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Simulação numérica de comunicações óticas
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Electrotécnica (FEUP)

MSc. Engineering Physics
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by Veridiano MARQUES

This thesis proposes a multiple sensor-lens pair scheme to increase the misalignment

tolerance and presents an accurate model of photon propagation based on the Monte

Carlo simulation, that includes the photon refraction at the lenses interface and angular

misalignment between emitter and receiver. The results show that the ideal divergence

of the emitter’s beam is around 15º for a 1 metre Tx-Rx distance, increasing to 22º for a

shorter distance of 0.5 metres, but being independent of the water turbidity, showing that

the geometry of the link is the dominant factor in such short-range links. Additionally, it

was concluded that a 7 lenses scheme is approximately 3 times more offset tolerable than a

single lens. Rotating the emitter increases the optimal divergence while rotating the plane

of sensors decreases it. A successful Random Forest prediction of misalignment of the

AUV in relation to a fixed sensor scheme based on the received light power distribution

of each lens. The maximum root medium square error obtained was of 6mm for the radial

offset prediction and 10 degrees for the angle, which based on the live conditions are

considered good results.
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Esta tese propõe um esquema de mútiplos pares sensor-lente para melhorar a to-

lerância ao desalinhamento em comunicações óticas subaquáticas e apresenta um modelo

preciso de propagação de fotões baseado em simulações de Monte Carlo, que inclui a

refração do fotão na interface das lentes e o desalinhamento angular entre os emissores e

receptor. Os resultados mostram que a divergência ideal do feixe do emissor é de cerca

de 15º para um 1 metro de distância Tx-Rx, aumentando para 22º para uma distância

mais curta de 0,5 metros, mas sendo independente da turbidez da água, mostrando que

a geometria da ligação é o factor dominante em ligações de curta distância. Além disso,

concluiu-se que um esquema de 7 lentes é aproximadamente 3 vezes mais tolerável ao de-

salinhamento lateral do que uma única lente. Também que a rotação do emissor aumenta

a divergência óptima enquanto a rotação do plano dos sensores faz com que esta diminua.

Uma previsão bem sucedida do desalinhamento lateral do AUV em relação a um esquema

de sensor fixo foi obtida usando um método Random Forest baseado na distribuição da

potência luminosa recebida de cada lente. O erro quadrático médio máximo obtido foi

de 6mm para a previsão do desvio radial e de 10 graus para o ângulo, que, com base nas

condições de comunicação subaquática reais, são considerados bons resultados.
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Chapter 1

Introduction

It’s widely accepted that Underwater Wireless Optical Communications (UWOC) are the fu-

ture of underwater short-range communications. To the day, UWOC is already employed

in several distinct applications as monitoring of mineral sites, communications between

submarines and Autonomous Underwater Vehicles (AUV’s) and even between divers and

fixed underwater platforms. Other applications also include ocean data sampling and

marine archaeology with live video transmission. An excellent underwater communica-

tion system for monitoring and sensing the ocean has a tremendous scientific, industrial

and even military interest. In addition, due to global warming, constantly monitoring wa-

ter levels, quality, and marine life has led to new research in underwater communication

methods [1]. The scarcity and progressive shortage of mineral and energetic resources

on land have also empowered the underwater mining field and subsequent (UWOC) de-

velopment for remotely operated vehicles (ROV). However, the existing technologies don’t

match the future needs, RF frequencies have a short propagation distance, and acoustic

communication systems have low data rates [2]. This lack leaves UWOC as a viable alter-

native for low-latency, high data rate communication. Engineers naturally take advantage

of the ”blue/green” optical window of low absorption and low chromatic dispersion in

ocean water. In addition, underwater optical communication systems can be built with

low-cost optical sources, like diode lasers or Light Emitting Diodes (LED’s) [3].

Despite its attractiveness, the optical channel has diverse factors such as environmen-

tal conditions, temperature fluctuations, scattering and dispersion, that affect its perfor-

mance. Allied with the fact that live testing of all the components is expensive, numerical

1
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FIGURE 1.1: Transmission window for UOWC [4]

simulations are an alternative to better study what is happening. A vital tool to simu-

late the underwater optical channel behaviour is a Monte Carlo method that simulates

the propagation of photons underwater. This method is widely recognised as an accurate

one.

This master thesis research aims to test and evaluate the performance of a different

number of scenarios while improving and adding new features to already existing

Monte Carlo photon propagating code.

The following chapters will walk thorough the current state of the art of underwater op-

tical communications. After that, a detailed explanation of the physical interactions of

light and water in the ocean. Third, a brief explanation of the simulation code, a detailed

explanation of the new features added, and validation of the simulation results. Finally

several communication scenarios are simulated. Some analysis of system limitations that

permit communications engineers to built their systems more efficiently are shown.



1. INTRODUCTION 3

FIGURE 1.2: Typical Applications of UOWC [4]

1.1 Contributions

This thesis contributes to the area of optical communications, specially underwater com-

munications, by adding several new features to the already existing simulation codes such

as the ability to have a divergence in the emitter’s beam, a rotation of the emitter direc-

tion and the plane of sensors, an accurate physical model of the reception lenses and an

optimal sensor scheme distribution. Results found on this thesis of the limitations of each

communication scenario serve as a guiding map for engineers that want to build optimal

systems, by optimizing parameters such as the power or the divergence of the emitter

needed in each scenario.

Specific results from this thesis were presented at IEEE International Symposium on Per-

sonal, Indoor and Mobile Radio Communications 2021 with an article named: ”Modelling

of an Underwater Optical Wireless Communication System With Misalignment Toler-

ance”. This article will be published at IEEE Xplore®.





Chapter 2

Overview of the State-of-The Art

2.1 Historic Perspective

The transmission of optical signal transmission starts with Ancient Greek and Roman sol-

diers that used their polished shields to reflect sunlight to signal long distances. This is

considered the first heliograph. [5]. An heliograph is semaphore system that sends sig-

nals by transmitting flashes of sunlight, modulation is achieved by pivoting a mirror or

interrupting its beam with a shutter. The communication protocol was normally Morse

code [6]. The first description of a heliograph is from 1292 but only on the 1810 Karl

Gauss built and documented one rigorously. Optical telegraph systems were widely used

across the 19 century. A lot of telegraph hills can still be found around the world. The

invention of the laser in the 1960 by Gordon Gould gave an impulse in the field of free

space optical communications. Some years later around 1980s, a lot of military interest in

laser free-space communications between submarines grew [7] [8]. By the end of the Cold

War, the reduced need in this type of technologies and a increase in the need for terres-

trial communications directed research to fiber optics and infrared detectors. The recent

increasing interest in ocean monitoring due to climate change and pure ocean observation

aligned with the fast proliferation of AUV’s started a resurgence of the research interest

in underwater optical communication systems.

5
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2.2 Underwater Communication Methods

2.2.1 Acoustic Communication

Acoustic waves are produced from variations of pressure in a medium. Acoustic waves

are in general selected as the default primary carrier for underwater wireless among the

other possible waves, either RF or optical. This preference is due to have lower absorption

and longer coverage distance. Their velocity is of 1500 m/s approximately which leads

to large latency over long communication distance. As an example, in, the system data

rates degrades from 20Kbps for a 1km distance in deep ocean, to 300 - 500 bps for distance

of 100 km in shallow water and 200km in deep ocean [9]. Acoustic communication suf-

fers from multipath propagation due to reflections from the water surface interface and

the seafloor, and refractions from the varying sound speed. The typical motion between

the transmitter and receiver that happens in underwater scenarios due to currents affect

severely this type of communication due to the resultant large Doppler shift [10]. The

maximum bandwidth achieved by acoustic waves is on the hundreds of Khz which is not

sufficient to video transmissions.

2.2.2 Radio Frequency Communication

Radio frequency waves are electromagnetic waves in the frequency band below 300 GHz.

The propagation of RF waves underwater differs from spacial RF waves because of the

high water electrical conductivity at high frequency. For high frequencies the attenuation

of RF is increasingly higher.

The absorption coefficient on sea water is given by [11]:

aseawater ≈
√

π f µσ (2.1)

where α is the absorption coefficient, f the operating frequency, µ the permeability of

the medium and σ its conductivity.

Curiously on fresh water this parameter is nearly frequency independent:

a f reshwater ≈
σ

2

√
µ

ε
(2.2)
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FIGURE 2.1: RF attenuation in sea water [11]

Here ϵ is the permittivity. Although it looks promising to fresh waters, RF still needs

antennas with very large size and high transmission power to compensate for the high

antenna losses.
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2.3 Underwater Optical Wireless Communications

Underwater optical wireless communications surge as an alternative of the technologies

above described. They can achieve data rates of Gbps on a smaller distance of up to

a potential 500m. To take advantage of the minimum of the absorption coefficient of

water, typical transmitter sources have a wavelength between 400 nm-550nm. These light

sources are either Laser Diodes (LDs) or LEDs. LDs have higher modulation bandwidth

but are also more expensive. For medium bit rate applications LEDs are usually chosen

for their higher power efficiency, lower cost and longer lifetime [12].

Table 2.1 summarizes a performance comparison between the three principal under-

water communication technologies: acoustic, radio frequency and optical [13].

TABLE 2.1: Comparison of underwater wireless communication technologies [13]

A typical UWOC system is composed of a transmitter, a water channel and a receiver.

A typical schematic figure can be seen on 2.2. The Transmitter is composed of a modulator

and a pulse shape circuit, a driver that converts the electrical signal to an optical one and

an output lens. The receiver is composed by a symmetric system, an optical bandpass

filter, a lens that collects the photons, a photodetector, an amplifier and a demodulator.

FIGURE 2.2: RF attenuation in sea water [13]

The latest results found on literature for highest data rate achieved by underwater

optical communications are summarized on Table 2.2.
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TABLE 2.2: State-of-the-art work in UOWC [14]

Data Rate Light source Distance Modulation
2.8 Mbps [15] 470 nm LED 50 m DPIM

800/200 Mbps [16] 440 nm µLED 0.6/5.4 m OOK-NRZ
4.8 Gbps [17] 450nm LD 5.4 m OFDM

5.2/12.4 Gbps [18] 450 nm LD 10.2/1.7 m OFDM
5 Gbps [19] 450 nm LD 50 m DFT-S DMT

1.5 Gbps [20] 450 nm LD 20 m OOK-NRZ
2.7 Gbps [21] 450 nm LD 34.5 m OOK-NRZ
9.6 Gbps [22] 520 nm LD 8 m OFDM

12.64 Gbps [23] 405 nm LD 35 m PS-OFDM
16.6 Gbps [24] 450 nm LD 5 m DMT
30 Gbps [25] 488 nm LD 12.5 m 4-PAM

12.288 Mbps [26] 460 nm LED 2 m 4-PAM-OOK

2.3.1 Transmitter (TX) - Receiver (RX) Connection

There’s two type of communications between transmitter and receiver: diffuse line of

sight (diffuse LOS) configuration and point-to-point line-of-sight (LOS) configuration.

2.3.1.1 Line of Sight (LOS) configuration

Line of Sight point to point is the most common configuration in UWOC. The emitter and

the receptor must be aligned. This alignment is the limiting factor in respect to this type

of communication due to the narrow laser beam width’s used. High turbidity and non

stationary communication elements caused by tides and waves accentuate even more the

problem.

FIGURE 2.3: Point-to-point LOS configuration [27]

2.3.1.2 Diffuse (LOS) configuration

Diffuse emitter light can be achieved by using light emitting diodes (LEDs) that have a

higher divergence than lasers or emission systems composed by a laser and a expand-

ing lens in front of it. Diffuse LOS communication reduces the data rate due to higher

scattering occurred and the own spread of power caused by the emitter’s divergence. On
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the other hand, improves the tolerance of the communication to unwanted changes in the

position of elements that break the alignment. It’s mainly used for communicating with

several nodes.

FIGURE 2.4: Diffuse LOS configuration [27]

2.4 Underwater Optical Wireless Channel Modeling

In order to derive channel models and to predict the behaviour of a light beam underwa-

ter, it’s first necessary to understand the interaction of light with matter. This interaction is

only exactly described by particle physics specifically by quantum electrodynamics (QED).

Quantum electrodynamics is a relativistic quantum field theory, it describes the quanti-

zation of the electromagnetic field as an ensemble of harmonic oscillators and introduces

the concept of creation and annihilation operators of particles. The problem with this the-

ory is that first is probabilistic and second that can only be solved explicitly for simple

particle interactions it gives extremely accurate predictions of quantities like the anoma-

lous magnetic moment of the electron and the Lamb shift of the energy levels of hydrogen

[28]. Not ideal for an underwater channel, where multiple light matter interactions occur

simultaneously.

2.4.0.1 Beer-Lambert Law

A first calculated guess to determine the loss of light along a path length r is the Beer

Lambert Law, also known as Beer’s Law [29]. It’s the simplest and the most widely used

model to describe light attenuation effects underwater. Since the attenuation coefficient c

has units m−1, we can calculate a differential intensity loss dI over a differential length dr

by:

dI = −cIdr (2.3)
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Where I is the incident power on the volume of width dI, Rearranging this equation and

integrating yelds:

I∫
I0

1
I

dI = −c
r∫

0

dr ⇒ ln(I)− ln(I0) = −cr (2.4)

The final expression for light intensity along the propagation axis is the:

I = I0 exp(−cr) (2.5)

This equation always overestimates loss because assumes that all scattered light is lost

from the beam. It also assumes a receiver of infinite aperture.

2.4.0.2 Summary

In order to go around QED, some Monte Carlo Methods have had a lot of research in

the last years. The Monte Carlo photon propagation algorithm is a widely documented

method to simulate UWOC. Its popularity comes from its simplicity to solve the photon

propagation problem against the more accurate but tremendously more complex direct

solution of the Radiative Transfer Equation (RTE) [30]. Instead of solving the RTE explicitly,

Monte Carlo Methods solve it numerically. This function will be presented in the next

chapter after the proper introduction to water proprieties. It is also more accurate than

the Beer-Lambert law, which is often employed to analyze the absorption losses through

propagation [29]. This Monte Carlo algorithm is a statistical method that mimics the be-

haviour of individual photons through the water. Basically, photons are treated as parti-

cles that move through the medium with a given photon path length between events. An

event can be absorption or a collision with particles suspended in the water. Two distinct

probability density functions give the photon path length between events and the scatter-

ing angle after a given collision. Each photon has a given amplitude starting as one, and

each time it is absorbed, its amplitude is multiplied by the water albedo coefficient.





Chapter 3

Underwater Light Propagation

3.1 Inherent Optical Properties (IOP)

As introduced in 2.4 Monte Carlo algorithms, used for modeling light behaviour on a

water channel, consider only two possible final outcomes for a photon-matter interac-

tion: photon absorption and photon scattering. The probability/intensity of absorption

or scattering phenomena will be determined by optical properties of water. Mobley in

[31], defined two classes of optical properties, Inherent optical properties (IOPs) and Ap-

parent optical properties (AOPs). AOPs depend on the propagation medium and on the

geometric structure of the ambient light field, whereas IOPs only depend on the medium.

For our interests, in this thesis, only IOPs will be described.

If we consider a differential unit of volume of water with width ∆r and infinitesimal

height and length, the amount of light leaving the volume equals the amount of light en-

tering the volume less any absorption loss in the volume. Due to scattering some amount

of light will be scattered into other directions.

Defining the spectral radiant incident power as ϕi, the absorbed power as ϕa and the

total scattered power in all directions as ϕs. The incident spectral radiant power as units

of Wnm−1 and is calculated as:

ϕi(λ) =
hc
λ

N
∆λ

(3.1)

Where hc
λ is the energy of each photon with wavelength λ, ∆λ is the window of wave-

length used and N the number of photons observed per second. Defining the absorptance

as:

A(λ) =
ϕa

ϕi
(3.2)

13
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FIGURE 3.1: Geometry of the inherent optical properties of water

the transmittance as:

T(λ) =
ϕt

ϕi
(3.3)

and a scattered power ratio as:

B(λ) =
ϕs

ϕi
(3.4)

Diving all the above quantities by a distance ∆r which approaches the infinitesimal

limit dr, the above quantities become coefficients which measure loss per unit distance:

absorption coefficient:

a(λ) =
dA(λ)

dr
(3.5)

scattering coefficient

b(λ) =
dB(λ)

dr
(3.6)

These have units of m−1. The total loss is defined as the attenuation coefficient, c:

c = a + b (3.7)

A very interesting and helpfull future value is the single scattering albedo, ω0,

ω0 =
b
c

(3.8)

This variable is defined as the ration of scattering loss to total loss. A completely

scattering medium would have a value of 1, while a medium with no scattering and only

absorption loss would have a value of 0. It will be a decision factor later, to chose whether

a photon is going to be absorbed or scattered.
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3.2 Absorption

When a photon is absorbed, it’s lost permanently. Due to the different constituents of the

ocean water, which each have a absorption spectrum. The total absorption spectrum of

water is normally represented as a sum of each constituent’s absorption coefficient:

a(λ) = aω(λ) + aCDOM(λ) + aphy(λ) + adet(λ) (3.9)

Where aω(λ) is the absorption due to pure seawater, aCDOM(λ) the absorption due

to CDOM, also represented as gelbstoff, yellow substances or gilvin, aphy(λ) denotes the

absorption due to phytoplankton and adet(λ) the absorption due to detritus [32].

FIGURE 3.2: Absorption spectra of pure seawater [32].
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FIGURE 3.3: Absorption spectra of CDOM [32].

FIGURE 3.4: Absorption spectra of phytoplankton [32]
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FIGURE 3.5: Absorption spectra of detritus [32].
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3.3 Scattering

Scattering can be simply defined as the dispersion of incident photons into other di-

rections. This phenomenon happens due to collisions of photons with particles in the

medium which change the photons initial momentum direction. An angular redistribu-

tion of the optical field results in losing light intensity in the forward direction. In coastal

water scattering is principally due to inorganic matter while in the open ocean is due to

organic particles such as phytoplankton. There’s three regimes of scattering based on the

size of the particles [31]:

• molecular (Rayleigh) scattering, happens when particles radius much lower than λ.

Caused by inhomogeneous local concentrations of molecules and particulate matter

and other dissolved substances in the water. It has an intensity proportional to the

sixth power of the particles diameter and inversely proportional to the fourth power

of the light wavelength.

• turbulent scattering, dominant when particles have radius approximately the same

size as λ. Intensity proportional to the square of the particle diameter. It’s not de-

pendant on the light wavelength but it has very large fluctuations with temperature.

• large particles, with sizes ten times λ.

The intensity of the beam loss from scattering, ϕs, is dependent on the angle ψ, this

angles measures the deviation from the original incident beam. The angular distribution

of scattering, called the volume scattering function, is defined taking the limit of light

scattering out of the volume ∆r into the solid angle ∆Ω in direction ψ, as both tend to

zero.

β(λ, ψ) = lim
∆r→0

lim
∆Ω→0

ϕs(ψ; λ)

ϕi(λ)∆r∆Ω
(3.10)

The units of β(λ; ψ) are m−1sr−1. An expression for b(λ) is obtained by integrating β

over all angles:

b(λ) =
∫

4π
β(ψ; λ)dΩ = 2π

∫ π

0
β(ψ; λ) sin ψdψ (3.11)

By normalizing the volume scattering phase function, β, by the scattering coefficient, b,

one obtains the volume scattering phase function, β̃, which is a probability density function

(PDF) of the angle of deviation obtained due to scattering.
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β̃(λ, ψ) =
β(λ; ψ)

b(λ)
(3.12)

The normalization equation condition consequent from combining 3.11 and 3.12 is:

2π

π∫
0

β̃(θ, λ) sin(θ)dθ = 1 (3.13)

By averaging the cosine of the scattering angle, θ over all scattering directions, one

obtains the mean cosine, g:

g=2π

π∫
0

β̃(θ) cos(θ) sin(θ)dθ (3.14)

This value, g, will be near one for very large phase function values corresponding to

small scattering angles.

3.4 Measured Water Parameters

There are several characterizations of water types, in this work the following types of wa-

ter were considered with the following parameters. To note that the attenuation coefficient

and the single scattering albedo are sufficient to calculate the other water parameters, ab-

sorption coefficient and scattering coefficient.

TABLE 3.1: Measured parameters for different water types [31]

Water Type c(λ) ω0

Clear Waters 0.15m−1 0.25
Coastal Waters 0.4m−1 0.55

Harbor I Waters 1.1m−1 0.83
Harbor II Waters 2.19m−1 0.83

3.4.1 Measured Scattering Phase Functions

The reference for every modeling of the scattering phase function is Petzold’s Measure-

ments, which are the most carefully made scattering measurements on literature. He

combined two measures of angles with two different measurements, one for small angles

and other for angles between 10 and 170 degrees. The very clear water are taken on the

Bahamas, coastal on California and turbid harbor on San Diego.
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FIGURE 3.6: Log-log plots of Petzold’s measured volume scattering functions from three
different waters, as labeled. [33]

FIGURE 3.7: Log-linear plots of Petzold’s measured volume scattering functions from
three different waters, as labeled. [33]

3.4.2 Analytical Phase Functions

Several analytical attempts to model accurately the scattering phase function have been

made. To this day, to the best of the author’s knowledge the one that better agrees with

Pezthold results is the: Sahu and Shanmugan phase function with flat back approximation

[34].
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The equations and the parameters required to the equations are all very well described

in [34].

FIGURE 3.8: Comparison of the particulate phase functions with the Petzold’s average
particle phase function (reference) in a semi-log plot. [34]

3.4.3 Radiative Transfer Equation

The radiative transfer equation is based on the conservation of energy of an underwater

beam of light. It takes into account losses and gains of the initial beam, it’s formalism is

base on the the definitions of water properties described above and the radiance of the

beam. The radiance L is given by [31]:

L(z, λ, ϕ, θ) =
P(z, λ, ϕ, θ)

∆A∆Ω∆λ
(3.15)

where ∆A is the area of the detector, ∆Ω is the solid angle in the direction of ψ, θ

, and z is the distance along the beam propagation direction. The radiance has units

Wm−2sr−1nm−1 . The radiative transfer equation for an homogeneous medium, with

only elastic scattering, and without internal sources like possible bioluminescence, is
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cos(θ)
dL(z; λ; θ; ϕ)

dz
= −c(z, λ)L(z; λ; θ; ϕ) +

∫
4π

β(z; λ; θ′ → θ; ϕ′ → ϕ)L(z; λ; θ′; ϕ′)dΩ′

(3.16)

here L(z, λ, ϕ, θ) is the radiance at propagation distance z in direction θ, φ. The first

term on the right, −c(z, λ)L(z; λ; θ; ϕ) is simply the Beer’s Law loss, and the second term

is the gain from light scattering from angle θ′, ϕ′ into direction θ, ϕ.

As said in the previous chapter, this equation is very difficult to solve. In this thesis

we present and use a Monte Carlo simulation tool that solves this equation numerically

with statistical methods and physical methods for an optical transmitter and a multi lens

receiver scheme.



Chapter 4

Monte Carlo Photon Propagation

Algorithm

In this chapter, a Monte Carlo numerical method to solve the Radiative Transfer Equation

for photon propagation underwater will be described. The basis of the propagation al-

gorithm is very well described in literature principally the work of Cox in his PhD thesis

[35]. So only the necessary to understand the algorithm will be presented and empha-

sis will be given to the features added to the algorithm, which are the main point of this

master thesis.

4.1 Assumptions and Approximations

In order to be possible to simulate the underwater channel some assumptions and ap-

proximations had to be made:

• Homogeneous medium - scattering and absorption effects don’t have a spacial de-

pendency

• Elastic scattering - collisions between photon and water particles are considered to

be elastic and therefore no shifts in wavelength occur, in other words, no Raman

scattering occurs.

• Simulation boundaries are perfectly absorbing. No photon propagates backwards

after passing the sensor plane.

23
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4.2 The Algorithm

The code is divided in two parts, first photon emission and propagation and second pho-

tons sensing. The photons propagation flowchart is shown on.

FIGURE 4.1: Flowchart of the Photon Propagation Algorithm [35]

4.2.1 Coordinate System

The algorithm geometry uses a Cartesian coordinate system where the receiver plane is

situated on a fixed point in the x/y-plane. The emitter is pointed in the z direction, which

will also be referred as the optical axis along this work.
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4.2.1.1 Emitter and Photon Initial Conditions

To start propagating photons through the medium, they must start with a given position

and vector of propagation that properly simulates a laser beam. Photons start in the plane

z = 0 and their initial positions, (x0, y0, z0), in Cartesian coordinates, are given from a

sampled Gaussian distribution with a given standard deviation equal to the laser beam

waist radius w0:

ρ(r)=exp(
−r2

2w0
) (4.1)

Given a sampled radius, the x,y positions are easily calculated:

x0 = r cos(ϕ) (4.2)

y0 = r sin(ϕ) (4.3)

After having the initial position, to calculate the initial direction for each photon, we

need to simulate the emitter’s divergence. An hypothetical lens located at the emitter side

next to the laser provides the mathematical basis for defining the beam divergence. The

focal distance fl , of this lens will depend on the desired half-angle beam divergence ψdiv,

and on the laser beam waist radius, and is given by [35]:

fl =
w0

ψdiv
(4.4)

The initial polar angle of each photon is then calculated by the ray transfer matrix

analysis using the paraxial approximation. We define the optical ray coordinates (h, β),

where h is the height and β the slope angle relative to the optical axis. The effect of the

lens on the initial ray coordinates is obtained by a multiplication with the optical element

matrix of the lens, given by [36]:

 h1

β1

 =

 1 0

−1/ fl 1


 h0

β0

 . (4.5)

For each photon, the initial azimuthal angle ϕ0 is taken randomly from [0, 2π] since

the beam is radially symmetric. This is done by trowing a random number q uniformly

distributed between [0, 1] and multiplying by 2π:
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FIGURE 4.2: Scheme of the opening of the optical beam passing it through a lens.

ϕ = 2πq (4.6)

Given a certain point P in space with origin O, the azimuthal angle is defined as the

angle between the positive x-axis and the projection of the line segment OP on the xy

plane.

FIGURE 4.3: Illustration of direction cosines. The blue vector represents the photon’s
direction vector,the red vectors, (µx, µy, µz), are the projections of the photon’s direction

vector onto the x,y and z axis. axes.

To avoid complex and computation time consuming trigonometric functions, the pho-

ton direction vector is divided into his projections on the 3 axis. These projections are
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called the direction cosines, are illustrated on 4.3, and are defined by:

µx = cos(θx) (4.7)

µy = cos(θy) (4.8)

µz = cos(θz) (4.9)

Here, (θx, θy, θz) are the angles between the propagation vector and the Cartesian axis,

respectively. They must comply with the normalization:

µ2
x + µ2

y + µ2
z = 1 (4.10)

4.2.2 Photon Propagation

The photon path length is the distance at which the photons travels in a homogeneous

medium between interaction, which can be absorption or scattering, or both as we’ll see

next.

The probability of travel over an optical scattering path-length of l is given by [31]:

Pl(l) = 1 − e−l (4.11)

A typical method to obtain a sample from a given probability distribution function is

the Inverse Transform Sampling [37]. Since 4.11 is a invertible function, to obtain a sample

we simply need to invert it:

l = − log(1 − Pl(l)) (4.12)

and throw a random uniformly distributed number between [0, 2π], this number is

represented by Pl(l).

Given that the optical path-length is defined as:

l = cr (4.13)

where c is the attenuation coefficient and r is the geometric distance between optical

events, it then comes naturally that r is given by:
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r = −1
c

log(Pl(l)) (4.14)

4.2.3 Absorption - Photon Weight and types of Monte Carlo Algorithm

There are several Monte Carlo Methods to solve the RTE and their difference lies on what

happens to the photon at each event, absorption, scattering, both, and how to quantify

absorption. All methods are equivalent according to [30]. The two main methods are:

• Albedo-weight method (AW) Photons are seen as light packets which start the com-

putation with a given initial weight w0 = 1. At each event, the photon weight will

be diminished multiplying it by the albedo coefficient and the photon will also be

scattered:

wn+1 = wnω0 (4.15)

• Albedo-rejection method (AR)

Photons are seen as individual particles which ”die” if they are absorbed. An event

is either an absorption or a scattering and this is randomly decided by trowing a ran-

dom uniformly distributed number q between [0, 1] and comparing with the albedo

coefficient. Since the albedo coefficient is defined in 3.8 as the ratio between the scat-

tering coefficient and the absorption coefficient, the decision of which event based

on:

event =


scattering, if q ≤ ω0

absorption, otherwise
(4.16)

It is computationally wasteful to terminate a photon before it reaches the receiver

plane, so in this thesis the Weight Method was chosen.

4.2.4 Scattering

Each successive scattering event causes the trajectory to rotate its local coordinate frame

by θ, φ. Given a volume scattering function β̃(θ), the new angle θ′ is given by solving the

following equation:

q =

θ′∫
0

β̃(θ) sin(θ)dθ (4.17)



4. MONTE CARLO PHOTON PROPAGATION ALGORITHM 29

FIGURE 4.4: Photon propagation illustrated. Each scattering event changes the photon’s
trajectory and therefore it’s θ, ϕ, [35].

Where q is another random uniformly distributed number between [0, 1].

The new azimuthal angle ϕ′ is independent of any probability density function, and

therefore is sampled uniformly between [0, 2π].

4.3 Validation of Simulation Model

The photon propagation algorithm validity was confirmed by comparing with experi-

mental results of on-axis laser beam propagation through a closed 3.6 m water tank, taken

by Cox in [38]. The communication system was composed of an emitter, a 532nm diode-

pumped solid-state laser of 2 mm beam diameter and divergence ¡1.5mrad and a receiver,

a 25.4mm achromatic biconvex lens at 75mm focal distance of a PMT (photomultiplier

tube) unit with an 8 mm active area. The laser was considered collimated in the sim-

ulation. The different levels of water attenuation coefficients were obtained by adding
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Maalox as a scattering agent. This is the same scenario in which Cox’s code was val-

idated. The average power was measured as a function of the attenuation coefficient.

The same scenario was simulated. The normalized intensity power was plotted versus

the attenuation coefficient in 4.5. Good agreement is seen for all the points in which the

simulation was made.

FIGURE 4.5: Validation of results - Comparison with Cox’s experimental data of a 3.6m
water tank with different attenuation coefficients made by adding different quantities of

scattering agent Malox.

4.4 Emitter and Sensor Rotation

In the traditional code implementation of the ”Photonator” by Cox on [35], the emitter is

pointed along the z-axis. In this work, we added the ability to rotate the emitter along

any direction given a direction vector ω, as represented in 4.6. An efficient routine that

constructs a 3-dimensional rotational matrix that rotates any unit vector f into ω by an

angle α was used [39].
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FIGURE 4.6: Rotation of the emitter direction. From the default ẑ direction to any desired
vector ω

This routine has no square-roots or trigonometric functions, speeding computation

time. In this case ω is the unit vector on the z axis that we define as ẑ. To help simplifying,

we define s, with vector components (sx, sy, sz), as the vector product of ẑ and ω as:

s = ẑ × w (4.18)

and q as the dot product of ẑ and w, written as

q = ẑ · w. (4.19)

From these we define another auxiliary variable m written as

m =
1 − q
1 − q2 =

1 − q
s · s

. (4.20)

This way a simple version of this rotation matrix emerges as

R(f, w) =


q + ms2

x msxsy − sz msxsz + sy

msxsy + sz q + ms2
y msysz − sx

msxsz − sy msysz + sx q + ms2
z

 . (4.21)
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In 4.7 an example of the angularly misaligned communication is presented. The angle

of rotation of the emitter and of the plane of sensors are given respectively by γe and γs.

FIGURE 4.7: AUV communicating with fixed receiver. Both emitter and receiver have the
same radial direction ϕ but are rotated in relation to the z-axis, by the angles γe and γs

respectively.

The photons are propagated using the Photonator algorithm. To be able to simulate

an architecture of sensors in a plane rotated with regard to the emitter, the condition of

termination of each photon had to be changed. Instead of finishing the photons in a given

finish plane, z = z f , they are finished in a general plane given by its normal vector pn

(pnx, pny, pnz). After every displacement of the photons, their new position (x′, y′, z′) will

be evaluated. If the photon is past the plane, the following statement given as

pnxx′ + pnyy′ + pnzz′ > cz f (4.22)

will be true. Then the intersection with the plane is calculated and the photon’s data,

position in the final plane, the vector of propagation and weight will be saved in a file for

posterior analysis.
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4.5 Sensor Architecture

Different sensor architectures were analysed in this work. All are composed with a differ-

ent number of lens sensor pairs, located at different positions inside an external circle.

4.5.1 Accurate Lens Behaviour

Another innovative feature added to the Monte Carlo method is the ability to simulate

accurately the refraction of photons when these pass through the lens. Since photons are

treated individually in this method, one accurate way is to calculate the refraction on each

surface of the lens for each photon. Mathematically the biconvex lens used is treated as

two parts of spheres with a thickness in between. After calculating the intersection of

the photons with the first interface of the sphere, the vectorial Snell’s Law is applied. We

define θ1 as the angle of incidence with the normal of the sphere gi and cos(θ1) = −gi · vi,

where vi is the vector of propagation of the photon. The vector of propagation after the

first refraction vr1 is given by [40]:

vr1 =
n1

n2
vi +

(
n1

n2
cos θ1 − cos θ2

)
. (4.23)

Where the following definitions were used

sin θ2 =
n1

n2
sin θ1. (4.24)

After the first refraction, on the interface defined as ξ1 that separates n1 from n2, the

photon is propagated through the glass until the next lens surface. Here the photon meets

another interface between n2 and n3, ξ2, where the same refraction calculation is made

with the new vector and refrative indexes.

4.5.2 Packing

The position of the lenses were chosen from known results of proven packing algorithms

of circles into circles [41]. After defining an N number of lenses and having their packing

positions, another lens in the centre is added with the maximum possible radius. 4.9

depicts a diagram of the positions of the various lenses for a number of lenses from 4 to 7.
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FIGURE 4.8: Photon as ray vector being refracted at both medium interfaces. The lens
directs the photons to the sensor.
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FIGURE 4.9: Scheme of N sensors given by “circles inside circle” packing algorithm. (a)
N=7; (b) N=6; (c) N=5; (d) N=4.





Chapter 5

Prediction and Optimization

Techniques used

5.1 Particle Swarm Optimization

In computational science, particle swarm optimization (PSO) is a population based com-

putational method that optimizes a problem by iteratively trying to improve a candidate

solution with regard to a cost function. We start with a number of particles or agents that

have a position and a velocity. The goal is this swarm of particles based on search and

intelligence converge to a optimal solution. Position is just a point in the N dimensional

search space of variables we want to optimize. The position of each particle is given by

[42]:

XT
i = (xi1, xi3, xi3xi4, xin)

T (5.1)

And the velocity at the next algorithm iteration:

Vt+1
ij = ωVt

ij + c1rt
1(pbestij − Xt

ij) + c2rt
2(gbestj − Xt

ij) (5.2)

Where pbest it’s the best result that the particle i ever found.

And gbest it’s the best result that the whole groups of particles (swarm) ever found.

This analysis is made based on a given cost function that you want to minimize.

The parameter ω it’s just an inertia factor, higher values result in a higher dependency

of the next velocity from the last one.

The parameter c1 it’s an individual intelligence factor.
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The parameter c2 it’s an social intelligence factor

The velocity is more like a displacement that a velocity but it’s the term used. At each

iteration the next position is given by:

Xt+1
ij = Xt

ij + Vt+1
ij (5.3)

The searching algorithm stops when it reaches a limit number of interaction or when

the difference of when the difference in cost function of two consecutive points is lower

than a given threshold.

FIGURE 5.1: Particle Swarm Optimization

5.2 Decision Tree and Random Forest Learning

5.2.1 Decision Tree

A decision tree is a decision support tool which uses a tree-like model of decisions and

their possible consequences. It is one way to display an algorithm that only contains con-

ditional control statements. In a decision tree each internal node denotes a test on an at-

tribute, each branch represents an outcome of the test, and each leaf node (terminal node)

holds a class label [43]. The goal is to create a model that predicts the numerical value of

a target variable based on the input variables. There are several stochastic algorithms that
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find a decision tree for a given data set of features and labels but the explanation of these

algorithms is beyond the scope of this thesis. We used built algorithms as a black box.

On figure 5.2 an example of a typical regression tree for Prediction of the Medium

Home Value is shown.

FIGURE 5.2: Regression Tree for Medium Home Value

5.2.2 Random Forest

Random Forest is Supervised Learning algorithm which uses an ensemble learning method,

that is it combines predictions from multiple machine learning algorithms, in this case

from multiple Decision Trees. In a random forest algorithm the trees in are run in parallel,

which means that there is no interaction between them [44].

Random Forest are one of the most accurate learning algorithms, as seen on 5.3, their

output is the average of the output of several decisions trees.
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FIGURE 5.3: Random Forest Structure



Chapter 6

Results

6.1 General Simulation Parameters

TABLE 6.1: Simulation Parameters

Parameters Value
Number of Photons 1 × 106

Wavelength λ 520 nm
Refractive index of water 1.33
Refractive index of lens 1.44

Tx (emitter) beam waist radius 1 mm
Tx (emitter) divergence [0-60]°

Rx (sensor) radius 10 mm
Lens thickness 15.6 mm

Lens curvature radius 52.6 m
Lens diameter 101.6 mm

Lens focal distance 60 mm
Number of Lenses (N) [4-7]

Distance between Tx and Rx [0.5-1] m
Misalignment angle between Tx and Rx [0-10]°

6.2 Equivalence of Monte Carlo Methods

In order to confirm the results of the equivalence of the different Monte Carlo methods

from [30] the same validation of the algorithm as explained in 4 was made for the Albedo

Weigh Method (the one used on this thesis) and the Rejection Method. A graph comparing

the experimental results and both methods can be seen on 6.1
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FIGURE 6.1: Comparison of the Monte Carlo methods

6.3 Link Misalignment analysis

Evaluation Algorithm

For each scenario composed of water type, total distance, the divergence and vector of

propagation of the emitter and plane of the final sensor, the photons are propagated using

the modified Photonator, their final parameters, as mentioned on section 2B, are stored in

a data file. An evaluation algorithm was created to analyse this data in terms of received

power and MALO for each architecture. For each data file corresponding to a given sce-

nario, the receiver architecture is simulated, and the received power is calculated. The

algorithm is sufficiently general to consider the case where the misalignment is due to

both the transmitter and receiver being misaligned at a certain angle and simultaneously

being offset between each other. In the latter case the offset does not have circular sym-

metry, in general. Instead of maximum allowed lateral offset (MALO), a calculation of the

maximum allowed radial offset (MARO) was made. This calculation is made by sweeping

the lens’s and sensor scheme central position on the xy-plane, both angularly and radially,

instead of only laterally like MALO. In each of these positions of the lenses scheme, we

calculate the received power that would arrive in the sensors. Even if the receiver plane

is tilted due to angular misalignment, the lens positions are displaced on the xy-plane
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FIGURE 6.2: Moving scheme of sensors for MARO calculation. The sensor scheme is
offset through the 2D plane radially from 0 m to 0.4 m and in angle from 0 to 360 degrees

in steps of 45 degrees.

which makes this analysis important. After this, another simple routine calculates the

maximum radius that the AUV can move for the receiver to have a minimal amount of

relative received power. The minimum accepted ratio of received power relative to the

transmitted power was of 1 × 10−3, which is equivalent to considering an emitter with a

typical power of 0 dBm and a minimum received optical power of −30 dBm (suitable to

achieve the forward error correction limit BER of 3.8 × 10−3 for a data rate of 100 Mbit/s)

[45]. In 6.2, we see a the scheme with 7 lenses, where the dark dots mark the various

positions the set of lenses are displaced for calculation of the MARO parameter and all

the positions (dark dots) the scheme is centred for calculating the received power.
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6.3.1 Offset Misalignment Results

6.3.1.1 Types of Water

The first analysis consisted in the calculation of the MARO parameter for different types

of water using the fixed parameters from Table. 1, distance between emitter and receiver

of 1 metre and a N=7 lenses scheme, the results are shown in 6.3. A characteristic curve

is found in all of them. This curve shows an optimal divergence that maximizes the toler-

ance to the position misalignment of the system. Albeit this work being a more complete

analysis of the sensor-lens pair, these results confirm the conclusions of previous pub-

lished work [1]. An evident difference between different water types is that the MARO

is non zero at zero beam divergence for more turbid waters and increases with the water

turbidity. This result was expected due to increased scattering that acts as a diverging

factor, maximizing the MARO.

FIGURE 6.3: MARO calculation as a function of the emitter’s divergence for different
water types. Tx-Rx distance of 1 metre, 7 lenses scheme.

6.3.1.2 Propagation Distance

The same MARO calculation was performed while sweeping the divergence using the

parameters from Table. 1 and a N=7 lenses scheme, but in this case, for different lengths
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between emitter and receiver and only for the two extremes of water turbidity, Clear and

Harbor II waters, with the results being plotted in 6.4. The same type of curve that shows

a global maximum for a certain divergence is obtained. For a distance of 1 metre, better

tolerance than 0.5 m is observed. The higher number of scattering events and the opening

of the beam due to propagation might cause this behaviour. On the other hand, above

the ideal divergence, the MARO degrades significantly for 1 m. Here, the increased scat-

tering and more significant propagation distance make the beam spread so much that the

minimum amount of power doesn’t reach the sensors. We observe this same behaviour

both for clear waters and Harbor II water, 6.4, showing that the geometry of the link is the

dominant factor in such short-range links.

FIGURE 6.4: MARO calculation for different water types at different Tx-Rx distances,
N=7 lenses scheme.

6.3.1.3 Sensor Scheme

An analysis of the sensor architecture with sensor positions given by a circles inside circle

packing algorithm was simulated to evaluate ways to increase the tolerance to the position

and angular misalignment problem. An analysis of the number of sensors of this scheme

was made for clear waters and propagation distance of 1 metre on clear waters with the

results shown in 6.5. A distinct improvement of the tolerance to misalignment is observed
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for a higher number of sensors. This improvement is a direct consequence of the higher

total receiver area. Having 7 sensors in a packing disposition as depicted in 6.2 increases

the MARO by approximately a factor of 3. A gradual increase in the optimal divergence

can be seen. This is also expected due to the larger area of the receiver.

FIGURE 6.5: MARO calculation as a function of the emitter’s divergence for different
number of sensors on the sensor scheme. Clear waters and Tx-Rx distance of 1 m.

6.3.1.4 Rotation Misalignment

An analysis of the angular alignment of the emitter-receiver system in highly turbid Har-

bor II waters using a propagation distance of 0.5 metres was made using a 7 lenses scheme.

Three different configurations were simulated, (1) aligned system, (2) only emitter rotated

into a given direction and (3) only emitter rotated in the same direction.. These analyses

were made for angles of 5,10,15, and 20 degrees, in 6.6 the 10 degrees rotation is shown.

As expected, we observe a worse performance when either the emitter or the plane of

sensors is rotated as shown in 6.7 (a). When the emitter is rotated to compensate for fewer

photons arriving at the sensors, an increase in the optimal divergence is seen. The oppo-

site behaviour is observed when the plane of sensors is rotated. The optimal divergence

in both kinds of rotations as a function of the angular misalignment is plotted in 6.7 (b).
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FIGURE 6.6: MARO calculation as a function of the emitter’s divergence for rotated com-
munication links. Harbor II waters and Tx-Rx distance of 0.5 metres, N=7 lenses scheme.
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FIGURE 6.7: Maximum MARO (a) and Divergence for max. MARO (b) and as function of
the rotation angle. Harbor II waters and Tx-Rx distance of 0.5 metres, N=7 lenses scheme.



6. RESULTS 49

6.4 Lens Scheme Optimization

As shown in 4.9, we tested the link performance with several lenses schemes each with

different number of lenses and which positions of each lens were taken from known re-

sults of a packing algorithm of ”circles inside circles” [41].

To make sure this was the optimal scheme to maximize the tolerance to misalignment,

we added the possibility of a bigger external radius like on figure 6.8

FIGURE 6.8: 7 lenses scheme with external variable external radius

Using a Particle Swarm Optimization we concluded that the optimum radius of the

external circle was equal to the minimum radius for each scheme of lenses. The goal here

was to make a system more tolerant to offset misalignment therefore, the cost function

was built to maximize the MARO.
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6.5 Live Misalignment Offset Prediction

As seen in 6.3, in a real communication scenario between a AUV and a fixed sensor, as the

one in 6.9 there’s an optimum emitter’s divergence at which the system is most tolerant to

offset misalignment. At this optimum divergence the MARO takes a maximum value. In

a live communication scenario with ocean currents, in order to maintain stable communi-

cation, the AUV needs to adapt the emitter’s divergence, by changing the distance of the

laser to the diverging lens, based on much is the present average offset.

We propose a Random Forest machine learning method to identify the offset and angle

of the AUV in relation to the fixed sensor at each moment, based on the power distribution

of each lens. Using a 7 lens scheme, we train a Random Forest algorithm with a 64x7

matrix, which contains the power received for each lens in each point of a 64 point grid

in the AUV r, θ plane. Having a trained algorithm with optimized parameters based on

an extensive grid search, we test the algorithm on a different matrix, this time the matrix

shows the power received for each lens but at another set of points in space.

FIGURE 6.9: AUV communicating with fixed receiver using a divergent optical beam.

For a 0.5 meter distance of propagation and Clear water, the half-angle divergence was

10 degrees. The root medium squared error for the predicted radius is 5mm and for the

angle is 9degrees. Comparison of predicted results and the actual test data can be see on

6.10 and 6.11.
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FIGURE 6.10: Visual comparison of the predicted radius and the real value - 0.5m

For a 1m meter distance of propagation and Clear water, the half-angle divergence

was 8.5 degrees. The root medium squared error for the predicted radius is 6mm and for

the angle is 10degrees. Comparison of predicted results and the actual test data can be see

on 6.12 and 6.13.

The optimal Random Forest Parameters found are:

• N estimators: 400

• Minimum samples per split: 2,

• Minimum samples per leaf: 1,

• Maximum features: square root,

• Maximum tree depth: None,

• Bootstrap: False
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FIGURE 6.11: Visual comparison of the predicted angle θ and the real value - 0.5m

FIGURE 6.12: Visual comparison of the predicted radius and the real value - 1m
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FIGURE 6.13: Visual comparison of the predicted angle θ and the real value - 1m





Chapter 7

Conclusion and Future Work

In this thesis a simulation of photon propagation based on the Monte Carlo method was

performed, which models accurately the beam divergence as a way to mitigate misalign-

ment in underwater optical wireless communications. The model includes lateral offset

and angular misalignment between the transmitter and receiver in a scheme of several

pairs of sensor-lens. A new analysis was presented based on the maximum radial offset

that showed the existence of an optimal divergence in agreement with previous results.

Novel results for angular misalignment and of different sensor architectures with vari-

ous lenses, in a scheme circle within a circle, lead to an increased tolerance to misalign-

ment. Some interesting results were achieved. For a 1 metre Tx-Rx distance and seven

lenses scheme, the ideal divergence of the emitter’s beam is around 15 degrees, indepen-

dently of the water turbidity. For clear waters and 1 metre Tx-Rx distance and N=7 lenses

scheme, the ideal divergence is 17 degrees while for the same configuration, but 0.5 me-

tres of distance, the ideal divergence is 21 degrees. An analysis of the rotation of emitter

and receiver components was made. The main conclusion of this analysis is: rotating the

emitter increases the optimal divergence, while turning the plane of sensors decreases it.

All of these results provide a more exact simulation of underwater wireless optical com-

munications, and we expect the graphs obtained here might be of help in the design of

optical underwater wireless systems in AUVs communication scenarios. Also, a machine

learning algorithm based on a Random Forest regression was successfully applied to pre-

dict the radial offset and angle of the AUV in relation to a fixed sensor scheme based on

the received light power distribution of each lens. The maximum root medium square

error obtained was of 6mm for the radial offset prediction and 10degrees for the angle,

which based on the live conditions are considered good results.
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For future work, we suggest the simulation of other lenses schemes with a square dispo-

sition for example, and the integrating of the live offset prediction algorithm on a AUV.
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