreraia e 115 i




of DT first-order systéms

Impulse Response

20 40
Slep Response

2

~
L
I

s|n|

=

2

Magnitude of Frequency Response
15 T p T

60 -2pi -pi 0 pi
Phase of Frequency Response (rad)

2pi

Vavd

0 ‘
0 20
n (samples)

s__

-2pi

-pi 0 pi 2pi
© (rad/sec)

18

ﬁ)T Second-Order System (O

y[n] - 2rcosBy[n-1] + rzy[n -2]= x[n],
1

& W pp.465-46ﬂ

O<r<land0 <0<

H(ejw)=

1-(2rcos0)e™ + r'e
1 1

_j2w >

A

"1 —(re®)e® 1-(re”®

e
B

T1-(e)e

~ r"sinl(n+l)6|
'[ sin0 ]u["]

r 1

+ —
1-(re?")e™

n[n] =[Ar"ej"9 +B r"e‘j"o]L{n]

@ ]E.}\:L___



_ lf Sllll \H + l)U l u[n]

sin 6

s[n]= n[n]s= n]

Demo: Unit-sample, unit-step, and frequency response of
DT second-order systems

Impulse Response
Demonstration of 19 . - 10~
First and
DT Systems
e ader system I 0.5
slaytn-ilsinl =
=0
0 E_
035 20 40 60 2pi pi 0 i 2pi
-2pi -pi pi 2pi
"‘LI Step Response Phase of Frequency Response (rad)
yinldreosoytn-ile 257 T T ] T T T ]
rA2y(n-2)exin]
2|9 2
r=07 |~ —
O Y ; )
= 0
|
14
s = 0.3%k
0.5
0 -I 2
S —— 0 ; . - . :
= 0 20 40 60 2pi  -pi 0 pi 2pi
n (samples)  (rad/sec)
20

A typical plot of the log-magnitude and phase of a
second-order DT frequency response
20log|H(&@)| and LH(®) vs. ®

20 1ogy IH(el®)1

PN A




24 dB

16
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12
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Next lecture covers O & W pp. 514-527 /
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