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Fig. 5.8: Photograph of the fabricated board.

Fig. 5.9: Layout of the filter on ADS Momentum.

shown in fig. 5.15 since we would be matching it to the high input impedance as seen from

the feedback section. But it would also imply that we are bypassing the filtering action.

This affects the tuning since lower amount of energy passes through the feedback sections

as shown in fig. 5.16. The simulated response for width of the feedback microstrip sections

as 0.1 mm is shown in fig. 5.17. The minimum S11 obtained is -15.822 dB. Figure 5.18

displays the variation of center frequency as the feedback microstrip line width is tuned.

5.5 Group Delay

Group delay is a measure of the time taken by a signal to travel from the input port to

the output port. We observe from fig. 5.19 that the group delay remains near constant as

the feedback capacitor is varied from 2.7 pF to 5.2 pF. High group delay is a characteristic

of edge-coupled filter, but the consistency is important over the tuning range.
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(a) ADS response displaying shift in S11. (b) Measured response displaying shift in S11.

Fig. 5.10: Simulated and measured S11 for tuning capacitance values of 3 pF and 5 pF.

(a) ADS response displaying shift in S21. (b) Measured response displaying shift in S21.

Fig. 5.11: Simulated and measured S21 for tuning capacitance values of 3 pF and 5 pF.
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(a) Combined ADS results displaying shift in re-
sponse.

(b) Combined measured results displaying shift in re-
sponse.

Fig. 5.12: Combined simulated and measured losses for tuning capacitance values of 3 pF
and 5 pF.

(a) Simulated S11 tuning. (b) Simulated S21 tuning.

Fig. 5.13: ADS simulation of filter tuning as the feedback capacitor value is varied from 2.7
pF to 5.2 pF in steps of 0.5 pF.
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(a) Comparison of measured and ADS simulation for
bandwidth.

(b) Comparison of measured and ADS simulation for
center frequency.

Fig. 5.14: Comparison of measured and ADS simulation for bandwidth and center frequency
as the feedback capacitor value is increased.

Fig. 5.15: ADS simulation plot of variation of the value of minimum S11 as feedback section
width is varied.



62

Fig. 5.16: ADS simulation plot showing frequency shift as the feedback capacitor is changed
from 3 pF to 5 pF as the feedback section width is varied.

Fig. 5.17: ADS simulation response of the filter with feedback section width of 0.1 mm.

Fig. 5.18: ADS simulation response of variation of center frequency as the feedback section
width is increased.
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Fig. 5.19: ADS simulation plot of group delay versus the frequency in GHz as the capacitance
is varied from 2.7 to 5.2 pF in steps of 0.5 pF.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

A novel tuning technique was implemented through the use of feedback. This filter

gave more design flexibility over the other designs which involved loading open ends into

tunable elements and series tunable sections. The design was simple and easy to fabricate.

The mathematical analysis was done for each design and verified by writing a MAT-

LAB code. The effects due to conductor and dielectric losses were ignored in the code. ADS

was used to accurately arrive at the final design.

The design with tuning elements attached to an open end of each coupled section re-

quired tunable matching sections in order to compensate for the reflection across the tuning

range. The design involving a tunable capacitor in series with the coupled sections had high

insertion loss of about -20 dB.

Comparisons were made between the ADS simulation and the board results for the

designs involving feedback and a series tunable section. The measured and simulated re-

sponses showed good agreement.

6.2 Future Work

The project based on the tunable filter using feedback can be further optimized using

optimization algorithms. The Particle Swarm Optimization or Genetic Algorithms can be

incorporated in the MATLAB code. The program can then be used for obtaining the desired

bandwidth and center frequency.

The feedback section width corresponding to the filter bandwidth is obtained using

ADS simulation plots. Derivation of a mathematical equation describing the bandwidth-

feedback section width variance can be more useful and can be easily implemented in a
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MATLAB code.

In the design using tunable capacitor in series, inserting matching sections between the

coupled sections and the capacitor was difficult. Using lumped components for this purpose

will lead to better results since the lumped components can be tuned easily.

The spurious mode formed due to the inhomogeneity of the microstrip affects the filter

performance. In future, the design can be modified to diminish the effect of spurious modes.

A design using an amplifier in feedback to the filter was attempted. Mathematically,

the center frequency should shift as the gain of the amplifier is varied since the poles of the

transfer function change. This design can be tried to design a multi-band filter.
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Appendix A

MATLAB Code for Feedback-Based Tunable Filter

A.1 MATLAB Code for Analysis of Feedback Section

This code does the entire analysis of the feedback based tunable filter. The matching

section transmission lines are termed as ’mlin’.

clc

clear;

close all;

c_light = 3e8;

epsilon_r = 3.55;

epsilon0 = 8.854e-12;

d = 0.8e-3; %Height of substrate

% Coupler Sections

coupler_L1 = 29.44e-3; %first coupler length

coupler_L2 = 29.32e-3; %second coupler length

s1 = 0.9084e-3; %first coupler spacing

s2 = 2.985e-3; %second coupler spacing

W1 = 1.418e-3; %first coupler width

W2 = 1.456e-3; %second coupler width

%ABCD of feedback network
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Lf1 = 21.98e-3; %first strip length

Wf1 = 4.56e-3; %first strip width

Lf2 = 22.38e-3; %second strip length

Wf2 = 4.56e-3; %second strip width

Lf3 = 27.84e-3; %third strip length

Wf3 = 4.56e-3; %third strip width

% Fix

C = 3e-12; %tuning capacitance value

%------------------------------------------------------------

freq = 1.3e9:0.001e9:1.7e9;

for ii = 1:size(freq,2);

Z_Amatrix = Zmatrix(epsilon_r,coupler_L1,s1,W1,d,freq(ii));

%analysis of coupler to get the Z matrix of the 4 port

Z_Amatrixopen = [Z_Amatrix(1,1) Z_Amatrix(1,3) Z_Amatrix(1,4);...

Z_Amatrix(3,1) Z_Amatrix(3,3) Z_Amatrix(3,4);...

Z_Amatrix(4,1) Z_Amatrix(4,3) Z_Amatrix(4,4)];

Z_a = ZAsolved(Z_Amatrixopen);

%rearranging the Z matrix after ignoring the effect of the open port 2

%on the coupler

%ABCD of MLIN

Lm = 27.84e-3; %MLIN length

Wm = 6.44e-3; %MLIN width
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Mlin = MLIN(epsilon_r,Lm,Wm,d,freq(ii));%ABCD MLIN

ABCDf1 = MLIN(epsilon_r,Lf1,Wf1,d,freq(ii));

ABCDf2 = MLIN(epsilon_r,Lf2,Wf2,d,freq(ii));

ABCDf3 = MLIN(epsilon_r,Lf3,Wf3,d,freq(ii));

ABCDc = [1 -j/(2*pi*freq(ii)*C);0 1]; %T matrix for tuning capacitor

ABCDf =ABCDf1*ABCDf2*ABCDc*ABCDf3;

Z_A = [Z_a(1,1) Z_a(1,2)*ABCDf(1,1)+Z_a(1,3)*ABCDf(2,1)...

Z_a(1,2)*ABCDf(1,2)+Z_a(1,3)*ABCDf(2,2) ; ...

Z_a(2,1) Z_a(2,2)*ABCDf(1,1)+Z_a(2,3)*ABCDf(2,1)...

Z_a(2,2)*ABCDf(1,2)+Z_a(2,3)*ABCDf(2,2) ; ...

Z_a(3,1) Z_a(3,2)*ABCDf(1,1)+Z_a(3,3)*ABCDf(2,1)...

Z_a(3,2)*ABCDf(1,2)+Z_a(3,3)*ABCDf(2,2)];

%-----------------------------------------------------

%coupled section B

Z_Bmatrix = Zmatrix(epsilon_r,coupler_L2,s2,W2,d,freq(ii));

%analysis of coupler to get the Z matrix of the 4 port

Z_Bmatrixopen = [Z_Bmatrix(1,1) Z_Bmatrix(1,3) Z_Bmatrix(1,4);...

Z_Bmatrix(3,1) Z_Bmatrix(3,3) Z_Bmatrix(3,4);...

Z_Bmatrix(4,1) Z_Bmatrix(4,3) Z_Bmatrix(4,4)];

Z_B = ZBsolved(Z_Bmatrixopen);

%rearranging the Z matrix after ignoring the effect of the open port 2

%on the coupler
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%-----------------------------------------------------------------------

%solution for V4B and I4b in terms of I1A and I3B

Q = inv([Z_A(2,2)-Z_B(1,1) Z_A(2,3)-Z_B(1,2); Z_A(3,2)+Z_B(2,1)...

Z_A(3,3)+Z_B(2,2)]);

R = - Q*[Z_A(2,1); Z_A(3,1)];

S = Q*[Z_B(1,3); -Z_B(2,3)];

Zfinal = [(Z_A(1,1)+Z_A(1,2)*R(1,1)+Z_A(1,3)*R(2,1))...

(Z_A(1,2)*S(1,1)+Z_A(1,3)*S(2,1));...

(Z_B(3,1)*R(1,1)+Z_B(3,2)*R(2,1)) (Z_B(3,3)+Z_B(3,1)*S(1,1)+...

Z_B(3,2)*S(2,1))];

ABCD1 = ZtoABCD(Zfinal);

%----------------------------------------------------------------------

% ABCD of the I/O of half the coupler

ABCDfinal1=ABCD1;

ABCDfinal2=[ABCD1(1,1) -ABCD1(1,2); -ABCD1(2,1) ABCD1(2,2)];

%--------------------------------

% with matching mlins the final ABCD

ABCDIO = Mlin*ABCDfinal1*ABCDfinal2*Mlin;

%---------------------------------

Smatrix = ABCDtoS(ABCDIO,50);

S11(ii) = Smatrix(1,1);

S12(ii) = Smatrix(1,2);

S21(ii) = Smatrix(2,1);

S22(ii) = Smatrix(2,2);
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end

figure;

subplot(2,1,1)

plot(freq*1e-9, 20*log10(abs(S11)))

title(’\bf{plot of S_{11}(dB) vs frequency(GHz)}’);

grid on;

xlabel(’Frequency(GHz)’);

ylabel(’S_{11} (dB)’);

subplot(2,1,2)

plot(freq*1e-9, 20*log10(abs(S21)))

title(’\bf{plot of S_{21}(dB) vs frequency(GHz)}’);

grid on;

xlabel(’Frequency(GHz)’);

ylabel(’S_{21} (dB)’);

figure;

plot(freq*1e-9, 20*log10(abs(S11)),freq*1e-9, 20*log10(abs(S21)),’r’)

grid on

title(’\bf{Plot of Loss in dB vs frequency in GHz}’);

xlabel(’frequency in GHz’);

ylabel(’Loss in dB’);

xlim([1.3 1.7])

A.2 Zmatrix.m

This function does the analysis of the coupler to get a Z-matrix of the four-port network.

This function is also used in the other filter designs.
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function Z = Zmatrix(epsilon_r,coupler_L1,s1,W1,d,freq);

c_light = 3e8;

epsilon0 = 8.854e-12;

W2 = W1;

s2 = s1;

coupler_L2 = coupler_L1;

v = W1/d;

g = s1/d;

a = 1+log((v^4+ (v/52)^2)/(v^4+0.432))/49 + log(1+(v/18.1)^3)/18.7;

b = 0.564*((epsilon_r-0.9)/(epsilon_r+3))^0.053;

epsilon_Eff1 = (epsilon_r+1)*0.5+0.5*(epsilon_r-1)*(1+10/v)^(-a*b);

epsilon_Eff2 = 1;

if W1/d<1

Zo1=(60/sqrt(epsilon_Eff1))*log((8*d/W1)+(W1/(4*d)));

end

if W1/d>1

Zo1=120*pi/((sqrt(epsilon_Eff1))*((W1/d)+1.393...

+0.667*log((W1/d)+1.444)));

end

if W2/d<1

Zo2=(60/sqrt(epsilon_Eff2))*log((8*d/W1)+(W1/(4*d)));

end

if W2/d>1
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Zo2=120*pi/((sqrt(epsilon_Eff2))*((W1/d)+1.393...

+0.667*log((W1/d)+1.444)));

end

%effective permittivity of the medum in order to do a TEM analysis

Vph1 = c_light/sqrt(epsilon_Eff1); %phase velocity

Vph2 = c_light/sqrt(epsilon_Eff2); %phase velocity

%--------------------------------------------------------------------------

% Edward’s formulas effective dielectric const. for even and odd modes

%

Cp1 = epsilon_r*epsilon0*W1/d ; %parallel plate capacitance

Cf1 = 0.5*(sqrt(epsilon_Eff1)/(c_light*Zo1)-Cp1); %fringing capacitance

A1 = exp(-0.1*exp(2.33-2.53*(W1/d)));

Cfe1 = Cf1*sqrt(epsilon_r/epsilon_Eff1)/(1+A1*(d/s1)*tanh(8*s1/d));

%fringing capacitance near magnetic wall

Cp2 = epsilon0*W2/d ; %parallel plate capacitance

Cf2 = 0.5*(sqrt(epsilon_Eff2)/(c_light*Zo2)-Cp2); %fringing capacitance

A2 = exp(-0.1*exp(2.33-2.53*(W2/d)));

Cfe2 = Cf2*sqrt(1/epsilon_Eff2)/(1+A2*(d/s2)*tanh(8*s2/d));

%fringing capacitance near magnetic wall

%calculations for odd mode synthesis

k1 = (s1/d)/((s1/d)+2*(W1/d));

k2 = (s2/d)/((s2/d)+2*(W2/d));
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if k1^2>=0 && k1^2<=0.5,

K1=(1/pi)*log(2*(1+(1-k1^2)^(1/4))/(1-(1-k1^2)^(1/4)));

else k1^2>=0.5 && k1^2<=1,

K1 = pi/log(2*(1+sqrt(k1))/(1-sqrt(k1)));

end

if k2^2>=0 && k2^2<=0.5,

K2=(1/pi)*log(2*(1+(1-k2^2)^(1/4))/(1-(1-k2^2)^(1/4)));

else k2^2>=0.5 && k2^2<=1,

K2 = pi/log(2*(1+sqrt(k2))/(1-sqrt(k2)));

end

Cga1 = epsilon0*K1; %Capacitance w.r.t. electric wall in air

Cgd1 = (epsilon0*epsilon_r/pi)*log(coth((pi/4)*(s1/d)))...

+0.65*Cf1*((0.02/(s1/d))*sqrt(epsilon_r)+1-(epsilon_r)^(-2));

Ce1 = Cp1+Cf1+Cfe1;

Co1 = Cp1+Cf1+Cga1+Cgd1;

%Zoe1 = 1/(Vph1*epsilon_Eff1*Ce1);

%Zoo1 = 1/(Vph1*epsilon_Eff1*Co1);

Cga2 = epsilon0*K2; %Capacitance w.r.t. electric wall in air
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Cgd2 = (epsilon0/pi)*log(coth((pi/4)*(s2/d)))+0.65*Cf2*((0.02/(s2/d))+1);

Ce2 = Cp2+Cf2+Cfe2;

Co2 = Cp2+Cf2+Cga2+Cgd2;

%----------------------------------------------------------------------

Zoe1 = 1/(c_light*sqrt(Ce1*Ce2));

Zoo1 = 1/(c_light*sqrt(Co1*Co2));

%coupling in dB-----------------------------------------------------

epsilon_Eff1e = Ce1/Ce2;

epsilon_Eff1o = Co1/Co2;

c_phase_1e = c_light/sqrt(epsilon_Eff1e);

c_phase_1o = c_light/sqrt(epsilon_Eff1o);

Z_L1 = 100000;

Y1 = 1/Z_L1;

Z_L2 = 100000;

Y2 = 1/Z_L2;

%Z0 = 50;

k0_1e = 2*pi*freq/c_phase_1e;

k0_1o = 2*pi*freq/c_phase_1o;



78

alpha1e = exp(-j*k0_1e*coupler_L1);

beta1e = exp(j*k0_1e*coupler_L1);

alpha1o = exp(-j*k0_1o*coupler_L1);

beta1o = exp(j*k0_1o*coupler_L1);

A1 = [1 1 1 1;alpha1e beta1e alpha1o beta1o;alpha1e beta1e...

-alpha1o -beta1o;1 1 -1 -1];

B1 = [1/Zoe1 -1/Zoe1 1/Zoo1 -1/Zoo1; alpha1e/Zoe1 -beta1e/Zoe1...

alpha1o/Zoo1 -beta1o/Zoo1; alpha1e/Zoe1 -beta1e/Zoe1 -alpha1o/Zoo1...

beta1o/Zoo1; 1/Zoe1 -1/Zoe1 -1/Zoo1 1/Zoo1];

%--------------------------------------------------------------------------

InvB1 = inv(B1);

Z = A1*InvB1;

A.3 ZAsolved.m

This function does the returns the Z-matrix of the coupled line A after rearranging the

rows and columns and ignoring the effect of port 2.

function YYY = Z_A(Z1);

Z = [Z1(1:3,1) Z1(1:3,3) Z1(1:3,2)];

A = Z(1:2,1:2);

i = Z(1:2,3);

k = Z(3,1:2);

j = Z(3,3);

a = [(A-i*inv(j)*k) i*inv(j) ; -(inv(j))*k inv(j)];

YYY = [a(1:3,1) a(1:3,3) a(1:3,2)];
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A.4 ZBsolved.m

This function does the returns the Z-matrix of the coupled line B after rearranging the

rows and columns and ignoring the effect of port 2.

function YYY = Z_B(Z1);

Z2 = [Z1(1:3,3) Z1(1:3,2) Z1(1:3,1)];

Z3 = [Z2(1:3,2) Z2(1:3,1) Z2(1:3,3)];

A = Z3(1:2,1:2);

i = Z3(1:2,3);

k = Z3(3,1:2);

j = Z3(3,3);

a = [(A-i*inv(j)*k) i*inv(j) ; -(inv(j))*k inv(j)];

YYY = [a(1,1:3); a(3,1:3); a(2,1:3)];

YYY = [YYY(1:3,3) YYY(1:3,2) YYY(1:3,1)];



80

Appendix B

MATLAB Codes for Edge-Coupled Filter Analysis

This appendix consists of the functions required for an edge-coupled filter analysis.

B.1 MLIN.m

This function does the returns the ABCD matrix of the microstrip transmission line

for a given width and length.

function T = MLIN(epsilon_r,L,W1,d,freq)

c_light = 3e8;

epsilon0 = 8.854e-12;

v = W1/d;

a = 1+log((v^4+ (v/52)^2)/(v^4+0.432))/49 + log(1+(v/18.1)^3)/18.7;

b = 0.564*((epsilon_r-0.9)/(epsilon_r+3))^0.053;

epsilon_Eff1 = (epsilon_r+1)*0.5+0.5*(epsilon_r-1)*(1+10/v)^(-a*b);

%epsilon_Eff1 = (epsilon_r+1)*0.5+0.5*(epsilon_r-1)*(1+10*d/W1)^(-0.555);

if W1/d<1

Zo=(60/sqrt(epsilon_Eff1))*log((8*d/W1)+(W1/(4*d)));

end

if W1/d>1

Zo=120*pi/((sqrt(epsilon_Eff1))*((W1/d)+1.393+0.667*log((W1/d)+1.444)));

end
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c_phase = c_light/sqrt(epsilon_Eff1);

k0 = 2*pi*freq/c_phase;

T = [cos((sqrt(epsilon_Eff1))*k0*L) j*Zo*sin((sqrt(epsilon_Eff1))*k0*L);...

j*sin((sqrt(epsilon_Eff1))*k0*L)/Zo cos((sqrt(epsilon_Eff1))*k0*L)];

B.2 ZtoABCD.m

This function converts the Z matrix into an equivalent ABCD matrix.

function ABCD=ZtoABCD(Z)

dim=size(Z);

ABCD=zeros(dim);

if(length(dim)<3)

N=1;

else

N=dim(3);

end

for(n=1:N)

z11=Z(1,1,n);

z12=Z(1,2,n);

z21=Z(2,1,n);

z22=Z(2,2,n);

a=z11;

b=-det(Z(:,:,n));

c=1;



82

d=-z22;

ABCD(:,:,n)=[a,b;c,d]/z21;

end

B.3 ABCDtoS.m

This function converts the ABCD matrix into an equivalent S-matrix.

function S=ABCDtoS(abcd_param,Z0)

dim=size(abcd_param);

S=zeros(dim);

if(length(dim)<3)

N=1;

else

N=dim(3);

end

for(n=1:N)

a=abcd_param(1,1,n);

b=abcd_param(1,2,n)/Z0;

c=abcd_param(2,1,n)*Z0;

d=abcd_param(2,2,n);

delta=a+b+c+d;

s11=a+b-c-d;

s12=2*(a*d-b*c);
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s21=2;

s22=-a+b-c+d;

S(:,:,n)=[s11,s12;s21,s22]/delta;

end


