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Abstract

This research explores the simulation of electromagnetic wave propagation using
MATLAB, focusing on both 2D and 3D environments. By deriving the wave equation from
Maxwell's equations, we utilize the Finite Difference Time Domain (FDTD) method for
numerical solutions. The MATLAB code implementation demonstrates the propagation of
electric and magnetic fields and is validated through visualizations. Practical applications,
including telecommunications, medical imaging, and microwave engineering, are examined
through case studies on antenna design and waveguide analysis. Challenges in simulation,
recent advances, and future research directions are discussed, providing a comprehensive

overview of electromagnetic wave propagation and its technological implications.

Keywords: Electromagnetic Wave, Maxwell's equation, Finite Difference Time Domain,
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1. Introduction

EM (Electromagnetic Waves) waves are fundamental to many technological
applications, including wireless communication, radar systems, medical imaging, and remote
sensing. Understanding how these waves interact with various media and boundaries helps
engineers design more efficient systems and solve complex problems related to wave

transmission, reflection, and absorption.
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2. Objective

By visualising the electric and magnetic fields over time, the research aims to enhance
the understanding of wave dynamics and interactions in free space.
3. Scope

This study focuses on simulating the propagation of electromagnetic waves in a
controlled environment with predefined parameters. The scope includes:A 2D simulation with
a grid size of 200x200 points and 300-time steps. A 3D simulation representing electric and
magnetic fields over a specified range. The use of a Gaussian pulse as the initial condition for
the electric field in the 2D simulation forms the foundation of classical electromagnetism.
Parameters such as the speed of light, spatial and temporal step sizes, and material properties

(permeability and permittivity of free space) are explicitly defined.
4. Theoretical Background

A. Maxwell’s Equations

Maxwell's equations describe how electric and magnetic fields are generated and

altered by each other, as well as by charges and currents. The four equations are:

Gauss's Law for Electricity

VE=2 (1)

Gauss's Law for Magnetism:
V-B=0 )
Faraday's Law of Induction:

VxE= -2 3)

Ampere's Law:

5)
VXB = Mo]"‘.uofog 4)
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These equations describe the behaviour of electric (E) and magnetic (B) fields in space

and time.
B. Simulation Parameters and Setup Grid and Time Step Parameters (Nx, Ny)

Number of time steps (Nt): The simulation runs for 300-time steps, allowing

observation of the wave propagation over time.

. . . . d .
Time step size (dt): The time step size is calculated as dt = Z—f to satisfy the Courant

condition for numerical stability.
C. Material Properties
Permeability of free space (o): The permeability is 41x10~7 henry per metre (H/m).
Permittivity of free space (€0): The permittivity is
8.854x107'? farad per metre (F/m).
These parameters define the environment in which the electromagnetic waves
propagate, ensuring the simulation accurately reflects the physical properties of free space.
5. Wave Equation

The wave equation is a fundamental equation in physics and engineering that describes
the propagation of waves through a medium. It is derived from Maxwell's equations for
electromagnetic waves but can also describe sound waves, water waves, and other types of

waves. Here, we focus on the wave equation for electromagnetic waves in 2D and 3D spaces.
A. 2D Wave Equation

In two dimensions, the wave equation can be written as:

ulxyt) o (62u(x,y,t)

2%u(x,y,t)
at? + )

0x2 dy?

)

Here u(x, y, t) is the wave function representing the field (such as the electric field

component E; in electromagnetic waves). x and y are the spatial coordinates. t is time.

The wave equation in 2D describes how the wave function u evolves over time and

space.
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B. 3D Wave Equation

In three dimensions, the wave equation extends to include the third spatial dimension

(6)

%u(x,yzt) _ 2 (azu(x,y,z,t) 8%u(x,y,zt) Bzu(x,y,z,t))
at? dx2 dy? 9z2

Here:

u(x, y, z, t) is the wave function.

X, ¥, and z are the spatial coordinates.

This equation describes the propagation of waves in a three-dimensional space,
applicable to more complex scenarios such as 3D electromagnetic fields.
6. Literature Survey

The author in [1] discusses the fundamentals and applications of the FDTD method,

highlighting its versatility and accuracy in time-domain simulations.

The work in [2] provides a comprehensive overview of the FEM for electromagnetic

problems, emphasizing its effectiveness for complex structures.

The work in [3] explores the theoretical aspects of electromagnetic wave propagation

and scattering, with practical applications in various fields.

The book introduces fundamental concepts of electromagnetic fields and their

applications, providing a solid foundation for simulation studies [4].

This research [5] explores fundamental aspects of electromagnetic theory, aiming to
provide clear answers and understanding through reasoning and commentary, while addressing

issues and confusion in key areas.
Gaps and Future Work

Despite extensive research, challenges remaining in simulating highly complex

systems and achieving real-time performance. Future work could focus on optimizing
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algorithms for high-performance computing and exploring new materials and boundary
conditions.
7. Code and Explanation
Let's go through the provided MATLAB code step by step:
e Parameters Initialization
Nx = 200; % No of points in x direction
Ny = 200, % No of points in y direction

Nt = 300; % No of time steps

c = 3es8;
dx = le-2;
dy =le-2;

dt = dx/(2%*c);

Ez = zeros(Nx, Ny);

Hz = zeros(Nx, Ny);
Explanation:

c: Speed of light in vacuum.

dt: Time step size, calculated using the Courant condition (dx/(2*c)) to ensure

numerical stability.

Ez, Hz: Arrays to store the electric (Ez) and magnetic (Hz) field values, initialized to

Zero.
e Physical Constants
muQ = 4*pi*le-7;

epsilon0 = 8.854e-12;
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x = linspace(-10, 10, Nx),
y = linspace(-10, 10, Ny),
[X, Y] = meshgrid(x, y),
Ez =exp(-((X-2)."2 + Y.72));
Explanation:
X, y: Spatial coordinates in x and y directions.
X, Y: Meshgrid for 2D space.
Ez: Initial condition for the electric field, a Gaussian pulse centered at (2, 0).
e 2D Simulation Loop
forn = 1:Nt
Hz(l:end-1, 1:end-1) = Hz(1:end-1, 1:end-1) - ...
(dt/(mu0*dx))*(Ez(2:end, 1:end-1) - Ez(1:end-1, 1:end-1)) - ...
(dt/(mu0*dy))*(Ez(1:end-1, 2:end) - Ez(1:end-1, 1:end-1));
% Update electric field
Ez(2:end, 2:end) = Ez(2:end, 2:end) - ...
(dt/(epsilon0%*dx)) *(Hz(2:end, 2:end) - Hz(1:end-1, 2:end)) - ...
(dt/(epsilon0%*dy)) *(Hz(2:end, 2:end) - Hz(2:end, 1:end-1));
% Visualization at specific time step
if n == Nt
figure;
subplot(1, 2, 1); % First subplot for 2D visualization

surf(X, Y, Ez.", 'EdgeColor’, 'none’);
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colormap(‘jet');
colorbar;
clim([-11]);
view(3),
title(['Ez at time step: ', num2str(n)]),
xlabel(’x');
viabel('y');
zlabel('EZ');
subplot(1, 2, 2); % Second subplot for 2D visualization
imagesc(x, y, Ez.");
colormap(‘jet’);
colorbar;
clim([-11]);
title(['Ez at time step: ', num2str(n)]),
xlabel('x");
viabel('y');
axis equal tight,
end
end
Explanation:

Hz update: Magnetic field is updated based on the spatial differences of the electric
field using finite-difference approximations. The negative sign ensures proper coupling

between Ez and Hz.
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. . At . N C oY At . _ ..
Hz(i,j) = Hz(i,)) ax (Ez(l +1,)) EZ(L,])) iy (Ez(l,] +1) Ez(l,]))
Ez update: Electric field is updated similarly based on the spatial differences of the
magnetic field.

== (E2(i,)) — E2(i,j = 1))

Ez(i,) = Ez(i,j) — EO% (Hz(i,j) — Hz(i — 1,))) —

Visualization: At the final time step, the electric field is visualized using both surface

and image plots.
e 3D Simulation Loop
% Parameters for 3D wave propagation
k_const = 2*pi;
omega = 10;
E _amplitude = 20%*sqrt(2);
H _amplitude = 15*sqrt(2),
space_points = 0:0.01:3;
zero_line = zeros(size(space _points)),
% 3D Simulation loop
foriter = 1:1000
time = iter *0.01;
% Electric and magnetic fields underwater

Electric field = E amplitude * cos(omega * space points) .* exp(-0.5 *

space_points);

Magnetic field = H amplitude * cos(omega * space points - pi/4) .* exp(-0.5 *

space_points);

ISSN: 2582-3825 178



Praveena S., Deepak J., Priyadharshini K., Shanthi T.

% Plotting the fields
figure(2);
subplot(1, 2, 1),
plot3(space_points, Electric_field, zero_line, 'r');
hold on;
plot3(space_points, zero_line, Magnetic_field, 'g’);
grid on;
axis([0, 2, -20, 20, -20, 20]),
xlabel('x axis');
vlabel('Electric field');
zlabel("Magnetic field');
set(gcf, 'color', 'w');
title("Electric and Magnetic Fields over Time');
hold off;
pause(0.01);
end
Explanation:
Parameters:
k const: Spatial propagation constant.
omega: Angular frequency of the wave.
E amplitude, H amplitude: Amplitudes of electric and magnetic fields.
space_points: Discretized space points for simulation.

zero_line: Zero line for 3D plotting.
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Simulation Loop:
time: Time variable for each iteration.

Electric_field, Magnetic field: Calculated fields based on time and space points, with

exponential decay to simulate wave attenuation.
e Boundary Values

Electric Field (Ez): The electric field at the boundaries of the simulation grid needs to
be carefully managed to prevent non-physical reflections that can contaminate the simulation

results. In the code, boundary values are indirectly addressed by the loop indices:

Ez(2:end, 2:end): This implies the electric field update does not explicitly cover the
very first row and column, implicitly assuming that the fields outside these boundaries remain

zero or are handled by an absorbing boundary condition.

Absorbing boundary conditions (like perfectly matched layers, PML) are not explicitly
implemented in the provided code. In more advanced simulations, PML would be used to

absorb outgoing waves to simulate an infinite space.

Hz(1:end-1, 1:end-1): This update excludes the last row and column of the grid,

implying a similar assumption as for Ez.

8. Simulation Results

Analyzing the results involves interpreting the simulated data to draw meaningful
conclusions. This can include examining the propagation speed, reflection and transmission
coefficients, and field distributions. For example, the results of a waveguide simulation might
reveal how well it confines and directs electromagnetic waves, indicating the effectiveness of

the design.

Performance metrics are essential for evaluating the efficiency and effectiveness of the
simulations. Key metrics include computational time, memory usage, accuracy of the results,

and stability of the numerical methods.
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Figure 1. 2D Simulation Output
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Figure 2. 3D Simulation Output 1
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Ez at time step: 300

st 4 08

6 F q 0.6

2 4 02

2 N -0.2

4t q 0.4

6 1 -0.6

8 il -0.8

Figure 3. 3D Simulation Output 2

9. Case Studies
A. Antenna Design

Antenna design is critical for ensuring efficient transmission and reception of
electromagnetic waves. Using simulation tools like MATLAB, engineers can model and
optimize antenna parameters, such as gain, radiation pattern, and impedance matching. For
example, designing a patch antenna for a specific frequency band involves simulating its

performance in various environments to ensure robust communication [6].
B. Waveguide Analysis

Waveguides are structures that direct electromagnetic waves from one point to another
with minimal loss. Analyzing waveguides involves studying their mode structures, dispersion
properties, and power-handling capabilities. Simulations can help in designing waveguides
with specific characteristics, such as those used in microwave and optical communication

systems, ensuring efficient signal transmission.
C. Scattering Problems

Scattering problems involve understanding how electromagnetic waves interact with

objects, such as particles, surfaces, or obstacles. These studies are essential in fields like remote
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sensing, radar, and wireless communications. Simulations can model the scattering of waves
off various objects to predict and analyse phenomena like radar cross-section or the effects of

atmospheric particles on signal propagation [7].

10. Applications
A. Telecommunications

Electromagnetic waves are the backbone of modern telecommunications, enabling
wireless communication through radio, television, and mobile networks. These waves
propagate through the air, transmitting data over long distances without the need for physical
connections. Technologies like 5G rely on high-frequency electromagnetic waves to provide

faster data rates and lower latency [8].
B. Remote Sensing and Radar

Remote sensing uses electromagnetic waves to gather information about objects or
areas from a distance, typically from satellites or aircraft. Radar systems, which operate by
emitting radio waves and detecting their reflections, are essential for weather forecasting, air
traffic control, and military applications. These systems can detect the speed, direction, and

distance of objects [9].
C. Microwave Engineering

Microwave engineering involves the design and application of devices that operate in
the microwave frequency range (300 MHz to 300 GHz). This field includes the development
of microwave ovens, satellite communications, and radar technologies. Microwave engineering
is also pivotal in developing components like waveguides, antennas, and amplifiers used in

various communication systems [10].

11. Conclusion

The simulation of electromagnetic wave propagation remains a dynamic and evolving
field. As computational power and numerical methods advance, simulations will become
increasingly accurate and efficient, opening new possibilities for innovation and application.
Future research should continue to address the challenges identified and leverage emerging

technologies to further enhance the capabilities of electromagnetic wave simulations. The
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provided MATLAB code and its results serve as a foundation for understanding the practical
aspects of electromagnetic wave simulation. By building on this foundation, researchers and
engineers can develop more sophisticated models and applications, contributing to the

advancement of technology and science.
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