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Abstract

This report describes digital fi lters for seismic signal processing.  In the fi eld of seismic data acquisition and seismic
data processing, minimum-phase fi lters play an important role in order to retain the causality of seismic signals.  The
minimum-phase fi lters are required in particular for the conversion of seismic signals recorded by using linear-phase
decimation fi lters to minimum-phase signals.  Two methods for designing minimum-phase fi lters, Hilbert transform
method and cepstrum method, are explained.  Matlab programs for designing minimum-phase fi lters based on these
two methods are also explained.  Two applications of minimum-phase fi lter to the digital fi lter representations that are
equivalent to site and path effects, and to the design of decimation fi lters, are explained.  One application shows that site
and path effects are realized by using minimum-phase fi lters.  As the application of minimum-phase fi lters to the design
of decimation fi lter, this report shows an example by using the CS5376 decimation fi lter manufactured by the Crystal
Semiconductor.
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fi lter H z Linearity
Time-invariant

2
fi lter
∆T=1

fi lter

3.2 h(k)kk
cepstrum c(k)kk k < 0k c(k) kk = 0

3.2
κ

fi lter H z
Durbin-Levinson

κ
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h(kk sinc
fi lter fi lter

digital fi lter
sinc fi lter 

sinc fi lter

decimation fi lter
digital fi lter

sinc fi lter
sinc fi lter 2.

digital fi lter FIR

λc = π sinc fi lter

y(x(( ) π
sinc(±π) = 0 fi lter {h(k)}kk

2 sinc fi lter
const. 1/0.8270 fi lter {h(k)}kk

1 + z-1 1 sinc fi lter fi lter

z = exp[iλ]

1 + z-1 = 2exp[-iλ/2]// cos(λ/2)//

fi lter linear-phase
1/2 (1 + z-1 )n n sinc fi lter

sinc fi lter
n = 4 5 6 sinc fi lter

H4HH (z) H5HH (z) H6HH (z) sinc fi lter
2.1 2.1

m sinc_chain.m
Nyquist

    % sinc_chain.m
    clear all

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

     % Impulse response (Filter coeffi cients)
     N=1; NN=N/2;
     x=linspace(0,N,4); %  0 <= x <= 1
     y=sinc((x-NN)/NN); %  y = sin(pi*x)/(pi*x) for x~=0

%    = 1                for x==0
%  sin(-pi) <= y <= sin(pi)

     yy([1:2])=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 fi lter')

     % Magnitude reponse of nth-order Sinc fi lter
     WN=32;
     w=linspace(0,pi,WN);
     w1=w/pi;
     s=freqz(yy,1,w); % Magnitude response of 1st-order

% Sinc fi lter
     s=s.^norder; % Magnitude response of nth-order

% Sinc fi lter

     % Impulse response of nth-order Sinc fi lter: H(z)=(1+1/z)^n
     b1=[1 4 6 4 1];         % n=4 
     b2=[1 5 10 10 5 1];     % n=5
     b3=[1 6 15 20 15 6 1];  % n=6

     % Magnitude response of the nth-order Sinc fi lter
     s1=freqz(b1,1,w);
     s2=freqz(b2,1,w);
     s3=freqz(b3,1,w);

     % Plotting of magnitude responses of Sinc fi lters
     fi gure
     plot(w1,20*log10(abs(s)),'o',w1,20*log10(abs(s1)),'-',w1,20*
log10(abs(s2)),':',w1,20*log10(abs(s3)),'-.')
     title('Sinc fi lter chain'); 
     xlabel('Frequency normalized by Nyquist freq.');
     ylabel('Magnitude in dB')
     legend('6th-order','4th-order','5th-order','6th-order');

     % End of program

sinc fi lter linear-phase fi lter
z

-1 H6HH (z)
3

sinc fi lter 2.2
257 Nyquist frequency π

0.5 sinc fi lter 2 FIR
linear-phase fi lter Matlab

sinc2sample.m
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FIR
sinc fi lter fi lter

linear-phase fi lter
minimum-phase fi lter minimum-phase
fi lter
Hilbert function mps.m

Fourier minimum-phase fi lter
FIR minimum-phase fi lter

zplane linear-phase
fi lter fi lter freqz

minimum-phase fi lter fi lter

   % 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 fi lter
    plot(x,y)
    fi gure

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

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

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

    % Pole/zero diagram of linear-phase sequence
    zplane(y,1)
    fi gure

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

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

     fi gure

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

     % End of program

sinc fi lter FIR
linear-phase fi lter FIR minimum-phase fi lter

2.2 sinc fi lter FIR
minimum-phase fi lter

2.3 FIR linear-phase fi lter FIR
minimum-phase fi lter 3. 4.

FIR minimum-phase fi lter
minimum-phase

fi lter
linear-phase minimum-phase

fi lter

Matlab 2.4 2.2
FIR linear-phase sinc fi lter

2.5 2.4 2.5

FIR linear-phase fi lter

FIR linear-phase fi lter 2.6

fi lter sinc fi lter
fi lter

FIR minimum-phase fi lter 2.3 fi lter
2.7 linear-phase fi lter

3.1 2.7

digital fi lter minimum-phase fi lter
FIR minimum-phase fi lter 2.8

2.6

sinc fi lter 2
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2.16 2.13

135dB
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2.17 sinc fi lter

sinc fi lter
FIR fi lter
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sinc fi lter 99

FIR linear-phase fi lter
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2.19 2.20

2.21 22 23 minimum-phase
fi lter 2.22

linear-phase fi lter
2.19 minimum-phase 

fi lter
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FIR fi lter sinc fi lter 257 fi lter
99 fi lter

135dB
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2.1 Sinc
Fig. 2.1 Magnitude responses of sinc fi lters.

2.2 2 sinc
Fig. 2.2 Impulse response of second-order linear-phase sinc fi lter.

2.3 2 sinc
Fig. 2.3 Impulse response of second-order minimum-phase sinc

fi lter.
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2.4
Fig. 2.4 Pole/zero diagram for linear-phase fi lter.

2.5 2.4
Fig. 2.5 Pole/zero diagram detail of Fig.2.4.

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

fi lter.
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2.7
Fig. 2.7 Pole/zero diagram of minimum-phase fi lter.

2.8 2 sinc
Fig. 2.8 Magnitude response of second-order minimum-phase sinc 

fi lter.

2.9 5 sinc
Fig. 2.9 Impulse response of fi fth-order linear-phase sinc fi lter.
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2.10
Fig. 2.10 Pole/zero diagram of linear-phase fi lter.

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

2.12 2.11
Fig. 2.12 Pole/zero diagram detail of Fig.2.11.
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2.13 5 sinc
Fig. 2.13 Magnitude response of fi fth-order linear-phase sinc fi lter.

2.14 5 sinc
Fig. 2.14 Impulse response of fi fth-order minimum-phase sinc 

fi lter.

2.15
Fig. 2.15 Pole/zero diagram of minimum-phase fi lter.
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2.16 5 sinc
Fig. 2.16 Magnitude response of fi fth-order minimum-phase sinc 

fi lter.

2.17 2.16
Fig. 2.17 Pass-band detail of Fig.2.16.

2.18 FIR

Fig. 2.18 Impulse response of maximally fl at FIR linear-phase 
fi lter.
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2.19
Fig. 2.19 Zero/pole diagram of linear-phase fi lter.

2.20 FIR
Fig. 2.20 Magnitude response of maximally fl at FIR linear-phase 

fi lter.

2.21 FIR

Fig. 2.21 Impulse response of maximally fl at FIR minimum-phase 
fi lter.
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2.22
Fig. 2.22 Zero/pole diagram of minimum-phase fi lter.

2.23 FIR
Fig. 2.23 Magnitude response of maximally fl at FIR minimum-

phase fi lter.
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3. FIR minimum-phase fi lter  
3.1 Minimum-phase characteristics
3.1.1 Minimum-phase signal fi lter

∆T h(k∆kk T)TT

∆T = 1 h(k)kk ,
:

3.1

h∆(t) γ∆(t)
one-side signal

minimum-phase signal t < 0t

minimum-phase signal
h∆(t)
minimum-phase signal

3.2

*
minimum-phase signal

minimum-phase signal
h∆(t) γ∆(t)

minimum-phase characteristics h∆(t)
z :

3.3

H z
minimum-phase

maximum-phase
z

minimum-phase
maximum-phase

minimum-phase characteristics

minimum-phase signal
4 Berkhout, 1973

minimum-phase signal
h∆(t) minimum-phase signal H z

H z

h∆(t) H z
h∆(t)

minimum-phase signal
invertible minimum-phase

γ∆(t)

minimum-phase signal

t = 0t

m = 1, 2,....

fi lter H z
invertible minimum-phase fi lter

invertible minimum-phase fi lter
invertible minimum-phase 

fi lter cepstrum
invertible minimum-phase fi lter

maximum-phase fi lter
fi lter

fi lter maximum-phase 
fi lter

fi lter non 
minimum-phase fi lter 

linear-phase fi lter
non minimum-phase fi lter

FIR fi lter
{h(k)}kk fi lter

3.1.2 fi lter minimum-phase
fi lter all-pass fi lter

fi lter
minimum-phase fi lter HminHH (z) fi lter HapH (z)

HapHH (z) fi lter
.

3.4

L H z
H z ξ1

|ξ1| > 1 H z
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3.5

minimum-phase ξ1

minimum-phase H2HH z
minimum-phase ξ1 1/ξ1 3.4

all-pass fi lter A1(z)
H z minimum-phase L

fi lter H z minimum-phase fi lter 
HminHH (z) 3.4 fi lter HapH (z)

3.6a

λ

3.6b

all-pass fi lter maximum-phase fi lter

3.6b fi lter

3.7

3.8

fi lter fi lter
minimum-phase fi lter

H z linear-phase fi lter
3.7

3.8

HminHH (z) cepstrum
cepstrum 3.2

3.9

3.8

3.10

3.7 H z

, cepstrum 3.9

3.11

H z HminHH (z)
linear-phase fi lter

3.11

Θmin(λ)

3.12

3.2 Cepstrum technique FIR minimum-phase 
fi lter

Cepstrum linear-phase fi lter minimum-phase 
fi lter 1970

Herrman and Schuessler, 1970
fi lter

fi lter H z ξkξξ
1/ξkξξ H z

Hminmum-phaseHH z

|H z | = |Hminmum-phaseHH z

fi lter

Cepstrum
cepstrum

3.2.1 cepstrum cepstrum
{x(n)} z

3.13

{x(n)} X(XX z)

3.14

Fourier X(XX z)
X(XX eiλ) λ

cepstrum cepstrum
spec-trum ceps-trum

3.15

3.13 3.15

3.16
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cepstrum ln[X[[ (XX z)]が

3.17

z
z

3.14 3.17 z

3.18

C 3.14

3.18 Fourier

3.19

cepstrum cepstrum 3.16
z Fourier

3.20

3.21

3.22

cepstrum {cx(n)} 3.19 3.22
{cx(n)} Fourier

3.19

3.19

3.23

cx(n) x(n)
cepstrum

cepstrum
3.19

cepstrum

3.24

cepstrum
X(XX eiλ) cepstrum 2 fi lter

3.2.2 Cepstrum
cepstrum z

cepstrum
3.21 3.22 ,

cepstrum
ln|X(XX z)|

3.25

z -ncx(n) z

: 

3.26

3.25 3.26

3.27

C
cx(n)

3.28

n = 0 3.22

3.29

3.28 3.29 x(n) cx(n)
3.28
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3.25 3.25 z

3.30

3.31

3.32

3.32
cepstrum fi lter FIR
fi lter fi lter
3.2.3 Cepstrum

Cepstrum differential cepstrum
cepstrum

cepstrum

3.33

3.25

3.34

λ x(n)
Fourier

3.35

λ

3.36

X'(eiλ) -inx(n) Fourier
-incx(n) Fourier n ≠ 0

3.37

n = 0 cx(0)

3.27 3,33

3.38

3.39

3.35 3.36 3.38 3.39
x(n) nx(n) Fourier cepstrum

cepstrum
3.38 x(n) minimum-phase sequence

3.35 3.36 3.38 3.39

3.40

3.2.4 Cepstrum
cepstrum

X(XX eiλ) x(n) Fourier

X(XX z)

3.41

ln[X[[ (XX z)]

3.42

qm m pn n

3.42 Maclaurin
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3.43

z Maclaurin
3.41

3.43 z
FIR linear-phase fi lter

non-minimum-phase 3.42
Maclaurin

3.44

3.44 1 3.42 1
3.44 2 z

3.43 minimum-phase

3.44

non-minimum-phase

non-minimum-phase n -n
minimum-phase

cepstrum
-n n
linear-phase fi lter minimum-phase fi lter HminHH (z)

[HminHH (z)]2 linear-phase fi lter
cepstrum {clh(n)} HminHH (z) cepstrum {cmh(n)}

2 3.24
HminHH (z) fi lter 3.32

3.2.5

Matlab
N = 7N FIR fi lter

sample fi lter minimum-phase 
fi lter

fi lter
cepstrum n < 0

     % Sample_program01.m

     clear all

     % Sample fi lter of order N
     N=7;              % Filter order
     h=rand(1,N);      % Filter coeffi cients
     w=[0:1:N-1];             

     plot(w,h)
     title('Impulse response of sample fi lter')
     fi gure

     % Pole/zero diagram
     zplane(h,1) 
     title('Pole/zero diagram of of sample fi lter')
     fi gure

     % Causlaity check
     cx=causality_check(h,1024);
     fi gure

     % Frequency response
     gain_plot(h,512,'sample fi lter')
     fi gure

     % Zero fi nding method
     hb=zero_fi nding(h,N);

     plot(w,hb)
     title('Impulse response of minimum-phase fi lter obtained by
zero fi nding method')
     fi gure

     % Pole/zero diagram
     zplane(hb,1); 
     title('Pole/zero diagram of minimum-phase fi lter obtained by
zero fi nding method')
     fi gure

     % Causality check
     cx=causality_check(hb,1024);
     fi gure
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    % Frequency response
    gain_plot(hb,512,'FIR minimum-phase fi lter estimated by
zero-fi nding method')
    fi gure

    % Cepastrum method
    hm=cepstrum_method(h,1024);
    hmm([1:N])=hm([1:N]);  % Final fi lter coeffi cients
    
    plot(w,hmm)
    title('Impulse response of minimum-phase fi lter obtained by
Cepstrum method')
    fi gure

    % Pole/zero diagram
    zplane(hmm,1);     
    title('Pole/zero diagram of minimum-phase fi lter obtained by
Cepstrum method')
    fi gure

    % Causality check
    cx=causality_check(hmm,1024);
    fi gure

    % Frequency response
    gain_plot(hmm,512,'FIR minimum-phase fi lter obtained by
Cepstrum method')           
    fi gure

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

    plot(w,hil)
    title('Impulse response of minimum-phase fi lter obtained by
Hilbert transform method')
    fi gure 

    % Pole/zero diagram
    zplane(hil,1)     
    title('Pole/zero diagram of minimum-phase fi lter obtained by

Hilbert transform method')
    fi gure  
    
    % Causality check
    cx=causality_check(hil,1024);
    fi gure

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

     % End of program

3.1 sample fi lter
fi lter minimum-phase fi lter

3.2
3.1 cepstrum

cepstrum
cepstrum

     % causality_check.m

     function cx=causality_check(h,M)
     % M >> length(h)
     cz=fft(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
     c_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 coeffi cients');
     title('Cepstrum check for causality')

     % End of program

3.3 sample fi lter
sample fi lter

3.4

      % gain_plot.m

      function gain_plot(h,M,TitleA)       
      [a1,w1]=freqz(h,1,M);
      w1=w1/pi;
      plot(w1,20*log10(abs(a1)));
      title(TitleA);
      xlabel('Frequency normalized by Nyquist freq.');
      ylabel('Magnitude in dB');

      % End of program

non-minimum-phase fi lter
minimum-phase fi lter
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N
function

    % zero_fi nding.m

    function hz=zero_fi nding(h,N)
    % Zero fi nding method    
    z=roots(h);  % Root-fi nding

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

    % Reconstruction of fi lter coeffi cients
    hz=poly(z); 

    % End of program

3.5 fi lter
fi lter 3.6

minimum-phase fi lter
3.7

cepstrum fi lter
3.8 fi lter

sample fi lter
cepstrum minimum-phase fi lter

3.5 3.8 cepstrum
3.9 3.12 cepstrum

minimum-phase fi lter

    % 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 coeffi cients
    c=ifft(log(abs(HW)));  

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

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

     % Reconstruction of fi lter coeffi cients
     hcep=real(ifft(Hm));                

     % End of program

sample_program01 Hilbert

cepstrum

3.3 Discrete Hilbert transform FIR minimum- 
phase fi lter

3.3.1 Discrete Hilbert transform
{x(n)}

3.45

3.45

3.46a

3.46b

x(n)
xe(n) recover xo(n)

n = 0
xo(0) = 0

xe(n) = xo(n)
xe(n) xo(n)

{x(n)} Fourier

3.47
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XRXX (eiλ) XIXX (eiλ) xe(n) xo(n)
Fourier 3.46a X(XX eiλ)

3.48

U(UU eiλ) u(n)
Fourier

3.49

δ(n) = u(n) u(n 1) Fourier
1 = U(UU eiλ)[1 e-iλ] λ = 0 [1 e-iλ] = 0

U(UU eiλ)

U(UU eiλ) 1/2

const = π

3.47

3.50

x(0)(= xe(0)) Fourier

3.51

3.50

3.52

x(0)(= xe(0)) 3.52
2 {x(n)}

3.52 cepstrum

3.53

cepstrum
3.53 3.53

cepstrum
ln|X(XX eiλ)| minimum-phase sequence

Hilbert 3.53

minimum-phase fi lter minimum-phase 
fi lter Fourier

Damera-Venkata et al., 2000
3.3.2

demo_program.m
4.

Parks-McCellan Proakis,1996 FIR
linear-phase fi lter 3.13 fi lter

fi lter
zplane fi lter

3.14
4

linear-phase fi lter . 3.15
fi lter

     % demo_program.m

     % Construction of linear-phase fi lter by Marks-McClellan
     % method
     f=[0 (.01*2) (.02*2) 1]; 
     a=[1 1 0 0];
     b=remez(500,f,a,[1 5e6]);  

     % Plotting of impulse response
     plot(b)
     fi gure

     % Pole/zero diagram of linear-phase fi lter
     zplane(b)
     fi gure

     % Transfer function of linear-phase fi lter
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    [h,w]=freqz(b,1,1024);
    plot(w,20*log10(abs(h)));
    title('FIR linear phase lowpass fi lter');
    xlabel('Normalized anfular frequency');
    ylabel('Magnitude in dB');
    fi gure

    % Construction of minimum-phase fi lter
    N=2^19;
    H=fft(b,N);
    w1=linspace(0,2*pi,N);
    H1=real(H.*exp(j*w1*250)); 

    d1=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=1e-10
    clear H3;

    % Discrete Hilbert transform
    y=dhtm(HR',N,251);  
    clear HR;
    
    % Impulse response of minimum-phase fi lter
    y1=real(y);

    % Pole/zero diagram of minimum-phase fi lter
    zplane(y1)
    fi gure

    % Transfer function of minimum-phase fi lter
    [h2,w]=freqz(y1,1,32768);
    plot(w,20*log10(abs(h2)));
    title('FIR minimum phase lowpass fi lter');
    xlabel('Normalized angular frequency');
    ylabel('Magnitude in dB');
    fi gure

    % Plotting of impulse response of minimum-phase fi lter
    plot(y1);
    title('Impulse response of minimum phase fi lter');
    fi gure

    % Plotting of group delay characteristics
    grpdelay(b);
    title('Group delay of linear-phase fi lter');
    fi gure

     grpdelay(y);
     title('Group delay of minimum-phase fi lter');

     % Error analysis
     d1d=sqrt((1+d1+d2)*s)-1;
     d2d=sqrt(2*d2*s);
     d1r=max(abs(h2))-1;
     d2r=max(abs(h2(30000:32768)));
     err1=(abs(d1d-d1r)/d1d)*100;
     err2=(abs(d2d-d2r)/d2d)*100;

     % End of program

linear-phase fi lter minimum- 
phase fi lter fi lter

Hilbert minimum-phase 
fi lter Hilbert
function

     % 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

FIR minimum-phase fi lter
zplane 3.16

minimum-phase fi lter
3.17 3.18

linear-phase fi lter minimum-phase 
fi lter 3.19 3.20



33

3.1
Fig. 3.1 Impulse response of sample fi lter.

3.2
Fig. 3.2 Pole/zero diagram of sample fi lter.

3.3 3.1
Fig. 3.3 Cepstrum of impulse response shown in Fig.3.1.
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3.4 3.1

Fig. 3.4 Magnitude response of sample fi lter.

3.5

Fig. 3.5 Impulse response of minimum-phase fi lter.

3.6
Fig. 3.6 Pole/zero diagram of minimum-phase fi lter.
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3.7 3.5
Fig. 3.7 Cepstrum of impulse response shown in Fig.3.5.

3.8 3.5

Fig. 3.8 Magnitude response of minimum-phase fi lter.

3.9

Fig. 3.9 Impulse response of minimum-phase fi lter.
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3.10
Fig. 3.10 Pole/zero diagram of minimum-phase fi lter.

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

3.12 3.9

Fig. 3.12 Magnitude response of minimum-phase fi lter.
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3.13 FIR
Fig. 3.13 Impulse response of FIR linear-phase fi lter.

3.14
Fig. 3.14 Pole/zero diagram of linear-phase fi lter.

3.15
Fig. 3.15 Magnitude response of linear-phase fi lter.
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3.16
Fig. 3.16 Pole/zero diagram of minimum-phase fi lter.

3.17 3.18

Fig. 3.17 Magnitude response of minimum-phase fi lter.

3.18 FIR
Fig. 3.18 Impulse response of FIR minimum-phase fi lter.
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3.19 FIR
Fig. 3.19 Group delay of FIR linear-phase fi lter.

3.20 FIR
Fig. 3.20 Group delay of FIR minimum-phase fi lter.
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4. FIR linear-phase fi lter
FIR linear-phase fi lter

FIR minimum-phase fi lter
4.2 3. cepstrum
4.1 3. minimum-phase

fi lter
K-NET95

A/D decimation fi lter
1997

4.1 Parks-McClellan FIR fi lter min-max

fi lter FIR linear-phase
fi lter

Parks-McClellan
fi lter |Hd H (λ)| cos(λ)

sin(λ)
fi lter H(HH λ)

fi lter H(HH λ)

max|E(λ)| fi lter cos(λ)
sin(λ) FIR linear-phase

fi lter W(WW λ)

Parks-McClellan min-max
Proakis et al., 1996

FIR linear-
phase fi lter

Fs Hz
Wp Hz
Ws Hz
Rp dB
Rs dB
n fi lter

 fi lter
Rabiner and  Herrmann

.
Matlab

mc.m

    % 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

     %         =1; put the order of fi lter into a parameter "n"
     % n         ; fi lter 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=[1 1];    % initial weights
     m=[1 0];    % desired magnitudes for lowpass fi lter
     f=[Wp Ws];

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

     if option==0
     [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 fi lter'); 
     xlabel('Frequency in Hz');
     ylabel('Magnitude in dB');

     % End of program

FIR fi lter b([1:n + 1])
Matlab

mc.m Matlab

>> [b,f]=mc 160,500,17500,1,40,256000,0 ;
161 500Hz

17.5kHz
1dB 40dB 256kHz

fi lter
Σ-δ 256kHz

200dB FIR
linear-phase fi lter 0

0 160
161 fi lter Matlab

21
4.1 FIR linear-phase fi lter

40dB



41

FIR linear- 
phase fi lter

161 n-1
4.2 FIR

linear-phase fi lter
>> [b,f]=mc 160,500,17500,1,40,256000,1 ;

4.3
10-6dB

fi lter linear-phase fi lter
256kHz

fi lter decimation

FIR linear-phase fi lter 161
161/ 256000 = 0.644 [ms]

decimation
FIR fi lter

1kHz
1kHz 4.3

50Hz
100Hz 18 IIR

Butterworth fi lter 1kHz
Matlab

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 ;

4.4
50Hz 200Hz -200dB

3 fi lter
400Hz 500Hz

400Hz 200Hz

3 fi lter 400Hz
fi lter Butterworth

50Hz Matlab
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 fi lter 100Hz -100dB
4.5 3 fi lter

fi lter -200dB
100Hz 50Hz

minimum-phase
4.2 Cepstrum FIR linear-phase fi lter

FIR minimum-phase fi lter
3. cepstrum FIR linear- 

phase fi lter FIR minimum-phase fi lter
Gian et al., 1982

cepstrum_miniphase.m

     % 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 fi lter by
     % Parks-McClellan method using Remez exchange algorithm
     % and Chebyshev approximation
     % input paramerers
     % n         ; fi lter 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 fi lter
     % ff        ; frequency points specifying mm

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

     % Filter coeffi cients (impulse response) of H(z)
     b=remez(n,ff,mm);  

     % Impulse response of fi lter H(z)
     fi gure
     plot(b)
     title('Initial impulse response')

     % |H(z)|
     [h f]=freqz(b,1,4096,Fs);
     scaleA=h(1);
     fi gure
     plot(f,20*log10(abs(h)));
     title('FIR lowpass fi lter'); 
     xlabel('Frequency in Hz');ylabel('Magnitude in dB');

     % Zero-phase function Hr
     fi gure
     zerophase(b);
     [Hr,freqency]=zerophase(b,1,'whole');
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    dd2=min(Hr);

    % Pole/zero diagram of H(z) 
    fi gure
    a=[1];
    zplane(b,a);

    % Calculation of H1(z)
    % d2=10^(-Rs/20);
    d2=abs(dd2);
    n2=(n+2)/2;
    b(n2)=b(n2)+d2;
    b1=b;

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

    % Zero-phase function H1r
    fi gure
    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)
    fi gure
    plot(h1);
    title('Impulse response of H1(z)')

    % Modefi ed 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 coeffi cients
    acc=real(acc);
    acc1=[acc(L/2+2:1:L) acc(1:1:L/2+1)];

    % Cepstrum of fi lter {mh1} 
    cx=[-L/2+1:1:L/2];
    fi gure
    plot(cx,acc1)

     title('Cepstrum of mh1')

     % Cepstrum of H(z)
     c2(L/2)=acc1(L/2);
     for k=1:L/2-1
         c2(L/2+k)=2*acc1(L/2+k);
         c2(k)=0;
     end
     c2(L)=acc1(L);

     % Cepstrum of H(z)  
     fi gure
     plot(cx,c2)
     title('Cepstrum of H(z)')

     % Reconstruction of minimum-phase cepstrum coeffi cients
     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=s+(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)
     fi gure
     plot(h2);
     title('Impulse response of H(z)')

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

     % Magnitude function of minimum-phase fi lter H(z)
     [hh ff]=freqz(h2,1,4096,Fs);
     scaleB=hh(1);
     hh=hh*scaleA/scaleB;
     fi gure
     plot(ff,20*log10(abs(hh)));
     title('FIR minimum-phase fi lter');
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    xlabel('Frequency in Hz');
    ylabel('Magnitude in dB');

    % End of program

FIR linear-phase fi lter 4.1
Matlab

[b,h2]=cepstrum_miniphase 128,2000,20000,1,40,256000 ;
linear-phase fi lter

128 2kHz
20kHz

1dB 40dB 256kHz
linear-phase fi lter

4.6 fi lter H z
4.7 n 128

n
H(HH z) H(HH z) = Hr(λ)eiθ (λ )

Hr(λ)
θ(λ) = 0 H(HH z) = Hr(λ)

4.7 |H(HH z)|
Hr(λ)

4.6 fi lter H(HH z) Hr(λ)
Matlab zerophase
4.8 4.8

4.9

H(HH z) 4.10
n  = 128

linear-phase fi lter

fi lter H1HH (z) δS 4.9
0 ± δS

4.9
H1HH (z) 4.11

H1HH (z)

2
2

128 H1HH (z)
4.12 4.9

4.13

H1HH (z)

factorization minimum-phase fi lter
maximum-phase fi lter

FIR minimum-phase fi lter
2 n

4.11

minimum-phase fi lter H2HH (z)
1 4.11 n / 2 = 64
2

3 2
H2HH (z)

maximum-phase fi lter
n

n 20
n

2 H2HH (z)
H1HH (z)

n H1HH (z) FIR
fi lter 4.14

n 128
H1HH (z)

{h1(k)}kk {h1(k)}kk H2HH (z)
{h2(k)}kk {h2(k)}kk FIR

minimum-phase fi lter {h2(k)}kk
FIR fi lter {h1(k)}kk

{h2(k)}kk cepstrum
{h1(k)}kk {h2(k)}kk cepstrum

{c1(k)}kk {c2(k)}kk {c1(k)}kk
4.15 cepstrum Fourier

Fourier L L >> 8n
4.15 L = 4096 cepstrum

k < 0k c1(k)kk fi lter h1 minimum-phase 
fi lterと

3.2 minimum-phase fi lter {h2(k)}kk
{c1(k)}kk {c2(k)}kk

{c2(k)}kk 4.16
k < 0k c2(k) = 0kk c2(k)kk fi lter h2(k)kk

minimum-phase fi lter {c2(k)}kk {h2(k)}kk
{c2(k)}kk minimum-phase

fi lter {h2(k)}kk 4.17
FIR minimum-phase fi lter

fi lter {h2(k)}kk H2HH (z)
H2HH (z)

H2HH (z) 4.18
fi lter H2HH (z)
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minimum-phase fi lter fi lter
4.19 4.7 linear-phase fi lter

minimum-phase fi lter

4.1 FIR
Fig. 4.1 Magnitude response of optimal linear-phase FIR fi lter.

4.2 FIR
Fig. 4.2 Magnitude response of minimum-phase FIR fi lter.
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4.3 4.2
Fig. 4.3 Pass-band detail of Fig.4.2.

4.4 IIR
Fig. 4.4 Bode diagram of IIR Butterworth fi lter.

4.5 IIR
Fig. 4.5 Bode diagram of IIR Butterworth fi lter.
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4.6 FIR
Fig. 4.6 Impulse response of linear-phase FIR fi lter.

4.7 4.6

Fig. 4.7 Magnitude response of linear-phase fi lter.

4.8 4.6

Fig. 4.8 Zero-phase response of linear-phase fi lter.
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4.9 4.8
Fig. 4.9 Stop-band detail of zero-phase response shown in Fig.4.8.

4.10 4.6

Fig. 4.10 Pole/zero diagram for linear-phase fi lter.

4.11 H1HH (z)
Fig. 4.11 Pole/zero diagram of auxiliary function H1HH (z).
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4.12 H1HH (z)
Fig. 4.12 Zero-phase response of auxiliary fi lter H1HH (z).

4.13 4.12
Fig. 4.13 Stop-band detail of zero-phase response shown in

Fig.4.12.

4.14 H1HH (z)
Fig. 4.14 Impulse response of auxiliary fi lter H1HH (z).
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4.15 4.14
Fig. 4.15 Cepstrum of impulse response shown in Fig.4.14.

4.16
Fig. 4.16 Cepstrum of minimum-phase sequence.

4.17 FIR
Fig. 4.17 Impulse response of minimum-phase FIR fi lter.
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4.18 4.17

Fig. 4.18 Pole/zero diagram for minimum-phase fi lter.

4.19 4.17

Fig. 4.19 Magnitude response of minimum-phase fi lter.



51

5. digital fi lter

site effect G(ω) P(ω,r)
S(ω) digital fi lter

fi lter
minimum-phase maximum-phase
A(ω,r)

digital 
fi lter
one-side function

S(ω)
digital fi lter

fi lter

5.1
SH

G(ω) SH
digital fi lter

Goupillaud 1961 equal-time layered model
z

Kinoshita,1999
two-way time ∆T p + 1 equal-time 

layered model p + 1

n n + 1 n + 1
SH

n
n

S
z

Kinoshita,1999

Durbin- Levinson

G(λ)
minimum-phase G(ω)

minimum-phase fi lter

equal-time layered 
model

G(ω) minimum-phase fi lter
fi lter

t < 0t fi lter
minimum-phase
fi lter

|G(ω)|
fi lter Hilbert

3.3

∆T

cepstrum argG(eiλ)
cepstrum

non-minimum-phase minimum-phase
fi lter {g(t∆T)}TT

t t∆T
argG(eiλ) fi lter {g(t)}

Fourier

2002

0.5Hz 16Hz
30°

16Hz S Q
100 0.5Hz Q 10

3
minimum-phase fi lter

Hilbert
cepstrum FIR minimum-phase 

fi lter 5.1 512 FIR
fi lter Nyquist 50Hz

2 fi lter
fi lter 5.2

0.5Hz 50Hz fi lter
0.5Hz

fi lter 2
fi lter

Nyquist
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Nyquist 12.5Hz
5.3 0.1Hz 12.5Hz

FIR fi lter
Hilbert

cepstrum

5.2
P(ω, r) digital fi lter

r ω
P(ω, r) Fourier

exp[iκr] Fourier
Aki

and Richards,1980 Aki and Richards 1980
Fourier exp[iκr]

minimum-phase signal
Q

Azimi et al. 1968
Q Fourier

exp[iκr] minimum-phase signal
P(ω, r) Fourier

P(ω, r) fi lter
minimum-phase fi lter

P(ω, r)
P(ω, r) minimum-phase fi lter

Hilbert FIR minimum-
phase fi lter 5.4 , r = 150kmr

v = 4.4km/s S Q 300

minimum-phase fi lter
p(t) ∆T = 0.005s

Q
Q 0.5Hz 16Hz

Kinoshita 1994
Q = 1,000 Q = 200

Q 3

ρβ ρo βo

S
200km S

4.4km/s 1/Q P(ω, r = 200km)r
5.5 P(ω, r)
257 FIR minumin-phase fi lter 5.6

Hilbert cepstrum

minimum-phase fi lter

minimum-phase

5.3
S(ω)

G(ω) P(ω, r)
minimum-phase

S(ω) minimum-phase

S(ω) linear-phase

5.7 a
fi lter

5.7 b
5.7 b 7 2

2
minimum-phase maximum-phase

z

fi lter linear-phase 
fi lter linear-phase fi lter

linear-phase fi lter

S(ω) linear-phase fi lter
sampling Proakis 

and Manolakis,1996 M
spectrum S(ω)

M2MM M M2MM = (M-1)/2MM
M2MM  = M/2-1MM fi lter

Fourier
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ω-3

MoMM  = 1.65 × 10
18

N m,

fcff   = 0.29Hz fmaxff  = 32Hz 5.8 a b
ω-3 spectrum S(ω)

M = 8192M ∆T = 0.005s

cepstrum

5.1

Fig. 5.1 (Top) Impulse responses of site 
effect fi lter and (bottom) pole/zero 
diagram (right).

5.2 0.01s

Fig. 5.2 Site amplifi cation and magnitude responses of minimum- 
phase fi lter.
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5.3 0.04s

Fig. 5.3 Site amplifi cation and magnitude responses of minimum- 
phase fi lter.

5.4 Q
Fig. 5.4 Impulse response for path effect with a constant Q.

5.5 Q
Fig. 5.5 Frequency-dependent Q (left) and amplitude attenuation

(right).
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5.6

Fig. 5.6 (Top)  Impulse  responses  of  
path effect fi lter and (bottom) 
pole/zero diagram.

5.7 (a)
Fig. 5.7 (a) Impulse response for source time function.

5.7 (b)
Fig. 5.7 (b) Pole/zero diagram of source time function.
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5.8 (a) ω-3

Fig. 5.8 (a) ω-3 type source spectrum.

5.8 (b) ω-3

Fig. 5.8 (b) Source time function for ω-3 type source spectrum.
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6. Decimation fi lter - CS5376 
FIR minumin-phase fi lter

decimation fi lter
A/D

A/D 18
24

fi lter
Decimation fi lter

reduction digital 
fi lter Eynde and 
Sansen 1993

decimation 
fi lter Σ-δ
A/D

decimation fi lter
A.1

decimation fi lter
3 A.1 Filter#1 #2
#3 Filter#1

decimation
anti-aliasing Filter#1

bit-stream

fi lter FIR fi lter
sinc fi lter fi lter

fi lter Filter#1
sinc 

fi lter Filter#1 fi lter
Filter#2 2 Filter#2

Filter#1 equalize
anti-aliasing fi lter Filter#2

decimation fi lter S/N

FIR
fi lter Filter#3

IIR fi lter
CS3576

fi lter decimation fi lter
4

Σ-δ CS5371 CS5372 decimation 
fi lter 1 CS5371 2
CS5372 4 1
CS3576 CS5376 A.2
4 Sinc fi lter chain

A.1
Filter#1 2 3 FIR fi lter

A.1 Filter#2
3 IIR fi lter A.1 Filter#3

Sinc fi lter chain

A.1 5 5stage
decimation ratio 16 128

chain Sinc fi lter 2.

-1
linear-phase 

fi lter chain
minimum-phase 

fi lter Sinc1 fi lter
decimation ratio fi lter decimation

minimum-phase fi lter
Sinc fi lter

n = 4,5,6 chain
Sinc1 fi lter Sinc2 stage5 fi lter

minimum-phase fi lter
2 2 FIR fi lter IIR fi lter

PC
2 FIR fi lter

255
digital fi lter - decimation fi lter - 

A.2 2 3
FIR fi lter IIR fi lter
FIR minimum-phase fi lter

2 FIR fi lter FIR1 fi lter Sinc fi lter 
chain fi lter

equalizer
fi lter anti-aliasing fi lter

FIR

fi lter
fi lter

fi lter FIR fi lter FIR1
Nyquist 0.12
FIR1 fi lter

2

FIR1 fi lter 2 fi lter

anti-aliasing fi lter 1
fi lter

Matlab gremez remez
fi lter fi rlpnorm

liner-phase fi lter
minimum-phase fi lter

 fi lter
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linear-phase fi lter FIR1
fi lter FIR minimum-phase
fi lter

FIR1.m

    % FIR1.m
    % Construction of FIR1 minimum-phase fi lter
    clear all

    % Original FIR1 linear-phase fi lter
    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 fi lter')
    fi gure

    zplane(h,1)
    title('Zero-pole pattern of FIR1 linear-phase fi lter')
    fi gure

    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 fi lter [FIR1]');
    xlabel('Frequency (Normalized by Nyquist freq.)');
    ylabel('Magnitude in dB');
    fi gure

    %
    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)

     title('Modifi ed impulse response of FIR1 linear-phase fi lter')
     fi gure

     % Construction of FIR1 minimum-phase fi lter
     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 fi lter')
     fi gure

     zplane(hhh,1);
     title('Zero-pole pattern of FIR1 minimum-phase fi lter')
     fi gure

     s1=freqz(hhh,1,w);
     plot(w1,20*log10(abs(s1)));
     title('FIR mimimum-phase fi lter [FIR1]');
     xlabel('Frequency (Normalized by Nyquist freq.)');
     ylabel('Magnitude in dB');

     % End of program

FIR1.m
linear-phase fi lter

6.1 linear-phase fi lter
6.2

linear-phase fi lter 6.3
linear-phase fi lter

FIR1.m 6.3 linear- 
phase fi lter minimum-phase fi lter

linear-phase fi lter minimum-phase 
fi lter

Hilbert
minimum-phase fi lter

fi lter 6.4
6.4 minimum-phase fi lter 6.5

6.2
6.5 6.6

minimum-phase fi lter 6.3

Hilbert linear-phase fi lter
norder

minimum-phase fi lter

3 FIR digital fi lter FIR2
FIR2.m
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linear-phase fi lter 6.7
linear-phase fi lter
6.8
6.9 Nyquist 95 %

130dB
decimation ratio 2 1kHz

450Hz 500Hz
6.10

A/D

FIR2.m linear-phase fi lter
minimum-phase fi lter Hilbert

6.11
FIR fi lter FIR

minimum-phase fi lter 6.12
6.13

6.14 fi lter
group delay characteristics 6.15

6.16

    % FIR2.m
    % Construction FIR2 minimum-phase fi lter dorresponding to
    % the original linear-phase fi lter 
    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 fi lter')
    fi gure
    
    zplane(h,1)
    title('Zero-pole pattern of original FIR2 linear-phase fi lter')
    fi gure

    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 fi lter [FIR2]');
     xlabel('Frequency normalized by Nyquist freq.');
     ylabel('Magnitude in dB');
     fi gure

     % Construction of FIR2 minimum-phase fi lter
     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('Modifi ed impulse response of FIR2 linear-phase fi lter')
     fi gure

     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 fi lter')
     fi gure

     zplane(hhh,1);
     title('Zero-pole pattern of FIR2 minimum-phase fi lter')
     fi gure

     s1=freqz(hhh,1,w);
     plot(w1,20*log10(abs(s1)));
     title('FIR2 mimimum-phase fi lter [FIR2]');
     xlabel('Frequency normalized by Nyquist freq.');
     ylabel('Magnitude in dB');
     fi gure

     Gd=grpdelay(hhh,1,w);
     plot(w1,Gd)
     xlabel('Frequency normalized by Nyquist freq.');
     ylabel('Groupdelay [samples]');

     % End of program

FIR
minimum-phase fi lter
mFIR2.m linear-phase 
fi lter mini-max Nyquist 

5 % 20 %
130dB fi lter
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Matlab min-max
6.17 fi lter linear-phase 

fi lter 6.18
6.19

6.19
minimum-phase fi lter

Hilbert minimum-phase fi lter
6.20

6.21
minimum-phase

fi lter 6.22
6.23

CS3576 FIR1
FIR2 255 6.4
FIR1 fi lter 6.20 FIR2 fi lter

    % mFIR2.m
    % Program for the designing the minimum-phase FIR2 fi lter 
    % for the CS5376 decimation fi lter
    clear all    

    % Setting of original linear-phase fi lter
    % Design of FIR2 linear-phase fi lter 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
1]);  
    % at 1kHz sampling where Nyquist freq. is 500Hz
    % Pass band is 0-25Hz
    % Stop band is 100-500Hz
    % don't care band is 25-100Hz

    % Plotting of fi lter coeffi cients which is equivalent to
    % the impulse response of FIR2 fi lter
    plot(b)
    title('Impulse response of linear-phase fi lter')
    fi gure

    % Plotting of the gain of FIR2 linear-phase fi lter
    N=2048;
    w=linspace(0,pi,N); 
    h=freqz(b,1,w);
    w1=w/pi;
    plot(w1,20*log10(abs(h)));
    title('linear-phase FIR fi lter [FIR2]'); 
    xlabel('Frequency (Normalized by Nyquist freq.)');
    ylabel('Magnitude in dB');
    fi gure

    zplane(b,1)

     title('Zero-pole pattern of linear-phase fi lter')
     fi gure

     % Construction of minimum-phase fi lter
     % 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 fi lter')
     fi gure

     zplane(hhh,1);
     title('Zero-pole pattern of FIR2 minimum-phase fi lter')
     fi gure

     s1=freqz(hhh,1,w);
     plot(w1,20*log10(abs(s1)));
     title('mimimum-phase FIR fi lter [FIR2]');
     xlabel('Frequency (Normalized by Nyquist freq.)');
     ylabel('Magnitude in dB');

     % End of program

FIR1.m FIR2.m
decimation 

fi lter CS3576 fi lter
CS3576 FIR1.m FIR2.m

fi lter
fi lter

FIR1.m FIR2.m
minimum-phase fi lter

fi lter
16 PC

FIR1.m FIR2.m
mps.m mps135.m function
Web Smith, 2003

     % 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

CS3576 decimation fi lter 3
IIR fi lter fi lter

fi lter
fi lter 1 Butterworth

fi lter 2 Butterworth fi lter
fi lter Nyquist 6%

IIRfi lters.m Matlab butter
Butterworth fi lter

fi lter

    % IIRfi lters.m    

    % IIR fi lters for the CS5376 decimation fi lter
    ascal=8388607;

    % IIR Butterworth fi lter
    % Filter B(z)/A(z)
    % Lowpass fi lter with a cuttoff frequency of 30Hz
    % Butterworth fi lters
    [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 coeffi cients of IIR fi lters
    b3=ascal*b3; a3=ascal*a3;
    b4=ascal*b4/2; a4=ascal*a4/2;

    % Gain normalization

     % 0dB at DC
     [gain3,freq1]=freqz(b3,a3,4096);
     scale3=1/abs(gain3(1));
     b3=b3*scale3;

     [gain4,freq1]=freqz(b4,a4,4096);
     scale4=1/abs(gain4(1));
     b4=b4*scale4;

     % Pole/zero diagram
     zplane(b3,a3)
     title('Zer-pole pattern of IIR1 fi lter')
     fi gure

     zplane(b4,a4)
     title('Zero-pole pattern of IIR2 fi lter')
     fi gure

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

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

     % End of program

0.2 % fi lter
1 2

Butterworth fi lter 6.24 6.25
6.26 6.27 6.24 6.26

minimum-phase fi lter 2
fi lter 6.25 6.27

1 IIR fi lter 2 IIR fi lter
fi lter PC

16 FIR fi lter
1 IIR 1

2 IIR 2
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6.1 FIR1
Fig. 6.1 Impulse response of FIR1 linear-phase fi lter.

6.2 FIR1
Fig. 6.2 Pole/zero diagram for FIR1 linear-phase fi lter.

6.3 6.1 FIR1

Fig. 6.3 Magnitude response of FIR1 linear-phase fi lter.
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6.4 FIR1
Fig. 6.4 Impulse response FIR1 minimum-phase fi lter.

6.5 FIR1
Fig. 6.5 Pole/zero diagram of FIR1 minimum-phase fi lter.

6.6 6.4 FIR1

Fig. 6.6 Magnitude response of FIR1 minimum-phase fi lter.
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6.7 FIR2
Fig. 6.7 Impulse response of FIR2 linear-phase fi lter.

6.8 FIR2
Fig. 6.8 Pole/zero diagram of FIR2 linear-phase fi lter.

6.9 6.7 FIR2

Fig. 6.9 Magnitude response of FIR2 linear-phase fi lter.
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6.10 6.9
Fig. 6.10 Pass-band detail of magnitude response shown in Fig.6.9.

6.11 FIR2
Fig. 6.11 Impulse response of FIR2 minimum-phase fi lter.

6.12 FIR2
Fig. 6.12 Pole/zero diagram of FIR2 minimum-phase fi lter.
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6.13 6.11 FIR2

Fig. 6.13 Magnitude response of FIR2 minimum-phase fi lter.

6.14 6.11
Fig. 6.14 Pass-band detail of magnitude response shown in 

Fig.6.11.

6.15 6.7

Fig. 6.15 Group delay of linear-phase fi lter.



67

6.16 6.11

Fig. 6.16 Group delay of minimum-phase fi lter.

6.17 FIR2
Fig. 6.17 Impulse response of custom FIR2 linear-phase fi lter.

6.18 6.17 FIR2

Fig. 6.18 Pole/zero diagram of custom FIR2 linear-phase fi lter.
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6.19 6.17 FIR2

Fig. 6.19 Magnitude response of custom FIR2 linear-phase fi lter.

6.20 FIR2
Fig. 6.20 Impulse response of custom FIR2 minimum-phase fi lter.

6.21 6.20 FIR2

Fig. 6.21 Pole/zero diagram of custom FIR2 minimum-phase
fi lter.
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6.22 6.20 FIR2

Fig. 6.22 Magnitude response of custom FIR2 minimum-phase
fi lter.

6.23 6.21
Fig. 6.23 Pass-band detail of magnitude response shown in

Fig.6.21.

6.24 1 IIR

Fig. 6.24 Pole/zero diagram of fi rst-order IIR Butterworth fi lter.
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6.25 1 IIR
Fig. 6.25 Magnitude response of fi rst-order IIR Butterworth fi lter.

6.26 2 IIR

Fig. 6.26 Pole/zero diagram of second-order IIR Butterworth fi lter.

6.27 2 IIR

Fig. 6.27 Magnitude response of second-order IIR Butterworth
fi lter.
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A.1
Fig. A.1 Overall fi lter block diagram of decimation fi lter.

A.2 CS5376
Fig. A.2 Digital decimation fi lter of CS5376.
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