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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, 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.

ZX: <https://www.google.com/search?g=purposeful+practice&rlz=1C1CHBD_koKR890KR890
&oqg=Purposeful+practice&gs lcrp=EgZjaHlvbWUqgBwgAEAAYgAQyBwWgAEAAYgAQyBwgBECAYgAQyBwgCEAAYgAQyBwgDEAAYgAQYBWEEEAAYEAQYCAEFEAAYFhgeMggIBhAAGBYYHjlIICACQABEWGB4yCAgIEAAYFhgeM

ggICRAAGBYYHtIBCDMzNTVgMGo3gAIAsAlIA&sourceid=chrome&ie=UTF-8>

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

2. X g £73/22 Arg QA
o x[n] vs. (x[n])_n, etc. a eo
@ a differentiator/integrator is causal LTI? ( V'>VH
= mathematical (Ol“)mensl
*» physical (w/ causality) (av\)n

= initial condition
@w)
3. HW, Quiz, and Exam ()()

o HWO06 will be assigned by this Friday. Due will be next Tuesday. -
o Midterm Exam is approaching. Z}J,i % 77
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o HWO06 will be assigned by this Friday. Due will be next Tuesday. -
o Midterm Exam is approaching. B%A % /
» Tentatively, it will be taken on Thursday 10/26 from 19:00-23:00 at LG 102. (\((/Jf/ % ,.l
» Those who are not available at this time slot, please let me know by tonight. M
4. 4ol Xtz

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

7. Sampling = gWJ
8. Communication Systems xLm]= 3 AL Q] V’VL _
7. Review — = [)C C;X J
o Convolution sum y[n] h[n]
= The output is a weighted summation of the delayed impulse responses. g (’V\ k]

= The output at a time instant is a correlation between the input and time-reversed delayed impulse response.

o More Implications
= Properties of the convolution sum )= )@—3 %'CJ — Z Dd:kj l’\(’W’[J
0 Lemma 1. The convolution sum is commutative__
¢ Implication. - L\(‘M’)—j .ﬁ '3'(\’17 <z@ﬂ)n f Jg)!i

¢ weighted sum of delayed inputa
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O Lemma 1. Ine convolution sum Is commutatlve,__
¢ |mplication.

¢ weighted sum of delayed inputa

¢ sliding correlation b/w thes#agai

=

St

— hivi)>

(s 90D

ceponse and time-reversed delayed input
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O Lemma 2. The convolution sun( 2 >k‘
¢ Implication X 7(@_ @%}WJ
ALY

¢ Implication
¢ the overall impulse response

¢ parallel interconnection
o Lemma 3. The convolution sum i
] = X} 2| hmhbd )'ﬁr’"‘j

-

¢ decomposition of a system into serjally interconnected sub-systems
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= Theorem 1. The order of two serially interconnected DT LTI systems can be reversed without affecting the overall

impulse reponse of the system.
o Caution

8. Preview
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Proof of if S then N
o Sis sufficient for N; N is necessary for S.
o Def. The converse is if N then S.
= Proof of B iff A

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

o only if; the converse (=>); necessity, A is necessary for B.

> = Theorem 2. A DT LTI system is causal iff

= Def. A DT system is BIBO stable if
= Theorem 3. A DT LTI system is BIBO stable iff

e Repeat the above for CT LTI Systems
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Def. unit impulse and the sifting property
Lemma. The (unit) impulse response of a CT LTI system ....
Thm. The output of a CT LTI system is given by
Def. the convolution integral
= Def. The (unit) step response of a CT LTI system is ...
= Lemma. 3 properties of the convolution integral
o Commutativity: echo microphone
o Distributivity: parallel
O Associativity: serial
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= Thm. (combination of C and A) Serially interconnected LTls have order-invariance.



Properties of Convolution

Combining the Commutative property,

ylnl= x[n]*h[n] = h[n]*x[n]
Distributive property,

x[n]#{h [n] + hy[n]} = x[n]* hy[n] + x[n]* hy[n]
and Associative property,

x[n]# ([n]* hy[n]) = (x[n]* h[n]) * hy[n]
symbolically, we can treat “*” as a “x”. Easy, piece of cake!
The hard part is the actual calculation of the convolution.

Flip — Slide — Multiply — Sum.

Soon we will develop a clever way (fransformation) to
perform “x” instead of “*” operation.
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Flip—> Slide—> ..—> Sum<>-
convolution sum¥] sliding
correlation interpretation©] t}.

Del. A&-8 FA3to] o]zlo] 7143} Begs 1w
oy ZAG A7} 791 T3k indirect
proof'$1-2 "proof by contradiction" (#15+H)

SEEAEN

Def. 315 Kol aabshi= 207 A1 9] o7 Al

7} 914 Ko|i= indirect proof' S "proof
by contraposition/contrapositive"o]2}a1 .

direct proof9} ©]% indirect proofsi= =] % ©.
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Necessary condition: [f ’VA ~

Let x[n]= h*[—n]4h[—n]] then |x[n]= lboundg '-’B

.y

"BIBO
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= Felek s,

oY T Some Useful Properties of LTI Systems

1) Causality = h[n]=0 forall n<0

2) Stability - o Jhlk]l<
BIBO — Bounded Input = Bounded Output

Sufficient condition:  For [x[n] = x,,, <.

y[n]|=

=X

Ex[k]h[n k]

k=—o

\\But y[0]= Ex[k]h[ k1= Eh*[ KIh{-k1 [~ k]|

ih[n - k]
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Def. An LTI system©] X&
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Q. An LTI system®] BIBO stabled}7] 9] 3 necessary and sufficient condition< ?

Left to Right: proof of necessity

Q. What is the difference between
\sum_{n=1}~{\infty}a_n

and

\sum_{n\in N} a_n?

absolutely summable"-2

Q. BIBO stable sufficient condition ~ °1 #th
>? %, If an LTI system satisfies

( condltlon) then it is BIBO stable
°ﬂ’\1 (...condition) 1+ % hypothesis

LS Folel,

summable 3},

Right to Left: proof of sufficiency

A. u}2}A], "the impulse response is
sufficient condition

Note: the impulse response is absolutely
bounded input®ll ta]A]
BIBO stable DT system2]

y[nlo] 7} n°i]’\1 absolutely summable &+
infinte sutm< zk=t}l. w2bAl anv



ol 4 (...condition)**¥- < hypothesis summables}¥, bounded input®ll tialiA]
ny.e ol BIBO stable DT system®]
yInle] 7} nel 4] absolutely summable$t
infinte sum< Z=t} wWekA] any
rearrangement®l| A &%= 2 o & Fyshr R
physically no probleme]t}.
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output®] bounded® ] $1th= 2 output y[nl 2 Z} n #elA 9 infinite sum®e] 4
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Lecture Note #;
A= DT LTI .
Sl,stcmo“ a4 wmg EECE233 Signals and Systems

a1, 9§ 7]A13=[CT LTI
systemel| djal] w3 Lecture Note #4

o} Prof. Joon Ho Cho
(Slides thanks to Qing Hu*, D. Boning, D. Freeman, T.
Weiss, J. White, and A. Willsky)
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. Covers O & W pp. 90-102, 127-136

. Representation of CT Signals in terms of shifted
unit impulses

. Introduction of the unit impulse 6rt)

. Convolution integral representation of CT LTI
systems

. Properties and Examples
* These lecture notes are based on the lecture notes used in 6.003 taught by
Prof. Qing Hu at M.LT. These notes are adopted for EECE233 under the &

permission of Prof. Qing Hu,

The main ideas in the previous note are summakized as follows.

1. Find an alternate representation of the input signal by using weighted and shifted delta
functions.

2. Use linearity and Lime invariance Lo derive the notions of impulse response and convolution
sum.

3. Examine the properties of the convolution sum and find the physical meanings.

Do the same [ T systemstt

Representation of CT Signals
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Representation of CT Signals

*  Approximate any inpuf x(f) as a sum of shifted, scaled square pulses
(in fact, that is how we do integration) 4=
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jj; 6,(¢) has & unit area Pelt = “C( = xd:Q) vect, (t- ) )
)

- e o) = (hmct_ (t
.L) ?(‘&j W\»})Vk[se t.__;,bzam)i £ A
769 g(fc = (kA)dalt - kA)A

S 3 =3 & /‘6(’6—7-/2

= ST

o
i3

=

- U 0] 1, % Dlta, W4
s i /\
o0 Delta
X(t) = X(kA)YOa(t — kKA)A
‘t- ( ) k-zm ( )63( ) __L'.%“ﬁ}ﬁ :]L""’:"_ :IL-’—q‘ﬂOH'H p
; IR s P As) 2 g 2 J
oo lmiwsa-0 5. 5 Aol ot ——

& Fgheflo] i dilta_Delta(t) 5
x(1) =J'@(t -T)dt 9] <+%hE delta(t) & A9
et i) = FEAQoDLNM o| i

£ 3
&‘ x (t) 5 delta(t) €] weighted shifted orA] W
e R e o ] DT delta function®] 5|ftlng
?&” rN& m' 2.5 e 20 % o] slgh 5 Q. property s CT delta function©. % 273+ n oo
e ‘fﬂ‘\-_ o . —_ ot e . o

st}




P K

x (t) = delta(t) ¢ weighted shifted

kA e DT delta function®] sifting
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Q. What was the parallel result for DT
signals?

k2w Wy ZEAA

The Unit-impulse function (1) ;& 1. o
S8l =9l e
Paul Dirac first introduced this function in 1920’s to

describe the charge density of an electron (diameter < 1013
cm), extremely useful, but made many mathematicians

uncomfortable. Definition of 6(7):

I} o A Wiscrete random

drs YR
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Def. delta(t) is defined as the limit of delta_Delta(t) as Delt;Nends to zgro.
J o(t)=0 fort=0 D
J;]ctior;]i}] 0(t)y= fort=0 ‘/\)\/\TG‘Q
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O
— an infinitesimally sharp pulse with an unity area. /

ﬂonstruction of the Unit-impulse function 6@

One of the simplest way — rectangular pulse, taking the limit
A — 0.

A
But this is by no means the only way. One can construct a d(7)
function out of many other functions, £g. Gaussian pulses,
triangular pulses, sinc functions, efc., as long as the pulses are

1 1R ol Q13
K rectangular pul
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rectangular pulge?] =3l
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But this 1s by no means the only way. Une can construct a 0(7)
function out of many other functions, Fg. Gaussian pulses,
triangular pulses, sinc functions, efc., as long as the pulses are
short enough — much shorter than the characteristic time
scale of the system.

5
Def. sinc(x) = sin (\pi x) / (\pi x)

]-'— sinc(x) = sin (x) /x%Z A3 % a4, sincs AL 3= o] H o=
=A #Fals] & A

/

ﬁemw Response of an RC circuit to short pulses
vi(t)

Vo(t)
1

vV + (RS
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vi(t ) =/ vo(t rge s 31tk
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— a1z Response from initial rest to .pulses Q. What was
] ol of different shapes and durations, the definition
i J e but with unit area. As the duration f initial rest?
1 1/ SN decreases, the response becomes

2} l/ >
L L B s similar for different pulse shapes.
f P T | B T

/ Response of a CT LTI System \

x(1) Wy = {(ue) =L gz(t) 5&4?)

Def. Given an LTI system, the unit impulse response
h(1) is defined as ]llb 2(0) DC g(t—?.) Q‘C

o(t) —— h(1)
Lemma. ~

S — N\



h(7) is defined as 7 7 ]LAoZ) A0 o~ (ZS (t—Z)J @
N\ AN rm————

8(1) — Ii(1)
Pay
From Time-Invariance: = [/\(“:——C)

o(t-1)—— N(t-1) (S Y
= ﬁ&, (2 L\H:-L)elt

From Linearity and Time-Invariance: Py

(= [ %@t - T)dr — ¥(1) = f:x(‘c)h(t—r)dt=x(W -

Convolution Integration

Lemma.

Theorem.

X () kh(E)

7

Interpretation.

(1) The output is a weighted integral of delayed impulse responses.
(i) The output is the sliding correlation between the input and the
time—reversed impulse response.

/ Operation of CT Convolution \

Yy =x(0)xh(t)= [ x(©h(i -T)dr

h(T) _ Fhp h(-1) —3lde 5 bt - ) Multiply
x(T)h(t-1) _Integrate f_:ox(r)h(t - 1)dt

/ Demo: CT convolution \
Eile Edt View Inset Tools Window Help Courseware




Demo: CT convolution

File Edt View Insen Tools Window Help Courseware

Apspeed 5 Fause betveensnfts g
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LTI® outpud> weighted
integral of delyyed input
© % R+ interpretation

l) Commutativ .fy .\'(f) * /I(f) = /I(f) * .\'(’) »?f ?—! 3 _"L-—]',

20 x@®)=xo@—t,)=x(@t-1,) ) (Sifting property: x(t)*0(t)= x(1))

Properties and-E.xamples

%

3) An integrator: _ The impulse repose of the
. ) =£x x(v)dr identity system is the
Q1. The integratori= LTI impulse itself.
system?Ql7}? U delta(t) in
_r L delta(t) out
Q2. LTI systeme] 2 e _f_xé(r)dr =)

impulge responsei= o] % That is
Al 5712

x(t) = u(t) =ﬁx.\'(r)dr

4) Step response
Def. A CT LTI system®l unit step input 7} w2 %92 its

unit step response &} 3t}

s(t) = u(ty ) = h(t)y =u(t) = [_Iwyde e FE b e
m J —Find h(t) from s(t).




/ Distributivity \

x(1) ] )+ h() | Y0 = X0 %[ 0 + b))
\
IO R —
x() O 50 =3+ h, ) + 3(0) ¥h 1)
T hz (1 ‘
11

/ Associativity \

h,(0) = Y(@) = [x(1) h (D] h (1)

v

x(1) = h@

x(0) @ k) e 30 =0 51 0 (0]
| < Commutativity
x(0) L b)) = x(0) * [0 #h ()]

O @) @) e Y0 = B0 0]« 5




MO b)) o b)) e Y0 = [0 *h )] % hA)
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/ More properties \
Theorem. A CT LTI system is causal <= 4(f) = 0, for all # < 0.

As aresult:
y(t) = f:ox(r)h(t -1)dt = f:c x(D)h(t -1)dt
() only depends on x(7 <¥?).
Def. A CT signal is absolutely integrable if ...
Thm. A CT LTI system is BIBO stable < [ [i(z)| dr <=

Sufficient condition: For lx(1) = x_,, <.

()| = ‘ f: x(D)h(t - 7)dr| < xm‘ f "t -vydr

< 0,

Necessary condition: Suppose f_:c|h(r)]dr=oo
Let x(t)=n*(-1)/|lh*(~1)|, then |x(#)|=1 bounded

@ y0) = [T x(@h-n)dr = f_‘:%(h: f_+:|h(—r)|dy
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/ More About &(7): \
T

he Operation Definition of the Unit Impulse

(t) — 1dealization of a unit-area pulse that is 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

B

annlied ta anv T TT evetem reanlte in an antnut eanal ta the



Operationally: The unit impulse is the signal which when
applied to any LTI system results in an output equal to the
impulse response of the system. That is,

R} 43| o|o}r] s
delta function- sifting

O(t) = h(t) = h(t) forall A(t) property®l oJ&l A= +=

mathematicall entity©] c}
\ d(?) 1s defined by what it does under convolution.
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