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Numerical Simulation Of Optical
Wave Propagation With Examples In

Matlab
Numerical simulation of optical wave propagation with examples in MATLAB is an essential tool in
modern optics research and engineering. It allows scientists and engineers to model complex interactions of
light with various media, design innovative optical devices, and predict system behavior under different
conditions without the need for costly and time-consuming experiments. MATLAB, with its powerful
computational and visualization capabilities, is widely used for implementing these simulations, making it
accessible for both beginners and advanced users.

Understanding Optical Wave Propagation and Its
Importance
Optical wave propagation involves understanding how light waves travel through different media, interact with
objects, and undergo effects such as diffraction, interference, and dispersion. Accurate simulations enable the
analysis of phenomena like beam focusing, fiber optics transmission, laser beam shaping, and waveguide
design. These simulations are vital for:

Designing optical components such as lenses, prisms, and waveguides1.
Optimizing fiber optic communication systems2.
Studying nonlinear optical effects3.
Developing new imaging and sensing technologies4.

Fundamental Equations Governing Optical Wave
Propagation
Several mathematical models describe how light propagates in different regimes:

Maxwell’s Equations
These are the fundamental equations governing electromagnetic waves, providing a complete description of
light behavior. However, directly solving Maxwell's equations in complex systems can be computationally
intensive.

The Scalar Wave Equation
For many optical simulations, especially where polarization effects are negligible, the scalar wave equation
suffices: \[ \nabla^2 E + k^2 n^2(\mathbf{r}) E = 0 \] where: - \(E\) is the electric field, - \(k = 2\pi / \lambda\)
is the wave number, - \(n(\mathbf{r})\) is the refractive index distribution.



The Paraxial Approximation
When dealing with beams propagating primarily along one axis (say, \(z\)-axis), the paraxial approximation
simplifies the wave equation to a form that resembles the Schrödinger equation, enabling efficient numerical
methods.

Numerical Methods for Optical Wave Simulation
Several numerical techniques are employed to simulate optical wave propagation:

Finite Difference Time Domain (FDTD)
A versatile method that discretizes both space and time, suitable for modeling complex, broadband, and
nonlinear phenomena.

Beam Propagation Method (BPM)
Primarily used for simulating beam evolution in waveguides and fibers, especially under the paraxial
approximation.

Split-Step Fourier Method
An efficient technique for simulating nonlinear and linear effects by alternating between Fourier and spatial
domains.

Implementing Optical Wave Propagation Simulation in
MATLAB
MATLAB provides a rich environment for implementing these numerical methods thanks to its matrix operations,
built-in functions, and visualization tools.

Example 1: Simulating Gaussian Beam Propagation Using the
Beam Propagation Method (BPM)
This example demonstrates how to model the evolution of a Gaussian beam propagating through free space.

Step 1: Define Parameters

clc; clear; % Physical parameters wavelength = 632.8e-9; % Wavelength in meters (He-Ne laser) k = 2pi /
wavelength; % Spatial grid x_max = 2e-3; % Max x in meters Nx = 1024; % Number of points dx = 2x_max / Nx;
x = linspace(-x_max, x_max, Nx); % Propagation distance z_max = 0.01; % 1 cm dz = 1e-5; % Step size in
meters Nz = round(z_max / dz);

Step 2: Initialize the Electric Field

w0 = 0.5e-3; % Beam waist in meters E0 = exp(-(x / w0).^2); % Gaussian beam profile

Step 3: Define Transfer Function

fx = linspace(-1/(2dx), 1/(2dx), Nx); H = exp(-1i (fx.^2) (dz) / (2 k));
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Step 4: Propagate the Beam

E = E0; for ii = 1:Nz E_freq = fftshift(fft(ifftshift(E))); E_freq = E_freq . H; E = fftshift(ifft(ifftshift(E_freq))); end

Step 5: Plot Results

figure; plot(x1e3, abs(E).^2); xlabel('x (mm)'); ylabel('Intensity (a.u.)'); title('Gaussian Beam Propagation'); This
simple BPM simulation illustrates how a Gaussian beam evolves over a specified propagation distance,
capturing diffraction effects.

Example 2: FDTD Simulation of Light in a Waveguide
FDTD can be used to model complex geometries like waveguides with varying refractive indices. Key steps
include: - Discretizing the computational domain into a grid - Assigning permittivity values based on material
properties - Updating electric and magnetic fields iteratively using Maxwell’s curl equations While implementing
a full FDTD in MATLAB can be extensive, many open-source codes and toolboxes are available, and MATLAB's
matrix operations facilitate efficient computation.

Advanced Topics and Practical Tips

Handling Boundary Conditions
To prevent artificial reflections at the simulation domain edges, absorbing boundary conditions such as Perfectly
Matched Layers (PML) are essential.

Incorporating Nonlinear Effects
Nonlinear phenomena like self-focusing can be modeled by adding intensity-dependent refractive index changes
in the simulation.

Optimizing Simulation Performance
- Use vectorized operations instead of loops where possible - Exploit MATLAB's parallel computing toolbox for
large simulations - Validate models with analytical solutions for simple cases

Applications of Numerical Simulation in Optics
Numerical simulations find applications across various fields:

Fiber Optics: Designing low-loss, high-capacity communication links1.
Laser Engineering: Beam shaping, mode analysis, and cavity design2.
Optical Imaging: Enhancing resolution and understanding imaging system limitations3.
Metamaterials: Modeling negative index materials and cloaking devices4.

Conclusion
Numerical simulation of optical wave propagation using MATLAB provides a versatile and accessible way to
explore complex optical phenomena, design new devices, and optimize existing systems. By understanding the
underlying physics, selecting appropriate numerical methods, and leveraging MATLAB's computational
capabilities, researchers can achieve high-fidelity models that accelerate innovation in optics. Whether
modeling simple Gaussian beams or complex nonlinear waveguides, MATLAB serves as a powerful platform to



bring theoretical concepts into practical, visualizable simulations. Further Resources: - MATLAB Documentation
on PDE Toolbox and Signal Processing Toolbox - Open-source MATLAB codes for BPM and FDTD simulations -
Textbooks such as "Introduction to Fourier Optics" by Joseph W. Goodman and "Numerical Methods in
Photonics" for in-depth understanding Keywords: optical wave propagation, numerical simulation, MATLAB,
beam propagation method, FDTD, waveguides, diffraction, interference, nonlinear optics

Numerical Simulation of Optical Wave Propagation with Examples in MATLAB

In the realm of modern optics and photonics, numerical simulation of optical wave propagation has become an
indispensable tool for researchers and engineers. It enables the detailed investigation of complex optical
phenomena that are often challenging or impossible to observe experimentally. Through computational models,
one can predict how light behaves in various media, design optical devices, and optimize system performance.
This article provides a comprehensive guide to understanding the principles behind numerical simulation of
optical wave propagation and demonstrates practical implementation examples using MATLAB.

Introduction to Optical Wave Propagation

Optical waves, primarily electromagnetic waves in the visible and near-infrared spectrum, obey Maxwell's
equations. When modeling their propagation through different media—such as fibers, waveguides, or free
space—analytical solutions are often limited to simple geometries or idealized conditions. Real-world
applications involve complex structures and interactions, necessitating numerical methods.

Why Numerical Simulation?

Design Optimization: Tailoring waveguide geometries for minimal loss or specific mode profiles.1.
Understanding Phenomena: Investigating effects like diffraction, interference, nonlinearity, and dispersion.2.
Predicting Device Performance: Simulating components such as lasers, modulators, and sensors before3.
fabrication.

Fundamental Concepts in Numerical Simulation of Optical Waves

Maxwell's Equations and Wave Equation

The propagation of optical waves in a non-magnetic, isotropic medium is governed by the wave equation
derived from Maxwell's equations:

\[

\nabla^2 \mathbf{E} - \mu_0 \epsilon \frac{\partial^2 \mathbf{E}}{\partial t^2} = 0

\]

where:

\(\mathbf{E}\) is the electric field,1.
\(\mu_0\) is the permeability of free space,2.
\(\epsilon\) is the permittivity of the medium.3.

In many cases, especially for monochromatic waves, this reduces to the Helmholtz equation:

\[

\nabla^2 \mathbf{E} + k^2 n^2 \mathbf{E} = 0

\]

where:

\(k = 2\pi / \lambda\) is the free-space wave number,1.
\(n\) is the refractive index.2.
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Approaches to Numerical Simulation

Several numerical methods are utilized to solve these equations:

Finite Difference Time Domain (FDTD): Time-domain method, flexible but computationally intensive.1.
Beam Propagation Method (BPM): Paraxial approximation suitable for slowly varying fields.2.
Finite Element Method (FEM): High accuracy for complex geometries.3.
Plane Wave Expansion (PWE): Used mainly for periodic structures like photonic crystals.4.

This guide emphasizes the Beam Propagation Method (BPM), owing to its simplicity and effectiveness in
simulating waveguides and free-space propagation.

The Beam Propagation Method (BPM)

Overview

BPM approximates the wave equation under the paraxial approximation, assuming that the wave propagates
primarily in one direction (say, the z-direction). It propagates the optical field step-by-step along this axis,
updating the field based on the transverse refractive index profile.

Mathematical Foundation

The slowly varying envelope approximation (SVEA) transforms the wave equation into a form suitable for
iterative solution:

\[

\frac{\partial \Psi}{\partial z} = \frac{i}{2k} \nabla_T^2 \Psi - i k \left( n(x,y)^2 - n_0^2 \right) \frac{\Psi}{2
n_0}

\]

where:

\(\Psi(x,y,z)\) is the slowly varying envelope,1.
\(\nabla_T^2\) is the transverse Laplacian,2.
\(n_0\) is the reference refractive index.3.

The solution proceeds through a split-step process: diffraction handled in the frequency domain, and refractive
index effects in the spatial domain.

Implementing BPM in MATLAB

Basic Steps

Define the refractive index profile: e.g., waveguide core and cladding.1.
Initialize the optical field: e.g., Gaussian beam.2.
Set simulation parameters: spatial grid, step size \(\Delta z\), total propagation length.3.
Apply split-step method:4.

Diffraction step: Fourier transform, multiply by transfer function, inverse Fourier transform.1.
Refraction step: multiply by phase factor related to refractive index variations.2.

Iterate the propagation: repeat for each step until the desired length is reached.1.
Visualize the results: intensity profiles, mode evolution, etc.2.

Example: Gaussian Beam Propagation in Free Space

Below is a simplified example of simulating a Gaussian beam propagating through free space using BPM in
MATLAB.

% Parameters



lambda = 1.55e-6; % Wavelength (meters)

k = 2pi / lambda; % Wave number

gridSize = 200e-6; % Spatial grid size (meters)

numPoints = 256; % Number of grid points

dz = 1e-6; % Propagation step (meters)

steps = 100; % Number of propagation steps

% Spatial grid

x = linspace(-gridSize/2, gridSize/2, numPoints);

dx = x(2) - x(1);

[X, Y] = meshgrid(x, x);

% Initial field: Gaussian beam

w0 = 10e-6; % Beam waist

E0 = exp(-(X.^2 + Y.^2) / w0^2);

% Fourier domain setup

fx = (-numPoints/2 : numPoints/2 - 1) / (dx numPoints);

FX = fftshift(fx);

[FX, FY] = meshgrid(FX, FX);

H = exp(-1i (pi lambda dz) (FX.^2 + FY.^2)); % Transfer function

% Propagation loop

E = E0;

for i = 1:steps

% Fourier transform

E_fft = fftshift(fft2(E));

% Diffraction step

E_fft = E_fft . H;

% Inverse Fourier transform

E = ifft2(ifftshift(E_fft));

% Optional: visualize

if mod(i, 10) == 0

imagesc(x1e6, x1e6, abs(E).^2);

title(['Intensity at z = ', num2str(idz1e6, '%.2f'), ' μm']);

xlabel('x (μm)');

ylabel('y (μm)');

colorbar;
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pause(0.1);

end

end

This script models the free-space propagation of a Gaussian beam, demonstrating how the beam diffracts over
distance.

Advanced Applications and Examples

Waveguide Mode Simulation1.

Designing optical fibers or planar waveguides requires understanding their supported modes. Using BPM or FEM,
you can:

Compute eigenmodes of the waveguide cross-section.1.
Visualize mode field distributions.2.
Analyze mode coupling and loss.3.

In MATLAB, this involves setting up the refractive index profile and solving the Helmholtz equation as an
eigenvalue problem.

Nonlinear Optical Propagation1.

In high-intensity regimes, nonlinear effects such as self-focusing or soliton formation emerge. The nonlinear
Schrödinger equation (NLSE) governs these phenomena, which can be simulated via split-step Fourier methods:

% Additional nonlinear phase modulation

nonlinear_phase = exp(1i gamma abs(E).^2 dz);

E = E . nonlinear_phase;

Photonic Crystal and Periodic Structures1.

Simulating light propagation in periodic media involves PWE or FDTD methods to analyze band gaps and defect
modes, essential for designing photonic crystals.

Best Practices and Tips

Grid Resolution: Ensure sufficient spatial and spectral resolution to accurately capture wave features.1.
Step Size Selection: Choose \(\Delta z\) small enough to satisfy the paraxial approximation and numerical2.
stability.
Boundary Conditions: Implement absorbing boundary conditions or padding to prevent reflections.3.
Visualization: Use contour or surface plots for intuitive understanding of mode profiles and propagation4.
dynamics.

Conclusion

The numerical simulation of optical wave propagation is a powerful technique enabling detailed analysis of
complex optical systems. MATLAB provides an accessible platform for implementing these methods, especially
BPM, for a wide range of applications—from simple beam propagation to sophisticated waveguide and nonlinear
studies. Mastery of these techniques facilitates innovation in photonics research, optical communications, and
device engineering.

By understanding the underlying physics, selecting appropriate numerical methods, and leveraging MATLAB's
computational capabilities, engineers and scientists can confidently simulate and optimize optical phenomena,
leading to advances in technology and fundamental science.



Questions & Answers About numerical simulation of
optical wave propagation with examples in matlab

No Question Answer

1 What is the numerical simulation of
optical wave propagation, and why is
it important?

Numerical simulation of optical wave propagation involves using
computational methods to model how light waves travel through
various media. It is important because it allows researchers to
analyze complex optical systems, design new devices, and
predict wave behavior in scenarios that are difficult to solve
analytically.

2 Which numerical methods are
commonly used for simulating
optical wave propagation in
MATLAB?

Common methods include the Beam Propagation Method (BPM),
Finite Difference Time Domain (FDTD), and Split-Step Fourier
Method. These techniques enable efficient simulation of wave
evolution in different optical scenarios within MATLAB.

3 How can I implement the Beam
Propagation Method (BPM) in
MATLAB for simulating fiber optics?

You can implement BPM in MATLAB by discretizing the wave
equation, applying the split-step approach, and using Fourier
transforms to propagate the optical field step-by-step along the
fiber. MATLAB's built-in functions like fft and ifft facilitate this
process.

4 Can you provide a simple MATLAB
example of simulating light
propagation in a waveguide?

Yes. A basic example involves defining the initial field, setting
the refractive index profile, and applying the split-step Fourier
method to simulate how the field evolves along the propagation
direction. Here's a minimal code snippet demonstrating this
process...

5 What are the key parameters to
consider when simulating optical
wave propagation in MATLAB?

Key parameters include the wavelength of light, refractive index
distribution, spatial grid resolution, step size for propagation,
and boundary conditions. Proper selection ensures accurate and
stable simulations.

6 How does the Split-Step Fourier
Method work in the context of
optical wave simulation?

The Split-Step Fourier Method divides the propagation into small
steps, alternating between solving the effects of diffraction (via
Fourier transforms) and nonlinear or refractive index effects (via
multiplication in the spatial domain). This approach efficiently
models the evolution of the optical field.

7 What are some common challenges
faced when simulating optical wave
propagation numerically, and how
can they be addressed?

Challenges include numerical dispersion, stability issues, and
boundary reflections. These can be mitigated by choosing
appropriate grid resolutions, implementing absorbing boundary
layers (like PML), and ensuring small enough step sizes for
accuracy.

8 Are there any MATLAB toolboxes or
libraries that facilitate optical wave
propagation simulations?

Yes, MATLAB's Phased Array System Toolbox, RF Toolbox, and
third-party libraries like Meep (via MATLAB interface) can assist
in optical simulations. Additionally, custom scripts for BPM and
FDTD are commonly shared within the research community.

optical wave propagation, numerical simulation, MATLAB, finite-difference time-domain, FDTD, beam
propagation method, BPM, wave equation, optical fibers, MATLAB examples
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