> 4.9"’ Audio & DSP Lab.
Lecture 2-3
Linear Time-Invariant System
(LTI System)
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: Interconnections of LTI Systems

Interconnection of two LTI systems. (a) Parallel connection of two systems.

(b) Equivalent system.

X(V)*h(t) = [ x()h(t-7) de
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X()*hy(t) = [ X(0)hy(t-7) de

X()* (1) + 1, (0) = [ X(@)(h(t—7)+hy(t—7)) dr
= [ (x(@hy(t =)+ x(2)h,(t 7)) dr
:j x(r)h(t—7) de x(r)hy(t—7) dr
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2 Interconnection of two LTI systems. (a) Cascade connection of two
2 systems. (b) Equivalent system. (c) Equivalent system: Interchange
&  system order.
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if x()=0o(t), z(t)=h(t)
2 Y(t) = hy () = 2(t) # hy(t) = hy(t) = h,(t)
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2 Given impulse responses of each subsystem for the interconnection of
QD
o

systems for Example 2.11, find the total system output =?
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5 (a) Reduction of parallel combination of LTI systems in upper branch of Fig. 2.20. (b) Reduction
=3 of cascade of systems in upper branch of Fig. 2.21(a).
(c) Reduction of parallel combination of systems in Fig. 2.21(b) to obtain an
equivalent system for Fig. 2.20.
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o Interconnection of LTI systems for Problem 2.8.
-
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hy () = hy(t) * (,(t) * h, (£) - (h, (£) + hy (1))
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Interconnection of LTI systems for Problem 2.9.

‘qe1 dsd ® opny

xln] —= hy[n] —4¢ — y|n]
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LTI System Properties

‘ge1 dsd ® opny

*Memory-less LTI System
*Causal LTI System
*Stable LTI System

Invertible LTI System and De-convolution
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Memory-less LTI System:

yin] = X{n] * hn] = ]+ X{n]
= 3 HKIxn-K = ol

if and onlyif

h{K] = caTK].

y(t) = [ h(z)x(t - r)dr = h(O)x(1),
if and onlyif h(z)=co(z).

‘ge1 dsd ® opny

y Audio & DSP Lab.

Discrete-Time Causal LTI System:

yin] = h{n]*x{n] =

yin] =---+h-2]Xn+ 2]+ h[- 1]x[n+1]+h[0]x[n]

ih[k]x[n—k] or

X1+ h2]X{n—2] +---

h[K] =

for k<0
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Discrete-Time Causal LTI System:

yin] = h[n]*X{n] = ih[k]x[n— K]
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Continuous-Time Causal LTI System:

h(z)=0, forz<0

y(t) =h(t)=x(t) = | h(r)x(t-7) dr
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Discrete-Time Stable LTI System:

‘qe1 dsd ® opny

S hKIXn—K]

k=—o0

o |yIn]|=

k=—x0
If the input is bounded (BI), \x[n]\ <M, <o,
it implies that \x[n— k]‘ <M, <.

Hence,  [y[n]|< M, 3]

k=—o0

< Y |Kxn-K]
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If the impulse response is absolutely summable,

> [hik] <o

Hence, |y[n]| <M, i‘h[k]‘ <0

k=—0
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Continuous-Time Stable LTI System:

‘qe1 dsd ® opny

LTI (BIBO)
(if and only if)

Iff: oo
j_w\h(r)\ dr < oo
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Invertible System and Deconvolution
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viI)
x(1) —= h(t) —— h'"™(1) — x(1)

o J
'

h(t) *h™ (t) = 5(t)

X(t) Deconvolution
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Invertible System and Deconvolution

Continuous-Time:

X(t) = x(t) * {h(t) = h™ (1)},
implies, h(t) *h™(t) = o(t)

Discrete-Time:

x[n] = x{n] * {hin] = K™ [n]},
implies, H[n]*h™[n] =J[n]
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EX2.13 y[nj=xn]+axn-]]

Impulse Response h[n] = ?
h[n] =d[n]+ad[n-1]

How to find the impulse response from the inverse
system, hi"v[n] =7

h[n] * h™[n] = 5[N]

18




g 4.9"’ Audio & DSP Lab.

& hn]=h™n] = 8]

bl *h™[n] ={S[n] +as[n—1]} * h™[n]

=h™[n]+ah™[n-1 = 5[N]

whenn=0, h™[0]+ah™[-1]=1
If the hi[n] is causal, "™ [-1] =0,
< h™[0] =1

g 4.9"’ Audio & DSP Lab.

2  whenn>0, h™[n]+ah™[n-1=0,

or rewrite: h™[n]=-ah™[n-1]

h™[0] =1

h™[1] = —ah™[0] = —a
h™[2] = —ah™[1] = &’
hinv[3] _ _ahinv[z] __53

hinv[n] — _ahinv[n_l] — (_a)n

20
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The impulse response from the inverse system,

h™[n] = (-a)"u[n]
Is the inverse system stable?
C inv C k
> Tl =3 [
k=0 k=0
if |a| <1, system stable; otherwise not stable
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Discrete-Time Step Response

Unit-Step
s[n]

gn] =u[n]*h[n] = Z.O hkJu[n—k]

K=o

1 n-k>0, or n>k
0, n-k<0, or n<k

u[n—k]:{

22




‘qe1 dsd ® opny

y Audio & DSP Lab.

-:u[n-k]:{l nzk

0, n<k

{n]= > hK]

k=—o0

hin] =gn]-gn-1]

23

‘ge1 dsd ® opny

y Audio & DSP Lab.

Continuous-Time Step Response

st)=[_h(z) dr

d d
S0 =— [ h(z)dz =h(t)

24




> y Audio & DSP Lab.
5  EX214 h(t):ie‘““*c)u(t)
B s(t) = 2
%zcﬁ
0 t
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@

o = ?
)
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B Solution:

t

s(t)=1-e F°

RC circuit step response for RC=1s 26
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st)= [ h(r) dr

s(t) = j { eRCu(r)}dr

1 ¢ - |t
=——|efdr=|-e™ | =-ef+1
RC 70 0
_t
=1l-e*
gy Audio & DSP Lab.
¢ Differential and Difference Equation
N
D.a pre3 y() ZDK—X(t)
k=0

ZakY[n—k] =Zbk><[n—k]

28
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Example of an RLC circuit described
by a differential equation.

x(t)

29
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- X(t) y(t):

LSy +RY®+= |y dr = X0

t

d2 d
L— v(t)+ R—
> Y(t) dty

1 d
o (t)+ c y(t) = pm X(t)
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ZakY[n—k] =Zbk><[n—k]

1 1
— —K]-— —k
yin] aOKEZO,ka[n ] a0k§:1,aky[n ]
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EX: 2.16 Difference Equation:

y[n] -1.143y[n—-1] + 0.4128y[n—2] =
0.0675X n] +0.1349x n—1] + 0.675x n— 2]

Initial Condition: x[n] =0, y[-1] =1, and y[-2] = 2

Please write a recursive rule to find y[n] = ?

32
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y[n] =1.143y[n—-1] - 0.4128y[n—- 2]
+0.0675X n] + 0.1349x{n—1] + 0.675x n— 2]

‘qe1 dsa ® opny

Solution:

= Xn]=0, ..y[n]=1143y[n-1]-0.4128y[n-2]

V-2]=2 ——

y-1] =1 —

y[0] =1.143(1) — 0.4128(2) = 0.3174

y{1] =1.143(0.3174) — 0.4128(1) = 0.3628—0.4128 = —0.05

y[2] =1.143(~0.05) — 0.4128(0.3174) = —0.0572— 0.1311= —0.1883
y{3] =1.143(-0.1883) — 0.4128(—0.05) = —0.0406 + 0.0207 = —0.0199
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EX: 2.16 : If the input X[n] is described by the following closing price
of INTEL stock, please find the output y[n] = ?

‘qe1 dsa ® opny

i [STRL .3 o

Weekly closing price of Intel stock
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Output associated with the weekly
closing price of Intel stock. ( )
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waesrh e i L% i

bk, 1% T Faky ME0 Faky 31

35

‘3’ Audio & DSP Lab.
|I 1
, , "
Illustration of the solution to ' )

Example 2.16. .
(a) Step response of system. ""‘v""

(b) Output due to nonzero initial conditions with zerc

‘qe1 dsa ® opny

input.
(c) Output due to x,[n] = cos (1/10xn). "TESSTERRT.
(d) Output due to x,[n] = cos (1/5xn). FYYITYYYLR

(e) Output due to x,[n] =cos(7/10xn).
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z, EX2.14
B
?
+
x(t)

RL circuit

y(1)

X(®)

L

y(®)
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