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= Representation of CT Signals by its@
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= Representation of CT Signals by its Samples O
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Representation pf CT Signals by its Samples

/

21(t) # 22(1) # 23(1)

The ' orem

€1 (kT) = 22(kT) = 23(kT)

kT



Feng-Li Lian © 2013
NTUEE-SS7-Sampling-9

The Sampling Theorem
= Impulse-Train Sampling:

t
pg) :"Eampling function it @ t
@: sampling period () X Xo(t)

400
pt) = > o(t=nT) | o5 3# tXL
N — |

“+ oo




Feng-Li Lian © 2013
NTUEE-SS7-Sampling-10

The Sampling Theorem
Impulse-Train Sampling:
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The Sampling Theorem
= Impulse-Train Sampling:

Ex 4.21, 4.22, pp. 323-4
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The Sampling Theorem
= The Sampling Theorem:
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= Exact Recovery by an ldeal Lowpass Filter:
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= Exact Recovery by an ldeal Lowpass Filter:

The Sampling Theorem
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= Sampling with(Zero-Order Hold;

x(t) Zero-order | %o (t)
- — —>

hold \

p()
e N
M // I \\\ -3
/ ~ _ ~
) —() 0 T [ f [ i




Feng-Li Lian © 2013
NTUEE-SS7-Sampling-16 [~

= Sampling with Zero-Order Hold: ‘

. The Sampling Theorem
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= With Ideal Lowpass Filter & with Zero-Order Hold:

! #'

x( X(jeo) X(jes)

The Sampling Theorem

%\ 1 /\/\
— g W w — Wy Wpg (0]
(b) (b)
Pjw) Pljw)
2 2
|0 Y .5 I I I
B E 0 ® 20 al 2o = 0 , 20 3 »




Feng-Li Lian © 2013
NTUEE-SS7-Sampling-18

The Sampling Theorem
= Sampling with Zero-Order Hold:

H(jw)

p(t)
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= Representation of a Continuous-Time Signal
by its Samples: The Sampling Theorem

* Reconstruction of a Signal from its Samples
Using Interpolation

= The Effect of Under-sampling: Aliasing

= Discrete-Time Processing
of Continuous-Time Signals

= Sampling of Discrete-Time Signals



Reconstruction of a Signal from its Samples Using Interpolatiog; ,ce esrsomaing.20

= Exact Interpolation:
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Reconstruction of a Signal from its Samples Using Interpolation,ce sc;.samping.21

= Exact Interpolation:
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Reconstruction of a Signal from its Samples Using Interpolationce cs;.samping-23

1t 1 i
8 0.8} 1 1
0.6p I lo ]
. L.
0.2 1
ok T?Q@%M%@@@?TTT%% OT o |
0.2 h ll J;L l 0or
-04f ol | ‘ ,
08¢ ) 05 | | | | | | |
-0.8f B -8 -6 -4 -2 0 2 4 6 8
al ‘
2 4 6 8 10 12 14 16 18
' ™~
1t i ‘
0.8f
o6l 0.5
0l la
o2f IR 0 B
0H
02} 05
04}
-06f Al
08}
Al
2 4 6 8 10 12 14 16 18 o3 05 ! 15 2 25




Feng-Li Lian © 2013
EE-SS7-Sampling-23

= |deal Interpolating Filter & The Zero-Order Hold:

Reconstruction of a Signal from its Samples Using InterpolatioR.,,
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Reconstruction of a Signal from its Samples Using Interpolation; e ss7.samping.24

= Sampling & Interpolation of Images:

zero-order hold zero-order hold
4:1

orignal image \impulse sampling
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Reconstruction of a Signal from its Samples Using Interpolation,ce sc;.samping.2

= Higher-Order Holds: id-o’dzv

Ideal interpolating
H . filter
1(jw)
First-order
—We _Ws 0 Wg s — t
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= Higher-Order Holds: Ex 4.4, p. 293 m

Reconstruction of a Signal from its Samples Using Interpolatiog,,
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Reconstruction of a Signal from its Samples Using InterpolatioR.,,

= First-Order Hold on Image Processing:
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= Three Filters: Ideal Lowpass, Zero-Order, First-Order

Reconstruction of a Signal from its Samples Using Interpolation
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= Representation of a Continuous-Time Signal
by its Samples: The Sampling Theorem

= Reconstruction of a Signal from its Samples
Using Interpolation

= The Effect of Under-sampling: Aliasing

= Discrete-Time Processing
of Continuous-Time Signals

= Sampling of Discrete-Time Signals
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= QOverlapping in Frequency-Domain: Aliasing

Effect of Under-sampling: Aliasing
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= Overlapping In Frequency-Domain: Aliasing
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= Overlapping In Frequency-Domain: Aliasing
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Effect of Under-sampling: Aliasing
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Effect of Under-sampling: Aliasing
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= Overlapping In Frequency-Domain: Aliasing
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= Overlapping In Frequency-Domain: Aliasing

Effect of Under-sampling: Aliasing
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= Overlapping In Frequency-Domain: Aliasing

Effect of Under-sampling: Aliasing
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= Overlapping in Frequency-Domain: Aliasing
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= QOverlapping in Frequency-Domain: Aliasing
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= QOverlapping in Frequency-Domain: Aliasing
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Effect of Under-sampling: Aliasing
= Strobe Effect:

wo = 100 rad/sec
Rotating disc
= w = Tws £ wp
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= Representation of a Continuous-Time Signal
by its Samples: The Sampling Theorem

= Reconstruction of a Signal from its Samples
Using Interpolation

= The Effect of Under-sampling: Aliasing

= Discrete-Time Processing
of Continuous-Time Signals

= Sampling of Discrete-Time Signals
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= Discrete-Time Processing of CT Signals:
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Discrete-Time Processing of Continuous-Time Signals
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= C/D or A-to-D (ADC) and D/C or D-to-A (DAC):

C/D

X (t) = :
conversion

Xgq[n] = X; (NT)

T

P

Discrete -Time
System

g [n] = ¥ (nT)

@ continuous-to-discrete-time

conversion

D/C
conversion

Ye (1)

LR

(Qw

teR.

T
]

s AT &R

M M-&

= A-10-D: analog-to-digital converter

@ discrete-to-continuous-time

conversion

-to-A: digital-to-analog converter
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= C/D Gopversion: - C/D conversion

Discrete-Time Processing of Continuous-Time Signals

|| Conversion IDf
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o discrete-time
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Discrete-Time Processing of Continuous-Time Signals

= C/D Conversion'

e (£) = Z ze(nT)o(t — nT) e

+o0
Xp(jw) = D @e(nT)e 7™
pre— n=—oco e
: oo
Xq(e?) =
n=-—o00
. i ®

n——aoo

-

Table 4.2, p. 329 | 4(t —to) T, eiwto

—

r

o CRERAE

Y
T
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.

Y . aglnle 7"

Y z(nT)e 7" =
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C/D conversion

_______________

Conversion of
impulse train
to discrete-time |
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|
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= C/D Conversion:  _____ C/Dconversion

R 10

| I
I I
: ‘< Conversion of | !
: p impulse train :
t - P g 1 f——— X [N
N Xc ¢ to discrete-time[ | "]
sequence

Discrete-Time Processing of Continuous-Time Signals
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= C/D Conversion: - el Sr

Discrete-Time Processing of Continuous-Time Signals

Conversion of

Te ( t)—*—r- Xp M | impulse train 2] [n]

to discrete-time

i :L,p (t) sequence E

X (jo) (4 R, e SESAEAC I  : ri t7 |
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= D/C Conversion:

D/C conversion
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= QOverall System:
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= Frequency-Domain lllustration:




Discrete-Time Processing of Continuous-Time Signals FengLiLian © 2013

= CT & DT Frequency Responses:
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Rl e e o s ke e |
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‘ Hy(e?v ), |w| < ws/2 . A ‘I
H.(jw) = b, 0,

0, w| > ws/2 T w



Feng-Li Lian © 2013

Discrete-Time Processing of Continuous-Time Signals NTUEE.-SS7-Sampling-51

* Frequency-Domain lllustration: * é}_ﬁﬂdﬂﬁﬁl*

Xe(jw) — xw Yd(BJQ) = Hd(GJQ)Xd(BJQ)

‘ @ :
Xp(Jw) Yp(jw)
A & A A T
A
IS A oy /p}\
—wg Sy e wg o = Ot )
(b) 7=Y)

Xd(ejQ) X4 (€% Ye (J'w) —

= i

gl =27 .
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= Digital Differentiator: AP S TR |
(band-limited) ﬂ{i}A e L IOt e ST ST
Ex 4.16, p. 317 BN o R
He(jw) = (&) =35(2), 1Q <
O, ’w| > We
¢
R \%w | He (jo) | .
| He™) |
r
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" He (jos)
= Dela MR e U S
- |
|
I
band-limit | -
an i x, () |Conversion of| x4 [] ) yalnl [Conversion of| v, (t)
= X ()=t L impulse trai Hy (e sequence to
( I I ) T»@—» impulse train 4 (")
|
|

to sequence impulse train

Ex 4.15, p. 317

_______________________________________________________________

. e_ijn |w| < We . .
He(jw) = Hy(e) = e 7987 Q<
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= Representation of a Continuous-Time Signal
by its Samples: The Sampling Theorem

= Reconstruction of a Signal from its Samples
Using Interpolation

= The Effect of Under-sampling: Aliasing

= Discrete-Time Processing
of Continuous-Time Signals

= Sampling of Discrete-Time Signals
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= Impulse-Train Sampling:

x[n] —->®—> Xg[N]

S P =
e i

= 3 [kN] 6[n — kN APS PZ”)
§5

k‘,:—oo pli
n



Sampling of Discrete-Time Signals

= Impulse-Train Sampling:

o2 I
P(ejQ)—— > (2 — kws)

k——oo

: 1
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T 42

= Xp(ef®) = Z X (el@ku)
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P(ed®)x (e3(2—6) g0
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(6 h Y
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Sampling of Discrete-Time Signals
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= Exact Recovery Using ldeal Lowpass Filter:

p(n]

()2 Ha ]
(@)
X (e7*?)
1
LN /\ Q
—27 — @y Wy ™ W
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= DT Decimation & Interpolation: Down-sampling

Sampling of Discrete-Time Signals

Eqg 5.45, p. 378: Time expansion
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= Higher Equivalent Sampling Rate: Up-sampling

Sampling of Discrete-Time Signals

decimated sequence lowpass
XN m—— 4
b[ ] ttttttttt f[lter ——= X[n]

Q——

mll””“ "”|)|Tnnnmmll\} Cor, N\ A
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= Down-sampling X (%)
+ Up-sampling:
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= Exact Recovery by an ldeal Lowpass Filter:

The Sampling Theorem

X()
@ ﬂ EE
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Reconstruction of a Signal from its Samples Using Interpolation,ce sc;.samping.21

= Exact Interpolation:

p(t) = X 3(t — nT)
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= Three Filters: Ideal Lowpass, Zero-Order, First-Order

Reconstruction of a Signal from its Samples Using Interpolation

p(t)
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= Overlapping In Frequency-Domain: Aliasing

Effect of Under-sampling: Aliasing

x(t) = cos(wpt)

w3>2w0 _ws/Q
A A A
§ oET
ws > 2wg
H s
o g
'bUs<2’LU ————————————
° Y A A A
- | :
L \/:\ : =i - | G (:\ -
_"ﬁ?) —wg P w %) aliasing



Feng-Li Lian © 2013
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= Discrete-Time Processing of CT Signals

K;m . pfﬂ
[n]
T it D
0 t 0 T 2T t 4 -3
1 T=T
? AN A ANNA
| I | I
— N T — D — 0O
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h |
1
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= CT & DT Frequency Responses:
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= Decimation (Down-sampling):

il = A X A

Xp(e™)
el.
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= [nterpolation (Up-sampling):
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Sampling of Discrete-Time Signals NTUEE.SS7-Sampling.62
= Problem 7.20 (p.560):
u (a) 1{HE"™)
—_— S ——— > Sg -
x[n] y[n]
/8 0 /8
Hy(el®y 1 Hy(e") 1
- X . P — —
(b) o y S"‘ yin
w2 0 w/2 -m/2 0 m/2

= S, Inserting one zero after each sample
= Sg: Decimation 2:1, extracting every second sample

= Which corresponds to low-pass filtering with ©. = 7/47?



Sampling of Discrete-Time Signals

= Problem 7.20 (p.560): _
" (a)
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= Problem 7.20 (p.560). } L=

SB — S# I e
yin]
H (b) —m/2 0 42 —m/2 0 w2

Sampling of Discrete-Time Signals
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= Problem 7.23 (p.562):
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= Problem 7.23 (p.562):
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(t) H(jw)
~ g 0 W, © w
w >
CT.FT. _
h(t) > H(jw)
Wsg — ?—Z_‘—W CQ = wT
D.T.F.T. :
h[n] - . H(GJQ)
h|n] H(e?)

(B)




Feng-Li Lian © 2013

In Summary NTUEE-SS7-Sampling-62

= Discrete-Time Processing of CT Signals
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Chapter 7: Sampling

= Representation of of a CT Signal by Its Samples:
 The Sampling Theorem
* Reconstruction of of a Signal from Its Samples
« Using exact interpolation
e Using zero-order hold
 Using higher-order hold
= The Effect of Under-sampling
« Overlapping in Frequency-Domain
 Aliasing
= DT Processing of CT Signals
= Sampling of Discrete-Time Signals
* Down-sampling
* Up-sampling
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