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AE K

o MM IR

periodic sampling
o BURAABMI KT

frequency-domain representation of sampling
o MMM RT TR

reconstruction of a continuous-time signal
o A BB M R I 1% 4% B M AR

discrete-time processing of continuous-time signals
o i 4% nF M R IF AR A A R SRR

continuous-time processing of discrete-time signals
o MEBIRME

changing the sampling rate

Chia-Ping Chen ik



>E

# M BUAR periodic sampling
M RIE x(t) B9 IAR R R A

x[n] = xc(nT).

Q T #ABAEM (sampling period) °
O T Ml f =1 MAEBIEIAE (sampling frequency)
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A4 & 3 Nyquist thoerem

TR xi(t) AAHRAR » HERBAN T b B x(t) TAH
kB x[n] = xc(nT) £

B RBT AR ARG ERE o |

Chia-Ping Chen ik



1 4 iF W45 2 3E#3 continuous-time Fourier transform

v M B (1) 6018 2 AT KB

BT RE .
(1) = o / F(jQ)e®d0.
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Example (342 LAk 2 ¥ Dirac §-function)

WK A SR % B R KB
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Example (7% & &)

x.(t) = 1.

2—/ (2 )e’QtdQ:/d(Q)ethdQ:1:xc(t).
AR5 EHARE A
X.(jQ) = 276(Q).
A3k A A 3 PR AST 5 B o
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Example (3B#& frequency modulation)
x(t) B FHAAMIR

ye(t) = x(t)eP?

A 5 R B
YC(J ): /yc(t)e_JQtdt: /Xc(t)ejQOte_thdt

:/xc(t)e‘f(ﬂ‘ﬂo)tdt
= X(J(€2 — )
At o e/t 915 2 3 930 A

275(Q — Q).
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18 B Dk AET % # periodic impulse train
WM T QBB BB s(r) B AE

s(t) = 25(t —nT).

Chia-Ping Chen B



A & s(t) B iR At > TIAER T RAFZELZ
. 27
S(t) = Z ckekat, Qk = Tk
kez
’fg‘\gi Ck /%
1 (T2 _ 1 [T/2 _ 1

Ck = — s(t)e & tdt = —/ o(t — nT)e ™idt = —.

k T _T/2 ( ) T _T/2zn: ( ) T

B 33 L A P RURART 2 S S0 7 9 SR AR 30 PR AR BT SRS o
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VAR 27 k48T % BB AR sampling by periodic impulse train

xs(t) = xc(t)s(t) = x(£) > _6(t —nT) = x(nT)s(t — nT).

S8 38 ] 14

X.(jQ) = %XCUQ) « S(jQ) = %Xc(jﬂ) > 2%5 (Q k2;r)

:;;x ( (Q k?)) :%;XCU(Q—/@S))

Q X.(jQ) A ZEEL T X (jQ) XA o
Q WwRMEFHHEEAT T BT AT HIE X, (jQ) °
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|

A [RHB %45 9% bandlimited signal
W R G E QAT

X.(Q) =0 for [Q> Q.

BRI x (1) 75 A TRAR o

A H A E Nyquist frequency
xc(t) R RF A BLET B RGERER o
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R % aliasing
RARAAMERIAE T TR > B RE LR LA AR RZ
& o kA
Q — QN > QN or Qs Z 2QN
£+ Qu EMHEE Q= FRAHEARR -

F#Z reconstruction

LEA R B ARAREIEIE B T AR X,(Q) B X (jQ) « L&
WS IR R

QNSQCSQS_QN'
Q. TVAE

Q
> Q.
2_N
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A I B AR Nyquist sampling theorem

x(t) B R RNIE » AAEMBEERE Qo Bl x (t) §AT
AR R

x[n] = x(nT), n=0,£1,£2,...

P BAR B R R

27
— = Q. > 2Q.
T = 281y

A4 % Nyquist rate

RERMRK > BIRARRFE BRI R EIRE - 20, #
BAANIE .
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380 3 MR A8 AR 3R 3 2 5
FIR §(-) 4 6 E 45 b

&mn:/&uwﬁwt
_ / S x(nT)o(t — nT)e ™ dt
_ / S x[nlo(t — nT)e /% dt
= Z;[n]e_j(QT)"
= xn(eJQT).

PTVA x,(t) 899838 X,(jQ) & x[n] #99R3% X (/) 894 MRRA o 4R
F(0,Q, = Z) #HBEERHAE (0,27) °
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e 44 0 P SR 9% S 1 4% 0 R SRR MR S X 12

© 5] x.(t) 0 G EHBEE X .(Q) ° x[n] = x(nT) » HAF 3
BB X(ev) o 2l

W

=X (/7

z ((-%)

N———
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Example (FLik /4 9 % Kb 4 20 4% %)

AT x.(t) = cos(40007t) » BARBAIE T = L/e000
x[n] = x.(nT) = cos (40007 - n - 1/6000) = cos (

Bk ABERE

Q = 2% = 120007 > 2Qy = 8000,

RS XA o BRGNS

x,(t) = cos(40007t).

27
—n

3

)
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Example (Bik AR R R)

RHAFARE y (t) = cos(160007t) o 48 | & Bk 7 41

y[n] = ye(nT) = cos (160007 - n - 1/6000) = cos (8_”,7)

3
_ cos (%Tn) — il

BLAR y[n] = x[n] » TEARILF A x,(t) > BT A

y:(t) = cos(40007t) # y(t).

s = 120007 < 2Q2y = 320007.
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Example (BAk AR R R)

HIR z.(t) = cos(40007t) > K IARAIE T = L1500 *

Z[n] = ZC(nTz) = COoS (40007T -n- 1/1500) — Cos (%n)
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3 185 F 25 A
Q x.(t) = cos(40007t), Qs = 120007

x,(t) = cos(40007t) = x(t)
@ y.(t) = cos(16000t), Q, = 120007

y,(t) = cos(40007t) # y(t)
©Q z.(t) = cos(40007t), Qs = 30007

z,(t) = cos(10007t) # z.(t)

Chia-Ping Chen ik




48 F & A % ideal reconstruction system
S8BT HERETEALAL irs HEERIFH IR x[n] Bk sdi2s
B B SRR x, (t) 1247

x,(nT) = x[n].

R A
B irs WA

x[n] — |i.rs. ] =, ls. w. T|— x[n]

BT R TR (% T)

x[n] — [D/C| 2 [¢/D] — x[n]

Chia-Ping Chen ik



T2 YR

Q A x[n] Bl & A BRI A
xs(t) =Y _x[n]o(t — nT).

n

Q H x(t) BB ERERE > GTEEREE h(t) ELERE

IR
x(t) =Y x[n]h(t = nT).

n

7 YL A Figure 4.8 °
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EﬂIEIlllllllllllllllllllllli

TRBASAEAMAREE  LARERIRE

cE%r

c\sv
ﬂ}% 3>\,0

T, Q<7

0, otherwise

B A8 60 187 45 16 35

h(t) = w
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T Z A
WK x[n] 0 WBTAEE ALK OWBAIRE

sin(m(t —mT)/T)
xo(t) = ;X[m] T(t—mT)/T

TR Bk 69 & 2 AR AA

t=nT B >

sin(m(t —mT)/T)
x(nT) =" x[m] Tt mT)T = x[n].

m

R x[n] H x(t) BARAR 0 x(t) 3£ x(t) £ t =nT L&A

<5
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Example (7 [R38 % 69 15 )
ERIIE x, (1) 9B

X(9) = HUDX(R) = (191 < 7) 7 TX(9) : 0.

3% x[n] WA R TR x(t) BARmR » AREHHALHL

T
QN<7.

£W(Q<Z RAEIQ>ZHE

X,(jQ) = X.(jQ).

B (1) = xe(8) °

Chia-Ping Chen ik



A IR AR 7 X
ARMBEEEE Q WAREFRE  RE T H MR

S Figure 4.9 ©

Chia-Ping Chen ik



18 4% B M & %L continuous-time system

i R A S (CTS) A48 8 B B8 SR IE 00 0 A i 4% o T 47 b3
% o

Pk 487 % & % 3 impulse response

LTI i 4% 0 P A& 40230 DGR TE B IK AL & Ik A87 % 0 69 iy o 398
A By o kA7 4B R R B o

() = S(x(t) = S (/ x(£)5(t t’)dt’)
= /x(t’)h(t — t)dt'.
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#A R K B frequency response
Pk A 28 & % S 694 s FE S 4 o

4833 ] 14

Y(jQ) = X(jQ)H(Q).
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i 4 B M SRR R 3T
ik (C/D)

x.(t) — |C/D | — x[n],

REHCET M A & (DTS)

x[n] — — y[n].

T# A% (D/Q)

y[n] — [D/C| — y,(t)
AR EREIFHIAIREE AL

x:(t) — [¢/D| 22 [DTS| 2% [D/C| — yi(t)

Chia-Ping Chen ik



Q ARy W REZGARERABA H.(jQ) » 2 TRE T
2 p[n] 4T
Heff(jQ) ~ HC(_jQ) ?
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4833 1 14

xc(t) — |C/D|— x[n]

x[n] — — y[n]

Y (&) = H(e) X(e).

y[n] — |D/C| — yc(t)

Y,(jQ) = <|Q| < ;) ? (TY.(Q) = TY (¢27)) : 0

Chia-Ping Chen ik



IR v, () B AR x (1) A E
Y,(jQ) = TY (¢°7) = TH(T)X(77)

_ H(efQT)zk:Xc (j (Q - ?)) , Q< ;

Her(J2) = ;:8%
. kZOXC(J(Q _ #)) T
= H(e®T) |1+ X2 D . el =

Chia-Ping Chen ik




é’ﬂ] N oﬂ?fi'\/}ﬁ /53 ﬁ FR

LRBNE T 1F Qu<7/T FHAXERE

Y.(9)
X(JjQ

Her(J2) = = H(®T), Q] < Qw.

~—

ZARATRRE R H(jQ) » ARSI R S R RIAH R

. LW
H(e™) = He (i)
¥ H.(jQ) BEARER -
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Example (ideal lowpass filter)

LAREHOF M AL R EAAAKAIE IR B 0 BB AL 9R BB BAT ?

1, |w <we,
0, we<|wl <.

Hlp(ejw) = {

Ao
P
2y
P!
e
]
N
"™
m -~
(®
B3

S

0, otherwise.

Y

Hewr(jQ2) = Hip(e"T) = {

A0 AR ABOE AR B Q. = w69 ARIA K B
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% - 25 differentiator

N
& 4 BF MRS S

d
)/c(t) = EXC(t)
b9 48 3% B 14 By
ch(t) . i i ) 0t B i/ ) . o
dt  dt {QW/XC(JQ)"?J dfdp = JOX () dQ
=5 = i 2 jQt
—ﬂ@%—%“/nomd do.
AL _—-
. YU B
H.(j2) = X.(jQ) =jQ

Chia-Ping Chen



TERRIGMARREARAL Qy < /T B> ATHEEE

Ap =]
. Q, Q| <x/T,
Q) = o Q] </
0, [Q>n/T.

st BERREE M AL AR E R A

H(e) =

?’ |(.U‘ <,
B S 0 16 1 5 A
1 & . 0 =
hn] = —/ H(e®)eordw =42 "=0
2m —T “hT n 7& 0.
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Example (aE 3% 358 69 f 2)

VAIE SZ AR B A b it 18 4% B M SRR M B
xc(t) = cosQot, Qo <7/T.

El

x[n] = coswon, wo= QT
= X(&) =7 [6(w — wo) + 0w + wo)], |w| <7
= Y(e) = j%r [0(w — wo) + 6(w + wo)]
= Y, (jQ) = TY () = jQTn[6(QAT — Qo T) + 6(QT + Qo T)]
=y (t) = —Qosin(Qot) = %xc(t).

Chia-Ping Chen ik



kA8 7~ & £ impulse invariance
BAEERE H(Q) AR RBAR » HBOREGEREJBE h(t) ° 4

h[n] = Th.(nT).
AR AL h[n] BRI ALK > FROBEREEH T

Her(j2) = H:(j2).

ot

( Q) BARIES » TEE T A H(GQ) =0, |Q >n/T e
% gln] = he(nT) °#R Hifﬁ*é 3t A B4R > T 4a

G(ed'“»:%;m (j (%@))

Chia-Ping Chen



L ERBEEE (—r, 1) ZH
G(e™) = =H (#) w <
4 h[n] = Tg[n] » T4%F
H(e) = T6(e") = He (=), ol <.

ot » |
Heff(jQ) = H(eIQT) — HC(JQ)> |Q| <

Chia-Ping Chen ik




Example (lowpass filter)

TAMA R B AR LR

1

. 19| < .,

H.(jQ) =
= {o, 2> Q.

SR B BB A R o AR T

J& 2 h[n] B ho(t) BRARK B9RIE o
sin(Q.t)

Tt

h(t) =

BIT VA

sin(QnT) sm(wcn)

S E A ) S

hln|=T h(nT)=T p——

™n

, we=QT.
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A BB B A 4R
RMTAS 4 D/C #HIE - EFIHHM AL - AR C/D #E >

RAT B B # I M A& o

xc(t)

x[n] — [D/c] =Y [cTs] 29 [¢/D] — y[n]

Chia-Ping Chen ik



B s 4y b R AA S B 1R

Q D/C AEABEHRAL » HHEMNGA
X.(jQ) = TX(2T), 19| < ;
Q CTS: x(t) — [CTS] — y(t
Yo (/Q) = H(jQ2) X (j$2)

Q C/D: y(t) —|C/D|—> y[n] y(t) BARAR » AA X
2 s FTVA

Chia-Ping Chen



Hy(e2T), Q| < /T

arbitrary,  otherwise

He(j$2) = {

Chia-Ping Chen ik



Example (delay)
A AT B AR R R R A
Hy(e) = e ¥4,
Al CT ARG EFEEE
H(jQ) = Hy(2T) = e T2,
3

h(t) =6(t — TA)
= ye(t) =x(t— TA)
= y[n] = ye(nT) = x(nT — TA)

Sln[7r — TA — kT)/T]
=22l “TA—KT)/T |+

Chia-Ping Chen ik



RGBT R B

A BEHEF > h[n] = 6[n — A] » LA
y[n] = x[n — A].
A B

y[n] = ye(nT) = x(nT — AT).

i B P RE 2R 15 6 3 4 T T SRR IR AT (] ©

Chia-Ping Chen ik



& éﬁ AR F

=4

x[n] = x(nT).

(SRS
X'[n] = x(nT").

A EREER x (t) HAFE X[n] °

Chia-Ping Chen ik



9

=

48 35 compressor

S0 RAFAEAET M IR B 0 R TR
x[n] — — x4[n]

i F xy[n] = x[nM] °

!

9
g

i

\

Chia-Ping Chen ik



.»F [n] ﬁ] XC(nT) (ﬂl?} ’ X[n] — Xc(nT) 9 /E!IJ

x4[n] = x[AM] = x.(nMT) = x.(nT'), T'= MT.

o)
x(i(z-20)).

P A B 4838 B 14 5

N r= ioo
by

?
1
MT

Chia-Ping Chen ik



//\"ng;ytj{?‘
TR r g E e TAyR—B—BF b r=kM+i> ¥R k 5
FEBE | B RR —ARAR T E - ik

= oni 2mkM
e ):M; _ZX ( (MT MT ~— MT ))
EYR (=2 onk
> ‘Z<( F7))
1 M-t ) .
_ X(g(ﬁ—%)),

Q) S X (&) Z A M o

Chia-Ping Chen ik



B

BRAAXBRAE Qu<7/T> 4

wWN = QNT <
EBFEﬂ [ wN,wN] Zﬁé X(e"”) @)/?,'\)/}/\;
Xo(&*) MTRAXBRE - AR
™
Qy < —
N MT7

A8 g A

X.(jQ) # 5 A

T o A




%#8 35 decimator

BERAEKERLERAREEZ EH

x[n] —s [LPS] % [{ M] — Sqln] = X[nM]

W BAR 9B B TEAR M A2 VAL E Z o

% X(e) HHRRA [-Z £] 5 8

M’ M

x[nM] # x[nM],

Chia-Ping Chen ik



J% ik & expander
MRk E T & B

xe[n] = (%L ==0) ? x[n/L] : 0.
AR AL MANAIEARIEANF S 0 0 4870

xe[n] =~ x[k]d[n — KL].

k

:\s
o
k]
el
A\
T

x[n] — — xe[n]

Chia-Ping Chen ik



S8 ) 14

xe[n] X I B
X(e) = 3" xe[n]e "
N Zn: > x[K]6[n — kL]e "
= z”: XlEk]e—ijk
= Xk(eij)'

/% X(efw) z}%éﬁ}%}i o [_7T,7r] zf’ﬂﬂ é’] X(ejw) éj‘},@glj [_W/L77T/L]
Z M8y X (e/) o
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N 4& & interpolator

R 3 3 BT Ik B SRR JE IR 5 = Tt

x[n] — [ L] 2 s xi[n]

B RRE L AR EZ o
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B I X

RNAKR T Tk 5B Z MR AT 4B e

sin(wn/L)

hil] = wn/L

X,'[n] = ZXe[m]hi[n - m]
- Z Zx[k]é[m — kL]hi[n — m]
= Zx[k]h;[n — kL]

_ sin(m(n — kL)/L)
- zk:X[k] w(n—kL)/L

Chia-Ping Chen ik



VA 3F B HoA B g AR A &
IR R 5 SR 5 00 % 45 T O 3E ¥ B SO B R

x[n] — M el 1y pg) X, — X4[n]
P IA R K B a9 REA R
min(mw/M,x/L).

)4 s % [ =100~ M =101

T = M(T/L)=101T.

Chia-Ping Chen ik



BENFRERT A%

ARG A b By
x(t) — [¢/D| 2 [DTs| % [D/C] — y,(t)

REHALR A

t)_*x—(t)> sah. | 2, A/D e,
A, [o75] 2% [D/A]| 29 [crf] — 5.(2)

Chia-Ping Chen ik



R BIE I B anti-aliasing filter
R B ok B4 A ik 4 0F M AR

x[n]

xe(t) — [aaf] = [c/D] 2 [DTS] X% [D/C] — yi(2)

CES T USIEES Y.V

Ho(j2) = (191 < %) 71 : 0

2

EWL’ﬂETwéﬁAW&i’kﬁx%“ﬁ%iﬁﬁﬁ%ﬁ
%}i ’ &k{&ﬁ- Fﬂ7~7f7]gga V) / 2%15% E‘

I88

t) — |s.a.af ] %0, Tos. C/D A, T Gecimator — x[n] ..

Chia-Ping Chen ik



i & B B 3] AR HRF M #5342 5 C/D converter

C/D converter i % & B AR AR # 5 (sample-and—hold system) 374 b
AL % (A/D converter) # & Ht

t) — [sah.] 2% [A/D] — £[1]

ﬂy‘71:7]4 {%;}# 2‘
= x.(nT)ho(t — nT),
iF

h():(0<t<T)?1 . 0.
J BT R A AR A B A Tl A B AL £

quantization errors °
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Rl B 1] 21 38 4 05 M #5342 B D/C converter

3}%

D/C converter i % B #4248 b 42 % (D/A converter) S27H1E &
(compensated reconstruction filter) &9 @ ¥

yln — [D/A] 229 [ rf] — 3i(t)

B HLHHRE B 0 BREE > BEERE H(Q) - W B2
WERATEER O BRERYLE

Chia-Ping Chen



