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Announcements
1. Messages from Instructor
o An imperfect classification rule is better than no classification rule as long as you recognize the imperfection and update your
rule.
o Simplify and Visualize:
= essence, generalize, consider extremes,
» Venn diagram, necessity and sufficienciency, existence and uniqueness/plurality
» block diagram, G(V,E); graph of a function, algebraic vs. geometric interpretations, mathematical vs. physical interpretations
o Purposeful practice with 3F: Time, Focused Action, Experience, Lesson, ﬁFeedback, 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.

Z X: <https://www.google.com/search?q=purposeful+practice&rlz=1C1CHBD koKR890KR890
&og=Purposeful+practice&gs lcrp=EgZjaHlvbWUqgBwgAEAAYgAQyBwWgAEAAYgAQyBwgBEC4AYgAQyBwgCEAAYgAQyBwgDEAAYgAQyBwWEEEAAYgAQYCAgFEAAYFhgeMggIBhAAGBYYH|lIICAcQABgWGBAyCAgIEAAYFhgeMggICRAAGBYYHtIBCDMzNTVgM

Go3gAlAsAlA&sourceid=chrome&ie=UTF-8>

o Stop and Think
o Self-Fulfillment and Contribution to Collective

o Greek letters L aTSys‘\LcW\—

Xtk )
2. N'et 2o =38/=2 2 A / hit) =
o modulator-filter and order N
o RC circuit cos 2Rt {

3. HW, Quiz, and Exam




o HWO06 will be assigned by this Friday. Due will be next Tuesday.
= HW grading policy will be changed from HWO06.

o Midterm Exam is approaching.
» |t will be taken on Thursday 10/26 at 19:00-23:00 in LG 102.
» Open everything
= No communication with human being

4. 4ol 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.

5. &4
o EZAMENO| CHSH ™XEZ A AEI( https://wpsc.postech.ac.kr/eams/login )& SQISHM Q. B-EAIS 7t /Y=
MNL.

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 Transform
6. Time and Frequency Characterization of Signals and Systems
9. Laplace Transform
10. Z-transform
7. Sampling
8. Communication Systems

7. Review
= Proof of if Sthen N
o Sis sufficient for N; N is necessary for S.
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Proof of if S then N
o Sis sufficient for N; N is necessary for S.

LCTL 0 Def. The converse is if N then,S. A
Proof of B iff A T%f MQJ Fj—l A QB

o if; the direct part (<=); sufficiency, A is sufficient for B.

|

o only if; the converse (=>); necessity, A is necessary for B. l'\ft)"-—[/\ft)
= Theorem 2. A DT/CT LTI system is causal iff the impulse response is a causal signal. ,
= Def. A DT/CT system is BIBO stable if ... WM]= hhdum) | Y

»= Theorem 3. A DT/CT LTI system is BIBO stable iff the impulse response is absolutely summable/integrable

e Repeat the above for CT LTI Systems
P L - (//

o Def. the unit impulse and the sifting property U
o Lemma. The (unit) impulse response of a CT LTI system .. Z“ﬂﬁrﬂl <R ( ) E
o Thm. The output of a CT LTI system is given by ... =~ oF 6(3‘@14»

. . (
o_Def. the convolution integral ﬁ:“n({:)J d;(—<po —)'LT

%@ C'/b) ﬁl’ unit) step response of a CT LTI system is ...
73 properties of the convolution integral

Commutativity: echo microphone

e) te strlbutlwty parallel
soaatnwty serial
Thm. (combination of C and A) Serially interconnected LTls have order-invariance.

8. Preview i) & ): 'L({’a) V@C“A(‘b—ké)
o Def. Generalized functions u_n(t) for n\in Z k==
o differentiation of delta(t) ( ‘7»\

O integration of delta(t)
0 u_0(t) = delta(t) \ & kst _é\_
o A convolution of rectangular pulses N
O triangular pulse __>ld=5) recty (f-&é) PaN
O linear interpolation
e Defs. an eigen-function and the corresponding engen-value of a DT/CT linear system = jl Z (T) g(‘b-—t} CI'C_
o complex exponential signal >
o system function WO the Dirac Dettr fomettog
O Laplace transform, z-transform _
e The set of all DT periodic signals and DT Fourier series a 3¢ Mh’“o‘z”( ‘P"""W




o existence
O uniqueness

xte)= g w2 dT

, '(‘fd.-— §.¥tﬂg propevty
x(©)

:g\%(t)?f(t—th!( /\_,ék___ 2

= 7((3) [: St-ade +

=€

ufey= ﬁ (<) dc

. he) o Hae wpnllee Vespenag
More properties F (TC
Theorem. A CT LTI system 1s causal <= A(¢) = 0, for all 7 < 0. T("?\ ‘)di -
cC
As a result:
v = [ x(@h-vdr= [ x(@h-7)dr %@ = X(A(JC)

¥(t) only depends on x(7 < f).
Def. A CT signal is absolutely integrable if ...
Thm. A CT LTI system is BIBO stable < [ |i(z)| dz <=
Sufficient condition: For lx(N = x_ <.
() = ’ [ x@na - ‘r)dr| < xm‘ [ -vyar

< o0,

Necessary condition: Suppose f _j|h(r)|d1,— =00

Let x(t)=h*(=t)/|h* (1), then |x(#)|=1 bounded

Q y(0) = f_:OX(‘E)h(—T)d‘C = f:%ﬁ = f:|h(—t)|dry
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o) — wﬁ More About &(7): \
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o) —2 ‘EI% More About &(7): \
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The Operation Definition of the Unit Impul

O(t) — 1dealization of a unit-area pulse that 1s so short that, for
any physical systems of interest to us, the system responds
only to the area of the pulse and is insensitive to its duration

Operationally: The unit impulse is the signal which when
applled to any LTI system results in an output equal to the

- ulse response of the system. That is, W} 4as| oloky] aw
cde delta function<> sifting
b | W) 51y« h(t)=h(r)  forall h(t) propertyol 2la A o] % =
mathematicall entity©]
\— O(t) 1s defined by what it does under convolution.
14 . .
1. Is thi LTI ? . &)= do
Ql. Is. this an system et)>—L imcﬂiﬁs)
~ It so, what 1s the impulse response? A\
. . . == <
Differentiator and the Unit Doublet i i-((/l('(:)" U(t—aa " g A(t)
d dx(t) AR S e AROERSC
) — — (1) = = _:\

Def. The unit doublet is defined as

Impulse response = unit doublet

Notation.
do(t
0 P

dt
O
The operational definitions of the unit doublets:

)
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dx
Xty u(t) = xd?)

15
1. x(t) => d/dt —> dfdt —=> ... => d/dt —> y(t)
2. <=> x(t) —> d~n/dt~rn —>y (1)
2 I I 1 L
4. 1f so, h(t) =7

/ Triplets and beyond! \

n>0 WA U= U ) | s
(=@ M2 G UK UML) i)
U(t) ntimes =E ddgs uk - RWIE) T T 7 Y )
K () fwms —) =
Operational definitions: -
UelE)
x(D)*u (t)= d;fft) (n>0)

N

x(t) — f_ e () =J:mx(1:)d1:

()

Integll;ﬂ}:: rs W2 157 ( 4
P -
= z U5t =
11 A=)



r - NS

W0 — [Tl )= [ x(r)dr

-0 |

Q. Is this system LTI? If yes, find the impulse response.
Def. u_ (1) =u(t)
(U page Wl

x(t) = u_(1) =f_mx(1:)d1:

Operational definition:

of n integrators: Y"‘) Aiwe

gﬂbﬂQi\

=)

t:y)—ulaﬁa A0)
‘A—(((?) ntimes

Q. u_{—1} (t) == BIBO stable 6P7F7
Q. What about u_{—2} (t)?

-

oit) —

Integrat rs contlnued) y \
Ii\__—_a,
f _1(t) f

u (1) = f;u_l (T)dT = f;u(r)dr

=mmw
=1-u(t)

—’ u 2(t)

uz (1)

the unit ramp s

More generally, for n >0 '
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Mathematical induction®] 3 steps: D) Q. #4& mathemati
1. Basis (step) w (t) = ) inductions ©]-8-3H
2. InductliQn/mductlve step - (n-1)! AL /



3. Concluson

F2]! Conclusine 2 4 fininte$t parameter

fkoll il nt A5 gho] S 28 18

al 1nduction vs.

-

Def.

Lemma.

Notation

Uy (1) =06(1)

u,(D*u,t)=u,,(1)

n and m canbe =

w(t)*u, (1) =uy(t)
I

(% u(t)) =0(1)

Note: The order of integration and differentiation
may not be exchangeable. Imﬁ"& wsti - -
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Example: Calculating x(7)+/(f) =(4(-(;);
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Example (continued)

-

B ey =hr+1) -2 =D s -2)

x(#) = () = u_ (1) #{ [ () = x(D)]* (D]}

b 41 }
f bng("?“—r)

=%

1 -+
- [ [d);(”*h(r)] dt N\ s
| dt o2\
, \
AN\Fo] &2 F ALzt
convolution integral="2 21

t ‘4\100

Nk et ‘%_\
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(Ln n Mbh, /\ : %166)
) Iw‘af&w{ya + v—ﬁ
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A. ¥%o] 2u)|Q1 217} s},
Q. °] & o] g3} o] example
9] x(t)*h(t) & T3FAl 2.
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A. 50| 21 2F2F 3t
Q. o] & o] &3} ©] example
o] x(t)*h(t) & T3 2.

Note: 1714 9] trick<,
rectangular pulse?] V)& deltasZ Y211 deltay] F ol 23t &2
impulse response® F A el A| v FE I} AR % Hri= A& o] 8510

y () = x(t)*h(t)
= x(t)* delta(t) *h(t)
x(t)* u_0(t) *h(t)
x () *[u_1 W) *u_{—1} (1) 1*h(t)
(Ix@®)*u_1 ) I1*h ) *u_{—1} (t)

= alternate way to compute y (t) & ztol+= Zlo]t},

i

ARA o] HAl= w1 (W *u_{—1} (1) = u_0(t) = delta (t) & AFE3}= A=
RolF7] 98] §1¢} 2ol oy, o]glA EH3sHA g A glo], ¥o]
2 T rectangular pulses?] convolution®| 4FZbikQl ol 25310 inearity
9} time invariance = ©] €3t output y() = A -3 5= A}

input®] 3] pulse?] weighted and uniformly time shifted versions
o] 3to E xof glom o] W o2 o] st Ao ofF fF&3rt—> t]X]

€] A o)Al pulse amplitude modulationg ©]&ll&}7] &l % & Q 3fc}.

/ EECE233 Signals and Systems \

Lecture Note #5
Prof. Joon Ho Cho
(Slides thanks to Qing Hu*, D. Boning, D. Freeman, T.
Weiss, J. White, and A. Willsky)




(Slides thanks to Qing Hu*, D. Boning, D. Freeman, T.
Weiss, J. White, and A. Willsky)

. Covers O & W pp. 177-185,211-225
. Complex Exponentials as Eigenfunctions of LTI Systems
. DT Fourier series

h=SEO « %ﬁ({‘—(—) +Z£ 3(t77)
de(q‘a, (Me

. DT Fourier series examples

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

1

X F7 A 2= DT LTI system¥} CT LTI systemel thal time domain®l|A] ~1 3l é
A& Rl

7 Z 23k 212 convolution sum¥} integral®] $1 a2
o] HE] LTI system= impulse response® characterize® &

e
+

olq__

v

1. Analysis
LTI system® &8 99 9] delayed weighted sum/integral®=+= 57140 &

impulse response?) delayed weighted sum%< H.gkt},

ap,
2. Synthesis a_/DT M‘P VTET
echo mic¥Alo A B, Yot AlAHS eEtes A2 déte 7os e s
impulse response® E0] U&= Zlolt}

= W= . I3 commutativity, distributivaty,

associativity 52 ©] €48 synthesize® o+ S % g}

1)

SHAI T d A A H = G2 W50 A = engineering®| 2 & 4 Lok AT}l sk
£ impulse response’} T4 AT gtE o 2 Sof o] v E/a}E
Al LA oF sh=7F?

Q. old B} 2 A/l WEo] gle ke
A JEE= 927} o]u] vl A& g gl ] 55, row space, column space
kv A7} Eukwl 712 eigenvalue, eigenvectors 9 Q3712



The eigenfunctions ¢,(¢) and their propertiem

{Focus on CT systems now, but results apply to DT systems as well.)

Def.

¢ (1) ——{CT System ———— A4, ¢,(t)
(J [ S }
cigenvaluc
Eigenfunction in — same function out with a “gain”
Lemma. If a CT system is linear, then ....

From the superposition property of linear systems:

x(f) =Eaﬂ,¢k(;) ——| CT linear ——— y(i)= Eﬁ,kakqﬁk(t)

3

Now the task of finding response of linear systems is to determine

. The solution is simple, general, and insightful.

S

cigenfunction

Jdlﬁu Lk

Theorem. Il a CT system is linear, then an eigenlunction and the

corresponding eigenvalue can be found by solving the following

Fredholm integral equalion given by

Sint h (e vau) x Otau) ditau =
Wambdaisx (1)

for a non—zero function x (1), where h(Lvaw) is called the Kernel of

the integral equation,x (t) is called an eigenfunction,
ard lamba is called the corresponding cigenvaluce.

Remarks.
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Remarks.

(i} Existence of an cigenfunction

(i) Uniqueness ol an eigenlunction

(i) Countably infinite vs. uncoutably infinite
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