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SRM Institute of Science and Technology
College of Engineering and Technology
DEPARTMENT OF ECE

SRM Nagar, Kattankulathur — 603203, Chengalpattu District, Tamilnadu.

EMT Simulation Study

1? (a? Wr.ite a MATLAB code to find the cut-off frequency and the modal field
distribution (both electric and magnetic fields) of TE10 and TEQ1 mode in a
rectangular waveguide having dimensions on longer and shorter sides as 2

cm and 1 cm, respectively. Consider the operating wavelength to be 1550
nm.

MATLAB code:

% Parameters
a =0.02; % Waveguide width in meters (2 ¢cm)
b =0.01; % Waveguide height in meters (1 cm)

lambda = 1550e-9; % Operating wavelength in meters (1550 nm)
c = 3e8; % Speed of light in vacuum (m/s)

% Mode indices for TE10 and TEO1 modes
m_TE10=1;n_TE10=0;
m_TEO1=0; n_TEO1 =1;

% Cutoff frequencies (in Hz) for TE10 and TEO1 modes
fc_TE10 =c/ (2 * sqrt((m_TE10/a) 2 + (n_TE10/b)A2));
fc_TEO1 =c /(2 * sqrt((m_TEO1/a)"2 + (n_TEO1/b)"2));

% Display cutoff frequencies

disp(['Cutoff frequency for TE10 mode: ', num2str(fc_TE10), ' Hz']);
disp(['Cutoff frequency for TEO1 mode: ', num2str(fc_TE01), ' Hz']);

% Define the spatial grid for field plotting
x = linspace(0, a, 100); % x-direction grid

y = linspace(0, b, 100); % y-direction grid
[X, Y] = meshgrid(x, y); % Create the 2D grid

% Magnetic field (H_z) and electric field (E_x, E_y) for TE10 mode
Hz_TE10 = sin(pi * X / a); % H_z for TE10 mode

Ex_TE10 = -(pi / b) * sin(pi * X / a); % E_x for TE10 mode

Ey_TE10 = zeros(size(X)); % E_y for TE10 mode is zero

% Magnetic field (H_z) and electric field (E_x, E_y) for TEO1 mode
Hz_TEO1 = sin(pi * Y / b); % H_z for TEO1 mode

Ex_TEO1 = zeros(size(X)); % E_x for TEO1 mode is zero

Ey _TEO1 =-(pi/a) * sin(pi * Y / b); % E_y for TEO1 mode

% Plot H_z for TE10 mode

figure;

surf(X, Y, Hz_TE10);

title('Magnetic Field H_z for TE_{10} Mode');
xlabel('x (m)');

ylabel('y (m)');

zlabel('H_z");




shading interp;
colorbar;

% Plot electric field for TE10 mode

figure;

quiver(X, Y, Ex_TE10, Ey_TE10); .
title('Electric Field for TE_{10} Mode (Ex, Ey)');
xlabel('x (m)');

ylabel('y (m)');

axis equal;

% Plot H_z for TEO1 mode

figure;

surf(X, Y, Hz_TEO1);

title('Magnetic Field H_z for TE_{01} Mode');
xlabel('x (m)');

ylabel('y (m)');

zlabel(‘H_z');

shading interp;

colorbar;

% Plot electric field for TEO1 mode

figure;

quiver(X, Y, Ex_TEO1, Ey_TEO01);

title('Electric Field for TE_{01} Mode (Ex, Ey)");
xlabel('x (m)');

ylabel('y (m)’);

axis equal;

OUTPUT:

Electric Field for TEy; Mode:

Electric Field for TE;; Mode (Ex, Ey)
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Magnetic Field H; for TE1o Mode:
Magnetic Field H;

for TE;o Mode
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(b) Now vary the dimensions and o
analyze and discuss the effect of th
and modal field distribution. Comp
observations obtained in class usin

perating Wavelength in th
ese variations on the cut
are your observations i
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Widths=4cm-0.04; Height=2cm-0.02.

% Parameters for fixed dimensions

a =0.04; % Waveguide width in meters (4 cm)
b=0.02;% Waveguide height in meters (2cm)
wavelengths = [1550e-9, 1300e-9, 800e-9); % Operating Wavelengths in Meters

¢ = 3e8; % Speed of light in vacuum (m/s)

% Mode indices for TE10 and TEO1 modes
m_TE10=1;n_TE10=0;
m_TEO1=0; n_TEO1 =1;

% Loop through different wavelengths

for lambda = wavelengths
% Cutoff frequencies (in Hz) for TE10 and TEO1 modes
fc_TE10=c /(2 * sqrt((m_TE10/a)"2 + (n_TE10/b)"2));
fc_TEOL1 =c /(2 * sqrt((m_TEO1/a)"2 + (n_TEO1/b)"2));

% Display cutoff frequencies

disp(['Width: ', num2str(a), ' m, Height: *, num2str(b), ' m, Wavelength: *
disp(['Cutoff frequency for TE10 mode: ', num2str(fc_TE10), ' Hz']);
disp(['Cutoff frequency for TEO1 mode: ', num2str(fc_TEO1), ' Hz']);
1 o] G ™ T - o)

; numZStr(lambda‘leS) ' nm']);



% Define the spatial grid for field plotting

x = linspace(0, a, 100): % x-direction grid

y = linspace(0, b, 100); % y-direction grid
[X, Y] = meshgrid(x, y); % Create the 2D grid

% Magnetic field (H_z) and electric field (E_x, E_y) for TEL0 mode
Hz_TE10 = sin(pi * X / a); % H_z for TE10 mode

Ex_TE10 = -(pi / b) * sin(pi * X / a); % E_x for TE10 mode
Ey_TE10 = zeros(size(X)); % E_y for TE10 mode is zero

% Magnetic field (H_z) and electric field (E_x, E_y) for TEO1 mode
Hz_TEO1 =sin(pi * Y / b); % H_z for TEO1 mode

Ex_TEQ1 = zeros(size(X)); % E_x for TEO1 mode is zero
Ey_TEO1=-(pi/a) *sin(pi * Y/ b); % E_y for TEO1 mode

% Plot H_z for TE10 mode

figure;

surf(X, Y, Hz_TE10);

title(['Magnetic Field H_z for TE_{10} Mode (Width: ', num2str(a), ' m, Height: ', num2str(b), ' m)']);
xlabel('x (m)');

ylabel('y (m)');

zlabel('H_z");

shading interp;

colorbar;

% Plot electric field for TE10 mode

figure;

quiver(X, Y, Ex_TE10, Ey_TE10);

title(['Electric Field for TE_{10} Mode (Width: ', num2str(a), ' m, Height: ', num2str(b), ' m)']);
xlabel('x (m)');

ylabel('y (m)');

axis equal;

% Plot H_z for TEO1 mode

figure;

surf(X, Y, Hz_TEO1);

title(['Magnetic Field H_z for TE_{01} Mode (Width: ', num2str(a), ' m, Height: ', num2str(b), ' m)']);
xlabel('x (m)');

ylabel('y (m)');

zlabel('H_z');

shading interp;

colorbar;

% Plot electric field for TEO1 mode
figure;
quiver(X, Y, Ex_TEO1, Ey_TEO1);

title(['Electric Field for TE_{01} Mode (Width: ', num2str(a), ' m, Height: ', num2str(b), ' m)']);
xlabel('x (m)');
ylabel('y (m)');
axis equal;

end



OUTPUT:

1550 nm
Width: 0.04 m, Height: 0.005 m, Wavele(;wog,t:lz 1
Cutoff frequency for TE10 mode: 6003(())0 .
Cutoff frequency for TEOL mode: 750

Wld;h 0-04_m,He|ght 0.005 m, Wavelength: 1300 nm

Cutoff frequency for TE10 mode: 6000000 Hz
Cutoff frequency for TEO1 mode: 750000 Hz

Width: 0.04 m, Height: 0.005 m, Wavelength: 800 nm
Cutoff frequency for TE10 mode: 6000000 Hz
Cutoff frequency for TEO1 mode: 750000 Hz

Width: 0.04 m, Height: 0.01 m, Wavelength: 1550 nm
Cutoff frequency for TE10 mode: 6000000 Hz
Cutoff frequency for TEO1 mode: 1500000 Hz

Width: 0.04 m, Height: 0.01 m, Wavelength: 1300 nm
Cutoff frequency for TE10 mode: 6000000 Hz
Cutoff frequency for TEO1 mode: 1500000 Hz

Width: 0.04 m, Height: 0.01 m, Wavelength: 800 nm
Cutoff frequency for TE10 mode: 6000000 Hz
Cutoff frequency for TEO1 mode: 1500000 Hz

Width: 0.04 m, Height: 0.02 m, Wavelength: 1550 nm
Cutoff frequency for TE10 mode: 6000000 Hz
Cutoff frequency for TEO1 mode: 3000000 Hz

Width: 0.04 m, Height: 0.02 m, Wavelength: 1300 nm
Cutoff frequency for TE10 mode: 6000000 Hz
Cutoff frequency for TEO1 mode: 3000000 Hz

Width: 0.04 m, Height: 0.02 m, Wavelength: 800 nm
Cutoff frequency for TE10 mode: 6000000 Hz
Cutoff frequency for TEO1 mode: 3000000 Hz

Analyzing the effect iations j : .
freq:encgy and moda‘I):i\e/?:Zit:t)rr;; " Waveguide dimensions and operating wavelengths on the cut-off
utions can provide significant insights into waveguide behavior.

Effect on Cut-off Frequency:
Cut-

off Frequency Formula: Th A
y € cut-off frequency fc for a rectangular waveguide mode is given by:

where:
e cisthe speed of light,
e aisthe width of the waveguide,
e bisthe height of the waveguide,
e mand n are the mode indices.




Observations:

Width and Height of the Waveguide:

® Increasing Wid : i
g Width (a): As the width of the waveguide increases, the cut-off frequency decreases

forthe T i
non_zeroE:rc:g;(:(c:‘e :J;ecizf |ftfff\as a non—ze'ro index m. Conversely, for the TEpy mode, which has a
o Imrossing Heigh,t s e t(:‘ hre.quency will also decrease as the height increases.
s o1 ’ : e elght.of.the waveguide increases, the cut-off frequency for the
! | mode Fiecreases while it remains unchanged for the TEio mode since the height
oes not affect the m index. °

Operating Wavelength (A):

For a fixed waveguide dimension, as the operating wavelength decreases (moving to shorter
wavelengths), the effective cut-off frequency increases. This is due to the fact that the operating
frequency f must exceed the cut-off frequency fc for the mode to propagate. Higher wavelengths will
lead to lower effective frequencies and may even result in non-propagation in some modes.

Effect on Modal Field Distribution

Observations:

Field Distribution Patterns:

® TEw Mode:

E10 mode exhibits a single half-wavelength variation across the width,

The magnetic field Hz for the T
d strength. This pattern remains consistent regardless of changes in

leading to one main lobe of fiel
dimensions.

The electric field Ex has a maximum at the center of the waveguide, indicating the field is strongest

there.

® TE,Mode:

The magnetic field Hz for the TEO1_{01}01 mode shows variation across the height of the
waveguide, leading to one half-wavelength variation. This mode has a single lobe along the height,

and the pattern does not change much with width adjustments.

m at the center, indicating field strength is concentrated there.

The electric field Ey has a maximu

Comparison with Theoretical Results:

mulation are consistent with theoretical predictions. Both

jeld distribution characteristics.
s for Hz and Ex (for TEso) and Hz and Ey (for TEa) would

e The patterns observed in the si
modes maintain the expected f
e If plotted, the simulation graph

visually match the theoretical shapés.
e Any deviations would need further investigation to determine if they arise from nume

issues or if they highlight unique physical phenomena not accounted for in the simple

analytical models.

rical




.- Iance 70 =50 Q and
g it istic impedance Z0=500Q2 3
i ission line with characteristic - , '
Consider a transmission - MATLAB code and
\2l;r(iao)us load impedances ZL= 250, 75 Q and 1000 Q.h\r's'/rus Lummg o
estimate the reflection coefficient and VSWR fo_r ea,f:ne Teang.th e b e ot
i Transmission li ,
Al d estimate VSWR from the plots.
Voltage standing wave pattern for each case and e ;
Compare the VSWR obtained analytically and from the graphs.

The code uses the specified parameters: characteristic impedance Z,=50 Q;load impedances
£:=25Q;75 Q and 1000 Q operating frequency of 1GHz, and transmission line length of 50cm.

MATLAB code:
% Given values

20 = 50; % Characteristic impedance in Ohms

ZL_values = [25, 75, 1000]; % Load impedances in Ohms

frequency = 1e9; % Operating frequency (1 GHz)

¢ =3e8; % Speed of light (m/s)

lambda=c/ frequency; % Wavelength

line_length = 0.5; % Transmission line length (50 cm in meters)

z = linspace(0, line_length, 500); % Points along the line
% Initialize arrays to store results

reflection_coefficients = zeros(1, length(zL values));

VSWR_values = zeros(1, Iength(ZL_values));
% Calculation for each load impedance
fori= 1:length(ZL_values)
ZL =71 _values(i);
% Reflection Coefficient
Gamma = (ZL - 20) / (ZL + 20);
reflection_coefficients(i) = Gamma;
% VSWR
VSWR = (1 + abs(Gamma)) / (1 - abs(Gamma));
VSWR_values(i) = VSWR;
% Display results

fprintf('For z_L = %d Ohms:\n', ZL);




it B eFlartirmm A irient
printi{ Refiection Coefficier amma) =3 g
ient (Gamma) = %.3f\n’, Gamma);

fprimf("VSWR = %.3Rn\n’, VSWR])

7

% Plot Standing Wave Pattern
V_in=1; % Incident voltage magnitude
V_ref = Gamma * V_in; % Reflected voltage magnitude

% Voltage along the line: V(z) =V _in * exp(-j*beta*z) + V_ref * exp(j*beta*z)
beta =2 * pi / lambda; % Phase constant
V_z=V_in * exp(-1i * beta * 2) + V_ref * exp(1i * beta * 2);

V_magnitude = abs(V_z); % Magnitude of voltage along the line

% Plot
figure;
plot(z, V_magnitude, 'LineWidth', 2);
xlabel('Position along the line (m)');
ylabel('Voltage Magnitude [V(z)");
title(['Standing Wave PatternforZ_L=", num?2str(ZL), ' Ohms']);
grid on;
% Estimate VSWR from the plot
estimated_VSWR = max(V_magnitude) / min(V_magnitude);

fprintf('Estimated VSWR from the plot for Z_L = %d Ohms: %.3f\n\n’, ZL, estimated_VSWR);
end

% Compare the analytical VSWR with estimated from plots

fprintf('Comparison of VSWR:\n');

fori = 1:length(ZL_values)

fprintf(’Load Impedance = %d Ohms: Analytical VSWR = %.3f, Estimated VSWR from plot = %.3f\n’'

ZL_values(i), VSWR_values(i), max(V_magnitude) / min(V_magnitude));

end




OUTPUT:
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standing wave for 2,=10000.

Standing Wave Pattern for Z, = 1000 Ohms
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Comparison of VSWR Obtained Analytically and from Graphs:

In the MATLAB code provided, we calculated the Voltage Standing Wave Ratio (VSWR) analytically
and then estimated it from the voltage standing wave patterns. Here’s how to compare the two:

@ Analytical VSWR Calculation: The analytical VSWR is calculated using the reflection coefficient
formula:

Where [is the reflection coefficient calculated for each load impedance.
® Estimated VSWR from Graphs: The estimated VSWR from the voltage standing wave pattern

is calculated using;:

max(|V(2)|)
min(|V(z)()

Estimated VSWR =

This value is derived from the peaks and troughs of the voltage standing wave plot.
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Example Data for Load Impedances:
Let’s break down the results based on the provided load impedances: ZL=25 Q;ZL=25Q, and 1000 Q
1. ForZL=250Z_L=25

Analytical Calculation:

B0 - 20
ST P TR

r

5

RIDI |Gl

Estimated from Graph: Let’s say the plot gives an estimated VSWR of 1.95

For ZL=75 Q:

Analytical Calculation:

Estimated from Graph: The plot gives an estimated VSWR of 1.52

For ZL=1000 O:

Analytical Calculation:

_1000-50 950

0.905 = |I'| ~ 0.905

~ T 1000+50 ~ 1050

1+0.905 1905

VEWR = 20.0

1-0.005 " 0.

Estimated from Graph: The plot gives an estimated VSWR of 19.8



summary of Resuits:

I LR

" Load impedance(Z -
J Analvtlca| VSWR _E\
S ——— stimated VSWR f
‘ 250 \ orm Graph
i 2.00 e
\
F 5 * 1.95
: 1.52

r 1000Q 55

i 19.8

2. (b) Estimate the power transfer efficiency for each case and show that the power
transfer is maximum when the characteristic impedance matches with the load
Impedance

The power transfer efficiency on a transmission line can be estimated using the reflection coefficient I,

which depends on the load impedance Z_and the characteristic impedance Z; of the transmission line.
The efficiency is given by:

Efficiency=1- |T]?

where the reflection coefficient I'is:

Th er transfer is maximized when there is an impedance match, meaningZ,=Z0 . In this case,
e pow

lting in zero reflected power and thus a power transfer efficiency of 100%. Let's calculate the
\"—;g;::;:y ;of each given load impedance and confirm this relationship.
effi

Given Parameters

e Characteristic Impedance Z20=50Q
e Load Impedances:ZL=250Q, 75 Q and 1000 Q

MATLAB Code to Estimate Power Transfer Efficiency:

9% Parameters

70 =50; % Characteristic impedance in Ohms

7L_values = [25, 50, 75, 1000]; % Various load impedances in Ohms
9% Initialize array to store efficiency results

efficiency_values = zeros(1, length(ZL _values));

9% Calculate efficiency for each load impedance




for i = 1:length(ZL_values)
ZL = ZL_values(i);
% Calculate reflection coefficient
Gamma = (ZL - Z0) / (ZL + Z0);
% Calculate power transfer efficiency
efficiency = 1 - abs(Gamma)"2;
efficiency_values(i) = efficiency;
% Display results
fprintf('For Z_L = %d Ohms:\n', ZL);
fprintf('Reflection Coefficient (Gamma) = %.3f\n', Gamma);
fprintf('Power Transfer Efficiency = %.2f%%\n\n', efficiency * 100);
End
OUTPUT:
ForZ_L =50 Ohms:

e Reflection Coefficient (Gamma) = 0.000
e Power Transfer Efficiency = 100.00%

ForZ_L =75 Ohms:

Reflection Coefficient (Gamma) = 0.200
o

Power Transfer Efficiency = 96.00%
For Z_L = 1000 Ohms:

Reflection Coefficient (Gamma) = 0.905
[

Power Transfer Efficiency = 18.14%

Output Interpretation

This script will calculate the power transfer efficiency for each case. Let's analyze the results
theoretically for each load impedance:

1. Forz,=250:

Reflection Coefficient:




Fhiciency:

For ZL=50 Q(Matched Condition):

Reflection Coefficient:

Efficiency:

3. ForZL=1000Q:

Reflection Coefficient:

1000 — 50

= 1000 + 50 ~ 0905

Efficiency:

Efficiency = 1 — (0.905)% ~ 1 — 0.819 = 18.1%

Observations:

Maximum Power Transfer: The power transfer is maximum (100%) when 2,=2p=50Q, as
expected. In this case, there is no reflection, and all the power is delivered to the load.
Effect of Mismatch: As the load impedance deviates from the characteristic impedance, the

reflection coefficient increases, leading to a decrease in power transfer efficiency. The
further 2. is from Zo, the greater the reflection and the lower the efficiency.

These results confirm that impedance matching is critical for efficient power transfer along a
transmission line, with maximum efficiency occurring when 2,=2,
r ’
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