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ABSTRACT

This thesis presents the method to cancel noises, induced from power line, in ECG signals.
The stop-band IIR (Infinite Impulse Response) filter is used and compared with the adaptive
(tracking) filter. For the performance comparison, the standard ECG signal (bipolar type in lead I) is
used as a reference signal to compare with output signals from both types of filters.

The second-order Butterworth IIR filter, with 488Hz sampling rate and 8-bit precision , is
designed to achieve the quality factor of 8 and -35dB noise attenuation rate. This filter is implemented
in XC2S100TQ144-5C and consumes only 27% chip resource.

The adaptive or tracking filter, with open-loop structure and Switched capacitor network , is
also designed to achieve the quality factor of 8 and -35dB noise attenuation rate. Tracking frequency
can be ranged is from 40Hz to 70 Hz. From the experiments, the noises at 50Hz, 55Hz and 60Hz can

be removed from both generated signals and real signals from human body.
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Design Summary

Number of errors: 0
Number of warnings: 1
Number of Slices: 324 out of 1,200 27%
Number of Slices containing
unrelated logic: 0 out of 324 0%
Number of Slice Flip Flops: 260 out of 2,400 10%
Total Number 4 input LUTs: 492 out of 2,400 20%
Number used as LUTs: 471
Number used as a route-thru: 21
Number of bonded IOBs: 17 out of 92 18%
I0B Flip Flops: 8
Number of GCLKs: 2 out of 4 50%
Number of GCLKIOBs: 2 out of 4 50%

Total equivalent gate count for design: 5,942
Additional JTAG gate count for IOBs: 912
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Script : blackman.m

% Designing FIR bandstop filter using Blackman window
disp(‘Script for designing FIR bandstop filter using Blackman window')
disp("Written by Mr.Suriya Witthayapradit')
disp('Department of Instrumentation Engineering')
disp('King Mongkut’s Institute of Technology Ladkrabang')
N = input('Enter the length (order(N)) of the filter is : ');

fc1 = input("Enter the lower passband cutoff frequency(Hz.) : ');
fc2 = input('Enter the upper passband cutoff frequency(Hz.) : ');
fs = input('Enter sampling rate in Hz. : ');

% %
. Ts=1/fs;

. wl =2*pi*fcl *Ts;

. w2 =2%pi*fc2*Ts;

. ifrem(N,2) == 0 N = N+1; end;

. % disp('The length (order) of the filter is")

. % disp(N)

fork=1:N

. if (k-1) ~= (N-1)/2

. hds(k) = -sin(w2*(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2))+sin(w1*(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2));
. else

. hds(k) = 1-w2/pi + wl/pi;

. end

. end

. fork=1:N

. t(k)=k-1;

. end

. fork=1:N

. w(k) = 0.42-0.5*cos(2*pi*(k-1)/(N-1))+0.08*cos(4*pi*(k-1)/(N-1));
. end

. fork=1:N

. h(k) = hds(k)*w(k);

. end

. M =400;

forn=1:M+1

. fin) = (n-1)/M;

. q(n) = 2*pi*f(n);

. H(n) = h((N-1)/2+1)+2*h(1)*cos(q(n)*(-(N-1)/2));

. fork=2:(N-1)/2

. H(n) = H(n) + 2*h(k)*cos(q(n)*(k-1-(N-1)/2));

. end

. H(n) = exp(-j*q(n)*(N-1)/2)*H(n);

. dB(n) = 20*log10(abs(H(n)));

. if dB(n) <-200 dB(n) = -200; end

. pha(n) = angle(H(n))/pi;

. end

. figure(1)

. semilogx(f*fs,dB);

. axis([0 100 -60 10]);grid on;

. title('Magnitude Response in dB')

. xlabel('Frequency(Hz)")

. ylabel("Magnitude in dB')

. figure(2)

. plot(f*fs,pha* 180/pi);

. axis([0 100 -60 60]);grid on;

. title('Phase Response of Blackman window")

. xlabel('Frequency(Hz))

. ylabel('Phase(Degree)")
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Seript : hamming.m

0GOSO LA R g B e

% Designing FIR bandstop filter using Hamming window

disp('Script for designing FIR bandstop filter using Hamming window")
disp('Written by Mr.Suriya Witthayapradit')

disp('Department of Instrumentation Engineering')

disp('King Mongkut’s Institute of Technology Ladkrabang')

N = input('Enter the length (order(N)) of the filter is : ');

fcl = input('Enter the lower passband cutoff frequency(Hz.) : );

fc2 = input('Enter the upper passband cutoff frequency(Hz.) : ');

fs = input('Enter sampling rate in Hz. : ');

. % %
. Ts=1/fs;

. wl =2%pi*fcl *Ts;

. W2 =2*pi*fc2*Ts;

. ifrem(N,2) == 0 N = N+1; end;

. % disp('The length (order) of the filter is')

. % disp(N)

fork=1:N

. if (k=1) ~= (N-1)/2
. hds(k) = -sin(w2*(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2))+sin(w 1 *(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2));
. else

. hds(k) = 1-w2/pi + wl/pi;

. end

. end

. fork=1:N

. t(k)=k-1;

. end

. fork=1:N

. w(k) = 0.54-0.46*cos(2*pi*(k-1)/(N-1));
end

. fork=1:N

. h(k) = hds(k)*w(k);

. end

. M =400;

. forn=1:M+1

. f(n) = (n-1)/M;

- q(n) = 2*pi*f(n);
. H(n) = h((N-1)/2+1)+2*h(1)*cos(q(n)*(-(N-1)/2));
. for k = 2:(N-1)/2

H(n) = H(n) + 2*h(k)*cos(q(n)*(k-1-(N-1)/2));
end

. H(n) = exp(*q(n)*(N-1)/2)*H(n);
. dB(n) = 20*log10(abs(H(n)));

. if dB(n) <-200 dB(n) = -200; end

. pha(n) = angle(H(n))/pi;

. end

. figure(1)

. semilogx(f*fs,dB);

. axis([0 100 -60 10]);grid on;

. title('"Magnitude Response in dB')

. xlabel('Frequency(Hz)")

. ylabel('"Magnitude in dB")

. figure(2)

. plot(f*fs,pha* 180/pi);

. axis([0 100 -100 100]);grid on;

. title('Phase Response of Hamming window")
. xlabel('Frequency(Hz)")

. ylabel('Phase(Degree)’)
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% Designing FIR bandstop filter using Hanning window
disp('Script for designing FIR bandstop filter using Hanning window")
disp('Written by Mr.Suriya Witthayapradit')

disp('Department of Instrumentation Engineering’)

disp('"King Mongkut’s Institute of Technology Ladkrabang')

N = input('Enter the length (order(N)) of the filter is : ');

fc1 = input('Enter the lower passband cutoff frequency(Hz.) : ');
fc2 = input('Enter the upper passband cutoff frequency(Hz.) @ ');
fs = input('Enter sampling rate in Hz. : '),

% %

Ts = 1/fs;

wl =2*pi*fcl1*Ts;

w2 = 2*pi*fc2*Ts;

ifrem(N,2) == 0 N = N+1; end;

% disp('The length (order) of the filter is')

% disp(N)

for k= 1:N

if (k-1) ~—= (N-1)/2

hds(k) = -sin(w2*(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2))+sin(w 1 *(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2));
else

hds(k) = 1-w2/pi + wl/pi;

end

end

fork = 1:N
t(k)=k-1;

end

fork=1:N

wi(k) = (1/2)*(1-cos(2*pi*(k-1)/(N-1)));
end

fork=1:N

h(k) = hds(k)*w(k);
end

M = 400;

forn = 1:M+1

f(n) = (n-1)/M;

q(n) =2*pi*f(n);

H(n) = h((N-1)/2+1)+2*h(1)*cos(q(n)*(-(N-1)/2));
for k = 2:(N-1)/2

H(n) = H(n) + 2*h(k)*cos(q(n)*(k-1-(N-1)/2));
end

H(n) = exp(-j*q(n)*(N-1)/2)*H(n);

mag(n) = abs(H(n));

dB(n) = 20*log10(abs(H(n)));

if dB(n) <-200 dB(n) = -200; end

pha(n) = angle(H(n))/pi;

end

figure(1)

semilogx(f*fs,dB);

axis([0 100 -60 10]);grid on;
title('Magnitude Response in dB')
xlabel('Frequency(Hz)")

ylabel('Magnitude in dB')

figure(2)

plot(f*fs,pha*180/pi);

axis([0 100 -100 100]);grid on;
title('Phase Response of Hanning window')
xlabel('Frequency(Hz)")
ylabel('"Phase(Degree)')
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% designing FIR bandstop filter using Kaiser window

Al = input('ripple in the passband (0 - 1) : ");

A2 = input('ripple in the stopband (0 - 1) : );

fllpc = input('Lower passband cutoff frequency in Hz.");
f2upc = input('Upper passband cutoff frequency in Hz.");
f3lsc = input('Lower stopband cutoff frequency in Hz.");
f4usc = input('Upper stopband cutoff frequency in Hz.");

fs = input("Sampling rate in Hz.");

% %

. Ts=1/fs;

. if 3lsc-fllpc <= f2upe-f4usc bt = 31sc-f1lpc; else bt = f2upe-f4usc; end
. fllpc = fllpct+bt/2;

. R2upc = 2upc-bt/2;

. w1l =2¥pi*fllpc*Ts;

. W2 = 2¥pi*f2upc*Ts;

. if Al <= A2 am = Al;else am = A2; end

. aa =-20*log10(am); % aa = stopband attenuation in dB.

. ifaa<=21b=0;

. elseifaa > 21 & aa <= 50 b = 0.5842*(aa-21)"0.4 + 0.07886*(aa-21);
. else

. b=0.1102*(aa-8.7);

. end

. end

. ifaa<=21 D = 0.9222; else D = (aa-7.95)/14.36; end

. N =ceil(fs*D/bt+1);

. ifrem(N,2) == 0 N = N+1; end;

. disp('The length (order) of the filter is')

. disp(N)

. fork=1:N

. if (k-1) = (N-1)/2

. hds(k) = -sin(w2*(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2))+sin(w 1 *(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2));
. else

. hds(k) = 1-w2/pi + wl/pi;
. end

. end

. fork=1:N

. t(k)=k-1;

. end

. fork=LN

. w(k) = bessel(0,j*b*sqrt(1-(1-2*(k-1)/(N-1))"2))/bessel(0.j*b);
. end

. fork=1:N

. t(k) =k-1;

. 7k)=0;

. if w(k) >= 0 Hi(k) = w(k); Lo(k) = 0;
. else Hi(k) = 0; Lo(k) = -w(k);

. end

. end

. fork=1:N

. h(k) = hds(k)*w(k);
. end

. fork=1:N

. (k) =k-1;

. z(k)=0;

. if h(k) >= 0 Hi(k) = h(k); Lo(k) = 0;
. else Hi(k) = 0; Lo(k) = -h(k);

. end

. end
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suml=sum(h);

fork=1:N

h(k) = h(k)/suml;

end

fork=1:N

t(k) = k-1;

z(k) = 0;

if h(k) >= 0 Hi(k) = h(k); Lo(k) = 0;
else Hi(k) = 0; Lo(k) = -h(k);
end

end

M = 400;

forn= 1:M+1

f(n) = (n-1)/M;

q(n) = 2*pi*f(n);

H(n) = h((N-1)/2+1)+2*h(1)*cos(q(n)*(-(N-1)/2));

for k =2:(N-1)/2

H(n) = H(n) + 2*h(k)*cos(q(n)*(k-1-(N-1)/2));
end

H(n) = exp(-j*q(n)*(N-1)/2)*H(n);
mag(n) = abs(H(n));

dB(n) = 20*log10(abs(H(n)));

if dB(n) < -200 dB(n) = -200; end
pha(n) = angle(H(n))/pi;

end

figure

plot(f*fs,dB);grid;

axis([0 100 -40 10]);grid on;
title('Magnitude Response in dB')
xlabel('Frequency')
ylabel('"Magnitude in dB')

figure

plot(f*fs,pha* 180/pi);grid;

axis([0 100 -60 60]);erid on;
title('"Phase Response of Kaiser window')
xlabel('Frequency')

ylabel('Phase in Degree')
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%designing FIR bandstop filter using Tukey window

N = input('Enter the length (order(N)) of the filter is : ');

a = input('parameter for Tukey window. 0 <=a<=1:");

fcl = input('Enter the lower passband cutoff frequency(Hz.) : ');
fc2 = input('Enter the upper passband cutoff frequency(Hz.) : ');
fs = input('Enter sampling rate in Hz. : ');

% %

Ts = 1/fs;

wl = 2*pi*fcl *Ts; % qlbsf = Lower passband cutoff frequency.

. W2 = 2*pi*fc2*Ts; % q2bsf = Upper passband cutoff frequency.
. ifrem(N,2) == 0 N = N+1; end;

. % disp('The length (order) of the filter is')

. % disp(N)

. fork=1:N

. if (k-1) ~= (N-1)/2

. hds(k) = -sin(w2*(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2))+sin(w1*(k-1-(N-1)/2))/(pi*(k-1-(N-1)/2));
. else

. hds(k) = 1-w2/pi + wl/pi;

. end

. end

. fork=1:N

. t(k)=k-1;

. end

. fork=1N

. ifk > (1+a)*(N-1)/2 + 1

. w(k) = (1/2)*[1 + cos((k-1-(1+a)*(N-1)/2)*pi*2/((1-a)*(N-1))];
. elseif k >=(1-a)*(N-1)/2 + 1 & k <= (1+a)*(N-1)/2 + 1 w(k) = 1;

. else

. ow(k) = (172)*[1 + cos((N+1-k-1-(1+a)*(N-1)/2)*pi*2/((1-a)*(N-1)))];
. end

. end

. fork=1:N

. h(k) = hds(k)*w(k);

. end

. M =400;

. forn=1:M+1

. f(n) = (n-1)/M;

. q(n) = 2*pi*f(n);

. H(n) = h((N-1)/2+1)+2*h(1)*cos(q(n)*(-(N-1)/2));
. for k =2:(N-1)/2

. H(n) = H(n) + 2*h(k)*cos(q(n)*(k-1-(N-1)/2));

. end

. H(n) = exp(-j*q(n)*(N-1)/2)*H(n);

. dB(n) = 20*log10(abs(H(n)));

. if dB(n) <-200 dB(n) = -200; end

. pha(n) = angle(H(n))/pi;

. end

. figure(1)

. semilogx(f*fs,dB);axis([0 100 -60 10]);grid on;

. title('Magnitude Response in dB')

. xlabel('Frequency(Hz)")

. ylabel('Magnitude in dB'")

. figure(2)

. plot(f*fs,pha*180/pi);axis([0 100 -100 100]);grid on;
. title('Phase Response of Tukey window')

. xlabel("Frequency(Hz)")

. ylabel("Phase(Degree)")
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Function : Butterworth bandstop filter
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9% Function for designing digital Butterworth bandstop filter.

function[dp,dz,h] = dbubsf(amax,amin,f 1bsf, f2bsf, f3bsf, f4bsf,{5)

Ts= 1/fs; % Ts = sampling interval.

qlbsf=2*pi*flbsf*Ts; % qlbsf = digital lower passband cutoff frequency in radians.

q2bsf = 2*pi*f2bsf*Ts; % q2bsf = digital upper passband cutoff frequency in radians.

q3bsf = 2*pi*f3bsf*Ts; % q3bsf = digital lower stopband cutofT frequency in radians.

qabsf = 2*pi*fabsf*Ts; % q4bsf = digital upper stopband cutoff frequency in radians.

wlbsf = 2*fs*tan(q1bsf/2); % wlbsf= prewarped lower passband cutoff frequency in radians/s.
w2bsf = 2*fs*tan(q2bsf/2); % w2bsf = prewarped upper passband cutoff frequency in radians/s.

. w3bsf=2*fs*tan(q3bsf/2); % w3bsf = prewarped lower stopband cutoff frequency in radians/s.

. wdbsf = 2*fs*tan(qdbsf/2); % wdbsf = prewarped upper stopband cutoff frequency in radians/s.

. if wibsf*w2bsf > w3bsf*wabsf wabsf = wlbsf*w2bsf/w3bsf; end

. if wibsf*w2bsf < w3bsf*w4bsf w3bsf = wilbsf*w2bsf/w4bsf; end

. N = ceil(log((107(0.1 *amin)-1)/(10°(0.1*amax)-1))/(2*log((w2bsf-w 1bsf)/(wdbsf-w3bsf)))); % N =

order of the filter.

disp('The order of the filter is")

disp(N)

% Calculating the normalized lowpass pole locations.

% Vector s is the normalized poles.

if rem(N,2) == 1 s(1) = -1; else s(1) = 0; end

if rem(N,2) == | min = (N+1)/2; else min = N/2 + 1; end

if N == | max = 1; elseif rem(N,2) == | max = N-1; else max =N; end
if rem(N,2) == 1 factor = 0; else factor = 1/2; end

if N == 1 maxa = 1; elseif rem(N,2) == | maxa = (N-1)/2; else maxa = N/2; end
if rem(N,2) == 1 evena = 0; else evena = 1; end

for m = min:max

s(m) = cos(pi*(m - factor)/N) + j*sin(pi*(m - factor)/N);

end

for ka = 1:maxa

s(2*ka-evena) = s((N+1+evena+2*(ka-1))/2);

s(2*ka+1-evena) = conj(s(2*ka-evena));

end
% Plotting the normalized analog lowpass poles.
forn = 1:201

x(n) = (n-101)/100;

ty(n) = sqre(1-x(n).*x(n));

by(n) = - ty(n);

end

figure

plot(x,ty)

hold on

plot(x,by)

plot(real(s),imag(s),'bx"); grid;

title('Normalized Analog Lowpass Pole Locations')
xlabel('Real Part")

ylabel('Imaginary Part’)

disp('Normalized Analog LLowpass Pole Locations')
disp(s);

% Calculating the normalized analog lowpass zero locations.
% Vector szb is the normalized analog zeros.

fork=1:N
sz(k) = 10"50;
end

% Calculating the frequency transformed analog poles and zeros.

% Lowpass to bandstop transformation.

Wo = 1/(1070.1*amax)-1)"(1/(2*N)); % Wo = half-power frequency.
w2 1=(w2bsf-w1bsf)/2;

w2m1=w2bsf-w1bsf;
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w12t4=4*wbsf*w2bsf;

fork=1:N

s(k) = Wo*s(k);

RI1(k) = real(s(k));

[1(k) = imag(s(k));

R2(k) = RI(k)"2;

12(k) = 11(k)"2;

mag(k) = R2(k) + 12(k);

A(k) = (12(k)-R2(k))*w2m1°2/mag(k)"2 + wl2t4;

B(k) = 2*abs(R1(k))*abs(I1(k))*w2m1"2/mag(k)"2;

RA(K) = (1/2)*sqrt((sqrt(A(k)"2+B(k)"2)-A(k))/2);

RB(k) = j*(1/2)*(sqrt((sqrt(A(k)"2+B(k)"2)+A(k))/2)-11(k)*w2m1/mag(k));

end

form = 1:2*N

ifrem(m,2) == 1

if 11((m+1)/2) > 0 sfs(m) = w2 1*R1((m+1)/2)/mag((m+1)/2) + RA((m+1)/2) + RB((m+1)/2); end
if [1((m+ 1)/2) < 0 sfs(m) = w21*R1((m+1)/2)/mag((m+1)/2) - RA((m+1)/2) + RB((m+1)/2); end
Rla=(w2ml/RI1((m+1)/2))"2;

if 11((m+1)/2) == 0 & Rla >= wl2t4 sfs(m) = w21/R1((m+1)/2) + (1/2)*sqrt(R1a-w12t4); end
if 11((m+1)/2) == 0 & Rla < w12t4 sfs(m) = w2 I/R1((m+1)/2) + j*(1/2)*sqrt(-R1a+w12t4); end
else

sfs(m) = conj(sfs(m-1));

if [1(m/2) == 0 & (W2m1/R1(m/2))"2 >= w12t4

sfs(m) = w2 I/R1(m/2) - (1/2)*sqrt(w2m1°2/R [ (m/2)"2-w12t4); end

end

end

if N==1 sfs(1) = w21/R1(1) + (1/2)*sqrt((w2m1/R1(1))"2-w12t4); end

if N==1 sfs(2) = w21/R1(1) - (1/2)*sqrt((w2m /R 1(1))"2-w12t4); end

for m = 1:2*N

if rem(m,2) == 1 szfs(m) = j*sqrt(w1bsf*w2bsf); else szfs(m) = conj(szfs(m-1)); end
end

% Plotting the frequency transformed bandpass poles.

wo = sqrt(w | bsf*w2bsf)/Wo;

for na=1:201

xa(na) = wo*(na-101)/100;

tya(na) = sqrt(wo”2-xa(na)"2);

bya(na) = - tya(na);

end

figure

plot(xa,tya)

hold on

plot(xa,bya)

plot(real(sfs),imag(sfs),'bx"); grid;

title('Frequency Transformed Bandstop Pole Locations')

xlabel('Real Part")

ylabel('Imaginary Part')

disp('Frequency Transformed Bandstop Pole Locations')

disp(sfs)

disp('Frequency Transformed Bandstop Zero Locations')

disp(szfs)

% Transforming analog poles and zeros to digital poles and zeros using bilinear transformation.
for m = 1:2*N

dp(m) = (1 + (Ts/2)*sfs(m))/(1 - (Ts/2)*sfs(m));

dz(m) = (1 + (Ts/2)*szfs(m))/(1 - (Ts/2)*szfs(m));

end

% Plotting digital poles and zeros on the complex z-plane

figure

plot(x,ty)

hold on

plot(x,by)
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118.plot(real(dp),imag(dp),'bx")

119.plot(real(dz),imag(dz),ro"); grid;

120.title('Digital Poles and Zeros")

121.xlabel('Real Part")

122.ylabel('Imaginary Part')

123.disp('Digital Pole Locations')

124.disp(dp)

125.disp('Digital Zero Locations')

126.disp(dz)

127.%

128.fori= I:N

129.d2(i,1)=1; d2(i,2)=-2*real(dp(2*i-1));d2(i,3) = (abs(dp(2*i-1)))"2;

130.n2(i,1)=1; n2(i,2)=-2*real(dz(2*i-1));n2(i,3) = (abs(dz(2*i-1)))"2;

131.end

132.disp('Numerator Second Order Terms')

133.disp(n2)

134.disp('Denominator Second Order Terms")

135.disp(d2)

136.% Plotting the magnitude response and the phase response with respect to the normalized digital
frequency.

137.M = 128; % M is the number of points the frequency response is calculated.

138.step = 2*pi/M;

139.form = 1:M

140.H(m) = (1-dz(1)*exp(G*(-1)*(m-1)*step))*(1-dz(2)*exp(j*(-1)*(m-1)*step))/[(1-dp(1)*exp(j*(-1)*(m-
1)*step))*(1-dp(2)*exp(j*(-1)*(m-1)*step))];

141.end

142.if N> |
143.forn=3:2*N
144 .form = I:M

145.H(m) = H(m).*[(1-dz(n)*exp(j*(-1)*(m-1)*step))/(1-dp(n)*exp(j*(-1)*(m-1)*step))];
146.end

147.end

148.end

149.max = abs(H(1));

150.for m =2:M

151.if abs(H(m)) > max max = abs(H(m)); end
152.end

153.disp('maximum gain is")

154.disp(max)

155.b0=1/max;

156.disp("Constant Term b0 =")

157.disp(b0);

158.%Polynomial Form

159.nump(1) = n2(1,1); nump(2) = n2(1,2); nump(3) = n2(1,3);
160.denp(1) = d2(1,1); denp(2) = d2(1,2); denp(3) = d2(1,3);
161.if N> 1

162.for i=2:N nump = conv(nump,n2(i,:)); denp = conv(denp,d2(i,:)); end
163.end

164.disp('Numerator Polynomial’)

165.disp(b0*nump)

166.disp('Denominator Polynomial’)

167.disp(denp)

168.%

169.form = I:M

170.f{lm) = (m-1)/M ;

171.H(m) = H(m)/max;

172.mag(m) = abs(H(m));

173.f H(m) == 0 dB(m) = -200; else dB(m) = 20*log10(mag(m)); end
174.if dB(m) < -200 dB(m) = -200; end

175.pha(m) = angle(H(m));



176.end

177.figure

178.semilogx(f*fs,mag);

179.axis([0 100 0 1]);grid;
180.title('Butterworth Magnitude Response')
181.xlabel('Frequency(Hz)")
182.ylabel("Magnitude(Volt.)")

183.figure

184.% semilogx(f*fs,dB ,"r',y,x,"-b");
185.semilogx(f*fs,dB ,'-r');hold on;
186.axis([0 100 -40 0]);grid;
187.title('Butterworth Magnitude Response in dB')
188.xlabel('Frequency(Hz)")
189.ylabel('"Magnitude in dB')

190.figure

191.% semilogx(f*fs,pha* 180/pi,"r',q,p,'b");
192.semilogx(f*fs,pha*180/pi,-r');
193.axis([0 100 -180 180]); grid;

194 title('Phase Response')
195.xlabel('Frequency')

196.ylabel('Phase in Degree')

197.% Calculating and Plotting the Impulse Response of the Filter.

198.h = iffi(H);

199.for m = 1:M

200.k(m) = m-1; z(m) = 0; Lo(m) = 0; Hi(m) = 0;
201.if h(m) >= 0 Hi(m) = h(m); else Lo(m) = h(m); end
202.end

203.maxh = h(1); minh = h(1);

204.form=2:M

205.if h(m) > maxh maxh = h(m); end

206.if h(m) < minh minh = h(m); end

207.end

208.figure

209.%errorbar(k,z,Lo,Hi,'w")

210.stem(k,h); grid;

211.title('Impulse Response')

212.xlabel('Time")

213.ylabel(' Amplitude")
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Function : Chebyshev bandstop filter
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% Function for designing digital Chebyshev bandstop filter.
function[dp,dz,h] = dchbsflamax,amin,f1bsf, 2bsf, {3bsf, fabsf,fs)
Ts=1/fs; % Ts = sampling interval.

qlbsf = 2*pi*flbsf*Ts;
q2bsf = 2*pi*f2bsf*Ts;
q3bsf = 2*pi*f3bsf*Ts;
gdbsf = 2*pi*f4bsf*Ts;

% qlbsf= digital lower passband cutoff frequency in radians.
% q2bsf = digital upper passband cutoff frequency in radians.
% q3bsf = digital lower stopband cutoff frequency in radians.
% q4bsf = digital upper stopband cutoff frequency in radians.

wlbsf = 2*fs*tan(q1bsf/2); % wlbsf= prewarped lower passband cutoff frequency in radians/s.
w2bsf = 2*fs*tan(q2bsf/2); % w2bsf= prewarped upper passband cutoff frequency in radians/s.

N = order of the filter.

. w3bsf = 2*fs*tan(q3bsf/2); % w3bsf= prewarped lower stopband cutoff frequency in radians/s.

. wabsf = 2*fs*tan(q4bsf/2); % wdbsf = prewarped upper stopband cutoff frequency in radians/s.

. if wibsf*w2bsf > w3bsf*w4bsf wabsf = wlbsf*w2bsf/w3bsf; end

. if wlbsf*w2bsf < w3bst*w4dbsf w3bsf = wlbsf*w2bsf/w4bsf; end

. N = ceil(acosh(sqrt((10°(0.1*amin)-1)/(10"(0.1*amax)-1)))/acosh((w2bsf-w1bsf)/(wdbsf-w3bsf))); %

disp('Digital Chebyshev (Type I) Bandstop Filter Design’)

disp(' ")

disp('Lower passband cutoff frequency qlbsf =")

disp(q1bsf)

disp('Upper passband cutoff frequency q2bsf =")

disp(q2bsf)

disp('Lower stopband cutoff frequency q3bsf =')

disp(g3bsf)

disp('Upper stopband cutoff frequency qdbsf =')

disp(q4bsf)

disp('Prewarped lower passband cutoff frequency w1bsf =")

disp(w1bsf)

disp('Prewarped upper passband cutoff frequency w2bsf ="

disp(w2bsf)

disp("Prewarped lower stopband cutoff frequency w3bsf =')

disp(w3bsf)

disp('Prewarped upper stopband cutoff frequency wabsf =')

disp(w4bsf)

disp('The order of the filter is')

disp(N)

% Calculating the normalized lowpass pole locations.
% Vector s is the normalized poles.

a = (1/N)*asinh(1/sqrt(10~(0.1*amax)-1));

if rem(N,2) == 1 s(1) = -sinh(a); end

if N==1max = 0;

elseif rem(N,2) == 1 max = (N-3)/2;

else max = (N-2)/2;
end

end

ifN>1

for m = 0:max
ifrem(N,2) == 1

s(2*m+2) = -sinh(a)*sin((2*m+1)*pi/(2*¥N))+j*cosh(a)*cos((2*m+1)*pi/(2*N));
s(2*m+3) = conj(s(2*m+2));

else

s(2*m+1) = -sinh(a)*sin((2*m-+1)*pi/(2¥N))+j*cosh(a) *cos((2*m-+1)*pi/(2*N));
s(2*m+2) = conj(s(2*m+1));

end
end
end

% Plotting the normalized analog lowpass poles.

forn=1:201
x(n) = (n-101)/100;
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58. ty(n) = sqrt(1-x(n).*x(n));

59. by(n) = - ty(n);

60. end

61. figure

62. plot(x,ty)

63. hold on

64. plot(x,by)

65. plot(real(s),imag(s),'bx"); grid;

66. title('Normalized Analog Lowpass Pole Locations’)

67. xlabel('Real Part’)

68. ylabel('Imaginary Part")

69. disp('Normalized Analog Lowpass Pole Locations')

70. disp(s)

71. % Calculating the normalized analog lowpass zero locations.

72. % Vector szb is the normalized analog zeros.

73. fork=1:N

74. sz(k) = 10"50;

75. end

76. % Calculating the frequency transformed analog poles and zeros.

77. % Lowpass to bandstop transformation.

78. w21=(w2bsf-wlbsf)/2;

79. w2ml=w2bsf-w1bsf;

80. wl2t4=4*wl1bsf*w2bsf;,

81. fork=1:N

82. RI(k) = real(s(k));

83. I1(k) = imag(s(k));

84. R2(k) = R1(k)"2;

85. 12(k) =11(k)"2;

86. mag(k) = R2(k) + 12(k);

87. A(k) = (12(k)-R2(k))*w2m1°2/mag(k)"2 + w12t4,

88. B(k) = 2*abs(R1(k))*abs(I1(k))*w2m12/mag(k)"2;

89. RA(K) = (1/2)*sqrt((sqrt(A(k)"2+B(k)"2)-A(k))/2);

90. RB(k) = j*(1/2)*(sqrt((sqrt(A(k)"2+B(k)"2)+A(k))/2)-11(k)*w2m1/mag(k));
91. end

92. form = 1:2*N

93. ifrem(m,2) ==

94. if [1((m+1)/2) > 0 sfs(m) = w21 *R1((m+1)/2)/mag((m+1)/2) + RA((m+1)/2) + RB((m+1)/2); end
95. if [1((m+1)/2) <0 sfs(m) = w21*R1((m+1)/2)/mag((m+1)/2) - RA((m+1)/2) + RB((m+1)/2); end
96. Rla=(w2ml/R1((m+1)/2))"2;

97. if 11((m+1)/2) == 0 & Rla >= w12t4 sfs(m) = w21/R1((m+1)/2) + (1/2)*sqrt(R1a-w12t4); end
98, if 11((m+1)/2) = 0 & Rla < w12t4 sfs(m) = w2 I/R1((m+1)/2) + j*(1/2)*sqrt(-R1a+w12t4); end
99. else

100.sfs(m) = conj(sfs(m-1));

10Lif I(m?2) = 0 & W2mlI/RI(m/2))"2 >= wi24 sfs(m) = w2l/R1(m/2) -
(1/2)*sqrt(w2m1°2/R1(m/2)"2-w12t4); end

102.end

103.end

104.for m = 1:2*N

105.if rem(m,2) == 1 szfs(m) = j*sqrt(w1bsf*w2bsf); else szfs(m) = coni(szfs(m-1)); end
106.end

107.% Plotting the frequency transformed bandpass poles.
108.wo = sqrt(w1bsf*w2bsf);

109.for na = 1:201

110.xa(na) = wo*(na-101)/100;

111.tya(na) = sqrt(wo”2-xa(na)"2);

112.bya(na) = - tya(na);

113.end

114 figure

115.plot(xa,tya)

116.hold on
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117.plot(xa,bya)

118.plot(real(sfs),imag(sfs),'bx"); grid;

119.title('Frequency Transformed Bandstop Pole Locations')

120.xlabel('Real Part')

121.ylabel('lmaginary Part')

122.disp('Frequency Transformed Bandstop Pole Locations')

123.disp(sfs)

124.disp('Frequency Transformed Bandstop Zero Locations')

125.disp(szfs)

126.% Transforming analog poles and zeros to digital poles and zeros using bilinear transformation.

127.form = 1:2*N

128.dp(m) = (1 + (Ts/2)*sfs(m))/(1 - (Ts/2)*sfs(m));

129.dz(m) = (1 + (Ts/2)*szfs(m))/(1 - (Ts/2)*szfs(m));

130.end

131.% Plotting digital poles and zeros on the complex z-plane

132.figure

133.plot(x,ty)

134.hold on

135.plot(x,by)

136.plot(real(dp),imag(dp),'bx")

137.plot(real(dz),imag(dz),ro");grid;

138.title('Digital Poles and Zeros')

139.xlabel('Real Part')

140.ylabel('Imaginary Part')

141.disp('Digital Pole Locations')

142.disp(dp)

143.disp('Digital Zero Locations')

144.disp(dz)

145.%

146.fori = 1:N

147.d2(1,1)=1; d2(i,2)=-2*real(dp(2*i-1));d2(i,3) = (abs(dp(2*i-1)))"2;

148.n2(i,1)=1; n2(i,2)=-2*real(dz(2*i-1));n2(i,3) = (abs(dz(2*i-1)))"2;

149.end

150.disp('Numerator Second Order Terms')

151.disp(n2)

152.disp('Denominator Second Order Terms')

153.disp(d2)

154.% Plotting the magnitude response and the phase response with respect to the normalized digital
frequency.

155.M = 256; % M is the number of points the frequency response is calculated.

156.step = 2*pi/M;

157.form = 1:M

158.H(m) = (1-dz(1)*exp(*(-1)*(m-1)*step))*(1-dz(2)*exp(j*(-1)*(m-1)*step))/[(1-dp(1)*exp(j*(-1)*(m-
1)*step))*(1-dp(2)*exp(j*(-1)*(m-1)*step))];

159.end

160.if N> 1

161.for n = 3:2*N

162.form = I:M

163.H(m) = H(m).*[(1-dz(n)*exp(j*(-1)*(m-1)*step))/(1-dp(n)*exp(*(-1)*(m-1)*step))];

164.end '

165.end

166.end

167.max = abs(H(1));

168.for m = 2:M

169.if abs(H(m)) > max max = abs(H(m)); end
170.end

171.disp('maximum gain is')
172.disp(max)

173.b0=1/max;
174.disp('Constant Term b0 =")



175.disp(b0);

176.%Polynomial Form

177.nump(1) = n2(1,1); nump(2) = n2(1,2); nump(3) = n2(1,3);
178.denp(1) = d2(1,1); denp(2) = d2(1,2); denp(3) = d2(1,3);
179.if N> 1

180.for i=2:N nump = conv(nump,n2(i,:)); denp = conv(denp,d2(i,:)); end
181.end

182.disp("Numerator Polynomial’)

183.disp(b0*nump)

184.disp('Denominator Polynomial’)

185.disp(denp)

186.%

187.form = 1:M

188.f(m) = (m-1)/M;

189.H(m) = H(m)/max;

190.mag(m) = abs(H(m));

191.if H(m) == 0 dB(m) = -200; else dB(m) = 20*log10(mag(m)); end
192.if dB(m) < -200 dB(m) = -200; end

193.pha(m) = angle(H(m));

194.end

195.figure

196.semilogx(f*fs,mag);

197.axis([0 100 0 1]);grid;

198.title("Chebyshev Magnitude Response”)
199.xlabel('Frequency(Hz)")

200.ylabel('"Magnitude(Volt.)")

201.figure

202.semilogx(f*fs,dB ,'-r');

203.axis([0 100 -40 0]);grid;

204.title('Chebyshev Magnitude Response in dB’)
205.xlabel('Frequency")

206.ylabel('"Magnitude in dB")

207 figure

208.semilogx(f*fs,pha*180/pi,"-r');

209.axis([0 100 -180 180]); grid;

210.title('Phase Response')

211.xlabel('Frequency(Hz)")

212.ylabel('Phase in Degree')

213.% Calculating and Plotting the Impulse Response of the Filter.
214.h = ifft(H);

215.form=1:M

216.k(m) = m-1;

217.z(m) = 0;

218.if real(h(m)) >= 0 Lo(m) = 0; else Lo(m) = -real(h(m)); end
219.if real(h(m)) >= 0 Hi(m) = real(h(m)); else Hi(m) = 0; end
220.end

221.figure

222 .%errorbar(k,z,Lo,Hi,'y")

223.stem(k,h); grid;

224 title('Impulse Response')

225 .xlabel('Time")

226.ylabel('Amplitude’)
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Function : Elliptic bandstop filter

% Function for designing digital Elliptic bandstop filter.

function[dp,dz,h] = delbsf(amax,amin,fl1bsf,f2bsf, f3bsf, f4bsf,fs)

Ts=1/fs; % Ts=sampling interval.

qlbsf=2*pi*flbsf*Ts; % qlbsf = digital lower pass band cutoff frequency in radians.
q2bsf=2*pi*f2bsf*Ts; % q2bsf = digital upper pass band cutoff frequency in radians.
q3bsf=2*pi*f3bsf*Ts; % q3bsf = digital lower stop band cutoff frequency in radians.
qdbsf=2*pi*fabsf*Ts; % q4dbsf = digital upper stop band cutoff frequency in radians.

wlbsf = 2*fs*tan(q1bsf/2); % wlbsf= prewarped lower pass band cutoff frequency in radians/s.
w2bsf = 2*fs*tan(q2bsf/2); % w2bsf = prewarped upper pass band cutoff frequency in radians/s.
w3bsf = 2*fs*tan(q3bsf/2); % w3bsf= prewarped lower stop band cutoff frequency in radians/s.

. wabsf = 2*fs*tan(qdbsf/2); % wdbsf = prewarped upper stop band cutoff frequency in radians/s.
. Wsl = (w3bsf*(w2bsf-w1bsf))/(-w3bsf*2 + wlbsf*w2bsf); %backward transformation.

Ws2 = (wabsP*(w2bsf-w 1 bsf))/(-wdbsf"2 + wlbsf*w2bsf); %backward transformation.

. Wslpf = min(abs(Ws1),abs(Ws2)); %Wslpf = stopband cutoff frequency of the normalized lowpass

fiter.

. if wibsf*w2bsf > w3bsf*wdbsf wabsf= wlbsf*w2bsf/w3bsf; end

. gdabsf = 2*atan(w4bsf*Ts/2); %qdabsf = g4bsf corresponding to adjusted w4bsf
. if wibsf¥w2bsf < w3bsf*w4bsf w3bsf= w1bsf*w2bsf/w4bsf; end

. q3absf = 2*atan(w3bsf*Ts/2); %q3absf= q3bsf corresponding to adjusted w3bsf
. wobsf = sqrt(w1bsf*w2bsf); Y%ewobsf = geometric mean of wlbsf and w2bsf.

. % Calculating the order of the normalized lowpass filter.

. k = (w4bsf-w3bsf)/(w2bsf-w1bsf);

. Wp = sqrt(k);

. Ws = 1/sqrt(k);

. kp = sqrt(1-k"2);

. qo = (172)*(1-sqrt(kp))/(1+sqrt(kp));

. q=qo *+2*qo"5 + 15*qo™9 + 150*qo™13;

. D=(107(0.1*amin)-1)/(10°(0.1*amax)-1);

. N = ceil(log10(16*D)/log10(1/q)); % N = order of the filter.

. disp('Digital Elliptic Bandstop Filter Design')

. disp("")

. disp('Lower passband cutoff frequency q1bsf ="

. disp(qlbsf)

. disp('Upper passband cutoff frequency q2bsf=")

. disp(q2bsf)

. disp('Lower stopband cutoff frequency q3bsf=")

. disp(q3bsf)

. disp('Upper stopband cutoff frequency qdbsf =)

. disp(q4bst)

. disp("Prewarped lower passband cutoff frequency w1bsf=')
. disp(w1bsf)

. disp('Prewarped upper passband cutoff frequency w2bsf=")
. disp(w2bsf)

. disp('Prewarped lower stopband cutoff frequency w3bsf ="
. disp(w3bsf)

. disp('Prewarped upper stopband cutoff frequency w4bsf =')
. disp(w4bsf)

. disp('Center frequency = sqrt(w1bsf*w2bsf) = wobsf =")

. disp(wobsf)

. disp('The order of the filter is")

. disp(N)

. % Calculating the normalized lowpass pole locations.
. % Vector s is the normalized poles.

L = (1/(2*N))*log((100.05*amax)+1)/(10°(0.05*amax)-1));

. sumn = sinh(L);
. form=1:50
. sumn = sumn + (-1)"m*q (m*(m+1))*sinh((2*m+1)*L),

end
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57. sumd = -q*cosh(2*L);

58. form=2:50

59. sumd = sumd + (-1)"m*q"m”2*cosh(2*m*L);

60. end

61. so=abs(2*q"0.25*sumn/(1+2*sumd));

62. W = sqrt((1+k*so™2)*(1+s0"2/k));

63. ifN==1r=1;

64. elseifrem(N,2) ==

65. r=(N-1)/2;

66. else

67. r=N/2;

68. end

69. if rem(N,2) == 1 muminus = 0; else muminus = 0.5; end
70. forp=1ir ’
71. sumna = sin(pi*(p-muminus)/N);

72. form = 1:50

73. sumna = sumna + (-1)*m*q (m*(m+1))*sin((2*m+1)*pi*(p-muminus)/N);

74. end

75. sumda = -q*cos(2*pi*(p-muminus)/N);

76. form=2:50

77. sumda = sumda + (-1)"m*q"m”"2*cos(2*m*pi*(p-muminus)/N);
78. end

79. WG(p) = 2*q"0.25*sumna/(1+2*sumda);

80. V(p) = sqrt((1-k*WG(p)"2)*(1-WG(p)"2/k));

81. if N=1 WG(1)= 10"(-50); end

82. Ao(p) = I/'WG(p)"2;

83. Bo(p) = [(so*V(p))"2 + (WG(p)*W)"2]/[1+s0”"2*WG(p)"2]"2;

84. Bl(p) = 2*so*V(p)/[1+s0"2*WG(p)"2];

85. end

86. if rem(N,2) == 1 Ho = so*Bo(1)/Ao(1); end

87. ifrem(N,2) == 0 Ho = 10"(-0.05*amax)*Bo(p)/Ao(p); end

88. ifN>1

89. forp=2r

90. Ho = Ho*Bo(p)/Ao(p);

91. end

92. end

93. ifrem(N,2) == 1 s(1) = -s0; end

94. if N> 1

95. ifrem(N,2) =1

96. form =2:2*r+1

97. ifrem(m,2) =10

98. if BI(m/2)"2 >=4*Bo(m/2) s(m) = -B1(m/2)/2+0.5*sqrt(B 1(m/2)"2-4*Bo(m/2));
99. else

100.s(m) = -B1(m/2)/2+j*0.5*sqrt(-B 1(m/2)"2+4*Bo(m/2));

101.end

102.end

103.if rem(m,2) ==

104.if B1((m-1)/2)"2 >= 4*Bo((m-1)/2) s(m) = -B1((m-1)/2)/2-0.5*sqrt(B 1((m-1)/2)"2-4*Bo((m-1)/2));
105.else

106.s(m) = conj(s(m-1));

107.end

108.end

109.end

110.else

111.form = 1.2%r

112.if rem(m,2) ==

113.if B1((m+1)/2)"2 >= 4*Bo((m+1)/2) s(m) = -B1((m+1)/2)/2+0.5*sqrt(B 1 ((m+1)/2)"2-4*Bo((m+1)/2));
114.else

115.s(m) = -B1((m+1)/2)/2+j*0.5*sqrt(-B1((m+1)/2)"2+4*Bo((m+1)/2));
116.end



117.end

118.if rem(m,2) == 0

119.if B1(m/2)"2 >= 4*Bo(m/2) s(m) = -B1(m/2)/2-0.5*sqrt(B1(m/2)"2-4*Bo(m/2));
120.else

121.s(m) = conj(s(m-1));

122.end

123.end

124.end

125.end

126.end

127.% Calculating the normalized lowpass zero locations.
128.% Vector sz is the normalized zeros.
129.ifN=1r=1,

130.elseif rem(N,2) == 1

131.r = (N-1)/2;

132.else

133.r=N/2;

134.end

135.if rem(N,2) == 1 sz(1) = 10”50, end
136.ifrem(N2) == 1 & N> 1

137.form = 1:2*r

138.if rem(m,2) == 1 sz(m+1) = j*sqrt(Ao((m+1)/2));
139.else

140.sz(m+1) = conj(sz(m));

141.end

142.end

143.end

144.if rem(N,2) == 0

145.for m = 1:2%*r

146.if rem(m,2) == 1 sz(m) = j*sqrt(Ao((m+1)/2));
147.else

148.sz(m) = conj(sz(m-1));

149.end

150.end

151.end

152.disp('Normalized Lowpass Pole Locations')
153.disp(s)

154.disp('Normalized Lowpass Zero Locations’)
155.disp(sz(1))

156.fori=2:N

157.disp(sz(i))

158.end

159.%Adjustments

160.sqrtws = sqrt(Wslpf);

161.fori= I:N

162.s(i) = sqrtws*s(i);

163.52(i) = sqrtws*sz(i);

164.end

165.disp('Normalized Lowpass Pole Locations After Adjustments’)
166.disp(s)

167.disp('Normalized Lowpass Zero Locations After Adjustments')
168.disp(sz(1))

169.fori=2:N

170.disp(sz(i))

171.end

172.% Plotting the normalized lowpass poles and zeros.
173.for n = 1:201

174.x(n) = (n-101)/100;

175.ty(n) = sqrt(1-x(n).*x(n));

176.by(n) = - ty(n);
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177.end

178.figure

179.plot(x,ty)

180.hold on

181.plot(x,by)

182.plot(real(s),imag(s),'bx");grid;

183.fori=1:N

184.if real(sz(i)) < 10"3

185.plot(real(sz(i)),imag(sz(i)),'ro'

186.end

187.end

188.title('Normalized Lowpass Poles and Zeros')

189.xlabel('Real Part")

190.ylabel('Imaginary Part’)

191.% Calculating the frequency transformed analog poles and zeros.

192.% Lowpass to bandstop transformation.

193. Wo=sqrt((w2bsf-w1bsf)/(wdbsf-w3bsf));

194.w2 1=(w2bsf-w1bsf)/2;

195.w2m1=w2bsf-w1bsf;

196.w12t4=4*w 1bsf*w2bsf;

197.fork = I:N

198.s(k) = s(k);

199.R1(k) = real(s(k));

200.11(k) = imag(s(k));

201.R2(k) = R1(k)"2;

202.12(k) = I1(k)"2;

203.mag(k) = R2(k) + I12(k);

204.A(k) = (12(k)-R2(k))*w2m1°2/mag(k)"2 + w12t4;

205.B(k) = 2*abs(R1(k))*abs(I1(k))*w2m1°2/mag(k)"2;

206.RA(k) = (1/2)*sqrt((sqrt(A(k)"2+B(k)"2)-A(k))/2);

207.RB(k) = j*(1/2)*(sqrt((sqrt(A(k)"2+B(k)"2)+A(k))/2)-11(k)*w2m1/mag(k));

208.end

209.form = 1:2*N

210.if rem(m,2) == 1

21 Lif I ((m+1)/2) > 0 sfs(m) = w21 *R1((m+1)/2)/mag((m+1)/2) + RA((m+1)/2) + RB((m+1)/2); end

212.if 11 ((m+1)/2) < 0 sfs(m) = w21 *R1((m+1)/2)/mag((m+1)/2) - RA((m+1)/2) + RB((m+1)/2); end

213.Rla= (w2m1/R1((m+1)/2))"2;

214.if 11((m+1)/2) == 0 & Rla >= w12t4 sfs(m) = w2 1/R1((m+1)/2) + (1/2)*sqrt(R la-w12t4); end

215.if 11((m+1)/2) == 0 & Rla < w12t4 sfs(m) = w2 I/R1((m+1)/2) + j*(1/2)*sqrt(-R1at+w12t4); end

216.else

217.sfs(m) = conj(sfs(m-1));

218.if I1I(m/2) == 0 & (W2mI/R1(m/2)y"2 >= wl2t4 sfs(m) = w2l/RI(m/2) -
(1/2)*sqrt(w2m1°2/R 1(m/2)"2-w12t4); end

219.if I1(m/2) == 0 & (W2ml/RI(m/2))"2 < wl2t4  sfs(m) = w2lI/RI(m/2) - j*(1/2)*sqrt(-
w2m172/R1(m/2)"2+wI2t4); end

220.end

221.end

222.% Transformation of zeros

223.fork=1:N

224.sz(k) = sz(k);

225.Rz1(k) = real(sz(k));

226.1z1(k) = imag(sz(k));

227.Rz2(k) = Rz1(k)"2;

228.122(k) = Iz1(k)"2;

229.mag(k) = Rz2(k) + 1z2(k);

230.Az(k) = (1z2(k)-Rz2(k))*w2m172/mag(k)"2 + w12t4;

231.Bz(k) = 2*abs(Rz1(k))*abs(I1z1(k))*w2m1°2/mag(k)"2;

232.RAz(k) = (1/2)*sqrt((sqrt(Az(k)"2+Bz(k)"*2)-Az(k))/2);

233.RBz(k) = j*(1/2)*(sqrt((sqrt{ Az(k)"2+Bz(k)"2)+Az(k))/2)-I1z1(k)*w2m1/mag(k));

234.if 1z1(k) ~= 0 AAz(k) = ((w2bsf-w1bsf)/1z1(k))"2 + w12t4; end
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235.end

236.form = 1:2*N

237.if rem(m,2) == 1

238.if [z1((m+1)/2) >= 0 szfs(m) = w21*Rzl((m+1)/2)/mag((m+1)/2) + RAz((m+1)/2) + RBz((m+1)/2);
end

239.if IzI((m+1)/2) < 0 szfs(m) = w21 *RzI((m+1)/2)/mag((m+1)/2) - RAz((m+1)/2) + RBz((m+1)/2); end

240.if 1z1((m+1)/2) > 0 & Rz1((m+1)/2) == 0 szfs(m) = j*(1/2)*(sqrt(AAz((m+1)/2))-w2m1/Iz1((m+1)/2));
end

241.if [z1((m+1)/2) <0 & Rz1((m+1)/2) == 0 szfs(m) = j*(1/2)*(sqrt(AAz((m+1)/2))-w2m1/Iz1((m+1)/2));
end

242 else

243.szfs(m) = conj(szfs(m-1));

244.end

245.end

246.% Plotting the frequency transformed bandpass poles and zeros.

247.wo = sqrt(w1bsf*w2bst)/Wo;

248.for na = 1:201

249.xa(na) = wo*(na-101)/100;

250.tya(na) = sqrt(wo”2-xa(na)"2);

251.bya(na) = - tya(na);

252.end

253.figure

254 plot(xa,tya)

255.hold on

256.plot(xa,bya)

257.plot(real(sfs),imag(sfs),'bx"); grid;

258.fori= 1:2*N

259.if real(szfs(i)) < 10”30

260.plot(real(szfs(i)),imag(szfs(i)),'ro")

261.end

262.end

263.title('Frequency Transformed Bandstop Poles and Zeros')

264 .xlabel('Real Part')

265.ylabel('Imaginary Part)

266.disp('Frequency Transformed Bandstop Pole Locations')

267.disp(sfs)

268.disp('Frequency Transformed Bandstop Zero Locations')

269.disp(szfs)

270.% Transforming analog poles and zeros to digital poles and zeros using bilinear transformation.

271.form = 1:2*N

272.dp(m) = (1 + (Ts/2)*sfs(m))/(1 - (Ts/2)*sfs(m));

273.dz(m) = (1 + (Ts/2)*szfs(m))/(1 - (Ts/2)*szfs(m));

274.end

275.% Plotting digital poles and zeros on the complex z-plane

276.figure

277.plot(x,ty)

278.hold on

279.plot(x,by)

280.plot(real(dp),imag(dp),'bx")

281.plot(real(dz),imag(dz),'ro")

282.grid;

283.title('Digital Poles and Zeros')

284 .xlabel('"Real Part")

285.ylabel('Imaginary Part')

286.disp('Digital Pole Locations')

287.disp(dp)

288.disp('Digital Zero Locations")

289.disp(dz)

290.%

291.fori=1:N
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292.if rem(N,2) = 1

293.iti==1

294.d2(i,1) = 1; d2(i,2) = -dp(1)-dp(2); d2(i,3) = (-dp(1))*(-dp(2);

295.n2(i,1) = 1; n2(i,2) = -dz(1)-dz(2); n2(i,3) = (-dz(1))*(-dz(2));

296.¢else

297.d2(i,1)=1; d2(i,2)=-2*real(dp(2*i-1));d2(i,3) = (abs(dp(2*i-1)))"2;

298.n2(i,1)=1; n2(i,2)=-2*real(dz(2*i-1));n2(i,3) = (abs(dz(2*i-1)))"2;

299.end

300.else

301.d2(i,1)=1; d2(i,2)=-2*real(dp(2*i-1));d2(i,3) = (abs(dp(2*i-1)))"2;

302.n2(i,1)=1; n2(i,2)=-2*real(dz(2*i-1));n2(i,3) = (abs(dz(2*i-1)))"2;

303.end

304.end

305.disp('Numerator Second Order Terms')

306.disp(n2)

307.disp('Denominator Second Order Terms")

308.disp(d2)

309.% Plotting the magnitude response and the phase response with respect to the normalized digital
frequency.

310.M = 128; % M is the number of points the frequency response is calculated.

311.step = 2*pi/M;

312.form = 1:M

313.H(m) = (1-dz(1)*exp(j*(-1)*(m-1)*step))*(1-dz(2)*exp(j*(-1)*(m-1)*step))/[(1-dp(1)*exp(j*(-1)*(m-
1)*step))*(1-dp(2)*exp(j*(-1)*(m-1)*step))];

314.end

315.ifN > 1
316.for n = 3:2*N
317.form = 1:M

318.H(m) = H(m).*[(1-dz(n)*exp(j*(-1)*(m-1)*step))/(1-dp(n)*exp(j*(-1)*(m-1)*step))];
319.end

320.end

321.end

322.max = abs(H(1));

323.form = 2:M

324.if abs(H(m)) > max max = abs(H(m)); end

325.end

326.disp('maximum gain is')

327.disp(max)

328.b01=1/max;

329.disp('l/max ="

330.disp(b01);

331.%Finding b0

332.HO = (1 - dz(1))/(1 - dp(1));

333.for i = 2:2*N

334.HO0 = HO*(1 - dz(i))/(1 - dp(i));

335.end

336.if rem(N,2) == 1

337.b0 = 1/real(H0);

338.else

339.b0 = 107(-0.05*amax)/real(HO);

340.end

341.disp('Constant Term b0 =")

342.disp(b0);

343.%Polynomial Form

344.nump(1) = n2(1,1); nump(2) = n2(1,2); nump(3) = n2(1,3);
345.denp(1) = d2(1,1); denp(2) = d2(1,2); denp(3) = d2(1,3);
346.if N > 1

347.for i=2:N nump = conv(nump,n2(i,:)); denp = conv(denp,d2(i,:)); end
348.end

349.disp(Numerator Polynomial')



350.disp(b0*nump)

351.disp('Denominator Polynomial')

352.disp(denp)

353.form = I:M

354 f(m) = (m-1)/M;

355.H(m) = H(m)/max;

356.mag(m) = abs(H(m));

357.if H(m) == 0 dB(m) = -200; else dB(m) = 20*log10(mag(m)); end
358.if dB(m) < -200 dB(m) = -200; end

359.pha(m) = angle(H(m));

360.end

361.figure

362.semilogx(f*fs,mag);

363.axis([0 100 O 1]);grid;

364.title('Elliptic Magnitude Response")

365.xlabel('Frequency(Hz)")

366.ylabel('"Magnitude(Volt.)")

367.figure

368.semilogx(f*fs,dB ,-1');

369.axis([0 100 -40 0]);grid;

370.title('Elliptic Magnitude Response in dB')

37 1.xlabel('Frequency")

372.ylabel('Magnitude in dB')

373.figure

374.semilogx(f*fs,pha*180/pi,"-r'");

375.axis([0 100 -180 180]); grid;

376.title('Phase Response')

377.xlabel('Frequency(Hz)')

378.ylabel('Phase in Degree")

379.% Calculating and Plotting the Impulse Response of the Filter.

380.h = ifft(H);

38l.form=1:M

382.k(m) = m-1;

383.z(m) = 0;

384.if real(h(m)) >= 0 Lo(m) = 0; else Lo(m) = -real(h(m)); end

385.if real(h(m)) >= 0 Hi(m) = real(h(m)); else Hi(m) = 0; end

386.end

387.figure

388.%errorbar(k,z,Lo,Hi,'y")

389.stem(k,h); grid;

390.title('Impulse Response')

391.xlabel('Time")

392.ylabel('Amplitude")

393.%Verifying

394 . Hql =abs(1 - dz(1)*exp(-j*qlbsf))/abs(1 - dp(1)*exp(-j*qlbsf));
395.Hq2 =abs(1 - dz(1)*exp(-j*q2bsf))/abs(1 - dp(1)*exp(-j*q2bsf));
396.Hq3 =abs(1 - dz(1)*exp(-j*q3bsf))/abs(1 - dp(1)*exp(-j*q3bsf));
397.Hq3a =abs(1 - dz(1)*exp(-j*q3absf))/abs(1 - dp(1)*exp(-j*q3absf));
398.Hq4 =abs(1 - dz(1)*exp(-j*qdbsf))/abs(1 - dp(1)*exp(-j*q4bsf));
399.Hq4a =abs(1 - dz(1)*exp(-j*q4absf))/abs(1 - dp(1)*exp(-j*qdabsf));
400.for p = 2:2*N

401.Hql =Hql*abs(1 - dz(p)*exp(-j*q1bsf))/abs(1 - dp(p)*exp(-j*qlbsf));
402.Hq2 =Hq2*abs(1 - dz(p)*exp(-j*q2bsf))/abs(1 - dp(p)*exp(-j*q2bst));
403.Hq3 =Hg3*abs(1 - dz(p)*exp(-j*q3bsf))/abs(1 - dp(p)*exp(-j*q3bsf));
404.Hq3a =Hg3*abs(1 - dz(p)*exp(-j*q3absf))/abs(1 - dp(p)*exp(-j*q3absf));
405.Hq4 =Hg4*abs(1 - dz(p)*exp(-j*q4bsf))/abs(1 - dp(p)*exp(-j*q4bsf));
406.Hg4a =Hg4a*abs(1 - dz(p)*exp(-j*qdabsf))/abs(1 - dp(p)*exp(-j*q4absf));
407.end

408.Hql = -20*log10(abs(b0*Hq1));

409.Hq2 = -20*log10(abs(b0*Hq2));

91



92

410.Hqg3 = -20*log10(abs(b0*Hg3));

411.Hg3a = -20*log10(abs(b0*Hq3a));

412.Hg4 = -20*log10(abs(b0*Hg4));

413.Hgda = -20*log10(abs(b0*Hq4a));

414.disp('Loss in dB at the lower passband cutoff frequency (q1bsf)")
415.disp(Hql)

416.disp('Loss in dB at the upper passband cutoff frequency (q2bsf))
417.disp(Hq2)

418.disp('Loss in dB at the lower stopband cutoff frequency (q3bsf)")
419.disp(Hq3)

420.disp('Loss in dB at the upper stopband cutoff frequency (q4bsf)")
421.disp(Hqg4)

422.if q3absf ~= q3bsf

423.disp('Loss in dB at the lower stopband cutoff frequency adjusted (q3absf)")
424.disp(Hq3a)

425.end

426.if qdabsf ~= gdbsf

427.disp('Loss in dB at the upper stopband cutoff frequency adjusted (q4absf)’)
428.disp(Hg4a)

429.end
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an input to adder

-- accumulated dats

Accumulator.vhd
1 library IEEE;
2 use IEEE.std_logic 1l64.all;
3 use IEEE.std_logic_arith.all;
4
5 entity accumulatcr is

€ port
7 RST : In -- reset

g MCLK : In 1492Fs

S A_IN : In tor (1% downto 0); --

10 ACCLAT : In -- accumulation 1

11 ACCCL : In ¢ -- accumulation

12 ACCENB : IA : -- accumulation enable
13 ACC_OUT : Out s _vector (11 downte 0) ):
14 end accumulator;:
15

1é architecture STRUCTURE of accumulateor is

17

18 signal & _tmp : signed( 19 downto 0 );

18 signal B tmp : signed( 23 downto 0 );

zZ0 signal C_tmp : signed( 23 downto 0O )

21 signal ACC_tmp : signesd( 23 downto 0 );
22 signal acc_round : signed( 23 downto 0 );
23

24 begin -- architecture accumulator

25

26 @ mmmmmmm e s e e
21 gen AR tmp : process{ A IN )
28 begin -- process gsn_A_tmp
29

30 for i in 1% downtc 0 loop

31 Z_tmp(i) <= B_IN(i):

32 end loop:

33

34 and process gen_R_tmp;

35

BE e e e e L e e e e B e e e e S i i i e e
37 B_tmp <= ACC_tmp;

o

K T
40 C_tmp <= A _tmp + B_tmp;, -- addsr

41
42 mmm e
43 gen ACC_tmp : prccess( RST, MCLK, ACCCL ) -- accumulator

44 begin -- process gen ACC tmp

45

L34 if{RST = '1' or RACCLL = '1l') then

47 ACC_tmp <= (others => '0');

43 elsif( MCLK'svent and MCLK = 'l' ) than
45 if ( ACCEXE = '1' ) then

50 ACC_tmp <= C_tmp;

51 snd 1f;

2 end if;
53
5S4 end process gen_ACC_tmp;
55
B @ mm e e
57 ace_round <= C_tmp + 32; -- to round it on sixth bit

58

B9  memmmmmmmmm e e e e e me s m e s e s S S s e e
€0 gen_ARCC_OUT : process( RST, MCLE )} -- to pick up accumulated data
€1 begin -- procsess gen_ARCC_OUT

€2

€3 if( RST = '1' ) then

€4 ACC OUT <= (others => '0'}):;

€5 elsif( MCLK'event and MCLK = ."1' ) then

€6 if ( ACCLAT = '1' ) then
€7 if (acc_round(23) = '0' and
€8 {acc_round(22) = *1'



or acc_round(2l) = '1°
or acc_round(20) = '1"
or acc_round(ls) = '1"
or acc round(18) = '1°
or acc_round(l7) = *'1'})) then -- overflow

-— ACC_OUT <= "01111111";
ACC_OUT <= (others => '1'):
ACC_QUT(l1l) <= '0';

elsif (acc_round(2Z3) = 'l' and
(acc_round(22) = '0°
or acc_round(2l) = '0°'
or acc rournd(20) = '0°
or acc_round(1l9) = '0'
or acc_round(18) = 'Q’

or acc_round(17) "Q')) then -- underflow
-- ACC_OUT <= "10000009";
ACC_QUT <= (others => '0');
ACC_OUT(11l) <= '1°;
else
for £ in 11 downto O loop
ACC_OUT(i) <= acc_round{i + &);
end loop;
end if;
end if;
end if;

end process gen_ ACC_CUT;

end; -- architecture accumulator
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Divider.vhd

library IEEE;
use IEEE.std logic_l164.all;
use IEEE.std logic_arith.all;

entity divider is
pPort (

RST In -=- reset
F5CLR In std -- Fs (a clock synchronized with input data)
MCLK In -- 384FSCLK or faster {master clock)
cole out vector (3 downto 0): -- Jul/25/00
MULSTART out
MULEND out
ACCLAT out -- accurulation latch
ACCCL out -~ accumulation claar
ACCENB out ):; —-- accumulation snablis
end divider;
architecture STRUCTURE of divider is
signal ccuntsr_ 1lZ_L¢€ unsigred{ 3 downte € )
signal counter_ 32 unsignad( 4 downto C };
signal counter 2 1 downto 0 );
signal fsclk delayl
signal fsclk delay?
signal fsclk edge_dummy:
begin -- architecture divider
gen_CClE process{ counter_12 1€ ) -- output for dly mux_coeff
begin -- procsss gen_CO0l6
for i in 3 downte 0 loop
COl€é(i) <= counter_12_1&(i);
end loop;
end process gen_COLlE;
gen_counter 1
begin -- pro

if {RST '*1') then
counter_l1Z 18 <= "(000";
elsif( MCLK'event and MCLEK

vy

if(fsclk_edge_dummy = 'l') then
counter_12Z_1€& <= "Q000";
elsif (countsr_32 = 31) then

) then

-- multiplication start

counter_l2_1€ <= counter_1Z & + 1;
end if;
end if;
end process gen_counter_ 12 1€;
gen MULSTART : process( counter_l2 16,
begin -- process gen_ MULSTART

mulitiplicaticn =nd

if( counter_12_1€ < 5 and counter_32
MULSTART <= 'l':
else
MULSTART <= '0';
end if;
end process gen_MULSTART;
gen_MULEND process ( counter_12_18§, countexr_
begin -- process gen_ MULEND

if( counter_12 16 < 5

and counter 32 = 11 ) then
MULEND <= '1';
else
MULEKD <= '0';
end if;

end process gen_ MULEND;

96



2 gen ACCENB : process{ counter_l2_ 16, counter_32 )

82 begin -- process gen ACCENB

‘83

84 if( counter_12_1€ > 0 and counter_12 16 < 6

85 and counter_32 = 11 ) then

-1 ACCENB <= '1';

g7 else

g8 ACCENB <= '0';

8% end if;

S0

91 end process gen_ ACCENE;

s2

o T e

54 gen_ ACCLAT process( counter_lZ_1€, counter_32 )
3 begin -- process gen_ACCLAT

ce

97 if{ countsr_lZ_1& = 5

98 and counter_32 = 11 ) then

37 ACZCLAT <= '"1';

100 else

101 RCCLAT <= '0';

102 end if;

103

104 end process gen_ACCLAT;

105

1OE o e e e e e e e S e e e S — S s e

107 gen_ACCCL : process( counter_l2_ 1€, counter 32 )
108 begin -- process gen_ ACCCL

109
110 if{ counter 12 1€ = 1 and counter_3Z = 0 ) thern
e s s ACCCL <= '1";
1312 slse
113 ACCCL <= '0';
114 end if;
115
116 end process gsn_ ACCCL:
117
B T e
119 gen_£sclk_dslay : process( RST, MCLK )
120 begin -- process gen_fsclk delay
121
122 if{ R8T = '1" ) then
123 fsclk_delayl <= '0';
124 fsclk_delay2 <= '0';
125 gleif{ MCLK'event and MCLK = 'l' ) then
128 fsclk_delayl <= FSCLE;
127 fsclk_delay2 <= fsclk_dslayl;
28 end if;
129
130 end procsss gsn_fsclk delay;
131
132 mm e —— e

13¢€ genTcounter_Bz : process{ RST, MCLK ) -- ccunter to generate ACCCLK
137 begln -- process gen_counter 32

138

138 if (RST = '1') then

140 counter 32 <= "00000";

141 elsif( MCLK'event and MCLK = 'l1' )} then

142 if (counter_32 = 31 or fsclk_edge_dummy = 'l'} then
143 counter_32 <= "00000";

144 else

145 counter_ 32 <= counter_32Z + 1;

l4¢€ end if;

147 end if;

148

14% end process gen_counter 3Z;

150

151 m e m e oo



Dly mux_coeff.vhd

1 library IEEE;
2 use IEEE.std logic_ll€4.all;
3 uss IEEE.std_logic_arith.all;
4
5 entity dly_mux_coeff is
£ Port (
7 cole : In std_logic_vector (3 downto 0); -- Jul/25/0
g RST : In std logic; -- resst
g FSCLK : In std legic; -- Fs (a clock synchronized with input data)
10 D_IN : In std logic_w (11 downto 0); -- data input
2 ACC_IN : In s5td logic downto 0); -- from accumulator
12 RO : In std logic v downto 0):; -- coeff al
13 al : In std logic downto 0); -- coeff al
14 AZ : In y downto 0); -- coeff a2
15 Bl : In downto 0); -- coeff bl
16 BZ : In downto 0); -- coeff bZ
17 COEFF_OUT : Out % downto 0); -- cosfficients
g MUX_OUT : Cut {11 downto 0); -- multiplexed data
19 D ouT : out {11 downto 0) ); =-- filterd data output
20 end dly mux_cosff;
21
22 architecture STRUCTURE of dly mux_coeff is
23
Z signal d_al, d a2, d_bl, d b2 : std_logic_vector( 11 downte 0 };
25
26 pegin -- architecturs dly_mux_cosff
27
28 eeseomomcresmmemmeemenee s e T
29 gen_d_a : process( RST, FSCLK ) orresponds to z”~(-1)
30 begin -- process gen_ d_a
31
32 if(RST = '1') then
33 d_al <= (others => '0');
34 d a2 <= (others => '0');
35 elsif({ FSCLK'event and FSCLX = 'l' ) then
3s d_al <= D_IN;
37 d aZ <= d_ail;
38 end i%;
3¢
40 end process gen_d_a;
41
43 gen_d b : process( R8T, FSCLK ) -- delay cutput data f{corresponds to ML)
44 pegin -- process gen d b
45
46 if(RST = '1') then
47 d_bl <= (cthers => '0');
48 d_b2 <= (others => '0');
49 elsif( TSCLK'event and FSCLX = 'l' ) then
50 d_bl <= aCC_IN;
51 d bZ <= d_bil;
z end if;
53
54 end process gsn_d_b;
S5
BB mmm e e e — e
57 gen D OUT : process( d bl } -- filtered output
58 begin -- process gen D QOUT
59
€0 for i in 11 downto O loop
61 D_OUT({i) <= d bi(i):
62 end loopi
€3
€4 end process gen_D_OUT;
€5
B e i R S R S e e e e e e S
€7 gen_COEFF_CUT : process{ COlé, D_IN, d_al, d_aZ, d_bl, d_b2, A0, AL, RZ, Bl, B2

multiplex coefficients because we have only one multiplier



begin -- process gen_COEFF _OUT

if( colé = "0000" ) then
COEFF OUT <= AL;
MUX OUT <= D_IN;

elsif( COl& = "0001™ ) then
COEFF_OUT <= Al;
MUX_OUT <= d_al;

elsif( Ccoié = "0010" ) then
COEFF_OQUT <= AZ;
MUX_OUT <= d_a2;

elsif( COlé = "0011" ) then

COEFF_OUT <= Bl; -- bl needs to be multiplisd by

MUX_0OUT <= d_bl;
elsif( CO16 = "0100" ) then

COEFF_OUT <= B2; -- bl needs to be multiplied by

MUX_OUT <= d_b2;
else
COEFF OUT <= (others => '0
MUX_OUT <= {others => '0')
end if;

end process gen_COEFF_OUT;

hs

;

99
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Multiplier_mxn.vhd

1 library IEEE;

2 use IEEE.std logic_11€4.all;

3 use IEEE.std_logic_arith.alil;

4

5 entity multiplier mxn is

3 port |

7 RST Tt

8 COEFF_IN st

9 A_IN _logi

10 MULSTART : In std legic; -- multiplication start

11 MULEND std 1 -- multiplication end

12 MCLK : In cg 384FSCLK or faster

13 MULTIPLIED OUT t _wvector{ 19 downto 0 ) ); -- multiplication results
14 end multiplier mxn;

15

18 architecture STRUCTURE of multiplier mxn is

117

18 signal abs_COEFF_IN : unsigned( 8 downto 0 );

19 signal abs A IN : unsigned( 10 downto 0 );

20 signal shifted 2 _IN : unsignsd( 19 downto 0 );

21 signal sigma : unsigned( 19 downto 0 );

22 signal sigma_delay : unsigned( 19 downto 0 ):

23 signal multi_start : std_logic;

24 signal multiplied flag : std_logic:

25

26 type state_type is ( S_start,

27 S sigmal, $ sigmal, $ sigma2, § sigma3,

28 S_sigmad, S_sigmaS, S_sigmaé, S_sigma7,

29 S_sigma8, S _sigma$, S_sigmald, S_sigmall,
30 S_sigmall, §_sigmal3, S_sigmalé, S_sigmals,
31 S_sigmalé, S_sigmal?, S_sigmals, S_sigmals,
32 S_sigmaZ0, S_sigmall, $_sigmal22, S_sigmal23,
33 S_sigmaZ4, 5_end )7

34 signal current_state : state_type:

35

36 begin -- architecture multiplier mzxn

37

B e e s s e e e e e e e e e i i i —
35 gen_multiplied_flag : process( ¢ -~ check polarity of data
40 3 all_zeroc_d

41 begin -- process gen_multiplied 3

42

43 all_zero_c := true;

44 all zero_d := true;

45 for i in 9% downto 0 locp

4€ if( COEFF_IK(i} = 'l' ) then

47 all_zerc_c := false;

48 end if;

49 end loop:

50 for i in 11 downto 0 loop

51 if( A_IN(i) = '1' ) then

52 all_zero_d := false;

53 end if:

54 end loop;

55

5¢ if { all_zero_c or all_zero_d ) then

57 multiplied flag <= '0';

58 else

59 multipliecd_£lag <= CCEFF_IN( % ) xor A_IN( 11 )};

€0 end iZf;

61

62 end process gen_multiplied_flag;

L Bttt et Dbt
64 multi_start <= MULSTART;

€S

€€

BT  mm e e e — e
€8 gen_abs_COEFF_IN : process( COZFF_IN } -- convert coefficients to absolute value
€9 variable tmp_abs : unsigned( 8 downto 0 ):

70 variable max_abs @ unsigned( B8 downto 0 );

71 begin -~ process gen abs COEFF_IN

72

73 for i in 8 downto 0 loop

74 max_abs (i) := "1';

75 end loop:

76

77 for i in 8 downto 0 loop -- initialize

78 abs_COEFF_IN(i) <= '0';

79 end loop:
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&
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if ( COEFF_IN( §) = '0' ) then
for i in 8 downte 0 loop
abs_COEFF_IN(i) <= COEFF_IN(i); .
end loop;
end if;
if ( COEFF_IN( 9) = '1’ ) then
for i in € downto 0 loop
tmp_abs (i) := not COEFF_IN(1);
end loop;

if (tmp_abs /= max_abks) then
tmp_abs := tmp abs + 1;
end if;

for i in & downto 0 loop
abs_COEPF_IN(i}) <= tmp_abs(i);
end loop;
end if;

end process gen_abs_COEFF_IN;

gen_abs_k_IN : process{ A_IN } -- convert the input data to absolute value
variable tmp_abs : unsigned( 10 downzo O )i
variable max_abs : unsigned( 10 dcwnto 0 );

bagin -- process gen_abs_A IK
for i in 10 downtc 0 lcop
max_abs (i) := '1';
end loopi
for i in 10 downto 0 lcop —-- initializs
abs_A_IN(i) <= '0';
end loop;
if( B_IN(11) = "0" ) then
for i in 10 downto 0 loop
abs_2 IN(i) <= A_IN(i);
ernd loopi
end 1if;
if( &_IN(11) = '1' ) then

for i in 10 downto 0 loop
tmp_abs (i) := not A_IN(i);
end loop;

if (tmp_abs /= max_abs) then
tmp_abs := tmp_abs + 1i
end if;

for i in 10 downto 0 locp
abs_2_IN(i) <= tmp_abs(i);
end loop:
end if;

end process gen_abs_A _IN;

gen_shifted A _IN : process( RST, MCLK )
variable bit_num : integer;
begin -- procass gen_shifted A IN

if( RST = 'l' ) then
currsnt_state <= S_start;
elsif ( MCLK'event and MCLK = 'l' ] then
shifted A_IN <= (othsrs => '0');
case current_state is
when § start =>
current_state <= S_sigma0;

when S_sigmal =>

bit_num := 0;
if(bit_num > 8) then bit_num := B8; end if;
if( abs_COEFF_IN(bit_num) = '1' ) then

for i in 10 downto 0 leop
shifted_A IN(i + bit_num) <= abs_A IN(i};
end loop;

end if;

if{ 10 = 2 ) then
current_state <= §_end;
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else
current_state <= S_sigmal;
end if;

when S_sigmal =>
bit_num := 1;
if (bit_num > 8) then bit_num := 8; end if;
if( abs_COEFF_IN(bit_num) = '1' ) then
for i in 10 downto 0 loop
shifted A IN(i + bit_num) <= abs_A IN(i);
end loop;
end if;
if( 10 = 3 ) then
current_stata <= S_end;
else
current_state <= S_sigmaZl;
end if;

when S§_sigmal =>
bit_num := 2;
if(bit_num > 8) then bit_num := 8; end ii;
if( abs_COEFF_IN(bit_num) = '1' ) then
for i in 10 downto 0 loop
shifted A _IN(i + bit_num) <= abs_A IN(i):
end loop:
end if;
if( 10 = ¢ ) then
current_state <= S_end;
elss
current_state <= S_sigma3;
end if;

when § sigmal =>

bit_num := 3;
if(bit_num > &) then bit _num := 8; end if;
if{ abs_COEFF_IN(bit_num) = '1' } then

for i in 10 downto 0 lcop
shifted A IN(i + bit_num) <= abs_& IN(i);

end loop;
end 1£;
if( 10 = 5 ) then
current_state <= §_end;
slss

current_state <= S_sigmad;
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end 1f;

when S_sigmad =>
bit num := 4;
if(bit_num > &)} thern bit_num := E&;
if( abs_COEFF_IN(bit_num) = '1' )} then
for i in 10 downto 0 loop

end

if;

shifted B _IN(i + bit_num) <= abs_A IN(i):

end loop;

end if;

if( 10 = € ) then
current_state <= $_end;

else
current_state <= S sigma5:
end if;

when S_sigma5 =>

bit_num := §;
if (bit num > 8} then bit num := §;
if( abs_COEFF_IN(bit_num) = '1' ) then

for i in 10 downto 0 loop

end

ii;

shifted A IN(i + bit_num) <= abs_A_IN(i);

end loop;
end 1I;
if( 10 = 7 ) then
current_state <= §_end;
else
current_state <= 8 sigma#;
end if;

when §_sigmaé =>

bit_num := €;
if(bit_num > §) then bit_num := §&; end iZ;
if( abs COEFF IN(bit num) = '1' ) then
for 1 in 10 downto 0 loop
shifted_2&_IN(i + bit_num} <= abs_2 IN(i);
end loop;
snd if;
if( 10 = £ ) then
current_state <= S5_end;
else
current state <= S_sigma7;
end if;
when §_sigma7 =>
bit_num := 7;
if (bit_num > &) then bit_num := 8&; end if;
if( abs_COEFF_IN(bit_num) = 'i' } then
for i in
shifted <= abs_A& IN(1);
end loo o
s £

if( 10 = & ) then
current_state <= S_end;
else
current_state <= S_sigmaf;
end if;

whan §_sigmafd =>
bit_num := E;
if (bit_num > 8) then bit_num := §;
if({ abs_CCOEFF_IN(bit_num) = "1' ) then
for i in 10 downto @ loop

end

1F

157

shifted A IN(i 4 kit_num) <= abs_2 IN(i);

end loop:

(10 = 1C¢ ) then
current_state <= S_end;
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elss
current_state <= 5_sigmad;
end if;

when §_sigma% =>

bit_num := 9;
if(bit_num > B8) then bit_num := §g; end if;
if( abs_CCEFF_IN(bit_num) = '1' ) then

for i in 10 downto 0 loop
shifted A _IN(i + bit_num) <= abs_A_IN(i);
end loop;
end if;
if( 10 = 11 ) then
current_state <= 5_erd;
else
current_state <= S _sigmail;
end if;

when 8§ sigmall =>
bit_num := 10;
if(bit_num > 8) then bit num := §&; end if;
if( abs_COEFF_IN(bit_num) = '1' ) then
for i in 10 downto 0 loop
shifted A IN(i + bit_num) <= abs_A_IN(i);
end locp;
end 1£;
if( 10 = 12 ) then
current_state <= $_end;
else
current_state <= S_sigmall;
end if;

when $_sigmall =>

bit num := 11;
if(bit_num > 8) then bit_num := §&; end if;
if( abs_COEFF_IN(bit_num) = '1' ) then

for i in 10 downto ¢ loop
shifted A IN(i + bit_num) <= abs_E_IN(i);
end loop:

end 1E;

if( 10 = 13 ) then
current_state <= S_send:

else

current_state <= §_sigmal2;

and if;

bit_num iz;
if(kit num > 8) then bit num := £; end if;
if( abs_COEFF_IN(bit_num) = '1' ) then

for i in 10 downto O loop
shifted A IN(i + bit_num) <= abs_a IN(i);
end locop;
end if;
if( 10 = 14 ) then
current_state <= S_end;
elss
current_state <= §_sigmal3;
end 1£;

when S_sigmal3 =>
bit_num := 13;
if (bit_num > &) then bit_num := §&; end if;
if{ abs COEFF IN(bit num) = '1' ) then
for i in 10 downto 0 loop
shifted R_IN(i + bit_num) <= abs_A IN(i);
end loop;
end if;
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if( 10 = 15 ) then
current_state <= S_end;

else

current state <= S_sigmalé;

end 1if;

when S_sigmald =>
bit_num := 14;
If(bit_num > 8) then bit_num := 8; end if;
if{ abs_COEFF_IN(bit_num) = '1' ) then
for i in 10 downto 0 loorn
snifted & IN(i + bit_num) <= abs_A_IN(i);
end loop;:
=nd if;
if( 10 = 1€ ) then
current_state <= S_end;
elsa
current_state <= S_sigmalS;
end if;

when S_sigmal5 =>
bit_num := 15;
if(bit_num > $8) then bit_num := 8; end if;
if( abs_COEFF_IN(bit_num) = '1' ) then
for i in 10 downto 0 loop
shifted A _IN{i + bit_num) <= abs_A _IN(i);
end loop:?
end 1f;
if( 10 = 17 ) then
urrent_state <= S_end;
slse
current_state <= $_sigmalé;
end 1f;

when S_sigmal€é =>
bit_num := 167
if(bit_num > &) then bit_num := &; end if;
if({ abs_COEFF_IN(bit_num) = '1' ) then
£or i in 10 downto 0 loop
shifted & IN(i + bit_num} <= zhs_A_IN(i);
end locp?
end if;
if( 10 = 18 ) then
current_state <= S_end;
else
current_state <= S_sigmal?;
end if;

when § sigmal? =>
bit_num := 17;
if(bit_num > 8) then bit_num := §&; end if;
if( abs_COEFF_IN(bit_num) = '1' ) then
for i in 10 downto O loop
shifted A _IN(i + bit_num) <= abs_a IN(i);
end loocp:
end if;
if( 10 = 1% ) then
current_state <= S§_and;
else
current_state <= §_sigmalsd;
end if;

bit num := 18;
if(bit_num > B) then bit_num := &; end if;
if( abs_COEFF_IN(bit num} = 'l' )} then
for i in 10 downto 0O loop
shifted A_IN(i + bit_num) <= abs_A_IN(i);
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end loop:
end if;
if( 10 = 20 ) then
current_state <= S§_end;
else
current_state <= S_sigmald;
end if;

when S_sigmal9 =>
bit_num := 19;
if(bit_num > §&) then bit_num := 8; and if;
if( abs COEFF IN(bit num) = 'l1' } then
for i in 10 downto 0 loop
shifted A _IN(i + bit_num) <= abs_A IN(i};
end loopi:
end if;
if( 10 = 21 ) then
current_state <= S_snd;
else
current_state <= S_sigmall;

end i%;

when S_sigma20 =>
bit_num == 20;
if(pit_num > &) then bit_num := 8; end if;
if{ abs_COEFF_IN(bit_num) = '1' ) then
for i in 10 downto 0 loop
shifted A_IN(i + bit_num) <= abs_a IN(i):

end loop;
end if;
if( 10 = 22 ) then
current_stats <= §_end;
else
current state <= S_sigmaZl;
end 1iI;

wnen S_sigmall =>
bit_num := 21;
if(bit_num > 8) then bit_num := 8&; end if;
if( abs_CCEFF_IN(bit_num) = 11' ) then
for i in 10 downto 0 lcop
shifted A IN(i + bit_num) <= abs_A IN(i):
end loop;
end if;
if( 10 = 23 ) then
current_stats <= S_end;
else
current_state <= §_sigmall;
end 1f;

when $_sigmall =>
bit_num := 22;
if(bit_num > B) then bit_num := &; end if;
if{ abs_COETF_IN(bit_num} = '1' )} then
for i in 10 downto O loop
shifted_A_IN(i + bit_num) <= abs_a IN(i);
end loop:
end if;
if( 10 = 24 ) then
current_state <= S5_end;
else
current_state <= 3_sigmal3;
end 1f;

when S5_sigra23 =>
bit_num := 23;
If(bit_num > B8) then bit_num := &; end if;
if( abs_COEFF_IN(bit_num) = '1' ) than
for i in 10 downto 0 loop
shifted A IN(i + bit_num) <= abs_ 2 IN(i);
end loop;
end 1if;
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if( 10 = 25 ) then
current_state <= §_end;
else
current_state <= S_sigmaZ24;
end if;

when S_sigmaZ4 =>
bit num := Z24;
if(bit_num > 8) then bit_num := &; end if;
if( abs_COEFF_IN(bit_num) = "1' )} then
for i in 10 downto 0 lecop
shifted A_IN(i + bit_num) <= abs A IN(i);
end loop;
end 1%;
current_state <= S_end;

when S$_end =>
if{multi_start = 'l') then
current_state <= 8_start;
else
current_state <= S_end;
end if;

wnen others =>
current_state <= 5_start;

end case;
end if:

snd process gen_shifted A_IN;

gen_sigma_delay : process( RST, multi_start, MCLK )
Legin -- process gen_sigma_dslay

if{ RST = '1' or multi_start = 'l') then
sigma_delay <= (others => '0'});

elsif( MCLX'event and MCLK = 'l' ) then
sigma_delay <= sigma;

end if;

end process gen_sigma_delay;

gen_MULTIPLIZD_QUT : process( RST, MCLK ) -- pick up
bsgin -- process gen MULTIPLIED_OUT

if( RST = '1" )} then
LTIPLIED QUT <= {others => '0");
elsif({ MCLR'event and MCLEK = 'l' ) then
i£{ MULEND = '1l' ) then
if( multiplied flag = '0' ) then
MULTIPLIED_OUT( 19 ) <= '0';
for i in 18 downto 0 loop
MULTIPLIED_OUT( i ) <= sigma(i + 1)
end loocp:
sls=
MULTIPLIED OUT({ 15 ) <=
for i in 1€ downto 0 loop
MULTIPLIZC_OUT( i) <= not sigma(i + 1);
end locps
end if;
end if;
end if;

end process gen MULTIPLIED_OUT;
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iir_tab.vhd

W =) O U W R

library I

EEE;

use IEEE.std logic_1164.all;
use IEZEE.std_logic_arith.all;

(2 clock synchronized with 1
-- data input
(master clock)

entity iir_tab is
port (
RST : In std_logic; -- reset
FSCLE : In std logic; -- Fs
D_IN : In std_logic_vector (1l downto 0);
MCLE : In std_logic; -- 384FSCLE or faster
RO : In std_logic_vsctor( & downto 0); --
al : In std logic vectox({ 9 downto 0}; -—-
A2 : In std_logic_vectex( 9 downto 0); --
Bl : In std_logi > 0): --
B2 : In std logi 0y: --
D_0UT out std 1 to 0) )i
end iir_tab;
architecture STRUCTURE of iir_ tab 1is
signal coeff_signal std 9 downto 0);
signal mul_signal std_ (15 downto 0);
signal acc_signal std_ 11 dewnto 0);
signal accenk_signal std_
signal acclat_signal std
signal acccl_signal std
signal mux signal std downto 0);
signal mulstart_signal std
signal mulend _signal std
signal col€_signal std
component divider
Port
RST P In s
FSCLK 1 In s
MCLE : In s
cole out tor (3 downto 0);
MULSTART Qut
MULEND Out std
ACCLRT out
ACCCL [+
ACCENB out
ernd componsnt;
component multiplisr mxn
Port |

RST In
COEFF IN TH
A IN In
MULSTART In
MULEND In
MCLK : In

MULTIPLIED_OUT :

end component;

component
rort (

end compo

component

Port |

accumulator

RST

MCLK

E_IN t cte
ACCLAT t

RCCCL : In st

ACCENB : In st

ACC OUT out s gic_vect

nent:

dly_mux_coeff

cole : In std logic

RST : In std lo

FSCLX : In std_lo

D IN : In std laglc Cletwiats
ACC_IN : In std_logic_vector
Al : In sfd logwc vectoxr
2l : In std_ _logic_vector
A2 : In std_ |_logic_vector
Bl : In std _logic_wvector

B2 : In
COEFF_OUT :
MUX OUT 5

{

 logic_vec

{

std_laglc_vectaf( 9

tor{lil

9 downto 0 );
11 downto 0 ):

r {19 downto 0);

11 downto 0}

: ractar (3 downto 0):

downto
downto
downto
downto
downto
downto
downto

0):
0):
0):
0);
a):
Q);
Q)

out std_logic_vector{ 9 downto 0);
out std leogic vec

downto 0);

sr( 19 downto

)i

coeff
coeff
coeff
coeff
coeff

-- filtered

Gy

al
al
on

bl
b2
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10s
106
107
108
109
110

128
129
130

D_ouT : out std logic weczsr{ll downzo

end componant;

begin -- architecture i1ir_tab

divider 1: divider port map (

RST => RST,

FSCLX =»>» FSCLK,

MCLEK => MCLK,

Colé => colé_signal,
MULSTART => mulstart_signal,
MULEND => mulend_signal,
ACCLAT => acclat_signal,
ACCCL => acccl_signal,
ACCENB => accenb_signal )i

multipiier mxn_1: multiplier mxn port map |

accumulato

RST => RST,

COEFF_IN => coeff_signal,
A_IN => mux_signal,

MULSTART => mulstart_signal,
MULEKD => mulend_signal,

MCZLK => MCLK,

MULTIPLIED_OUT => mul_sigral);

r_l: accumulator port map |
RET => RST,

MCLK => MCLE,

A_IN => mul_signal,

ACCLAT => acclat signal,
ACCCL => acccl_signal,
ACCENB => accenb_sigral,
ACC_OUT => acc_signal);

eff_1: dly mux _coeff pert map (
CO1€ => col€_signal,

RST => RST,

FSCLK => FSCLK,

D_IN => D_IK,
ACC_IK => acc_signal,

A0 => A0,
Al => &l,
B2 => AZ,
Bl => Bl,
B2 =»> BZ,

COEFF_OUT => coeff_signal,

MUX_OUT => mux_signal,
D_OUT => D_OUT):

i3]

)

’
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iir_2tab.vhd

library IEEE;

use IEEE.std_logic_l164.all;
use IEEE.std logic_arith.all;

entity iir 2tab is
Port (
RST
FSCLK
D_IN
MCLK
D_OUT
end iir_Z2tab;

std 1
In std_logic:; -- Fs
std_logic_vector
In std logicy -— 38
to

architecture STRUCTURE of iir 2tab is

Y

-- reset
(a clock synchronized with input data)

7 downto 0);

FSCLK or faster (master clock)
( 7 downto 0) ):

component iir_tab
Port (
RST
FSCLK
D_IN downto O}
MCLK
20 downto 0);
al downto 0);
2Z downto 0);
Bl downto 0);
BZ downte Q)
D OUT 1 downtc 0}
end component;?
signal al_sig - logis wv=ztoxr( § downto 0);
signal al_sig : std logi :( 9 downto 0);
signal a2_sig : 5td 1 { % downto 0);
signal bl_sig std_lo { 9 downto 0);
signal b2 sig std lo 9 cdownto 0);:
signal cO_sig std_lo % downto 0):
signal cl_sig std_lo S downto 0):
signal c2_sig std_lo 9 downto 0);
signal dl_sig std 1o S downto 0);
signal dZ_sig std 1o % downto 0);
signal d_in_sig std 1o 1 downto 0);
signal d_out_sig std 1o (11 downto 0);
signal d_inter_sig: std_l (11 downto 0);
begin -- architecture iir
- nally,
al_sig <= "0001111011";
al_sig <= "1100111010%;
a? sig <= "00011311011";
bi_sig <= "Q011000100"; -- polarity has been inverted
b2_sig <= "1110000119"; -- polarity has been inverted
c0d_sig <= "0001111110%;
cl sig <= "1100110110™;
¢2_sig <= "0001111110";
di_sig <= "Q011001100"; -- polarity has besn inverted
d2_sig <= "1110000110"; -- polarity has been inverted

-- input data

b

gen d_in_sig

process (D_IN})

begin -- procsss gen d_in_sig

if{ D_IN( 7) = '0O'

)} then

d_in_sig <= "Q000" & D_IN;

elss

d_in_sig <= "1111" & D_IN;

end if;

end process gen_d_in_sig;

-- compensate two

bits for D_IN

gen_d_out_sig

process (d_out_sig)

begin -- process gen_d_out_sig

if{ d_out_sig(l1l)
(d_out_sig(10)}
d out sig( 9)

= '0' and
= '1' or
= '1' or

-- compensate two bits for D_OUT

-- filtered data output
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123
124
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d out_sig( &) = 'l1' or
d_out_sig( 7) = '1'} ) then -- overflow
D_OUT <= (others => 'l');:
D _QUT( 7) <= '0';
elsif{ d_out_sig(ll) = '1' and
(d_out_sig(10) = '0' ox
d out sig( 9) = '0' or
d_out_sig( 8) = '0' or
d_out_sig( 7) = '0') )} then -- underflow
D_OUT <= (others => '0'};
D _QUT( 7) <= '1%;
else
for i in 7 downto 0 loop
D_OUT (i) <= d_out_sig(i);
snd loop;
end if;
end process gen_d_out_sig;
iir tab_a: iir_tab port map ( -- 1lst iir filter
RST => RST,
FSCLK => FSCLK,
D_IN => d_in_sig,
MCLEK => MCLK,
AC => al_sig,
Al => al_sig,
A2 => a2_sig,
Bl => bl_sig,
B2 => bZ_sig,
D_OUT => d_inter_sig);
iir_tab_b: iir_tab port map ( -- Znd iir filter

RST => RST,
FSCLE => FSCLK

r

D_IN => d_inter_siq,

MCLK => MCLE,
AQD => c0 sig,
2l => cl_sig,
A2 => cZ_sig,
Bl => dl_sig,
B2 => d2_sig,

D_OUT => d_cut_sig)s

end; -- architscture iir_

2tab



div192_clk.vhd
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10

Likrary ieee;
Use ieee.std logic_116€4.all;
Use ieee.std logic_arith.all;

Entity divl9Z_clk is

Port (
clk in bit:
fs 2 cut bit

)i
End divl192_clk;

Architecture div_19%2 of divl9%2_clk is
Begin

Process (clk)
Variable cnt
Begin
if clk'event and clk = '1"' then
if cnt > 192 then
cnt = 0;
elsif cnt > 86 then
fs <= "1';
cnt := cnt + 1;

integer rangs 0 to 192

else
fs <= '0';
cnt := cnt + 1;
end if;
end if;
End process;
End ;

0
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div2_clk.vhd

1 Library ieee;
2 Use ieee.std_logic_l1l€é4.all;
3 Use ieee.std_logic_arith.all;
4
5 Entity div2_clk is
@ Port (
7 clk i in bit;
8 clk 2 : out bit
) )i
10 End div2_clk:
13
12 Architecturs clk_2 of divZ_clk is
13 Begin
14
15 Process (clk)
1é Variable cnt : integer rangs 0 to 1 := 0;
1.7 Begin
18 if clk'event and clk = '1l"' then
1%
20 if cnt > 0 then
23 clik 2 <= '1';

2 cnt := cnt + 1;
23 else
24 clk 2 <= '0';
25 cnt = cnt + 1;
2¢€ end if;
27 end 1if;

8 End process;

29 End ;
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Abstract

This paper presents a iracking notch filter with opened-loop
architecture for elimination of electric field frequency which
can also interfere into ECG waveform. For measuring ECG
waveform having the isolated instrumentation amplifier, at
here, the qualiry factor (Q) of this filter is assigned about § and
the attenuation of frequency noise is around of =35 dB and the
gain of amplifier is of 1000. The frequerncy from frequency
noise detector is multiplied by the frequency synthesizer. The
clock signal from the frequency syithesizer is used for the
swirched capacitor nerwork. The performance of the proposed
filter is tested with ECG waveform included frequency noise of
30H= , 55Hz and 60H= and also with measuring in Lead I of
bipolar lead included noise signal of S0H= for both cases, that
is, before and after through the notch filier circuit in the time
and frequency domain. The measured results have been
successfully rested. In this paper, the discrete and passive
devices are used for the designed cireuit.

Keywords: ECG; Tracking notch filter; Line filter.

1. Introduction

First, the tracking notch filter utihzes sequential phase-
frequency detector—S-PFD. band pass filter, sumnung
amplifier, multplication, ntegrator, and voltage controlled
oscillator—VCO as important components [1]. Second,
switched-capacitor adaptive sample-rate  filter—SC-ASRF
which s consisted of band pass filter, high pass filter, sunuming
amplifier, multiplication, mtegrator, and VCO is used [2]. Both
mentioned methods are used as closed loop and also large
circuit. For this paper, tracking notch filter 1s used as open loop
and noise frequency is introduced for frequency synthesizer.
The designed tracking notch filter is then small circuit which is
consisted of switched-capacitor network—SCN and frequency
synthesizer to filter out nose in ECG signal shown in Fig 1.

This paper is orgamzed as following. In section 2, the
designed tracking notch filter is represented and described. The
experiments and results together with conclusions are given i
section 3 and 4, respectively.

1-4244-0038-4 2006 IEEE
CCECE/CCGEI, Ottawa, May 2006

Bangkok, 10520 Thailand
email: kesakrey@kmitl.ac.th

Nonthaburi, 11000 Thailand
email: suwut@rmutsb.ac.th

Fig. 1. Diagram of tracking notch filter.
2. Design of Tracking Notch Filter

2.1. The 4-Order Band Stop Filter

In this paper, integrated circuit as MAX263 which operate
as switched-capacitor network is selected for band stop filter
shown 1n Fig. 2. The characteristics of band stop filter consist
of center frequency f,. quality factor Q which are set by logic,
and attenuation. The structure of mtegrated circuat consists of
the two 2-order band stop filter. Each is connected in series,
the order of senes connected band stop filter 1s then of 4 and
also the maximum attenuation 1s of -40dB.

Fig. 2. Switched capacitor band-stop filter.

2.2.1 Center f[requency. It 1s adjusted to track noise
frequency. Equation [1] 1s used to assign center frequency. At
here, ration 1s of 150 times, that 1s, the input logic F4-FO of
integrated circuit band stop filter 15 10000. Adjustment of the
center frequency from 40Hz to 70Hz corresponds with the
clock frequency from 6kHz to 10.5kHz.

h.‘ = -j‘:a

%

where N is ratio, f, clock frequency, and f, center

(1

frequency.
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2.2.2 Quality factor. The band width of band stop filter is

dependent on quality factor and center frequency as equation

[2]. The quality factor 1s of 8 by which mput logic Q6-QO0 of

integrated circuit band stop filter is 1111000.
0-to

BW 21

where Q 15 quality factor and BW bandwidth of band stop
filter.

2.2. Frequency Synthesizer

Function of frequency synthesizer is multiplying mput
frequency, 40Hz to 70Hz, from noise frequency detector into
6kHz to 10.5kHz as clock frequency for controlling switched-
capacitor. As mentioned, the multiplication ratio is then of 150
times. Frequency symthesizer circuit consists of phase lock
loop by which the minnmum and maximum frequency of
voltage control oscillator 15 as equation [3] and frequency
divider shown in Fig_ 3.

1 1
= and =
Fe R +aph T T= " R(C 3D

s =
[

(3]

Fig. 3. Frequency synthesizer.
2.3. Noise Frequency Detector

Inducing of electric field via signal cable is used to detect
notse frequency as mput signal for voltage comparator.
Hysteresis comparator shown m Fig. 4 1s implemented as
voltage comparator by which ranging of transition veltage is
assigned as equation [4]

R,

—I
RE,.

[+I"'euzmm)] and Fknw = )ﬂﬂ'u‘_‘wi‘] [4]

(=

Fig. 4. Hysteresis comparator.

2.4. Isolated Instrument Amplifier

To amplify ECG waveform having amplitude of 1mV
approximately, isolated instrument amplifier 1s applied and
gain is of 1000 times. At here, we selected the integrated
circuit as [SO175 of Burr-Brown shown in Fig. 5. AL mput 1s
connected io electrode on left hand, AR mput is connected to
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electrode on right hand, and GNDI1 is connected to electrode
on left leg.

)

e

LI

Fig. 5. Isolated instrument amplifier.
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3. Experiments and Results

3.1. Band Stop Filter

Each of the clock frequency of 7.5kHz, 8.25kHz and
9.0kHz, respectively, is fed to band stop filter. Let input signal
be sinusoidal waveform, whose amplitude and frequency are of
1Vp-p and of 10Hz to 100Hz. Output signals are measured and
recorded and the frequency response is then plotted as Fig. 6.
From Fig. 6, that s, the clock frequency of 7.5kHz, 8.25kHz
and 9.0kHz correspond with center frequency of 50Hz, 55Hz
and 60Hz, respectively

, fog 3L

3.2. Frequency Synthesizer

As mentioned, let the multiplication ratio be 150 times. The
mput signal frequency from notse frequency detector as the
clock frequency ranging from 40Hz to 70Hz fed into frequency
synthesizer The output signal frequency is measured and
relation between the input and output signal frequency is
plotted as shown in Fig. 7 by which datal means the data from
experiment and data? means the data from calculation. We see
that the relation between the input and output signal frequency
is linear enough
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3.3. Filtering with Noise Frequency added
Standard ECG Waveforin

To filter the mnoise frequency at each frequency, noise
frequency detector, frequency synthesizer, isolated instrument
amplifier and 4-order band stop filter are connected as the
tracking notch filter. By using MATLAB program. the
standard ECG waveform [3], whose amplitude is of 1.2V
shown in Fig. 8, i1s created and added by noise signal. The
noise added standard ECG waveform is conversed for
BenchLink program in order to download onto arbitrary
generator of HP33120A which generate real ECG signal shown
i Fig. 9.

Fig. 8 The standa.rd EC G wav efoun [3].

From Fig. 9, signal No. 3 is the standard ECG signal
whose amplitude is of 1V and period is of 1ms. Signal No.1 1s
the noise added standard ECG signal by which amplitude and
frequency of noise 15 of 200mV and 50Hz, respectively. Signal
No.2 1s the filtered ECG signal from the tracking notch filter.

k) 11 L
14 fosail el
J] EA;“V I
;x 14 ool

<

I

Jicd 3 2 o w32
P it

Fig. 9. Real ECG uaveform, upper: stnndard ECG [3]
Middle: ECG combmed with noise frequency of 50Hz.
Lower: Filtered ECG.

e N

Also we use WAVESTAR program to record the real ECG
waveform for analyzing spectral by using MATLAB program.
Fig. 10 shows all spectral of real ECG signal comrespondmg
with signal shown in Fig. 9. From Fig. 10(c), see that speactral
of the filtered ECG signal at frcqucuu of 50Hz 1s eliminated.

.

L s ]
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Fig 10. Spectral from analyzing by using MATLAB.

To confirm result i term of MSE, the standard ECC
waveform from Fig. & and the filtered ECG waveform fron
Fig. 9 which is recorded by WAVESTAR program, bott
shown together in Fig. 11 by which dot line 1s the standarc
ECG waveform and solid Iine 15 the filtered ECG wavform, are
used to calculate MSE. The MSE is of 3.44%.

Fig. 11. Compmson between Standard and Filtered ECG.

For other experiment, let noise frequency be of 55Hz anc
G60Hz. The experiment is performed the same as m case o
noise frequency of 50Hz. Results of filterning noise frequency
of 55Hz show in Fig_ 12 to 14. Fig. 13(b) shows that spectral o:
the filtered ECG signal at frequency of 55Hz is eliminatec
when companng with Fig. 13(a). The MSE is of 2.34%.

ADin Fer ¥
i

H
l)dlnl wq..l .‘l‘wl
3adl et

Fig. 12. Upper: ECG combmcd wnh noise frequency of 55Hz.
Lower: Filtered ECG.

@
Fig. 13. Spectral from analyzing by MATLAB.
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Fig. 14. Comparison bctwccn standard and filtered ECG.

Results of filtering noise frequency of 60Hz show in Fig.
15 to 17. Fig. 16(b) shows that spectral of the filtered ECG
signal at frequency of 60Hz is eliminated when comparing
with Fig. 16(a). The MSE is of 1.44%.

i

N .

men%ﬂ L
~-.| e '. i E * ’

Fig. 15. Upper: ECG combmcd with noise frequency of 60Hz.
Lower: Filtered ECG.
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Fig. 16. ‘Speclml from analyzing by MATLAB.

Fig. 17. Companwu bem cen Standard an.d Filtered ECG.

3.4. Filtering with Real ECG Signal

Using electrode as standard position to measure ECG signal in
lead I, such ECG signal 1s connected to the isolated mstrument
amplifier and output signal from one is fed to the designed
tracking notch filter The unfiltered and filtered ECG
waveform 15 measured and recorded by WAVESTAR program.
Fig. 18(a) and (b) show the unfiltered ECG waveform and its
spectral, respectively. Also, Fig. 19(a) and (b) show the filtered
ECG waveform and its spectral, respectively. Comparing Fig.
18 and 19 shows that the designed tracking notch filter can
filter out the noise fiequency seeing in both time and frequency
domain.
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Fig. 18. (a) Unfiltered
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Fig. 19. (a) Filtered ECG (b} its Spectral.
4. Conclusions

From frequency response of the designed tracking notch
filter, attenuation at each center frequency is approximately of
-35dB to -38dB which is good enough. The difference of the
calculated and measured frequency from frequency synthesizer
for which the multiplication is of 150 times is very close, The
performance by experiment with the noise frequency added
standard ECG waveform have shown the filtered ECG
waveform in time domain without noise. frequency doman
without spectral of noise frequency, and m term of MSE seeing
that it is low enough. Also, the performance of the real ECG
signal has shown the filtered ECG waveform in time domain
without noise and in frequency domain without spectral of
noise frequency, only.

Oune of ad\‘antagc of the designed tracking notch filter is the
small circuit size when comparing with the closed loop band
stop filter and can use discrete component and passive device.
In future, this filter will develop as a single chip.
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