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Lecture 2-2

Linear Time-Invariant System
(LTI System)
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Convolution Integral

)

x()) =" x(c) 8(t-7) dr

y() = Hix(r)} = H{f:x(r) S(t—1) dr}
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| YO =H{x()}= [ x(z) H{5(t- )} dr
H{S(0)} = h(r)
H{6(t—17)}=h(t—7)

LTI
()= [ x(e) h(e=7) dz = x(t)* h(t)
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% Convolution Integral
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Convolution Integral

(1) x90 h9

(2) h €)-
(3)h@- t h (or -
(4)t > 0 t < O
(5) w,(7) = x(z)h(t - 7)
(6) t

(7) T= 0 oot [ ]

()= [ x(e) he-7) dz

f: w,(r) dr
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EX2.6: y(t) = x(t) = h(t) =7
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g’ Find and x(t) and the reflected, time-shifted impulse, h(t-t).
Find the product signal wy(t) for 1 <t < 3.
Find the product signal w,(t) for 3<t<5.
Find the system output y(t).
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%  EX: ARC circuit system with the voltage source x(t) as input and
&  the voltage measured across the capacitor y(t), as output.
+
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x() ( i(t) C (1)
9

> y Audio & DSP Lab.
%
R0
|w)
2]
2 Ex2T:
& (a) The input x(t) superimposed over the reflected and time-shifted impulse

response h(t — 1), depicted as a function of t.
(b) The product signal w,(t) for 0< t< 2.

(c) The product signal w(t) for t > 2.

(d) The system output y(t).
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"’.Reflected and time-shifted impulse response |
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w, (2) EX{(7) - h(r—7)
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Ex 2.8:

(a) The input x(t) superimposed on the reflected and time-shifted impulse response
h(t — 1), depicted as a function of .

(b) The product signal w,(t) for 0 <t < 2.

(c) The product signal w(t) for 2 <t < 3.

(d) The product signal wy(t) for 3 <t<5.

(e) The product signal wy(t) for t > 5. The system output y(t).
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s (b)
= [Cx(7) ©
? : C)
k: ‘ ©)
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7 @(r)

w(t) for0<t< 2.
w(t) for2<t< 3.
w(t) for 3<t<5.
w(t) fort > 5.
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. P25 y(t) = x(t) * h(t)

il fiel

| _ SN

: oo I ; 1 1 o !

14




y Audio & DSP Lab.

Step 1:
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Produce new set of dependent variables, x(t)
and h(t) with replace t by 7.

x(7)
1
-
-1 1
h(r) .
AN K
-3 1
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Step 2:
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Obtain the h(-t) from h(t) by reflection operation.

x(7)
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5 Step 3:
& Obtain the h(t-t) from h(-t) by time-shifting operation.
x(7)
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Vh(t—1)
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§ x(7)
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eg., r—t41 :: h(t—1)
if0<r<1 N s

W)= s@h-gde=] (-1+1) de+ [ 1dr
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x(7)
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e.g., r—t+l | ) heeD)
AN
if1<t<2, TR

W)=[" xht-vde=[ (-1+1) dr

C - )
:7—2' —
2 t—1
1 (t-1? 2
==—(@-)-——T+(-1
2
21—t+1—L+t—1+t2—2t+1
2 2 2
Z‘2
=—=2t+2
2 19
:g ﬂ Audio & DSP Lab. (2)
%.pj .
5 [T 1]
] — I
3 eg T—t+1 : h(t;_r)
L \% ‘3
if —1<t<0, =T 113
1
+00 ‘ 1
W)= x@hi-vdr=[ (r=t+1) dr+ [[1ar
72 t
=(—-7(t-1 +
(oD )+])
r* (-D?
=——t(t-1) - —(t-1)+(1—¢
5 =)o (=1)+ @-1)
2
=L—t2+t—1—t+1+1—t
2 2
t? 3
2 2 20




z ﬂ Audio & DSP Lab. x(r)
%.ﬁw"’ 1
s [ T.]
% S
3 Ciaehn 437
lf—2£t<—1, t-1 :t t+323t+3
1 i
+00 1 t+2 ‘
y(t)= LO x(1)h(t-1) dv = j | (t+3=7) dr+ L 1 dr
z'zl 1+2
=(r(3+t)—— +
(@+0-2] )+ )
2
:(3+t)—%—(t+2)(3+t)+7(t+22) +(t+2+1])
1, t?
=3+t—-——t"-5-6+—+2¢+2+t+3
2 2
t? 3
=———t+—
2 2 21
z ﬂ Audio & DSP Lab. (s
% Hj ()[l
> 171 g
% -1 3 3 1
3 BRIG o I
€9 :FN/ Y
if —3<t<-2, L O ) BE ‘
1 i
+00 t+3 142
y(t)= LO x(1)h(t-1) dv = j L (t+3-7) dr+ L 1 dr
2 t+3 t+2
=(r(3+t)—— +
(@05 6 )
2 2
:(3+t)2—@—(t+2)(3+t)+(HZ) +(t+2+1)
t? 9 t?
:9+6t+12—E—&—E—tz—5t—6+5+2t+2+t+3
7
=t+—
2 22




E‘-E, Audio & DSP Lab. x(r)[
5 1
5 T r
2 o -1 1
3 ! h<r—r)4/ (+3-7

eg., X i A

t-1 1t Yty
. t+2]
if —4<t<-3, ! P

W)= sh-yde=[ 1+3-9
7,'2 r+3
=(@+0-2)

B 2 (1+3)° 1
=(3+1) Y +(3+1)+ 5

2
TSI L VR
2 2

2

L +4t+8
2 23

;g ﬂ Audio & DSP Lab.
§ & )
2 1
v
g T

-1 1

- Th(=r)
r+1 1
\/_—\ .
-1 3

y(O):f: x(zr) h(0—7) dr:fl (r+1 d2'+J.01 1dr

2
T

=—+7

2

0

1
0 2 2

+7
1

24




> 4.9"’ Audio & DSP Lab.
§ x(7)
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§ x(7)
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y(Z): r: x(z) h(2-7)dr =0
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E x(7)
? 1
3 T
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y(—1)= J:OO x(t) h(-1-7)dr = .[1 ldr=17 =2
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§ x(7)
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o Radar range measurement
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(a) Transmitted RF pulse.
(b) The received echo is an attenuated and delayed version of the transmitted

pulse.
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Radar sends an impulse “Jt)" to target, and the |mgulse response is an
attenuated “ ” and delayed *“

A T )
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h(t)=ad(t— ), - h(z)=ad(z—p)
h(-7)=ad (-t - B)=ao(-(c + B));

r(6)=x(0)*h(t) = [ x(2)h(t-7)dr
= jj:x(r) (ad(t—(z+ p))dz
= aJ.j:x(r) [5(—T+ (t—ﬂ)] dr=a x(t— )
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Match Filter for Radar Range Measurement
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(a) Impulse response of the matched filter for processing the received
signal.

The impulse response of a match filter :

hm(t)zx(—t) h,, (1)

(aj
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(b)

The received signal r(t) time-shifted

matched filter impulse response h(t—

7)

(©)
Matched filter output y(t).

y(2) =r(t)*h,(t)
= f:r(r)hm (t—7)dr

Q(z’)
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