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BRI 2B BRI o
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https://zh. wikipedia.org/wiki/%E7%AC%A6%ES%8F %B7%E5%87%BD%E %95%B0 o KEEE RIS
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FH=F - R RS R

F—ECEMERE T, & T RE . MARRITEARS  ME—EhEENMETaEMT—ECT
AMERETSEER § 27 A » IFEE DA ERE " i, (manipulate) F3f » & BFE—EHYERIE » AR
RS IRTESH R A2 Et G TR » FG I YGEE RS SRR AT - AR EE R EeE
B (Pl EEEEINHESL) « F8 (FIIRF ~ REFEAEHEN - RIS (TEREFE R
1) EF o il EEMEAEEERER AVERTR  HERMEASALRBER B ERERNEA - 4
A E — T AEIEAIETT -



60 - I EEER AR M

FER R A o FFIS SN T AR L AN o B BIRE(ARAA IS - R A
TEENE - AR A TSR A » Mt SRR TEreR o @ th B HEGEREYTE | M3
Z A TERE R IR EEA AR S AT » KSR R R0 UART » LR P (R0 I
IR E BhTESR ISR P A B RIS » A AERE S UMY EEY o BREREE A ARARTE fh AT ML i
RRESEAAF LRI » FIFHER R EEEIBEEHE A FIE o

GRLAVES L ST

B FHRS Y Sl (Fourter transform pairs) B BEY(0 7 SEdi R4 (Fourier transform properties)
TABLE 3.1
Short Table of Fauriar Transfarms TABLE 3.2 .
7 Properties of Fourier Transform Operations
£y aif)
Operation a

1 e ) “—'-ﬁ a»0 i L
I { ; Superposition gl + gzl Giif) + Galf)y

= a- it o Scalar multiplication kgir) kG(f)

3 el o 28 £ —_— Duality G() w(=f)
e e , Time scaling glan) ]{,-[G[-’-,g

[ +1::|rf1¥ Time shifting gt = 1) G(fye—itnd

5 MeMulry m'- a=0 Frequency shifling glrjeitafat GUf = fy)

6 ) I Time convolution g1t = g2lr) GG ()
71 50 Frequency convolution 3|"fl:|:1{-'l Gif)» Galf)

T 5 - fo) . . f "

9 cos 2ufyr 05(80f + /o) + 807 — fidl TR T dt (ézn_r reu)
10 sin 2t RS -+ =47 -5 Time integration Fortds G0+ Joomn
"o L4 ——

12 g o

o 2af -~
13 cos 2 uit) G = fo) + 806 4+ fo)l + oL~ B R
s B
14 sin 2xfpruli) i _zf;,_w AN T ey
et
15 &~ sin Zufor i) T LA thﬁ +I4n1 T a=0
L a+fln
16 & cos 2afpd uir) m a=10
17 1) L }nfr)

18 28 sinc (2nb1) n(ﬁ}

1WAl § sinc? (?)

0 Hine? (wBn A (%)

U TR -l T e A — i) ﬁ,;_;_
n oo av/Zre Honf

EIEAGHENERHERE T RENVMERNKE - £ LARE RAGRIGISE BRUET e « 5 LARE
Ai BRI < R EeE  E L - EEENE—RERAFENIMA - MENRFEN TR time
convolution (¥fEZIFFERNZ frequency multiplication) » duality B2 ERTEEFESE R L EMEIF A RTEH
Btk » NFEHEEMFENEEEER - Sl FIEEE1 8 » RESESR AR SR E R
B » FLIFHEFSRE £ time convolution & duality FRfrz\FHYRERRERARE ©

HREEEE R A DARTRIEHIR TR BB 0 B MEEENES —REE e imiE it
EI iRy B IRdEE 1] - AR RIS Ass e Bt — R E S R0 L p T AP ] -
FEARR - RERAVTRGEHLES SR BRTRITA » AR tEEN AL « 2R
TR SRR R TR R e AL Ts



# RASE A

BT SRERERERARHYR L Ah o B EGUE I IRER - FIMGEIERE L — R T VORI w (¢)
HYPSATSEEMIEBHAEG - R time scaling Ft SRR RE.Z RAYMIZIEIN » FEE duality RGBT
FOSAIE o DABRGE T — BRI Z R A L3 ST I8 o

wil)

Ty 0 In
2 2

ES  AERAPIBMEERE - Flw(®)}(f) = lim W o QIELERAS AL TR M
(~W, W] 95 » BE e ER Flw(Dt }fo)—— Flu®MEfo) [/ RaR
4 sin(nf - Tp)

= lim
To fom o wf

oW sin (ﬂ(ﬁf) . TD)

= Ii
To f—]fffln ( f)
sin(2x f - W)
= Iim —
f—fo nf

&5 FYw(f)HE) A o(f) EEEEEsE RS SO ¢ AEEsrie

R ity BSRERSE » 7 (w51 (~ ) = i SR W)

ity it

= sinc(2Wty) - 2W »

T
ERERBE MR frlA .F_I{W(ﬁ(f))}(t(}) = sinc(2Wtp) - 2W o FE T —ERIBIFZH « ]RE

RE (ER) B W =4 » fiAT—HHY Step 4 5EEFTEE] h(¢) RYRIEEEZRE 8 sinc(8) » FE/T44
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Step 1. FEA=FHI5% M

AR SRR

where

(t) = A. sin(2n fit) + Agsin(2rfot) for0 <t <6 (f1,41) = (1,10),
SR otherwise, (f2, A2) = (8,2).

FIRERERESL - S (B SR = EH TR A FISE Y5 hia R » EEIER 1 HZ BYRIE R 10 » M-RESRE 8 Hz |y
TRIES 2 » ERIRFIA Maest B —RERRAVK - BILRAVEAFET 6 75

LA MATLAB 2B E £ H (1) -

dt = 0.005; % H%“fﬁaﬁérﬂ?‘iﬂ_
t_axis = (0:dt:6); % BXfgdh -4£ © 2] 6 §b -5 dt
X = 10*sin(2#pi*1*t_axis) + 2*s5in(24pi*8+t_axis);

% LI T=HE

figure;

plot(t_axis,x);
xlabel('time (s)');
ylabel('x(t)'");
title('Waveform of x(t)');




Waveform of x(t)
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FERERE R T A E R 1 HZ FUKKS | » B§—1AMES 8 (E/NRIEE/INES » fFRTIES 8 Hz BY/NE °

Step 2. 515 CTFT S AfrsZ K pl s

f_axis = (-10:0.005:10); % FEZ f O F| 16 & 0.005 Hz 2R
X = zeros(1l,length(f_axis)); % TH
for iFreq = 1:length(f_axis)
for iTime 1:length(t_axis)
% CTFT
X(iFreq) = X(iFreq) + x(iTime)*exp(-1i*2*pi*f_axis(iFreq)*t_axis(iTime))*dt;
end
end

mag_X = abs(X); % stEMEHE(E (magnitude)

% DUTHE

figure;

plot(f_axis, mag_X);
yticks((0:6:36));

yLlim([e 36]);

xlabel('Frequency (Hz)');
ylabel('abs(X(f))");
title('Magnitude Spectrum of X(f)');




- Magnitude Spectrum of X(f)
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Freque ncy (Hz)

PR T PORRERERIA R iy 24 - ERIERY SIS E CTFT | (8R40 LB » RYRERS 1Hz ~ 8Hz FfERT ©
TEEigeEE M MRS NESTENRE © BAE 1 HZ - 1 HZHYEEE R 30 8 Hz - 8 HZHYEERE67 X
Byt BHARAVIERIR T ER3 2 » EEMSERE & H/PFHHYE (sidelobe) ?

Step 3. BE A LU E K NHISERE T

'{,Il[l | |

el

"1 Hz ~ 8 Hz F{ESEZ R o HH 8 Hz BYRIEE: /N » F21F
1},.'1 FT 1|ﬁ TIL« B Es (low-pass filter) o FrgliB AR R

» i LIRS L ARERER FETE 4 Hz o

Step 4. FEtROR BB

Lu[u}r: {lE] - J.IL;[J;"'J\TT 4 Hz BV 313 M””[F GEN Wi

}l‘l A E EE R frna’ FHEEERE ¢

df = 0.005; % #E%Y
f_axis = (-5:df:5); ¢ 2 o 5 %] 5 Hz » & ] i1
H = heaviside(f_axis+4) heavis

plol(l axis

s H, '"linewidth', 3);
xlabel('Frequency (Hz)');
ylabel('abs(H(f))"');
title('Magnitude Spectrum of H(f)');




Magnitude Spectrum of H(f)
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Frequency (Hz)

g Faehae H(f) #89E » (SAREERATIHERSREVAEEE Y (f)
o3 o BfEZSIE A A AE R EL -10 Hz £ 10 Hz » A3@ A A 4 HZ (7)vFd -4 Hz) | 'umI,'ﬂ,
o FRIME]RASEH
MATLAB g #— T fZ#4# (inverse CTFT » fif 1u ICTFT ’ H"J\:w | ANAERT [fl'l':-f."é'flibilﬁﬁhiJf}tl’l"J?;%a’i};fé:IfIHIU:‘%- 1

# AR — FUIBE AR o (t) 89— » S— TR o

|l‘|' 11 ﬂl!,) 1 .IJ “l |J “) Hl,:-'[| o ;u-lﬂ

|‘»"l'f|=:|4: BY 1 Hz Jl'\L'--lfl’r
-\Tf‘ < \n,'l\ ii.':l-‘_:‘ll'l' AR ] '\J [ [ g |I||_J |' “ '|" T } = rl |[| 4” r r ﬂ]l l,“‘:.rsll_l,m |1 ” v -;_"_-J: 5 HZ e d 5 HZ L] J"I.jrrﬂ.l__, ‘.‘_:-2.\":

T

t _axis (-10:0.005:10) ; % HF sy
h = zeros(1,length(t_axis)); % ¥
for iTime = 1:length(t_axis)

% ICTET V
h(iTime) = h(iTime) + H(iFreq)*exp(1i*2+pixf_axis(iFreq)+t_axis(iTime))df;
end
end
h eal(h); % &=

— r
% SN PSRBT

% LIT=H

figure;

plot(t_axis,h);
xlabel('time (5)');
ylabel('h(t)');
title('Waveform of h(t)');




Waveform of h(t)

time (s)

AR E R R R AR h[ ) HX L_1||1rl i JH ARG » FRAE A BRI » Ay DARRFR(M L MRS )
FRBFRRERSE »+ — (B 75 EA R IE EHHCE B SRR NI E 2SR WA 8 ([E i ] DARSH Y35
eI RS O 'll‘:-\!_'*.'-?-_»"-|'|‘}'lt'..-"J i lféf:u-1lul_fﬂ.J-l EA R BUEM —XT o

Step 5. I z(t) B h(t) WIBRHER

[EME—TRIEHYAR » SEFEEEHNTEEE - hAREREFRYEHLESE y(t) = o(t) * h(t) FrEER
RYSEER LR _ LRI RAYER - RISERTER Ret G Lny5=0ET » TEHNSITEITEE
fEanaii2le

m = length(x); % (0:0.005:6)

n length(h); % (-10:0.005:10)

x_ext = [x,zeros(1,n-1)]; % HEHE
h_ext = [h,zeros(1,m-1)]; % ASEEEE
y = zeros(1l,n+m-1); % (-10:0.005:16)
for i = 1 : nwm-1

for j =1 :m

if(i-j+1>0)
y(i) = y(i) + x ext(j) * h_ext(i-j+1) = dt; % #FEHFHLAF »dt = 6.005
else
break % ¥
end
end
end




Step 6. FEfF AR HITZH |

t axis = (-10:dt:16);
% LUT=H

figure;

plot(t_axis,y);

xLlim([-2 8]);

xlabel('time (s)');
title('Waveform of y(t)');

FERRERVERTT ¢

Waveform of y(t)
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Step 7. PR CTFT g 52 8% BT 2 B AM /Y

f_axis = (-10:0.005:10); % #EZEh » 4 -10 F| 10 Hz ' 45 0.005 Hz BH—HR
Y = zeros(1,length(f_axis)); % TEGMEMFERFIZR » frbiERE
for iFreq = 1:length(f_axis)
for iTime = 1:length(t_axis)
% CTFT A=
Y(iFreq) = Y(iFreq) + y(iTime)*exp(-1ix2xpixf_axis(iFreq)*t_axis(iTime))*dt;
end
end

mag Y = abs(Y); % E{H (magnitude)

% PITEHE

figure;

plot(f_axis, mag_Y);
xlabel('Frequency (Hz)');
ylabel('abs(Y(f))"');
title('Magnitude Spectrum of Y(f)');

- Magnitude Spectrum of Y(f)
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AT  BRESHE

# ARFEEREE
s — TR A —(EHEA » — AR RET ¢

Step 1. RFEFZEHE CTFT WILAGH SRR HEASE 2 (t) BOsHaH X (f)

Step 2. AUNREREEE UL AT T « JRERUIESES S o BURCA © REMMBERSESRELS) » TEPEISIRIEILS
Y (f) Bariasnsess .
Step 3. 5 T HiSHEZ 14 » MUELBIE ICTFT 88| F-HY (£)} = y(t) Basmamys o

RIS A i ATV » HEE DR I LA LA

Step 2. $FRRSIEE H (f) 46rE ICTFT 18%8) F Y H(f)} = h(t) -
Step 3. 757 IS BRI 1 » BRTTLACERERE y(t) = x(t) = h(t) (SEIBIREETEGE o

TR RTIE B » BAMRMATERRE F{o(t) « h(t)} = F{a(t)} - F{h(t)} BUBEATLER o SEEHREE
IR RO VSZIRIEE » BEIREAFIRE « tha SR IRk 5 MaEsEEn IR | A RS
JEREAH SRHLRE B R YRR e (3] » BRA 7 BYESTR B A BRRL o

R0 AR » RS Man VRS A AR Y BB R R AE I LR A BRI
EER VAR R AR AR » FARETERAYES MR R RR TR SR RGN DA o

# JEfE RE
1. ER—EYEEE R R E AWM ERERNRE » EEHER
(i) duality :

If (;(f) == / g(t) . e_jQ‘.'Tffdt? theﬂ g(_f) — f I (;(t} N e—jgﬂ'ftdt

(i) time convolution *
o0

ItGl(f) — f g1 (t) . e-j?;’rftdt} and (;Q(f) _ f QQ(t) ] e—j?rftdt,

—00

then [~ ([ ai(r) - ga(t = m)ar) - at = (1) ()

o0



2. TE5S B BAMETH - Step 2 TARILLIFERE @ () BUSHE X (f) » i Mg
PARRTTE — e B TS R HAZ R RE Rk o IR (RF0R) FRS A ¢

0 otherwise, e (f2, A2) = (8,2).

A= {A1 sin(27 fit) + Agsin(2nfot) for0 <t < 6 b (f1,41) = (1,10),
TANE R IR A RS 2(8) = Ay sin(2n f1t) + Ao sin(2n fot) forall t € R e E—(@
1 for —-3<t<3

B L= St

bl et {0 otherwise

SAAT » DRI RS R N A AR » R F{e(t + 3)} = F{&(t)} * F{w(t)} » IRAEMIE

e R A S AR A PR R M AL e (RS R MAZHER M S 1) » ARFTERZAN A ET BOHGE N P

AR MO — (BRI A T DRI RESREY O R o WS ERBELATEY 5 (BB

FHIESE 3 OO » Bl aRania e () A R/ 8HGH

Step 1. EERAHH: T RS EERVEESEH - & AE]— M REEanYE 3% » SRR - A E KR -
Step 2. AR LRIATIE sin(2r ft) REMITIHERS + 3o EATES—EIRAG RS 10 (T LEmER »
AT LATREAL S O TS SHYEIS ? RO F{E(L) ) (MIrBEm)

1 for —Tp/2<t<Ty/2
or —To/2 S ES T2 g st

0 otherwise

Step 3. B —MH A FHIAS EZFTHL wo(t) = {
M w(t) TLERR wo(t) € To = 6 AU » HMZHMIRRE 7

Step 4. B AAHYE FHZHME BTN ERE « AT Step 26y F{&(t) } (MIrHeRH) + FIEHT Step 3 1Y
Flw(t)} BRBBIERAIMAETR o HIRLAEEI e L E I P S AT SE 20 R I

() Rt 1 Hz ~ -1 Hz BYME{EEf 30 » 7] 8 Hz ~ -8 Hz BYMAES R 67
(i) Fofteet S H A YSE & A sidelobe ?

Fla(t+3)} = % [30 sinc(ﬁ(f . 1)) = sinc(ﬁ(f i 1))
+6 sinc(ﬁ(f - 8)) —sinc(ﬁ(f+8)) }

EHERAERAAYS | BHEEEE eI - B —(EE I ARSI DA — {8 (AR3RD) & ki
ZREH TSR EREY

Step 5. EETE=E » HPYEE

3. F_EMVESEEHEREIENIE S 18 T 54 » SRR RESRI 2B EEEE ICTFT
FEEEREGE o A PRI IEEE 7

® st AL ~ IR C R R e B R

LTI & (1) B Z Xy, TR guesesmy h(t) Fres T

k=—0c

Wi H(f) + JNEmRATE S ER RE SERei (AR GREER) & ¢

F{@(t) - h(t)} = f{ZXkeﬂ”fﬂ } ZX& (f — kfo)

k=—o00 k=—00



# 2 5ER

1. https://zh.wikipedia.org/wiki/%E7%8B%84%E6%8B%89%E5%85%8B%CE%BA%E5%87%BD%E6%95%B
0o HEEE PRI S AL R Y o

2. https://www.mathworks.com/matlabcentral/answers/54698-convolution-without-any-built-in-

commands » MATLAB Gy AEAERI( BT TIE AR GES R EEMA -
3. http://www2.csie.ntnu.edu.tw/~u91029/Audio.html o JEE LD MAETFAT o
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B =35 1 B EGERSE VS EE AT ARG 5T E  SEEARIRAIEAYAERE » B a0 R BRI Y
{ILIERMIAEIR B » TEFIIAZAT » FMLAERU—EESMEERMSBE © AR ? ER
HEFEEENE "k —FFEATHRIER « BRI TIZAM7ER T LRSS HAS T Ek
—ERAHERA I E EESHERS A AW AR R P EAT R+ » BtEATERFE—E R
PA— RS —{EREBEARE I o th IR B AR o P SR BN [ A B S IR ey » BRI A AERsR S
HI5H AR HE R T R 3 L & R IRARIRYE - EEMEA IR LR TSR —Ew A/ A
REASEEF HEH T EGETHIER (PSS =09 W) - (A BB A TRYAIER - SRER IR
fELABE A AR



T - EHOTHUG B Bl BRIk

RIS ARG MRS AR EANIRATE TR TR WIEDEE o BURIE
ISR RARRY » SMLIIRIBERIRERT [1] o FIBE AL REE R 2 EAEMMAIRE » BEMSAE
IERUAARIRAE » MIATER IR DHVREELZ A » AETRE T ER "B ) SEIEENE - EREREE R
YL o

4% (sampling) » B84 B35 » BLRE—EBEERSE «(¢) Z PEMREESH T HIHERIE « FREwY
BESGRIE 2(n] = 2(nT,) » B L EAHE " EIL SR % (analog-to-digital converter » fifi§ ADC)
[21[3] , PIBPHYBREETCAELE «

TEARRELUREGAVEET » O3 T REERREPS » KA [, REERIER o HAdiht S5l T, REY
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n=<N3> n=

M itk T, Z X(zfg) m(ifo)(nTy) t.,-j??'r[kfn}(ﬂﬂ}
n=<N-=

=T, X(ifp)- Y ePrEPinT)

n=<N=>

=T, X(ifo) - Z /25 I fo=06H/N

n=<N>

" N-1 i ik
=Ts X(ifo) - Z 27 (F)n
n=>0
1 — ePFIN

=T, X(ifo) -

1 — P2(F)
|

Tr-_k
1 — ePr(F) L= wtAD
— N

=T, X(ifo) -

=0

n=<N> j=<N>

RARIIHTIRSERE LGRS T NT, 5 » FHREHE— I R -

FBSRT T ) ( > X(e‘fo)eﬁ”“ﬁ'-"“”“’) e EMNT) = NT, - X (kfo) + f0

@) (e — L) (B A5 131 37 52 4% 0% (fake DTFS)

UE—BRETEE o(nT,) RESEE X (f) » B fo BIUSIREEREENsEE X (kfo) » M1
SRR IR ST AR —EE (fo = fo/N) - B
o FEGHREIRS N (EL (NT, = To) BIEEEBIN + 7T A AL E RSO  ERE

i) = Y o((n+iN)-T) =fo- 3 X(kfo) RO

I=—00 k=<N>
o SHRERHVRAVEREL IS B] DAETER T sR Ry — (B E H R EIR

X(kfo) =T, Y #(nT,) e EhlaL)

n=<Nz

ii ¢ LHIEE DTFS SRURNGEREDNI FIRE T E— | 0% » EREEERIANmREE -




# IRp ] BELARR AV e — 1L

FODTFT —4% » $EERMEE] DTFS GRELAHEVH T) BYMUARTHIRR AR —E R 1 » EILHARSAR (RIS
TR B — L - S LR VAR — IR T DUR A E R — B2 RS LU R — b
ZRATHISRESCIRAE B 1/ fs 65 » IRWEFIRIA fo AR » SEEIOFI DTFT i —4% » A thiREH » &
¥ FT A0 FS SR ARVERHEER RERA S FEANE » HARt7 T HREEA L o

it

[ IL [ fl
ey ey PN g “ [y R “p - R
(G T R S A R oA
Wivedsem of & (nl,) Spwetram of & (kfi)
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o . 0
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Lime (8] Frag ¥ (Hz)
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2k

8 -2 -1 [} 1
(0}, normalised time (=T, =) index (k). Normalized Frequency (= f, Hz)

® (Bl —1b) {50 S0 il (837 325 8% (fake DTFS)

it K= Y dln] e AR
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k=<N=>
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# (&) DTFS

AR BB R T ESUESE ) B9 DTFS T » MRS TSI L EASAYE B X ATiBHBR T 1/N

AR » SR E TR " SRl L R (EREIEDRART » [B]R SR I E T R A TP R 2 S Y
B A ERZEIIRRRAY 1/ N SBAESNE » FrARR R EEAGE R T ESE S

® BSR4 37 HE 4 2 (DTFS)

w . g 1 alnl g=i2n(4)

WE N Hi—(EEH BRGNS 2(n] - B

SR En] = Y, KA
k=<N>

AL ¢ —ALERERBE A AER AT 4EHY DTFS ik REM—EHYRA o




Fo7NEN - BRI 2 SR TR & =SB 40

AETARRT SRR ML HEITIIRE (& CTFS » CTFT ~ DTFT ~ DTFS) » FR{FZHHE LT
HRE—HELLM LR » R TURTERH B AR SNREERI X - BFA2FH LRRE BV
BB I —FEEIRAY T TWE ?

# GreEhigaR
FS FT
)= Y X o0 ot)= [ X() & af
k=—00 =00
GT
L[ sy gmiontho)t X(f) = N 2(t) e 12t gy
Xin) = 7 | E(t)e dt |
Ty ~00
i (£) R :
DT ;{:[n] — Z X}. _ el? 2m(x ) :r:[n] . ] X(F) eI27Fn g
= k=<N> 1
R
— ; 1 al1 gmi2n(H)n ; - 4%
i Xig) = N E[n] e : N(F) = Z z[n] e77*
n=<N> n=—o0o
DT (%) DTFS DTFT
2 &(nTs) = fo Z Xy e2nbRnG) z(nT,) :/ X (f) 2L g5
% A‘:'i'. N> f-‘-‘
N Xk(ﬁll = ¥ Z &(nT,) e~ 27 kfo)(nTy) =T ) e=92mf(nT:)
& n=<N> n;@(

*EEE (H) DTFS Y 1/ N REAEMTIR » 1 (1) DTFS 7 RHAES F o



# R ISR

TR —TRESFEVES » (FERORCHRAIRIER AR (7R T DRGSR AR » S =5 R
HUREE] » BHEER(E CTFT BRE I Z7EM (CRIR—(CHY) DTFT » FO{EsHaaEE sROReF T i LR F L ICTFT »
ERSHEHARCZ (A ICTFS T o SEENAHE ML RIS TR0 A 1 A AL iR » FazEl
FREMEAERT CTFT LIS MYBRRATIN 2T M BRI » EOEIEMHEE F—E S EH IR T o

VRS ST AR ~ SHEEIAKE BGRSTRIR FRM 2 BIRE AR = ~ SRS RIS » firld
RAET LARRIET B B SRTIRIEE A IS A S/ NTO 7S IS (Hr SH sl SHRI) Fivi bt E AR R AL A

FIE e s PIRE I A~ 2 IE SRR A BRI » BTSRRI (SR A R )
TSR TR o AR 2 (BN T DARNG) » T LB IR [ A1 /2, A1 /2] WA B &

RIS R (IR » AR £ R A » MO B EIRA R - R SR &
TR0l B

il B AL
BEFOL

FIEERE
E(t) — z(t) = i.’r (t — kTs) +im(t+kTs)
k=1 k=1
PRIt . .
X(f)=X())=DY X(f —kf)+ I _X(F +
St Ef) L el

H (A AR AR R ARG TENR T FOSEGETIDR fo BUPRMIGREE » T MHED AN SRR [, 28
BHY—F 0 fo MHED/NF S RIBSAVEIS - ARG IR B -



# R RS

TE— AR ATHIYRIE « RGBT S SRR AU B AR E S RS = T
S RFERMBE AR S TE RS e 2 TR AN RCR » SRS R ME T LR R RN AL A YR (R R A
AEEEAZE T B o (BRE) BT — IO MRARURIDARIINS (psEy T saisy fo ) S —RG »
RE RSB S MR T o

# JEfEE

1. AEREY EEVRAERE ML B — BARTE IR > T FEAREEIHAY CTFS BHAR » FRIRIZES i AAEYEE
HH RS ERE T (CTFT ~ DTFS ~ DTFT) By o S5 —0YEE 2 JEEN—1% » T (iR AHGE
AL EEESIIEFERE A R TEEAERER R EEENRE (REFERIYERD) »
BZFTLAEE CTFT 2 DTFT B2 DTFS » ARYMZERAH " AL ) GEARAE " HHmiel Frigsives
& [HERE NSRRI - AWAESGE DTFT F1 DTFS & Hiiiny = AHMERIR — (BN T BhGE E T »
BAEM ~ i SRAAZIE—E | B _L3E —FIARGE A RO W R R IR AT E R IRT - 1 CTFS
| DTFS BYE B FIASIEY CTFT 2 DTFT A —R » AEB I ERUK » [ DTFS BY3 iR |2 AR
BEREJHEE— 1533 » BT DTFS B i< 14 PRI 2 ARSI A B A AR DTFT BY%EER » EiE R
U I — PR AR B TR T o AR AL

To—o e
CTFS » CTFT
Hibidess Bilitits3
v Te— v
DTFS |, | DTFT
TR

ErEl BV EEER S (ST R —E « REERN—F— St ERn s
Step 1. 5% CTFT — DTFT BY=EE » 1% CTFS — DTFS 2 DTFS By FiE o

N-1
Step 2. 557 DTFS BY&ERZ % + METRUE z[n] = Y Xp &8 for0 <n < N -1 &
k=0

SERTFEIEMITR » 2 = MX » £ M Fam? mR M SR8 M » 35
EEX HEREM 'z MAE—- (BHEEE—?)
1

Step 3. BRI M BRI » 5T ERESHASIEEERSSEM T = N (M*) »

SRRl AEEREE NMM™ 1% R - (Laany SRS R i AL RIE
HEABTEMEEN R - EER BRI ) B A T rEsET By
15k (AR =EiE BER) - BIEEEITTRER TR EFHIRDT - TEHEFEHAEL
MECRID o (E—EEMELEEGRTY  BBBE T RHNEET)

Step 4. E—bEEHH M1 » frb/ DTFS RIS ATIRHBEZ sRit! » SRSz Xy = 7
Step 5. #:EH DTFS 212 » £2& CTFS — CTFT BYFAREEIREH DTFT » ZHEEEATHEH !



2. EXREFR=EAREFHENSEURE S AN - SRMRIFENE B b - R E RS T
FIFRE P ERAIN R ER AR (R - (BRI AR ERDIAS - A EIFEFIRVBERNSE - BIFRFIAE ReE
W ERAE S R T 2 FEAS 7 R ?

3. FEAENIH =EATE R E o IR g S R ERRE N - FREEM R - SRR =8 _EER
BY Step 2 5F sH{RH VAR ML (RE] -200 ~ 200 Hz » &5 £ ERR ? AR BT » 2kt —
{538 (low-pass) jEik7#s » AN (AaA w38 (band-pass) JEiFw - &l (high-pass) 8w ? AIRE
R AR B E] DTFT BAEGE » BIRELIEEEE » SRR EEFY

4 TEAFERAEHIASOREATEE » BRNRIERIE T fEERIR fo EME2 e R E S 1 &8
FARZEN  EEESIRNE =R NV ERREELY di 1 df #RR 0.005 » {IREREATVEH
BIEA/ D BRRTESER - RS OReHIR RN dt fI df AYE (hAEREENE) - 1T
Step S BYBRER BV ENEIR BB ER —XERMIPN S EEERITRIVARIR ? (858
BRARY dt ZIETERTAVAGE - EERAVISTZ R AR TIRERYAN » A BRRE R SR U ET)

# 25 &

1. http://www?2.csie.ntnu.edu.tw/~u91029/Audio.html| » JEHEEEEART Audio —&f » EEEFZEHE:
REIERAERIE, » (B4R B IR G — TG ES2EER)
2. https://www.tutorialspoint.com/linear_integrated_circuits_applications/linear_integrated_circuits_app
lications_direct_type_adcs.htm o E§EEEEFE Direct type ADC TAE/EHEHATERE -

3. https://www.tutorialspoint.com/linear_integrated_circuits_applications/linear_integrated_circuits_app
lications_indirect_type_adc.him o ESEEE#$E Indirect type ADC T{EEHPTEIEE] o

4. http://www.thefouriertransform.com/pairs/fourier.php o & RRY{E 17 TEHEHES o

5. https://www.wikiwand.com/zh-mo/%E9%87%87%E6%A0%B7 %ES%AE%IARET%I0%86  Wikiwand &

EREH « EEESEEFMHTY VAR RE] » MR BRI REIE ERE o



FHILE - BEH LR (DFT)

E—I o R BT SRR GRS S O R YBE A ML 3E N i (discrete Fourier
transform » fifif§ DFT)  —FEBAFIRIL » K3 OFT LR SEVUES FENATENAY " (6 DTFS Uy » FAHEE
SETEF] DTFS BRARCIRIAHT AV ES R — R (ER A AR ? B b I ER B —BAA
TRZHY » FERTHBLE W LRIBRY - ER2SENSRAISHEE AR & 2R - IR DTFS ARRARY AT 53 RE LR
EFB R T STREGESTIR R - R R ER =S TR RNV IERR AR A FFT -



—H7 - DFT (VAL AR E S

TEIESS 48 DFT BYEFEZRT » SLiRi— ML AR RER ", DTFS B AR « —(E%AME 1/ N hlwy

HERCALE » (BRI HREEARE - RURAR DTFS BH EHELAR T MR L ARG YA »
T DFT R A —RA BRI AR FREERGERST « 0% B RIkE VR E R AR EINE » A
T DA SRR DTFT SEREEIRVAR (1] PEICANE R T HHE AT S TR EE: o

HAFT 4R DFT FRAR AR IIFFAE W 250 E 3% OF T R HAERE » FRFIEANH IDFT SEPeETEAE (HE—) » 28T
EHIDRTER AR STE (FoRELA7 DTFS ) YN T RTE e DFT BUE Eaes) » KR AR
SeABLE DFT (RMURRBE R CHEFEENSL, o

TEAEL EARME DFT B TR DTFS 21% « FEAEE R B ER !

® sE—wENEFF {zn]} neone,. v * EHMESS SIS (DFT pair) & °
N-1

Xik) = Y anle S =H, forke =0,1,2,..., N~ 1
n=0

N-
1
=WZ eﬂ“"'" forn—=0,1,2,...;,N - 1.
k=0

BTEFRLEINE RS DFT BR DTFS fRAIE:® 87% (& » 12 —F0VEANEERGEE | FMmE—SRME
B ECmR A AT o

Q) DFT f[I DTFS HyLLES
DFT DTFS
N-1
2rEn
s oln] = = 7 X[k 2k Y. Xie
N k—0 k:{:_‘f\‘rb
Lt 1 j2rsn
mE X[k = afn] e PR Xp=70 ) aln]e?¥




5 H - DFT g &My

TEABFR M M 4E=(ERR5 DFT BYE@EE » EMa5E

o BESHIE L N BEE—3RHH (Periodic in k and in n with fundamental period of N)
o FEENEES(EEREEET Y DTFT (Zero padding in time domain)
« {EFEETE (Circular convolution)

# I AER B DA N B & — 88 (Periodic in k and in n with fundamental
period of N)

ERREL-FOEHEE - FHEEE R EANE - SRISEGE R EGEANE I8 KREHE R
IRFATRAPEEF -

(*) e—J2rxn — e—ﬂ'”@” forall ; ¢ Z implies X[k] = X[k + iN].

(*) etizrkn — g+i2r5Mn forall § € Z implies z[k] = z[k + iN] .

# A ZE AR TS DTFT (Zero padding in time domain)

HAOE — FRISTRBERTENSE - EETE DFT ZRiAYSEESv s « HERRUEE &R a 2 iRaSREY OTFT (Hig
SEeE) » BUE SRR AR ML RIES U RS A ETS B Vs » BPHEEURIE R S AR B R -
BRI RTEREERE ¢ GURES/ T MEREREHERE—T » B8R

x[n] I%[fl |
DTFT :
S n 0 W/ It
x[n)] |>f"k] |
‘\
DFT Yo XMk
2
' [ R
n v v v k
x[n] ”fl_k] |

'
A
A
I~ >
‘\f]\\f
¢ #
»
1 ] ] H

o 0|




SESRIE A 1AV —HE 2 B YRFIRERSR (F DTFT » i =dHR R RS E R T AV ERUE 2y DFT 355,
FHERZE » BYRER A DGR E(RESUa % - DFT JiAsi2il OTFT (BERCHEMNT R AR) - @& 0rLiES
EAISIEE R E — T ERRIYEER B thaRET T R ES TR 2% DFT %T’E?ﬂﬁﬁ@'@ REET °

AU EERR VAR © IRV E[SA RS FLET DTFT — DTFS Ayl « BB EBRE To = fi =1 ¢

N

Z z[n +iN] e 2*%" = X[k]  // DFT (2@ MHaE)

1 — k
== > N eh+iNe " =X, //DIFS (FEMEME)
n=<N> i=—00

EREER LA DFT BRER » e\ T RE TRV LEWE S !

# 1527855 (Circular convolution) [2]

AEABAI—At " B (ERERGNSE  SHRE R F L S B S BRI TSR L HYSESR B A [ » RS DFT
HTR AR R AR & EAIERY « FrRUEIRR TEHR, FEMEIVRME « FBEELT

=

yinl = — 3 Y[k] e2rin

M I

(H[k] X[k]) ef2rym

= =
D
=
I

T Al = ==

(Y

h[m] e-—anr%m) X[k] e_f?'n’%ﬂ
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T
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g
I
o
|
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I
\g
=
=

-

X ]Bﬂr—(n m)

23
I
el
Eol
Il
=]

I
gl
=
£l

4 x [(n — m) mod N]

32
= |

EEFEAREE ¢ BYRFMERE mod N BYEER /275" = ei27x (+iN) for all integers i » ML

"5 FERERVENZR o REBEARER TR D TIEE SAHYERRERVRS ENSRE L TEIE - piE e
HIZWE » RERIPE— (R R VRHaTE o



F=H1 - DFT gyjnzR&EH (FFT)

HARSE DFT WVH R EZ 1% » EE M EERIRER S - BET=AARTES L REAAT
R A SE BRI E RIS o FFT {9447 fast Fourier transform » EHE RE—{H4 » i&
{157, EA A ASHENGE OFT HOHEE 3] T » RER B a S AT B FFT -

— AR EAI4EHY FFT J2 Cooley #[1 Tukey 7£ 1965 52 HHYEL " KIg#8 1 Bt BMY5% - 4l B
T BRI AR AR R AT (FTRASL PR S — B (RN VRGP (R PR IE ) » T (5] HIE B EE 3Ry
paper » R ABRTRIAFT FET B93)-0E — Bl L ENERZE AT a6l -

AT B OF T $HE » HERFEARYA » —RIEETEE NV BEFEEhas « 280 N (IRt BuE A
B O(N?) o BME 5L ME L —BRRITE Ol » 72 N & 2 ARKITHUEET » QISRIFTH
e8I F- (twiddle factor) 7EBS1E LAYER MBITEESHVRFE » MRERIFER SR H R LIEBEA -
AEMMi%iE5 /6% (divide and conquer) FElE & B (ERFHVIEREERZE O(N log N) 5 HEHEERFIZEE
E— DR E S BB AR - S RSN S T — g DFT » 77 (38| KB o i Vi

i o FIRE T DUESTHE WSS — R RFBIRI T » SR EOHVIR R A A S F1E » BEEEHRRIE -

# Radix-2 Decimation in Time

SEEIRE— T DFT BYAS, - MRBMEERIMET Wy = &2(F) ARgsEs Wi = (Wy)> »
%

N-1 N-1 N-1

:r 3 i kﬂ' A

X[k] = Z z[n] e~927F" = E z[n] (eﬂ”['-‘”) = E z[n] Win
n=0 n=0 n=0

S CHVEEE EE RO Wy HEMNZEEECPFEREALE LY] N F5 - 1€ 0 EHIAEIREE 77 s —%
BYE » AT EAT ©

EERE N=8 8B F

RETGE¥E




B TiEBEFIIME 2% » (RIS DFT As(EFHWR T

N-1

X[k =) an] Wi

n=0

=" alem] W 4+ ¥ alm+ ) WP /) SR B R S
m=0 m=0

=Y alem Wy - WE Y apm+ WY/ mE s — (SR TR
m=0 m=0

=Yz m WP L WEN 2 m] Wt/ B ESRS R S
m=0 m=0
2 LR |

= N aelm) Whn 4 WE S afm] WER /) N 5554955 2k [EESBHEES - 49 k

m=0 m=0

= X[k + WE. X[k /) CfERsEAE RS S RIS & B 8 DET =

ZiEHE » WLAAIRE(F AR DFT T ARGEF BB RN DFT F L5 3tir2hny DFT 5k L (e k¥
B k K5 » FEEIHOFAERE " ies ) AR RIEVERH S/ —ESEEYENE ? B N LI EREE
ERFEEATERTERIEMHRERT A/ (problem size) JF¥ » [F56R N (ERHAVEEIRITELWE N/2 @
Bk Bl X f1 X, puESRaleR N /2 (2 7 EAI=30gs OF T AER e E T g E
RZEEFRENRGRIT S TEEE

Xkt o) = X.[K)
X, [k + g] = X, [K]
+4 )

Wy * =- W;'i

HTIE=ERR R X (k] A X[k + g] HPAILIF I o
X[k] = X.[k]+WE - X, [k

X[k+%] = xt,[k+§]+w;“3*-xa[;ﬂ+%] = X.[K] - WE - Xo[H]

FELFREE T'(n) = 2T(n/2) + O(n) = O(nlogn) + KL O(n?) EEHRIY | BIUGETE
RTINS TR AR o



TR A A o e RS 58 T 3T 4 16 DFT ) A8 ) visig

Merge two 4-point DFTS

x[0]

x[0}}—= ] -Q
Anf 2 Generate (- ’
\ 4 -point _ |
Aq2)f\  |s4)—~| DFTS — Q

\ 4
3] A [xe)— — .Q
\ '-.J

x[4] .ﬁ11“| - oo wy -
N 1
x[S]} x[3]}—~| Generate 1* Wa "
4 -point
A6l Clds)—| DFTs oo w2 .
ll?l - \l-!'l - - n “.\3 -

MATLAB 3B iR A2 THELI T ¢

function Xdft fftrecur (x)
N length(x); % N should be a power of 2
if N == 1
XAFE = X
else

m = N/2;

XE = fftrecur(x(1:2:N));

X0 = fftrecur(x(2:2:N));

W = exp(—2#*pi#sqrit(-1)/N).2(0:m-1).';
temp = W.#XO0;

Xdft = [ XE+temp ; XE-temp ];

skt 8 1 DFT HZRA o

= X10]

= X[1]

= X[2]

- X[3]

= X[4]

= X|5]

= X|6]

- X[7]




# General Version (DIT + DIF)

E—EBER RS TN & 2 BREKTT ) B T 2 BB RERYRE R ARINGE « BRRIR N AR 2 AU
FiNRZETERVE 7 FREIELL N = 15 = 5 x 3 fERAIF » £ E—FRRARIA 2 132IHTRREUR RIEY 2R
EIERERDA 3 BN » BEEH A BITRERE

151

X[k =Y zpWlr  //&N=5x3

n(}

= Z z[3m) Wia‘;m] + Zm[3m+ 1| W, kfamll + Z z[3m + 2] W. wmm) // 88 N BrLL 3 |

m=0 m—0 m=(

51 5-1 !

W L Wk S of3m + 1) W KOm) o w2k Z z[3m + 2 W™ /) smmEse
0

m=0

[
Ng
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@
2

o 3
Lol -}
o

1 5—1
zo[m] W™ + WE 'S 21 fm] W™ 1 W2 3" aalm] W™/ 0o B RSRE:
m=0

m=0

3
o

o
-

5—-1 5-1
zo[m] Whn 4 Wk Z 1 [m] Whm 4 W2k Z zolm] WE™ /15 55895 Skm (EEEGL

BT (o) (K] + Wi - DFT(:vx)[k1+WE;° DFT(:vQ k] /) ESEFIRR A BB S E
(wo)[5q+r]+W1?”‘ DFT(1)[5q +r] + Wy "' - DFT(@2)[5g +7] /4B kFRLLS:
T(@o)lr] + Wy (W, - DET(a0)[r]) + Wy (W - DFT(@o)lr])  // FIRERVEEAIE(LAR

Il
B

Il
“UUU

fury

(Wf\? ; DFT(wﬁ)['r]) W /] BEERE/NY DFT 5358494 DFT =

=
=

IR 3eIR — GG ER TN L — A 2 » B TR WREBEY DFT JaCHGERMMEA K —i T » ieE a5
SIS » RN ERIR S —E DFT AYEE « B2 B0 o

L)

=
#—T X[k = X[5g+1] = X,[q) =Y (W§ - DFT(a))[r]) - Wy’ -

i

Il
=



TEELEE N =5 x 3 BUiEaERiEaIamG - EEEEEIREY WA TS TR MATLAB fERIBEE
AE BRI A ©

x{0] —~ o R Wis (i=0, r=0)|— — XI0]
Generate
3] - =ldewik|  |6=1r=0){—=| 3-point [ XI5]
DFTs
Generate
N ey B R
A9 (| (=0) [+ wis) |/ f6=0.r=1 X0
Generate
A2l - =] wit] [} 0= =0}~ 3-point - xte
DFTs
1] = =0t Wis U=2r=1 =)
]
4] |- =el e wis ||| M=o, r=20| —= X(2]
Generate
Generate
A7) - sl-)p;gt =2efewd (=1, r=2)}—| 3-point |—X7]
DFTs
A0l (i=1) =~ (i=2,r=2)|—~ = X112]
L
{13~ = (=0, r=3) = X[3]
- Generate
x[2] (i=1,r=3)}—=| 3-point |— X[8]
5] |- r=1 Dm
x5] i=2, r=3)}— — X[13]
Generate
8] || $-point r=2
i Dm (i=0, r=4)} = —= X[4]
a ras Generate
x{11] (i-z) (i=1, r=4)|—= 3-FJill[ —= X[9]
DFTs
14~ “Eele wh
(i=2, r=4)}— el Xl14l




VISR - FFT BV — (BEpsfalavaHatm e )

AT T B EY DFT (1 FFT) » i —HiA M B ME BV —BEA T | TESR DU A E AR
PHTRSCASH H F R A R R CGRI—(LEY) DTFS » [ERI DFT 5 87% {8 » SHIRE R M
SRS s RottTEA EIE(EA OFT S TRERRSTGHENE ? EEVFRAMTER » B —(AEHRERTE IR
& o T B E—EEAE A EREAE BB 5T ¥ DFT WA RS ML FFT » HUbEGES HII
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# LLige DFT 5o 41

el AT

M EnL)=fo Y Xip) PENOL) e =T, Y &(nTy) e dnlkAlnTs)

iﬁﬂil k=<N> n=<N>
j b

DFT zn] = = Z 13 eJ2n(kfo)(nTy) X[k = 2 z[n] e—i2m(kfo)(nT.)
id k=0 n=0
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# FHEE KA E e
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(2) F DFT A3 Roy
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(4) FHEETEIEAVSEE(E IDFT BiHEH RSP0 |



Step 1. A FuBI5% %
JEE— RS = R ¢

2(t) = Ay sin(2mfit) + Agsin(2mfat) for0 <t <6 o (f1,41) = (1,10),
S otherwise, " (fa, A2) = (8,2).

dt = 0.005; % EFRIRRINE
t_axis = (0:dt:6-dt); % BFfGEh-£¢ 0 F 6 F & dt ¥
X = 10*sin(2#pi*1xt_axis) + 2xsin(2+pi*8+t_axis); ?

% LUTEHE

figure;

plot(t_axis,x);
xlabel('time (s)');
ylabel('x(t)'");
title('Waveform of x(t)');

Waveform of x(t)
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Step 2. F DFT 43 M1o% e ik 45

= fftqh1ft(x), % A HFU B [e,fs) - FblEEGEEBEAEE
f_axis = fftshift((e:df:fs- df)), % SFEMES|E
i=1;
while f_axis(i) ~= 0
f_axis(i) = f_axis(i) - fs;
1 =1 + 13

| TE S

show = X(1nt32(1ength(x)*0 451) 1nt32(1ength(x)*0 55));
_axis_show = f_axis(int32(length(f_axis)*0.451):int32(length(f_axis)*0.55));

% LIT=HE

figure;

plot(f_axis_show, abs(X_show)/fs); %
yticks((0:6:30));

xlabel('Frequency (Hz)');
ylabel('abs(X(f))"');
title('Magnitude Spectrum of X(f)');

- Magnitude Spectrum of X(f)
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Step 3. A EAKE FRYIRFER ST ~ WA T ERI R B ER

IS ZFSRANYSRBEAER - (50 ALY

R o AR AR -4 Hz ~ 4 HZ B9RE4) o

X(1:int32(length(X)#0.48))
X(int32(length(X)*0.52) :end)

% # Step 2 % =10Hz ~ 10Hz §
X_show = X(int32(length(X)*0.451): 32(length(X)*0.55));
f_axis_show f_axis(int32(length(f_axis)*0.451) :int32(length(f_axis)*0.55));

~ 3
figure;
plot(f_axis_show, abs(X_show)/fs); % % “FERY CTFT
xlabel('Frequency (Hz)');
ylabel('abs(X(f))"');
title('Magnitude Spectrum of X(f)');

“ Magnitude Spectrum of X(f)
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Step 4. i HAE VIR E IDFT MR [RR A F P52 !

R

figure;

plot(t_axis,y);
xlabel('time (s5)');
ylabel('y(t)');
title("Waveform of y(t)');

15 Waveform of y(t)
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ST - FFT VBRI — (VNSRS PERERE & TRIES
HESEE )

ST LA AR e A » (8RR (GRE S N By T) EEnEe O(N?) » W
R LaeRE R IR BIRHEIE - SRR ERR CHIEE R A SR R - SR
{FERAEE BO—BG FFT {EHREMEY N & » BILFR) (REURRAY trick) MEMAERT HAREEM » LR 2H
BEHEIEEIR(E (FORE) HURFRIERE BRI O(N log N) IE ?

# JERA M

TERENRR 2 B 5% - MR E —(EFH T REA RN A —(EFer R R T » EE M ARRFREVERET -
AR F AR —T » REGEETEE - 808 DFT SIHARSFREVEAETF—E R iE] 0 & (E(E » 518
FEARH S R R A B AR TR R A

ENVHFIIREBZELDESR ? EREH ARG RE D —  RERITE » 58— BRI ERE R
A ECANHYES — BHF R TR A e » HARPRLERE 15 B StV IEH Y - FrlUg el a
0 Buftis 5 B ta — (AR RGRIETEs R A B Ot s — (ARG A T T areRTeHT « HATFRGHbE 1
F TGRSR » g Eeif LA O B o
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NEE
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length = L-1
€
X X seeens X h[O] h[]_] ...... hiM-21fhiM-1)
S(SY] PIE/] PR X[IJIX[O]| X weeeee X X
length = M-1
length = L-1
€ >
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length = M-1



HELIRE

Xzp[n) XoplK]

x[n] ——=| 38 (M—1) @S ——| N & DFT
EEL ‘
Y [k]
N=L+M-1 @—0 N 2 IDFT |——— y[n]
EEN

hypln ff;}[kl Yk] = Xy k ffz\lk

hin] —=| & (L-1) @ ol |___= N & DFT ; ‘ k] plK] Hoplk]
BREM

MATLAB B3

function convWithFFT(u,v)
= length(u) + length(v) - 1;
= [u, zeros(1,l-length(u))];

= [v, zeros(1l,l-length(v))];
return ifft(fft(u).+fft(v)) % FEHE pointwise operation FRTE -* Mtm *
end

st HEAI

» MBEEES
{;En} = 1. 2,3:4.5
{yn} = 10,20, 30
{z, *yn} = 10,40,100, 160, 220, 220, 150

o TEFCHRARGE

X = [1,2,3,4,5];
y = [10,20,30];

convWithFFT(x,y)
% ans = 10.0000 40.0000 100.0000 160.0000 220.0000 220.0000 150.0000




# PRERSIETIRER | RBERA

HEEEAERERER T EARGERE ? ERE A LWEREE T ESESRE ) |

Xq4hg X3hg X2hg X1hg Xghg
xa4h1 X3h1 x2h1 x1h1 Xgh1
+) Xgh2 x3h2 x2hz x1hz Xxgh2

x*h= 6] [5] [4] [81 [2 [ [O]

LEERRI—E=RZEN @ (BRHEF) I—E=RZEA h (EREF) HRnvEE (MRS ERN AR
HORETHIRS) » fRFAIIRE— T EVEE « BAMREEEEENEILER o[n] « h(n] 1B? REETEEEY
SRAT AR - EERBHAEEEIZHAGCLER » FrAsttilst BRI A E e
RIERBIZHATE °

B ER—(EFT HEPIE RS

BM(1-4z+22?) (5 + Te — 2°%) = 5 — 13z — 1822 + 14x® — 2° + 425 — 227 B Hil6]

[1,-4,2,0,0,0,0,0] % FHFEF 1 - 4x + 2x2 HYZ%Y
[5,7,0,0,0,-1,0,0] % i

FFE(FFE(a) +FFE(D)) % MAERYEE R EREDT
% ans = 5 -13 -18 14 0 -1 4 -2

TEFRIFEE A RS S EM SIS TR B AE - ZEAA 10 2R EEHHE R 9 I SEE
fzmE » BT REREERIVERRTRE



(*) 57560 - FFT R = (RFRBHYERMEFERG)

# [l ALY B AR

REFFAHEG SR RSS2  ERA VRN o i LB R R A LRy 75E » SRERARSCE
HY2BERA (7] 5 394 H/E TAF » ZH T =AM » SMRIERA I «

o BARIEVRE AR BEEE o
ARSI REARERR ©
o FHERSRAYET BRI AR SRR ST BB T AR T o

FlERIL o FRFEARRTE MR BRIV » RSB RSE—ANERE I A TS AR IR R a6 E AN
AN R AHHEAE » B (EREMEL RS FRT J0E » LAY 7550t LL » R =R -
TERHEARFERAR A FET B OFT RAIFEIAREE © MITHDVEEER « iRt T RER R £ BR
FEFISRMETIREA BIEAE » — ELIEARE A F EIRAVIRM » BT AR CRIFLZE o

JE—ERIRERIEET - FR RIR LAERG B RA R EniS R E WA » SPRIELAR A E LR
HYSRIBEE IR » A T REER A A S AR e AR fER YR (& 7704 o

# 77— (EE@-fHhL - overlap-add method)

TR ER AR » AR AT )RR S SR BRI/ NR ] - ARICERIEIR B (FRENE » R E T A —
/NHIRE - MUTERER T EERGE - B v #2 2 « h - EERMHEE - THALE - BEE RS
yi(Q +1) % y;(Q + M — 1) #2F7EAY » FRaEEEsLis 5282 T REEA 0 o
A EEENY - Haw DRI D ERREEE T AR B AT  EIES - LABIN L TE
—EEERTFE AT BEER - TETHE -

B vy EEAN
yi(1) yi(Q+M-1)
yi(ﬂ_:(—
() e_/_/j\
: H X’ =
e - h() 222220 )
o - h(v) EZzz22
M

HEMERE QAVHIRER X FIRE M BVEEh (AR HEER



BEAIRE (B o 0 y; BB - AT h)

Q Q Q L<Q

- -—— - - -

| Mol | (EBRES)
w(t) ] !
+
i)l ] t ]
.
ya(t)| 1
Y1 (t)] V22222
g v N

! | ut) 2222222 [ | (GEERZE43)
e (F=1G+T k1 kQ+ M

MATLAB 237 GRERY ¢ 5 SR 5 i — 1Bl L B A 3R B 4 B 3 55)

function y = overlap_add(h,x,Q) % Q: one input block length

y = []1; % declare output signal array

M = length(h); % M: filter length

buf = zeros(1,Q+M-1); % buffer: EEHY y_i(t)

m = 0; % index of the block number

while (m+1)*Q < length(x) % if the current input block is not the last one
buf = buf + conv(h, x(m*Q+(1:Q))); % perform convolution of one block and a
buf(1:Q) % print one block of signal
y = [y,buf(1:Q)]; % append the printed block to the final result
buf(1:M-1) = buf(Q+1:end); % left-shift the buffer by one block length. i.e
buf(M:end) = 0; % the remaining vacant parts should be initialized to zero
m=m+ 1; % go to the next block

= conv(h, x(m*xQ+1:end)); % perform convolution on the last block
= buf(l:length(tmp)) + tmp % add to the buffer and print it
[y,buf]; % append the last block to the result

MATLAB 23 (Fj{LhR ¢ F2ERSEREEA TR A BlGEE)

function y=overlap_add(h,x,Q) % Q: one input block length
L=length(x); M=Llength(h);
Nblocks=ceil(L/Q);
ni=(1:Q); no=(1:M+Q-1);
y=zeros(1,L+M-1);

for m=0:Nblocks-2
z=conv(h,x(mxQ+ni));
y(mxQ+no) = y(m*Q+no)+z;
end

z=conv(h,x((Nblocks-1)*Q+1:end)) ;
y((Nblocks-1)*Q+1:end)= y((Nblocks-1)*Q+1:end)+z;




it Bl

o HEWEN
{#,}=1,2,8,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20
{y.} = 10,20, 30

{z, *y,} = 10,40,100, 160, 220, 280, 340,400, 460, 520, 580, 640, 700, 760, 820, 880,
940, 1000, 1060, 1120, 970, 600

?l ILUHJ[&& |'|"

h = [10,20,30];
X (1:20);
Q=15

overlap_add(h,x,Q) % Q can be replaced with any positive integer.
% ans 10 40 100 160 220 280 340 400 460 520 580 640 700 760 820 880 940 100600

# 77k (EE-f#{74 ~ overlap-save method) [8]

PR A THANE
BT 5L » 58

P R (AR » Y H < WA R AL R e A » L0 — b (e R
O[S » BRI R » ST DRSS a3 o

WA Z ATy 5[ H (lemma)

V(M) Y(Q)
M- Y
Il(f)l ]E‘:..l
— ﬂ:%'
B4 : h(t) ZZ2Z2ZZ2ZZ1 00 ... 00 1-«.‘
- ‘1‘{ e Q -."I‘[ - .'I - i —
: h(t) (0000 ZZzzzzz2¢

e 2o . M

g h HEE Q — M BT B2l z; (FERERIEFR - LR h TeEEE o WVEEER » B
FiEEERFREFEMZRBEEINNES T EEEET - MAMEETERIER - EREfEAERR
FRFRIERFESIIREAWR « M THEFEESEIZEE h 0UGRER - EME SR EEEER - TEHEs
RE Q — M(z; IRE Q) FER - EETE2AMETE (Q = M) » EE5EHEHIL - BRETSH
VT Q > M o TEIVEREERIIREESErrT Eatatmse o



AR

(BEES) (FEBEES)
J Q-1 Q-1 Q-(M-1) d
z(t)[00....00] | | | RS [00....00]
M1 g M-1

[ ¥ (1

r0(t)[00....00] |

‘.-U— L- i :_yﬂt'.l

(Y2222 . J *ht

M- | (1) |
M—1 e . V-1 (1)
. _ , : 1i-1(t) £ [ o
Q : circular convolution block size M=l \L __\.y;l-{f]
*M : length of h(t) ()] 7 Jet
VS )
(5482215)

HERE CEERAEHE Q — M + 1 [EEAAYREE - AForiesaialeEiREse@E—EeT
ARGl « EREER TRRIOTTEVEE » BiAG2T T AZEEERT Q - M + 1 TEExR-
& KRR E
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function y = overlap_save(h,x,Q) % Q: one circular convolution block length
M = length(h); % M: filter length
X [zeros(1,M-1) ,x,zeros(1,M-1)]; % padding (M-1)-zeros to both sides of the i
L length(x); % L: dinput length
if ~(Q>=M) % check validity of Q
error ('Q cannot be smaller than the filter length!');
end

y = I3

h_pad = [h,zeros(1,Q0-M)]; % zero padding h to the block length

m = 0; % index of the block number

while Q+mx(Q-M+1) < L % if the current block does not touch or exceed the bound

buf = ifft(fft(h_pad).*fft(x(m*x(Q-M+1)+(1:Q)))); % perform circular convolu
buf(M:end) % print the valid part (i.e. not affected by circular convolutio
y = [y,buf(M:end)]; % append the printed block to the final result
m=m+ 1; % go to the next block

end

h_pad = h_pad(1:length(h_pad)-(Q+m*(Q-M+1)-L)); % shrink padded h to the last b
buf = ifft(fft(h_pad).xfft(x(mx(Q-M+1)+1:end))); % perform circular convolution
buf = buf(M:end) % print the valid part (i.e. not affected by circular convolut
y = [y,buf]; % append the last block to the result




MATLAB =3¢ (RMCHR * S52Iat\aleds i A SoHE brina i)

function y=overlap_save(h,x,Q) % Q: one circular convolution block length
L=length(x); M=length(h);
if ~(L>=Q && Q>=M) % check validity of Q
error ('Q must satisfy L>=0Q && Q>=M.');
end
P=Q-M+1; % Overlap
Nblocks=ceil((L-Q)/P+1);
y=zeros(1,L+M-1);

Zz=conv(x(1:Q),h);
y(1:Q)=z(1:Q);

for m=1:Nblocks-2
z=cconv(h,x(m*P+(1:Q)),Q);
y(Q+(m-1)*P+(1:P))= z(M:Q);

end

m=Nblocks-1;
z=conv(h,x(m#P+1:end)) ;
y(Q+(m-1)*P+1:end)=z(M:end);

5 |"ﬂ; Il:rH ;F l\."“JJ].(,f” |-IL,||“IHJLJH ||-’lJ I_ 1_\-

S WA RE VR SeM T R IEREm - M2 e - Hig

|IJ“L1* H R E L] 0 AR R BT o H—{f%E 1[5 IT”dLJ”W]% AR S A
BRI R o B Q — M+ 1 (EELRAYENGE  EMCREE IR RSt —k @ (HEEfZ
HYEHSE » 2@ BEEmE Q — M + 1 {EEAAYEREE o
At el

. HIBEER
{#:) = 1,2:3.4,5,6,7.8.9, 10,11,12.13,14, 15,16, 17, 18,19,20
{yn} — ]_ﬂ.. 201 30

{z, *yn} = 10,40, 100, 160, 220, 280, 340, 400, 460, 520, 580, 640, 700, 760, 820, 880,
040, 1000, 1060, 1120, 970, 600

R

h = [10,20,30];
x = (1:20);
1

overlap_save(h,x,Q) % Q can be any positive integer larger than or equal to len
% ans = 10 40 100 160 220 280 340 400 460 520 580 640 700 760 820 880 940 1000
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AN — I AR ML ATHCR ERYH A —78 DTFS ZHHERE DFT » EIRA iRt B R IHIE »
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BEe » SWAFERSFIGT EIFRIEYR (4 » /2 BILL (FRIARPERETE) - (%] DFT) ~ (MATLAB |y fft i
Ekiz) =TETTHET ?
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# 255

1. https://dsp.stackexchange.com/questions/16586/difference-between-discrete-time-fourier-
transform-and-discrete-fourier-transform o 48N DTFS 1 DFT AyZ=H( o

2. https://www.youtube.com/watch?v=eOvMUtMoQG8&t=2m27s « DFT &R fEMMIFIEAYVRERE »

3. https://en.wikipedia.org/wiki/Fast_Fourier_transform#Algorithms o #EECE LT |8 EFE FFT SEHE o

4. http://mattsdsp.blogspot.com/2014/11/fft-cooley-tukey-algorithm-for-general.html o SEVEHEHET—fi
{EHY Cooley-Tukey ;FH§ % o

5. Cooley, J. W, & Tukey, J. W. (1965). An algorithm for the machine calculation of complex Fourier
series. Mathematics of computation, 19(90), 297-301. » Cooley-Tukey FE# . fif 3% EHY paper o

6. https://www.wolframalpha.com/input/?i=Expand+%281-4x%2B2x%5E2%29%285%2B7x-x%5E5%29
F WolframAlpha fEBE (1 — 4z + 22%)(5 + Tz — 2°) ©

7. Manolakis, D. G., & Ingle, V. K. (2011). Applied digital signal processing: theory and practice.
Cambridge University Press. o S5 grd (i SR En iR TR FE A BHY 2B & o

8. https://www.youtube.com/watch?v=AsVX2CxviWI| o {143 overlap-save & 850" [E## o

9. https://zh.wikipedia.org/wiki/%E4%BB%A3%E6%95%B0%ES5%9F%BA%E6%ICUHACHESBAEBIAKET %

90%86 o HEEE R MANBEEREHE o
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