Unit 1: Classification of signals and systems
1.1 Signal

Signal is one that carries information and is defined as a physical quantity that varies
with one or more independent variable.
Example: Music, speech

1.2 Classification of signals
1.2.1 Analog and Digital signal

Analog signal:

A signal that is defined for every instants of time is known as analog signal. Analog
signals are continuous in amplitude and continuous in time. It is denoted by x(t). It is also called
as Continuous time signal. Example for Continuous time signal is shown in Fig 1.1
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Fig 1.2 Digital Signal

Fig 1.1 Continuous time signal

Digital signal:
The signals that are discrete in time and quantized in amplitude is called digital signal
(Fig 1.2)

1.2.2 Continuous time and discrete time signal

Continuous time signal:

A signal that is defined for every instants of time is known as continuous time signal.
Continuous time signals are continuous in amplitude and continuous in time. It is denoted by
x(t) and shown in Fig 1.1

Discrete time signal:

A signal that is defined for discrete instants of time is known as discrete time signal.
Discrete time signals are continuous in amplitude and discrete in time. It is also obtained by
sampling a continuous time signal. It is denoted by x(n) and shown in Fig 1.3
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Fig 1.3 Discrete time signal

1.2.3 Even (symmetric) and Odd (Anti-symmetric) signal
Continuous domain:
Even signal:
A signal that exhibits symmetry with respect to t=0 is called even signal
Even signal satisfies the condition x(t) = x(—t)

0dd signal:

A signal that exhibits anti-symmetry with respect to t=0 is called odd signal
0dd signal satisfies the condition x(t) = —x(—t)
Even part x,.(t) and Odd part x((t) of continuous time signal x(t):

Even part x,(t) = %[x(t) + x(—t)]
Odd part x,(t) = %[x(t) —x(—t)]

Discrete domain:
Even signal:
A signal that exhibits symmetry with respect to n=0 is called even signal
Even signal satisfies the condition x(n) = x(—n).

0dd signal:

A signal that exhibits anti-symmetry with respect to n=0 is called odd signal Odd signal
satisfies the condition x(n) = —x(—n).
Even part x,(n) and Odd part x(n) of discrete time signal x(n):

Even part x,(n) = %[x(n) + x(—n)]
Odd part x,(n) = %[x(n) — x(—n)]



1.2.4 Periodic and Aperiodic signal
Periodic signal:
A signal is said to periodic if it repeats again and again over a certain period of time.

Aperiodic signal:
A signal that does not repeat at a definite interval of time is called aperiodic signal.

Continuous domain:
A Continuous time signal is said to periodic if it satisfies the condition
x(t) = x(t + T) whereT is fundamental time period

If the above condition is not satisfied then the signal is said to be aperiodic

Fundamental time period T = %n, where () is fundamental angular frequency in rad/sec

Discrete domain:
A Discrete time signal is said to periodic if it satisfies the condition
x(n) = x(n + N) where N is fundamental time period

If the above condition is not satisfied then the signal is said to be aperiodic
: : 2 : : .
Fundamental time period N = %, where w is fundamental angular frequency in rad/sec, m is

smallest positive integer that makes N as positive integer
1.2.5 Energy and Power signal

Energy signal:

The signal which has finite energy and zero average power is called energy signal. The
non periodic signals like exponential signals will have constant energy and so non periodic
signals are energy signals.

i.e, For energysigna, 0 < E <o and P =0

For Continuous time signals,

T
Energy E = Tlim j |x(t)|?dt
—00 _T

For Discrete time signals,

N
Energy E = lim Z |x(n)|?
n=—N
Power signal:

The signal which has finite average power and infinite energy is called power signal. The
periodic signals like sinusoidal complex exponential signals will have constant power and so
periodic signals are power signals.

i.e, For powersignal, 0 <P <o and E = oo

For Continuous time signals,
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For Discrete time signals,
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1.2.6 Deterministic and Random signals

Deterministic signal:

A signal is said to be deterministic if there is no uncertainity over the signal at any
instant of time i.e, its instantaneous value can be predicted. It can be represented by
mathematical equation.

Example: sinusoidal signal

Random signal (Non-Deterministic signal):

A signal is said to be random if there is uncertainity over the signal at any instant of time
i.e, its instantaneous value cannot be predicted. It cannot be represented by mathematical
equation.
Example: noise signal
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Random signal

Deterministic signal

1.2.7 Causal and Non-causal signal

Continuous domain:
Causal signal:
A signal is said to be causal if it is defined for t=0.
i.e. x(t)=0 fort<o0
Non-causal signal:
A signal is said to be non-causal, if it is defined for t< 0 or for both
t<Oandt=0
i.e., x(t) #0 fort<o

When a non-causal signal is defined only for t<0, it is called as anti-causal signal



Discrete domain:
Causal signal:

A signal is said to be causal, if it is defined for n=0.
i.e. x(n) =0 forn<o0

Non-causal signal:
A signal is said to be non-causal, if it is defined for n< 0
or forbothn < 0andn >0
i.e. x(n) #0 forn<o0

When a non-causal signal is defined only for n<0, it is called as anti-causal signal

1.3 Basic(Elementary or Standard) continuous time signals

1.3.1 Step signal

Unit Step signal is defined as

u (t)

u(t) =1 fort=0 1
=0fort<0

Unit step signal

1.3.2 Ramp signal

Unit ramp signal is defined as

r(t)

r®) =t fort=0
=0fort<0

Unit ramp signal

1.3.3 Parabolic signal
Unit Parabolic signal is defined as
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Unit Parabolic signal
Relation between Unit Step signal, Unit ramp signal and Unit Parabolic signal:
e Unit ramp signal is obtained by integrating unit step signal

L. e.,fu(t)dt = f 1dt =t =r(t)

e Unti Parabolic signal is obtained by integrating unit ramp signal

2
L. e.,fr(t)dt = f tdt = % =p(t)

e Unit step signal is obtained by differentiating unit ramp signal
o d d
i. e.,a(r(t)) = a(t) =1=u(t)

e Unit ramp signal is obtained by differentiating unit Parabolic signal
2

d d
i. e.,a(p(t)) = a(%) = %(Zt) =t=r(t)

1.3.4 Unit Pulse signal is defined as
A

[0 =1 for It <3

= 0 elsewhere
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Unit Pulse signal

1.3.5 Impulse signal
Unit Impulse signal is defined as

8 t)

5(t) =0 fort+0

j 6(Hdt =1 0 .

Unit Impulse signal



Properties of Impulse signal:
Property 1:

f x(0)8(t) dt = x(0)

—00

Proof:

[ee]

f x(t)5(t) dt = x(0)6(0) = x(0) [+ 6(t) exists only att = 0 and 6(0) = 1]

Thus proved
Property 2:

[ee]

f x(0)8(t — to) dt = x(to)

—00

Proof:

[ee]

[ x50~ t0)at = x5t — t0) = 2(6)6(0) = x(20)

[+ 8(t — ty) exists only at t = ty and 6(0) = 1]
Thus proved

1.3.6 Sinusoidal signal
Cosinusoidal signal is defined as Sinusoidal signal is defined as
x(t) = Acos(2t + @) x(t) = Asin(2t + @)

where ) = 2nf = 2?11 and Q is angular frequency in rad/sec

f is frequency in cycles/sec or Hertz and
A is amplitude

T is time period in seconds

@ is phase angle in radians

Cosinusoidal signal Sinusoidal signal
when ¢ = 0,x(t) = Acos(Q2t) when ¢ = 0,x(t) = Asin(Q2t)

AAA, S




Sinusoidal signal
Cosinusoidal signal

1.3.7 Exponential signal

Real Exponential signal is defined as x(t) = Ae®
where A is amplitude

Depending on the value of ‘a’ we get dc signal or growing exponential signal or decaying
exponential signal

Ax(t) a=0 x(t) a>0 x(t) a<0
DC signal Exponentially Exponentially
growing signal decaying signal

Complex exponential signal is defined as x(t) = Ae**
where A is amplitude, s is complex variable and s = g + jQ

x(t) = Aest = Ae(@H Dt = At /¥ = Ae (cosOt + jsinQt)
when o = +ve, then x(t) = Ae’ (cosQt + jsinQt),

where x,(t) = Ae’ cosQt and x;(t) = Ae® sinQit
Ax(t) A xitt)
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Exponentially growing sinusoidal signal

A

Exponentially growing Cosinusoidal signal

when o = —ve, then x(t) = Ae™" (cosQt + jsinQt),

where x,(t) = Ae °t cosQt and x;(t) = Ae ' sinQit
x(t) A xi(t)

A N A~ AA/\/\/\=




Exponentially decaying Cosinusoidal signal Exponentially decaying sinusoidal signal

14  Basic(Elementary or Standard) Discrete time signals

1.4.1 Step signal

Unit Step signal is defined as
A u(n)

1 2 3 4 n

0 n

un) =1 forn=0
=0forn<0

Unit step signal
1.4.2 Unit Ramp signal
Unit Ramp signal is defined as

A0
r(n) =n forn=0 :
=0 forn<O0 2 L
1 I »
0123 4 n o
Unit Ramp signal
1.4.3 Pulse signal (Rectangular pulse function)
Pulse signal is defined as
x(n)
x(n) =A forn; <n<mn, A
= 0 elsewhere | | | |
M 1 0 1 mn

Pulse signal

1.4.4 Unit Impulse signal
Unit Impulse signal is defined as



Sm)=1forn=0
Sm)=0forn+0

1.4.5 Sinusoidal signal

Cosinusoidal signal is defined as
x(n) = Acos(wn)

Unit Impulse signal

Sinusoidal signal is defined as
x(n) = Asin(wn)

2m . . .
where w = 2nf = v m and w is frequency in radians/sample

m is smallest integer

fis frequency in cycles/sample, A is amplitude
Cosinusoidal signal

x(n}
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Cosinusoidal signal

1.4.6 Exponential signal

Real Exponential signal is defined as x(n) = a" forn =0

x(n)  pea<1

01234 "

Decreasing exponential signal

x(n)

Sinusoidal signal

x(n)
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Sinusoidal signal

axl
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Increasing exponential signal

Complex Exponential signal is defined as x(n) = a™e/ (“o™) = q"[coswyn + jsinwyn]
where x,(n) = a"coswyn and x;(n) = a"sinwyn



X; (n)

O=a<l ‘“ O<a<l
|‘| |‘| |‘| 1

x(n)

Exponentially decreasing Cosinusoidal signal
Exponentially decreasing sinusoidal signal

a=l

a=l
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Exponentially growing Cosinusoidal signal

Exponentially growing sinusoidal signal

1.5 Classification of System
e (Continuous time and Discrete time system
e Linear and Non-Linear system
e Static and Dynamic system
¢ Time invariant and Time variant system
e (ausal and Non-Causal system
e Stable and Unstable system

1.5.1 Continuous time and Discrete time system
Continuous time system:

Continuous time system operates on a continuous time signal (input or excitation) and
produces another continuous time signal (output or response) which is shown in Fig 1.84. The
signal x(t) is transformed by the system into signal y(t), this transformation can be expressed
as,



Response y(t) = T{x(t)}
where x(t) is input signal, y(t) is output signal, and T denotes transformation

x(t) —» T —» y(t)

Fig 1.84 Representation of continuous time system
Discrete time system:
Discrete time system operates on a discrete time signal (input or excitation) and
produces another discrete time signal (output or response) which is shown in Fig 1.85.

The signal x(n) is transformed by the system into signal y(n), this transformation can be
expressed as,
Response y(n) = T{x(n)}
where x(n) is input signal, y(n) is output signal, and T denotes transformation

x(n) —» T —» y(n)

Fig 1.85 Representation of discrete time system

1.5.2 Linear system and Non Linear system
Continuous time domain:
Linear system:

A system is said to be linear if it obeys superposition theorem. Superposition theorem
states that the response of a system to a weighted sum of the signals is equal to the
corresponding weighted sum of responses to each of the individual input signals.

Condition for Linearity:

Tlax; (t) + bx,(t)] = ay1(t) + by, (t)

where y,(t) and y,(t) are the responses of x;(t) and x,(t) respectively
Non Linear system:

A system is said to be Non linear if it does not obeys superposition theorem.

i.e., Tlax;(t) + bx, (0)] # ay1(t) + by, (t)
where y; (t) and y, (t) are the responses of x; (t) and x; (t) respectively

Discrete time domain:
Linear system:

A system is said to be linear if it obeys superposition theorem. Superposition theorem
states that the response of a system to a weighted sum of the signals is equal to the
corresponding weighted sum of responses to each of the individual input signals.

Condition for Linearity:

Tlaxi(n) + bx; ()] = ay1(n) + by, (n)

where y; (n) and y,(n) are the responses of x; (n) and x,(n) respectively
Non Linear system:

A system is said to be Non linear if it does not obeys superposition theorem.

i.e.,Tlax;(n) + bx,(n)] # ay;(n) + by, (n)



where y; (n) and y,(n) are the responses of x; (n) and x,(n) respectively

1.5.3 Static (Memoryless) and Dynamic (Memory) system
Continuous time domain:
Static system:
A system is said to be memoryless or static if the response of the system is due to
present input alone.
Example: y(t) = 2x(t)
y(®) = x* (1) + x()
Dynamic system:
A system is said to be memory or dynamic if the response of the system depends on
factors other than present input also.
Example: y(t) = 2x(t) + x(—t)
y(t) = x2(t) + x(2t)

Discrete time domain:
Static system:
A system is said to be memoryless or static if the response of the system is due to
present input alone.
Example: y(n) = x(n)
y(n) = x*(n) + 3x(n)
Dynamic system:
A system is said to be memory or dynamic if the response of the system depends on
factors other than present input also.
Example: y(n) = 2x(n) + x(—n)
y(n) = x2(1 —n) +x(2n)

1.5.4 Time invariant (Shift invariant) and Time variant (Shift variant) system
Continuous time domain:
Time invariant system:
A system is said to time invariant if the relationship between the input and output does
not change with time.
Ify(t) = T[x(t)]
Then T[x(t — ty)] = y(t — ty) should be satisfied for the system to be time invariant

Time variant system:

A system is said to time variant if the relationship between the input and output changes
with time.

Ify(t) = T[x(t)]

Then T[x(t — ty)] # y(t — ty) should be satisfied for the system to be time variant

Discrete time domain:



Time invariant system:

A system is said to time invariant if the relationship between the input and output does
not change with time.

Ify(n) = T[x(n)]

Then T[x(n — ny)] = y(n — ny) should be satisfied for the system to be time invariant
Time variant system:

A system is said to time variant if the relationship between the input and output changes
with time.

Ify(n) = T[x(n)]

Then T[x(n — ngy)] # y(n — ny) should be satisfied for the system to be time variant

1.5.5 Causal and Non-Causal system
Continuous time domain:
Causal system:

A system is said to be causal if the response of a system at any instant of time depends
only on the present input, past input and past output but does not depends upon the future
input and future output.

Example: y(t) =3x(t) +x(t—1)

A system is said to be causal if impulse response h(t) is zero for negative values of t

ie, h(t)=0fort<o0
Non-Causal system:

A system is said to be Non-causal if the response of a system at any instant of time
depends on the future input and also on the present input, past input, past output.

Example: y(t) = x(t +2) +x(t—1)

y() =x(—t) +x(t +4)
A system is said to be non-causal if impulse response h(t) is non-zero for negative values of t
ie, h(t)#0fort<o0

Discrete time domain:
Causal system:

A system is said to be causal if the response of a system at any instant of time depends
only on the present input, past input and past output but does not depends upon the future
input.

Example: y(n) =3x(n) +x(n—1)

A system is said to be causal if impulse response h(n) is zero for negative values of n
ie, h(n)=0forn<0

Non-Causal system:
A system is said to be Non-causal if the response of a system at any instant of time
depends on the future input and also on the present input, past input, past output.
Example: y(n) =x(n+2) +x(n—1)



y(n) =x(—n) + x(n + 4)
A system is said to be non-causal if impulse response h(n) is non-zero for negative values of n
ie, h(n) #0forn<O0

1.5.6 Stable and Unstable system
Continuous time domain:
A system is said to be stable if and only if it satisfies the BIBO stability criterion.
BIBO stable condition:
e Every bounded input yields bounded output.
i.e., if 0<x(t) <o then 0 < y(t) < o should be satisfied for the system to be stable
e Impulse response should be absolutely integrable

[ee]

i.e.,0< flh(r)ldr <
If the BIBO stable condition is not satisfied, then the system is said to be unstable system
Discrete time domain:
A system is said to be stable if and only if it satisfies the BIBO stability criterion.
BIBO stable condition:
e Every bounded input yields bounded output.
e Impulse response should be absolutely summable

ie.,0< z Ih(k)| < oo

k=—c0

If the BIBO stable condition is not satisfied, then the system is said to be unstable system

1.6 Solved Problems

1. Draw r(t + 3), where r(t) is ramp signal
Solution:
r®)=t t=0
4o
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2. Sketchx(t) =3r(t—1) +r(—t+2)

x(t)

x()=3r(t—-1)+r(-t+2)
=04+4—-t for—2<t<-1
=04+3—-tfor—1<t<0
=0+2—-tfor0<t<1
=3t+1—tforl<t<2
=3+3t+0for2<t<3
=6+3t+0for3<t<4
and so on
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3. Draw time reversal signal of unit step signal

Solution:
un)=1, n=>0



u(n) u(-n)
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4. Check whether the following is periodic or not. If periodic, determine fundamental time
period

a. x(t) =2cos(5t+1) —sin(4t)
HereQ; =5, Q, =4

T 211_211_211
179, 5 5
_211_211_11
270, 4 2
2m
nn 5 . .
— = - = = (Itis rational number)
T, > 5

Hence x(t) is periodic
T=5T1 =4T2 =27
~ x(t) is periodic with period 2w

b. x(n) = 3cos4nn + 2sinnn
Here w; =4m, wy; =7
_2mm _ 2mm _ m
", 4m 2
N; =1 (taking m = 2)
2mm  2mm
Ny=——=—=2m
Wy T
N, =2 (takingm = 1)
N=LCM(1,2) =2
Hence x(n) - x(n) is periodic with period 2

5. Determine whether the signals are energy or power signal
x(t) = e 3tu(e)

T—>oo

e °T Je0 1
=11m —|:—:| =—< -.-e—OO=0’e—0=1

T T T
—6t

EnergyE, = Tlim j|x(t)|2dt =Tlim f le~3t|2dt = Tlim fe‘“ dt = lim [ ]

=T 0 0 0

T—ow [ —6 -6 6



1
Power P., Am——ﬁﬂm%rﬂm—Jk%qa—hm—-—&a

2T
o e—6t1" . 1 [e—6T e—O_l_ 1[1]_ e = _0_11_0
T 2T | =6 | Tow2T| 6 6] Toe2Tl6l e TRe TS T
Since energy value is finite and average power is zero, the given signal is an energy signal.
6. Determine whether the signals are energy or power signal
x(n) = e’(%"'g)
N
mn T[
EnergyE., = lim z lx(n)|? = Jim z |e’( | = lim 12 = Jim 2N +1 = oo
n——N n——N n=—N

v |e/@nt9| =1 and z 1=2N+1

n=-N
N N
, ) H+E 2
Average power P, = lim z [x(n)]* = lim z
N—co 1 N—oo
N

12 = lim RN+1D =1

i
N 2N + 1 Now 2N + 1
n=—N

Since energy value is infinite and average power is finite, the given signal is power signal

7. Determine whether the following systems are linear or not

2O 1 ey () = (1)

Output due to weighted sum of inputs:

d[a}’1(t)d‘: by, (t)] + tlay; (8) + by, ()] = [ax, (£) + bxy(D)]? ... (1)

Weighted sum of outputs:

For input x4 (t):

d

DO | 0 =120 @)
For input x; (t):

D20 | 10 = 120 .. 3)

dy; (t) dy,(t)

2)xa+@B)xb>a 7 +aty,(t) + b I

+ bty,(t) = ax;2(t) + bx,%(t) ... (4)



(1) # &)

The given system is Non-Linear

8. Determine whether the following systems are linear or not
y(n) = x(n—2) + x(n?)
Output due to weighted sum of inputs:
ys(n) = ax;(n — 2) + bx,(n — 2) + ax; (n?) + bx,(n?)
Weighted sum of outputs:
For input x; (n):
y1(n) = x1(n = 2) + x,(n?)
For input x; (n):
y2(n) = xp(n — 2) + x,(n?)
ay;(n) + by,(n) = ax;(n — 2) + ax;(n?) + bx,(n — 2) + bx,(n?)
wy3(n) = ay;(n) + by,(n)

9. Determine whether the following systems are static or dynamic
y(t) = x(2t) + 2x(t)
y(0) = x(0) + 2x(0) = presentinputs
y(—=1) = x(—=2) + 2x(—1) > past and present inputs
y(1) = x(2) + 2x(1) = future and present inputs
Since output depends on past and future inputs the given system is dynamic system

10. Determine whether the following systems are static or dynamic
y(n) = sinx(n)
y(0) = sinx(0) = presentinput
y(—1) = sinx(—1) = presentinput
y(1) = sinx(1) = presentinput
Since output depends on present input the given system is Static system

11. Determine whether the following systems are time invariant or not
y(t) = x(t)sinwt
Output due to input delayed by T seconds
y(t,T)=x(t —T)sinwt
Output delayed by T seconds
yt—-T)=x(t—-T)sinw(t—T)
wy@&T)# y(t—T)
The given system is time variant
12. Determine whether the following systems are time invariant or not
y(n) =x(-n+2)
Output due to input delayed by k seconds
y(n, k) =x(—n+2—k)
Output delayed by k seconds
yin—k)=x(—(n—k)+2)=x(—n+k+2)
v y(nk) = y(n— k)
The given system is time variant



13. Determine whether the following systems are causal or not

_dx(®)
y() === +2x()

The given equation is differential equation and the output depends on past input. Hence the
given system is Causal

14. Determine whether the following systems are causal or not
y(n) = sinx(n)
y(0) = sinx(0) = presentinput
y(—1) = sinx(—1) = presentinput
y(1) = sinx(1) = presentinput
Since output depends on present input the given system is Causal system

15. Determine whether the following systems are stable or not
h(t) = e *u(t)

Condition for stability f |h(t)|dT < o0

© © *® —471®
flh(r)ldr = fl(e_“)u(fﬂ dt = f e*dr = [6_4 ] -
e oo 0 0

f |h(t)|dt < oo the given system is stable

—Q0

16. Determine whether the following systems are stable or not
y(n) = 3x(n)
Let x(n) = 6(n), y(n) = h(n)
= h(n) = 38(n)

Condition for stability Z |h(k)| < o

k=—c0
D Ihl = ) 138G = ) 35(k) =3
k=—o0 k=0 k=0
“6(k)=0fork+0 and §(k) =1fork =0

Z |h(k)| < oo the given system is stable

k=—o0
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