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Signals and Systems

Chapter SS-1
Signals and Systems

Feng-Li Lian
NTU-EE
Febl12 — Junl2

Figures and images used in these lecture notes are adopted from
;/ “Signals & Systems” by Alan V. Oppenheim and Alan S. Willsky, 1997
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= Introduction
= Continuous-Time & Discrete-Time Signals
= Transformations of the Independent Variable
\/- Exponential & Sinusoidal Signals
V= The Unit Impulse & Unit Step Functions
= Continuous-Time & Discrete-Time Systems
= Basic System Properties
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= Signals & Systems:

= |s about using mathematical techniques
to help describe and analyze systems
which process signals

 Signals are variables that carry information

\%v\ £
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= Discrete-Time Signals:

» The weekly Dow-Jones stock market index
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Signals & Systems: Signals

= Discrete-Time Signals:

= A monochromatic picture

117 151 112 136 110 95 166 131 125 159 114 130 159 133
164 209 173 171 168 126 225 189 184 219 172 180 206 188
154 151 143 174 156 160 186 179 163 193 167 161 167 168
173 179 172 182 195 181 187 205 183 205 196 186 180 193
155 188 149 145 181 131 166 185 166 181 164 164 166 171
176 176 113 178 169 159 177 184 171 182 148 159 174 164
162 198 141 164 202 149 181 142 176 182 189 136 165 176

143 143 148 127 132 9 g =2 160 74 163 119 162 143

62 51 40 32 95 B2 28 39 75 35 60 58 77 28

— 26 67 14 34 3 4 22 69, 48 26 81 67 49 91

T 1 176 134 129 97 185 120 212 60 173 139 197 166 207 192

243 255 0 25 54 242 242 255 254 222 255 253 239 252

J — 2 \248 255 226 238 55 255 249 255 255 255 230 252 255 255
210 15 220

243 238 55 245 247 255 238 255 244 255 237 249 241
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Signals & Systems: Signals

= Continuous-Time Signals:

= Source voltage & capacity \gltage
in a simple RC circuit Vl,’e) \/

]\,
— & H LI

= Recording of a speech signal

- 200 msec
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= Graphical Representations of Signals:

-@mtinuous-time signal@ or -t L \R_

x(t)

\ﬁ \/
-VQ_jscrete-time signals @or(x;[n’ ‘{\ & z

x[n]

b x[0]

x(=1]
101234567
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Energy &(Powey/of a resistor: W

NeAS T " .
\ v,%) I_]' C?t&

= |nstantaneells power

(1) = v(t)i(t) m
p v(®)it) /\_\\

= Total energy over a finite time interva

p(t)dt /tl —'Uz(t)dt

=

= Average power over a finite time interval U

[29)  } 2 1
)dt = /—Qtdt
) [ w0t = - [* 2%
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= Sighal Energy & Power:
= Total energy over a@tlme interval // \ j‘
7
= - :
x[=11] x[1] ?— 2 L ()

& = |$(t)|2dt continuous-time
|$[n]|2 discrete-time —I ]xtz -YL

= Time-averaged power over a finite/time interval

jo 3= ‘f |z(t)|?dt  continuous-time

A

P :® 1z[n]|? discrete-time
no—njy + TL:Z’.QI
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= Sighal Energy & Power:

= Total energy over an infinite time interval

T, 00
Feo 2 lim BAa(t)2dt = f () |2dt
T—o00 —00
— -
2 im S RRIP= S P
Ex = lim |z[n]|© = |z [n]|
{V_T;?—On:—N n=——oo
c—

= Time-averaged power over an infinite time interval

Py = nm@f 2(t)|2dt

NG Z_ =lF

|| >
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Signals & Systems: Signals

. e T #2312
= Three Classes of Signals: o #E“xffqum dt
. = ?ji_’mwf./_qplw(tﬂzdt

= Finite total energy & zero average power

|
3
|

)

-

[

—

= Finite average power & infinite total energy

= Infinite average power & infinite total energy

Poog =00 82 FBeoo=00

F——\
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= Introduction il e N
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= Continuous-Time & Discrete-Time Signals

= Transformations of the Independent Variable
— Time Shift
— Time Reversal
— Time Scaling
— Periodic Signals
— Even & Odd Signals

= Exponential & Sinusoidal Signals

= The Unit Impulse & Unit Step Functions

= Continuous-Time & Discrete-Time Systems
= Basic System Properties
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= Time Shift: ng, to > 0: delay
ng, to < 0: advance
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= Time Reversal:

A

z[—n]

\{

o

...H

o
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= Time Scaling:

z(1)

2/8/1>

(x12pm
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=X (t)—=>x(-t+1) ‘ ; l
z );t)

t—t+1 1

y(t) = z(t+1) y(t) = z(— t)

1

imt 1 | m t—>t-—|

2(t) = y(—t) = z(—t+1) z(t)—y(t+1)
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-x(t)_>x(3/2t+1f%(t—)ﬂ—\n ;
{ 3
0 If e | \[
oW | (ﬂ“‘))

t) = z(t+1 _
y()1 (t+1) N y(t) = a\ (%'t-r%)
zx \ -
() 2 9) y 5
ﬁ@ > Lty
A1) = y(3t) = 2(3t+1) 2(t) = y(t+1) = 2(3t+3)

f\\@ - ey
-2/ 0 j s \
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"X (t) = x(gf-b)_ —(:bb

— la] < 1: linearly stretched

— la] > 1: linearly compressed
— a <0: time reversal

— b >0: delayed time shift
— b <0: advanced time shift

= Problems:
e P1.21forCT
o P1.22 for DT
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= CT & DT Periodic Signals:

x10 x[ri

/\ /\ A\ /\ /\ ]l”lhl”r[ -

N =3

z(t) =z(t+T)| for T > 0 and all values @
for N > 0 and all values o@
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= Periodic Signals:

z(t) ==x(t+T) for T >0 and all values of ¢

z[n] = z[n+ N] for N > 0 and all values of n

* A periodic signal is unchanged by a time shift o@or@

» They are also periodic with period 2T 2/\)
~ 2T, 3T, 4T, T A/
— 2N, 3N, 4N,

@w@is called the fundamental period
denoted as T, or N,
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= Periodic signal ? z(t) =2(t+T) Vt, T>0

= Problems:
e P1.25for CT
e P1.26 for DT




. ) . Feng-Li Lian © 2012
Signals & Systems: Transformation NTUEE-SS1.SS.23

= Even & odd signals:

A signal is even if :B(—t) = z(t) or x[-n] = z[n]

A signal is :)dd if x(—t) = —a::(t) or x[—n] = —z[n]

¥, -
N\
Mo VZ?/
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Even-o ‘decomgosition of a signal:
NS

* Any signal can be broken into a sum of
one even signal and one odd signal

bl = (a0 - Lo o]

O—

B TR

£y {:c(t)} +Od {:r:(t)}

= z(t)
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» Even-ode-decompesition of a S|gnal

Z

Ev {x[n]} o, [x[n] + 1?[—%]} : [ !

—

n

<

-n
oa{xinl} = 1 0,n
¥ h>

1
‘ ”! = Problems:

e P1.23forCT
e P1.24 for DT

Od {m[n]} = % [m[n] — m[—n]]
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= Uniqgueness of even-odd decomposition:

Assume that Evl(t) + Ody (%)
nd = sz(t) + Odo(t)

So, Fful(t) + Odg'ft) = Eup(t) + OM(B -t~. -t

and Evy(=t) t)—I—Oc{ —t) = Eva(— t)+0d2(__.)

{:Odl( —t) =00d,
Because { an _t) 90(12(1:
Then, v A 1) — O(b%.’;‘)

= 2Ev1(t) = 2€v>(t) or, Ev1(t) = Evar ()
= 2041 (1) = 20d,(1)  or, Qdy(t) = Ody(t) s
B:ODW‘“/




Feng-Li Lian © 2012

Outline NTUEE-SS1-SS-27
= [ntroduction “mﬂ[ﬂllh, A\

quu

= Continuous-Time & Discrete-Time Slgnals
= Transformations of the Independent Variable

— Time Shift z[n — ng) z(t—tg) z(—t) = z(t),z[-n] = zn]
— Time Reversal “ﬁ‘i[_n] =(~1) =(-8) = _x(f)’m[_n] = ~=in]
. . z[an] x(at) 51;{.7:[71]} == [:n[n] + ;r‘[—n]]

— Time Scaling 2(t) = 2(t 4+ T) 2

1
— Periodic Signals  z[n] = z[n + N] 0 {slnl} = 3 [sln] - =(-ni]

— Even & Odd Signals
t Exponential & Sinusoidal Signals
The Unit Impulse & Unit Step Functions
= Continuous-Time & Discrete-Time Systems
= Basic System Properties
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= Magnitude & Phase Representation:

@ j=v-1
. r/ @=\/02+'w2
o+ jw | =
tar@:%‘

@ = o+ jw = r el?
—

r COSp —

Euler’s relatio#A:

639:@+3@

= o+ jw=r c059+35|n9)

= |(rcos®))+ j(rsind)

—
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-@Complex Exponential Signals:
\Wg

w=ce (R

* where C & a are, in general, complex numbers

a=o+jw
—,
C =|C| e’
Q=
—
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= Real exponential signals:

o IfC &aare ea z(t) = Ce

L
S

>0
a<0
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. o 70 — -

= Periodic complex exponential signals:® = €0S¢ T 7sing
a :X + jw

3

. I@is purely imaginary
\W‘\/\

z(t) = ejﬁ’gt

- ‘1—’ i)
—Th ,
o eJwoTo — ey@ = COS/ZR) + j si (97() = 1
A

—Hence

z(t + Tﬂ) = z(t) eJwollELs) — ciwotei%olo — ciwot

&._______.‘ - ==
Signals & Systems: Exponential & Sinusoidal Signals Fon e oo
= Periodic sinusoidal signals:

- i wo = 27 fo
E—

27

To==Z

— WO

e 1

0—

- JO

Ty @ (sec)
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o

= Period & Frequency:
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(wq t)

=rn Twe2 ! |
=t /\ /\ \
: AV AVE

Signals & Systems: Exponential & Sinusoidal Signals

= Euler’s relation:

Feng-Li Lian © 2012
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cosge)) - R({ (39)}
sin(f0) = Im
sin (@) {9}
cos(—0) + jsin(—0) — cos(f) = € T _
- — 2
~—
= )) = jSi (760) _ —(46)
Sosill) ~ melke — sin(@) = & ¢
2j
j = 2 SOt 2 oi(ouon
2
= ';1 83@ ej"wof + g e_j(b e—j’wot

S
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_ Im
= Total energy & average power: : (o, w)
. sin wot :
B = f dt T
il
wot
l S( gk /‘%@ﬂt l " 1 Re
AN cos wot

<
T
— /Oi. dt — /L
0
P 1@ <1>)
period — ——perio -
-— 1o
—

2= 27
P = Ilim . dt = @ = Problem:
= T_"‘@ - P13
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= Harmonically related periodic exponentials

Cj(, K\'M Aﬁ% A‘z@f A@@,‘f.tj" o

\& e (Lot ej(t’ ej(, <. .-~

di(t) = ej, k= 0,£1,£2,.. 50 *X’élR/

=

—

e For k =0, ¢,(t) is constant = A

— -_—
e 22
e For k # 0, ¢,(t) is periodic with o -('o

=

)

—

fundamental frequency@and

fundamental perio Zf
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= General complex exponential signals:

o+ jw = rel?

el = cos o + jsind
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IGD?)complex exponential signal or éequencei)
S v v

z(t) = Ce® z[n] = CelZ né Z

S
= G"’ witr@:i
x[n] = Ca@
—

* where C & a are, in general, complex numbers

Pa—— -
—
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= Real exponential signals:

e IfC & a are real

=
Y\ a>1
I n

O<a< 1.

L
(A{\) i“H”mlllg]mrmm....--n-
< ‘.s’y\,

Signals & Systems: Exponential & Sinusoidal Signals

= DT Complex Exponential & Sinusoidal Signals

° i i i — 760 . .
0e eb Ifgls purely imaginary (or |a| = 1) e’V = cosf + jsind

Tk
— Jwon k= O\%MNO\
oln] = &0 0= 067 1 afn] = cos (224)

= cos(ugn) + jein(ugn) | HI | | lm]
lml

z[n] = Acos(won + ¢) | ) 1 l']’
n&y

z[n] = cos (4:;’?”@‘ eln] = cos (;%)
—

oyl "”““"wumw*""*

’--_r
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= Euler’s relation:

()= coswdpt j sinwoff)

= And,

L - P A : =
Acos(won + ¢) = > eJ® eJwon 4 > e—J® o—Jwon

Feng-Li Lian © 2012
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= General complex exponential signals:

Ca™ = (|C|e/)((late’* 0L

—

Ch——
ey

ejﬂwb

i§sd
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= Periodicity properties of DT complex expoepentials:

%r_l_jé%n

7

» The signal with frequeney w, is identical to
the signals with frequencies wo % 2, wg + 4w, wo + 6,

* Only need to consider a frequency interval of Iengt@

—Usuallyuse 0 <wg <21 or —m < wg <,
/
-—’_\

. Th requencies are located at _wg =0, 27, -
Thfrequenmes are located at )5 = 47, +37,

i (@ {Q and [ e1m/= (eimyn —((_1yn
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= CT exponential signals

— 1
—Wwo = Om —wp g7 —wWQ %71'
1 1 1
(oW 0& ° W °
-1 -1 -1
/ cos(0*pi*t) COS(l/B*pij)\‘ cos(1/4*pi*t)
-10 0 0 0 121
4
W 1
é 0
1 - -
cos(1/2*pi*t) cos(1*pi*t) cos(3/2*pix)
-10 0 10 -10 0 (‘> -10 0 ( 9
- (14 15 1 = 7L
7’11}0 ——TV— 7’11}0 = | =170 7’11}0 =\ —T77_ &
1 8 1 -8'1( 1 8
0 0 0
1 -1 1
cos(7/4*pi*t) cos(15/8*pi*t) cos(2*pi*t)
-10 0 10 -10 0 10 -10 0 10

n n n
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= CT exponential signals

1

0

-1

— 16 __ ~ — 17 1
1 1
0 0
-1 -1
cos(2*pi*t) cos(17/8*pi*t) c0s(9/4*pi*t)
-10 0 50 10 -10 0 24-:LO -10 0 2810
—wo = @Wi —wop = §7T;g/(kiw0 = §’}Tf
1 1
0 0
1 -1
cos(5/2*pi*t) cos(3*pi*t) cos(7/2*pi*t)
-10 0 3OlO -10 0 3 10 -10 0 3210
1
wo = 7/ —WwWo = 5 T— —wo = 5 T
8 ) 8 ) 8
‘ 0 0
1 -1
cos(15/4*pi*t) c0s(31/8*pi*t) cos(4*pi*t)
-10 0 10 -10 0 10 -10 0 10

n

n

n
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Signals & Systems: Exponential & Sinusoidal Signals

s CT & DT tial signals

1
0.5
0
-0.5
-1
-1.5

15
1
0.5
0
0.5
1
1.5

15
1
0.5
0
-0.5
-1
-1.5

cos(0%

1

SXoqeial sig

15

0.5

0

-0.5

pi*t)

cos(yZ*pi*t)
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-10

0

20

-10 % 10

wo

cos(}*pi*t)

cos(1/4*pi*t)

0N N
3 .

o

10

.
=

o
[$] [ o O U'I‘

.
-
[
[
.
- o
[
L
.
- &
[,
L
.
-
[

o

o O

cos(1/4*pi*n)

v A

wo

cos(3/_2*pi*t)

10

cos(3/2*pi*n)

-10 ; 10

0

10

10 0

10 0 10 I
n

10
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= CT & DT exponential signals

o
o u »
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| ST b g
N =42 NN == = 4
I, ausis

I < T I T T T
SR {%, o OZL_ o :%W .
: Al L

g LA

Signals & Systems: Exponential & Sinusoidal Signals

«CT & DT exoongntial signals

0.5
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: AL = {ﬂMmuﬁ
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E ;THHU ll
AN <=L LT]
: ERAN
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= Periodicity properties of DT exponential signals

5w0 Oﬂ' Sﬂo pr— %ﬂ'ﬁ 5‘~w0 e %ﬂ-ﬁi

G e o
" | T o T

““““““““““““““““

CRRAANA R i TN

“““““““““““

“““““““““““““““““

pejud it@@eteﬂalime@ sq_als
R i e ST A W
(N A ey
nNEmiEnn
TILITY ST 31
T hwﬁETmemWWm
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= Perjodicity properties of DT exponential signals
= Periodicity of N > 0 = Problem:

/ « P1.35
‘ eron: egwo(n N) e.?’won @ or ej’woN —1
= That is, ’LU(_Q_N = 2m™m @ @

= Hence, | e7%9" is periodic if wg is a ratlona mber

oo B bnst%
x[n] = cos 2 n x[n] = cos @ :L'[TL] — COS @)

O T (7

el Ll iy w ”Humﬂ“
| l i

Feng-Li Lian © 2012

Signals & Systems: Exponential & Sinusoidal Signals NTUEE.SS1.95.62

= Perjodicity properties of DT exponential signals

i .IIHI. ﬂ, \Z(t)_cos(lgt) T:@
l“l I” :E[n]—cos( ro

e \/“zt' ( )

I l“ I“ [ :c[n]—c05< 31 VO

\z(t) = COS

L w[nlzcos(

Hé_t_;

-7

)
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= Harmonically related periodic exponentials

g — D, (/3§é;>
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¢rnln] = ej(,_.k+N)£2_Wﬂ_)”
—

il
éﬁ%m—%w

. Only@distinct periodic exponentials in the set

poln]l =1, ¢1[n] = I T gy[n] = I CFN),
boln] = 1

ey Gy_qln] = N1

s AT\ 2T <
onln] = JDINT = 727 — 1 @, . daIn] = | e
l Dt = 92 =1 = el = il

-

2

W\):Z\
%:O) 2 '/d"l

To

Signals & Systems: Exponential & Sinusoidal Signals

= Comparison of CT & DT signals:

TABLE 1.1 Comparison of the signals ¢! and e«”.

Feng-Li Lian © 2012
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7'\ ‘-1'77(5
CT pJwot gJwon = =) 3

Distinct signals for distinct va@ Identical signals for values 0 m 0 _\.2 7( .J) '\A) N

_separ arated by multiples

\ Periodic A’or any (.hmce{fml.) @enc@) only if(we = 2mn/N fipr some integers N > 0 and m1.

S 7
l (. - -7
Fundamental frequency wq Fundamental frequency wo/m
Fundamental period Fundamental period”
@y = 0: undefined wo = 0: undefined
Wy 7‘0::,—’; w1;?60:11r(‘:7:_]

“Assumes that m and N do not have any fac(ors in common. ('le) l/\)O

Wg Wo

DT 1. oG Q%) (N3 /\)
\

CT @ e@, e@t, e@t,
ej@t} I (CDwot o3 wot .

= Problem:
. P1.36
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:r[n] z(t)
= Introduction Al o N

M ot

= Continuous-Time & Discrete-Time Signals
= Transformations of the Independent Variable

— Time Shift z[n —no] z(t—tg) z(—t)= z(t),z[-n]= =z[n]
— Time Reversal “ﬁ‘i[_n] =(~1) =(-8) = _x(f)’m[_n] = ~=in]
] . z[an] x(at) Ev {J:[n]} =3 {x[n] + ;r‘[—n]}

— Time Scaling 2(t) = 2(t + T) oot = i
— Periodic Signals  z[n] = z[n + N] R BN
— Even & Odd Signals op(t) = kol | =0, +1, ...

dp[n] = "ok =0,..,N -1

= Exponential & Sinusoidal Signals

= The Unit Impulse & Unit Step Functions

= Continuous-Time & Discrete-Time Systems
= Basic System Properties

: _ : , : Feng-Li Lian © 2012
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DT Un@ & Unit Step@
/

= Unit impulse (or unit sample)

3[n]
Y
_ d[n — ng]
ot ={ & 2210 1
0 no
= Unit step
—_-— =~ I
<0 - [T
Q[”] —1@) n>o0 n

wlntl :{o,n<f\n . ‘
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Signals & Systems: Unit Impulse & Unit Step Functions

» Relationship Between Impulse & Step

&[n|

= First difference ~——— T

d[nyY= u[n] — u[n — 1] F @ um' @ u'm
—— 7‘ . )
= Running sum U.UI-lJ

——

uln] = /0, n<O

= 1, n>0

Interval of summation Interval of summation

8[m) i : ? [m] : k
(a) " (b) )
@ n>0

Feng-Li Lian © 2012
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Signals & Systems: Unit Impulse & Unit Step Functions

= Relationship Between Impulse & Step

= Alternatively,

0
u[n] = Z oln — k], with m =n Ak
k=00

-0 o
. n )
or, wu[n] Q
k=0
Interval of summation Interval of summation
7777
n G- = T

n<0 ©
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Signals & Systems: Unit Impulse & Unit Step Functions

= Sample by Unit Impulse

= For x[n] = More generally,

ln)oln] = af0loln] :3[31= z[nolsln — no)

—
x[n] EZE l
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Signals & Systems: Unit Impulse & Unit Step Functions

= CT Unit Impulse & Unit Step Functions

= Unit step function

0, t<0
“(t)z{ 1, t>0

uit)

= Unit impulse function

5(t) 0
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= Relationship Between Impulse & Step

= Running integral

ult) =

C—

= First derivative

du(t)

o) = =4

Feng-Li Lian © 2012
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0, t<O0
1, t>0

* But, u(t) is discontinuous at t = 0, hence, not differentiable

* Use approximation

Signals & Systems: Unit Impulse & Unit Step Functions

= Relationship Between Impulse & Step

= Use approximation

uft) Byl0)

i

-
=
=2

A
d’h‘,A (f)
dt

n(t) =

5(t) = lim 3 (1)
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= Relationship Between Impulse & Step £=6

]
= o(t —o)(do)
0

:@5(75 — 7)(dT)

Bit-
5(r)

Feng-Li Lian © 2012
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= Sample by Unit Impulse Function

z(£)5 (1) =@5(t)

= More generally,

= For x(t)

2(t)o(t —to) = @)5(1’? — to)

LN 8,0

(t]
e *(O

(@) (]
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= Example 1.7:

o(t) = /Ot i(r)dr

——|nterval of integration

A
1]

! T | t T (c)
t1 4 T

_1_

-2 |-

_3»—

3 o

312D
Outine e
z[n] z(t)
» Introduction il A
= Continuous-Time & Discrete-Time Signals
= Transformations of the Independent Variable
— Time Shift z[n — no) z(t—to) z(—t) = z(t),z[-n] = zn]
— Time Reversal zi[_n] =(~1) (=) = _x(f)’x[_n] = ~wlnl
. i z[an] x(at) Ev {J:[n]} =3 {x[n] + ;r‘[—n]}
— Time Scaling 2(t) = 2(t + T) Od{ [ ]} _1[ o
— Periodic Signals  z[n] = z[n + N] Sk B b
— Even & Odd Signals bp(t) = e{*"“'ot,k =0,+1,...
. . . . ép[n) = e?Fwon =0, N -1
= Exponential & Sinusoidal Signals Slai

= The Unit Impulse & Unit Step Functions ~ °®“®
= Continuous-Time & Discrete-Time Systems
= Basic System Properties
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» Physical Systems & Mathematical Descriptions

= Examplesof , =~ = s are
- ~ing, ¢ ’ b,
rs,a L 23,

~

- —oIll Iu PI(AI Il..\s

= Asystem can be viewed as a process
in which_input signals are transformed by the system
or cause the system to respond in some way,
resulting in other signals or outputs

S

W i 0 ol oy

Signals & Systems: CT & DT Systems Feng-Li Lian © 2012
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= Simple examples of CT systems

= RC circuit \ ﬁ-—-ﬁj‘—

Input signal: wvs(t)

Output signal: ve(t)
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= Simple examples of CT systems

= Automobile ’t)’
—EH’! » - Input signal: /(t)
nput signal:
o ol
- > Output signal: v(t)
dvu(t
£@) — po() = m ™0
~
dv(t 1
10 = Ly - o)
m
- ——
du(t 1
:»\ o) 4 Py = —@7
dt m 11
= WD 4 ay) = bae) i
A~ — z(t) = y(t)
Signals & Systems: CT & DT Systems g e o2

= Simple examples of DT systems

= Balance in a pank account

Re—,

@y[n 1]+ o]

or, y[n] — 1.01y[n — 1] = z[n]

[ —

= y[n] + ay[n — 1] = bxz[n]

e
[ =

.
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Signals & Systems: CT & DT Systems

= Simple examples of DT systems

= Digital simulation of differential equation

dv(t)\ v(nA) —v((n—1)A)
A

= v[n] — ﬁ n—1] = A f[n]

= y[n] + ay[n — 1] = bzx[n

; . Feng-Li Lian © 2012
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Interconnections of Systems:
* Audio System:

Microphone
or Tape

+25, T
+15 |- Swikch position 1 - +15 |-
+10™ = @ +10
=
| sg +5
ol Swilch position 2 é
glL d & (L
-10 |- : - -10 |-
15 Ll | 1 1 | 1 L L % 15 1 11 I
20H: 30 T 400600 iz 2 3 4 6 848 20 20083040 60 100 zuo 400 600 1kHz
Frequency Frequency
(@) (c)

Response (dB)

=15

11 L1l 1 L | L 1 L | Ll 1
20/ g0 T=F00 400600 1wz 2 3 4 6 810

Frequency
b}
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= |nterconnections of Systems

= Series or cascade interconnecti

Inpﬂ!—.\-i System 1 4

N

S
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systems

s

ch-}} |

-«

= Parallel interconnecﬁon of 2 systems)

]
> e.x. radio receiver + amplifier

1

» System 1

Y

T -

~

> e.x. audio systermTWith several microphones or speakss

,X\C/XZ;K

e i J ot

Signals & Systems: CT & DT Systems

= |nterconnections of Systems

= Series-parallel interconnection

sl e
. —

——> QOutput

Input =——>—¢ ° System 4 |
| (c)
= Feedback isferconriection 3

Input k

> e.X. cruise control, electrical circuit
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R

SNER A
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Chapter 1: Signals and Systems
= |[ntroduction x[n] :c(t)
= Continuous-Time & Discrete-Time Signals il .« ™/

]/ -
= Transformations of the Independent Variable

— Time Shift z[n — ngl z(t — tg) z(—t) = a(t),z[-n] = =z[n]
— Time Reversal z[—n] z(—t) z(—t) = —z(t),z[-n] = —z[n]
B Tim_e S.cali.ng wlan] @(at) Ev {I[n]} = % [I[n] + .'r‘[—n]]
— Periodic Signals z(t) = z(t+ 1) ) '
— Even & Odd Signals z[n] = z[n + N] Od{r[n]} =5 [x[n] - .z:[—n]_
= Exponential & Sinusoidal Signals é1.(t) = e%i"“'ot,k =0.%1,..
. ; . br[n] = "0k =0,...,.N -1
= The Unit Impulse & Unit Step Functions ™" e[ o
. . . . olnl,uln
= Continuous-Time & Discrete-Time Systems 5(t), u(t)

= Basic System Properties
— Systems with or without memory

— Invertibility & Inverse Systems Al pef OSETRIOMO |y X Continioustime [
— Causality © @
— Stability

x(t) — y(t
— Time Invariance z[n] — y[n] (t) y(1)
— Linearity

Feng-Li Lian © 2012
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= Systems with or without memory

= Memoryless systems
* Output depends only on the input at that same time

y[n] = (2z[n] — z[n]?)?
J[a] ("EL‘.] fb[¢])

y(t) = Rx(t) (resistor)
T -

= Systems with memory

1 t
yln] = % z[k]  acoumutaton) (1) = —{[ | a(r)dr

Y - - CV-g —
y[n] = xz[n — 1] (delay)
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= Invertibility & Inverse Systems

= Invertible systems
. Distinct inputs lead to distinct outputs

— _w=X

system [“] x[n]

= N’%H’

y{t)
x(t) y(t} = 2x( > wit) = 2y wlt] = x(t)

(b)

ol —>] il = 2 i lw[n}--y[n]—y[n—1 > win] = xin]

(e}

System

l_
=X

X

[

y(t) = z(¢)? is not invertible
—

Feng-Li Lian © 2012
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@ present time & in the past

Signals & Systems: Basic System Properties

= Causality

dvc(f) 1 .
7 t oft) — ‘vs(t)
& e d‘;“) + L) = - (4)

b

* Non-causal systems J[n] _ :r;['n
y(t) = z(t + 1)\/
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= Stability

= Stable systems

 Smallin lead to responses that do not diverge
ery bounded inpubpexcites &bounded output
— Boupded-input’bounded-output stable (BIBT stable)

- FR!al‘Mx(m <a, then [y(t) <b, forallt
P -
x(t) 426\

(b)
~
« Balance in a bank account? lﬁ 1.01y[n — 1] -I—m

Feng-Li Lian © 2012
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« Example 1.13: Stability lrxu-) ’< o Yt

] =[t o] < e Lo 8]0

Sy y(t) = (1)

H(") _ [ < e(K(ﬁ| é@ v/
1

Signals & Systems: Basic System Properties
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= Time Invariance ;\\5 B% '%?

= Time-invariant systems
* Behavior & characteristics of system are fixed over time

d(l-’c(t) 1
i_1 C== :> ( T — t
- ve(t) = —ovs(t)
dv(t) . p 1
— ’ t —_ t
..ip\, . dt +(TE%)( ) mf( )
— \/ o
[ts in
tputsignal

z[n] = y[ln] <= z[n—npg] = y[n — ng]

— T

—
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= Time Invariance

= Example of time-invariant system (Example 1.14)

y(t) = sin [z(t)]

z1 () y1(t) = sin [xz1 ()]

—

z2(t) = z1(t —tg) ( y2(ty=sin[z2()] = sin [z1 (¢ — to)]

[ o

y1(t —to) = sin [z1(t —to)]

S ————— \

y2(t) = y1(t —to)

—

—
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= Time Invariance

= Example of time-varying system (Example 1.16)

y(t) = x(2t)

x4(t) y4t) ’t")’ yt—2)
. )

—) ;
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= Linearity

Lingar)systems

* If an input consists of the weighted sum of several signals,
then the output is the superposition of the responses of
the system to each of those signals

z1[n] = y1[n]

L -

—

z2[n] = yo[n]

IF (1 M 1[n] + vy (additivity)
(2 a z1[n —-> (scaling or homogeneity)

a: any complex constant

THEN, the system {5 linear,
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= Linearity

» Linear systems

* In general, a,b: any complex constants

@Pﬁ] -I'Qﬂ:z[n 1[71 +.2[n for DT

axrq(t) + bxo(t) — ay1(t) + bys(t)  for CT

——

—

* OR,

z[n] =) apag[n] = ayz1[n] + agza[n] + ...
k

—

— ylnl = ) agyrln] = a1y1[n] + azya[n] +
k —

This is known as t@osition@
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= |inearity
= Example 1.17: S : y(t) = t=(t)

:El\(t) —>’y_ﬁ)~= tw(t)

22(t) = y2(t) = taa(t)

B

@ﬁ( 1 €920

— J3(t) = tms(t)
\\ &(t) + ba:) = at:z:l(t) + btao(t)
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= Linearity

= Example 1.18: S oy(t) = (2(t))?

z1() — y() = (@1(1)?

02(t) = p(t) = (@2(1))*

z3(t) = axy(t) + bﬂ?z(t)

U3(t) = ($3(‘l{)2 = (az1(t) + bro(t))?

= a®(21(1))% + b2 (22(1))* + 2abzy ()z2(t)

T 2abx1 (t)z2(1)

—
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= |inearity

= Example 1.20: %2:3[7&] +3_)

z1[n] — wyi1ln] =2z1[n] + 3

CE— e

zo[n] — g_jg_[.—n] = 2w3[n] + 3

e

z3[n] = az1[n] 4 bxa[n]

1

—  y3ln] = 2x3[n] + 3

= 2(aw1[n] + bxa[n]) + 3

_Efﬂl[n]+3) 3—3a—-3
= ay1[n] + bya[n]
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= _inearity —
0 Example 1.20: S : y[n] = 2z[n] -!—j

y1[n) = 2x1[n] + 3

@ —  (y2[n —2$2[ﬂ]+3

= However,

M (2&’31[n] + 3) (2332[%] + 3

It is a mcrementall linear system

:cl[n —
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Chapter 1: Signals and Systems

= Introduction =ln] =(?)
M = Continuous-Time & Discrete-Time Signals il A \ -
» Transformations of the Independent Variable
— Time Shift z[n — np] z(t — tg) z(—t) = z(t),z[-n] = =z[n]
— Time Reversal z[—n] z(—t) z(—t) = —z(t),z[-n] = —z[n]
— Time Scaling z[an] @(at) gv{atn)} = 2 [l +2(-n|
J — Periodic Signals z(t) =z(t+7T) )
\ — Even & Odd Signals z[n] = z[n + N] Od{rln]} =5 [r[n] - .w:[—nl]
= Exponential & Sinusoidal Signals $r(t) = /0 k= 0,41, ..
— . . ; ¢pln] = e k=0, N-1
= The Unit Impulse & Unit Step Functions

. ) ) . 5[n], uln]
= Continuous-Time & Discrete-Time Systems 5(8), u(t)

= Basic System Properties

— Systems with or without memory
ﬂ — Invertibility & Inverse Systems Arl ] DSCREAME byl | CONPOUS M Ly
— Causality © @
\ — Time Invariance z[n] — y[n]

Linearity




| Flowchart
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