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Lecture 2-1

Linear Time-Invariant System
(LTI System)
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Review

Linear Property:
*Scaling
* X(t) 2> y(t)
e c X(t) 2 cy(t)
eSuperposition
* X, (1) 2 y4 (1)
* %(t) 2 Y,(t)
* X (O+%,(t) > y1(O+Y, ()
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* X(t) = y(1)

Review

Time-Invariant Property:

e X(t-t) > y(t—ty)

y Audio & DSP Lab.

Overview
25 . (Convolution Sum)
. (~ Evaluation Procedure)
. (Convolution Integral)
. (~ Evaluation Procedure)
LTI
LTI
. (Step Response)

*MATLAB

LTI
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. (Impulse Response):
- ( )¢

5(t)

oo  ——— SYSTEM |——

o[n]

h(t)
or
h[n]
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(convolution sum)

(convolution Integral)
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=0
stni=1= =0 STn = X0 ST
0, otherwise
. X[n] n
. X[0] n=0 = constant
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0
S ={]‘ " - X(n] 8[n] = X[0] 5[N]

0, otherwise

- X{n] 8[n—k] = X[K] S[n—K]

o x[K] n=k

= constant
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-0
5[N] = {]“ " - X{n] 8[n] = X(0] S[n]

0, otherwise
= Xn] o[n—k] =X Kk] o[n—Kk]

[N = ...+ X{=1o[n+ 1+ X[01[n] + (US[n—1] + ...

- ¥ {KioIn-K

X[n] 9
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If thesysteminput is x[n] and the H{} represents
the system, the system output y[n] will be,

yin] = H{Xri}
- H{ 3 {KIoTn- K},

10
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If the systeminput is x[n] and the H{} represents
the system, the system output y[n] will be,
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yin] = H{x(n}
= H{ 3 {KISTn—KI},

= 3" H{XKIS[n—K]}. :Scaling

k=—o0

11
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If thesysteminput is x[n] and the H{} represents
the system, the system output y[n] will be,
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yin] = H{Xri}
- H{ 3 {KIoTn- K},

= 3" H{XKIS[n- K]}, :Scaling

k=—o0

= ix[k]H{é[n—k]}, . let h[n] betheimpulse response of J[n].

k=—o0

_ ﬁ:x[k] hn—k].

12




‘qe1 dsd ® opny

y Audio & DSP Lab.

A= 3 xKle[n- K]

k=—a0
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Notation of the Convolution Sum

+00

yinl= > X{Klhin—k]=Xn]* hin]

k=—o0
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X[n] = X—2o[n+1 + }0lo[n] + XUo[n—1 + X 2]o[n— 2]
h[n] = h[O]S[N] + HYS[n—1] + h[2]8[n— 2] + N 3][n—3]

{-16[n+1] — X-Us[n+1*hn] = x~1h[n+1]
X0lo[n] — XOJo[n]*h[n] = X{O]h[n]
NUSIn-1 — NUs[n—-1*hn] = Yh[n—1]
N2l6In-2] — X2I6[n-2]*hn] = X2]h[n-2]

yin] = X=1h[n+1] + X{O]n[n] + {h[n—1] + }[2]h[n— 2]
- fx[k] hin—K]
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% Example 2.2
3 n
h[n]=[zj ], =,
yin]=? Vy[-5] =72 y[5] =2, y[10] = ?
n=-5, +5, +10
gy Audio & DSP Lab.
é : y[n] =?
Q X0]o[n] *h[n] = X{O]h[n]
19960
+ n
XYs[n—-1*h[n] = {1]h[n-1]
Mitrseee
TTTT??---- X2]5[n- 2] h[n] = x{2]h[n- 2]
N n
M1725.... o
n 18
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: I””H” X[K] =ulk]
1()
w e (1115
Qoece .
0
k] Nkl = 2
gy Audio & DSP Lab.
— (@) !
h[—k]{ﬁj UK T T
4 ceo 0] T )

h-k] = -
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h[n k]:GjnKU[n—k] T
(o]
? T 0 T | k
N-k+n] = 2
éhﬂl‘)Audio&DspLab. x[k]=u[k] h[n_k]:(%jnku[n_k]
R [ S R
f'i'I ” | AP,
m N=-5
il I: g e
?T[ITL :--F'.'?IITHU.I.
n=5 w Nn=10




;g ﬂ Audio & DSP Lab. ‘
% +00 +00 3 n-
2 yinl= 3 qkIhin—k] = > u[k] (Z) u[n—k]
(%] k=—o0 k=—o0
& n n-k
° > (EJ , n>0
=i \ 4
0, otherwise
23
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% Hj +00 +00 3 n-k
2 vinl= > qklhin—k]=>" ulk]| ;| un-k]
(%] k=—o0 k=—o0
& n n-k
° > (EJ , n>0
=i \ 4
0, otherwise
@ y-5=0

(3 y10]=? 2
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% Y[n]=_zx[k]h[n—k]=_2u[k]8j u[n—K]
; _ i(%}n n=0
0: otherwise
@ y-5=0
S (3 (3V&(3)" (3)<
@ wa-3(3) (250 ()2
4 6
(3
=(§j 34 =3.288
1-=
3
(3 y{10]=? s
gy Audio & DSP Lab.
¢ Example 2.3 =2

x{n] =d[n] o
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¢ Example 2.3 (cont.)
& 13
Mnl =5 Xn-k]
k=0
X{n] =4[n] -
13 1
hinj ==Y sln-K]==(s[n]+d[n-1 +...+ 5[n-3])
4= 4
1
=— -un-4
ACWRTGEE)
X[n] =u[n] —u[n-10] =7
gy Audio & DSP Lab. . s -
é .'.:'|!|I..:-.. : ”|||||| -

k: [ O

... o

K:[n-3 - n]
"N
. N .
..".|I||| ||I|

28
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Solution: y[n] = Zx[k]h[n— K]

k=—o0

(1) n<0, y[n] =0, no overlay

51
(2)0£ns3,y[n]:zz overlayk: 0 ~n
k=0

(3)4<n<9, y[n] = - overlay k:(n-3) ~n

9

1
(4)10<n<12, y[n] = Z Z overlay k: (n-3) ~ 9

k=n-3

(5) n> 12, y[n] =0, no overlay
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Example 2.4
yin]—p yIn-1] = Xn]
X n] =b"u[n+4] =7?
( b=p)

Hint: for a causal system, h[n] = 0 for n< 0.

30
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Solution: impulse response h[n]: h[n] = p h[n-1]+J[n]

. causal system: h[n]=0, forn<O
h0] =6[0] =1

h[1] = p N0l +[1] = p

h2] = p h[1] +6[2] = p*

h(n] = p" u[n]

X[n] =b"u[n+4] [-4, n]

yin] =x{n]* h[n] ={ p"u[n]} *{b"u[n+4]} = Zn:bk P

k

32
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: Ploty[n], p=0.9andb=0.8.
vin] )
]
| ‘ “mmmiiﬂm
I-Hll-:‘.-ll'-Iu‘u-‘.-l"-\ u] 5 11 15 . | e i
4o .
> ‘.E"’ Audio b
g Example 2.5 (Applies Ex2.4 solution )
| 10 1000 7 1500
8% =

U Lo e
o
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) yinl- p yin-1 =]
8 p 108
Ex2.4 h[n] = p"u[n] = (1.08)"u[n]
convolution sum y[n] =x[n] * h[n] =7
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(1)) n<0, y[n] =0, nooverlay
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(20<n<9, ynl= i1000(1.08) k- 12500((1.05;)“*1 _1)

9 n
(3)10<n<16, y[n]=> 1000(1.08)"* - > 1500(1.08)"*
k=0

k=10

— 7246.89(1.08)" —18750((1.08)"° - 1)

9 16
(4 n>17 y[n] = > 1000(1.08)"* - >"1500(1.08)"
k=0 k=10
=3340.17(1.08)"
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9
> 1000(1.08)"*
k=0

9 9
=1000(1.08)" > (1.08) “ =1000(1.08)" > (1.08™)"
k=0 k=0

— -1 0
=1000(1.08)" 1(1&1 finite geometry series
1-1.08
=1000(1.08)" 0.5368065 _ 1000(1.08)" (7.2468852)
1-0.9259259

~ 7246.89(1.08)"
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3
2
® 371500108, let m=k-10,

k=10

n n-10
=1500(1.08)" > (1.08) ¥ =1500(1.08)" > (1.08™)™*,
k=10 m=0
n-10 _ -1 )09
=1500(1.08)"*° > (1.08™*)™ =1500(1.08)"*° 1-11.08 _)1 :
m-0 1-1.08
. _1\n-9
=1500(1.08)"°(1.08%) M ,
1-1.08
~1500(1.08)"°(1.08™) ~ 1500(1.081)
1-1.08* 1-1.08"
1500(1.0871) e e

T {(1.08)° ~1}=18750 {(1.08)"° -1} .
> ‘-’q} Audio & DSP Lab.
§ The y[n] represents the value of the investment immediately
c after the deposit or withdrawal at the start of year n.
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S EX: Y[n] = X[n]*h[n] = ?

]
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