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Announcements
1. Messages from Instructor

o Goal of Life: Self-Fulfillment and Contribution to Collective (X}Of
= Attitude: Exceed the expectations! (7|CHE E O A 2})
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* Theory Learning (O|& Hf<7])
= Problem Solving (24 271)
o How to Learn
= Stop and Think; commonality, similarity, and difference
o How to Practice
Purposeful practice with 3F: Time, Focused Action, Experience, Lesson, Immediate Feedback, Fix, Growth
Purposeful practice is designed to improve performance, and is characterized by staying focused and positive, setting clear and
specific goals, allocating time during your week, taking on tasks that go beyond your existing level of ability, and seeking feedback.
EX: <https://www.google.com/search?q=purposeful +practice&rlz=1C1CHBD_koKR890KR890
&og=Purposeful+practice&gs_lcrp=EgZjaHJvbWUgBwgAEAAYgAQyBwgAEAAYgAQyBwgBEC4YgAQyBwgCEAAYgAQyBwgDEAAYgAQy
BWQEEAAYgAQyCAQFEAAYFhgeMggIBhAAGBYYH]IICACQABgWGB4yCAGIEAAYFhgeMgglCRAAGBYYHtIBCDMzNTVgMGo3gAIAsAIA&so
urceid=chrome&ie=UTF-8>

o ((S))implify and ((V))isualize:
= essence, generalize, consider extremes,
= 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. K| 2o +8/22 At
o Derivation of the notion of Periodic Convolution from the multiplication property of Fourier Series
o Derivation and Interpretation of Parseval's relation: Substitute only one.

3. HW, Quiz, and Exam




o HWO09 will be assigned by this Friday. Due will be next Tuesday.
o Midterm Exam is graded.

= Total = 100

= (Tentative) Mean = 61.00, Stdev = 16.21
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EECE233 Midterm Exam (Fall 2023)
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Z-score

= Graded Exam will be returned on this Thursday.

4. 49| Xt=

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.
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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
5. Discrete-time Fourier Transfor
6. Time and Frequency Ch
9. Laplace Transform

10. Z-transform

Cterization of Signals and Systems




6. Time and Frequency CharaCterization of Signals and Systems
9. Laplace Transform
10. Z-transform

. Sampling

8. Communication Systems

7. Review
o CTFS
= A periodic impulse train as a periodic signal has all harmonic components with the same intensity.
= Shift by half period
o Properties of DTE
oncept of the frequency domain (FD)
The FS coefficients and the FD

3.7 PROPERTIES OF DISCRETE-TIME FOURIER SERIES

There are strong similarities between the properties of discrete-time and continuous-time 2, [No
Fourier series. This can be readily seen by comparing the discrete-time Fourier series <1 19 ?1 *
properties summarized in Table 3.2 with their continuous-time counterparts in Table 3.1. — l —— " bt fP'
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TABLE 3.2 PROPERTIES OF DISCRETE-TIME FOURIER SERIES STt Qo (H%)
Property Periodic Signal Fourier Serles Cotidents T | T % —
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(periodic with period mN)

[} Periedic Convolution > afr)yin — 1) Nayb:
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r7 Periodic Convolution
& Muluplication
q First Difference

|O Running Sum

i ‘ Conjugate Symmctry for
Real Signals

85 Real and Even Signals

|2 Real and Odd Signals

| L. Even-Odd Decomposition
of Real Signals

[ It 71 15 not a miitiple of #r

(periodic with period mN)
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x{nly[n)

anl = xfn - 1]

4 finite vaiued and periodic only
> xKy
= ifay = 0

x[n) real

xfn) real and even

xIa} real and odd

{ x.[nl = &v{xn]}  [x[n] real)
x.fn) = Odixin}} [x[n] real]
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Imfa;} = —Imia ;)
lar| = la-il
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a; veal and even
a; purely imaginary and odd
(Re{a‘}
JImia}

Parseval’s Relation for Penodic Signals
1 > 2
N Z |x{zIF = z lacf

n= (A !

206 Fourier Series Representation of Periodic Signals ~ Chap. 3
TABLE 3.1 PROPERTIES OF CONTINUOUS-TIME FOURIER SERIES
Property Scction Periodic Signal Fourier Series Coefficients
X1y | Periodic with period T and ay
(1) fundamental frequency wy = 2a/T by
{ Linearitv 35.1 Ax(ny + Buln Aa. + Bb,
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OQ’ Multiplication 3.35.5 xX{nyn z aphyg - \
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[D lutcgmlmn f «d (finite valued and ( § )a X ( 1 )a .
. s = - LT B [ Q! et 1 3
JS(ZT'QE(}Q) "@‘H{'@J - periodic only if ay = 0) Jkay JKQ2wiT)
ap = al,
. Btefa;} = Rela )
= ?3\ [ {Cunjugate Symmetry for 356 x(r) real Inmda) = —Imda ;)
Real Signa]s Iad = ta_kl
L\L\jo\/ day, = —da.y
O\"lﬂ& \5 {'2_ Real and Even Signals 356 x(t) real and even ay real and even
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of Real Signals x() = Odix(0)} [xtr) real] J9mda;)
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8. Preview ZH:) Eg-& eJ =3 - —L = Q: g Zf‘t) 9 _r—qu‘
o Fourier series and Response of DT/CT LTI system T =R <)
® The concept of the frequency domain (FD) -\w =
o radian/sec vs. Hz T: E\) = ( J/}, = =
o difference between the FD of CT signals and the FD of DT signal - ( o q K = = qt:..
= LPF, BPF, HPF, notch filter, etc. < i e
= ideal LPF, BPF, HPF, etc. T



O airrerence petween the FL OT L1 signais and the Fu or U1 signal \
= LPF, BPF, HPF, notch filter, etc.
= ideal LPF, BPF, HPF, etc.

o =

EECE233 Signals and Systems
A% Lecture|[Note #6°1413= DT periodic signal® CT periodic signal< 22} complex ginusoidal
functions?] ljnear combination .3 YEli= ¥, = DT/CT Fourier Series Representation-g W3t}
Lecture Note #7
Prof. Joon Ho Cho
(Slides thanks to Qing Hu*, D. Boning, D. Freeman, T.
Weiss, J. White, and A. Willsky)

Q. ¢l complex sinusoids?] linear combination©. & Yeble] g2

° Covers O & W pp. 226-250
. Fourier Series-anid LTI S

Rarpies and Demos

* These lecture notes are based on the lecture notes used in 6.003 taught by

iy

Prof. Qing Hu at M.L.T. These notes are adopted for EECE233 under the . bbbk
permission of Prof. Qing Hu. 4

1

A. complex sinusoids7} 5.3= DT/CT LTI system?] eigenfunction
SRV wito] vk, =%, output input sinusoidal components 2]
linear combination . & 21eta] YEp}r] wio] ik

Review:  The Eigenfunction Property of
Complex Exponentials (from Lecture #5)

CT: e H(s)e™

the system function ¢f a
e st CT LTI system = th
H(S) =f_°° h(t)e dt Laplace TF of its imgulse

response
DT: @ Hn) z"
+® B the system response jof a
H(z) = 2 Hnk™ DT LTI system = thé 2—TF
n=——o of its impulse respégnse
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Q. 728 thA periodic signalo] 918 W] LTI system®] %222 71 ov]=?

Fourier Series and LTI Systems

W)=Y H(jkw,)ae™
kE 0)a

a, — H(jkw,)a,
——

“kwd gain'
%'ﬁ:) H Gk‘”‘)ﬁ’ H(jko,) = |H(jkwo)| o/ HH ke, )’

T includes both amplitude & phase
- oo X - S H(e™™o)aq.e* "
)= 3 a [] Mol= 3, He™)a,

a, — H("°)a,
N,
"gain'

H("*) = [He* )| 4,
includes both amplitude & phase

3
For periodic signal inputs, only the system function evaluated at j
times the Harmonic frequencies do matter.

. Existence for

named as su¢h

Def. Frequency Response of an LTI System Zl

. Not for all f
because (s=jo) Q. Find a
complex singsoid sufficient
input e~{j\omega - ; S condition for the
t} with fﬁequency C *’@—’ H(jw)e systpm function
\omega®l ]+ S __ ) to exist?
w2 inputell gain fue( Q0 Al.If h(t) is

©% H(j\omega) & CT Frequency response:  H(jw) = [ h(t)e " “dr absolutely
ek Zlo] ¥ wlit q ¥ resp ' (o) j:m (0)e integrable then
ojt}. Frequency response of a CT LTI system = System function HG\¢pmega)

evaluated on the line s = j\omega for —\infty < \omega < \infty  exis{s for all

\omgga.
o | (HE) | H )™ A2 Th@ is

square integrable
o w 6-(—00100) then|H (j\omega)
O_- (z=¢") C—[ol 'U\‘) exists (in some
W ) o0 senge which will
DT Frequency response:  H(e’”)= E Hnle7" be discussed

_(,_\( e’j (w %‘J n= e lomz)g;(-)r all

/ 4




A7k A = complex exponential functions?} CT/DT LTI systems®] eigenfunction®] 2k
= g ol g3kl qlo], 53] lgo] Fr1gkEl Ag-nks A7kslv

AR A 5 v AnAQl A5 A2 =, S1# o] WHEA] harmonically
related?! 21 o}l W2 complex sinusoids$! 45 A 7}Hgtc},

Signal Processing with Filters \

Separation of narrowband signals

The input consists of a sum of two narrowband signals, for
example, broadcast signals from two different radio
stations. Need to separate them for a clear reception.

Filter design — a main task in constructing

communication systems. H(S) ~ )
W )20 (=
exl. 5} A& + AF A% CFI;T‘T_! A~ A\ ng H O )

e e ey —— | [Geol® [rgol

N

ﬁ;ample: Using LPF and HPF to separm
signals

. /f/ \\\ 5
LPF = >
Lowpass
HPF
Highpass

Filter design becomes more challenging if the two signals
are close in frequency range.

N /




Low Pass Filter:
& F3E0E passA 71 AL 71 0] 913 stopAl It} o] F 9lal| A = W koA 9]
frequency response?| magnitude”?} W] 3420l 4] 2] magnitude®] 1] &} =d # o}

High Pass Filterd | %= f-AFskAl €},

/ Extraction of narrowband signals fron\
wideband noise — BPF

ex2. FHel 73 + Hdd Az

—— > BPF >
oIS o] Abere] el (F719 ofuH W fo) w9 55K

o]} A4 ght}) 80 Hz°ﬂ*l 1200Hz74 E918] 7195 943 20 Hz oA
20 KHz A &o]v}.

EZo] *]—“'“’] R o R AL ke ] 80 12007 L2t passAl 7]
\\ff:“’— vho] A ol &olA] 1 output®t 55k A 2.3t J’TJP

Aean %83 5 98 A0lek. F9lol 273k ol glolx, vjol 5,
S 7171 It o) 1A] WA g0 Folshek, WA S £ w75t
o2}t stopAl71E 0] F4 Aol

/Flltermg out unwanted narrowband signa \

for example, 60-Hz power lines — Notch
Filter

ex3. |[Fdel Nz +3 ) 7S

- NF >
Bandstop

— Notch Filter

S W A7) S0 A2 W0l B0HO| A W Al 52
27} e 2 60 Hzol A9 notch A7 power lineol 4] 2] %2
& =Y 5 Uk




Frequency Shaping and Filtering \

+ By choice of H{jw) (or H(¢'™)) as a function of @, we can shape
the frequency composition of the output

— Preferential amplification
— Selective filtering of some frequencies

Example #1: Audio System

Adjustable o |
Filter Equalizer —’I

L

Bass, Mid-range, Treble controls

For audio signals, the amplitude is much more important than the phy

Speaker

ate] selective

x i 9 4 = E
equalizeri= ¥ 21U 1= frequency response?} frequency selectivedt 4§ o] Fef o4
F responseS # Fak W elA] flal 1= equaldhA == A

equalizere|th. vl equalizers= A5 2 =37 response 2] 2/ 5 unequal 341 =

i A= s

o] gl 21 & equalizerd} ).

Q. 1w ¢T LTISF
LTI2| frequency

responses
AU DT L
ol ()3

Example #2: Frequency Selective F ilters\
— Filter out signals outside of the frequency range of interest

iam

Lowpass Filters:
Only show
amplitude here. e

|Hi el

?‘Slophulu.l Passban Slupbum‘]’
[e.2x
or

tx 1)
P N

Fele ol 7} - - . _ Y

Ao}, 2n 4 0 n /

10
/ Highpass Filters \



Highpass Filters
CT
o IH(jo)!
.\\\ /
N
Remember: DT
(_ l)n = e]'rm
— 7 = highest frequency inf DT H(el®)
hig

/ /:\\ /frda\
/ uep
— — »/‘/ ciés \\'7— — |
—Tu 1 2n 3n
low
11 freq
uen
cies
Bandpass Filters
j Cwp b BPFifo >0,
T cr
: l __ _l__ [H(jo)
Ocp Wep e
o, o
DT
|H(e’®)
‘ !
U)”

- -0,

Demo: Filtering effects on audio signals

| 12




Idealized Filters

Def. Ideal LPF with cutoff frequency \omega_c

Def. pasband, stopband of an ideal LPF
H(jo)

CT
1
. — cutoff
0 Py o © frequency
~—— Stopband } Passband } Stopband —
DT H(el®)
1
-2n o e 0 o 2n o

Note: |H| =1 and|£H = 0 for the ideal filtérs in the passbands,
no need for the phase plot.

13

ym:al HPF with cutoff frequency \omega_c \
CT

H(jo)

DT

N
N

77

-2n -2m+e 'y —Oc c 21:—(9/ aﬂ ®




Det. Ideal BPF with lower cutoff and upper cutoff frequencies .... an

CT H(jo)

1.

“Oc2 ~Ocq ®cq Oc2 @
lower cut-off  upper cut-off

DT _
H(el®)

2n -1t —Ocp —wc{ Weq u)ch 2n u)J

15
o4 $-23= how to construct a LPF/BPF/HPFeI o &A= vl -$-#] @kokil
ot o] CT/DT LTI system@ frequency responses Al4kslo] -1
magnitude response?] X¢¥ol we} LPF/BPE/HPF 5}
et o] 7| M &= Fo] R HE| 7} oW filterQ A vk WL, o] @A A A G A= A}
2 -7 &2 Ak

Example #3: DT Averager/Smoother
y[n] =%{x[n- 1+ x[n]+x[n+1]}

h[n) =é{6[n— 1]1+0[n]+ d[n+ 1]}

R B S

-1 0 1 n

o

H(™*)= E h[nle™*" =

n=—c

1 12
~[e +14+e’”]==+=cosw
3 3 3
IHE)!

;

, \ A LPF
3

1 1 1 %l){'{s} LPF - OI'L] ZI ':'J",
a4 o g A e olg R 5 A
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LCCDE ©ll4] y [n] "t 12 51 v delayed €

wllEo0]l 10 2] oki-yll- rc
=T o

ﬂxample #4: Nonrecursive DT (FIR) filterx
FIR) Rinito




LCCDE ©llA y[n] ¥+ v}2.51 t}& delayed ¥

v Eol 1]l @ «] oyl rc
J = T =T o

Example #4: Nonrecursive DT (FIR) filters

L« L« FIR) Finite
Vnl=——— Y x[n-k]— h[n]=—— ) S[n-k] Impylse
N+M+1k=2_,, N+M+1k=E_N Response
: ul =2
Hemy et oL mon s+ N4p /2 :zlq]_c
N+M+1,4, N+M+1 sin(w / 2) mmpyise
response”’}
IH(el®)l finit¢ duration
1 ‘&3 nonzero
M+N+1 =33 %711%_?%
ol gy §-&ut.
- -n/2 0 n2 T o
Rolls off at lower
. ® as M+N+1
IH(el)! increases -
; roll off = 'gko]
M+N+1 = 65 el Al 22 ghe
2 ek
2 of&)|sh ).
- -n/2 0 n/2 L N0Y
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7] N7 wlE o] MAl Z1E) 3t @A 9 sHs moving average
system< LPFEA]S b=t} o] & iyl golsju), o] H Al

SAAFA A EAA] 50941, 10024 31i= 2152 moving average
= A 509, A 10093 3 Ro 2w LPFRolt).

Demo: DT filters, LP, HP, and BP applied to DJ Industrial average

Dataset W Original slgj W Filtered :vqni ﬁ

DA 1620 1391

\;

3000+

i
r

2500+

i
H
L

2000 +

{
{

Dollars ($)

SR B 1500 - 1 1

[

. Bandgass Filters 1000} e ’\]
Cone Py AN\
AN ¥
NY |
0125 o 500+ o 1
/
\ Vo
0 H . . .
1916 1930 1943 1957 1971 1984 1998

Year

i
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/ Example #5: Simple Dﬂ‘ﬁdge” Detector

ynl =S [x[n] - x[n-1]] — L

h[n] ==[6[n]-6[n-1]]

N = =
.
™)

H(e™)= %(1 - ) = je sin(w / 2)

[0

|H(e")|= fsin(e / 2)| ~_((T T
Amplifies high-frequency components
edgei= WA WMglo| 2 5155} Alo] Wwg Zlojt) 2 vl
ge detectori= WA HPEQ Zlo]c}
18

ﬁ(ample #6: Edge enhancement using DT differentiat(h




Demo: Apply different filters to two-dimensional image signalsi\

Demo: Apply different filters to two-dimensional image signals.\
3 |
> |

Note: To really understand these examples, we need to understand
frequency contents of aperiodic signals = the Fourier Transform

22



