LN 16 BZT: def, ROC, rational, etc.
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CM29 231207Th on ZTF, unilateral ZTF
Announcements
1. Messages from Instructor

o Goal of Life: Self-Fulfillment and Contribution to Collective (XtOtA®, S-S 7| )
= Attitude: Exceed the expectations! (7|CHE HO{ M2H)
= Drive yourself by fear and dream.

o "OFE 20| BO|Ch B 10 2 YO|E BTk MB A2

o B (BRI 0l 7))

= Theory Learning (O| 2 H{ 2 7|)
= Problem Solving (X £7()
= BiR7|Qt 35]7|2] Z
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 A A|7|2{= ZH QI 7}?; push
oneself little bit out of the COMFORTABLE ZONE), Experience, Lesson, Immediate Feedback (2

X|2| &8 d), Fix, Growth
o How to solve? How to understand? ((S))implify and ((V))isualize:
= essence, simplify; generalize; consider extremes; mental representation, representational (- ]AKL
examples; /r ?
= 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. \‘/ X
= block diagram, G(V,E); graph of a function, algebraic vs. geometric interpretations, _L_‘ ,
mathematical vs. physical/engineering interpretations/implications
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3. HW, Quiz, Voluntary Project, and Exam

o Final Exam is approaching. Unless basic mandatory courses have conflicting schedules, it will be
taken 7 pm to 11pm on Thursday Dec. 21 at LG 102. (No one has conflict with General

Chemistry?)

o Voluntary Project (due by_

= Topic - be approved before final exam. Topics related to this course material is

acceptable.

= Presentation file and presentation mp4 of length >20 minutes must be submitted.

= No reuse, double use, etc.

* To send, you must use POSTECH webmail and attach as Overzised Attachments.
= Please check my confirmation reply. (I will be out of town from 26-28, so that my replay can

be delayed.)
o There may be a supplementary CM. No attendance required.
o HW14 will be assigned. Due will be next Tuesday.

4. Ao X2

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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o EAMENO| CHSH MAEZ A AE( https://wpsc.postech.ac.kr/eams/login )&
e e

=
SYE M=o FML.

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. Related Courses offered in 24-1
o EECE302 HAtBha(2E W MBI Z A A); 224 AT HAIA
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o EECE361/DISU361 TAHILS-&; 2l= 11A; ®ALZ|S 742

o EECE441 CIX[ES MW E; E5 1Al M2 W A|A - F A<t

o EECE442/NGCN301 s M AHERTINE; 2t= 24A]

o EECE443/NGCN302 SAMAUHEJATXH; 2s5A|-10Al, 1 seat available now

o EECE451 C|X|HM 2N 2|70 E; 2t 3AIRE M SIA|AH

o Ol st7|2 S4l U HESRF 8RS MY 217h2 123 a2 5 H 129X (AMFO|H
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8. Review

Xe)= - et
o Unilateral LT ( )= =
= Def. ... 07 .. ) o e Q[t‘

= Lemma. If h(t) is known to be causal and H(s) be rational, then the ROC needs not to be
,;.-lll'ﬂh\: to find h(t).

QUse Case)
O Ccaus

A=~ TE) UK )F
& with 1/O relation in LCCDE <t E’-Or
input sial, and '&T@L‘&f‘a LH'L_)

not.in the initial rest)
o ex) RLC circuit with initially charged capacitor, inductor, etc.
o Integration Rfegasfty

Wi qulen %‘—;ﬁw&t = ”gaJ-:MCmm@)L
: ‘I;i;nma. If x(t) is causal with initial conditions, thern-d2nx(t)/dt"n has the ULT ... :%iu,[t) ?%{%@W)ﬁ 7\
4 XGs) =%

o ZIR = homogeneous solution
O ZSR = particular solution
o Initial-value and Final-value Theorems
- zrF bm W) = 2)
o Bilateral vs. Unilatera
S
o Def. X(z) =....z\in ROC —

o Relation b/w BZT and DTRT [":M S[X(S); Z,(DO)
5o

= unit circle
o Properties of ROC

9. Preview
o Properties of ROC (cont.)
Inverse BZT
Properties of BZT
Design of a DT LTI system by using the BZT
UZT and solving an LCCDE with initial conditions

= Fibonacci sequence HH=& fn—ﬂ}ﬂi ﬁn—ﬂ, for n\geq 0, ﬂ.ﬁ—ﬂ=l,u £ﬂ=l = ) = . = =

c o C O



o Desrign of a DT LTI system by using the BZT - \j

o UZT and solving an LCCDE with initial conditions

= Flbonacd sequence %ﬂzﬁi"'%ﬂ'@n'z]’ formeed 0'&@9:1'%%:1 A=, b, Ouer~lGwy tn, M2
D
o gfﬂlz Aper . -

CTolA FTS &34 LT

EECE233 Signals and Systems & WA,
DTelA FT] 8421 ZT

= W&o
Lecture Note #16 LT 2T B2 AR S
Prof. Joon Ho Cho M B &2 FARE 3 2fo] 3

°o ¥ So] 2245
(Slides thanks to Qing Hu*, D. Boning, D. Freeman, T. = E2 Wl S

Weiss, J. White, and A. Willsky)

ZTF is very important
for

*  Covers O&W pp. 741-763 digital filter design,

e The (Bilateral) z-transform and its ROC digital control,

*  Properties of the ROC , digital signal processing,

o 1 3 ; digital communications,
nverse z-Transform ote

¢ Examples

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

1. ZT& 1-D discrete—
(another transform, any end?) ——— Sienale -1
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The z-Transform
(another transform, any end?)

Motivation:  Analogous to LT in CT
x[n] h[n] yln]
U
xnl= " ——ylnl=H()?7"

(From Lecture #5)

(assuming it converges)

Z — +0
\\ x[n] ’@ E x[nlz™" = z{x[n]}| -

ZTFS (., x[-11x[0] x[1],.0& 2
polynomial ...+ x[—1]z~1+x[0] +x[1]z~r{—1} & YEFA R olg} A Z}3}

1. ZT& 1-D discrete—

parameter signal& 2-D
continuous—parameter

signal® transform3t A

oF 5 T

o] A|Z & signal®]
domain< 1-D complex
plane (z—plane) 2] F#

A grolut,

2. NZ HE F 57} 2

2 9k algebraic
.

mappling rule 714 4
7F e}k (28 ROCE Tt

=Z21gk.)

s,

EE olE 29 52 RHAA ROCE HASoketzltt 239 §8 termsH rational®] 2F 3F%] =t}

The g-Transform — DT Laplace Transform

Recall:
_r —st g, TRAT L N . sAE\=T
X() = [ x@e™dr = lim E x(nA1)- At (™)
= xn] 2z
U DT, At is now finite
X(z)= Y, x[n]z”"
where z=e"M

0O~n = 0 for n
nonnegative,
not defined elsewhere.

Aol

1. 7bg FEe1x 2po] 2
z~{—n} & FIEE

002 =S oke B4
H ojg o & o] A}
= 2L LT 373
nonzero#t< ¥tk

2,00 vEF glaht 5

Q3td) o] & Az A5k
conventino®] St}
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/I he Relations Between #Tand LF, s-plane and z-plane

Jro-axis in s-plane (s = j)
g

axis

esm =z
< ld=le¥ =1

Im

a unit eirele in z-planc

|Z| ool

s-plane o, Z-plane

—— Equivalent

M R

LHP RHP

"RH Pu -

= A verlical line in s-plane, Re(s) = constant = |¢*" = constant, a
cirele in z-planc.
¢ LHP in s-plane, Re(s) <0 = |z| = [¢*Y] < 1, inside the z| =1 circle,
-z 0

special case, Re(s) 3
* RIIP in s-plane, Re(s) = 0 = |z| = |e®] = 1, outside the |2 = | circle,
special case, Re(s) = += <= |z| = .

4

me ROC and the Relation Between 2Tand OTRT

Z=r€jm « TURNESY 4 « - — jun
X(x) = Y Anlre™)y" = Y (xdnk e ST

= - o5l gule A= FT9]

= Hxlnlr 7} ZT®r} AutFolr), 1

).
oo S
ROC Ef = re’” at which E |x[n|r"”| < o0
* depends only on 7 = |z[, just like the ROC in s-plane
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* depends only on ¥ = |z[, just like the ROC in s-plane
only depends on Re(s)

K Unit circle (r = 1) in the ROC = DTFT X{(¢/*) cxisly

, : ’ " 7h4 5 DT signal 2
/Example #1 A n]=da"u[n] — right - sided W —
Azhel 2.

At Z"

o sI\N x(t) = e~ {at)uln)

=(0aZ)" ui e e

3% 2] LTl s il
R ﬁ_equg s s g
1-{az") 5 T l_gﬂ pole aL z=af} zero al
g~ R 2=0 7} FA O] vhepg

- Unit Circle| .oyt
=

Z-plane

e b

polynomiale FAFEL L

Nkl
i 23} zorod] RA S 47
ThaF 1s, RQC |z] > =1R g?cl;}ﬁ?r EIE r‘;j 1:14- 1215 47
wlde a circle, “RHP” / . :
]
The signals arc all
right—sided and
/ Example #1 (COI]t.) consequently the ROCs
” g are all oulside Lhe
x[n]=d"uln] <%= X(z) = ——for lzl>lal. -
a=1.1 a=1.0 a=09 The third one is DT
I L 1 y Fourier transformable
4 ﬂ 0.5 0.5 HH l and ity ROC contains the
2 &
IO 111




L) L ! Fourier transformahle
; ‘m 05 05 and its ROC contains Lhe
unit cirele.
il } g
5 0 5 10 15 5 0 5 10 15 -5
n n
v 1 /, ,:;—_:;5\ & /,_'__H' T o 1
2 7 17\ 1/ 17\ | &
{f o 1 g | 2
g 0 (l @ g ol | @ oge| B 0
o |\ : = \ : / 5
@ A /i @ / @
E ‘ / E
= \:—«/ﬁc Eal N hoo] Eal S
-1 [} 1 -1 0 1 -1 P
Real part Real part Real part

ROC outside |z|=1 u[n] <= 1 - include |z|=1 DT LTI's BIBO stability
unstable 1-z stable L U e

7 Fourier transformable.
Example #1 (cont.) — What if ¢ < 0? The signals are all
right—sided and
x[n] = a"uln] —Z— X(z) = : —for IzI>lal. cr.ms;equemlly the ROCs
-z arc all cutside the
circles.
g a=-1.1 ; a=-1.0 g a=-09
17T il The third one is [0
0 n?&?ATJ‘TLT T T 0% I T‘[ T ] T I T 0 l T ] TLTLTHJ Fourier transformahle
& l .l 4 J l J J 4 1 l J’ and ils ROC contains
50 ﬁ 0 15 -5 g 5 1 50 ﬁ 1015 the unit circle.
= 1 — i e = ! T
F 4. B 4., B 4b. ‘
= /f . \'. \ > | e \ - | f(." i QL
e R | - O R S = L e ) -——-—-—‘—-» L
2 |\ J1 3|\ % |\ —0>
ELN. Aod B4 N o £ &—;}400 (
1 0 1 K 0 i A 0 1
Real part Real part Real part
ROC outside |z]=1 include |z|=1
unstable stable
AN

N

z&.n—al ‘;g‘n!

/Example #Lx{n]— it e /mded \ ];ﬂT?ﬂxiE} n}al7)
A =

absolutely sunumable iff

AZZT
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Example #L.ir;]= —a"ul-n —1] /@ded \ LTl ¢tz 2T

A=
W) Al e 00 B
algebraic® form?] 771%

g ‘- ST A2 5 et =22 roC gn:)_g &H )(u)

= thazg pa Sfou
= € W) T Xtd)= 2k, ot

R,
_Unit Circle

z-plane
Aol ROCH] =gt
75 Az Aok 9

k rLO

e se 4 v/ L/&j ) a2 _ =z
= ‘n'-... ---- ..—__ _1 — _—‘ —
Then X(2) 40— 8-S 2 el | — (2 )1 [—aZ o=
il = a z-1 =
L . e 2
e ROC el 4 A 3 she %)

1-az 2= '
- e 1
Same X(z) as in Ex #1. but different ROC. a

9 K(-a:
o] 418 ROC WA Al e} golA A Faka] ¢ 7] wlFela), 8 ]”} A o4k
x[nl® ZTol 1/(1-az~{=1})el 2 ROC?] |zl <|al W3 Taltl, 2o FA07F 8l 299000 ZT3 @+ o)
glej Mol Hox EHE - FHel conventon®| Tth TSI A-E polext zeroT A/ HE Niz)/Diz) &

Ol B 2=02 zero®] A poleo] ofu ok, mfERA] of 48], "pole zero?] S él/’[ LA Nz)/Dz
PoApgte] abond mluprys o] Zub U pole 3 zero at infinity 1= whi S22] 8]t s e e G_) = I'/Cl /9’-}

ol sEdo]
Example #2 (cont.) convenlion$! £
A Qe n 7T

1=

oo
>

Vi
3 1
T'

)
o
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—|~
r

x[n]=-da"ul-n—-1]<2— X(z) = — for Izl<lal. ol ¥ s Aol ]-
—-az
0 =11 a=1.0 0 a=0.9
SO000 .' llllL
el [ 3
_4‘;
s ) 5 Y50 5 0 s
n n
1 e 1 ——— 1 e The signals are all left—
E / 1;’\\\ §_ // i 1,.\\ §_ _ V- 5{]‘_?&}\ _ sided and consequently
ol (o | Foi (ot} | Fol (et ) the ROCs are all inside
= \ I = = | -. i BT AL LATNIN
> | e jf 2 N v E \\ ROC the circles.
E q \\__ _//' E 4 b i / §_1:-. /
R T a4 0 1 1 P The [irst onc is DT
Real par Risalpat Raw pant Fourier transformable
ROC include |z]=1 inside |z]=1 and its ROC contains the

|

stable unstable unit circle.
Observation: ROC includes |z|=1 = stuble.

Y]




Rational z-Transform

x[n] = linear combination of exponentials for » > 0 and for
n<0

X(z) is rational

_N@) —
X(z) D) —

Polynomials in z

— characterized (except for a prefactor) by its poles
and zeros

Properties of the ROC

1) The ROC of X(z) consists of a ring in the z-plane
centered about the origin (equivalent to a vertical strip
in the s-plane)

™, z-plane

Re

QThe ROC does not contain any poles (same as in £T).

12

a nO] complex numberd W, \sum_{-\infty}~{\infty} a_n <

i mmnnmt 7L A FLT Nl a AT A FLA AR A&

[2€C |, Rl7k|

pole zerog] Y145 &
Hdow, At 7]—35‘3
LTolA ¢} ufx 7 A &2 %
EESE
WA E2F 57 BE
(not z~{—=1}) 9]
polynomialO] HA gk,
& B 5 229 zaM, z~N
Het F AR s

‘3%91 zeros &LLUr"E}
L gskal

oF wAke] A4 A1
zl= 'nftyoﬂ/ﬂ 1 AR}
w9 poles 77\}" =R
), o] 49 |z
infty+= ROCel *¢h=
7} STt

olFA | z| =infty 41 €]
poled} zeroS A 2&hHA,
z~(=1) ol 3l rational?!
7T+ 3 22 AF9
pole¥} zeroE 2=

¢
il
HE

=)
=

ale A Hr—r'

A LT A% pole and
zero at infinity S |3}

R P I I )

2 0
Z=00



12
a_n©°] complex numberd W, \sum_{—\infty} ~{\infty} a_n =
any rearrangement’} =¥ &, 5 \sum|a_n|°] FHT W F3}= A0
AolElm 2 (absolute summability = sum exists for any rearrangement)
o= g A z=c7F ROCO W, | z| =|c| X ROCe] et}

™

z=re~{j\theta} A Z+al ¥z}

ROC Properties (continued)

(3) If x[n] is of finite duration, then the ROC is the
entire z-plane, except possibly at z =0 and/or z = co.
L]
Why? r 1
y i l4 — 1 ]
From X(2) = E E[njz‘" TN Na
— X[NJZ " +x
eg. [ CT counterparts
on] OC all z 61 s 1
fn-1 «— ROCz=0 [8(¢-T) «<— e Re(s)=-

A LToll A &= pole and
zero at infinity S |43}
2ol e 4 Sl

> M
—N
G\Jm}%m DU + x(NJZ2

kA pole at infty 9} zero

ot+T) T Re(s)=+%

\S[n\n] i@Roczm

13
kA pole at infty & zero at infty 2] 7 el ulgf
z+= pole at \infty ®} zero at 0 & Zt=t}.

More Properties!

(4) If x[n] is a right-sided sequence, and if |z| = r_ is in the ROC,
then all finite values of z for which |z| > r,, are also in the ROC.

x[n]

il

n

Ny

at infty 2] 7 2ol w2t
ze

pole at 0
zero at \infty

g 2ot

pole at infinity 7} 7}& 3}
B2 o

(B
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N, n

©

XHm”mmTTTTTTTTme:- EN Hnlr,”

converges slower than

1 r>to £

H“TTTTTTTTTTHHH""O"' E x[n] r]w

n=N

/ Side by Side
(5) Ifx[n] is a left-sided sequence, and if |z| = r, is in the ROC,

then all finite values of z for which 0 < |z| <7, are also in the
ROC.

(6) Ifx[n] is two-sided, and if |z| = r, is in the ROC, then the ROC
consists of a ring in the z-plane including the circle |z| = 7,.

Quiz: What types of signals do the following ROC correspond to?

I9m 9m dm

""""""" .. z-plane

"""""

‘\‘ ‘> ’l' (Rne :'.‘ "‘-, .': .':
Kright-sided left-sided two-sided

15

Example #3

x[n]=b" bH>0 . .
= b‘”(u[m:(w[—n-l]) = b ub) —(-b ur




AAAeLERRQIAV 11

x[n]=b'!"

Rewrite

From:

x[n] = b

b>0

‘b‘“‘(u[mj«-uc—n-(]) b ub) —(- b " e

x[n]=b'"

x[n] =

b"uln] + b™"u[-n -1]

ﬁxample #3 (continued)

X(z)=

~

)

@rly, ROC does not existif b > 1 = No z-transform fW

17
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erse z-Transforms
l G x[n]r ’ , z=re’ €ROC

<)t

AN~~~

-

—

|
1 ) .
x[n]=—1{[ X@re®)Yr'e'ldw
[n] ZJ'ELT[ ( ~—

n
Jjo

. 1 -
z=re’ =dz=jre’dw =dw =7z dz

e

{
_ 1 n-1
x[n] = g@((z)z dz

18

/ Example #4 Q. okel 9} 7Fo] X (z) 7k F=01 A =

S L )yt)

Partial Fraction Expansion Algebra:
1 2 Im
X(2) 1=z + 1-4z

) 0
] x[n] o+

Note, unique for z-transform: RN A

— Will not use
in EECE233

N

S S E— Re

1) When finding poles and zeros, ST
express X(z) as a function of z.
2) When doing inverse z-transform

neinag PRFF avnrece ¥(~) ac a

e ap O G

:
>
PN s

)

S=¢- -}—)"co

LTell A+ inverse
transform] ©|
differentiation property°ll
Al 229tk g ebd ZTR
A

29 polynomial® A4+
3] slM = PFE & siiA
inverse ZTS & 3 % T ik
wEkA] za {1} 1
polynomial= 1423} 3
Al PFE&|oF gtt}. 1A
Y& RS QEE HYO R
W% PRESCL

To find poles and zeros,
o] mepe] T

To do inverse ZT, WA

7~a{—=1} 2] ratinnal



1)  When tinding poles and zeros, s-q--
express X(z) as a function of z.

2) When doing inverse z-transform
using PFE, express X(z) as a
function of z°!.

1
kl > 3
x[n]= (1/4) un]

x[n]=2-(1/3)"uln]

/ ROC III:

. 1
ROC I ril k| < 3 — two -sided signal
x[n]= /4 un]
x[n]= -2-(1/3)"ul-n-1]
1 . .
ROCI: l4 < 7 — left -sided signal

-1/ 4 ul-n-1]
—2-(1/3) u[-n —1]

x[n]
K X [n]

20

Inversion by Identifying Coefficients in the
Power Series When X(z) Has Finite Terms

X(2)= i )iri]z*"

n=-m

Example #5:

Y ST IR

——

— right - sided signal \

/

fﬁc1entofz i}‘l‘\‘ L

To do inverse ZT, WA
z~{—1} ¢ rational
function®. & eI &
PFES it

AAY $19 Zo] zr{-1}
9] rational function®] ¥
3L oY A& &
z~{—1} 9] finite length
polynomial®] € -7}

}.oole A9

#H=infty S A 2] 3t
S £ z—plane®] ROCO|t},




Example #5:

z
z=0
EE z—plane°] ROC®]t}

=inftyE A £] s

x[n]=0 for all other » 3

— A finite-duration DT sequence

21

o

Infinite terms”F = Al
1) right—sided

2) left—sided

3) two—sided

£ 1ol ROCY 545 Al

l—o{v
fr

Finite terms”} 3+ A3 &
1) causal

2) anti—causal

3) neitherl

Z o] ROCY 5A S

EECE233 Signals and Systems

T ectuire Note #17

gHelel] Bet 53] ROC7F z=0% z=infty S ¥3ap=A] of 4o 9812}



Lecture Note #17
Prof. Joon Ho Cho
(Slides thanks to Qing Hu*, D. Boning, D. Freeman, T.

Weiss, J. White, and A. Willsky)
. Covers O&W pp. 763-797

DT signals and ZT

. Properties of z-Transforms

. System Functions for DT LTI Systems

. Geometric Evaluation of z-Transforms and DT Frequency
Responses

. First- and Second-Order Systems

. System Function Algebra and Block Diagrams

DT LTI systems and ZT,

E3] LCCDE® YEh}=
DT LTI system

. Unilateral z-Transforms
* 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.

Q. X(z2)= 1-3z~{—1} +22~{—=2} ] pole¥} zero2 HA+=2
Az~ {=2}Y 0.2 FHo R z=1 or 2914 zero©l il z=0°]4 2% pole¥

© o}
= =

x[n]

Properties of z-Transforms

@ Time Shifting dola

X{n—no] «—s |77y (z)

&he rationality of X(z) is
unchanged, different from £ ROC
unchanged except for the possible
addition or deletion of the origin or

(2) z-D_main Differentiation
- infinity

W((Z) ny>0=>ROC z = 0 (maybe)
nxln] «— -z 7 ny<0=ROC z = ® (maybe)
Derivation X(z)= 2 Anle

dX(z) *E

(s z@

2

QED

initial condition®] 1 &...

o] % o] -3t L 8o A
ue e Anreg 7
= BAF B BAE 4

A E % Ak

% gk,

z2{—n_0} & n_ 052
delay s YEFHTY.

z7} w3 A ™ 0014 ] pole©]
cancel¥ A infinity ol A
pole¢] 71t}

2~ =13 7F Ha A 0ol A 2
zero”} cancel¥ A1} infinity

o| 4 zero7} 71t}



ﬂ?onvolution Property and System Functions

x[n]y[n] = x{n]* hin]

Y(z) = H(z)X(z) , ROC at least the intersection of
the ROC’s of H(z) and X(z),
can be bigger if there are pole/zero

cancellation. e.g.
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H(z)=—— lzl>a
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= Y(z)=1 ROC all 7

\ H(z) = i Hnlk™"
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CAUSALITY

— The System Function/
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(1) h[n] right-sided = ROC is the exteri
possibly including z =

H(z) = E h[n]z"

If N, <0, then the term A[N,]z

=> ROC outside a circle, but does not include .
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Causal & N, =0
U

A DT LTI system with system function H(z) is causal <
the ROC of H(z) is the exterior of a circle including z = i/
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FIR impulse responseZ 2t
= Al2®Eo finite duration
signal 7t =2 -3t
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non—causal FIR filter&
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the ROC of H(z) is the exterior of a circle including z = 2 4 om oA ROC
7} entire z—plane®] A 5+
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/ D'}/TI Systems Described b LCCDE’ )\ 28H 07 o] A AHL
lienard+ = O}E‘ZFE,

Eaky n-k]= Ebk'x n-— k causal@ % otd S

stable@F& QFeh- L:_ 9 =

QDT LTI system with system function H(z) is causal < ‘ g:foﬂl %jﬂlgig Dgfé;;a]g \7\

Use the time-shift property,

\ oy -
(@ =~ H =242 Raional Wz
)((2,') r0 % ™m Z. .

ROC: Depends on Boundary Conditions, left-, right-, or two-sided.
For Causal Systems = ROC is outside the outermost pole
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ﬁausality for Systems with Rational System Functio%

H(Z)—b@ by 1ZM1 '+blz+b0 %:é——
Ay

'l

a ‘+az+a,
| No poles ate, if M < N F(Wﬂl Y(&‘ﬂ]
©
A DT LTI system with rational system function H(z) is ' l | D
causal < the ROC is the exterior of a circle outside the ' —

outermost pole, including . Thus °



A D1 L11system with rational system tunction H(z) 18
causal < the ROC is the exterior of a circle outside the

outermost pole, including . Thus

N=M
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