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Abstract

This report describes digital filters for seismic signal processing. In the field of seismic data acquisition and seismic

data processing, minimum-phase filters play an important role in order to retain the causality of seismic signals. The

minimum-phase filters are required in particular for the conversion of seismic signals recorded by using linear-phase

decimation filters to minimum-phase signals. Two methods for designing minimum-phase filters, Hilbert transform

method and cepstrum method, are explained. Matlab programs for designing minimum-phase filters based on these

two methods are also explained. Two applications of minimum-phase filter to the digital filter representations that are

equivalent to site and path effects, and to the design of decimation filters, are explained. One application shows that site

and path effects are realized by using minimum-phase filters. As the application of minimum-phase filters to the design

of decimation filter, this report shows an example by using the CS5376 decimation filter manufactured by the Crystal

Semiconductor.
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1. FUBIC

TN APy —EFTIOTRNETINEDA, digital
filter EFOBERT¥ (FHUHE) OBEENHEZITBT
HHER OUE LB OBITEDLDITHNW SN BN
BT oHMEZ2TY. bEXD, TOMEHKD, L
KER—ZIZLTHD, B TRICEDIEZEZHEL
TWwb, Iz, BRETFWR, BETRENZENEIZF
Em<, EEBMNABDERLSTVWS., ZOI &, #
M7 z B & digital filter DA%, &, WAV 7 ho T
7&ELUTMatlab D707 52> 7 OMFEEHRD NTERE
LTWwa (HL, AXHD Matlab 707 5 AL, LT
TOMERTDEDIBIVH > FabD TR, #%
WRI > REANTHILERICE M TBD, HEL
PTNHDEL TS, ZHIE, BEHLEZDBOTIERL,
EEOENNETOERETHDHIEEYMELIHDTH 5.
BOID, EXIRAD).

ZONLIE, 2D0F M sMkEINTWS, —DI3,

AHEOHBNERETHEOIREDOTHY, FIRH
@ linear-phase filter %* 5 FIR % (D minimum-phase filter
BERFTDHEOFHHEATH D, 4 DDHE, FEROHE
I& %, cepstrum & i W\ % #57%, Hilbert 224 & fl Y % 4
£, KU, decimation g% T 2 HENBR SN T
W5, iz, cepstrum & W\ 5 J5 ik & Hilbert 25 #: %
WA AR, KE DK E 78 FIR filter 120 L TEMAMTH
D, FLWHBRLTWD, ZITIRZOFMERSR
N J= 73, decimation [l gz FAEE 5 H ik, K-NET95
HIBR = 3t O decimation filter ICHHWSENTH D, N—RK
VITIHKET DI EH DN, RKEDKE72 FIR filter
KHMASLNEZHDOTHD. INHIF, HERLHFEENWD
HREEZEITZEFEUETLAICEFTEINLSHINTSH
D, HEEIZ, 381 By MEFEITHEKT % decimation
filter %> linear-phase filter Z 8 L T 6 N /- M E KL & %
minimum-phase £ £ 2 H 9 2 KR EBREKICERT
LMBEEMRTHSD. 3T, TORLTEIHD —DDHE
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oM, B TCHHA U 72 minimum-phase filter DN TH O,
20061 RLTVWS. —DIF, HEEEEKE O RHEREZ
i 73 digital filter TRIT 2HMTH D, 2T, Hi
BENZOERKIBRETZTHEHD, £DX D7 digital
filter ITLZHDM %, ¥4 MIRLEHFREHRITON
THRRZ=HDTH 5. #wmnhoE AL, 202 DDOHMRI,
minimum-phase filter 2 3% E 925 2 & LEMTH 5. BIR
WA, HEMOMSZE - BB B LT,
A4 NIV A ANTITH T B filter Jin % (F:1Z, linear- phase
filter DJEE ) LVWIBTEHERABD I LEHAATNS, ZZ
TR 2FGEE, P, EEEREICHL TEN
TREREIETH D, TEMNBRBAICZOIERMHE TN
5HbDTHD. O —DOOAMIT, LXOEBENLZEOD
THO, TSN TWD CS5376 B decimation filter 12 5t
9% minimum-phase filter D% TH 5.

ETC, ZOMNXDOKRESTZESED TWDFIRE
minimum-phase filter O &% 5t D & 5 2 F 13, digital filter
DOEFFEVDHEBD T NS —HHTHD, HHHE
HEADMBETHD. ESOHRNN S BIUE, FhEHE
LTWHHETHAS. BB, ZofEHEF, 1970 F£RO
MEICHELZHDOTHD, HMBEBRSEREEOL S
HEMZEBALD2DBH TCEOMMBELAERRLINZRET
HD. KT, 58O 1bit AFERITHEHET 2 decimation
filter IZZ DMIfEAS R NWAEZINZHDTHS. (- T, ©
ORNEFREF ML, 727, TEFEo-EB]EYNn
BWEINB LN, ZHICRL, 5 T2 HE
DA REFE D digital filter 2L B EFITIE, HFTEH 2
DHRES R NWZE LS, 2, BIRTIEEDL STk
ET520HBOONBWIITIEH . 277, T OHBM
WrHY TEF RN E O Bl i & 2 BB E O BUE BME
N5013, 40—BRIIEZONEZHRZTMd LNk,
—HNIE X AT SHBEIRES.

2. Digital filter - Z®—fi : sinc filter

Z2TORLDIZ, 2DO0HHEEERLELS. HEM
(Causality) & 2251k (Stability) TH 5. £T, z BHER
TNz Ailter HE) DA 2NV - IRE {h(kAT)} B3, AT %
BEA(LREE & LT,

h(kAT)=0, k<0

BBEMEMET EE, filter HE) IZREMZHZT LS
5. FTz,

S [h(kAT)| < o0

F—o
75 % 4 (absolutely summable & Z 5 ) 1%, filter H(z) A%
ZEMZAET DI EDOUBETHEHETHD., ZD2DD
FEELLAM I, filter H(z) DOFRTB Y (Linearity) & JEREZ 1%
(Time-invariant) & E D BELHEN D D0, ZOWET
WO TR ICHNIRW, BB, 202005404
Tii/zENTW5 filter DA ZHKD. 728, LLIFTIE, —
MMEZROISNRD AT=1 £ T 5.

HFe665 2004 4F9 H

AME TR EELE T B filter 13, #RIE TIERF Rt 2
AL, ZECHREZBWET2HDTH DD, Z DOMRGETE,
KRz, WRRMELZEEOINEIZIZL T OHENHVWS
N5, £9, IEMEOHEIZIE, 3.2 THRRNDXSIZ, hk)
D#EFH cepstrum (k) ZFH NS, k<0I1ZHBNT, ch)=0 &
2% 2 ENRRMEDOBEFDEETHD. ZHNITDNT
13, 32 THIZEDTHBLES. £z, BEEOHEIZ
i, RECHBERE (REREO«ZHWS, 2L, £
T, filter H(z) O RZEAXORESN NS, WHECAHBIR
oo o H R FE O B %48 % k8 % Durbin-Levinson
OT7INITVXLEHICHHALT, «c2RkDD. ZD&E,
filter H (z) MW LE M ZWMZTHRETZEMEIL, 2TO « 3,
k|<1&72BHZETHDH. TOHERZARE CTHEHBEMES Z
L1372 Ay, Schur-Cohn D HIE E & FH NS (Proakis e
al, 1996). ARMETIE, T OLRMEEMTH S filter H(2)
DN ETHMANICHEET 5 EE D FMEELEEDH
TIZHWS, Matlab DI > R zplane 2MEVNRT <, [
BIHRERREZRD 2 ZENHR270THS. HL,
HE K BT Schur-Cohn OHIEENES., UL, WEK
WREEN, LEALEZMKERICH DMITHIET 2 2K
BRI DZRTA MY -y Fay 7EOKD 7RI
BBEE THDLZEITHL, rIRBHEETRES DT
BB, BEDY, Schur-Cohn DH|EJEZ, function X &
LT, fIkd CD-ROM IZHL THZ 5.

IC, MBENESBOTLEEN, AEABS
5. 9, HEMAKEERflterHA) 2% X K 5.
A=oAT(A| <x) FIERIEHIRBIRTH 5. filter H() 13,
IFTEEINLD.

H@A)=1, |4|<4,
=0, A<|i<z
ZZT, LISENHE#SRET S 20L& E, filter DA

NIV A RNEVX, HO) O Fourier £ TH 2 5N 5.
s,

_sin(kA,) k20
k

1 7 1 ¢4
k) =—| HA)eMdr=—/|" e*dA =
) 271"[*” “4) 271"[% T
L dﬂ:i, k=0
27 I T

ERB. BT,

hik) =2 - sinc(k )
T

Ehb, SN, k<O ThR£0ERDINE, D
filter \X R RM 27z S0, BT, FHEHONTOED
HRTERER TS, MEHMICEHAETH S, BHEM
EELUT, hh) 2R ETEDOAMIZTSL, k<0 T
hky=0 &L TITHBY0, REMEORE LB R L
TH, BoN5 filter 13, HITLMAN 7K filter &
137257, Gibbs IR HH T 5. Iz, #2013,
AR 72 I filter 1X, MEEANICEBIAREE WD FHE
DHTH 5.
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Eidnz, ki a(k) Ok sine BEEL DA > 0L Ak
BaFED filter X, (KM filter DFFHEZEHFTZTHAS
U, BTHIT3ELWEANRLEDS. 22 TId, digital filter
O—HIELT, ZDOLD7 sinc D filter IZDNWTIHRREK
9. ZhE, EHRBEICIBNT, BT, KX sinc filter
NUTLIERHAEND Z &, KiIZ, N—FTIL7 Ok
MBS T, TR — RPLEEED decimation filter (2L AIA
FNBTENS D, digital filter DEFIDOH E L TZF A
nNeNED. T, wIIT, KR D sinc filter &, KIZ,
R D sinc filter ITDWTEZ LD, Zaw, ZD2. TR
% digital filter |2, FIRITH O, ZDRENA >INV
WEERDZHBDTHD. Fix, BROEBLRNSRREMELE
BEMZHEZL TNDEHDTHD.

RAOH &L T, L=a& LT, BLF D sincfilter %5
ALD.

h(k) = const. xsinc[2(k/3-1/2)x],k =0,1,2,3

HI5,

y(x) = const. x sinc(x),|x| < 7

RBEEITHBNT, yx) 2R o 2T IEAMANT S L7
B¥T®H 5. {HL, sinczn)=0TdH D05, filter {h(k)}
132 DDRED 572 % Fe/ND sine filter &72% Z LA A
5. ZDEZXE, const. = 1/0.8270 &9 5 &, filter {h(k)} 1
1+z'72% 1 RD sinc filter £752%. Z LB E L filter
D—HETH 5.

X

z = explil]
g,
1+z" = 2exp[-iA/2]- cos(A/2)

LB Mm5, Z O filter 13 linear-phase £51E 2 A L, B
N 12 AR ERD. £, (1+2") 5% n RO sine filter
2B, TR BB sinc filter DRERIETH D, £
M EAERABAETHD. n=4,5K%0 6 KO sinc filter &
ZETRIE, AT &5,

H,(z)=1+4z"+6z7+4z7 + 7
H(z)=1+5z"+10z7+10z7 +57 +z7°
H (2)=1+6z"+15z7 +20z" +15z2* +627° + ¢

Z @ H(z), Hy(z) O Hy(z) @ sinc filter {2 D W T HR g R %
BRTE, R, K21Ek5. BEORED, K21 %
KDBETDm 7 71 )) (sinc_chainm) ZLL FIZTRL T
BID. HENIZ, Nyquist EWEEZ ERE IR E LT
BT EMHAS.

% Impulse response (Filter coefficients)
N=1; NN=N/2;
x=linspace(0,N,4);
y=sinc((x-NN)/NN);

% 0<=x<=1

% y = sin(pi*x)/(pi*x) for x~=0
% =1 for x==0

% sin(-pi) <=y <= sin(pi)
yy([1:2D)=y([2:3);

yymax=max(yy)

yy=yy/yymax; y=y/yymax;

plot(x,y,'o:")

title('"Normalized impulse response of the 1st-order Sinc filter')

% Magnitude reponse of nth-order Sinc filter
WN=32;

w=linspace(0,pi, WN);

wl=w/pi;
s=freqz(yy,1,w); % Magnitude response of 1st-order
% Sinc filter

% Magnitude response of nth-order

% Sinc filter

s=s.”norder;

% Impulse response of nth-order Sinc filter: H(z)=(1+1/z)"n
bl=[14641]; % n=4

b2=[15101051]; %n=5

b3=[1615201561]; % n=6

% Magnitude response of the nth-order Sinc filter
sl=freqz(b1,1,w);
s2=freqz(b2,1,w);
s3=freqz(b3,1,w);

% Plotting of magnitude responses of Sinc filters

figure

plot(w1,20*log10(abs(s)),'o',w1,20*log10(abs(s1)),-',w1,20*
log10(abs(s2)),"',w1,20*log10(abs(s3)),'-.")

title("Sinc filter chain');

xlabel('Frequency normalized by Nyquist freq.");

ylabel('Magnitude in dB')

legend('6th-order','4th-order','Sth-order','6th-order');

% End of program

% sinc_chain.m

clear all

norder=6; % norder =4,5 or 6
% Calculation of the 1st-order Sinc filter

Z DFRIZ U THERL & 3 7= sinc filter 13 linear-phase filter T
HO, RTOMM z Pl LD RIZ, 2 TOFERNER
b1 OfEICHFET 5. LALIRNS, H(z) TSA, ¥
PERENY 3 EATH 2.

KAZ F R D sine filter D il 2 R F D, 2210, k¥
78 257, SR % £ A% Nyquist frequency & n & L /= & &,
0.5 &72 % sinc filter & 2 B¢ 77 A — RIZHEfKE L 7= FIR &Y
linear-phase filter T & %. LA T, TF&EIC/R 9 Matlab I
TOJ7 1% F L (sinc2samplem) [THEDWTHHAL &
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5. ¥£9, S0V I AT, HAT— RERSI N FIR
4 sinc filter %2 [ 3 L /= filter DR (1 >NV RARE)
%2R L, linear-phase filter 70 5 [F] UIRIEEME 2 AT 3
minimum-phase filter D %% %K TV %. minimum-phase
filter 23R 2 HIEFEONH DA, I TR, #%ihd 2
Hilbert Z5 7% W\ 5 JiE (function X mps.m &% %9 5
3% Fourier 2242 ) 12 & D, minimum-phase filter Z 3R T\
%. &5 172 FIR & minimum-phase filter -1 > /X)L 2 jis
BEFRLUZEE, zplane DI > REHWT, linear-phase
filter DR - 25 MEC & 2R U, filter ORISR % freqz O
AR REAWTEARL, #MRE2ERRT S BRI, &
5 17~ minimum-phase filter O #il - & fifid& 2~ L, Afilter
DR ERRLTWS, HEARTOT I LTHSDHM
5, —wm g UTZTORNENHA D,
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figure

% Transfer function of minimum-phase filter
[h2,w2]=freqz(hh,1,512);
plot(w2,20*log10(abs(h2)));
title('Minimum-phase sinc”2 FIR lowpass filter');
xlabel('Normalized angular frequency");
ylabel('Magnitude in dB');

% End of program

% sinc2Sample.m

% Test program for calculating the minimum-phase sequence
% of sinc function

% Generation of sinc function

x=[0:1:256];

y=sinc(6.365*pi*x/256-3.1825%pi);

y=y"2;

% Plottng of linear-phase 2nd-order sinc filter

plot(x,y)
figure

% Create minimum-phase filter
h=mps(fft(y));

% Generate minimum-phase sequence
hh=ifft(h);
hh=real(hh);

% Plotting of minimum-phase sequence
plot(x,hh)
figure

% Pole/zero diagram of linear-phase sequence

zplane(y,1)
figure

% Transfer function of linear-phase filter
[h1,w1]=freqz(y,1,512);
plot(w1,20*log10(abs(h1)));
title('Linear-phase sinc”2 FIR lowpass filter");
xlabel('"Normalized angular frequency');
ylabel('Magnitude in dB');

figure

% Pole/zero diagram of minimum-phase sequence
zplane(hh,1)

WEHROFHZL XD, KT, sincfilter D85 &% Of FIR #Y
linear-phase filter & FIR % minimum-phase filter @ & \\ 2
FEELTRTWI S, K2.2IZmRL 7% sinc filter % FIR %
@ minimum-phase filter ICEH L 7z EZ2 D1 2NV R E
M 23 TdH 5. FIR B D linear-phase filter 72 5 FIR B D
minimum-phase filter 2 K® 5 HEIZDNWTIE, 3. &£4. T
FHL<HBRZDT, ZZITREROHHDOAZL LS.
%9, FIR # ® minimum-phase filter O % % 13 B R 5 5 D
WE<IZEF L TPH D, minimum-phase DR E L T
BEALTWD I LEAHB S, KIT, Ok filter 15
'} % linear-phase %14, =113 minimum-phase £ 7 &
D ROMEZE ARSI, P filter DFF DML - 3 sl &
ERLZONVEKNTHSD. CNELFIKRL TN,
BB, LTORTIE, OHZEEFER, XHzfLlds, Z
AU, Matlab ETHBEL TWS, K241, K221TRT
FIR %! linear-phase sinc filter Dl - HE B ETH D, AD
Ei LT, BAAMI—DOHFERNGFEET 200 A,
ZOMTIE, FEAMEOWM - BREENTAENILND
T, IERLZDBDEM25ITRED. M24 ERK2505
DL, BAMOAM ENITHKBERICH 2 FE RO
MEETHZETHAS. FIR B linear-phase filter Ti3,
HAMESED T, BEMMHONIMIHIKBERIZH 5F A
MEIET 5.

Z @ FIR %! linear-phase filter DIRIERE 2, 2.6 1IZRT
FEMIT, BRI TW EEHEEEZRL TS
M, ZOWRERER, B@WHTISFE/ERERKE
LTHRLZICHEL TV ZEMHAS. - T, KED
= WK E 3 filter Z1E 5355, sinc filter AN S T %
M T 2 Z L3NV ERTH D, KREITHER D filter
EHETAHHENTLSBIELITEELTBIS. 2T,
FIR # minimum-phase filter NZ2#2 L 7= %] 2.3 @ filter Tl3,,
ZT O - FEABENK 2.7 DI/ 5. linear-phase filter
T B 0lE, BAUMHACHEDERDEFEELRNI
ENHB S, B EORROFTNITONWTIIEREZE
9508 G1SH), Z2ITIE, FEEMTIEIHSH, K27
R K DT, BAZFAMTHAIRRIC AL U 73 Wkl & 57 s
573 5 digital filter Z minimum-phase filter ©Z X TH Z 5.
Z @ FIR 2! minimum-phase filter O & g 45 7% 2 X 2.8 127~
9. X 2.6 SR L T, IFTE—ORIERE & 72D DAV
A9,

T, TZETIE, sincfilter 2 2 Byl A4 — R L
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7= digital filter % linear-phase filter @ 35;{ & minimum-phase
filter 1TV T/RLU TEZD, sinc filter DFRFZEOHIE L T,
HAT — REROBEREBD DVWES TS LSRR
THB IS, 2.9 M FIR # linear-phase filter TH D, 1FIF
SAPITENA VAR EERLTH 20045 5.

M- BRECEZRD &, ZHUIR2.10 ~[K 2.12 OFRITTR

D, ASMTHEAHNEMIMIEE SN THDHKRE
REAPHEATVWS ZEIZEND D, K25 Ltkimd 57k

S1F, X VBAMASHKBERE RS> TWE 055, £z,
X 2.13 OHRIERE M2 AU, i@ & B 1k O
FEEMN 150dBE<ITR> TWSHDIZEND I .

2.9 @ FIR #! linear-phase sinc filter N HEHE L TH 5
#1 % FIR B! minimum-phase filter {¥, K 2.14 & 72 %. £
TOMEFERNEMANS D Z &3, H2.150 5850
Tho, TORERMEZ, K216 OFkIC/R5. K213 0
IRUEREME S LR U T, FHIEWE CTOREN R &> T
WBOIE, Eid K E IR O R O EREZ 135dB 12
B&5iI7nr Z A ETHIBRZ# L T minimum-phase
Maé%ﬁbtéf%é.;hﬁ LIETS filter & 155 7=
OOWETH S, Iad, B#EHFROEFEEEAETOR
TERMEZK 217 IR THB IS, 2T, sinc filter D
WA E IR O & I A U, SEHERIRIER
TEPESNBNIEZHSNITIRTOHDTHS.

I C, sincfilter Ti, FHABBERZESNNT
ERRLTERED, ZZTId, FIRBORKH filter &
bl Ta LS. HL, T TEOHEAEH filter 1F, W
1 @ % Butterworth filter T I3 72 <, FIR ! digital filter T
BREHEEZEMLUZBDOTH S, > C, il
WRETOU Y TINEENELCHBDTHS. ZITH
Z % FIR B! K- linear-phase filter {3, T3 FE TR
C &7z sinc filter &R UK EREREZH L, REZ 99
&9 5. 155 N7 FIR B K4 linear-phase filter D >
POVAIRED, K218 THO, ZToM - FEHLEEIZ K
219 &35, Kz, RERMEZ, K2.201R7. Da<
&, ZOMMSIE, WEHFETYEHEEECE > TH5S

SR A LS. K221, 22 KU 23 12 minimum-phase 12
wmbt%ﬁﬁwmm%%?.mznu,éfwﬁk

RN Eﬁ 5N ITHAL I NIZFELE L, linear-phase filter D
ﬁi HREERTH 5B 2.19 & b#E LT, minimum-phase
filter E L CTORMHEZBFL TWBZERLTWVD, Fz,
RISRAE 2R 9B 2.23 13, sinc filter DIRIER 1 2.16 &
LT, @EFEENEEHTHD I EDHAS, 20
D ® FIR filter ® X% 1Z, sinc filter T 257, BN filter
T ThHs. EB5Ofilter @RI & HIEEFEM O
HEEMN135dB THD, LD qziﬂfct SGiBIIES 0 R SR BRI
M5 BAUE, BASEH filter DJ770 sine filter K D BTN
BEDITHEA DN, A & B IR O B O ES
D@ sinc filter D FWENTH D, HKRFEH filter T,
FIZREZREL L TH ZOELBIZELIHK N,



B KRBTSR 7S % 66 & 2004 £ 9 A

Sine filter chain

500 T T T T T T T T T
O Bth-arder
—=—= dth-order
: Sth-order
- — Bth-ordar
g O e T g T O ey O U, W O P Oy B, O =Wt O o i
Iy £-5 e
@ -500
£
3
2
&
= ~1000 4
-1500 1
D
-2000 N " ! ! . . \ . . 2.1
01 0.2 03 0.4 A3 ng 0.7 o8 0.9 1
Fraguengy normalized by Myguist freq. Flg. 2.1
1 T F T T T
09 b
08+ 1
qair E
06 1
05k ]
04r 1
03r b
02r i
01r T
2.2
D L £ e -
0 50 100 150 200 250 300 Fig. 2.2
1.2 T T T T T
2.3
Fig. 2.3
_0_2 1 L L L 'l
a0 100 150 200 250 300

Sinc 7 1 )L & OYRIER

Magnitude responses of sinc filters.

2 ROFIEALAR sine 7 1 IV DA 2 )NV A g

Impulse response of second-order linear-phase sinc filter.

2 RO /ML sine 7 1 )V DA 2NV ZJEE
Impulse response of second-order minimum-phase sinc
filter.



Imaginary Part

-200

—-400

-G00

Imaginary Part

Magnitude in dB

WERRLHAT )L - 74V — KT

600

400 -

200

— I ®24  BBEMT L O - BRI

1 1 ] 1 Il Il L L
-1800 -1600 -1400 -1200 1000 -800 600 400  -200 0

Real Part Fig. 2.4 Pole/zero diagram for linear-phase filter.

05 -

. ' : i . . ) ®25 2.4 DEEHIML - B AREX

-100

-120

~140

-160

. 5
Real Part Fig. 2.5 Pole/zero diagram detail of Fig.2.4.

Linear—phase sinc2 FIR lowpass filter
T T T T T T

r 1 26 2 ROBIGAIH sinc 7 1 L7 OIRGEHAE

: . 2 . : . Fig. 2.6 Magnitude response of second-order linear-phase sinc

4] 05 1 15 2 25 3 15

Hormalized angular frequency filter.



Imagirary Part

Magnitude in dB

0.8

A}

04

0z

B KRBTSR 7S % 66 & 2004 £ 9 A

0Bk

GBI

K27  EwAMIAET LS O - F B E R

40

=100
0

Real Part

Minimum-phase sinc® FIR lowpass filter

Fig. 2.7 Pole/zero diagram of minimum-phase filter.

X 2.8 2 XROE/NLAH sinc 7 1 )V & DYl

05

1 15 2
Hormelized angulsr frequancy

Fig. 2.8 Magnitude response of second-order minimum-phase sinc
filter.

15

K29 5 XKOEIBAIAE sine 7 1 VY DA 2NV A TRE

50

300 Fig. 2.9 Impulse response of fifth-order linear-phase sinc filter.

18 —



Imaginary Part

Imaginary Fart

w1
.

R 7> 5 )L - T4 V5 = KT

Irnaginary Part
[=)
T
Cr

Real Part

X 2.10

=t

-4+

-6}

-8l

X 2.11

Real Part

FRIGALAR 7 « L& Ofi - Rl E X

Fig. 2.10 Pole/zero diagram of linear-phase filter.

B 2.10 OFEMME - % A i X

Fig. 2.11 Pole/zero diagram detail of Fig.2.10.

X 2.12

Real Part

B 2.11 OFEHIE - 35 B E R

Fig. 2.12  Pole/zero diagram detail of Fig.2.11.



-0.2
0

Imaginary Part

Magnituds in dB

50

E

|
o
=}

-250

B KRBTSR 7S % 66 & 2004 £ 9 A

Linear-phase sinc® FIR lowpass filter

213 S5 ROBIEALAE sine 7 1 )V & OYRTEHE M

1.9

2

Normalized angular frequency

25

Fig. 2.13 Magnitude response of fifth-order linear-phase sinc filter.

214 5 KROE/NMIH sine 7 4 IV DA 2NV ZGRE

Fig. 2.14 Impulse response of fifth-order minimum-phase sinc

250

300 filter.

0B

04r

215 HMIAHT 1 )V E Of - F SR E K

Real Fart

Fig. 2.15 Pole/zero diagram of minimum-phase filter.



R 7> 5 )L - T4 V5 = KT

Minimum-phase sinc® FIR lowpass filter

20 . T . .
0 _
-20 _
|
T 40 :
) :
2
-80 _
-1a0 1
B2.16 5 XROE/MIM sinc 7 1 )L & OIRIERE
-120 . - 1 L : Fig. 2.16 Magnitude response of fifth-order minimum-phase sinc
0 05 1 15 2 25 s
Nermalized angular frequency filter.
Minimum-phasa sinc5 FIR lowpass filter
2o r T T T T —
195 .
15 -
17f 1
-] 161 4
£
g 15f 3
Sl 4
=
13t :
12}
nk i
ot i
. L : L . y B2.17 B 2.16 OHREERAEIC BV 2 i s O FERE
005 0 0.05 1 015 v2 025
Mormalized angular frequensy Fig. 2.17 Pass-band detail of Fig.2.16.
0-2 T T T T T T T T T
015 8
LR .
005 .
0 B2.18  FRACFH FIR BEIBALA 7 1 )L & DA 2 7L Ak
&
Fig. 2.18 Impulse response of maximally flat FIR linear-phase
o 0 20 30 40 50 60 70 80 90 100 filter.



B KRBTSR 7S % 66 & 2004 £ 9 A

8]
250 o Q < )
C
2t o 1
15F 1
© 8]
1+ 0 4
t 05 © 4
o O
E‘ at O ¢ . BT TRRREE
E 05} © .
o]
_I |- o -
9]
-151 © 1
-2+ O 4
@]
_25 = O O O O -
" > - " - . : = X219 BIBAHE T 1 VY O - FAE R
Real Fart Fig.2.19 Zero/pole diagram of linear-phase filter.

symmatric FIR Butterwarth lowpass filter
50 T T T T T T

Magnituda in dB

-150

-250

220 HROTHE FIR BB 7 1 )V & OYRIERAE
300 o5 : s 5 5 P ;s Fig.2.20 Magnitude response of maximally flat FIR linear-phase
Marmalized angular fregquency ﬁlter.

025 T T T T T T T T T

02fF 1

0.15

0.1

0.05

X 2.21 KA FIR Bl /IMEA 7 1 IV DA 27NV A Jis

-005%

¥ g

Fig. 2.21 Impulse response of maximally flat FIR minimum-phase

0 20 30 40 50 50 70 80 a0 100 filter.



Imagnery Pert

Magnitude in dB

R 7> 5 )L - T4 V5 = KT

0Br

05

04r

0.2

a;oajooo

o

~“Qoooo0O™

-100

-120

—14%
1]

X 2.22

/MR T 1)V E OFf - & RBELER

Fig.2.22 Zero/pole diagram of minimum-phase filter.

L L 1 1

X 2.23

05 18 2 25
Hormalized angular frequency

BRI FIR BUER /AR 7« )V & OfRiERE:

Fig. 2.23 Magnitude response of maximally flat FIR minimum-

phase filter.



B SR BRI FE TR 2

3. FIR % minimum-phase filter
3.1 Minimum-phase characteristics
3.1.1 Minimum-phase signal & filter

T CDIT, EARICEEHE AT THEARL S N/ EAR W(KAT)
EEZXD. HL, DITFTIE, —BEEZRDTWERD,
AT =1 &L T, ZOEEZ WK £ET 5. ZOW, BEEUE

=
B0 = 3 RS-k 1)

1%, () EZDH OB E S EBERDO L RILF %
HL, ™D, HFI{E 5 (one-sidesignal) TdH % & &,
minimum-phase signal & W\ 5. F I H & 1%, t<0T
ETHREBRDIEETHS. ZORHEEDLEMI,
RUEEHETDZLEORMFICFELVWIENHAS., 2D
minimum-phase signal IZB9 2 EFK 2, HFMIZEER TN
W, BUTFo&Sicms. Wb, b)) 3T D&Mz
g EE, ZFL T, £0O&EDH minimum-phase signal &7
5.

7,«(t)*h,\(t):5(t)a
h(@)=y,()=0 for t<0,

in%w (3.2)

KU
Sl <e

HL *3EHrAABEMEZRT. HSHIT,
minimum-phase signal |&, ZE CHRRMEZHET DI &N
HA S, Z @O minimum-phase signal IZ B9 % F®#I1E, K
FBEE () & () THA SN TS ZEITHEREL KD,
minimum-phase characteristics 12 B9 2 O FEFEIL, h(0)
D z 254 -

H(z):zw:h(k)sz (3.3)

MEALMANICOAMEERZART 2K HE I

minimum-phase B & T5HDTH D, 2 TOMEF

ISEAL MM EFE T 5, maximum-phase Bt &9 % %

DTHD. LMLENS, ZO:EBREBERNVWEZERT

13, BlZE, JBROEAM EICH S EE, minimum-phase

T % maximum-phase TH7RE W &2k 5. BRAWAEZ

EnbLnsng, KHBEZRZHWEZ ZTOERR,

minimum-phase characteristics {2 B3 2 BB X 20 5 kKN 5

ZEMHkS.

PRIz, & <HI53 TS minimum-phase signal ¢ 5%

IR % 4 RIZERXTH IS (Berkhout, 1973).

O HBWIFEARTZ FIVITHLT, Ala<Edb—D0D
minimum-phase signal 23 fEFE 9 5.

@  h,(¢) A% minimum-phase signal D R, H(z) 3 BAL M5+
D FEMBFFZIRN, ZOZ EIE, HG) AHEAM

HFe665 2004 4F9 H

FITHREREREDZLEGTELRN., ZOMKRY
B, (O DNEROIZFINFEFL, 1D, H(E) HH
PSS F RO RRRWES, h)id, —#ib
& 17~ minimum-phase signal & WS SETEZIT ANS
1% (invertible TZ72V3 A%, minimum-phase TdH 5 &
F9). Tiw, DK, y() PERIFILFEHFHFD D
LETERLUIGWN.

@ FURIEA R ML ZEEEDHRIRILF O AIBEIE D
T, —f%{t & 4172 minimum-phase signal 1%, 7% & ik
BB N TRANDIMHEN EFHEEZH T 5.

@ FUIRERAXRT MV EFEFDHERIFIVF ORI
OHT, (—ftEnk) s/MIAEEFS O ZRIVFI
(=0 MM > TEPTS. Zhid, &I RITE
HERETH D,

> bl

W, m=1,2,.. TV THR/NMEZ LS. ZOMHEIE,

BNMIMHESORFOMEDOH T, ROPDEHLRDDOT

HAD.

IR, LEdoEmickoOE, RECHNREZAET
% filter H(z) ® T O F RN, HHIZ, BN
F 1 9 % & &, invertible 7% minimum-phase filter & &
W, 2TOHFERNEMMEEBMAMNICEET S & X,
invertible Tl 72y (—#%{k T #172) minimum-phase filter
EED. ®Bid B X DI, invertible 72 minimum-phase
filter 13, Bk A2 KT D cepstrum & #H D, T NI,
invertible 7% minimum-phase filter @ #& ZE & & 5H I H N
%. maximum-phase filter |%, 2 TOFELNEALMNITH
ZRETHREMEZET S filter TH DA, T<hRND &K
21T, ZTOFERMDETHEMAMCHD, BAHANICH S
Fit & AH I IR AL % B B 2@ i filter 13, maximum-phase
filler DFFRIRBITH S, ZHicH L, HAMAIMTH, B
WIS BEANFELET 2L E THREB R filter & non
minimum-phase filter & & 5. FRMNEMHITHL, M
KISALEIZ X & U THELES 5 linear-phase filter 13, 4%,
non minimum-phase filter Th 3. WTIUILTH, FEHD
A SRR I N5 FIR B O filter T, DA > /L AR
B ARk} B, EDEE filter DRI E 725,
3.1.2 RETHREMNZEE T 5 filter O minimum-phase
filter & all-pass filter N\ 5} f#
ETCOMMNEAMENITHERET % %E S filter 13,

minimum-phase filter H,;,(z) & 421838 i# filter H,,(z) 1T 5 f#
EN5. LK, InERES. HLU, H,(2) lZLL RO filter
BETS.

-1 =(L-D L
S, 48, 2 Atz +z
_ L L-1 1
H,(2)=

1+ slz’1 + szz’2 +oet st’L 3.4
ZZT, LITHG@ DR/IMIMBZRTRWEROKRET 5.

£9, He) ODE/MIMBETRW—DDEHE 2EX
L9, %K, |E)>1THY, HR) &
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H(z)=H,(2)(1-&z27)
Sl -1 (1_5127])
—H (z)1- Aoez )
S
S H(2) A,(2) (3.5)

L%, ZOEAEIX, minimum-phase FH TRWEL E &
minimum-phase N & 5 X< H,(2) ITHAAA, AT
minimum-phase %5 5 TRV & EF72 7000 1/ 2> 5K (3.4)

DB D all-pass filter 41(z) ZED L T 5. ZO#{EZ,

H(z) ®4%T® minimum-phase FE & THRWEH (L) 2
DWTHT AL, ZE 7 filter H(2) |3 minimum-phase filter
H(2) £ G.4) DB O LBl filter H,(2) IZ 57 RS
ns. A,

H(z)=H,,(9)H,,(2) (3.62)
Wi, EREMREE A Z2HNWT,
HA)=H,,(DH,,(2) (3.6b)
Liad. ZZTT,

A=wAT, (2| <)

L35, ZO#EIER, all-pass filter /3 maximum-phase filter
LB EZRLTWDDNHA D,

T, & B.6b) DAL, %O filter DFIFERE &AL
MR ZE HWTHRET 2 ERAXDK D125,
H(A)=|H ,,(D)|exp[-i®,,,(D]|H,, (,1)| exp[-i®,,(A)]

= |H (D) exp[-i{0,,,, (1) + O, (1)}] 3.7
His,

|H(2)| = |H . (D) (.8)

L7ss. ZoBRINE, ZE TERRWR filter &2 O filter
555 415 minimum-phase filter O FfS 4134 L WE
EEWL TWS, FIZ, L, H() » linear-phase filter
Thhu, X 37N T

0,,()+06,(1)=0

Exnhs, X (B8 EFEEMICELW

H(2)=|H,,,(2)|

B D SED.
% Z VG’ Hmin(z) ﬂé J;L F D J: 5 L: Cepstrum)E F}ﬁ -a— 6
(cepstrum (ZBI L Tid, 3.2 TEHd % ).

min

In[H_, (A)]=n|H,  (D)|-i0,,. (1)

= i(’n cos(nl) — izm: C,sin(nd) (3.9)
ZORE, X (3.8) Ik D,
In[|H .. (D)[1=n[|H (1) = i C,cos(nl) (3.10)

Eis, #z, &G ZHWT, H) b

— 25

iCn cos(nd)

n=0

Z3RD , D cepstrum R ZE W T (3.9) ITXD

0,.(1)=3C,sin(ni) (3.11)

ZROZENHED. HIB, HR) M5 H,.(2) 55N 5.
723, linear-phase filter D EITIE,

0,,(A)+0,(1)=0

THams, KX G175

O4in(4)

%,

H () = H(A)exp[i®,, (1)] (3.12)

ETBHIENHKRS.
3.2 Cepstrum technique % HV)7= FIR % minimum-phase
filter D%

Cepstrum % W\ T linear-phase filter 7 5 minimum-phase
filter 23319 2 ki, 1970 EMR LI, FEAMIR Sk
ELTEEINTWVS (Herrman and Schuessler, 1970). &
N, FHROBEEICHED HED, filter OREAIHE M
THLERHEEZEZZTHTHD. FEHROHEEICHED<
FiE &N, filter HE) OHBMMNICH DL TORRE EM
RIZVEIWCEBL T, He) Z2HEMKT 2 HiETHS. Z
DERIT U THERR E N2 H mumpiase () T, 2T DE N
HALMANIZEEL,

|H(Z) ‘ = ‘Hminmum-phase (Z) ‘

EIRBDIENEGITH A S, MBI, filter DXED
BimEPEic, BERzHERENEMNTEILETHS.
Cepstrum Z W% 5i%lE, ZOREESZHEKRTZ2—DOD
FiETH 5. LU, cepstrum DEAM BN BB REL S,
3.2.1 H5R cepstrum &3 cepstrum DEFHE

TESHERF] (x(n)} Oz ZBHZE2RAET D,

X(2)=|X(2)|e*? (3.13)

ZOFE {x(n)) DREMEL X)) O HEBICEA M 2 &
DT ofEgzRD.

e <|z|<r,0<n <Ln >1 (3.14)

Fourier Z8 413, X(z) Z B ETHMLZHDTH 0,
X" &isB. 2T, AFERCHIESKETS. 0
Bf, #3 cepstrum IR XL TEE NS (cepstrum & 13,
spec-trum Z# 2, ceps-trum EFARFAHDTH S ).

X(2)=In[X(2)] (3.15)
L7m->7T, & (3.13) & (3.15) &0,

X(z)=In[X(2)] = In|X(2) + iO(z) (3.16)
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L7525, #FHE cepstrum 13, In[X(2)] BELF D K D 72 0E S
EETDHEE, GIETHHDOTHS.

0

X(@)=h[X()]= Y x(mz",

n=—o0

7|=1 (3.17)
5, X(z)=[X(2)] RRERKINO L TOE
TOWEEHET DI EERD. YR z BHWH O I,
H{ GB.14) THEAEND. /o T, KX B.17) OWiz BN
FIEL, KA E755.

" — L n-1
X(n) = - gScln[X(z)]z dz (3.18)

ZZT, A OESE CIE, KX (3.14) OFEBANIC
HHBOETH, 7=, DRBIEMCMEzEDNS, KX
(3.18) 12 it>9 % i Fourier 2844 :

2(n) = ij” In[X ()™ d A

:irﬂln‘){(e””) (3.19)

1 ¢~ ;
emdi+i—| O(e*)e™dA
ZEI” )

INGEIET 5.

Z3UTX LT, cepstrum (5 cepstrum) 1, = (3.16) @
KOz BH, BN IE, B Fourier B TER I N5,
Bi5,

X(z)=In|X(2)| (3.20)
DZEHL

c.(n)= zimcﬁc In| X (2)] 2"z 321
B Wi,

¢ (m) = ifﬂln‘X(e") e"d (3.22)

7% cepstrum {c(n)} & 72 5. X 3.19) &3 B3.22) L D,
{e(n)} DY X(e”) DEEBOD Fourier B E /2> TNDHD
BHAS. £, K GB19 LD,

)27*(71/1) = ij‘fﬂln‘)((exl) e"d A *iij.:[@(em)emldl

THrmns, ™ (B.19) EWLMAT,

S+ £ (n) =2 | n|x(eM|emdr=2c,n)
27

E0, RAZRGE5.

_X(m)+%'(=n)

2 (3.23)

c.(n)
ZDen) & x(n) NHHEBZ &R, x(n) DEITTHAIEER
DIZHEF cepstrum DA TH D, fLAHEZEHL 2 (3)
cepstrum NS IFEITTHKBRNEZFT D T ETH S, ®IEIT,
R G119 KHEEL LD, 0E,

[X (eI

HFe665 2004 4F9 H

D cepstrum Z23KD B &,

1 T s
ln X iAN]2 "Mdﬂ
Sl X P
) i [" nLx (el d 2

=25%(n) (3.24)

B ENHB. BB, (X D #E FE cepstrum 13,
X(e") DI cepstrum D 2 5 & 725, ZOMEEIR, filter ®
REHFICAW S NS,
3.2.2 Cepstrum {ZBY 9 B D EB

T ZET, cepstum i3 X(z)=In[X(z)] @ zIZBIT %)%
T B ORI E L TERL TE/. £/, cepstrum
ORESFEHRELT, K GB21) KW 3.22) 28, &4, X(2)
KO X(e*) IDWTHALNKE 22T, Zhs50Rk
ICHN DI EET R Z2 A E & D cepstrum DY IEIZ DN
TBRE S, £, BIE In|X(2)| AYRHT A CHERR 1353 7T AR
L&D, Z20OH,

= dX(z) ,
@e_ S lﬂe.,)?'(z):m

dz X(z) ~ X(z) (3.25)

MERALT . ZIT, zBHBOMHE, 2X'(2) D -ne(n) D z
BMTHDIEEBVETS (K@= ez T
BB, o
F()= 3 (Ket)z =21 Y (R (k)z

[ra—

k=—o

&0,
2X'(z) = Zw: (k) (k)z *

Lizd). -7,

_ 1 v n-1
_ncx(n)_z—quCzX (2)z"dz (3.26)

Eisn. 22T, (325 KAWL, HX 3260 FUT
DEIITES.
1 zZX'(z) ..
- =— ¢ =g,
e, (n) 27i °¢ X(2) = (3.27)

Cld X(z) OIS (BMZ2E8) TOREEKRTHS.

B2, o) TR THEZSNS.
1 ZX'(Z) n-1
S 222 oz £ 0 .
en) == $. e Nl (3.28)
n=0DHEAL, R GB22) kv, kRX&as.
1 T~ i 1 T i
e.(0)=—— L”X(e Md :Z'[ﬂln‘)((e‘)‘d/l (3.29)

F (3.28) & 329 1%, x(n) & c(n) ZHREU DT B H D —
DORBTHO, Bz, X G28) 1T EEENNEL S
NNV LIZR/NH TS,
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T, BY, X B2) WWREAS. K 32913, z&2&
WCRUTEHTLZ LTI R E S,

2X'(z)=zX'(z)- X (2) (3.30)
Bz,
nx(n) = i ke, (k)x(n—k) (3.31)

Lirn, BEY DL,
x(n) = Z( jc (k)x(n—k) (3.32)

BHEBEIFEANG NS 20X (632 1F
cepstrum R 2 5 filter D 1 > )NV A%, BlH, FIR
filter D&, filter fREZ RO D DITHNEN .
3.2.3 Cepstrum Q5B

Cepstrum D 4> & (differential cepstrum) %% X X 5.
23, WEGEE/L L T cepstrum ZEET S HIETH B,
£9°, M cepstrum DEFEZLLFET B,

¢ =L g X @
Ln=—§ Yoo« (3.33)
T/, X G295 2EFEZ2 5461, ZHIHEMHETUT
DEDITFHEEN .

Vil X’(ed)
X =

(e”) X (3.34)

ZZT, TIALIE, AT
@ Fourier Z5#4 :

B9 5 &9 5. BT, x(n)

X(e")= i x(n)e ", (3.35)
EEABE, TO LT BHNIUT £725.

X'(e*) = i (—inx(n))e ™. (3.36)
BB, X'(e") 1d -inx(n) O Fourier Z5 #t & 73 5. [A k& 1T

X'(e'*) 13 -inc,(n) @ Fourier #7225, Ht-5 T, n;éO'C

_ - iz ini - X'(e‘/l) nd

ne,(m =~ J-X( Ye dz_sz X

5,

= XD 637

27zni ¥ X(e™)

LB, Fiz, n=0 0K, c(0) kX

c.(0)= %J””In’X(e”")’dﬂ

Lres, £ZxnT, RG22 &KX (3633 &0,

1 ZX (Z)Z dZ 1 é X(Z) (n+1) ldz_

e = 27i de X(2) 27i ¢ X (z)

X, (n+1)

HI5,

c.(n)= —@ (3.38)

N AVRVAS I {d

L ) @) gy

X 1+D= 27id7 X(e™)

(3.39)
L% 2ok (B35, 336), (338, KT, (3.39
1Z, x(n) & nx(n) @ Fourier 2 DI 5 M 5) cepstrum %
BHL TEcepstrum NHHEINZ I EZFERLTNWS,
F7=, X (3.38) I&, x(n) /% minimum-phase sequence DI,
cm=0n<0) & %,M=0mn<]) &/235I EEHEKL
Tws. K (GB35, (B36), (3.38), KU, (3.39) &
DEMEETRT &,

N-1

X = 3 x(0)- exp—

n

) X(e")

2= (%)k

127rkn

X'(k)= —lz nx(n) - exp(’ )= X'(e")

2z
A=(==)k
(v

%, (k+1) 1 13X (n)

=== T'NZX() (7 N kN1
c.(0)= %Z In| X (1) (3.40)
L73%.

3.2.4 Cepstrum DR & E
# 3 cepstrum 13,

R(n) = % [ In[x (e e dA
TEEIN, X1 x(n) @ Fourier Z5# :
X(e*)= i x(n)e ™

TEREINTND I &F, BRI
X)) &LUT, M- FRERH

WAR/ZEOTH S, £Z T,

(-gz)(1-gz ) (A-gyz ")

X(2)=K : - — (3.41)
O e s ) poz )
ZFRATUL, hX@EXRRXOLDICERINS.
In[X(z)]=InK + iln(l -q,z ")~ iln(l -p,z")
=InkK - Zln( )+ Zln( (3.42)

22T, ¢, 28mBEHOER p, 2EnFHOM &
L, TSR THEMHRNIZEET S LTS, iz, &
(3.42) 1Z Maclaurin JEBH :

= crér i
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ZHEMT DL,
mqn
frar) g
111[1 j_i P, z|>|p,| (3.43)

L35, B DI AEAL M 2 28 7/2%, Maclaurin
BRI EMMANICEET 2K G41) OFHEMITHL
T, XG4 Oz BB EZX DA S, E
By 7z B8 & L T, #i 213 FIR linear-phase filter @ £
2, Bl, EROFTHMNMHONIZH 5D DONHNIX
(non-minimum-phase 72 /), I\ (3.42) OXIET D IHZ,
PAF @ & 912 Maclaurin JEBH T 5.

1

In ~

(l—qkz J
q;'z 1

—ln{ —— j ln( ]+1n[—1]

q,z-1 g l-¢q, z

“Z|, <49

=ln| — |+ 227" |z
e

22T, R GB44) OLFDE1EERL 3.42) OF 1 HICKE
DIAATEZIUE, R G44) ITEUE2THD z 2BHE &
725, X (3.43) 1%, x(n) @ minimum-phase #5323

> g (3.44)

@
n n

&7z, X (G44) 1F
x(—n) = 4"
n

EL THAMAMMNIZH D FE A D non-minimum-phase
MrcFELTWDZEERLTWD, £IT,
non-minimum-phase /M E £ 5D n & -n ITEBT UL,
ZHUSEALFNIC B % 35 =0 5 5 5 1% minimum-phase
W& —%9 5. Hb, BEAMMIDDEFRzEHAH
N DM B ALENB N Z1213, # 3 cepstrum D& D E
5 (n) ZEOMHE ) TITHNHTREWZ &EERD Zh
1%, linear-phase filter Z minimum-phase filter H,,.(z) 70 &
[H.(2)] O THEFR L7z & &, linear-phase filter 70 55 5
N % cepstrum {c,(n)} M5 H,;(z) D cepstrum {c,,(n)} 7’

C(n) = [clh () +c,(-m],(n>1)

THEONDZEERLTWVWS, RO 213K 3.24) 1

5. HIZ, H,(2) O filter %K1, f«nn@bﬁwé_
LIk S,
3.2.5

BRIMDTIE, WIIhENZOT, fEELfER

% HEe6E 2004449 A

Z5. UTFI/RY Matlab @7 017 5 A1%, H&HITHE
MZEMHWTKREN=7 D FIR filter 2{E2 Z &M 510 T
W5, ZORFITIX, HHFD sample filter I3 minimum-phase
filter 1725720, TNIE, M- FBREENS RS L
NS, Eiz, O filter IZREM 2L THan,
ZAE, cepstrum REMN n<0IZBNTHEELSTNT
ETHS.

% Sample_program01.m

clear all

% Sample filter of order N

N=7; % Filter order
h=rand(1,N); % Filter coefficients
w=[0:1:N-1];

plot(w,h)

title('Impulse response of sample filter')
figure

% Pole/zero diagram

zplane(h,1)

title('Pole/zero diagram of of sample filter")
figure

% Causlaity check
cx=causality check(h,1024);
figure

% Frequency response
gain_plot(h,512,'sample filter')
figure

% Zero finding method
hb=zero_finding(h,N);

plot(w,hb)

title('Impulse response of minimum-phase filter obtained by
zero finding method')

figure

% Pole/zero diagram

zplane(hb,1);

title('Pole/zero diagram of minimum-phase filter obtained by
zero finding method')

figure

% Causality check
cx=causality check(hb,1024);
figure




WEREAT D5 - 748 —KF

% Frequency response
gain_plot(hb,512,'FIR minimum-phase filter estimated by
zero-finding method')

figure

% Cepastrum method
hm=cepstrum_method(h,1024);
hmm([1:N])=hm([1:N]); % Final filter coefficients

plot(w,hmm)

title('Impulse response of minimum-phase filter obtained by
Cepstrum method')

figure

% Pole/zero diagram

zplane(hmm, 1);

title('Pole/zero diagram of minimum-phase filter obtained by
Cepstrum method')

figure

% Causality check
cx=causality check(hmm,1024);
figure

% Frequency response

gain_plot(hmm,512,'FIR minimum-phase filter obtained by
Cepstrum method')

figure

% Hilbert transform methods
a=mps180(fft(h,1024)); % Frequency response
h3=real(ifft(a)); % Filter coefficents
hil([1:N])=h3([1:N]);

plot(w,hil)

title('Impulse response of minimum-phase filter obtained by
Hilbert transform method')

figure

% Pole/zero diagram

zplane(hil, 1)

title('Pole/zero diagram of minimum-phase filter obtained by
Hilbert transform method')

figure

% Causality check
cx=causality check(hil,1024);
figure

% Frewuency response
gain_plot(hil,512,'FIR minimum-phase filter obtained by
Hilbert transform method')

% End of program

3.11%, samplefilter D1 > NIV AIREEZRTHDTH
5. Z O filter Y minimum-phase filter & 72 572 W Z &13,
3.2 Of - FRECENSHA D,

KiZ, 31 DA NIV AIREN S, #FE cepstrum &
FHEL, WREZFARD, KREMEE, cepstrum REDA
DO ETHEERD I ENGEMEERS. DITIT cepstrum %
WS REERIET O 5 LAERT.

% causality check.m

function cx=causality check(h,M)
% M >> length(h)

cz=ftt(h,M);

m=abs(cz); pm=unwrap(angle(cz));
HW=m.*exp(j*pm);

% Generation of complex cepstrum
c=ifft(log(HW));
c=real(c);

% Rearrangement of complex cepstrum
¢_arrange=[c(M/2+2:1:M) c(1:1:M/2+1)];
cx=[-M/2+1:1:M/2];

% Plotting of cepstrum

plot(cx,c_arrange)

xlabel('n'); ylabel('Cepstrum coefficients');
title('Cepstrum check for causality")

% End of program

[X13.31%, sample filter WK Z Rz I RN EE2RT
HEDTHD. D sample filter DR EIE, Ko O
TJLTEHEZLND. KRN, 34 TH 5.

% gain_plot.m

function gain plot(h,M,TitleA)
[al,wl]=freqz(h,1,M);

wl=wl/pi;

plot(w1,20*log10(abs(al)));

title(TitleA);

xlabel('Frequency normalized by Nyquist freq.");
ylabel('"Magnitude in dB'");

% End of program

=T, K272 S 720 non-minimum-phase filter 72 5,
[\ U FI#54: 14 2 A 3 % minimum-phase filter 23 E D X 5 12
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I NN ERED. RIOHFNL, FEAOBEEBEICHE
DL HETHY, ZOFEDIIITKE NN WEEIC
B TH?. BEOHEBEICKSHEZELLT O function
TRZED.

% zero_finding.m

function hz=zero_finding(h,N)
% Zero finding method
z=roots(h); % Root-finding

for k=1:N-1
if abs(z(k))>1
z(k)=1/conj(z(k));
else
z(k)y=z(k);
end

end

% Reconstruction of filter coefficients

hz=poly(z);

% End of program
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% Frequency response function
Hm=exp(fft(cp,M));

% Reconstruction of filter coefficients
hcep=real(ifft(Hm));

% End of program

3.5 "EAOBEEEZICKDE SN filter DA > /%))
ZISETH D, ZOH LW filter 13, K 3.6 1TRT LI,
2 TOELEEMMNEBELIFINITH D, minimum-phase filter
DEMZEMmMELTVWS EEDIT, 3IMWRT KDL,
cepstrum fREHI O RBEHENWZINTH O, filter DIFE
HDRFETE 5. K3.81%, 2O filter DFIIFHET D 575,
sample filter DFEREZREFL T D T LA A .

KRIZ, cepstrum % ff V) 7= minimum-phase filter O % &
RERZED., BROFRNS, #HRIL, FROFEMEIC
K2HEE—HTS. Wb, EROBEBEICKDHET
H 535~ 3.81F, cepstrum ZFHWZHEETHIH
39~M3.12 &, %%, —HT 5. LLFIZ, cepstrum &
V)7~ minimum-phase filter DFRFHT O T T LZRED.

% cepstrum_method.m

function hcep=cepstrum method(h,M)
% M >> length(h)

cz=fft(h,M);

m=abs(cz); pm=unwrap(angle(cz));
HW=m.*exp(j*pm);

% Cepstrum coefficients
c=ifft(log(abs(HW)));

% Reconstruction of minimum-phase cepstrum coefficients
cp=[c(1) 2*c(2:M/2) c(M/2+1)];

sample_program01 Ti%, BFEIF & L T, #ilkd 5 Hilbert
e NS HEHRLTWSEN, HEERIIFLORESE
12K D F5iER cepstrum 2 WD Hik & —HT 5. MRS
Nz,
3.3 Discrete Hilbert transform % 37~ FIR % minimum-
phase filter D %51

3.3.1 Discrete Hilbert transform

BB DOFEEF (x(n)} 1, FEERFRE & IEFFREOF &
LT, UTFOLSITREINS.

x(n) = x,(n) +x,(n) (3.45)

- > 73
— s

x, (1) = {x(n) + x(-n)}/2
a6y
x, () = {x(n) — x(-n)}/2

EE#RT D ZOZDOOEBERDOT A ZMANL, K
(3.45) MDD EMHADS., T, ZOEEIINE
ET, HIRMEZ2HEZTETDEE (x(n)=0,n<0), EFEFE
#X&D,

x(n) = 2x,(n)u(n) —x,(0)6(n), n=0 (3.46a)
36
x(n) =2x,(Mu(n), n>0 (3.46b)

ERBZEMNFHBEICENIMED. I ORIT, x(n) 13,
x,(n) ZHNWTKRD S (recover) T EMHE DM, x,(n) M
SR SN NT EE2F®RL TWS, 24, n=0T
x(0=0&E>TLESIRTHD. LinLans, win
IZLTH, n>1 Txm)=x,n) &Ex5bD. IN5DT &I,
REMEZRZTESD ZED, x(n) & x,(n) DEIZNED
RN RS EFF AT D 2 EERLTNS,

2T, {x(n)} ® Fourier £/ :

X(e")= Xy(e") +iX, (") (3.47)
W&, EESNTH LT,

X(eh)= 2 x(me™ =2 x,(me" + 3 x, (me™

LEETFE, CCT "

> x (me™
”:&@+memmm+mmm+ammmm7mmm}

n=1
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=x,(0)+2D x,(n)cosni

nzl

Ji30)
2%, (me™

= Z{xo (n)[cosnd +isin(ni)] - x,(n)[cosnid —isinni]}

=i- ZZxa(n) sinni
L2 B 8, X)) & X)), & &, x(n) &x(n) D
Fourier £t &72%. = 2T, X (3.46a) ZHWNWT X %
AT D &,

X(e"):iisz (€U (")~ x(0) (3.48)

LB, ZZT, UMHFHEA X T v 7 BB umn) O
Fourier #1945, HIH,

U(e'™) :%—%cot(i/Z)-s-;zé‘(ﬂ) (3.49)

ThHha» (ZOFEMIE, UTOWD TH D £7
o(m)y=u(n) -u(n-1) TdH % M 5, % O Fourier Z # 13,
1=U@E)1-eM &b, LNnBIZ, A=0T, [1-"1=0
LB M5, UE)i3a<zT

Ue™) = +const - 5(A)

1— eﬂl

Chohudnsin, 22T, Ul OEFRRRS (1/2) 1%

1 ¢# 1 1 (7 const
— | UE*tydi==—=—| const-S(A)dA=
2 L’ © 2 2r J.*” “4) 2z

EIRDBING, const=mw &£155. [>T,

iAl2
e

Al2 —
e

Ue'™) =

+a0(A) =~ S— )

1_ eﬂ/l
_ cos(A/2)+isin(4/2)
2isin(A/2)

+78(A) = % - l%cot(ﬂ 12)+ 78(2)
Eixs). Xo7T, K B47) BUTORICERINS.
X(e")=Xp(e")+iX,(e")
l T i . 1 T i
= ;:{”XR (e)dé —IE:[[XR () cot(&/ 2)dé
+X, (") = x(0) (3.50)
x(0)(=x,0)) Z#FE$ & L T Fourier £:-9 5 &,

50) = 5 [ X )+ [ X, () (3.51)

Lz, XG50 OEEMIILLTOXSITEMEN
3.

X, = [ X s -mlx0)] (352

WEDEE, x(0)(=x,0)13FEHTHLNE, L (B52) O
HNE2HEIBERD., FIT, EHF x@n)) THT B
KB THDHK 3.52) ITH L T, #E cepstrum 5| *(n) %
BWHT 2 &,

X, (e")=1In|X ("), X, (") = arg X (') = O(e")
Thdns, LTOREGRRXEE5.

arg X(¢") = —— [ In[x(e)|cot*=$)ae - m[z(0)]  (3.53)
27 =, 2

WORD Z LTS (B cepstrum 1T ERFITH DM 5),
X (3.53) OLALE HIFFEELLD, T, X (G53) OF
kEEZEZED. UL, EE cepstrum ¥ x(n) HIRIERE
InjX(e")| 2/ L, Z 475 minimum-phase sequence & 3 %
&, T OAAHRE O AR IERE O Hilbert 24150 (3.53)
KR —BWICRESIND, EE5TLEERLTY
5. - T, ZOKRITHRD S NIRIERE & AR
minimum-phase filter & #§ 5% 9" 5. Bl 5, minimum-phase
filter DRI, ‘X(ed) exp[i®(e")] D3F Fourier B TH %
5% (Damera-Venkata et al., 2000) .
332 i

e FlZRED. 2L, LT D demo_programm T
REND, 0707 I LTI, B @ THRAET
% )Parks-McCellan @ 5 i% (Proakis,1996) % F \» T, FIR
%1 linear-phase filter 2 #2533, 3.13 iZ filter D1 >
PNV (filter DFRE) 2R, KIS, REAMBKREN
72D UMMM B DY, zplane 2 fWT, Z O filter ®
- FBEREEEZRDS. HREILUT, 314 1TRT KD
2, B L T4 DOMKBERICH 2FROM%EH
RICHWAET I ENHRE S, BB, O ENRE
71 linear-phase filter 28 # D1 TWw3 . K315, D
filter DIRWERET D %.

% demo_program.m

% Construction of linear-phase filter by Marks-McClellan
% method

=[0 (.01*2) (.02*2) 1];

a=[1100];

b=remez(500,f,a,[1 5¢6]);

% Plotting of impulse response
plot(b)
figure

% Pole/zero diagram of linear-phase filter
zplane(b)

figure

% Transfer function of linear-phase filter
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[h,w]=freqz(b,1,1024);
plot(w,20*log10(abs(h)));

title('FIR linear phase lowpass filter');
xlabel('"Normalized anfular frequency');
ylabel('Magnitude in dB');

figure

% Construction of minimum-phase filter
N=2"19;

H=fft(b,N);

w1=linspace(0,2*pi,N);
Hl=real(H.*exp(j*w1*250));

dl=max(H1)-1;

d2=0-min(H1);
s=4/(sqrt(1+d1+d2)+sqrt(1-d1+d2))*2;
H2=H1+d2;

clear H1;

H3=H2*s;
HR=sqrt(H3)+1e-10; % epsiron=1¢-10
clear H3;

% Discrete Hilbert transform
y=dhtm(HR',N,251);
clear HR;

% Impulse response of minimum-phase filter
yl=real(y);

% Pole/zero diagram of minimum-phase filter

zplane(y1)
figure

% Transfer function of minimum-phase filter
[h2,w]=freqz(y1,1,32768);
plot(w,20*log10(abs(h2)));

title('FIR minimum phase lowpass filter');
xlabel('Normalized angular frequency');
ylabel('Magnitude in dB");

figure

% Plotting of impulse response of minimum-phase filter

plot(y1);

title('Impulse response of minimum phase filter');

figure

% Plotting of group delay characteristics
grpdelay(b);

title('Group delay of linear-phase filter');
figure
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grpdelay(y);
title('Group delay of minimum-phase filter');

% Error analysis
d1d=sqrt((1+d1+d2)*s)-1;
d2d=sqrt(2*d2*s);
dlr=max(abs(h2))-1;
d2r=max(abs(h2(30000:32768)));
errl=(abs(d1d-d1r)/d1d)*100;
err2=(abs(d2d-d2r)/d2d)*100;

% End of program

Kz, 70 F AT, linear-phase filter ) % minimum-
phase filter NDEHLZ T > TW5D. BN, filter D IEH
{b#AE %17 o 721, Hilbert Z5#2 % ) T minimum-phase
filter D {2 $ % R T W 5. Hilbert £ #13, LT D
function Z W TiThHhn 5.

% dhtm.m

function y=dhtm(mag,N,s)

sig(1:(N/2))=sign(linspace(1,(N/2),(N/2)));
sig((N/2)+1)=0;
sig((N/2)+2:N)=sign(linspace(-1,-(N/2)-1,(N/2)-1));
sig(1)=0;

logmag=log(abs(mag));
in=ifft(logmag);
ph=-j*fft(sig'. *in);
rec=mag.*exp(j*ph);
recu=ifft(rec);

y=recu(1:s);
% End of program
1% 5 37z FIR % minimum-phase filter DR - 7% 5

zplane Z T, 3.16 DERICRE D, BALH N O FEH
EIC DA E EMNEET % minimum-phase filter & 78> T
LZEMHAS. KIZ, K317 OEEREE X 3.18 D
SINNVARENRE S, 707 T LTIE, REIC, BE
FERF P 2 KR TW %, linear-phase filter & minimum-phase
filter ORERAERAEIT, &4, X3.19 KUK 3.20 &755.




HWERAEBT ) - 745 —KF

Impulse respense of sample filter

1 T T T T

B31 BTN T NI DA NIV
9% ; é ; s 5 ¢ Fig.3.1 Impulse response of sample filter.

Poleszero diagram of of sample filter
BE—T T T T T T T T T T =

O

imaginary Part
5
O

o i
. . . . s = K32 YT T 4 IVY O - FEREEK
-25 -2 -15 -1 -03 u 05 1 15 2
Real Part Fig. 3.2 Pole/zero diagram of sample filter.

Cepstrum ghack far causality
t T T T T

06 - —

U4r g

Cepstrum ceefficients

-08 ; s . . : % 3.3 31 TRUEA DINIVAREDT TA ST A

a Fig. 3.3 Cepstrum of impulse response shown in Fig.3.1.




B KRBTSR 7S % 66 & 2004 £ 9 A

sample filter
15 T T T T T T T T T

Magnitude in 4B

-20 . . . . L . . ' .
o [IA] 0z 0.3 0.4 05 0.6 0.7 ae [1%:]
Frequencgy normalized by Myquist fraq.
Impulse response of minimum-phase filter gbtainad by rara finding method
T T T T T
08
08
0IF
a6
05|
04r
03f
02F
'R ¢
0 1 L L 1 1
] 1 2 3 4 5
Pole/zere diagram of minimum—phase filter obtained by zars finding method
T T T T T
1F e
[
Qar
06
o
04
L 02f
o
E oofi o Of o
E :
E -02f :
-0af :
oo
=06
o8t :
oL
-1 - B
-1 -05 a 0s 1
Reaal Part

— 34

34

Fig. 3.4

35

Fig. 3.5

3.6
Fig. 3.6

3101 NN AREERT YT INVT IS
DYRMERE

Magnitude response of sample filter.

EHERBERICE DR SNZHB/MIAET 1 LT D
A NIV AR

Impulse response of minimum-phase filter.

B/IMIAHT 1 )V E O - E RELE X

Pole/zero diagram of minimum-phase filter.



07

MBI 7> 5 )V - T4V 5 = KT

Cepstrum check for causality

06

L]

04r

03F

R

Cepstrum cosfficiants
(=]
3
T

T T T T T

-400 -200 0 200 400 iald]

FIR: minimum-phase filter estimated by Zero-finding method
T T T T T

Magnitude in dB

L 1 L 1 L L

ol

Impulse

L .
02 03 04 05 0.6 07 D8 hR:3 1
Fraquaney normalizad by Nyquist freq.

response of minimum-phase filter cbtained by Cepstrum methed

T

T T T T

2 3 L] 3 é

X 3.7

35 TRINZA INVVAREDT T AT A

Fig. 3.7 Cepstrum of impulse response shown in Fig.3.5.

X 3.8

Fig. 3.8

X 3.9

Fig. 3.9

35010 NNV AREEAT DH/MIMT 1 V5
DR ME R

Magnitude response of minimum-phase filter.

TTANSLFEICLORD SN E/NMIMT 1LY
DA NIV ARRE

Impulse response of minimum-phase filter.



Imaginary Part

Cepstrum coefficients

Magnitude in dB

08

s

04

02

[=]

e
~

B KRBTSR 7S % 66 & 2004 £ 9 A

Ll

d by Gepst

T T T

Pole/zero diagram of minimum-phase filter
T T

. . i L L
0.5 L1} 05 1
Real Fart

Cepstrum check for causality

4
o

e
n

=2
Y

=
w

=
ha

=

=03

-60Q

[=]

-400 -200 9 200

FIR minimum-phase fiter obtained by Cepstrum methpd
T

T T T T T

01 0.2 03 04 05 0.6 o7 D8 ok} 1
Frequency normalized by Myguist freq,

3.0 F/MIAHT 1 Ly O - 3B E R

Fig. 3.10 Pole/zero diagram of minimum-phase filter.

K311 K39ITRINZA IV AREDT T AT A

Fig. 3.11 Cepstrum of impulse response shown in Fig.3.9.

X312 3901 2 )NIVAREEET DERAIMIMET 1
& D IRER

Fig. 3.12 Magnitude response of minimum-phase filter.



WERRLHAT &)L - 714V — KT

0.025 T T T T T

3015

0.005

313 FIR IBAAHRUREGEE 7 « L5 DA 27V A RE
100 200 300 400 500 go0 Fig. 3.13 Impulse response of FIR linear-phase filter.

-0.005
2

05

Imaginary Part
o
T

. O =
'0.5 = B
b .
R T : . B304 BB T 1 )V5 Ol - FRRER
Real Part Fig. 3.14 Pole/zero diagram of linear-phase filter.
FIR linear phase lowpaszs fiter
50 T T T T T T
o _
-50 4
g
€ -100 1
H
-150 b
-200 .
-250 : : . . : : B 315 HBALHE T 1 )Ly OIRIERAE
0 05 1 1.5 2 25 3 35
Nermalized anfular frequency Fig. 3.15 Magnitude response of linear-phase filter.



B KRBTSR 7S % 66 & 2004 £ 9 A

o8l : 1

nzp : ]

Imaginary Part
[ =]

3 —- : - : 306 UMY 1 )L 5 O - % AAER

Real Part Fig. 3.16 Pole/zero diagram of minimum-phase filter.

FIR minimum phase lowpass filter
0 T T T T T T

Magnitude in dB

=100 q

3.17 318 DA VNN ARIREERT 2 HE/MIHET 1 I
~120 1 ! L L L y@j:}f_é[pg%‘[i

0 05 1 15 2 25 3 as ] o
Narmalized angular fraquency Fig. 3.17 Magnitude response of minimum-phase filter.

[enpulse response of minimum phase filter
0.025 T T T T T

002

0015

o0 i
0.005 b
] 4
-0.005 B
318  FIR F/MIAHRUKEGEGE 7 « V& DA 27NV R IRE
0.0

50 100 1;_0 200 250 s00 Fig. 3.18 Impulse response of FIR minimum-phase filter.



Group delay (samples)

Group delay (samples)

WERRLHAT &)L - 714V — KT

Group delay of linaar—phase filtar

2503

25025 -

25021 -

23015 -

2501

25005 -

T T T T T T T

250

1 L 1 1 L 1 L

24895
1]

o1 D.2 03 04 [HE-] 08 oF
Nermalized Frequency (= rad/semple)

Group delay of minimum-phase filtar
T

—— [3.19
Fig. 3.19

200

-200

—400

=500

-s00} - |

T T T T T T

=-1000
0

01 0z 03 04 05 0.6 o7
Marmalized Frequency {xn rad/sample}

—— K320
Fig. 3.20

FIR $RTGAL AR BURISE 1 7 )L & OB IERE
Group delay of FIR linear-phase filter.

FIR f5e/IMARBUEIE0E 1 7 1 )L & OFEEIERE:

Group delay of FIR minimum-phase filter.



B SR BRI FE TR 2

4. FIR ! linear-phase filter

Z Z T3, EUER)7L FIR £ O linear-phase filter D #% g%
Z 7~ L, FIR %D minimum-phase filter 2 229" % i 2 77
Z9. KT, 42 T3, 3. THhR7/= cepstrum % ff 5 4k %
AT, F/z, 4.1 TIE, 3. TliX72 > 7= minimum-phase
filter DFREHEIT DWW THEARHAZ L XD, ZOHIEE,
B BEEICHE D < HDOTH D, K-NET9S BEREZ O
A/D 212 BV 5 decimation filter IZHFH W SN TN S,
BARICB 9 2/l W, AR (1997) I2H2 DT
ZINZN, 22T, BEBOHERT.

4.1 Parks-McClellan D5 FIR filter % 51#% (min-max
#)

MERIC UL, Z o filter i 5178 FIR Y linear-phase
filter DFREHEE L THETH D, HRdBMHEHNTNDHTE
ThdEND., TITIE, FEHECHNETSEELTZ
AU, EeEtOEEZLUTICHBIL LS. Parks-McClellan
DFiEE, HEYET S filter DIREHEAE |H, ()| 2 cos(A) &
U<idsind) DLHKTEMT 2 L&, £OHRKNIEER
EER/NETHIENSELND filter HA) ThH 5. HIB,
filter H(A) 13, RAERMZ

EA) =WIH )| - |H,(A)]

ELEE, maxEQ) & & /N &E T B filter 2 cos(l) B L
<1 sin(h) DL HEL THEL L 7= & & D FIR #! linear-phase
filter TH 2. Fiz, WA RESBEETHO, FEDEHK
o 2 O SR L TET 24 ICHW S NS,
Z A, Parks-McClellan @ /51, W 1d, min-max % &
IS HDTH D (Proakis et al., 1996).

ZOFEETIE, AFDINT A—F AN FIR # linear-
phase filter ZHlET 5.

Fs @ EEAR(CEBEEC (Hz)

Wp BRIy A TR (T PREE) (Hz)

Ws @ BHIEHRD T3y M T EEER (T PR ) (H2)

Rp @ @i TD Y v 7))L (dB)

Rs :BHIEHETOY » 7))L (dB)

n filter DXE
ZOHEF, WEFREHEHROAEHETH5HDT
HV, PHOEBBHBIIHENHRZWES S REEER
THHOTHD. iz, filter DRI ZEHBMITRET S
WFge®H H O, #%H, Rabiner and Herrmann iZ X % HiEAYH
nWHNTV5S .

RIZ, Matlab BT, ZOHNEERZTD. 7077 ALIE
UFO®BOTHD., Ziud, BIEL mem &9 5.
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% =1; put the order of filter into a parameter "n"
% n ; filter order
% m ; desired magnitudes

% Wp ; cutoff (edge) frequency of passband in Hz
% Ws ; cutoff (edge) frequency of stopband in Hz
% Rp ; passband ripple in dB
% Rs ; stopband ripple in dB

% Fs ; sampling frequency in Hz

w=[11]; % initial weights
m=[10]; % desired magnitudes for lowpass filter
=[Wp Ws];

dev=[(10"(Rp/20)-1)/(10"(Rp/20)+1) 10*(-Rs/20)];

if option==
[n,fo,mo,w]=remezord(f,m,dev,Fs);

% n; optimum order of LPF
b=remez(n,fo,mo,w);

else
[nopt,fo,mo,w]=remezord(f,m,dev,Fs);
b=remez(n,fo,mo,w);

end

[h f]=freqz(b,1,4096,Fs);
plot(f,20*log10(abs(h)))
title('FIR lowpass filter');
xlabel('Frequency in Hz');
ylabel('Magnitude in dB');

% End of program

% mc.m
function [h,f][=PM_method(n,Wp,Ws,Rp,Rs,Fs,option)
% Marks-McClellan method using Remez exchange

% algorithm and Chebyshev approximation

% input paramerers
% "option"=0; determin optimal order by using the method
% proposed by Rabiner & Herrmann

HiA1& LT, FIR B filter DIRELAS b([1:n + 1]) IR E N
%, FNAEFHHAL LS. Matlab ET/)XZAH@E> TV
74NV NICEE mem 2L TH <. RIZ, Matlab
ZHE, kOO REAND.

>> [b,fl=mc (160,500,17500,1,40,256000,0) ;

23U, KREx 161, ROy N F T EHEE 500Hz,
FELIEHHE D 1y A 7 B Ek 17.5kHz, @@E#soy v 7
JV 1dB, FHIERE O U » 7)) 40dB, FEAA(LE %K 256kHz
ELUT, filter DEEXEE BEICRD D DANTH
5., DED, SSEREEZAZEE, BFBE M 256kHz
D55 % 200dB UL EIBEZI®2FHDOAZHME L7z FIR
B linear-phase filter TH 5. DI > ROERZEDEE O
W, RERBEHHNICROE I EZ2IEETEIHDOTDH
D, ZNEOLUNDOERMEET D&, ATz 160 2
B ERD, 161 KD filter £ 725, % Z T, Matlab
T, Z2OaAX Y REANTALD. BEREN 21 &/20,
4.1 D72 FIR %Y linear-phase filter & 725, FH IR D
Uy TINDORKREZIZ40dB E LR TH D, BHimmizid,
CNHMIESRFEREN D LW, SEOEITIEEY
T,
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RE@ED T, ZICN 7272 WO T, FIR # linear-
phase filter D X% Z s HlEY I LW Rid s szawn, flE L
T, X&Zz 161 RETZHE (FROAT Y RETH, n-l
EANTD), Roax>rRickD, K42 @ FIR#
linear-phase filter 735% 51 =41 5.

>> [b,f]=mc (160,500,17500,1,40,256000,1) ;
BRI IR T 5 &, M43 &725, WMilBmEIcHE T
DYy TIVIREEN DA, 10°dB WITILE .

ST, MROFERMNS, Z O filter 1 linear-phase filter
TH D, 256kHz DEEANTIE, @E, EACEERZE
INE < T B REED filter IZ K % decimation DERITNWHID S
RIEMET NEINTLED. “WREE 2REIE5IC
&, RIS US> TNV oEEZERETUI LW, A
5, FIR T linear-phase filter D& v 7 H M 161 TH DM 5,
161/256000 = 0.644 [ms] 3% v TRk &78%. #->7T, Z
N&E 0 MHWERALZ KD decimation D %1217 XL, “HE
T BRI NS. DX D, ZO FIR filter DR E
ULRWREICERMbZTUT LW, Z0HETIE, KB
DEA(LE 1kHz 2 &9 iud “REME" ICBEZ R0 (=
L, 1kHz TiZ, K43 ICRS5NDLDIZ, FREEFITHE
ZLTWaWng, LITOHEMmIIHEIIRZEAFETHD).

I ZIE, EEHEO S Y M T A% 50Hz, BHIEH
B|OAy AT A EZE 100Hz & LT, 18 KD IR B D
Butterworth B {1818 3t filter 2 AL i 2k 1kHz Ta%Fl
LTHEKD. Matlab ETIF,

Wp = 50/500; Ws = 100/500;

[n,Wn] = buttord (Wp,Ws,3,192) ;

n=18

[b,a] = butter (n,Wn) ;

freqz (b,a,4096,1000) ;

AR RIA DS HTTANT S, FBEN, K44
L7325, S0Hz 23 TdH D, 200Hz T -200dB O E &
DHERESND DS S, /> T, 3BEHE filter 1%, £
A AL i %k & 400Hz 72 500Hz & 2 O3 i & 72 5.
400Hz & L7244, 200Hz DE 52RO HT D, —>D
BEEALT S,

3 B¢ H D filter DEEARILE PR E 400Hz & LT, (KIEE
it4 filter % Butterworth #I TF%Et9 5. (HL, v FA T
X% S0Hz &9 5. Matlab 1T, KOIAX > RERD,

Wp = 50/200; Ws = 100/200;

[n,Wn] = buttord (Wp,Ws,3,192) ;

n=10

[b,a] = butter (n,Wn) ;

freqz (b,a,4096,400) ;
2 Bt H O filter I B % 100Hz T O EFEIE, -100dB LA LT
HBM5, B4A5ITRT 3BHO filter ITHT 2 EZ M
A5 &, AW filter 1X, BKZE -200dB F2E D=
100Hz THRH5NS. HRDHELNS, 50Hz 12D HEHE
13 LR S 1% minimum-phase & & 72 5.
4.2 Cepstrum ;7512 & 5 FIR ! linear-phase filter 7" 5

FIR %! minimum-phase filter \ (DZ 1
Z Z T, 3. Tiuk~X7z cepstrum % A V2T FIR # linear-

phase filter Z FIR # minimum-phase filter \ZZ 29" 2 D
KB H 71 % 7RZE S (Gianeral, 1982). T DHER, #
B TIEH 50, BHEICHWSITIE, FEAMHE (BE)
EBEZH WS -D, TOMGHWERZHEMT LI &
NELVEETHAS. LT, TOHEE, 0T I5h
cepstrum_miniphase.m IZ{h > T, =D DEREIZHT TRE

D.

% cepstrum_miniphase.m

function [b1,h2]=cm_method(n,Wp,Ws,Rp,Rs,Fs)
% Example: [b,h2]=cepstrum miniphase(128,2000,20000,1,
% 40,256000);

% Construction linear-phase filter by

% Parks-McClellan method using Remez exchange algorithm
% and Chebyshev approximation

% input paramerers

% n ; filter order

% m ; desired magnitudes

% Wp ; cutoff (edge) frequency of passband in Hz

% Ws ; cutoff (edge) frequency of stopband in Hz

% Rp ; passband ripple in dB

% Rs ; stopband ripple in dB

% Fs ; sampling frequency in Hz

% w ; initial weight for wxample w=[1 1]

% mm ; desired magnitudes for lowpass filter
% ff ; frequency points specifying mm

ff=[0 2*Wp/Fs 2*Ws/Fs 1];
mm=[1100];

% Filter coefficients (impulse response) of H(z)

b=remez(n,ff,mm);,

% Impulse response of filter H(z)
figure

plot(b)

title('Initial impulse response')

% [H(z)|

[h f]=freqz(b,1,4096,Fs);

scaleA=h(1);

figure

plot(f,20*log10(abs(h)));

title('FIR lowpass filter');

xlabel('Frequency in Hz');ylabel('Magnitude in dB');

% Zero-phase function Hr

figure

zerophase(b);
[Hr,freqency]=zerophase(b,1,'whole');
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dd2=min(Hr);

% Pole/zero diagram of H(z)
figure

a=[l1];

zplane(b,a);

% Calculation of H1(z)
% d2=10"(-Rs/20);
d2=abs(dd2);
n2=(n+2)/2;
b(n2)=b(n2)+d2;

bl=b;

% Pole/zero diagram of H1(z)
figure
zplane(b,a);

% Zero-phase function H1r

figure

zerophase(b);

[Hrrr, frequency2]=zerophase(b, 1,'whole');

min(Hrrr);

% Calculation of the impulse response of H1(z)
% L: length of impulse resopnese

L=4096;

[h1,t1]=impz(b,1,L);

% Impulse response of H1(z)
figure

plot(hl);

title('Impulse response of H1(z)")

% Modefied impulse respones of H1(z)
rou=1.02; % tentative
for k=1:L
mh1(k)=h1(k)*rou’(-k+1);
end

% Calculation of the cepstrum of mh1
xhat=fft(mh1,L);

m=abs(xhat); pm=unwrap(angle(xhat));
HW=m.*exp(j*pm);

acc=ifft(log(abs(HW))); % cepstrum coefficients
acc=real(acc);

accl=[acc(L/2+2:1:L) acc(1:1:L/2+1)];

% Cepstrum of filter {mh1}
cx=[-L/2+1:1:L/2];

figure

plot(cx,accl)

Fe665 2004 4F9 H

title('Cepstrum of mh1')

% Cepstrum of H(z)

c2(L/2)=accl(L/2);

for k=1:L/2-1
c2(L/2+k)=2*accl(L/2+k);
c2(k)=0;

end

c2(L)=accl(L);

% Cepstrum of H(z)
figure

plot(cx,c2)
title('Cepstrum of H(z)")

% Reconstruction of minimum-phase cepstrum coefficients
for k=1:L/2+1
cc(k)=c2(L/2+k-1);

end

cc2=cc';
h2(1)=exp(cc2(1));
h2(2)=cc2(2)*h2(1);
for kk=3:n
s=cc2(kk)*h2(1);
for k=1:kk-2
s=st(k/(kk-1))*cc2(k+1)*h2(kk-k);
end
h2(kk)=s;

end

rou=1;
for k=1:n
h2(k)=h2(k)*rou”(k-1);

end

% Impulse respoponse of H(z)
figure

plot(h2);

title('Impulse response of H(z)')

% Pole/zero daiagram of H(z)
figure
zplane(h2)

% Magnitude function of minimum-phase filter H(z)
[hh ff]=freqz(h2,1,4096,Fs);

scaleB=hh(1);

hh=hh*scaleA/scaleB;

figure

plot(ff,20*log10(abs(hh)));

title('FIR minimum-phase filter');
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xlabel('Frequency in Hz');
ylabel('Magnitude in dB');

% End of program

@ HHIZ, J&& 725 FIR & linear-phase filter & 4.1 D5
HBICHES TERETT 5. Matlab DR RS 1 M5

[b,h2]=cepstrum_miniphase (128,2000,20000,1,40,256000) ;
#ANT D, T, linear-phase filter Z R H)ICHKET 2
ZEEBEWRL, KE128, iR O MK EY 2kHz,
FH Ik 0 Ty 2 I #k 20kHz, @@HE& O U v 7L
1dB, FHLIEHIR DU v 7)) 40dB, FEA(LE %k 256kHz &
WO TH 2. 5 5 317z linear-phase filter D% (1
SINVARE) 4.6 1RT. ZDfilter 2 HEz) &L,
ZOREREER 4.7 ITRT. REnid 128 THD, ZZ
Tl nNMEETHHZ ExTRL LS.

2D HE)Z, HE)=Hr()e" & —BICEEINS. =
ZT, H() Z2FME (O8E) B&E WS, Blib, fHE
) =0) O, Hz)=Hr()) £ D 2 LICEDE4HMTH
5. SN, K47 IR TR OFIERE |HE)| ST 58
%%, 2, HQ)DADHEEBHETL2ATHS. M
4.6 IZ7R7 filter H(z) D ENALAHBIEK Hr () 3K % %1213,
Matlab @D < > K zerophase Z i viuI L, #EHRIZ, K
48 L7235, ZOMAS8ITB I BMHIEHHEZILKRT S &
ZHUTIK 4.9 OFRICIZ D, FHIEHER TIEADOEERDZ &
B,

ZDK, Hz) OFE-BEBEZFHANS L, ZNITK4.10
s, Wb, FAIC, =128 EOMZERL, BEAMNHE
A R BT L CTHKBEGREZE T D EREREE L
THN S linear-phase filter & L TORETH 5.

@ ROAFvTELT, H(2)=H()+8,z7""" 135%H7
75 filter H,(z) Z1E%. T Z T, dg1%, X 4.9 OFHIEHEIC
BIZU Y TINDOREES (DFED, 0x5,0U v IV
4.9 OHIEHEICH D) &9 5. ZOK, FiITERIN
T H(z) DF -WBEEZRARS &, i, 411 &7z
5. ZOHQ@MROFEREEICEET S &, EEARK
KHHEREEIIFRLC TH 20, BEAMEICHAZER
MWHREET2EMIIARD ZEIZEN DD (Kkid, B
MAEOE2TORLAN2ERITESRITVIT AN, &
B, BIIFEHRICRIT2 128FBMTHS. D H(z) DESL
MK ERDZ E, 2T, 412785 K49 &H
C&oig, HIEmEZEIERT 2L, N, B4.13 &7z
5. BNMHBEBOMHEIEHFENEA LIS THWD T A
5. NV HE OEMTHD, H(z2)=H(E)+5z " D
Sz " ICEBMRTH D, b, ZokIEAREEREK
% factorization §° % Z & I & U, minimum-phase filter &
maximum-phase filter ICZNZE T B EERHEET 5%
THs.

® ZDEME T, FIR % D minimum-phase filter % 49
HDIZIZ 2B OHEND S, 1 D1, KEndh/hS 0
BICHEATRERDBOTHS. T, K411 OFEH -l
BEEMNS, UTOXDBRBEREMEEVNHL, Zhz2H

0

Y C minimum-phase filter H,(z) Z/E5HDTH 5. HIb,
M K4 ITHDMOESFTTH D n/2=064 O

(2) ERILBLDOERICH 2FLON, BAANICH 2%
=

Iy

Q) HMHECHZIFFT 2EELADOHN, F4D1DEL
DL, TIN5 Hyz) 2fT 5. BRD LI
M5, RO OFEMN LM S maximum-phase filter 2%
BRI, ZOHEZ, a0, +oIC
EHWTHD. —fRIZ, nN20-EELXTTH .
IT, nMREVEZITT, BRERMEIETRDS Z
CITERENES D L&, ERICESNZFER OB E N
BI72728, ROHE2 DFHEDN Hyiz) OREIZHNWS NS,
LR, Zhzstids. £9, HE@ OAf 2NV RREE
RKDB., A NIV AIRE DR D nf@lid, H(z) A3 FIR B
filter TH D720, TORKME-HT D, Z1L, K414
ERB. nMI28FHADE, BRODZ ERBRNS, 1>
JIVAREREERD. TIT, H) O 2V ARE
(b)) ET 5. BER, 20 k) D5 Hz) DA
SNV ZIRE Ak} B3R D T 12725, {hy(k)} 1Z FIR
B minimum-phase filter T 20 6, 15 5 N7 {h(k)} 2
ZTDE X FIRfilter DR 785, £ I T, (b} 5
{h(k)} 2RO B FHiEEEZ LS. ZHNITIE, cepstrum &
WazHW5d, WE, {hk)} & {(hk)} O cepstrum %, KX,
{c)(k)} RO {e(l)} ELED. {e (b)) FERT D E, 2HUT,
4.15 & 72 5. cepstrum @ gt % 121X, Fourier 28 #f& & 3
Fourier £ % W 573, @, EHOES LIE, L>>8n
9%, H4151F, L=4096 DB ETH D. cepstrum I3
R EZDELSICEFLTVD I ENHAD, £z,
k<01ZIEE D c,(k) MTELE L, filter h, |& minimum-phase
filter 272 572N EAVHIA D,

3.2 T X/= H 19> T, minimum-phase filter {A,(k)}
BRSO, £, (o)} 5 {ok)} 2RkD 2. HIb,

¢, (k)=0,k<0
¢, (k)=¢(0),k=0
e, (k)=[c,(k)+¢,_,(k),k>0

ET 5. HE501TE o)) 13, K416 OFRIZIRD. ZHU,
k<0 Tek)=0 &L=, k) BEBNS filter hyk)
I3 minimum-phase filter £78% 5. KIZ, {c,(k)} M5 {h,(k)}
EZRDD., DD, {c(k)} /5 minimum-phase J% 5} %
TRICKDIKETRS.

(k) =0,k <0
hz 0)= exp[62 (OIN

hy (k) = c,(k)h,(0) +

0

(-1

-

M

%cz(n)hz(k—n),0<k<n/2

I}
o

n

Z ORI L THE BNz filter {hy(k)) 1, K417 755, Z
NAKD % FIR B minimum-phase filter O > /%)L X i
TH 5. B5N/flter ()} 1ZH(2)FDEDTHZMN5,
H,(z) DENHHBIR EFIE R EREZRD D T &N TE 5.
D Hyz) Dfii - FHElE L, K418 DEkic2D, & 7T
O & T AN BEMANICHEET 5. o T, filter Hy(2) 13X
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Z @ filter DF|ERMEZ, K

419 £ 750, 4.7 DRNGH:4: %2H 3 5 linear-phase filter
1254 )59 % minimum-phase filter &758%.
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5. HiEBEHRERRE R O digital filter 3

ZITiE, #EROMEEFHA(0,)E=G6(0) Plo,r) S(w)%
JEAES site effect G(w), REFHIRHE P(o,r) B OEERE
S(w) ZHET 5 digital filter NED XD ITHEI NN E
ERL, HlERTIEETSD. IS, % filter DEF DR
¥ (21X, minimum-phase BE%t & 7>, maximum-phase
ED) KD, Aor) OFHENRE>T S L&,
TOMHMERZMZT LD TH S, HL, # digital
filter R BHEZWME T D EWVDFEIIRICI T 5 %,
one-side function (2§ & IFE QKRS ICEETS 2 H 1B 50
Eirb. BB, BEIISORL6IE, BREEEEZERBTS
BIRERE R B EOC R O IRV, ARE T, So)
DA )NV A AFTITHT B digital filter D iz % O IR TR
ERBTIEITKRD, RRMZEBREFEICEAT S, £z,
INS ORENHELEN S BICHESIND L NS FE
Mo, EBWEE (flter DHBIEAFE D T XRIVFNAR L
325%) BEEELTENS D,
51 YA R

ZITERWNRET DY A MIRIT, SHIEOHEE
BT AEEBRKELELD. /o TC, ROBEHLRES,
G(w) ELT, KELJEREED SH AFHKIT T 2 155EH
¥ E @ X7z digital filter /220D EERS. 2D
xR %E, Goupillaud (1961) @ equal-time layered model
Moz B E RO D L, 2 TCOMEFEH (LHEK) N
BAZMANICHFET S 2 &% (Kinoshita,1999). B15,
%8 D two-way time & AT &5 (p+1) 8 D equal-time
layered model 25 X 5. I FEM (p+1) BTHO, &
B RBNSFE DTSN TNREHDET D, ZDE
E EBaBEE I BOBRICBISZE+1 BENLER
SH % O RSHREII KA L 785,

kn ( n+1 —-q )/(an+1+avx)’n:1)2 >>>>> P

ZZT, a=pp,cosOiZEnBICBITE 1T o E—F >
ZATHO, p .l RN O%E FHx EBonBITHBITHE
B, SEHERVCARALTS. 00L& KELE
il DR EREEIY, AR TERTSHE, KA ERkD
(Kinoshita,1999) .

P
G(A)=Az7"? /anz’"

n=0
ZZT,

P
A=oAT ,A=2][(+k,)

n=l1

Tho, {bﬂ}::1 1%, Durbin- Levinson Oiffi{t=; :

M5, b,=aln=12,.p ELTRES. /s, b,=1 £T 2,
Z DIEEBK GO) OB EEAL, £ THRMPNICEEL,
minimum-phase B & 72 5. 6> T, Y1 FIE G) 1

minimum-phase filter & U THEE I N LS.

—RIIZE ST, MELEOHMEICB T 251 MR
WBHRREZEZMET SLHERRTHD. 2, Lok
BRI B ER BN I 720, —amae il Tnd
W ERWn /o 7T, U\T@mum 1%, equal-time layered
model IZHKHF L 720,

ST, G(w) IZxti9 % minimum-phase filter D 515 /7%
ERZED. RRMEOKREICEDE, Y1 bR filter DI
Bl <0IlZBNWTEET D, F/z, YA MEIR filter
@ minimum-phase frE &2 K ET . ZDELE, TA b
I filter DRTMKEER, 79— - 7 O0—=Zv DR
= RAWT, RIBRE G(o) M HRD B Z ENHBkS. HIE,
B BOR filter OALAHRAEIR, BEHBGHIRIC BT % Hilbert
ZHERNWT, 33 TrRlLAELKDIK

A-¢
5 s

cot(

mgG@”):—gzthG@f)

THAGBNSD., ZCIT, BEAERMZATELZEE, H
BHN T A—=FFIEBUEHIRBI A = 0- AT |A| <7 L7325,
Z DI, E cepstrum ln‘G(e”")‘ E AL AR argG(e™) DB
BRERTHDTHD, EFEFERTTIT, cepstrum fHE T
non-minimum-phase 8% minimum-phase JEIZ 219 5 #1E

IZ& o TH filter DA 2 )V AIRE {g(AT)} 3RO B T &
MHFD ZEZ2ERLTWS, DIF, BEEREEB TOHE
%I%t?étbjémTtbiﬁ.éfJWﬂﬂﬂ#B,
R argGe™) iR AU, B 1 FEIE filter {g(0)} 12X
F DIEER ’G(e”)‘exp iargG(e'*)] Mi¥i Fourier 2 ?ﬁ""Cij?
A5,

—DORERED. ZITIE, BENKCLOHEINE
WergfE T O EAMIEIEREE UT, KTkt (2002) T
RSN TRHBRIEBBENGER TORBREZA VWD, A
7 HEEA M, 05HZ ~ 16HZ IZBIF5HDTHD, H
BTOARNAZ3IETEHHDOTHB., £z, Ll
BN NBEIREEEZILKRT 5 & &1, ZOMEHFTOHE
MGz W, 16Hz 2 2 % FREHIC BT 2 SH D 0
Z 100 &L, 0.5Hz X O KE KL TO O fEZ 10 &
ELUTEELE FEMBRIBNICXIVES N HEER
L, 3KRORAT T4 CHETHEEEL, Zhakob
minimum-phase filter DIRMERFE (G(A)| &L7z. TDKD
U THRE S N2 IRIERE 2 B & 1T Hilbert 2412 X %
F7 1% & cepstrum 12 K % F71% T 3R 72 FIR minimum-phase
filter 2 B 5.1 12779, ZT3NiE, K %512 &9 % FIR
filter T % A%, Nyquist HHE % % 50Hz & T5HDTH
. W5, 2D0HKIRE, F—o0 filter Z3%FH9 2 2 &
DB D £z, B 5N filter DIRIEREZ K 5.2 1ITRT.
B D m R TR U ERIBRED, BEETHHDTHS
7, 0.5Hz ~ 50Hz IZ BWT, 8kat S N7z filter DIRIERHEIE

_*ﬁTé.b#b@#b,QﬁhuT®ﬂ&ﬁﬁ
b:isb\fbiiﬁl?ﬁbfibﬁ G JE 38 B0k C D IRMRREIC & D
filter ZFXETT 2420ITIX, 2DOHENEALGND. —
DI filter DX¥%E EF 22 ETH2DH, ZHITEHE LB
EH) TR RN S D, O—D1F, Nyquist Bk 2z T3
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HiETH D, BaHIT, Nyquist HEE 2z 12.5Hz & L 7=
LEORRE, KWS3ITRT. NI, 0.1Hz ~ 12.5Hz
DREPEIRICBNT, %EH S N7z FIR filter DIRIFHREID,
HEEE T DRIERMEE —F L TWnad, ZHid, Hilbert 2
WK D HETDH, cepstrum Z2HVWB HETHRERD BN
5.
52 FERIEESIR

ZZTHD Plo,r) MED L S 73 digital filter & 78 % 7
3, reo% &2, BEEBEMOHRBRELZEE,
Plo,r) ITEEN 2 FEPFEEKGFE %A T 2 IHD Fourier 28
B/

explixr] (= exp[-a(@)r +i2Qa(w)r])

KBS N5, WHOKRKHERI T Sa(w) = 0/20v
DX ZH WD &, explinr] @ KB %8 (3 Fourier
BE) 3, WEMEzmERT, dHEkEERS5 (AL
and Richards,1980). Aki and Richards (1980) 2 &k #1113,
Fourier Z2#2 explixr] DRFRIBAEUIRIZL, TN K R Z
=L, D, fH5#tEZEH 9% & E, minimum-phase signal
Lixs, HL, ZNICIE OB —EDOLEMEDOTFT, HERK
DEEFEHED T FWEKEKEFEEZFTELTWS. L
MUIRMS, Azimietal (1968) DEF I THbONL X
21, OM—EDOLRMEZEMEIE /&, Fourier 2t
explixr] O KBS % 13 minimum-phase signal & 1375 5 78
W, AREICBWTD, P(w, r) DY Fourier 2t (ZNA3,
P(w,r) @ filter D1 2 )NV AIRE E722) DIRRM: 2 7z
L, D, Z#EZA T 5 &SI, minimum-phase filter
IZ&D Plo,r) ZHEKT 5.

P(w, ) 125t 3 % minimum-phase filter @ 3B % 77 %
9. ¥, Hilbert ZH#112 X % 5% TR /= FIR minimum-
phase filter 2 X 5.4 IZ/”79. 33, BIREEE » = 150km,
{GIRHEE v =4.4km/s, SPED Q %300 LL7zE &,

P(o,r)=r"exp[~aor/20v]

N 5 E NI 5 minimum-phase filter D RE (1 >NV A i
) p() THD. TIZT, AT=0.0055 ELTW5B. KIT,
FEBKGERO OMEEE T 2580 EMZ2RE D,
£7, AEET5 QOMEE LT, 0.5Hz ~ 16Hz D#ipE T,
Kinoshita (1994) D#EHRZMWS. Z O EWREES T,
i R T 0 =1,000 &, {KREWEEETO0=200&L,
EREEHBTO Q%3 ROAT 51 @B TERELT
H\wa, Hib, REDRZ,

Pw,r)=(pBlp.B,) " r ' expl-ar/20v]

E9B. ZIT, ppEpp iR BA, REFEBK OB
M2 TRERE TBI2SEor > E—F R E
T 5. ¥7=, EJEEEEZE 200km, BEKIZBITS S HOLEE
WA 4.4km/s & LA, 1/0 WG & P(w, r=200km) 13,
K55 0#kic/iz s, ZOK, RERE Po,r) ZHT 2K
#( 257 @ FIR minumin-phase filter {3, 5.6 7%, KT
Id, Hilbert #2112 X %57k & cepstrum 12X D FiEZzERL
TWBN, BoNEHERIT L TNn5,

Fe665 2004 4F9 H

B N RH R &R IR RN BT minimum-phase filter %
WaZ &I, FRETHMEHOAEKR E WS TEMBEICS
FAMBEHOLRXO—T D5 A FOHEMmNER LS.
s, 2oXO—=7F%25 22207 « AR MUVOHEET
A7z & &, ZHI minimum-phase FHEZDHD 725D
A D,

53 EIEFHE

B S(w) 13, BIREEHEBEROBBEREHRTH S Z
LeEXDE INETHDZ Go) ® Plo,r) DRRIZ,
BT minimum-phase B{E & U TR D ZEDNRETH 5.
ZNE, S(w) 7 minimum-phase Bt &9 % &, B
B ZDbDITh#ENA L (RERFERITET <IZDh
TIRNFREFTS20), BEELUMICHVWSNS =
ABARCERERO XD RERREER ST S I &R
THEE R DD TH S, Wiz, BIRFFHEBIE = MBI%K
P EEEAR ORI FREE TIEMNICHESINS ET 5
&, A OREIZ, S(w) % linear-phase Bt & LU TH#H S
DMZTANDRTNA D, ZHUZDONWT, D LEHBHL LS.
WE, 57() TRIKDB=ZABKEEALD. TNh
BRI HEIBE R, sV, BIRRREZ filter RBIL 2 & &
DREANET D, Z0EE, ZOBBOMN - & MELE,
X 5.7(b) £75%.

B 5.7() 13, HALM EIC7 D02 BEOFEMOMMEE
SNTNBZONHEAD., ZO2EOEHDD B, —DON
minimum-phase DFEFMTH VD, D—DAH maximum-phase
DEREED. ZOKIZ, :EBMEHRTEALLE, B
AR U CH R BERICH 2 B BRIE O F RO/ (HALM
ETHh 2B/ ) M5 EF SIS filter /)3 linear-phase
filter Td 5. )i, linear-phase filter 1%, =AM S3E
HENSBERMHBERKO—DOEFTINTHD, L
T T/, F /=, linear-phase filter 1, &M & KR
Zimed 5.

TIE, FEBRIZ S(w) 7n 5 linear-phase filter 2 < Z & %
EZED. NI, 72 B R sampling £ (Proakis
and Manolakis,1996) Z#HW\W5, £3, —fRKICMHEL =
& P gl T B D spectrum S(w) 2E XD, HEILZE
Bz

@, :@,k =0,1,..,.M,
M

L35 HL, M, MBFEOD E E M=(M-1)2,
BEDOEEM=M21LET D, ZDEZE, filter DIREL
{smAD)}" "1,

M-1

S(w,)= Z s(nAT)exp[—inw,],k=0,1,..,.M -1
n=0

TEFEIND. WL, ¥ Fourier 212 W T TH
AbN5.

s(nAT) = ﬁ Z S(w,)explinw, ]
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ERXERHWT, 22T, o FFNICEHLTESN

M-1

(smATY" | O ERE S, M=165x10"N"m,
fo =029Hz, fomx=32Hz &L TW5%. K5.8(a) & (b) 1T,
w” BF)LDREJE spectrum & {S(nAT)}"::)I ThHb. S(w) D

SDERE M=8192 2L, AT=0.005s &L TW3,

ZORHER, EIRR BB O M RIS U TRl 7a
REZHL DT TS, FHZH, HEEOHEDOEN
BB 2 IRIEEE A AR EIC T, BIAXICEET S S
CERICHEEND D, YIROZ EBMNE, ROEKEL T,
IRHEAE & AL AR 2 R I © & 1 3 cepstrum O
I CTRERMEREET LT 2 HHTOEENLE
EIRAD.
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Frequency-dependent Q (left) and amplitude attenuation
(right).
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6. Decimation filter - CS5376

FIR minumin-phase filter Z&Z M E O RH% E L T, 22
T, EPFZO decimation filter IZDWTE X KD, HE(E
= & BAEL S D EA 0 EEERIL, Fird A/ID B TH 5
7%, BHHIAH & U TOZBRILBE A/D ZBHER7Y, mifi/s 18
Ey MITITEILED, Zil/RE8HN24 By MK
7921220 T, ZOMEOD filter DEFEN[E > TEZES
5 & ZATHAD. Decimation filter 1Z, FriA4— /N5 >
T T EAIC I D < M D reduction IZAFRET % digital
filter Tdh 5. FHMIEEL < OHFIE [#1Z1X, Eynde and
Sansen (1993)] 23 TWB DT, I Z TIIEIET D,
AR NVEBETE — I D M F B4 %, decimation
filter Z@iB T 272 NIT/NIL<THZLITLD, T8O
A/D BEHER D REEZ M LS E 5 EFET 5.

T, decimation filter 2 & D L D 5t TRET 50
1%, HOBRE-MRENHRS. &Y, MA1ZH
WT, ZNZHHLTHR IS, @%, decimation filter |3,
IR TEREN S NS, BB, KA O Filter#l, #2 KU
#3 TH 5. £, Filterhl OEFENL, HLIBNLNLLN
B TEnuns, HE0F—F2HS D, HE
HEENHNZ & (F#H decimation) &, #HEHSND /1 X%
FhEWE <FRZET D Z & (anti-aliasing) TdH S. Filter#l
DATNE, A D bitstream [FH5TH D05, EAEEP
BahloEmnERRTINERSRN, /o T, BdAN
< fBLT3 filter C, Y5 B B AV W KR O FIR filter 73
FIND. KR OD sinc filter 2 B 1 filter D 4% 73 Bl
7z filter T Filter#l I3 F > £/ x5, AL, MHIEHERD
A X RobrEHRRQIT RS W, DUFIZm RS sinc
filter 2£1%, T @ K /2 Filter#]l D £ % i 7= 7 filter T &
%. Filter#2 |3, #% 2 BefRk & 72 %. Filter#2 O FJBI
Filter#]l T4 U /=B A % equalize L, HHIDESEBRE
9" % anti-aliasing filter D% HZ#H S5 H D TH 5. Filter#2
D#%E%IZ, decimation filter DLMEEETH D, SN DBFHZK
FENWZEE(FAFIvT - LIPRKRENIEE), B

WA NS W ENFEREND. HL, ZOBR
TOREAMEAERIIZ, K2, Snizd, @I FIREO
filter TRRFFIND. WK O Filter#3 13, KHEOEE %
HIETDHOTHD, ZOERTIE, BEAMLEKEEBEK
BoTn57=D, NIREO filter 23 L TN 5,

EBEOHBEIZ DV ZAZ)I) - IO 7D CS3576
B filter ICDW TR THKD. Z D decimation filter {3,
RSy F—~DIGHZEHE U TSI N/ 4K
D -8 75 F 88 CS5371 % CS5372 1T ##  % decimation
filter Th 5 (1 F ¥ > JVE CS5371 &2 F v > IVA
CS5372 DHABGOEICKDIHRR4 T v )z 1L ED
CS3576 THEd B). CS53761%, KA2 TRTLIIZ
4R ET72 o THB O, FIBITE KR D Sinc filter @ chain
THO, N—RUL7 THEKkINTHD., BIs, KA1
@ Filter#1 IZMH% T 5. 2B H & 3B HAFIR filter TH D,
A, AL O Filter#2 ICHY T 2. REEDN, KF
KE3 D IR filter 725 T3, BB, KA1 O Filter#3
ThH3. £, WEZHEKT S Sinc filter ® chain {3, X

ALITRTEDIT, 5O DOMAEDHE (Sstage Hpk) 7%
T RE T dH D, decimation ratio % 16 ~ 128 D[] T I T
E%. Z O chain Z#Ep Y % il % @ Sinc filter 1%, 2. THk
BILZZ&DIT, (1+z2),n=456 NHE>TWD, HR
DZERrMS, ZETOMMPFEFTH D, TR -1 OALE
WZH5b., o T, BRETHRMEZET %A, linear-phase
filter £72>TPH Y, chain DFHFEEDIDITHERL TH
ERDBEAMEIZH O, 7R ER T O minimum-phase
filter & 1372 5721, {H L, Sincl @ filter O B AT K & 73
decimation ratio % £ 5 (filter ® £ & X U, decimation @
MR RENDT), FfiAYIZ minimum-phase filter & L
THAD. ME— DKWL, {# % D Sinc filter D K E A3,
n=456 DERIT/NESNZ ETHY, HIZIE, chain DD
Sincl @ filter & Sinc2 @ stage$ filter 2 71 X & — RIZHEfE
LTHWS XS EE, ERNICHERBENDT DITERE
9" % minimum-phase filter & 72 LU TEZLED Ian 5 5.
ST, 2EXELIED 2 DO FIR filter & IR filter D{RE1T

PCOS5UTIN - R—hZ2BLTTYYTFAI T2
ENHRS, AIG, REHER 2 Do FIR filter O & &K
BMN255 ICHIRENTND) 2FRNT, FREMES RS
digital filter - decimation filter - Z (LI A LTS Z &8
ks, 22T, ZITIR MA2O2BHE3EHD
FIR filter & BHEB D TR filter IZDWTHERKL LS. K

FIR %! ® minimum-phase filter 23 & D L D ITE 515 0 ’5:
HAMIChRE D,

2 Bt H O FIR filter (FIR1 filter) 1%, A B¢ @ Sinc filter
chain M IEE I filter 13T A, T O@EBH AT FH &
BOBNWI EEHET 5720 S 17z equalizer & L
T filter TH D, anti-aliasing filter 2R D HDTH B.
Ko T, EIE BN T BTN > T INET S
RIEREZ R DL D ITERFF SN T WS, FER, BETh
65:7 IV ELUTRESNAZRBFHEN FIR 2IED K

DICHEI S NN OERBHA SN TNRRNDTA
BHTHZ), TORERFEEZRS L, NRDEOMER
WETH 2. BB, WEM filter DWBTIIC 1+27)7
D filter TIHWKEERELZETNWEEDTHS. 7,
(1+z")* O filter IZ FIR B o 21 73 {5 35 38 & filter (FIRI
DFEMEMN S BT, W E IS % Nyquist Bl E D 0.12 £%
BELT2) 2ardbEUS, FIRI filter IZEWH DA
FRETHSREL S, HL, ZhdBROIERN5, (1+27)7
PNHEAM EC2EME2GT 5720, #F, BEAMHNA
BHIETRBLERIHID Z0ZEn6dbHD LD
IZ, %, FIRI filter D& EHIE, 2 DD filter 2 71 A & —
RicERT 22 Lick0frbnsg. Wb, LHEHEXRD
anti-aliasing filter & FLERAYIRR D (HHANT1 DOE—2
EHT D) HIEMN filter LON T — REHTHD. WY
NH, Matlab @ gremez 8,113 remez & AW TEREI I 5.

&1 filter D FZEHICIE, firlpnorm Z VWD 2 & HH 5.
g, D LUIRE TIEH 523, liner-phase filter D % 5 51|
234 12 X 8, minimum-phase filter 12 25413 % By [
T, TOREAMERASYE, filter DWBHILIC/N T %
FlzgszE&nT&Es, Lilians, 22T, F
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7 )V k&L TH A SN linear-phase filter T& % FIR1
filter 70 5 [d] U IR W& 45 M %2 A 9 % FIR & minimum-phase
filter Z &I HHIDAZEERL LD, DT, Ihaefrd
7027 5 A FIRI.mIZDWTIRR S,

% FIR1.m
% Construction of FIR1 minimum-phase filter

clear all

% Original FIR1 linear-phase filter

M=38; M2=M/2;

h1=[-3363 -12069 -27056 -43884 -36017 17858 128486
266726 321261 179350 -228950 -821735 -1280574 -1190828
-190214 1820850 4419986 6887230 8388607];

h([1:M2])=h1([1:M2]);

for k=1:M2

h(M2+k)=h1(M2+1-k);

end

plot(h)
title('Impulse response of FIR1 linear-phase filter")
figure

zplane(h,1)
title("Zero-pole pattern of FIR1 linear-phase filter')
figure

N=4096;

w=linspace(0,pi,N);

s=freqz(h,1,w);

w1=w/pi;

plot(w1,20*log10(abs(s)));

title('linear-phase FIR filter [FIR1]');
xlabel('Frequency (Normalized by Nyquist freq.)");
ylabel('Magnitude in dB");

figure

%
norder=1024; % norder must be a large number as
% compared with M=38
% to put all zero within the unit circle
for k=1:norder
h(k)=0;
end

hn2=norder/2;

for k=1:M2
h(hn2+k)=h1(M2-k+1);
h(hn2-k+1)=h1(M2-k+1);

end

plot(h)
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title("Modified impulse response of FIR1 linear-phase filter')
figure

% Construction of FIR1 minimum-phase filter
y=mps(fft(h));

hh=ifft(y);

hh=real(hh);

hhh([1:M])=hh([1:M]);

plot(hhh)

title('Impulse response of FIR1 minimum-phase filter")
figure

zplane(hhh,1);
title('Zero-pole pattern of FIR1 minimum-phase filter')
figure

sl=freqz(hhh,1,w);

plot(w1,20*log10(abs(s1)));

title('FIR mimimum-phase filter [FIR1]');
xlabel('Frequency (Normalized by Nyquist freq.)");
ylabel('Magnitude in dB');

% End of program

FRI.m @707 J AT, &I, 77+ ELT
5. % 5 3 7= linear-phase filter D B % M~ 3 5. HI B,
6.1 IT linear-phase filter D R# (1 > NIV A WE) %=
RL, TOM-FHREEE, K62 &L T/RY. HALH
NozAZ, BAMICHL THRKBMMEIERZAL,
linear-phase filter D F# 2R L TW 5. 631, O
linear-phase filter DIRIEFETH .

Z @ FIR1.m O % ¥ 585013, 6.3 T/r & 1 5 linear-
phase filter & [7] U#RIEF51% 2 F 9 % minimum-phase filter &
RO D HDTHS. linear-phase filter 22 5 minimum-phase
filter 23K 5 H{EIE, INETHRXRZLDIZ, WA WA
EH DM, T TIE, Hilbert ZHICHE DO FiEkEZHNT
HED. 155 3N 7z minimum-phase filter D1 > )N)L X &
(filter DRER) 7%, K64 L7235, UROELNS, K
6.4 |27~ 9" minimum-phase filter D fi - F LS AL EL, X 6.5
s, W5, 6.2 DERICHAISMCH > T=FAD, K
6.5 TRASESBENI EIZENDID. K661, 55
#1 7z minimum-phase filter D RIER: M T H 5. 6.3 DI
BEMEEZ 7+ 0—-LTWEO0HAS. 20707 I A
T3, Hilbert 25 #2 % 5+ & 9 2§12, linear-phase filter O
REE order DZ &) #RESLTVWBH I LITRAMND
Z9. INITKD, g TREFIZSBY->THESNS
minimum-phase filter O BA7 [ FIZH 5 55 5 DAL HYHAL
MARICEBEIT 2 LS ICHAEL TWD,

KT, 3B H ® FIR & digital filter (FIR2) 1T DWW T
ZALD. Aws7nor 741, LLFOFIR2Zm TH
5. ZOROuETFR, TN FELTEALSNT
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) % linear-phase filter D 7k TH 5. £73, K671
linear-phase filter D%Ex (1 > /VVARE) Z2HRL, K

81T - FREBEERL TS, F/z, REEMEZL X
6.9 TH 2 5N %. Nyquist JHIRED 95 % 7 WM ik ik &
U, PBHIEH T 130dB O EREEH L TnD (EEK,
decimation ratio 2 2 &9 5 &, 1kHz OEAR(LE KIS
WTC, 450Hz 7SEEWTE R & 720D, S00HZ 7 5 BH 1k 4 K
i), @@dHEoY v 7N, K610 ;RT H D
THO, HEHROADZEWMEL TR, WSIhKRER
Jyw Il oTn5,

FIR2.m @ % ¥ T3, I @ linear-phase filter {2 % iz 9
% minimum-phase filter 2, Hilbert 28 #& % i \» % J5iE T
ROTWD, ZORE, K611 DA 2NV A RE
(FIR fR%0) Z ff DAREGEE M filter £72%. 2@ FIR Y
minimum-phase filter O # - 2 & Bl & 13, 612 L7201,
FRIFBEMMNICEET 5. £k, kiRt z, K6.13 12,
ZO@BHEHTO Y v 7 IV EH 6.14 ITRT. T O filter D
FEEZERE (group delay characteristics) 13, X 6.15 &720,
Wi T OXENIH 6.16 725,

% FIR2.m

% Construction FIR2 minimum-phase filter dorresponding to
% the original linear-phase filter

clear all

M=126; M2=M/2;

h1=[-71 -371 -870 -986 34 1786 2291 291 -2036 -943 2985
3784 -1458 -5808 -1007 7756 5935 -7135 -11691 3531 17500
4388 -20661 -15960 18930 29808 -9795 -42573 -7745 49994
33021 -47092 -62651 29702 90744 4436 -109189 -54172
109009 114154 -81993 -174452 22850 221211 68863 -238025
-187141 208018 318763 -116005 -443272 -49958 533334
298975 -553873 -642475 454990 1113788 -137179 -1854336
-766230 3875315 8388607];

h([1:M2])=h1([1:M2]);

for k=1:M2

h(M2+k)=h1(M2+1-k);
end

plot(h)
title('Impulse response of original FIR2 linear-phase filter")

figure

zplane(h,1)
title('Zero-pole pattern of original FIR2 linear-phase filter")
figure

N=4096;
w=linspace(0,pi,N);
s=freqz(h,1,w);

w1=w/pi;
plot(w1,20*log10(abs(s)));

title('Original FIR linear-phase filter [FIR2]");
xlabel('Frequency normalized by Nyquist freq.");
ylabel('Magnitude in dB');

figure

% Construction of FIR2 minimum-phase filter
norder=1024; % norder must be a large number as compared
% with M to put all zeros within the unit circle
for k=1:norder
h(k)=0;
end
hn2=norder/2;
for k=1:M2
h(hn2+k)=h1(M2-k+1);
h(hn2-k+1)=h1(M2-k+1);
end
plot(h)
title('Modified impulse response of FIR2 linear-phase filter')
figure

y=mps135(fft(h));

hh=ifft(y);

hh=real(hh);

hhh([1:M])=hh([1:M]);

plot(hhh)

title('Impulse response of FIR2 minimum-phase filter")
figure

zplane(hhh,1);
title('Zero-pole pattern of FIR2 minimum-phase filter')
figure

sl=freqz(hhh,1,w);

plot(w1,20*log10(abs(s1)));

title('FIR2 mimimum-phase filter [FIR2]');
xlabel('Frequency normalized by Nyquist freq.");
ylabel('Magnitude in dB');

figure

Gd=grpdelay(hhh,1,w);

plot(w1,Gd)

xlabel('Frequency normalized by Nyquist freq.");
ylabel('Groupdelay [samples]');

% End of program

ST, KD/ EWAEEEEET S FIR A
minimum-phase filter # ;R ® TH & 5. 7O 7 F A
mFIR2m TH 3. 2D 7105 T Ald, H#, linear-phase
filter # mini-max £ Cg 59 5. Z Z Tld, Nyquist &
WD S% 2B EEREL, 20% S HIEH SN 1H
¥£5, HEREI30dBL EOfilter Z2FFL LD, IUD
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IZ, Matlab IZH %, —f#%{k S 72 min-max %2 AW\ T,
X 6.17 121 >NV A% (filter DR 7R linear-phase
filter 2519 5. O - FRMLERDL, K618 L755.
RiEEMEE, K619 THZ LN,

T07 7 L0%¥IE, K619 EFEUIRIERERET 2
minimum-phase filter DX TH 5. ZNE TERU AL
(Hilbert 224412 & % /i) % H T, minimum-phase filter
ERDDE ZOA NIV AIREDN, K620 L7320,
- BEEEDY, K621 THEASGNS. 2 TOMEES
W EAL AN EE R T, minimum-phase Kk & 725 2 &
MHEA S, Z O filter D IR HE 1T, 622 L7320, &
BT v IV, 623 2RI LD It/
EITIWA SN TS DAH S 5. CS3576 T, FIRI &
FIR2 ORI D EFA 255 LL R ICHIFE S 5 A3, 6.4 D
FIR1 filter & X 6.20 O FIR2 filter DX $k1%, Z OHIKI 2 i
T EDITEEIEN TN D,

% mFIR2.m
% Program for the designing the minimum-phase FIR2 filter
% for the CS5376 decimation filter

clear all

% Setting of original linear-phase filter

% Design of FIR2 linear-phase filter by generalized

% minim-max method

FIRorder=132;

% Filter order

[b,err,res]=gremez(FIRorder,[0 0.05 0.2 1],[1 1 0 0],[1000
11);

% at 1kHz sampling where Nyquist freq. is S0O0Hz

% Pass band is 0-25Hz

% Stop band is 100-500Hz

% don't care band is 25-100Hz

% Plotting of filter coefficients which is equivalent to
% the impulse response of FIR2 filter

plot(b)

title('Impulse response of linear-phase filter')

figure

% Plotting of the gain of FIR2 linear-phase filter
N=2048;

w=linspace(0,pi,N);

h=freqz(b,1,w);

wl=w/pi;

plot(w1,20*log10(abs(h)));

title('linear-phase FIR filter [FIR2]");
xlabel('Frequency (Normalized by Nyquist freq.)");
ylabel('Magnitude in dB');

figure

zplane(b,1)
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title("Zero-pole pattern of linear-phase filter')
figure

% Construction of minimum-phase filter
% Zero pading for the calculation of Hilbert transform
% Large length of impulse response
for k=FIRorder+1:1024
b(k)=0;
end

y=mps140(fft(b));
hh=ifft(y);
hh=real(hh);

N2=FIRorder;

hhh([1:N2])=hh([1:N2]);

plot(hhh)

title('Impulse response of FIR2 minimum-phase filter')

figure

zplane(hhh,1);
title('Zero-pole pattern of FIR2 minimum-phase filter')
figure

sl=freqz(hhh,1,w);

plot(w1,20*log10(abs(s1)));
title('mimimum-phase FIR filter [FIR2]');
xlabel('Frequency (Normalized by Nyquist freq.)");
ylabel('"Magnitude in dB");

% End of program

T, FIRLm & FIR2Zm ICBT 58O OEE S 2R
NTBIH. &=L, HENRBEEE L T, decimation
filter CS3576 I filter (R¥(% 7 v 7 U — R T2 L EDHEE
TH5. CS3576 DFFfiAR— K TiE, FIRL.m & FIR2.m @
7075 ADEIICRT filter REAT 7 )L MMEE L
THEzeNTWD, 27T, 574V b0 filter DIRIE
Kt OBERMBEN—FT % &L 51 FIRI.m & FIR2.m TR®
7z minimum-phase filler DR E X5 —U > 7L TT v
TO—RTBHENDHD., 7w 7O— K, filter DFRE
16 EHICEHRL, U7 - R—hrZBLTPCHh
5175 Z &Rk S, KT, FIRLm < FIRZm THW7Z
mps.m & mps135.m % LUK @ function L TARTY. ZHUT
Web E TR EN TS 7 O7 5 4 (Smith, 2003) 1IZFD
<HBOTHY, HIEHEIZZ Y v T - LXIVEIRETE
LHEFRHDTH 5.

% mps.m

function [H]=mps(H1)
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h1=ifft(log(clipdb(H1,-100)));
HH=fft(fold(h1));
H=exp(HH);

% End of program

% mps135.m

function [H]=mps135(H1)
h1=ifft(log(clipdb(H1,-135)));
HH=fft(fold(h1));
H=exp(HH);

% End of program

%12, CS3576 decimation filter D AKEE TH % 3 KD
IR filter D& FHEZBRRE S, ZDfilter ik, 7 #J)L b
ELT, EEEil filter N5 A 6N TWSA, 2 TldK
E i filter ITEHAL TH XS, ElB, 1RO Butterworth
filter & 2 X ® Butterworth filter D 77 X 77— R &0 6 (K15
i filter Z#ERE L & 5. Nyquist EFEED 6% % EWi &
KHETZ2HDOTHS.

7 0/ < A IRfilters.m TlE, Matlab @ I < > K butter
% VY T Butterworth filter 2% 5t L TW5 D, FEHOEE
KOWT—D0MTZL TV, ZHUZ, filter DRI

% 0dB at DC
[gain3,freql]=freqz(b3,a3,4096);
scale3=1/abs(gain3(1));
b3=b3*scale3;

[gain4,freql]=freqz(b4,a4,4096);
scale4=1/abs(gain4(1));
b4=b4*scale4;

% Pole/zero diagram

zplane(b3,a3)

title('Zer-pole pattern of IIR1 filter')
figure

zplane(b4,a4)
title('Zero-pole pattern of IIR2 filter")
figure

[h3,t3]=impz(b3,a3);
gain_plot(h3,4096,'1st order IIR")

figure

[h4,t4]=impz(b4,a4);
gain_plot(h4,4096,"2nd order IIR")

% End of program

LTI,
75,

FRIZIZTHAMAM RICFET 220 ThH 5.

INSNEGITHMANIZA S =D MEIZ RN

% IIRfilters.m

% IIR filters for the CS5376 decimation filter
ascal=8388607;

% IIR Butterworth filter

% Filter B(z)/A(z)

% Lowpass filter with a cuttoff frequency of 30Hz
% Butterworth filters

[b3,a3]=butter(1,30/500);
[b4,a4]=butter(2,30/500);

% Rearrangement of zeros
z3=roots(b3)*0.998;
z4=roots(b4)*0.998;
b3=poly(z3);
b4=poly(z4);

% Normalized coefficients of IIR filters
b3=ascal*b3; a3=ascal*a3;

bd=ascal*b4/2; ad=ascal*a4/2;

% Gain normalization

7075 AT, EECHENSEMM EOESZ
0.2 % 72 B NI RS A IC R B S /T, filter 23R ®
TW3, ZOHKIZLTESNZ 1 RED 2 ROEIEEE
B Butterworth filter DEPEADY, X 6.24 &K 6.25, KU\, X
6.26 EX 6.27 12, K&, RINTN5D. X624 £[X6.26
Wh - BEEEBERTHD, 2 TOMEZESNEAHNIC
f£1£9 % minimum-phase filter &72> TW5%., E/=, 2D
D filter DIRGERF DS, 6.25 X 6.27 TH 5.

2B, 1RO IR filter & # 9 % 2K D IR filter O
filter R Z PC O U T I - R—b"M5E7 v FO— KT
5 EE, 16 ERICEM L Tk T 5 O3 FIR filter D&
EFEUTHBN, 1ROIR TIE, REOEKREZ 1ITIE
FAEL, 2K IR TIAREOEKEZ 2 ICZIEHLL Tk
BT BRI RINTNEOTHEELTRID.
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