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What is a Signal?

Type of signals

Speech signal, visual signal, e—mail over internet etc.

Heartbeat, blood pressure, temperature of a patient
Weather forecast, stock price

A signalis formally defined as a function of one or more variables that
conveys information on the nature of a physical phenomenon.

One dimensional vs. multidimensional signals
Speech signal © One dimensional
Image signal > Multidimensional
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What is System?

A system is an entity that manipulates one or more signals
to accomplish a function, thereby yielding new signals.

Examples of system
Vocal track, electronic systems
The purpose of system depends on the application

Automatic speaker recognition system : recognizing
the speaker

Communication system : transporting the information

Aircraft landing system : To keep the aircraft on the
extended centerline of a runway
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Overview of Specific Systems

Block diagram of a system

Input signal Output signal
System

Communication systems

Estimate
Message Transmitted Received of message
signal signal signal signal

— Transmitter — Channel —— Receiver —

« Sampling
* Quantization
« Coding

« Broadcasting
« Point-to—point
communication
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+ Channel coding/decoding
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Classification of Signals (1)

In this book,
Single valued signal or one—dimensional signal
Real—-valued signal or complex—valued signal

(1) Continuous—time vs. discrete—time signals
Continuous—time signal if it is defined for all time ¢

Discrete—time signal if it is defined only at discrete
instants of time
Continuous—time signal - Discrete—time signal : sampling

x(1) x[n]

x(t),—o<t<om x[n] =x(nTs),n=0,+1,+2,--

. , 9??TTT‘)”T9 .
I

(a) ()
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Classification of Signals (2)
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(2) Even and odd signals
Even signal if x(-t)=x(¢) forall ¢+ > symmetric
0Odd signal if x(=t)=-x(¢) forall t > anti-symmetric

Example 1.1 EVEN AND ODD SIGNALS

. (m
()= sm(;], -T<t<T
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Classification of Signals (3)

In general x(t)=x,(0)+x,@) , therefore

x,(t) = %[x(t) +x(-0l;|  |x,0)= %[x(t) —x(-1)]

Example 1.2 EVEN AND ODD SIGNALS

x(t)=e™ cost Find the even and odd components of the signal.
Conjugate symmetric if Pri’g 'em(1 1) 1.2)
. X a(t)=a(-t
A(0)=x' ()] = a)+jb) = a(0)- jbe)= {b(_t) )

e
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0, otherwise Is x(t) odd or even function ?
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Classification of Signals (4)

(3) Periodic signals vs. non—periodic signal
A periodic signal if it satisfies the condition,

[x()=x(t+T), forall ¢] (1.7)

Fundamental period : smallest value of 7 that satisfies Eq. (1.7)

Funaamental frequency : the reciprocal of the fundamental period

1
f =; hertz (Hz) or cycles per second
Angular frequency : measured in radians per second

o2 =2

" I
T

radian/sec]

aperiodic signal of which no value of 7 satisfies Eq. (1.7)

(aperiodic or nonperiodic signal)
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Classification of Signals (5)
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Classification of Signals (6)

A

'

Timer
@ ®
periodic signal with amplitude A=7, nonperiodic signal with amplitude A,
and periodic 7=0.2s and duration 7;

(Problem 1.3)

For discrete—time signal, x/n/is said to be periodic if

|x[n] = x[n + N], for integer n|

Fundamental anqular frequency of x/n] is defined by

Q= 2—” [radian]
N

2019-03-04 % MCN 9
e

N xin]

[ 1 B

Angular frequency?

(Problem 1.4, 1.5) \/\/\/\/\/\/

0 0l 02 03 04 05 06 07 08 09 1
‘Time 1, seconds

(4) Deterministic signals vs. random signals

Deterministic signal : there is no uncertainty with respect to its value
at any time (ex. periodic signal)

Random signal : there is uncertainty before it occurs (ex. noise)
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Classification of Signals (7)
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Classification of Signals (8)

(5) Energy signals and power signals

Instantaneous power dissipated in a resistor

2

vi@t) .

)=——==i"(t)R
p(0) = ()
For 1-ohm resistor condition,  »(t)=x*(t)
Total energy of the continuous—time signal, x(t)
(T, [

E=lim J:mx (t)dt = ch (t)dt

Time-averaged or average power, For a periodic signal,
o lee 1 (772
— =) P 2
P ;lglof .L/Zx (t)dt P TJ:mx (t)dt
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In case of a discrete—time signal, total energy becomes

E= ngxz[n]

Average power is defined by For a periodic signal,
1 N 2 1 N-1 3
P=1lim— ) x°[n P=—) x|n
.mwzj\],;v [] N,,Z::; []
Energy signal if and only if Power signal if and only if
Comments

» Energy and power classifications are mutually exclusive
« Energy signal : zero time—averaged power
» Power signal : infinite energy

(Problem 1.6 ~ 1.9)
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Basic Operations on Signals (1)

Operation performed on dependent variables
Amplitude scaling : amplifier
|y(t) = cx(l)| |y[n]: cx[n]| where cis scaling factor
Addition
pO=x0+x,0] [nl=xp]+x[]

Physical example : audio mixer (¥, : musicsignal, x, : voice signal)

Multiplication : AM radio signal

YO =x0x0]  [yn]=xlnlxn]

Basic Operations on Signals (2)
Integration LUN

W(t) = % [ i@z V:,) lc

Operation performed on independent variable
Time scaling
‘y(t) = x(at)| ‘y[n] = x[kn], k> 0|

« a>1: compressed version of x(t
* 0<a<1 :expanded version of x{t

) rr—— wo=e(l) :

1o 1 543 200
) ® © @

(Problem 1.10)
2019-03-04 MCN

[ ¥in = x(2n]

R

Differentiation i(t)
d i
Y(t)—Ex(f) 2 +
V(l)=LEl(l) v(t) L
2019-03-04 MCN 13
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Basic Operations on Signals (3)
Reflection

« Even signal : x(~t) = x(¢)
¥ =x(-1) + Odd signal : X(=t) = —x(¢)
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Basic Operations on Signals (4)

Example 1.3 REFLECTION
Find the reflected version of x(t)

x(1) ¥(t)= x(-t)

(Problem 1.11, 1.12)

Time shifting

ol =rlo=r]

= 1, >0 :y(t) is obtained by shifting x(t) toward right

- 1, <0 :y(t) is ghtained by shifting x(t) toward left
2019-03-04 0 Y % MCK“_ ° e
e

Example 1.4 TIME SHIFTING x‘m yU):‘W*Y)
Find ¥()=x(t-2) III‘ 1 D
t t
_1 o1 0 1325
2 - 2

(Problem 1.13)

Precedence rule for time shifting and time scaling
[y()=x(at=b)?] &= W)= x(t=b) = y(t)=v(a1)]

Example 1.5 TIME SHIFTING

For x(¢) of unit amplitude and a duration of 2 time units, find y(¢) = x(2¢ +3)
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Basic Opera’uons on S|gna|s (5)

* - N -

(@ (C]

o
.
/\, xGt+2) X+ 2) =344
o
1 !

Correct! ; Incorrect!
) WO =x(t+3) yo=vay | x® ) 0
! L
i e
J——I_ J_l_ _J_I__ !
1o 1 "o 3200
-1 01 -4-32-10 2 2
(b) (@) (b) (@
x(3r) x(=2t-1) (1(t=2) = x(21 - 4)
Problem 1.14 :
7% 0 % -1 7% 0 s : = : E

(30 + 31 +2)

0 1
5 2.3

®) «
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Basic Operations on Slgnals (6)

Example 1.6 Precedence rule for discrete—time signal
I, n=12
x[n]: -1, n=-1,-2
0, n=0 and ‘n‘>2.

Find y[n] = x[2n + 3]

xn) vinl=xin +3]

et ] i
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Elementary Signals (1)

« - N -

5 -4
l lo 1 2 3 4 5 l l 2 3 : - !
¥
(@) (b)
yln] = v[2n]
1
©0—0- s I O—0—0—0—0 n
5 4 3 l 10 1 Z 4 &5
-1
(©)
(Problem 1.15)
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Elementary Signals (2)

Exponential Signals

x(t) = Be”

¢ a>0 : Growing exponential
*« a<0 : Decaying exponential

000 02 03 04 05 06 07 08 09 1
i

x[n]=Br"

6
il
4
3

« r>1 : Growing exponential "
« 0<r<l1 :Decaying exponentid

2019-03-04 MC N

0,
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i(n=C c% v(t)

RC%V(!) +v(t)=0

w(t) = I/Oe"/(RC)

* AC: Time constant
« The larger the resistor A, the slower will be the rate of decay of v(¢)

Sinusoidal Signals , \/\/\/\A/\/\A/\/\/
00

x(t) = Acos(wt +¢)

27[ 04 0.5 0.6 U7 09
Timer 4 cosl wt+7r/6
(a)

Period : T ="-
@ 5
x(t+T) = Acos(w(t+T)+9)
= Acos(wt+oT +4)
= Acos(a)t+ ¢ x([) ‘(':)“ Asm(wt+7r/6)
2019-03-04 @ NL 2
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Elementary Signals
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. . . . . 1
Discrete—time sinusoidal signal

x[n+N]= dcos(Qn+QN +¢),

Elementary Signals (4)

(3)
xfn]= cos(@n+ ) E;
¢ Il
|

x[n] 0
. PR -02
For the above signal to be periodic, l l

QN =27mm or Q= ZTzzm radians/cycle ’2: B

for integer m, N

210 -8 -6 -4 2 0 2 4 8
Time n
x[n]= Acos(Qn+¢) for 4=1,4=0, N =12
Example 1.7 Discrete—time sinusoidal signals
xl[n]=sin[57m], xz[n]=\/§COS[57m]

(a) Find their common fundamental period.
(b) Express the composite sinusoidal signal y[n]=x,[n]+x2[n]
in the form y[n]: Acos(Qn+g) .

2019-03-04 %MCNL 21
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(a) The angular frequency of both x[n] and x,[n]
Q=57 rad/sec
2 2 2
Tty 7 il 2 2
Q Sr 5
For xl[n] and xz[n] to be periodic, N must be an integer.
m = 5,10,15,-- » N =246,

(b) Recall the trigonometric identity
A cos(Qn + ¢) =4 cos(Qn)cos(¢)f A sin(Qn)sin(¢)
Letting Q=57, the right-hand side is of the same form as x,[n]+x2[n]
Therefore, Asin(¢): —1 and Acos(¢): NG

oy sin(g) 1 __Z .
ot (¢)_cos(¢)_\/§ - ¢ 6 o Sin(*ﬂ'/6)

)= 2c0s(57m _%j
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Elementary Signals (5)

(Problem 1.16 ~ 1.18)

| Relation bet. sinusoidal and complex exponential signals |

e’ =cos@+ jsin@ : Euler's identity: B =Ae’’; Acos(wrt+6)= Re{Be-’””}
x(t) = Asin(wt +0),  Asin(owr+6)= Im{Bej“" }
Imaginary axis
Unit circle
Acos(Qn+¢)= Re{Be-’Q” }
Asin(Qn+¢) = Im{Be™ | S|

n=0 Realaxis

For the case of Q=7/4 ==
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Elementary Signals (6)
| Exponentially damped sinusoidal signals ‘ »
x(t) = de™ sin(wr + ¢), a>0. 4 .
For A=60,0=6,§=0 =—=> 0
Example : Parallel RLC circuit :Zu et
%J’ (bt Integro—differential Eq.
— d 1 1
C—v(t)+—v(t)+— )t =0
O+ @+ [ v
Solution
1 1
v(t)=V,e P cosat, t20; a, = =
( ) 0 0 0 LC 4C2RZ

* Discrete—time version of the exponentially damped sinusoidal signal

x[n]= Br"sin[Qn+ ¢}, where 0<‘r‘<1
(Problem 1.20 ~ 1.21)

2019-03-04 %m,%l\“z 24
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Elementary Signals (7)

Step Function 1“ nl

[] 1, n>0
ujn|= n
0, n<0 = 543210123435

u(t)

I, 20 —
”(l)z{o £<0 1

0

Exampleﬂj -8 Rectangular Pulsem Express x(t) as a weighted sum of two

Elementary Signals (8)

Impulse Function

1, n=0 -
5["12{0, 0 ‘5(:): 0 for 120 and [* 5(r)di= 1‘
5[’!] XJ_(t) _ S(r) ax,(t)
I.Oi o . Strength a
Arca=1 T ‘1//“\‘!71 /snu-g: =1 a/A e
n 7] [

-a2 0 A2

8()=limx, (¢)
A0

« Impulse function vs. step function

50)=2u0) e=> u(0)=] s(c)ar

2019-03-04 MCN 26

,—"| p [_ step functions
o5 0 o 1 0 s 0 s 1" 1 1
® ® x(t) = Au(t+7j—Au(t—fj
2 2
—I PR S TR =5{t)=x()
©
2019-03-04 MCN 25
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Elementary Signals (9)

2019-03-04

Example 1.10 RC Circuit Determine the current that flows
Switch s through the capacitor for >0 .

closed
A . L v =Vu()
é; L. d
i(t)=C—v(t
‘ (0)=C—v(0)
(a) (b)

i(ty=Cv, %u(l) =CV,5(1)

a

The other properties of Impulse function

f;x(z)ﬁ(z —1,)dt = x(1,)

3(t)=5(~t)| : Even function

: Shifting property

1 x(1 x(at) ajA
5(at):75(t), a>0 /A

a J—_/Iim:‘ /|—y%|im=% Area =
: Time—-scaling property LOJ ' LA”J ' l : ‘ '
A @ ~A/a—~
(b) ()

(a)
2019-03-04 Y MCINL 27
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Elementary Signals (10) : skip

Derivatives of the Impulse Function |

« Impulse is the limiting form of a rectangular of duration A and amplitudel/A
« First derivative

v One impulse of strength 1/A, located at t =—A/2

v A second impulse of strength —1/A | located at #=4/2

RO IAigréi(b'(t +A/2)-8(t-1/2)) : doublet

Properties of doublet
[ oV0di=0; [ r@a-r)di=2 1()

« Second derivative

=1,

d oo d s TS0 s,

80 ="-8"1)=1im A[ﬁ (e+4/2)-89(-/2)]

= Oy 4 . [@ O PPRIPIN i
[Lr@s®e-wyd=—zr0) 5 [ r@sc-w)d=-rt

1=, t=ty

2019-03-04 M L 28
R




Elementary Signals (11)

t, t20 n, n>0
)= i=1 t)=tu(t =
i {0, <0 ro=m@) {0, n<0

(1)

< r{n]=nuln]

r[n]
Unit slope

Time ¢
0

54321012345

n

Example 1.11 Parallel Circuit i(t) = Lou()
()

i e 1

K ]\' . 0 L v)= E.[w,(f)df = EL‘ Iou(r)dr
e VO Lutr) Ca= v

=0 | 1m0

0, t<0
‘ _ - o =2t
i guo. 120 ¢
att=0
2019-03-04 CN 29
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Interconnected Systems

£ «

operator

y(6)=H{x(®0)} yn]= Hix[n]}

« Interconnected system > Interconnection of operations (mathematical term)

x(1) y(1)
—> H —>

x[n] —V@
(a) (b)
Example 1.12 Moving—Average System
y[n]= %(x[n]+x[n—1]+x[n—2]) «~——— moving-average system

x[n] x[n-1] xln-2]
: s Define discrete-time-shift operator: S*
x[n] x[n—k]
B ol o o EW O — Sk — 5
| -/
13

cascade | " parallel

H =§(I+S+S2)
2019-03-04
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Properties of Systems (1)
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* Bounded-input, bounded-output (BIBO) stable if and only if every bounded

input results in a bounded output
« For ()= H{x()} , operator H is BIBO stable if

[y <M, <o forall t where |x(t)| <M, <o forall ¢

M ., M :some finite positive numbers

Example 1.13 Moving—Average System

Show that the moving—average system is BIBO stable.

Assume that [x[n] <M, <o forall n.

‘y[n]‘ = %‘x[n]Jr x[n —1]+ x[n = 2] < %Qx[n]Jr‘x[n—l]Jr ‘x[n —2])

s%(MX+MX+MX):M

2019-03-04
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Properties of Systems (2)

Example 1.14 Unstable System

Show that the following system is unstable where r>1.
yn]=r"xln]
Assume that \x[n] <M <o forall n

‘y[n]‘ =‘r"x[n] =(r x[n]

With #>1, the multiplying factor »" diverges for increasing 7.

n

(Problem 1.26)

(Refer to Fig. 1.52)

« A system is said to possess memoryif its output depends on past or future
values of the input

« A system is said to possess memory—less if its output depends only on the
present value of input

Yy 2
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Properties of Systems (3)

Examples :

i(t)= %v(t); i(t)= 2 [ ve)ar

slrl=3 ool xn=2k slnl=ln]
(Problem 1.27 ~ 1.29)

» A system is said to be causalif the present value of output depends only on
present or past values of input

» A system is said to be non-causalif its output depends on one or more
future values of the input

slrl= Gl sl ln=2k 5ln)=3 (e ]+ afnls 1)
{Problem-1.30,-1-31)

2019-03-04 % MCN 33
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Properties of Systems (4)

Invertibility

« A system is said to be /nvertibleif the input of the system can be recovered
from the output

H™{y(0)) = H™ {H {x(0)}}= H™ H{x(0)}
==> H"H =] :|dentity operator

« H™: jnverse operator.  its associated system : /nverse system

« In general, the problem of finding the inverse system is difficult one

« Invertibility is of importance in the design of communication systems.

« Distinct inputs should produce distinct outputs : one—to—one mapping!

x(t) ya oo x(1)
—> H —> H" —

Example 1.15 Inverse of System
Y(O) = x(t—1,) = S" {x(t)} S" :time-shift operator

57 (0= 5 {5 {x)}f= 5705 {x()
We require that §7§% =

2019-03-04 CN
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Properties of Systems (5)

Example 1.16 Non-invertible System

Y(6)=x*(0)

To violate a necessary condition for invertibility : one—to—one mapping!
- not invertible!!

(Problem 1.32)

Time Invariance

» A system is said to be time invariantif a time delay or time advance of the
input leads to an identical time shift in the output.
* Otherwise, called time variant

o =H{x0} <> y-1,)=Hxt-1)}

N - h N - N - ~

Properties of Systems (6)

X =

x(n x,(1 = 1o) yalt) x,(1) ¥i(1) yi(r - tg)
—_— §" — H — —_ — §h —

@) (b)

7O =Hix(-1)}=HS"x©Of  n-1)=5"p0)}=s"{Hx O}
= HS" {x, ()} =S"Hi{x (1)}

« For time invariant system, |[HS" =S"H
» Two operators must commute with each other for all ¢,

Example 1.17 Inductor

1 — ° Input : voltage across an inductor
n@®= Z'chl(r)dr + Output : current through the inductor

2019-03-04 % MCN 35
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1O=t[ x-t)dr e n-t)=7[ 5 @dr

Put 7’ =7 —1,, two equations become equal to each other

36
R
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Properties of Systems (7)
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Properties of Systems (8)

Example 1.18 Thermistor

_% (O] == * Resistance varies with temperature
n= R(f) « Input : voltage across a thermistor
« Output : current through the thermistor
x,(t—1,) x,(1—1,)
=10 ol ni—t)="—"—2
» @) = 1 0 R(—1,)

R(1)
Since, in general, R(t)# R(t—t,) for t,#0

w(t—t,)# y,(¢) for t,=0 wm Time variant!!

(Problem 1.33)

» A system is said to be /inearif it satisfies the following two properties

v Principle of supergosition
»ilt)=Hx (1)), v, =sz(t)} - yl(t)+yz(t)=H{xl(t)+xz(t)}

v Homogeneity : Whenever input is scaled by a, output is scaled by
exactly the same constant factor a.

2019-03-04 % MCNL &

0

()= H{Z ax, (t)} = 2@l O)=2 a0

(Problem 1.34 ~ 1.36)

Example 1.19 Linear Discrete—-Time System

y[n]: nx[n] Show that this system is linear.

[12[1 = y[]Z[]Z[]Zy[]

“. it is a linear system

Example 1.20 Non-linear Continuous—-Time System  ¥() = x(1)x(¢ 1)

N

() = lzvlaixi(t) <::> y(t) = ’Z:; a,x,(l)z:1 a;x,(t- 1) = Z Z a,a/x,(l)x/(t -1)
i-1

=1 j=1

N
%) a1 . it is non-linear!

1
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Noise

» Noise : unwanted signal
v Tend to disturb the operation of a system
v" We have incomplete control over it

» External sources of noise : atmospheric noise, galactic noise, and human—
made noise
* Internal sources of noise : electrical noise, etc.

Thermal Noise

* To arise from the random motion of electrons in a conductor
» Time—averaged value

T
v= }ﬂﬁj‘,ﬂ(’)d[

» Time—average—squared value

v? = 4kT,

abs

RAf volt*

i, I | O
V= ;ﬂﬁirvz(t)dt &=

i = 4kT, GAf amps
2019-03-04 CNL 39
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Homework #1

To solve more than 10 additional problems but the
following are mandatory

42, 44, 46, 47, 52, 53, 54
Due date :

2019-03-04 CN 40
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