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Lay Abstract

Underwater optical wireless communication (UOWC) is a technology that aims to provide high
speed optical wireless communication links in the underwater channel. UOWC has the poten-
tial to provide high speed links over relatively short distances that would be suitable for certain
applications as part of a wider network in combination with other technologies. However, there
are some obstacles that must be overcome before a reliable UOWC system can be created. The
main obstacle is the lack of understanding of how the underwater channel affects the transmis-
sion of light. This thesis aims to develop a greater understanding of how different components
of the underwater channel impact upon light propagation, with a specific focus on the under-
water turbulence effect. This effect is investigated, first through simulation and then through
experimentation, in order to develop this understanding for high speed UOWC applications.
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Abstract

Underwater optical wireless communication (UOWC) is a technology that aims to apply high
speed optical wireless communication (OWC) techniques to the underwater channel. UOWC
has the potential to provide high speed links over relatively short distances as part of a hy-
brid underwater network, along with radio frequency (RF) and underwater acoustic commu-
nications (UAC) technologies. However, there are some difficulties involved in developing a
reliable UOWC link, namely, the complexity of the channel. The main focus throughout this
thesis is to develop a greater understanding of the effects of the UOWC channel, especially un-
derwater turbulence. This understanding is developed from basic theory through to simulation
and experimental studies in order to gain a holistic understanding of turbulence in the UOWC
channel.

This thesis first presents a method of modelling optical underwater turbulence through simula-
tion that allows it to be examined in conjunction with absorption and scattering. In a stationary
channel, this turbulence induced scattering is shown to cause and increase both spatial and tem-
poral spreading at the receiver plane. It is also demonstrated using the technique presented that
the relative impact of turbulence on a received signal is lower in a highly scattering channel,
showing an in-built resilience of these channels. Received intensity distributions are presented
confirming that fluctuations in received power from this method follow the commonly used
Log-Normal fading model. The impact of turbulence - as measured using this new modelling
framework - on link performance, in terms of maximum achievable data rate and bit error rate
is equally investigated.

Following that, experimental studies comparing both the relative impact of turbulence induced
scattering on coherent and non-coherent light propagating through water and the relative impact
of turbulence in different water conditions are presented. It is shown that the scintillation index
increases with increasing temperature inhomogeneity in the underwater channel. These results
indicate that a light beam from a non-coherent source has a greater resilience to temperature
inhomogeneity induced turbulence effect in an underwater channel. These results will help
researchers in simulating realistic channel conditions when modelling a light emitting diode
(LED) based intensity modulation with direct detection (IM/DD) UOWC link.

Finally, a comparison of different modulation schemes in still and turbulent water conditions is
presented. Using an underwater channel emulator, it is shown that pulse position modulation
(PPM) and subcarrier intensity modulation (SIM) have an inherent resilience to turbulence
induced fading with SIM achieving higher data rates under all conditions. The signal processing
technique termed pair-wise coding (PWC) is applied to SIM in underwater optical wireless
communications for the first time. The performance of PWC is compared with the, state-of-
the-art, bit and power loading optimisation algorithm. Using PWC, a maximum data rate of
5.2 Gbps is achieved in still water conditions.



Declaration of originality

I declare that this thesis has been composed solely by myself and that it has not been submitted,

either in whole or in part, in any previous application for a degree. Except where otherwise

acknowledged, the work presented is entirely my own.

Callum T. Geldard

v



Acknowledgements

This research was funded by the Rosalind Fortune studentship, along with additional support

and collaboration from the Defense, Science, and Technologies Laboratory. Without this fund-

ing, studying for a PhD would have been financially impossible so it is greatly appreciated.

I would also like to acknowledge the researchers who went before me, especially those whose

research I built upon in writing this thesis.

Special thanks are due to my supervisor, Dr Popoola, your advice and guidance throughout my

time in your research group has proved invaluable. Thank you for welcoming me into your team

back in 2017 and guiding me ever since. On that note, I would also like to express gratitude to

the rest of the research group, with whom I have worked alongside these past 4 years.

My parents and family are also owed my thanks, for getting me interested in science and en-

gineering as a child and nurturing an inquisitive mind. Especially my Mam, Alison, although

you didn’t live to see me finish you were there at the start and that was more than enough.

To my girlfriend, Sarah, for helping me forget about my work when I was stressed, and for

putting up with me when I worked late. Your support helped me get through the hardest mo-

ments, thank you.

vi



Contents

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii
Lay Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Declaration of originality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
List of figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
List of tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
Acronyms and abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . xii
Notations and symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

1 Introduction 1
1.1 Motivation and Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Aims and Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Contributions and Publications . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.1 Contributions to Knowledge . . . . . . . . . . . . . . . . . . . . . . . 6
1.3.2 List of Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Background and Literature Review 11
2.1 Optical Sources and Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 The Light Emitting Diode . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.2 The Laser Diode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.3 The Photo-Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 The Underwater Optical Wireless Communications Channel . . . . . . . . . . 14
2.2.1 Absorption and Scattering . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2.2 Underwater Turbulence . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.3 Underwater Optical Wireless Channel Modelling . . . . . . . . . . . . 20
2.2.4 Empirical Channel Characterisation . . . . . . . . . . . . . . . . . . . 27
2.2.5 Intensity Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3 State of the Art in Underwater Optical Wireless Communications . . . . . . . . 32
2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 Simulation of Underwater Optical Wireless Communications Channel with Tur-
bulence 37
3.1 Turbulence Induced Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 The UOWC Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2.1 Photon Tracking MC Simulation Model . . . . . . . . . . . . . . . . . 40
3.2.2 The Double-Gamma Function . . . . . . . . . . . . . . . . . . . . . . 43

3.3 Turbulence Simulation Framework . . . . . . . . . . . . . . . . . . . . . . . . 43
3.4 Modelling of Data Transmission . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.4.1 The Discrete Time Channel Model . . . . . . . . . . . . . . . . . . . . 44
3.4.2 Maximum Achievable Data Rate . . . . . . . . . . . . . . . . . . . . . 46

vii



Contents

3.4.3 Analytical BER Expression . . . . . . . . . . . . . . . . . . . . . . . 48
3.5 Numerical Simulation, Results, and Discussion . . . . . . . . . . . . . . . . . 49

3.5.1 Stationary Channel Characteristics . . . . . . . . . . . . . . . . . . . . 49
3.5.2 Turbulent Channel Simulation . . . . . . . . . . . . . . . . . . . . . . 55
3.5.3 Scintillation Index and the Turbulence Induced Scattering Coefficient . 57
3.5.4 Channel Data Transmission . . . . . . . . . . . . . . . . . . . . . . . 59

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4 Experimental Channel Characterisation using an Underwater Channel Emulator 65
4.1 The Experimental Set-Up and Underwater Channel Emulator . . . . . . . . . . 66

4.1.1 The Underwater Optical Wireless Communications Test-Bed . . . . . . 66
4.1.2 The Underwater Channel Emulator . . . . . . . . . . . . . . . . . . . 66

4.2 Turbulence Experimental Methodology . . . . . . . . . . . . . . . . . . . . . 67
4.3 A Comparison of Coherent and Non-coherent Light Propagation . . . . . . . . 68

4.3.1 Scintillation Index and Temperature Difference . . . . . . . . . . . . . 68
4.4 The Relative Effect of Turbulence in Different Water Conditions . . . . . . . . 71

4.4.1 Channel Coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.4.2 Scintillation Index and Temperature Difference . . . . . . . . . . . . . 74

4.5 Received Signal Intensity Distributions . . . . . . . . . . . . . . . . . . . . . . 75
4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5 An Empirical Comparison of Modulation Schemes in Underwater Optical Wire-
less Communication 83
5.1 Modulation Schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.1.1 Pulse Amplitude Modulation . . . . . . . . . . . . . . . . . . . . . . . 84
5.1.2 Pulse Position Modulation . . . . . . . . . . . . . . . . . . . . . . . . 85
5.1.3 Subcarrier Intensity Modulation . . . . . . . . . . . . . . . . . . . . . 85

5.2 Experimental Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.3 Data Transmission Through a Turbulent UOWC Channel . . . . . . . . . . . . 90

5.3.1 Channel Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3.2 Image Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3.3 PAM Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.3.4 PPM Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.3.5 SIM Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.3.6 Comparison of PAM, PPM and SIM Schemes . . . . . . . . . . . . . . 97

5.4 Signal Processing Techniques to Overcome Bandwidth Limitations . . . . . . . 98
5.4.1 M-PAM with Linear Equalisation . . . . . . . . . . . . . . . . . . . . 98
5.4.2 SIM with Pairwise Coding . . . . . . . . . . . . . . . . . . . . . . . . 100
5.4.3 SIM with Bit and Power Loading . . . . . . . . . . . . . . . . . . . . 101

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6 Conclusions and Future Work 105
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.3 Practical Considerations for UOWC Deployment . . . . . . . . . . . . . . . . 108

References 110

viii



List of figures

1.1 An artist’s impression of a potential hybrid underwater network. . . . . . . . . 4

2.1 A simple block diagram of a communications system, showing transmitter (Tx),
channel, and receiver (Rx). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 An illustration of inherent optical properties of a medium. . . . . . . . . . . . . 14
2.3 An illustration of refraction obeying Snell’s Law at a flat interface. . . . . . . . 17
2.4 An illustration of refraction by a particle with n2 suspended within a media

with n1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.5 The effect of turbulence of the propagation path of a photon beam. . . . . . . . 19
2.6 The effect of turbulence induced scattering on a photon beam interacting with

a phase screen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1 Graphic showing the tracking of a photon from Tx to Rx plane, propagating
along the z-axis. The global x-y-z axis are shown as well as the local axis that
are used to find the new direction of a scattered photon. . . . . . . . . . . . . . 41

3.2 Graphic illustrating how a single absorption/scattering interaction is modelled
in the MC simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3 Impulse response of a 15 m harbour water link, with bt = 0 m-1, from MC
simulation run with both 10× 109 and 1× 109 photons fitted to the DGF. . . . 50

3.4 CIR fitted with DGF curves in the 30 m coastal link. . . . . . . . . . . . . . . 51
3.5 CIR fitted with DGF curves in the 15 m harbour link. . . . . . . . . . . . . . . 52
3.6 Drms vs bt for different UOWC links highlighting the relative impact of turbu-

lence induced scattering on temporal dispersion. . . . . . . . . . . . . . . . . . 53
3.7 Rx plane spatial intensity distribution for 30 m coastal, and 15 m harbour water

link with different conditions of turbulence induced scattering. . . . . . . . . . 55
3.8 Log-Normal pdf fits on histograms showing variation in received photon counts

at the Rx for selected channel conditions. The relevant fit parameters can be
found in Table 4.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.9 σ2
I vs btmax in different water types and link ranges. . . . . . . . . . . . . . . . 58

3.10 Maximum achievable data rate against σ2
I for 30 m coastal link and 15 m har-

bour channel with φTx = 1.5 mrad and FOV = 10o for different normalised
SNR values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.11 BER vs normalised received SNR at different values ofRb in coastal water with
no turbulence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.12 BER vs normalised received SNR at different values of Rb in harbour water
with no turbulence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.1 Figure showing the system block diagram of the experimental set up used for
the study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2 Figure showing σ2
I vs ∆T for LED, wide beam laser, and narrow beam laser in

clear water with multiple turbulence induced scattering boundary. . . . . . . . 69

ix



List of figures

4.3 Figure showing σ2
I vs ∆T for LED, wide beam laser, and narrow beam laser in

clear water with a single turbulence induced scattering boundary. . . . . . . . . 70
4.4 Estimated channel coefficients plotted against antacid concentration. . . . . . . 72
4.5 Plots of σ2

I vs ∆T in different channel conditions with the heating element
perpendicular to the beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.6 Figure showing recorded data from LED and narrow beam laser with simi-
lar channel conditions plotted as a histogram with Gaussian, Log-Normal, and
GGD fits applied. The fitting parameters including σ2

I are displayed in Table 4.2. 76
4.7 Figure showing recorded data from the narrow beam laser transmitted through

different conditions of turbidity plotted as a histogram with Gaussian, Log-
Normal, and GGD fits applied. The fitting parameters including σ2

I are dis-
played in Table 4.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.1 Comparison of information symbols affected by attenuation in classical and
rotated 4-QAM constellation. . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2 Block diagram showing the process of symbol rotation and interleaving within
pairwise coding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.3 The normalised frequency response of the system in still water. The measured
system bandwidth is limited by the photodiode used. . . . . . . . . . . . . . . 91

5.4 Decoded image after propagating through the UCE using both 2-PAM and 2-
PSK-SIM at 1 Gbps data rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.5 BER curve for M -PAM transmission in still and turbulent (σ2
I ≈ 0.1) water

channels, using adaptive (AT) and fixed (FT) threshold decoding. . . . . . . . . 93
5.6 BER curve for M -PPM transmission in still and turbulent (σ2

I ≈ 0.1) water
channels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.7 BER curve for PSK-SIM transmission in still and turbulent (σ2
I ≈ 0.1) water

channels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.8 BER curve for QAM-SIM transmission in still and turbulent (σ2

I ≈ 0.1) water
channels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.9 A comparison of the maximum data rate achieved to BER ≤ 3 × 10−3 using
each modulation scheme in different channel conditions. . . . . . . . . . . . . 97

5.10 M -PAM in clear and turbid, still water with root-raised cosine pulse shaping. . 99
5.11 4-PAM in clear, still water with root-raised cosine pulse shaping andNtap linear

equalisation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.12 BER curve for PSK-SIM-PWC transmission in the still water channel. . . . . . 101
5.13 BER curve for QAM-SIM-PWC transmission in the still water channel. . . . . 102
5.14 The bit allocation graph for clear water and turbulence condition 1 at a symbol

rate of 1 GSym/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

x



List of tables

1.1 A comparison of the differing properties of the three technologies used for un-
derwater communication. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 A comparison of numerical solutions to RTE. . . . . . . . . . . . . . . . . . . 24
2.2 A summary of selected works modelling the UOWC channel. . . . . . . . . . . 25
2.3 Channel coefficients at blue/green wavelengths. . . . . . . . . . . . . . . . . . 27
2.4 A summary of selected experimental works on UOWC channel characterisation. 29
2.5 Selected state of the art experimental works in UWOC. . . . . . . . . . . . . . 35

3.1 Fit parameters for DGF for the coastal and harbour channels with φTx =
1.5 mrad and FOV = 10o at different values of bt when the IR is sampled
at a rate of 10 Gsam/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.2 Simulation and Log-Normal fit parameters for simulation of a turbulent coastal
channel with link rages of 15 and 30 m. . . . . . . . . . . . . . . . . . . . . . 57

3.3 Gaussian fit parameters for the three channel conditions with no turbulence. . . 57
3.4 Exponential fitting constants for the curves shown in Figure 3.9. . . . . . . . . 59

4.1 Polynomial fit parameters used in estimating the absorption and extinction co-
efficients in the UCE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 Fit parameters for Fig 4.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.3 Fit parameters for Fig 4.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

xi



Acronyms and abbreviations

ADC Analogue-to-digital converter

APD Avalanche PD

AT Adaptive threshold

AWG Arbitrary waveform generator

AWGN Additive white Gaussian Noise

BCJR Bahl, Cocke, Jelinek, and Raviv algorithm

BER Bit-error-rate

BW Bandwidth

CIR Channel impulse response

CSI Channel state information

DAC Digital-to-analogue converter

DC Direct current

DGF Double-gamma function

DMT Discrete multi-tone

DO Discrete ordinate

DPIM Differential pulse interval modulation

FEC Forward error correction

FT Fixed threshold

Gbps Giga-bits per second

GGD Generalised gamma distribution

Gsym/s Giga-symbols per second

IEEE Institute of electrical and electronic engineering

II Invariant imbedding

IM/DD Intensity modulation and direct detection

IOP Inherent optical properties

ISI Inter-symbol interference

kbps Kilo-bits per second

L Litres

LD Laser diode

xii



Acronyms and abbreviations

LED Light emitting diode

LOS Line of sight

Mbps Mega-bits per second

MC Monte-Carlo

mg/L Milligrams per litre

MHz Mega-Hertz

Msym/s Mega-symbols per second

mW milli-Watts

NLOS Non-line of sight

NRZ Non-return-to-zero

OFDM Orthogonal frequency division multiplexing

OOK On-off keying

OSF Over sampling factor

OWC Optical wireless communications

PAM Pulse amplitude modulation

PDF Probability density function

PMF Probability mass function

PMT Photon multiplier tube

PPM Pulse position modulation

PSK Phase shift-keying

PD Photo detector

PIN p-type intrinsic n-type diode

PWC Pair-wise coding

QAM Quadrature amplitude modulation

RF Radio frequency

RTE Radiative transfer equation

Rx Receiver

SIM Subcarrier intensity modulation

SNR Signal-to-noise-ratio

SPAD Single photon avalanche diode

SPF Scattering phase function

TIA Trans-impedance amplifier

Tx Transmitter

xiii



Acronyms and abbreviations

UAC Underwater acoustic communications

UCE Underwater channel emulator

UOWC Underwater optical wireless communications

VSF Volume scattering function

WDM Wavelength division multiplexing

xiv



Notations and symbols

〈.〉 Ensemble average operator

b.c Floor operator

f(.) Generic function

logx(.) Base x logarithm

log(.) Base 10 logarithm

ln(.) Natural logarithm

∇ Gradient operator

P (.) Probability density function

Q(.) Markov’s Q-function

A(λ) Absorptance

Ai, i = [1, 2, 3] Exponential function fitting parameters

Asc SIM subcarrier amplitude

B(λ) Scatterance

C Antacid concentration

Ci, i = [1, 2, 3, 4] DGF fitting parameters

Drms Root mean squared delay spread

E Energy

Fs Sample rate

H Channel gain

I Light intensity

L Radiance

L(r; ξ) Radiance at position r and direction ξ

LS(r; ξ) Radiance due to an internal source at position r and direction ξ

M Modulation order

Mi Modulation order of the ith subcarrier

Nph Number of emitted photons

Ns Number of data carrying SIM subcarriers

Pave Average transmit power

Pt(t) Time continuous transmitted power

xv



Notations and symbols

Pi, i = [1, 2, 3, 4] 3rd order polynomial function fitting parameters

R2 Coefficient of determination

Rb Bit rate

Rs Symbol rate

Reff
s Effective symbol rate in SIM

Re Responsivity of a photodiode

S Salinity

T (λ) Transmittance

T Temperature

Tb Bit duration

Tp Pulse duration

V Volume

Wn Photon weighting factor

Wth Minimum weighting threshold

X Input symbol

Zlink Link distance

a(λ) Absorption coefficient

b(λ) Scattering coefficient

c(λ) extinction coefficient

g Average cosine

h Planck’s constant

h(t) Time continuous channel impulse response

m Mean

n Refractive index

nbg Background photon count

ni Discrete channel noise

n(t) Time continuous channel noise

pi Discrete channel response

p(t) Pulse shaping function

r Vector coordinates

si Channel state

t Time

ui Discrete channel noiseless output

xvi



Notations and symbols

vi Poisson distributed discrete channel photon arrival rate

wk PPM symbol sequence

xi Discrete channel input

x(t) Time continuous channel input

yi Discrete channel output

y(t) Time continuous channel output

Γi SNR of the ith subcarrier

∆s Distance between scattering events

∆T Temperature gradient

∆z Layer thickness

Φ Solid scattering angle

α, δ, ρ, Shaping parameters for GGD

β(θ) Volume scattering function

β̃(θ) Scattering phase function

γ(si, si−1), q(si, si−1), αi+1(si),Ai BCJR algorithm probabilities

ε Uniformly distributed random variable

ζ Rate of arrival of a Poisson distributed random variable

θ Angle

θi Incident angle

θr Reflected angle

θs Longitudinal scattering angle

θt Refracted angle

κ Turbulence induced fading coefficient

λ Wavelength

µ Logarithm of the mean

ν Speed of light within a media

ν0 Speed of light in vacuum

ξ Polar directional angle

σ2 Variance

σ2
I Scintillation index

φ SIM subcarrier phase

φs Radial scattering angle

φTx Tx divergent angle

xvii



Notations and symbols

ω SIM subcarrier frequency

ωo Single scattering albedo

C Channel capacity

H(.) Entropy operator

L Bit stream length

M Channel memory

MI(X ,Y) Mutual information between X and Y

X Channel input

Y Channel output

B Modulation index

d, v,m Fournier Forand function parameters

xviii



Chapter 1
Introduction

Planet Earth is sometimes referred to as ‘The Blue Planet’, this name is well earned as over

70% of it is covered in water. Of this, 96.5% is salt water with the remaining 3.5% being made

up of fresh water in either solid or liquid form [1]. Life on Earth is thought to have originated in

the oceans, as the water attenuated harmful radiation that would have been present on land [2].

Today it is thought that there could be up to 10 million different species living in Earth’s oceans,

including phytoplankton that produces 50% of the planets oxygen [3]. To humanity, fresh

water is essential for life, but it is the oceans that are essential for civilisation to flourish in this

increasingly global world. Great human civilisations, such as ancient Greece and Rome, have

grown up around coastal regions for various purposes, including the abundance of fish for food,

and access to the seas for transport and trade [4]. Shipping is an important part of the global

freight network, according to the UN 90% international freight transported by sea in 2017 [3].

The dependency of sea-freight was made all too clear during 2021 when the Suez Canal was

blocked, and global networks ground to a halt [5]

As well as the importance of oceans for transport, they also offer an insight into the health of

the planet. Due to their abundance of life, any changes to the oceanic water composition due to

natural and human activity could have related effects on humanity. For this reason, the oceans

are monitored, for example, to track the carbon dioxide levels in seawater. Sensors may be

distributed within an area of particular interest to monitor water characteristics over a period

of time, when that period is over they would be collected and the information downloaded

for analysis offline. Similarly, the migration patterns of endangered aquatic creatures, such

as whales, may be of interest to conservationists. In this case, a tracking device could be

attached in order to monitor a whales movements over the course of a number of years to be

recovered and the data downloaded at a later date. In this application, there would be a degree

of danger involved in recovering the device, both for the operators and the animal being tracked.

Similarly, in the previous example the process of collecting the sensors manually to download

data is a time and resource intensive operation. Both of these applications could be made safer

and more convenient with the adoption of a wireless alternative to extract data from sensors

remotely.
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Throughout history, conflict has been a catalyst for technological development, in this respect,

underwater communications is no different. Underwater communications have been of interest

to seafarers since the use of submarine vessels became widespread in naval warfare. In the first

world war, the German navy made use of submarines in order to place mines and attack enemy

ships [6]. Following this, and despite the eventual defeat of Germany in 1918, submarines

became common in almost all major navies presenting previously unforeseen requirements for

reliable communication links underwater.

Despite this importance for human civilisation, and to life on Earth, the oceans remain under-

explored. This is, in part, due to the difficulties involved in wireless data transmission through

the underwater channel. Transmission via radio frequency (RF) technology has become domi-

nant in terrestrial communications, so it could be expected to be useful underwater too. How-

ever, the high dissipation of water means that high RF propagation is limited to short links and

low frequencies. In fact, the propagation distance is inversely linked to the carrier frequency

so not only is the link distance limited, but to achieve a useful link distance of 10’s of metres,

the very low frequency (VLF) band must be used, limiting data rate to around 300 bps [7, 8].

Additionally, in RF antenna design, the size of the antenna is proportional to the wavelength

of the transmitted signal, therefore a low frequency signal requires a very large antenna which

further makes RF communication impractical underwater.

The dominant mode of wireless data transmission in the underwater environment is acoustic

communication (UAC). Unlike RF, acoustic waves can propagate large distances in water in

the order of kilometres, travelling at the speed of sound which is approximately 1500 ms-1 in

water. The propagation speed and distances lead to a high latency between the transmission and

reception of a message, which can be impractical when considering the mobility of the trans-

mitter (Tx) and receiver (Rx) [7, 8]. An additional problem arising from the low propagation

speed is the effect of source mobility on the transmitted signal, which can be susceptible to the

Doppler effect, whereby the frequency is shifted due to the relative velocity of the source [9].

Another consideration to make is the impact of UAC on wildlife, whales are known to commu-

nicate using a form of UAC, and underwater human activity has been found to interfere with

this natural communication link [10]. Finally, as with RF, the data rates achievable using UAC

are limited by the carrier frequency to the order of kbps, making the transmission of large data

sets impractical - especially when the latency of the link is also considered.

Optical wireless communications (OWC) is a technology that uses light to transmit data, the

2



Introduction

RF UAC UOWC
Low data rate Low data rate High data rate
Short link distance Very long link distance Short link distance

High power requirement High power requirement
Moderate power require-
ment

Unknown impact on marine
life

Can interfere with whales
Unknown impact on marine
life

Table 1.1: A comparison of the differing properties of the three technologies used for under-
water communication.

application of this underwater could solve some of the problems arising from RF and UAC

technologies. Underwater optical wireless communications (UOWC) is an emerging technol-

ogy which applies the techniques used in free space and fibre based optical communications to

the underwater environment. Due to the inherent properties of light, UOWC can provide high

data rate links with low latency over a link distance of 10’s of metres in the water [11]. These

properties, coupled with those of RF and UAC, suggest it has the potential to form part of a

hybrid network alongside the existing technologies, as illustrated in Figure 1.1. The properties

of these technologies are summarised in Table 1.1.

Real underwater channels, such as the ocean, are not constant but rather they, vary due to

the mixing of water with different properties (eg. temperature, salinity, pressure, etc). This

mixing causes the channel characteristics to vary along the propagation length resulting in

random fluctuations in received signal power. This phenomena affects UAC links [12] as well

as UOWC [8]. The short transmission distances achievable using RF technology mean that

this has not been explored in detail underwater, but similar fluctuations have been observed

in atmospheric turbulence [13]. Random fluctuations due to turbulence affect all three of these

technologies. As a result, for UOWC to be developed for use in practice the effects of turbulence

must be understood and mitigated.

1.1 Motivation and Scope

Designing an efficient optical wireless communications system for the underwater environment

requires a detailed knowledge of the channel and an understanding of how these different types

of water affect signal transmission. This channel knowledge is useful when determining the
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Figure 1.1: An artist’s impression of a potential hybrid underwater network.

required link margin when developing a UOWC link for a given application as well as when

choosing what signal processing techniques may be required for optimal performance. Mea-

suring channel characteristics can be expensive and in some cases impractical, so simulation

is invaluable for gaining channel knowledge when designing a communications system for a

constantly changing environment such as the turbulent UOWC channel.

Turbulence models borrowed from terrestrial OWC are commonly applied when modelling

UOWC turbulence [8]. However, these models are not accurate in all water conditions due to

differences in the channel composition. For example, the scattering component in the UOWC

channel is much greater than in the terrestrial channel, therefore the relation between scattering

and turbulence is to be investigated. In order to investigate this, a photon tracking simula-

tion is developed that includes turbulence along with other channel characteristics, including

scattering.

As well as modelling the UOWC turbulence channel through simulation, it is important to also

investigate the effects of turbulence through an empirical study. This is important to inform

simulation results and also to carry out investigations that cannot easily be modelled through

simulation. One such investigation, is the effect of light coherence on the impact of underwater
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turbulence, i.e. how is the effect of turbulence different when non-coherent LED light is used

rather than coherent, laser, light. Understanding this, and other related design trade-offs, should

prove useful for engineers when designing a UOWC link for a specific application.

Finally, the purpose of UOWC is to transmit data through the underwater channel, as such a

study cannot be complete without investigating this experimentally. This influenced the motiva-

tion to perform an empirical comparison of the performance of different modulation schemes in

a range of water conditions. As well as achieving the highest data rate possible, this study will,

again, prove useful to link designers when selecting a modulation scheme to give the highest

data rate and also most reliable link for a specific application and environment.

1.2 Aims and Objectives

The aim of this thesis is to develop a greater understanding of the UOWC channel for the pur-

pose of improving link performance and reliability in real water conditions. An understanding

of the turbulent UOWC channel is developed, first, through simulation, then experimental stud-

ies. Throughout these stages, the results are compared with the existing understanding based

on accepted channel modelling techniques. The link performance is finally evaluated, with

signal processing and modulation techniques applied to overcome limitations imposed by the

turbulent UOWC channel. In order to achieve these aims, specific objectives are as follows:

• Develop an UOWC channel simulation framework that incorporates turbulence, along-

side other channel characteristics.

• Investigate, through simulation, the impact of turbulence on link performance.

• Develop an experimental test-bed with underwater channel emulator (UCE) in order to

generate turbulence and other channel conditions in the laboratory.

• Experimentally characterise the UOWC channel in the presence of turbulence.

• Compare the performance of modulation and signal processing techniques in different

channel conditions within the previously characterised UOWC channel.
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1.3 Contributions and Publications

This section will outline the major contributions to knowledge made in this thesis and the

publications completed in the development of these.

1.3.1 Contributions to Knowledge

The first major contribution of this thesis is to present a comprehensive modelling theory that

accounts for turbulence alongside absorption and scattering in a single model for the first time

in UOWC. Through the use of this new technique, the relative impact of turbulence in different

water conditions is examined through simulation - this is only possible due to the new modelling

framework. Channel impulse responses obtained via this technique are then used to examine

the link in terms of the maximum achievable data rate and bit error rate (BER), this allows us to

show how the communications performance is affected by changes in water type and turbulence

strength.

Another key contribution of this thesis is to present a comparison of the impact of turbulence

on non-coherent light though experimental results. Turbulence from coherent and non-coherent

light sources is estimated from the received signal intensity for both types of sources. Based

on the measurements, meaningful conclusions are drawn on the relative impact of temperature

inhomogeneity induced underwater turbulence. These results will help researchers to accu-

rately model LED based IM/DD UOWC systems in turbulent water conditions and estimate a

link margin based on these. This contribution also aims to address the perpetuation of misin-

formation in literature that turbulence impacts laser and LED systems in the same way, as in

references [14–16].

Finally, the majority of experimental works in literature are focused on characterising turbu-

lence in the UOWC channel or data transmission in still waters, but to the best of the authors

knowledge there exists no work that details data transmission through the turbulent channel.

Another major contribution of this thesis is to present a comparison of the performance of dif-

ferent modulation schemes under turbulent conditions. The modulation schemes under test are:

pulse amplitude modulation (PAM); pulse position modulation (PPM); and subcarrier intensity

modulation (SIM) with phase shift keying (PSK) and quadrature amplitude modulation (QAM).

As part of this contribution, the bit error rate (BER) performance is presented, based on empir-

ical measurements over a range of symbol rates, in underwater turbulent conditions for the first
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time in literature, to the best of our knowledge. The framework used to take these BER mea-

surements is briefly described in this paper also. Additionally, signal processing techniques are

applied to the SIM modulated data to improve performance, these are pairwise coding (PWC)

and bit and power loading, and are applied in both still and turbulent water conditions.

1.3.2 List of Publications

Over the course of investigating the aforementioned contributions to knowledge, the following

publications were written:

1.3.2.1 Journal Papers

• C. T. Geldard, J. Thompson and W. O. Popoola, “Empirical Study of the Underwater

Turbulence Effect on Non-Coherent Light,” in IEEE Photonics Technology Letters, vol.

32, no. 20, pp. 1307-1310, 15 Oct.15, 2020, doi: 10.1109/LPT.2020.3020368.

• C. T. Geldard, E. Guler, A. Hamilton, and W. O. Popoola, “An Empirical Comparison

of Modulation Schemes in Underwater Optical Wireless Communications” in IEEE/OSA

Journal of Lightwave Technology, doi: 10.1109/JLT.2021.3134090. (Early Access)

1.3.2.2 Conference Papers

• C. T. Geldard, J. Thompson, E. Leitgeb and W. O. Popoola, “Optical Wireless Un-

derwater Channel Modelling in the Presence of Turbulence,” 2018 IEEE British and

Irish Conference on Optics and Photonics (BICOP), 2018, pp. 1-4, doi: 10.1109/BI-

COP.2018.8658289.

• C. T. Geldard, J. Thompson and W. O. Popoola, “A Study of Spatial and Tempo-

ral Dispersion in Turbulent Underwater Optical Wireless Channel,” 2019 15th Interna-

tional Conference on Telecommunications (ConTEL), 2019, pp. 1-5, doi: 10.1109/Con-

TEL.2019.8848555.

• C. T. Geldard, J. Thompson and W. O. Popoola, “An Overview of Underwater Opti-

cal Wireless Channel Modelling Techniques : (Invited Paper),” 2019 International Sym-

posium on Electronics and Smart Devices (ISESD), 2019, pp. 1-4, doi: 10.1109/IS-

ESD.2019.8909494.
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• C. T. Geldard, J. Thompson and W. O. Popoola, “A Study of Non-Orthogonal Mul-

tiple Access in Underwater Visible Light Communication Systems,” 2018 IEEE 87th

Vehicular Technology Conference (VTC Spring), 2018, pp. 1-6, doi: 10.1109/VTC-

Spring.2018.8417835.

• E. Guler, C. T. Geldard, A. Hamilton, and W. O. Popoola, “Subcarrier Intensity Mod-

ulation for Turbulent Underwater Optical Wireless Communications,” in Conference on

Lasers and Electro-Optics, OSA Technical Digest (Optical Society of America, 2021),

paper STu2B.2.

• W. O. Popoola, C. T. Geldard, E. Guler, and A. Hamilton, “Underwater optical wireless

communication with subcarrier intensity modulation: an experimental demonstration (In-

vited paper),” Underwater Acoustics Conference and Exhibition Series (UACE) 2021 In

Proceedings of Meetings on Acoustics UACE (Vol. 44, No. 1, p. 032001). Acoustical

Society of America.

• W. O. Popoola, E. Guler, J. Wang, and C. T. Geldard, 2021, “Gbps underwater optical

wireless communication in turbulence and random sea surface (Invited paper)”, In Pro-

ceedings of the Workshop on Internet of Lights (IoL ’21). Association for Computing

Machinery, New York, NY, USA, 21–26. DOI:https://doi.org/10.1145/3469264.3469804

1.4 Thesis Outline

This chapter provides an overview of the motivations behind underwater communications and

has introduced the concept of UOWC and where it may fit into a hybrid network along with

the more mature RF and UAC technologies. The positive and negative properties of the three

technologies are presented and discussed, these suggest that UOWC can provide a niche for

high speed data transmission over short distances, something which the other two methods are

incapable of providing. Some obstacles to the implementation of a reliable UOWC link are

then discussed in brief, these will be addressed in more detail later in this thesis. Additionally,

the chapter also outlines the aims and objectives used to breakdown this research, as well as

contributions to knowledge and publications that have come from the works presented in this

thesis. The rest of the thesis is organised as follows:

Chapter 2 provides background information on the UOWC channel as well as the state of the

art and related works in literature. Photon propagation is described in terms of absorption and
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scattering. The random channel characteristic of turbulence is then introduced as a special case

of scattering.

Chapter 3 presents a simulation that incorporates turbulence induced scattering into the UOWC

channel model, along with absorption and scattering for the first time. The photon tracking

simulation used in this work is described, as well as the framework developed in order to model

the random case of turbulence induced scattering. The output of the simulation is discussed

both in terms of the stationary channel, and the random nature of the channel. The impact of

turbulence induced scattering in different water conditions is further discussed. The channel

impulse responses (CIR) obtained through the simulation are then used to evaluate the impact

of turbulence induced scattering on the link performance for UOWC.

Chapter 4 describes the experimental test-bed, including the underwater channel emulator

(UCE), that is used in the experimental works presented in this thesis. The methodology by

which the channel conditions within the UCE can be controlled is described along with how

turbulence generated within the link is characterised. This methodology is then used to present

a comparison between the relative impact of turbulence on coherent and non-coherent light,

results of this are presented and their merits discussed. Finally, the impact of different water

conditions is presented through experimental results.

Chapter 5 presents an empirical comparison of the performance of different modulation tech-

niques in the turbulent channel, the modulation schemes under test are first described and their

merits discussed. Following a discussion of this comparison, signal processing techniques are

applied to further improve the performance, both in still water and turbulence, these are addi-

tionally applied experimentally and the results presented for discussion.

Chapter 6 provides a conclusion for all the works presented within this thesis and the potential

for UOWC. Suggestions for future work are made in relation to limitations of the presented

work and also based on a development of the work in this thesis.
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Chapter 2
Background and Literature Review

An OWC system can be described by the block diagram shown in Figure 2.1, where a trans-

mitted signal propagates through a channel before being recovered at the receiver (Rx). For

all OWC systems, the transmitter (Tx) takes the form of an intensity modulated (IM) optical

source and the Rx is a form of photodetector utilising direct detection (DD). However, the

UOWC channel differs from its terrestrial counterpart in some key aspects which means that

channel models used in terrestrial systems may not always be directly applicable to the un-

derwater environment. While photon propagation obeys the same laws in both settings, the

make-up of the two channels is different.

Figure 2.1: A simple block diagram of a communications system, showing transmitter (Tx),
channel, and receiver (Rx).

This chapter will provide the background information upon which the rest of this thesis is built,

along with an overview of related works and the state of the art in UOWC.

2.1 Optical Sources and Detectors

A light source is an essential component in an OWC system, it must be easily controllable in

order to transmit a data carrying signal. In the past this may have been a beacon on a hill, lit to

alert distant people of a coming danger. In this case the detector would have been the human

eye, but in a high speed digital OWC system the requirement of a person to look out for incom-

ing messages is no longer practical - besides, physical limitations of bandwidth and sensitivity

would make it impossible [17]. In modern communication systems there is a requirement for

a degree of automation in data transmission. As such, optical sources and detectors that can
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modulate and demodulate data without the physical interaction of an operator are necessary.

High speed digital OWC was made possible by the development of semiconductor technology.

This section will introduce the enabling technologies used in the study detailed throughout this

thesis.

2.1.1 The Light Emitting Diode

Light emitting diodes (LED) operate by a process known as spontaneous emission. Here, a

forward bias current is applied across a p-n junction of semiconductor material [18]. This bias

current excites electrons in the material to an unstable higher energy level. When these electrons

fall back to their original - stable - energy level, a photon is emitted with energy proportional to

the difference between the two energy levels. When an electron drops to a lower energy level -

from E2 to E1 - a photon is emitted with Ep = E2−E1 = hν/λ, where ν is the speed of light,

h is the Planck constant and λ is the wavelength of the emitted photon. For an LED, E1 is the

valence band whilst E2 is the conductance band, the minimum energy energy required to excite

an electron is the band gap, Eg. Any E for which E ≥ Eg results in spontaneous emission of

a photon with energy Ep = E − Eg = hν/λ [19].

2.1.2 The Laser Diode

The word laser comes from the original acronym light amplification by stimulated emitted ra-

diation (LASER). As the original acronym suggests, lasers work via a process called stimulated

emission, whereby an external stimulus is applied to force an electron to move from a higher en-

ergy level [19]. As energy the gap between electron levels is constant, then the emitted photons

will have the same λ for a given stimulus, meaning the light is monochromatic. The emitted

photons then enter a gain cavity where they are reflected between two mirrors in order to repeat

the stimulated emission process. One mirror has a reflectance close to 100 % whilst the other

is lower, meaning light may escape from one side only. While photons bounce between these

mirrors within the gain they become spatially coherent such that the emitted photon beam is

highly collimated.

In a laser diode (LD), the external stimulus is a direct current (DC) bias current applied to keep

the device operating in the stimulated emission condition [20]. If the bias current is below a

certain threshold then it will operate as an LED in the spontaneous condition. When the bias
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current is greater than the threshold, then spontaneous emission increases to the point where so

many are emitted that the likelihood of the stimulated emission process taking place increases.

The LD is made up of a semi-conductor material similar to the the LED but with polished

mirrors at either end to make up the gain cavity. Typically, in a LD, this gain cavity is shorter

than that of a traditional laser so the emitted photon beam is not spatially coherent and optics

such as lenses are required in order to collimate it.

2.1.3 The Photo-Detector

The basic operating principle of a photo-detector (PD) is to convert the incident optical power

into electrical power to be used in decoding a received signal. How this conversion is achieved

can affect the performance and a trade-off is often made between bandwidth, gain, cost, etc.

A common type of PD is the p-type intrinsic n-type (PIN) photodiode, which, as the name

suggests, is made up of a layer of intrinsic material sandwiched between layers of p-type and

n-type semiconductor material. In this case an incident photon absorbed in the intrinsic layer

creates a photon-hole pair that results in an electrical current flow. A development of this

is the avalanche photodiode (APD), which uses the same principles in combination with the

avalanche effect to obtain a higher current from an incident photon [21]. This requires a higher

reverse bias current than a PIN diode, which can lead to high power requirement. Additionally,

as PIN diodes are typically cheaper than APDs, money saved in the detector can be spent else-

where such as purchasing a high bandwidth PIN rather than a high gain APD to achieve better

performance. There are two more types of detectors that will be introduced due to their use in

state of the art works discussed below, they are the single photon avalanche diode (SPAD), and

the photon-multiplier tube (PMT). These are both high gain detectors useful with very weak

received signals [22]. The SPAD is similar to an APD but is operated in the Geiger region,

so that a single incident photon induces an avalanche of electrical charge carriers that are di-

rectly detectable. Thus, allowing individual photons to be detected [23]. In a PMT on the

other hand, a photon incident on a conducting surface causes the emission of an electron via

the photo-electric effect, this electron is then accelerated towards a plate with higher electric

potential. The electron has high energy due to the acceleration and, upon interaction with the

plate, causes the emission of more electrons. This process is repeated in a cascade to achieve

a very high gain. Both the SPAD and PMT use different processes to achieve very high gains,

but both come with a trade-off of requiring a very high bias voltage and coming at a high cost.
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2.2 The Underwater Optical Wireless Communications Channel

The UOWC channel is a must be understood in order to develop a reliable communications sys-

tem for a range of applications. This section will provide some background theory required to

understand light propagation through water and also introduce some channel models prevalent

in literature.

2.2.1 Absorption and Scattering

Figure 2.2: An illustration of inherent optical properties of a medium.

When photons propagate through water, they are subject to scattering and absorption, dependent

upon the composition and condition of the water medium [7]. This is illustrated in Figure 2.2,

where incident light with intensity II propagates a body of water with thickness ∆z and vol-

ume V . A fraction of the incident light is absorbed by particles in the water, denoted by IA; a

fraction, IS , is scattered in any direction, denoted by the solid angle Φs; and a fraction, IO, is

output after passing through the body of water unaffected. All incident photons are accounted

for, such that II = IO + IS + IA, and the input energy is conserved through all these pro-

cesses. The absorptance, scatterance, and transmittance of the volume at a wavelength λ are

respectively given by:

A(λ) =
IA
II
, B(λ) =

IS
II
, T (λ) =

IO
II
. (2.1)

Absorption and scattering are of most interest when designing an UOWC system due to the

effects they can have on the transmitted signal. From the quantities in (2.1), the absorp-

tion and scattering coefficients can be calculated. These coefficients represent the probabil-

14



Background and Literature Review

ity that a propagating photon will experience an absorption or scattering interaction within a

medium. Returning to the illustration in Figure 2.2, the probability of a photon being absorbed

or scattered when propagating a volume of water of thickness ∆z are given in expressions

(2.2) and (2.3) and have the unit m-1.

a(λ) = lim
∆z→0

∆A(λ)

∆z
=
dA(λ)

dz
(2.2)

b(λ) = lim
∆z→0

∆B(λ)

∆z
=
dB(λ)

dz
(2.3)

The combined likelihood of any interaction taking place is therefore given by the extinction

coefficient c(λ) given by [24]:

c(λ) = a(λ) + b(λ). (2.4)

For simplicity throughout the rest of this thesis when describing these coefficients, λ will be

omitted from the notations but it should be understood that these quantities are wavelength

dependent. A higher c means a photon is more likely to undergo a scattering or absorption

event.

Absorption occurs when a photon interacts with a particle and its radiant energy is converted

into another form [25]. This energy conversion can take many different forms, including pho-

tosynthesis if the photon is absorbed by phytoplankton or the photon energy may be converted

to heat by exciting a water molecule. The effect of absorption on a received optical signal is

observed in the attenuation of the incident power.

Optical scattering is of greater interest from a UOWC channel modelling perspective, as its

impact upon the received signal is more than simply to attenuate it. Scattering is a broad term

that describes any process by which a photon interacts with something and undergoes a change

in propagation direction. For elastic scattering, there is only a change in direction, however for

inelastic scattering there is an accompanying change in wavelength. Elastic scattering is the

focus of this work and will be explained in most detail below.

Elastic scattering occurs when the propagation path of light experiences a change in refractive

index, n. The index of refraction relates to the speed of light in a given dielectric material and

is given by:

n =
ν0

ν
, (2.5)
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where ν is the speed of light in a given medium and ν0 is the speed of light in a vacuum and is

a fundamental constant. As ν0 is a constant, then a change in n results in a reciprocal change

in ν, put simply: light travels at different speeds in different media.

A simple example of elastic scattering occurs when light passes through a boundary between

two media with different n, such as an air-water interface. Here, some of the incident light

is reflected whilst the rest is transmitted after undergoing a process known as refraction. The

reflected light follows the law of reflection such that light incident at an angle θi is reflected at

an angle θr where:

θi = θr. (2.6)

The portion of incident light that is refracted also undergoes a change in direction due to the

difference in ν between the two media and the geometry of the interaction. As illustrated in

Figure 2.3, when a wave front passes from a media with n1 to one with n2 with incident angle

θi. The resulting change in ν causes the part of the beam to cross the boundary first to change

speed before the rest of the beam, causing a change of direction. This angle of refraction, θt is

given by Snell’s Law, it is:

n1 sin θi = n2 sin θt. (2.7)

Another example of scattering occurs when a particle with refractive index n2 is suspended

within a volume of a medium with refractive index n1 as in Figure 2.4. If the suspended particle

is a homogeneous sphere - like an air bubble - then scattering is described by Mie theory. This is

derived in his 1908 German language paper given in reference [26]. If the particles are close to

spherical and homogeneous then Mie theory may give a close approximation, but if they are not

then another theory must be applied. Geometrically, a sphere is symmetrical in all directions, so

an incident photon will always be refracted similarly no matter what angle it arrives at, whereas

for a non-homogeneous or non-spherical particle this may not be the case. However, even when

Mie theory is applicable, there is no simple expression that dictates the angles θr and θt [25].

In this case, the scattering angles are random, dependant upon the shape and composition of

the suspended particle as well as the angle of arrival of incident light.

Finally, the previous examples worked on the assumption of two media with uniform refractive

index, however in water that is not the case. At an atomic level water is made up of molecules

that move around randomly in space. When photons propagate they can interact with these

molecules causing either absorption or scattering to occur even in pure water. The movement
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Figure 2.3: An illustration of refraction obeying Snell’s Law at a flat interface.

of molecules is dependant upon the temperature and pressure of the water. As this movement is

random, the density of a volume of water can fluctuate as molecules constantly move towards

and away from each other. As the channel becomes more dense, photons become more likely

to interact with a molecule and, thus, undergo a scattering interaction. This phenomena was

explained separately by both Smoluchowski [27] and Einstein [28], and is summarised in brief

by Mobley in [25].

The number of factors that dictate the scattering angles from particular scattering, and the ran-

dom nature of molecular movement mean that a probabilistic approach must be adopted to find

scattering angles in real water conditions. The volume scattering function (VSF), denoted by

β(θ), gives the probability of light being scattered at an angle θs relative to its angle of incidence

θi, dependant upon the previously discussed variables. Here, β(θ) is a function dependant upon

the make up of the channel, relating back to (2.3), which represents the probability that a photon

is scattered in any direction. Therefore, integrating β(θ) over all possible angles gives b, as in:

b =

∫
β(θ)dΦ. (2.8)

Taking an assumption that scattering is azimuthally symmetrical around the direction of inci-
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Figure 2.4: An illustration of refraction by a particle with n2 suspended within a media with
n1.

dence then the integral can be simplified to [25]:

b = 2π

∫ π

0
β(θ) sin(θ)dθ. (2.9)

Now, the probability of a photon being scattered by an angle θs as it propagates a volume

described by β(θ) is found by substituting θ = θs into (2.10).

Pθ(θ) =
2πβ(θ) sin(θ)

b
. (2.10)

The derivation of a and b from experimental measurements is outlined in [25, 29]. The absorp-

tion coefficient, a, can be found by measuring the numbers of photons present at the Rx plane

when a known number are transmitted through a small body of water. Conversely, the direct

measurement of the scattering coefficient, b, requires the measurement of β(θ), which dictates

the probability of a photon being scattered at a certain angle. This process involves moving an

Rx around a point and measuring the number of photons incident at each angle of displacement.

Then, solving (2.9) for the measured β(θ) will yield the scattering coefficient.

2.2.2 Underwater Turbulence

Oceanic turbulence is caused by small differences in temperature and salinity throughout the

channel length [30, 31]. The process is random and occurs across a range of scales, the largest
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Figure 2.5: The effect of turbulence of the propagation path of a photon beam.

being kilometres in diameter and the smallest in the micro-scale [32, 33]. Here, large scale

turbulence eddies driven by the tides generate a mixing motion that prevents heat and salinity

differences from diffusing to a state of equilibrium, thus generating further turbulence within

the system [34]. In smaller, non-tidal, bodies of water, the process of diffusion occurs, meaning

temperature and salinity are more uniform across the channel. In this case turbulence can still

be present but driven by other mechanisms, some of which being man-made sources of heat.

As previously mentioned, scattering due to water molecules is a random process dependant

upon the energy of each molecule. The energy of individual molecules is not uniform within

a body of water, and is dependant upon the temperature and pressure of the water [25]. The

random movement of molecules, in turn, causes the refractive index to vary as molecules ex-

perience a gain and loss of energy over time. The variation in n is very small compared to the

difference at a water-particle interface, so the change in direction is limited to small angle scat-

tering. Similarly, variations in salinity also cause a fluctuation in n along a link as salt molecules

change the movement of water on a molecular level. The movement of molecules in water with

a higher concentration of salt is different to that of pure water, thus causing additional variation

within an oceanic link.

When a photon beam encounters pockets of water with different values of n as it propagates
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the link, as illustrated in Figure 2.5, it is scattered multiple times. Alternatively, turbulence can

come in the form of a phase screen, as in Figure 2.6. Here, the beam encounters a wall of water

with a different n and is scattered once. The effect of both of these turbulence scenarios on an

UOWC link is to cause the channel to continually change over the course of data transmission.

These random changes can be observed in the form of fluctuations in received power. This

variation in power is described by the scintillation index, σ2
I , defined as [7, 35]:

σ2
I =
〈I2〉 − 〈I〉2

〈I〉2
, (2.11)

where I is the received intensity and 〈.〉 denotes the ensemble average. This is, in effect,

the normalised variance of a link, meaning that changes in the channel gain are quantified,

independent of link SNR.

The variation in received power can make decoding the signal difficult as the amplitude of the

received signal changes, making the boundary between amplitude modulated signals change.

Additionally, assuming the dominant noise source is not dependant upon the channel gain, SNR

will vary proportionally to the received power. This can cause additional errors in a system,

even if the varying decision boundary can be accounted for via adaptive thresholds.

Due to the negative impact turbulence can have on UOWC link performance, it would be useful

when designing an UOWC link to have a closed form expression for σ2
I in water conditions

expected for the location that the link will operate in. This would have to take the form:

σ2
I = f(T, S, a, b, Zlink, ...), (2.12)

where f(.) denotes a function of temperature, T ; and salinity, S; as well as the transmission

length, Zlink; absorption; and scattering coefficients, and any other channel parameter. How-

ever, to the best of the authors knowledge no such expression exists in literature, although one

for pure water, i.e. ignoring absorption and scattering parameters, was reported in [36].

2.2.3 Underwater Optical Wireless Channel Modelling

The theory behind channel properties, absorption and scattering, given above relate to single ab-

sorption/scattering interactions for an individual photon. When photons are transmitted through

the UOWC channel, there will be many millions of these interactions. In order to understand
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Figure 2.6: The effect of turbulence induced scattering on a photon beam interacting with a
phase screen.

the effect the UOWC channel has on photon propagation, the channel must be modelled in such

a way as to account for all the possible interactions.

2.2.3.1 Radiative Transfer Equations

The motion of photons as they travel through the channel with absorption and scattering is

dictated by radiative transfer equations (RTE), however these are complicated and there is no

known solution that satisfies the conditions required for UOWC [25]. If scattering is ignored

then a solution can be found, but when considering the highly scattering UW channel this is

not a valid assumption. The RTE is presented in (2.13), where the radiance for a Cartesian

position vector, r, and direction ξ = (θ, φ) where θ and φ are, respectively, the zenith and

azimuth angles; is given by L(r; ξ). The terms c(r) and β(r; ξ′ → ξ) are the previously

defined extinction coefficient and VSF at position r and direction ξ, whilst LS(r; ξ) is a term

representing an internal source of radiance [37].

(∇ · ξ)L(r; ξ) = −c(r)L(r; ξ) +

∫
L(r; ξ′)β(r; ξ′ → ξ)dΩ′ + LS(r; ξ) (2.13)

The RTE must be solved for L(r; ξ) to find the received radiance, there is no known solution to

this. The received radiance, L, is the intensity, I , received by a surface.

21



Background and Literature Review

2.2.3.2 Beer’s Law

Beer’s law represents a solution to (2.13) if there is no scattering term or internal source. It is

used extensively in terrestrial OWC including references [38–40]. Its simplicity and terrestrial

use lead to it being adopted in UOWC literature, such as references [41–43]. The channel

described by Beer’s law is given by the ratio of radiant power at the source and the power at the

Rx position z, as in [25, 37]:

H =
L(z)

L(0)
= exp(−cZlink), (2.14)

where H is the time invariant channel gain, and Zlink is the link distance in metres. In the

derivation of this equation, c, the extinction coefficient is assumed to be equal to a, but when

used in UOWC c = a+ b is often substituted into the expression.

Evidently, it takes the probability of photons having some kind of absorption or scattering

interaction in the channel through the exponential term, cZlink. However, it treats these two

very different interactions as the same process: if a photon has any kind of interaction it is lost

to the Rx. This broad assumption can be accurate when considering large scattering angles, but

small angle scattered photons can still arrive at the Rx. Additionally, in a multiple scattering

channel a photon may be diverted away then scattered back towards the Rx having taken an

indirect path. A multiple scattering channel is defined as one where the average number of

scattering occurrences per link, bZlink, is greater than 1. In the UOWC channel, bZlink > 1 is

a common occurrence, so the conditions under-which Beer’s law is accurate are not common

underwater and an alternative model must be used.

2.2.3.3 Numerical Solutions to the RTE

In order to accurately model the UWOC channel alternative methods must be utilised to more

accurately approximate a solution. Table 2.1 outlines a comparison of four possible approx-

imations that have been used in research into oceanic optics [25, 44]. They are: a Monte-

Carlo (MC); discrete ordinate (DO), Invariant Imbedding (II); and the more recently proposed

stochastic solution.

The focus of works in [44] however were not UWOC but rather studied the down-welling

radiance from the surface to the depths of the ocean. As such they had a different interest in the

channel to that of UWOC where there is the need to operate in multiple dimensions, especially
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time. The II method gives solutions in only 1-dimension, as such, it can be ruled out as a useful

technique.

That leaves the MC, DO or the stochastic solution as candidate techniques for UWOC channel

modelling. DO, as used in reference [45], attempts to solve the RTE by expanding to a combi-

nation of Fourier cosine series and Legendre polynomials, as such it is mathematically complex

and relies upon having knowledge of the function β(θ). The nature of these expansions mean

the programming is difficult but also specific only to a given β(θ), as such if a different wa-

ter composition is to be investigated then the expansions must be calculated and programmed

again. Whereas, the MC simulation tracks photon propagation as it travels through the channel,

modelling absorption and scattering interactions as independent random processes. The MC

technique has the advantage of being able to make use of look-up tables to negate the need for

any re-calculations when switching between different water types. This makes the MC method

powerful when compared to the other methods despite its longer run time.

There are a number of different approaches to the MC photon tracking simulation, they fall into

three main categories and are summarised in [25] and [44]. The main difference being how a

an absorption or scattering event is represented:

• Version i) upon interaction, the probability of a photon being absorbed is calculated. A

weighting factor is applied to account for this and the photon continues to propagate and

the process is repeated at subsequent interactions. At the Rx, the weighting is applied to

account for the probability of the photon reaching that point without being absorbed. If

the weighting drops below an arbitrary limit at any point in its propagation, the photon is

considered unlikely to reach the receiver, and so is discarded.

• Version ii) the probability of absorption or scattering occurring is calculated beforehand.

When an interaction occurs, a random number is generated on the interval [0,c]. If it

is below a the photon is absorbed and is discarded from the tracking simulation, if its

greater than a then it is considered scattered and propagation continues.

• Version iii) is similar to i in that photons continue to propagate after any interaction,

but in this version the probability of absorption or scattering is applied at the end. Here,

only scattering is considered during propagation, upon each interaction scattering angles

are calculated but no weighting is applied. The path length after these scattering events

is recorded and the likelihood of a photon reaching the Rx without being absorbed is
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Monte-Carlo Discrete Ordinate Invariant Imbedding Stochastic Model
Based on simple me-
chanics

Highly Mathematical Highly Mathematical
Statistical solution to
MC simulation

Completely general,
all dimensions

Analytic solution for a
given β(θ)

Can only solve in 1-
dimension

Analytic solution for a
given β(θ)

Simple to program Difficult to program Difficult to program Difficult to program

Slow run time
Fast for a homoge-
neous channel

Very fast Fast

Table 2.1: A comparison of numerical solutions to RTE [25].

calculated using Beer’s law for the total path length.

More recently a general stochastic model was proposed in reference [46]. This works by com-

bining all the random processes modelled in the MC simulation as joint probabilities, similarly

to the DO method, if a different function is required for β(θ) then the probabilities must be

recalculated.

Due to its simplicity and generality, the photon-tracking MC approach is the most commonly

used channel modelling technique in UOWC literature. Within this, all recent works using MC

simulations have used i as produces results that converge for a smaller number of photons than

ii whilst incorporating the weighting threshold to discard the most unlikely of paths, giving it a

faster run time than iii. It has been used to model channels containing absorption and scattering,

including in references [24,47–52]. As the focus of these references is to model the channel for

high speed UOWC, the channel impulse response (CIR) is of most interest. In reference [49],

Tang et al proposed fitting a function to the simulated CIR to give a mathematical model that

is easy to store and can be used for further analysis of the communication performance of the

channel, including in their later work [53]. The fitted function is called the double-Gamma

function (DGF) and will be described in more detail when it is used in chapter 3. The works

described in [50,52] examine the spatial distribution of photons propagating through a channel

with absorption and scattering, comparing between narrow and wide laser beams. Similarly,

the spatial effects of the channel was investigated in [54] where the authors fitted a curve to the

simulation response.

The work described in reference [55] used the MC method to find the total path loss over a

range of link distances. They then applied an adjustment to Beer’s law to account for multiple
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Solution to RTE Notes Reference

MC
Proposed Double-Gamma function for UOWC
CIR

[49]

Stochastic
Proposed stochastic solution to RTE to find
UOWC CIR and compared results to those from
an MC solution

[46]

MC
Explored spatial dispersion due to suspended
particles

[50]

MC
Validated spatial response from MC with exper-
imental study

[52]

MC
Proposed a fuction to be fitted to spatial re-
sponse obtained through MC, analogous to
DGF in spatial domain

[54]

MC
Simulated turbulence induced scattering in iso-
lation from IOP from particles

[58]

MC
Modelled the effect of turbulence induced scat-
tering in pure seawater

[59]

Table 2.2: A summary of selected works modelling the UOWC channel.

scattering using a correction coefficient fitted to simulation data. Similar techniques were ap-

plied in references [56, 57] to investigate path loss whilst ignoring the temporal effects of the

multiple scattering channel.

A simulation was reported in [58] that used a form of photon tracking MC simulation to model

turbulence in pure water (i.e. with no absorption and scattering from particles). In this work,

fluctuations in refractive index due to temperature and salinity were modelled and its effect on

the distribution of received optical intensity was characterised. Another work attempting to

model turbulence, this time in combination with the IOP, is contained in reference [59]. This

study utilised the phase screen model to represent the turbulent channel as a series of equally

spaced blocks with fluctuating n, whilst the IOP are accounted for using MC simulation i.

However, this investigation only compares a channel with no scattering and one made up of

pure seawater, so its results cannot be considered conclusive.

A summary of UOWC channel modelling works in literature is displayed in Table 2.2. They

are selected for display due to their relationship with the channel modelling contained later in

this thesis.
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2.2.3.4 The Turbulence Induced Fading Channel

The fading channel can be used in conjunction with other channels to model the effect of tur-

bulence induced fading. Like Beer’s law, it is another channel model borrowed from terrestrial

OWC which may be valid under certain water conditions. Again, due to its terrestrial preva-

lence it has been used extensively in literature, including references [14, 15, 60–62]. Rather

than simulating the turbulence in the channel, this technique simply models the effect of turbu-

lence on the received signal by including a multiplicative random variable known as the fading

coefficient, given in (2.15) as κ:

y(t) = κx(t)h(t) + n(t). (2.15)

Here, y(t) and x(t) are the received and transmitted signals at time t, h(t) is the channel

response that may be empirically measured or calculated for given channel conditions using

any of the previously described techniques, and the noise component of the signal is given by

n(t). Typically, the fading channel is used in conjunction with an additive white Gaussian noise

(AWGN) channel, in which case, n(t) would be a Gaussian distributed random variable. The

fading coefficient, κ, models the effect of turbulence induced fading on the received signal. In

the fading model it is assumed that turbulence causes a random variation in the channel gain.

Also, turbulence coherence time in underwater is much greater than the transmission symbol

duration. Hence, during a symbol duration, κ is assumed to be time invariant. The distribution

of κ is dependant upon various factors including the variance of the turbulence induced fading

and the source of the turbulence. As it was originally developed for the terrestrial channel,

where the scattering coefficient is typically much lower than in the UOWC channel, it may not

be applicable in channels with a strong multipath component [8].
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2.2.4 Empirical Channel Characterisation

2.2.4.1 The Measurement of IOP

The calculation of a and b using (2.1), (2.2), and (2.3) is conceptual and in reality other tech-

niques must be used to find the coefficients empirically. The IOP have been measured for

various different water types around the world in two key studies. These studies, conducted

separately by Petzold [29] and Jerlov [63], form the basis for some case studies used exten-

sively in literature when simulating an UOWC channel. They used different measurement

techniques and classification parameters, but the study in reference [64] estimated a, b, and c

for Jerlov water types making them easily comparable to those of Petzold. This gives a number

of case study channel conditions that may be explored in simulation or used when comparing

experimental channel conditions. Additional to these still water measurements, the scattering

coefficient due to turbulence was empirically measured in reference [65].

Water type a (m-1) b (m-1)
Petzold clear ocean 0.053 0.003
Petzold coastal water 0.179 0.219
Petzold harbour water 0.295 1.875
Jerlov I 0.018 3.88× 10−3

Jerlov IA 0.022 6.31× 10−3

Jerlov IB 0.024 0.068
Jerlov II 0.024 0.504
Jerlov III 0.039 1.38
Jerlov IC 0.105 0.514
Jerlov 3C 0.154 0.150
Jerlov 5C 0.297 1.870
Jerlov 7C 0.542 3.30
Jerlov 9C 1.51 4.39

Table 2.3: Channel coefficients at blue/green wavelengths, obtained by Petzold and Jerlov, and
summarised in [30] and [64] respectively.

2.2.4.2 The Measurement of Turbulence

The effects of underwater turbulence on photon propagation have been investigated experimen-

tally in detail, some selected works are summarised in Table 2.4. Different sources of turbulence
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are explored in laboratory settings with the most common of these being temperature inhomo-

geneity and bubble induced turbulence. These two sources of turbulence are perhaps the easiest

to control in a small tank, but there is some variety in how these are applied. In some works,

including [66–68], water of a different temperature is injected into the link to create turbulent

eddies - this process aims to mimic oceanic turbulence caused by the mixing of different tem-

peratures. In [69], water in a tank is kept at a constant temperature through the use of a heated

water pump, aquarium rod heaters are then placed along the link to generate turbulence phase

screens. Alternatively, references [67, 70–72] apply air bubbles to the channel as an alternative

means of generating turbulence. Similarly, [73] describes an experiment in which salt water in

injected into the tank to generate turbulence along with bubbles. In this study, three lasers of

different colours are used, and the performance of each compared.

In reference [66], Vali et al set out to confirm the findings of their earlier simulation work,

reference [58]. The simulation results were shown to closely match those from the experi-

ment. It was shown that, for the low values of σ2
I generated in the experiment, the Log-Normal

distribution provided a good fit to the data.

Reference [74] demonstrated the reciprocity of the UOWC channel by transmitting light through

two links simultaneously from opposite ends of a water tank. It was shown that the σ2
I ob-

served for each of these links were similar in a variety of different water conditions. These

results show that the effect of turbulence is the same regardless of the direction of light prop-

agation, in a practical application this would mean that both an up-link and down-link would

experience the same channel conditions. The aperture averaging effect was demonstrated in

reference [69], showing that larger diameter receiver optics alleviate the effects of turbulence,

giving a lower σ2
I . Additionally, the received distributions are fitted with Log-Normal, Weibull,

and Burr functions. The Burr function is then used to estimate the BER performance of the link

under turbulent conditions. Again, the findings in this reference have practical implications in

link design, whereby a larger Rx lens may be selected for use in waters prone to turbulence.

The works detailed in references [67, 68, 71] each attempted to find a distribution that best

described underwater turbulence for a wide range of different sources of turbulence. First, ref-

erence [71] showed that the Log-Normal distribution provided a good fit for conditions in which

σ2
I < 0.1. Following this finding, it was shown that the Gamma-Gamma and K distributions

provided good fits for 0.1 < σ2
I < 1, but none of the distributions considered could provide

a good fit to strong turbulence (when σ2
I > 1). In reference [68] the Generalised-Gamma dis-
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Source of Turbulence Notes Reference

Water injection
Showed Log-Normal provided a good fit for
low σ2

I , confirmed simulation results from [58]
[66]

Air bubbles and temperature
gradient

Demonstrated the reciprocity of turbulent
UOWC channel - also investigated turbidity

[74]

Heating element
Demonstrated the aperture averaging effect to
reduce σ2

I in UOWC
[69]

Air bubbles
Showed Log-Normal provides a good fit when
σ2
I > 0.1, other distributions better describe for

higher σ2
I

[71]

Water injection
Proposed the GGD to provide a good fit to re-
ceived intensity distributions in a range of chan-
nel conditions

[68]

Water and air bubble injec-
tion

Combined the GGD with exponential distribu-
tion to describe the double peaked distribution

[67]

Natural waters
Used a camera to measure wavefront phase in
the open ocean

[78]

Table 2.4: A summary of selected experimental works on UOWC channel characterisation.

tribution (GGD) was proposed, and it was shown to provide a good fit for turbulence induced

by a temperature inhomegeniety within the channel. Finally, this distribution was further de-

veloped in reference [67] where the exponential-GGD was proposed. This distribution is the

weighted sum of the separate exponential and GGD distributions, and provided a good fit to

the received intensity distribution when air bubbles were injected into the channel. The find-

ings in these references highlight the limitations of the Log-Normal distribution, as well as the

fact that turbulence in the underwater channel can be so varied. As such, different sources of

turbulence can yield different shaped intensity distributions, and it may be impossible to find a

single function that can provide a good fit for all conditions of turbulence.

The previously discussed references measured the received power to calculate σ2
I directly, ref-

erences [75–77] utilise optical imaging to measure the wavefront phase to quantify turbulence.

This technique was also used in reference [78] but rather than a laboratory setting, these mea-

surements were performed in the open ocean. Another study, in [79], investigated the effects

of wind from above the waters surface on the propagation of a laser beam, using a high speed

camera to track the centroid drift.
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2.2.5 Intensity Distributions

The random nature of turbulence can be described by the distribution of I , as well as σ2
I , the

shape of the probability density function (PDF) can be useful in the classification of turbulence.

The PDF’s used in this work are the Poisson, Gaussian, Log-Normal, and GGD. Either the

Poisson or Gaussian distribution is used to describe the OWC channel when no turbulence is

present. When turbulence is present in the channel, the distribution shape is expected to change,

the exact shape is dependent upon various factors, including σ2
I , but the two used in this work

are the Log-Normal distribution that is prominent in terrestrial-OWC literature [19], and the

GGD proposed in [68]. The distributions used in this work are described in more detail below.

2.2.5.1 The Poisson Distribution

The Poisson distribution describes the probability of discrete events occurring. Therefore, the

discrete arrival of photons incident upon a receiver can be described by the Poisson distribution.

The distribution of a random count variable, I , that is described by the Poisson distribution is

given as [80]:

PI(I) =
ζI

I!
exp(−ζ), (2.16)

where ζ is the rate of arrival of count I .

2.2.5.2 The Gaussian Distribution

When ζ is high (greater than 1000) a discrete process modelled by the Poisson distribution

may be modelled by the Gaussian distribution due to central limit theory [80]. It is also known

as the Normal distribution. This has a number of advantages including simpler calculation of

probabilities without the factorial term, giving a function that can be easily manipulated for

deeper numerical analysis. The Gaussian distribution of random variable I is given by [80]:

PI(I) =
1

2πσI
exp

(
−(I −m)2

2σ2
I

)
. (2.17)

This distribution has the characteristic shape of a symmetrical bell-curve centred around a mean

of m.
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2.2.5.3 The Log-Normal Distribution

When turbulence is present in the channel, the received intensity distribution no longer follows

the Gaussian distribution as the channel response is constantly changing. In OWC it has been

shown to follow the Log-Normal distribution [80], as in:

PI(I) =
1

2πσII
exp

(
−(ln(I)− µ)2

2σ2
I

)
, (2.18)

where µ = ln(m) if m is the mean of I . If I follows a Log-Normal distribution then ln(I)

would follow a Gaussian distribution.

2.2.5.4 The Generalised-Gamma Distribution

This distribution was proposed to fit the received intensity distributions observed in a turbulent

UOWC channel in [68]. It is a generalised distribution so can provide a good fit to a variety

of different distribution shapes. The generalised form of the this distribution has a downside

in that it has no distinct shape of its own which takes away from the classification process

somewhat. It is given by:

PI(I) =
ρIαρ−1

δαρ

exp
(
−
(
I
δ

)ρ)
Γ(α)

, (2.19)

where α, δ, and ρ are fitting parameters that control the shape, mean, and variance of the

function. Unlike the previous PDFs, the GGD does not contain σ2
I in the expression for PI(I).

It can, however, be calculated from the fitting parameters as in:

σ2
I =

Γ(α)Γ
(
α+ 2

ρ

)
Γ
(
α+ 1

ρ

)2 − 1, (2.20)

similarly, the mean, m is calculated as:

m = δ
Γ
(
α+ 1

ρ

)
Γ(α)

. (2.21)
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2.3 State of the Art in Underwater Optical Wireless Communica-

tions

The state of the art is the best performance achieved for a given condition in experimental

works. It is commonly used to refer to the highest data rate achieved, but it may also refer

to the longest link distance, among other things. For the purposes of this discussion, state

of the art will be used to refer to the highest data rate and the longest link distance but also

channel conditions will be considered too. Table 2.5 shows a list of selected experimental

works considered to be state of the art in UOWC. This includes works using LED light sources

as well as laser and LD sources, which have different performance properties and applications,

therefore they will be considered separately in this discussion evaluating the state of the art.

Considering first the LED, the maximum reported link distance is 50 m for a data rate of

2.28 Mbps using discrete pulse interval modulation (DPIM) in reference [81]. This link dis-

tance is very large, whilst data rate is modest, however it should be noted this was a real-time

experiment using the commercially available AquaOptical II modem in a bi-directional link.

The 10 W transmit power used in this link is very large and may impact upon the practicality of

these modems in a remote application. In [82], Liu et al also achieved communication over a

distance of 50 m but their on-off Keying (OOK) system was much more power efficient. Using

a PMT Rx they were able to use only 8 mW transmit power to achieve data rates of 500 kbps

over 50 m and 7.5 Mbps over a 10 m link in an off-line experiment (i.e. not real time). The

maximum data rate achieved with an LED in literature is 15 Gbp, using a 5-LED array to trans-

mit wavelength division multiple access with discrete multi-tone (WDM-DMT) modulation, as

reported by Zhou et al [83]. The optical transmit power used in this work is not stated, how-

ever, the bias current of each LED is 180 mA. To the best of the authors knowledge, the highest

data rate achieved using a single, commercially available LED source is reported in literature

as 2.175 Gbps [84], this was using the DMT modulation technique. However, it should be

noted that a single LED link in reference [83] has a data rate of approximately 3 Gbps using

bit-loading, but using a self-fabricated LED substrate.

The bandwidth of LEDs is typically limited to around 20 MHz by the parasitic capacitance

due to the structure of the semi-conductor device [85]. This has led researchers to fabricate

micro-LEDs (µ-LED) with a smaller structure to increase the available bandwidth, and with

it the achievable data rate. This is reported in references [85–87] with µ-LED technology
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employed to achieve Gbps level data rates. However, ‘off the shelf’ LEDs are not optimised

for communication purposes due, in part, to the limited number of commercially available

OWC systems to buy them. As OWC becomes more common in underwater and terrestrial

settings, it can be expected high bandwidth LEDs will become more readily available which,

in conjunction with signal processing techniques used in references [84, 88, 89], will drive the

achievable data rate up to levels similar to those of the specially fabricated devices.

The maximum link distance reported in literature using an LD source is 55 m at a data rate of

6.6 Gbps using an Osram PL450b laser diode with 20 mW optical transmit power with DMT

modulation, reported in [90]. The optical power is comparable to that used with an LED for

50 m transmission in [82], but whilst that experiment used a PMT Rx, this used a standard

photodiode Rx. This is because with a collimated LD, the loss to due to beam spread in clear

water is lower than a more diffuse LED transmitter. Due to the properties of coherent light

emitted from a laser, the optical power at the Rx plane covers a small area in clear, still water.

This means it can easily be focused onto the active area of a PD, even after propagating a long

link distance in clear waters.

The bandwidth of a LD is typically higher than that of an LED, making Gbps level data rates

achievable with OOK modulated systems with simple LD Tx and PIN-diode Rx. This is the

case in references [91, 92] which both utilise an LD source with a APD detector in order to

achieve 1.5 Gbps and 2.7 Gbps over distances of 20 m and 34.5 m respectively in clear water.

The system described in [91] has a measured BW of approximately 1 GHz. Similarly, the stated

bandwidth when obtaining the headline data rate in reference [92] is also 1 GHz, although

higher BWs where obtained using different PDs over shorter distances.

Higher data rates can be accommodated through the use of higher order modulation schemes

or by increasing the available system bandwidth. The most economical of the two options is to

increase the modulation order of the transmitted signal, this way the same components may be

kept and the SNR better utilised instead. This is done in references [93,94] to achieve data rates

in the order of 10 Gbps using 16-QAM-OFDM. Additional signal processing techniques such

as probability shaped modulation and bit-loading can be applied to further increase the data rate

of a given channel, as in references [95] and [90] respectively. In reference [96], bit-loading

was used in conjunction with WDM and polarisation division multiple access to achieve data

rates in excess of 25 Gbps. In this work, two blue and two green LDs are separately polarised

in order to create an array from which the different signals can be easily separated at the Rx.
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The data rate can be further increased through the use of high bandwidth PDs such as the one

made by Alphalas used in references [90, 95]. With the reported 7 GHz bandwidth (BW) the

cause of the bottleneck in BW is moved from the Rx to other parts of the UOWC system.

This allows the use of additional techniques to further increase the LD BW to be applied, as in

works reported in [97, 98]. Here, the use of injection locked laser sources increases the optical

transmit power and also the source bandwidth. The current state of the art in terms of the

maximum achieved data rate used injection locked laser source, along with the multiple level

4-PAM modulation scheme and a high bandwidth detector to achieve a data rate of 30 Gbps

over a 12 m pure water channel and 15 Gbps over a 2.5 m turbid water channel [98].
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Data rate Light source Link distance Notes Transmit Power Modulation Scheme Reference
2.28 Mbps 470 nm LED 50 m 50 m swimming pool 10 W DPIM [81]
7.5 Mbps/500 kbps 470 nm LED 10 m/50 m 50 m swimming pool 8 mW/20 mW OOK [82]
12.288 Mbps 460 nm LED 2 m 2m bench top tank not stated 4-PAM [89]
161 Mbps 460 nm LED 2 m 2m bench top tank not stated QAM-OFDM [88]
2.175 Gbps 460 nm LED 1.2 m 1.2m bench top tank not stated QAM-DMT [84]
15 Gbps RGBYC LED array 1.2 m 1.2 m bench top tank not stated WDM-DMT [83]
800/200 Mbps 440 nm µ-LED 0.6/5.4 m 0.6 m bench top tank 1.1 mW OOK-NRZ [86]
2 Gbps 440 nm µ-LED 3 m 2 m bench top tank + 1 m air 0.9 mW OOK-NRZ [87]
4.92 Gbps 440 nm µ-LED 1.5 m 1.5 m bench top tank 21 mW QAM-OFDM [85]
1.5 Gbps 450 nm LD 20 m 10 m narrow pool 51 mW OOK-NRZ [91]
2.7 Gbps 520 nm LD 34.5 m 2.3 m bench top tank 19 mW OOK-NRZ [92]
4.8 Gbps 450 nm LD 5.4 m 0.6 m bench top tank 15 mW 16-QAM-OFDM [99]
7.33 Gbps 450 nm LD 15 m 1 m bench top tank 20 mW DMT [100]
9.6 Gbps 405 nm LD 8 m 2 m bench top tank 30 mW 16-QAM-OFDM [94]
12.4 Gbps/5.2 Gbps 450 nm LD 1.7 m/10.2 m 1.7 m bench top tank 26 mW 16-QAM-OFDM [93]
12.8 Gbps 450 nm LD 35 m 5 m bench top tank 20 mW 256-QAM-PS-OFDM [95]
16.6 Gbps/13.2 Gbps/6.6 Gbps 450 nm LD 5 m/35 m/55 m 5 m tank, tap water 20 mW DMT [90]
25 Gbps 680 nm LD 5 m 2.5 m tank, turbid water 30 mW OOK [97]
26.9 Gbps 450 nm and 520 nm LD 2 m 2 m tank 30 mW per LD OFDM-WDM-PDM [96]
30 Gbps/15 Gbps 488 nm LD 12.5 m/2.5 m 2.5 m tank, pure/turbid water 20 mW 4-PAM [98]

Table 2.5: Selected state of the art experimental works in UWOC, noting the optical source, modulation scheme, and transmit power (where
stated), as well as any other point of interest regarding the work.
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2.4 Summary

A UOWC system is comprised of an optical transmitter and an optical receiver, with the two

separated by a channel. The transmitter is made up of an optical source front-end modulated

by an electrical system. The source can either be a laser or LED with each having different

properties that affect their use in applications. Similarly, the receiver is made up of an optical

detector front-end which converts the incident optical power to an electrical signal that can be

decoded. The channel is of particular interest as it is not fully understood - there exists no

fully comprehensive channel model for UOWC. Developing the understanding of this channel

is the main focus of the work presented within this thesis, more specifically, turbulence. The

information provided in this chapter will aid the understanding of subsequent chapters, and also

highlight gaps in literature that are addressed later in this thesis.
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Chapter 3
Simulation of Underwater Optical

Wireless Communications Channel
with Turbulence

Designing an efficient optical wireless communications system for the underwater environment

requires a detailed knowledge of the channel and an understanding of how these different types

of water affect signal transmission. This channel knowledge is useful when determining the

required link margin when developing a UOWC link for a given application as well as when

choosing what signal processing techniques may be required for optimal performance. Mea-

suring channel characteristics can be expensive and in some cases impractical so simulation is

invaluable for gaining channel knowledge when designing a communications system for a con-

stantly changing environment such as the turbulent UOWC channel. This chapter describes a

channel modelling framework that accounts for turbulence in conjunction with absorption and

scattering. The communication performance of the channel responses obtained through this

framework are then evaluated using methods previously used in literature.

The chapter is organised as follows: section 3.1 introduces the idea of turbulence induced

scattering; section 3.2 then describes the simulation methodology used to model the station-

ary UOWC channel, through both a photon tracking simulation and double-Gamma function

(DGF); then section 3.3 describes the framework developed to use the previously described

MC simulation in order to model a turbulent UOWC channel; section 3.4 then describes the

simulation techniques used when evaluating the channel responses found via the simulation

and framework; following on, section 3.5 presents results from the studies as well as offering a

discussion on their merits; finally a summary of the chapter is given in section 3.6

3.1 Turbulence Induced Scattering

If an expression that satisfies (2.12) exists then it cannot be found unless absorption, scattering,

and turbulence are brought together in a single simulation. Previous research into underwater
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turbulence has treated absorption and scattering as distinct properties of the channel and used

a log-normal fading model to account for turbulence at the Rx [61, 101, 102]. This method of

modelling the fading statistics ignores the temporal and spatial dispersion due to the turbulence

characteristics of the channel, and also ignores any impact the water type might have on σ2
I .

Scattering is defined for the purposes of channel modelling as any interaction that causes a

photon to change direction:

“Any interaction of light with matter can cause a change in direction or wave-
length. It does not matter whether the change in direction comes from reflection or
refraction by a surface (such as sunlight reflected or transmitted by the sea surface),
from reflection or refraction by a particle that is much larger than the wavelength
of light, or from the light’s propagating electric field causing electrons in an atom
or molecule to oscillate and radiate light into all directions. Although you will
sometimes see terms like “surface scattering” (for reflection by a surface) or “vol-
ume scattering” (for interactions within a volume of water), these process are all
scattering and are all caused by essentially the same underlying physics...” [25]

Therefore, the refraction caused by turbulence can be modelled in the same way as a photon-

particle interaction in simulation. So an alternative way of thinking about turbulence in simu-

lation is to consider it as a scattering effect.

It has been shown experimentally that underwater turbulence induces scattering at angles below

1o [65]. This small angle scattering was also briefly discussed in references [25,30] but has been

omitted from UOWC literature in part due to the misconception that scattering at very small

angles is analogous to no scattering at all as in [103]. However, the focus of these works was

solar irradiance rather than laser emitted photons as in UOWC. Here, when multiple scattering

is considered, the cumulative effects of small angle scattering will be borne out at the Rx plane.

Due to the great differences in application, using channel models developed for solar irradiance,

or underwater imaging is not a valid assumption. These applications use a long exposure time

when gathering photons so the small variations due to underwater turbulence are averaged out

of measurements, whereas, in the high speed UOWC application, they will not.

For modelling purposes, the scattering coefficient, b, can be split into its constituent parts to

allow their contributions to be examined separately. Throughout this chapter, subscripts sw, p,

and twill be used to denote the scattering contributions from seawater, particles, and turbulence
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respectively. Thus, b can be written as:

b = bsw + bp + bt. (3.1)

As stated in chapter 2, when Petzold measured the commonly used values of b in certain water

types the accuracy was limited by a sensitivity of 0.1o [29]. Therefore, these commonly used

b values do not include the smallest angle scattering - which in a turbulent channel is the most

common. The variation in β(θ > 0.1) due to turbulence induced scattering is averaged in

these measurements. As such, in order to account for turbulence induced scattering accurately,

expression (3.1) should be revised to show Petzold’s value with the addition of an adjustment

term. That is:

b = bPetzold + bt. (3.2)

As integration is a linear operation, the total VSF of any water channel can also be split into its

constituent parts. Then it can be represented by the sum of each component’s VSF weighted by

its scattering coefficient. That is:

bβ(θ) = bswβsw(θ) + bpβp(θ) + btβt(θ). (3.3)

The VSF of seawater and particle induced scattering are represented by Mie scattering and a

Henyey-Greenstein (HG) function respectively as in literature [7, 25, 30]:

βsw(θ) = 0.06225(1 + 0.835 cos(θ)2) (3.4)

βp(θ) =
1− g2

4π (1 + g2 − 2g cos(θ))
, (3.5)

for all water conditions βp(θ) was modelled with an average cosine, g, equal to 0.975 in or-

der to have a general VSF shape with only the number of interactions per channel changing.

The newly introduced turbulent scattering is modelled through the Fournier-Forand (FF) func-

tion [104], this model links β(θ) to the refractive index of water and is highly weighted towards

small angles. It is given as:

βt(θ) =
1

4π(1− d)2dv
[v(1− d)− (1− dv) + [d(1− dv)

− v(1− d)] sin−2

(
θ

2

)
] +

1− dv180

16π(dv180 − 1)dv180

(3 cos2 θ − 1),

(3.6)
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where, v = 3−m
2 with m = 3.05 being the Junge slope parameter. Also d is defined as:

d =
4

3
(n− 1)−2 sin

(
θ

2

)2

, (3.7)

where n = 1.33 is the refractive index of water and dv180 is expression (3.7) evaluated at θ =

180o. It should be noted that it would be nearly impossible to define a βt(θ) that fits with any

measured values due to the random nature of turbulence and all the factors that would affect it.

The purpose of this work is not to find an exact channel model that works in all conditions but

is to show the relative impact of different parameters on link performance, thus, the qualitative

results are of most interest.

3.2 The UOWC Channel Model

This section describes the simulation methodology used in the modelling of a uniform multiple

scattering channel. This photon tracking MC simulation is used extensively in literature as a

solution to the radiative transfer equation for a particular channel. Later, the commonly used

double-gamma function (DGF) is outlined as a mathematical equivalent to the CIR generated

via simulation.

3.2.1 Photon Tracking MC Simulation Model

The channel is simulated via a photon tracking MC method similar to that described in [24].

Petzold’s values of a = 0.295 m-1 and bpetzold = 1.875 m-1 are used to model turbid harbour

water with a = 0.179 m-1 and bpetzold = 0.219 m-1 for coastal water. In line with (3.1),

bsw = 2.33 × 10−3 m-1 and bp = bPetzold − bsw m-1. Initially the adjustment term, bt, is

chosen based on literature which suggests it can be as large as 10 m-1 in some channels [65].

It is then fine tuned based on σ2
I estimates from simulation results to ensure weak turbulence is

modelled. Photons are emitted at a uniformly distributed random angle within the transmitters

(Tx) radiation angle, they then travel a random distance, ∆s, dependant upon the extinction

coefficient, c, before undergoing an interaction event. This distance is calculated by [24]:

∆s = − ln εs
c
, (3.8)

where εs is a uniformly distributed random number between 0 and 1.

40



Simulation of Underwater Optical Wireless Communications Channel with Turbulence

Figure 3.1: Graphic showing the tracking of a photon from Tx to Rx plane, propagating along
the z-axis. The global x-y-z axis are shown as well as the local axis that are used
to find the new direction of a scattered photon.

All photons are assigned a weighting factor, Wn, prior to emission. Initially W1 = 1, and at

each interaction this weight, Wn, is multiplied by the single scattering albedo, ωo =
(
b
c

)
, to

represent the effects of both scattering and absorption. This process is represented by (3.9).

Wn+1 = Wnωo. (3.9)

When Wn falls below a defined threshold then the photon is discarded from the simulation. If

the photon is not discarded then its new scattered direction must be updated in three dimensional

space. The longitudinal angle from the z-axis, θs, and radial angle, φs are such that:

∫ θs

0
β̃(θ) sin(θ)dθ = εθ, (3.10)

φs = 2πεφ, (3.11)

where εθ and εφ are uniformly distributed random numbers between 0 and 1 and β̃(θ) denotes

the use of a normalised VSF, known as the scattering phase function. Solving expression (3.10)

for θs for a given εθ provides the random scattering angle for a single interaction. After each

scattering interaction, the photon’s new position is calculated in a 3-dimensional coordinate
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Figure 3.2: Graphic illustrating how a single absorption/scattering interaction is modelled in
the MC simulation.

plane as illustrated in Figure 3.1. A single scattering interaction, as modelled in this simulation,

is shown in Figure 3.2 which is a simplified form of that shown in Figure 2.4 with the inclusion

of the weighting factor to represent absorption.

Once its z-coordinate is greater than the link distance then the tracking iteration is stopped and

its point of intersection with the Rx plane is noted along with its Wn at that point. The sum of

all Wn values corresponding to a particular discrete coordinate block normalised by the total

number of photons in the simulation gives the probability of a photon propagating through the

channel reaching that point. When the arrival time is of interest then that can be calculated for

each photon by taking the sum of all ∆s and dividing by the speed of light in water. These

values can be mapped to discrete time blocks to find the likelihood of a photon arriving with a

given time interval. This simulation approach is an accurate representation of a solution to the

radiative transfer equations for the underwater channel [25].

In this simulation, a photon does not stop propagating upon interaction with a particle, rather the

weighting, Wn, is updated, as in (3.9). As such, the photons that make it to the Rx plane have

an arrival time, an x-y coordinate, and also a probability of arriving at that particular position

at that time, that is Wn. Photons are only discounted from the simulation if Wn < Wth where

Wth is a predefined threshold of 10−6 meaning each simulated photon actually represents a

packet of 106 photons which saves computation time. At the Rx plane the photons can be put

into a weighted histogram to show either the temporal or spatial distributions. For the temporal

distribution the bin width is chosen to be the inverse of the desired sample rate, whilst for the

spatial distribution it is chosen to correspond to the dimensions of the Rx photodiode.
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3.2.2 The Double-Gamma Function

The double-gamma function (DGF) was originally proposed for the impulse response mod-

elling of photons travelling through clouds [105]. It was first applied to CIR of the UOWC

channel in reference [49]. It uses two separate Gamma functions to represent the line of sight

(LOS) and non line of sight (NLOS) components of the channel and is shown in equation (3.12).

The non-scattered direct path is unlikely to exist in channels that have a high enough b to cause

multiple scattering. As such a good fit can be found for the impulse response from the Monte-

Carlo (MC) simulation with only two gamma functions. The DGF is fitted to the impulse

response generated via MC to give a mathematical description of the time domain response

of the channel. Additionally, it has the advantage of saving memory space in storing only the

constants of a known function rather than the full output of the MC simulation. The temporal

response of a channel described by the DGF is given by:

h(t) = C1t exp(−C2t) + C3t exp(−C4t). (3.12)

Where Ci, i = [1, 2, 3, 4] are constants found through least-squares curve fitting to the impulse

response obtained through MC simulation, hMC(t), as in:

Ci = argmin
(∫ ∞

0
(h(t)− hMC(t))2dt

)
. (3.13)

3.3 Turbulence Simulation Framework

The idea of turbulence induced scattering introduced in section 3.1 is examined via Monte-

Carlo simulation where the stationary channel is simulated a number of times with a random

bt. This is valid for simulation so long as the photon propagation time is far shorter than the

coherence time of the turbulent channel. The coherence time of a clear water channel was

characterised in reference [106], presenting a minimum coherence time of a 30 m link to be

around 10−5 s. Since photons travel at the speed of light, the channel propagation time is of

the order 10−7 s. Therefore, the estimated channel coherence time is 100 times greater than the

time taken for a photon to propagate the channel.

A further assumption in this framework is that the turbulence eddies are uniformly distributed

within the channel, as would occur naturally in open ocean waters. This ensures that it is

turbulence induced scattering, and not any other variable such as the eddy location, that is the
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cause of changes in the channel response. This framework could also be applied to a non-

uniform channel, but considering the uniform channel allows for a better classification of the

stationary channel with no loss of generality in the results. As the IOP of a body of water

and the sources of turbulence can vary, the qualitative results from this simulation are more

important for understanding underwater turbulence than any quantitative results.

The framework is as follows:

1. A Petzold water type is first selected for use as a case study.

2. A maximum value of bt, denoted hereafter as btmax, is predefined.

3. The stationary channel photon tracking MC simulation is run for a random bt on the

interval [0, btmax].

4. The received light intensity is recorded and plotted in a histogram.

5. Steps 3 and 4 are repeated until the distribution of the histogram converges.

The repetition of the photon tracking simulation in step 5 can be made more time efficient by

taking advantage of parallel computing.

3.4 Modelling of Data Transmission

The channel model described in Section 3.2 is used in this section to model data transmission

through the UOWC channels. It is evaluated using well studied techniques from literature in

order to allow a detailed comparison between different channel conditions generated through

simulation. Two metrics are used, they are: channel capacity - estimated through an MC sim-

ulation based on the BCJR algorithm; and the bit error rate - estimated via MC simulation

additional to an analytically calculated upper bound.

3.4.1 The Discrete Time Channel Model

The result of the convolution of h(t) and signal pulse shape, p(t), shows the channels effect on

a transmitted signal. It is useful for further analysis to break up this received signal into discrete
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time blocks of duration Tb [107]:

pk =

∫ kTb

(k−1)Tb

p(t) ∗ h(t)dt. (3.14)

These discrete blocks, pk, represent the signal strength in a single bit interval due to a transmit-

ted pulse of duration Tb. In a channel with no temporal dispersion, then all the power would

be confined to p1, however when this is not the case, some signal power leaks into neighbour-

ing time slots resulting in inter-symbol interference (ISI). This discrete-time block model of a

signal allows the simulation of the effects on a transmitted bit stream due to ISI caused by the

channel impulse response.

The ISI effect of the channel on the ith bit slot is dependent upon the discrete channel response

described by (3.14) and the transmitted bits, xi−k, such that:

ui =

(
xip1 +

M∑
k=2

xi−kpk

)
. (3.15)

where k denotes the interfering bit up to the maximum channel memory M .

3.4.1.1 The Poisson Discrete Block Channel

As photon arrival times are discrete, the random nature of these can be modelled as a Pois-

son process. Here, the number of photons incident on an Rx, yi follows a random Poisson

distribution with mean vi [50]. The mean photon count, vi, is given by:

vi = Nphui + nbg, (3.16)

where, Nph is the mean number of photons emitted during a bit ‘1’ and nbg is the mean photon

count from background noise sources. The mean value of nbg is estimated for typical water

conditions using expressions in [108]. Whilst Nph is found via [53]:

Nph =
2PaveTbλ

hν0
, (3.17)

where Pave is the average transmit power, Tb is the bit duration, λ is the wavelength of the

source, h is Planck’s constant, and ν0 is the speed of light in a vacuum.
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3.4.1.2 The Gaussian Discrete Block Channel

The Gaussian channel model provides a good approximation to Poisson when the number of

photons incident is very large. This can be useful for mathematical processing as the Gaussian

model with additive noise is easier to manipulate. Here the received signal, yi, is given as:

yi = (PaveRe)ui + ni, (3.18)

where Re is the photodiodes responsivity in A/W and ni is additive Gaussian noise in the ith

bit slot.

3.4.2 Maximum Achievable Data Rate

Here we investigate the effect of underwater turbulence on the maximum achievable data rate

using on-off keying (OOK). The maximum data rate supported by a channel for OOK is equal

to the greatest bit rate for which the mutual information, MI(X ;Y), is equal to 1. This means

that the channel input, X , yields a proportional change in output, Y . WhenMI(X ;Y) < 1 then

changes in X no longer yield a proportional Y , so variance in the output cannot be accounted

for by the input variance. In this case, instantaneous output yi is proportional to both the current

and previous inputs xi−k where k = 1, 2, ...,M. Here, the ISI component of the channel is not

insignificant, meaning power transmitted in xi is spread overM bit slots, causing a reduction

in available SNR. When this is the case then the data rate no longer increases with the symbol

rate, Rs, as the information carried in each transmitted symbol is no longer 1 bit. This means

that as the symbol rate continues to increase, the data rate remains limited to a maximum rate

defined by the characteristics of the channel. Mathematically the capacity of a channel in bits

per symbol can be written as [109]:

C = lim
L→∞

max
P (X )

(MI(X ;Y)), (3.19)

here P (X ) denotes that MI(X ;Y) is evaluated over all possible input distributions for an L

bit input stream. The maximum data rate in bits per second supported by a channel is simply

the product of the maximum capacity and the symbol rate at which it was achieved:

Rmax = CRs. (3.20)
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The mutual information of a channel can be calculated as the difference between the entropy

rates of the output,H(Y), and channel,H(Y|X ) [110]:

MI(X ;Y) = H(Y)−H(Y|X ). (3.21)

When a random bit stream is transmitted through a channel, the received signal will be stochas-

tic due to the effects of the channel and the random signal. The respective output and channel

entropies are estimated by the following relationships:

− 1

L
log2(P (YL))→ H(Y) L → ∞ (3.22)

− 1

L
log2(P (YL|XL))→ H(Y|X ) L → ∞ (3.23)

The channel entropy,H(Y|X ), is calculated based on P (Y L|XL) which is the probability of an

L bit output stream, Y , given an L bit input stream X . This can be simplified for calculations

at each timeslot as:

P (YL|XL) =
L∏
i=1

P (yi|xi). (3.24)

This can be simplified further through the relationship between xi and the channel described

by (3.16) so:

P (yi|xi) = P (yi|ui). (3.25)

The estimation of P (YL) utilises the discrete channel model and Bahl, Cocke, Jelinek, and

Raviv (BCJR) algorithm, as proposed in [111]. Without any knowledge of the transmitted data

stream it is evident from (3.14) and (3.15) that there are 2M possible states, si, the channel

can enter. This is dependant upon the previousM input bits, that can give rise to yi. By this

relationship we get:

P (YL) =
L∏
i=1

P (yi), (3.26)

where,

P (yi) =
∑
si

∑
si−1

p(yi|si, si−1). (3.27)

The channel can only enter a new state, si, if the state transition is possible from any channel
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input. As such the state transition probability can be defined as:

γi(si, si−1) = p(x)q(si, si−1)p(y|si, si−1), (3.28)

where p(x) is the probability of the input changing (which is equal to 0.5 for OOK), q(si, si−1)

is a transition function that is equal to 1 if a state transition si−1 → si is possible and 0

otherwise. Using the forward recursion part of the BCJR algorithm this can become something

of similar form to P (YL),

αi+1(si) =
∑
si−1

αi(si−1)γi(si, si−1), (3.29)

therefore:

P (YL) =
∑
si

αL(si). (3.30)

However, due to the recursive multiplication in (3.29), αi(si) tends to 0 very quickly for a large

i. Resultantly, for computation it is useful to normalise at each bit slot, as in:

Ai =
1∑

si
αi(si)

. (3.31)

Finally, H(Y ) can be written in terms of Ai such that:

1

L

L∑
i=1

log2 (Ai)→ H(Y) L → ∞. (3.32)

Equations (3.23) and (3.32) can then be substituted into (3.21) and (3.19) in order to estimate

the maximum data rate supported by the channel.

3.4.3 Analytical BER Expression

The maximum achievable data rate that is theoretically possible in a given channel is one metric

used to evaluate a channel. Another useful metric is the BER, which provides a useful metric

for measuring the fidelity of data transmission. Evaluating this over a range of SNR allows us

to see how much power is required to achieve an acceptable level of performance. For OOK,

its BER in an AWGN is given by BER = Q(
√

SNR), where Q(.) is the Markov Q-function.

When ISI is present, it has the effect of shrinking the usable SNR by reducing the amplitude
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difference between a bit ‘1’ and a bit ‘0’. Thus the expression for BER can be rewritten to

account for this reduction in received SNR, however ISI is not a constant source of interference

and is dependent upon both the prior and following transmitted bits. Resultantly, BER must

be evaluated for all possible combinations of ISI and then the mean of these taken to be the

average BER in an ISI channel [107]. As in:

BER =
1

2M

2M∑
s

Q

√SNR

p1 −
M∑
i 6=k

(sipi)

, (3.33)

where pk is the discrete channel response given in (3.14) and s is a vector containing all possible

channel states up to a lengthM.

3.5 Numerical Simulation, Results, and Discussion

This section details the results of numerical simulations used to evaluate the relative impact of

turbulence induced scattering on the link.

3.5.1 Stationary Channel Characteristics

First, the characteristics of the stationary channel are investigated to examine the dispersive

effects of bt in both space and time. Here, the channel is considered to be stationary for the

duration such that the responses represent a snapshot of the channel for a given bt. This allows

a comparison between different iterations of the, random, UOWC with turbulence and means

that the impact different conditions of turbulence induced scattering may be investigated.

3.5.1.1 Photon Temporal Distribution

The photon tracking simulation was run for a 30 m coastal link and a 15 m harbour link with

bt varied to model turbulence induced scattering as well as different Tx and Rx setups to inves-

tigate the effects of link geometry on the channel performance. Impulse responses generated

from MC simulation are fitted to a DGF in order to get an expression for the channel that takes

temporal characteristics into account. Figure 3.3 shows the DGF fitted to the simulation data

for two different realisations of the same 15 m harbour link with bt = 0 m-1. The DGF curve

is shown to provide a good fit to the data clouds from both simulations with the data from the
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Figure 3.3: Impulse response of a 15 m harbour water link, with bt = 0 m-1, from MC simula-
tion run with both 10× 109 and 1× 109 photons fitted to the DGF.

realisation of 10× 109 photons showing a smaller variation around the overall trend. However,

impulse responses from both simulations display convergence around this trend. This is due to

the weighting factor used in the simulation that accounts for the likelihood of a photon reaching

the Rx, meaning fewer photons need be simulated than if the photons were simply counted.

The DGF fits are compared to the MC responses in two ways, the R2 - metric which is a mea-

sure of fit [112] - and the root mean squared delay spread (Drms). The Drms of the simulation

is denoted by Dsim
rms, whilst that of the DGF fit is DDGF

rms . Both Drms are plotted against bt in

Figure 3.6 and DDGF
rms is shown to be close to the corresponding Dsim

rms for all channel condi-

tions simulated. The DGF coefficients, Ci, for channel conditions used later in this study are

presented along with the respective R2 in Table 3.1. The R2 value for each fit is greater than

0.9 which indicates the DGF model describes MC data set adequately for all parameters used.

This justifies the use of the DGF fits rather than raw simulation data in the rest of the study.

The fitted curves for all channel conditions given in Table 3.1 are shown in Figure 3.4 and 3.5.
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(a) bt = 0 m-1. (b) bt = 0.05 m-1.

(c) bt = 0.1 m-1. (d) bt = 0.2 m-1.

Figure 3.4: CIR fitted with DGF curves in the 30 m coastal link.
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(a) bt = 0 m-1. (b) bt = 0.05 m-1.

(c) bt = 0.1 m-1. (d) bt = 0.2 m-1.

Figure 3.5: CIR fitted with DGF curves in the 15 m harbour link.
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bt (m-1) C1 C2 C3 C4 R2

30 m, Coastal Water
0 2× 106 1.15× 1011 4072 1.2× 1010 1.00
0.05 5.5× 105 1× 1011 2544 1× 1010 1.00
0.1 1.86× 105 9× 1010 2953 1.2× 1010 1.00
0.2 1.2× 104 3× 1010 435 6× 109 0.90

15 m, Harbour Water
0 600 3.8× 109 28.49 9× 108 0.97
0.5 160 3.0× 109 23.69 9× 108 0.99
1 60 2.4× 109 12.51 7.5× 108 0.97
2 8.9 1.2× 109 2.40 4.5× 108 0.95

Table 3.1: Fit parameters for DGF for the coastal and harbour channels with φTx = 1.5 mrad
and FOV = 10o at different values of bt when the IR is sampled at a rate of
10 Gsam/s.

The overall shape of all CIR are well described by the DGF, as illustrated by the fitted curves

following the simulated data points closely. Visually, this confirms the goodness of fit along

with the R2 metric previously discussed.
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Figure 3.6: Drms vs bt for different UOWC links highlighting the relative impact of turbulence
induced scattering on temporal dispersion.

Figure 3.6a and 3.6b show Drms against bt for a 30 m coastal link and 15 m harbour link

respectively with different Tx and Rx configurations. The Drms of the 15 m harbour water

link with bt = 0 m-1 is more than 10 times greater than that of the 30 m coastal channel with

no turbulence, meaning the harbour channel is the more dispersive of the two channels. This

difference in temporal dispersion means that the two channel conditions respond differently to

changes in Tx and Rx configuration. Although the Rx FOV has no impact on Drms in either
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channel, a larger Tx divergence angle (φTx) in the coastal channel causes the Drms to increase.

Conversely, in the more highly scattering harbour channel there is no clear change in Drms due

to a change in φTx, as the impact of the channel is greater than that of the link geometry.

This difference in the impact due to link geometry highlights the effect multiple scattering has

on a channel. Further to this, the addition of turbulence induced scattering has a different effect

on Drms in the already highly scattering harbour water compared to the coastal water link. The

values of bt used in Figure 3.6a are 10 times smaller than those in Figure 3.6b however the

increase in DDGF
rms compared to when bt = 0 m-1 is larger. For the case of bt = 0.1 m-1 in

coastal water, DDGF
rms is 5.81 times larger than bt = 0 m-1. Whereas for bt = 1 m-1 in harbour

water it is only 1.78 times larger. This again implies that a channel that already has a high level

of multiple scattering possesses a higher level of tolerance to turbulence induced scattering.

From a communications perspective this increase in temporal dispersion will cause the energy

of a transmitted symbol to spread out leading to ISI in the received signal. Due to the lack of

any significant impact on Drms due to FOV and φTx in harbour waters the rest of this thesis

will follow using a FOV of 10o and φTx = 1.5 mrad as a case study across all water conditions.

3.5.1.2 Photon Spatial Distribution

The photon tracking MC simulation is run for various channel configurations for 109 photons

with an Rx field of view of 10o. Shown in Figure 3.7 are the 2-dimensional Rx plane intensity

distributions in both coastal and harbour waters at different values of bt. When comparing the

spatial distributions for bt = 0 m-1 it is noticeable that for the case of highly scattering harbour

water, the intensity is scattered over a much greater area in the Rx plane. In fact the full width

half maximum (FWHM) beamwidth is approximately 5.5 m whereas for coastal water it is

1.1 m. These figures are in line with the expectation of more photon-particle interactions due

to the longer extinction length, cZlink, of the harbour link. The extinction length in a 15 m

harbour channel is 33 interactions, compared to 11 for a coastal channel of length 30 m. For

both water types this FWHM beamwidth increases as bt increases, however the magnitude of

its contribution is different for each water type, expectantly.

An interesting feature across the two channels is the difference in the relative impact of tur-

bulence induced scattering. For the case of the highly scattering 15 m harbour channel in

Figure 3.7, the channel gain at perfect alignment (i.e. Spatial Offset = 0 m) is 7.7× 10−7 when

bt = 0 m-1 and it decreases by 58% when bt increases to 1 m-1. Comparatively, in the 30 m
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Figure 3.7: Rx plane spatial intensity distribution for 30 m coastal, and 15 m harbour water
link with different conditions of turbulence induced scattering.

coastal channel the aligned channel gain for bt = 0 is 3.5 × 10−6 and it falls by 65% when

bt = 0.05 m-1, and 77% when bt = 0.1 m-1. This can be explained by returning to the definition

of turbulence induced scattering as being a case of small angle scattering. When the number of

scattering interactions per channel is high then the photons are already dispersive and therefore

have some resilience to additional scattering at small angles. However, when the number of

interactions per channel is lower, as is the case with the 30 m coastal link, the increase can have

a much greater impact on the propagation path taken by a photon. Meaning that proportionally

turbulence induced scattering has a lesser effect in a channel that already has a high probability

of scattering compared to one that does not.

3.5.2 Turbulent Channel Simulation

The random effect of bt on the received photon intensity is investigated by transmitting 107

photons through the channel, repeated for 1500 Monte-Carlo iterations. The weighted sum of
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(a) 30 m coastal link,
btmax

= 0 m-1
(b) 30 m coastal link,
btmax

= 0.05 m-1

(c) btmax
= 0 m-1 (d) 15 m harbour link,

btmax = 0.5 m-1

Figure 3.8: Log-Normal pdf fits on histograms showing variation in received photon counts at
the Rx for selected channel conditions. The relevant fit parameters can be found in
Table 4.2.

all photons received for each iteration are plotted as a histogram. The histogram is normalised

to obtain a PDF of the distribution of received photon intensities.

A Log-Normal function is fitted to the distributions found through simulation. The histograms

and respective fits of some selected channel realisations are shown in Figure 3.8. The mean

normalised variance of the simulation and fitted Log-Normal scintillation index, σ2
I and σ2

Log

respectively, as well as the mean log intensity, µ, for these fits are given in Table 3.2. The Log-

Normal model of turbulence gives a reasonably good fit for the distributions with R2 > 0.75

for all cases.

When bt = 0 m-1, i.e. no turbulence, the intensity distributions across all three links have

a Gaussian shape with normalised mean of approximately 1. In Table 3.3 the R2 values for

all three distributions is shown to be very close to 1. Indicating that the Gaussian distribution
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btmax (m-1) σ2
I σ2

Log µ R2

15 m, Coastal Water
0 1.84× 10−5 1.84× 10−5 −9.21× 10−5 0.98
0.2 0.3202 0.5297 -0.3312 0.80
0.3 0.6399 0.8958 -0.7696 0.90

30 m, Coastal Water
0 0.0060 0.0061 0.0091 0.98
0.01 0.0105 0.0113 -0.0110 0.98
0.05 0.1001 0.1437 -0.0887 0.87
0.1 0.3204 0.4273 -0.2671 0.83
0.15 0.5828 0.6999 -0.4810 0.88
0.2 1.0374 2.0862 -0.9923 0.82

15 m, Harbour Water
0 0.0044 0.0042 -0.0055 0.98
0.5 0.0271 0.0362 -0.0295 0.89
1 0.0792 0.1087 -0.0846 0.82
2 0.2389 0.3279 -0.2238 0.79
5 0.8763 1.5284 -0.7106 0.98

Table 3.2: Simulation and Log-Normal fit parameters for simulation of a turbulent coastal
channel with link rages of 15 and 30 m.

provides a very good fit, as would be expected for a link with no turbulence.

σ2 mean R2

Coast 15 m 1.83× 10−5 0.9996 0.99
Coast 30 m 0.0059 0.9896 0.98
Harbour 15 m 0.0042 0.9933 0.98

Table 3.3: Gaussian fit parameters for the three channel conditions with no turbulence.

3.5.3 Scintillation Index and the Turbulence Induced Scattering Coefficient

In order to compare relative impact of turbulence induced scattering for different UOWC chan-

nels, σ2
I is plotted against btmax in Figure 3.9. When comparing between channel configurations

it is apparent that the relative impact of turbulence induced scattering is lessened when there

are already a high number of scattering interactions per channel. In Figure 3.9 it is clear that

increasing the link distance for coastal water yields an increase in σ2
I for the same btmax. For

example when btmax = 0.2 m-1, σ2
I = 0.3202 for a link distance of 15 m compared to 1.0374

when Zlink = 30 m. This is in line with the ZLink dependency of the expression for σ2
I in
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Figure 3.9: σ2
I vs btmax in different water types and link ranges.

clear water, derived in reference [36]. However, it is when comparing between the 15 m coastal

and harbour links that the results show a clear deviation from what would be expected if the

assumption that turbulence is a separate process form absorption and scattering is adopted. In

the harbour channel a btmax greater than 1 m-1 is required to yield a σ2
I > 0.1 compared to

btmax = 0.1 m-1 in coastal water over the same link range. This further adds to the suggestion

that due to the multiple scattering nature of the UOWC channel, it is not accurate to simply

adapt concepts from free space optics (FSO) to the underwater channel.

As previously stated, an expression for σ2
I for given channel characteristics would be useful for

link design in UOWC. A fully parameterised expression to satisfy equation (2.12) will require

further investigation but we can provide an expression to link btmax and σ2
I . An exponential

function was fitted σ2
I values found through simulation, the resulting curves are shown in Fig-

ure 3.9. The exponential function takes the form:

σ2
I = A1 exp (A2btmax) +A3, (3.34)
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where Ai, i = 1, 2, 3, are constants found through least squares curve fitting. The constants

for each of the three channels shown in Figure 3.9 are presented in Table 3.4 along with the

R2 value for each fit. The R2 metric of fit is greater than 0.99 for all three channels suggesting

the exponential function provides a very good fit for btmax vs σ2
I across a range of channel

conditions. This expression may be useful for researchers in estimating σ2
I in a channel without

having to run the full MC simulation used in this thesis to evaluate σ2
I .

A1 A2 A3 R2

Coast 15 m 0.1986 4.8012 -0.1986 1.00
Coast 30 m 0.2210 8.7084 -0.2254 1.00
Harbour 15 m 0.3952 0.2355 -0.4060 1.00

Table 3.4: Exponential fitting constants for the curves shown in Figure 3.9.

3.5.4 Channel Data Transmission

3.5.4.1 Maximum Achievable Rate Estimation

Now, the DGF fits can be used to find the maximum data rate supported by the channel. Due to

memory constraints in the simulation, the maximum number of channel states, M, is limited

to a maximum of 7 so the results will provide a sub-optimal upper bound on capacity but will

still allow for a comparison between the different channel conditions considered in this study.

To find the maximum achievable rate, Rmax of a turbulent channel, we consider the worst case,

i.e. bt = btmax. The Rmax - calculated with L = 105 bits for unipolar OOK - for 30 m coastal

and 15 m harbour links are shown against σ2
I in Figure 3.10. The maximum achievable rate is

evaluated at three SNR values: 2 dB; 10 dB, which would provide good performance in an ISI-

free channel; and 20 dB. Both Poisson and Gaussian models are considered and show similar

results, confirming the validity of the Gaussian approximation in UOWC. They are shown to

have similar results across all channel conditions, meaning the Gaussian approximation can be

used in BER estimation without any loss of accuracy.

Figure 3.10 shows that for both water channels as σ2
I increases then the maximum achievable

data rate decreases, this is expected due to both the lower total channel gain shown in the spatial

distributions and the higher DDGF
rms shown in the temporal distributions for the bt. As the total

signal power arriving at the Rx decreases, it is also spread over a greater time compounding this
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Figure 3.10: Maximum achievable data rate against σ2
I for 30 m coastal link and 15 m harbour

channel with φTx = 1.5 mrad and FOV = 10o for different normalised SNR
values.

drop in power by increasing ISI to further degrade performance. Despite the different btmax

required to yield a given σ2
I , it is clear that the relative impact of σ2

I on Rmax is proportionally

similar for both channels considered in this case study. The implication of this being that

although σ2
I has a similar effect in different channel conditions, the higher bt required to cause

those conditions means high turbulence can be considered unlikely in a more turbid channel.

Assuming transmission using unipolar OOK modulation with error correction coding, then in

coastal water over a 30 m link a maximum data rate of > 100 Gbps can be attained when there

is no turbulence. Similarly over a 15 m harbour link, data rates in the Gbps range are possible

with no turbulence. When turbulence is included in the model then Rmax decreases in both

channels and would have to be accounted for with higher link margin and/or additional signal

processing. The maximum data rates achieved through these simulations show the potential of

UOWC for high data rate transmission over short distances.
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3.5.4.2 Bit Error Rate
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Figure 3.11: BER vs normalised received SNR at different values of Rb in coastal water with
no turbulence.

The maximum achievable data rate of a channel is an ideal metric of link performance, however

reaching this rate is another matter. However, with complex error correction coding and equali-

sation, error free communication should be possible up to this upper limit. Figure 3.11 and 3.12

show bit error rate against SNR for fixed threshold unipolar OOK at various data rates in coastal

and harbour water respectively, with no turbulence and no channel coding. Considering Fig-

ure 3.11 first, at 1 Gbps the bit duration is greater than the delay spread introduced by the

channel so the BER curve follows that of the AWGN channel. Then, as the data rate increases,

the disperesive effects of the channel have more of an impact and there is a power penalty due

to the usable SNR being smaller due to ISI. This penalty at a BER of 10−3 is approximately 0.5,

1, and 2 dB for 10, 20, and 50 Gbps respectively. In harbour water, as shown in Figure 3.12,

the power penalty effect is much more pronounced. Here, the power penalty at the same BER

of 10−3 is 6 dB at a rate of 500 Mbps and 17 dB at 1 Gbps, whilst at 2 Gbps the BER is at the

error floor, meaning this data transmission cannot be supported without channel coding.
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Figure 3.12: BER vs normalised received SNR at different values of Rb in harbour water with
no turbulence.

Figure 3.11 and 3.12 contain BER curves evaluated both analytically and through simulation.

It can be seen that the analytical expression provides an upper bound to the simulation results

in all cases. It provides a tight upper bound when the data rate is low and therefore the number

of interfering bits from ISI is also low but the margin between simulation and analytical BER

increases as the bit rate increases. In Figure 3.12, at 100 Mbps the simulation and analytical

BER curves are almost identical, but by 500 Mbps a gap has emerged when BER is greater than

10−3, whilst at 1 Gbps this gap is around 2 dB for a BER of 10−3. This suggests the analytical

expression provides a good fit to the simulation when the number of interfering bits are low but

the upperbound becomes less tight as the impact of ISI increases to become more dominant.
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3.6 Summary

This chapter presents a method of modelling turbulence in the UOWC channel as a scatter-

ing component, taking into account different water types rather than assuming generality for

all water. Through this modelling technique the temporal and spatial impact of turbulence is

highlighted. It is shown that as turbulence increases, the spatial and temporal spread of the

stationary channel also increase, but at different rates for different channel conditions. The

simulation method demonstrates that the impact of turbulence is greater when the channel has a

lower number of scattering interactions per link. Furthermore it is shown that σ2
I is not general

for all water conditions for a given parameter of turbulence induced scattering. This finding

should be considered in future simulation works when modelling system performance in differ-

ent, turbulent, water conditions. Finally the maximum data rate achievable in each water type

is shown to decrease when σ2
I increases. All these results combined provide evidence that if

an UOWC channel is to be accurately modelled then turbulence cannot be examined in isola-

tion from absorption and scattering. The inclusion of the proposed turbulence induced fading

coefficient has allowed these effects to be investigated in simulation for the first time.
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Chapter 4
Experimental Channel

Characterisation using an Underwater
Channel Emulator

As stated in the previous chapters, the UOWC channel must be well understood before a re-

liable communications system can be developed. This includes the effect of the channel on a

signal, as well as the impact different light sources and receiver configurations may have on

signal transmission. Although simulation can be a powerful tool, it cannot be used in isolation

from empirical investigations. Simulation should be informed by data derived from practical

measurement, like Petzold’s absorption and scattering coefficients used in the simulation de-

scribed in chapter 3. To that end, an investigation into the effects of optical turbulence cannot

be complete without an experimental study.

There are things that cannot easily be modelled through simulation, including the effect of

coherence on turbulence. The photon tracking simulations - like the one described in chapter 3

- work with an assumption of coherent, monochromatic light and although it could be possible

to change the simulation to account for a range of different wavelengths, the complexity of

the simulation would be make this impractical. As well as the practicality issue, the results

obtained through simulation must be verified in some way, and so an experimental study into the

effects of turbulence on non-coherent light was carried out along with a study to experimentally

investigate the relationship between the absorption and scattering of a channel and turbulence.

This chapter is organised as follows: section 4.1 describes the experimental test bed and un-

derwater channel emulator developed for this study; section 4.2 describes the experimental

methodology used in characterising underwater optical turbulence using the test-bed; sec-

tion 4.3 then presents a comparison of the impact of turbulence on coherent and non-coherent

light; followed by section 4.4 which presents an empirical invesitgation into the effect of chan-

nel turbidity on turbulence; section 4.5 discusses the received intensity distributions from vari-

ous test-bed configurations; finally, a summary of the chapter is provided in section 4.6.
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4.1 The Experimental Set-Up and Underwater Channel Emulator

In order to investigate the UOWC channel experimentally, a test-bed is developed, including

an underwater channel emulator (UCE) to replicate real-world channel conditions including

turbulence and turbidity. The following section describes this test-bed and UCE.

4.1.1 The Underwater Optical Wireless Communications Test-Bed

Figure 4.1: Figure showing the system block diagram of the experimental set up used for the
study.

A block diagram illustrating the experimental set up used in this study is shown in Fig. 4.1,

showing the system level parts of the Tx and Rx, as well as the UCE. The UCE consists of a

water tank of dimension 1.5×0.5×0.5 m3, filled with 225 L of tap water in which the channel

conditions can be controlled. Using Matlab software, a signal is generated and then sent to the

Keysight m8195a arbitrary waveform generator (AWG). The signal is then transmitted from the

AWG via a light source, in this case either a Thorlabs PL450b laser diode (LD) or an Osram

LD CN5M light emitting diode (LED). A DC current is added to the signal using a diplexer

(bias-T) in order to keep the light sources operating above their respective threshold currents.

This optical signal is then collimated and transmitted through the UCE. At the receiver, the

optical signal is recovered by a New Focus 1601 photo-diode and the resulting electrical signal

is sampled by an Agilent DSA90804A oscilloscope. The sampled signal is then recovered and

analysed off-line using Matlab.

4.1.2 The Underwater Channel Emulator

Underwater turbulence is created by generating a temperature inhomogeneity within the UCE.

The temperature in the centre of the water tank is controlled using an aquarium heater. When

heat is applied, it emanates a thin layer of hot water compared to the rest of the tank. This

boundary between the different water temperatures induces turbulence in the channel. As the
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layer is thin, the orientation of the heating element relative to the light beam can be used to

create multiple or single turbulence induced scattering. If it is parallel to the beam then photons

are travelling along the layer boundary so they can be scattered multiple times as the shape

and position of the boundary fluctuates. Conversely, when the heater is perpendicular to the

beam, photons propagating undergo the lensing effect only once. These observations mean that

although the transmission length is fixed throughout the experiment, the amount of turbulence

induced scattering per link can be altered. The temperature is measured at four points within the

emulator, two in the centre by the heat source and one each by the Tx and Rx respectively. The

temperature difference within the channel emulator, ∆T , is the difference between the averages

of the temperature readings from the centre and the two outer thermometers.

Additional to turbulence, the turbidity of water in the UCE can be controlled. In doing this, the

channel may be set up to replicate water conditions similar to those found in real waters, such

as those measured by Petzold. The turbidity is controlled by adding suspended particles to the

water, in this case antacid tablets are ground to a fine powder using a coffee grinder and mixed

with the tap water. The concentration of antacid powder can easily be controlled and the use

of a coffee grinder, on a fixed setting, ensures the size of particles is consistent throughout the

experiment.

4.2 Turbulence Experimental Methodology

In order to characterise the turbulent channel, a square wave of peak-to-peak voltage (Vpp) 0.5 V

is generated at 5 MHz for the Osram PL450b laser diode and 1 MHz for the Osram LD CN5M

LED using a Keysight m8195a AWG. A lower frequency is used to account for the bandwidth

limitation of the LED. For both sources, a direct current (DC) bias of 40 mA is applied using

the bias-T and the resultant biased signal is transmitted by either the laser or LED. This optical

signal is then collimated using the Tx lens and transmitted through the underwater channel

emulator. After propagating through the water tank the light beam is focused onto a photodiode

(PD) using an optional Rx lens, chosen based on the beam width at the Rx. Photons are then

captured by the PD contained in a New Focus 1601 photo-receiver and data points saved by an

Agilent DSA90804A oscilloscope. The received Vpp is then recorded for 1000 iterations and

the mean and variance calculated.

Due to the spatial coherence of the laser source, the transmitted light can be collimated easily

67



Experimental Channel Characterisation using an Underwater Channel Emulator

into a very narrow beam, while the LED cannot. Although this is a property of a coherent

source, narrow beamwidths are not exclusive to lasers and the impact of beam diameter on σ2
I

is known [36, 113]. Due to this, in order to confirm that the beamwidth is not the only factor

contributing to any differences in σ2
I , the laser is used with two different Tx lens configurations

to produce collimated beams of different diameters. One has a diameter of approximately 4 mm

and produces a narrow beam that remains collimated through the length of the channel. The

other lens, the same as that used for the LED, is 4.5 cm in diameter and produces a wider col-

limated beam. They are referred to as narrow beam laser and the wide beam laser respectively

hereafter.

4.3 A Comparison of Coherent and Non-coherent Light Propaga-

tion

Light emitted from a laser is coherent in both time and space. Temporal coherence means it

has a small spectral width and can therefore be considered monochromatic. Spatial coherence,

on the other hand, provides the property of directionality that allows for a narrow collimated

beam. These properties are due to the structure of a laser and are not true for light emitted

from an LED. As such the propagation of non-coherent light emitted by an LED is different to

that of coherent light. Thus, it may not be accurate to simply use channel models developed

for coherent propagation to model a non-coherent system. It can be noted that the analytical

expressions for σ2
I with an LED given in reference [113] relate to monochromatic light.

Due to their lower cost and eye-safe properties, non-coherent LEDs are more suitable than the

coherent laser in various applications. It is therefore vital that an understanding of the effect of

turbulence on non-coherent light is developed.

4.3.1 Scintillation Index and Temperature Difference

Following the experimental methodology previously described, the measured σ2
I could be found

via (2.11). These are shown in Figure 4.2 and 4.3 plotted against the observed ∆T in Kelvin

(K). The overall trend across all channel conditions is that as ∆T increases, so too does the

measured σ2
I . There are, however, some fluctuations in this trend that can be ascribed to the

random nature of the channel and the heating element. All results shown have σ2
I < 1 and are
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Figure 4.2: Figure showing σ2
I vs ∆T for LED, wide beam laser, and narrow beam laser in

clear water with multiple turbulence induced scattering boundary.

therefore in the weak turbulence regime.

Comparing the different light sources, it can be observed that the measured σ2
I is lower for

the LED source than the collimated laser point source for all temperature gradients. In fact,

the maximum σ2
I for any LED configuration is approximately 100 times lower for the multiple

scattering in Figure 4.2 and 104 times lower for the single scattering shown in Figure 4.3. There

are a number of explanations for this observation and they will be covered in the following

discussion.

One possible explanation for the lower measured σ2
I for the LED compared to the laser is

the aperture averaging effect when a larger Rx lens is used [69]. In order to discount this

explanation from the study, the 7.5 cm Rx lens is used in combination with all three light

sources as well as a smaller Rx lens for comparison. Here, the smaller lens is chosen to be

similar to the beam diameter at the Rx in order to maximise the impact of turbulence. This

can be seen in Figure 4.2 and 4.3 by comparing the differences in σ2
I for the larger and smaller

Rx lenses for each Tx configuration. The effect is greatest for the LED where it lowers σ2
I by

approximately a factor of 10, although the benefit of using a larger Rx lens decreases when
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Figure 4.3: Figure showing σ2
I vs ∆T for LED, wide beam laser, and narrow beam laser in

clear water with a single turbulence induced scattering boundary.

considering the laser beam. The results presented for LED and laser sources with Rx lenses

of a similar size to the beam shows that the aperture averaging effect is not the reason for the

reported differences in σ2
I .

The impact of the beamwidth on σ2
I can be seen by comparing between the wide and narrow

beam laser in each configuration. The difference is most clear in Figure 4.3 for the case of a

single turbulence induced scattering event where, for the 7.5 cm Rx lens, σ2
I = 0.064 when

∆T = 5.9 K for the narrow beam laser but only 0.0036 for ∆T = 6.5 K with the wide beam

laser. However, for the case of multiple turbulence induced scattering events, as in Figure 4.2,

there is no such clear difference. Across both Fig. 4.2 and 4.3 the σ2
I value for both sizes of laser

beam are orders of magnitude higher than that of the LED when a temperature inhomogeneity

is applied to the channel. This implies that, although the beam diameter has an effect on σ2
I ,

it is not the only reason for the reported differences as coherent and non-coherent beams with

similar diameters yield very different results.

The results reported here can be explained in terms of beam width and coherence. A narrow

beam laser can be understood as a point source, as such the whole beam is affected in the same
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way when it interacts with the turbulent layer. Wider beams, on the other hand, can be consid-

ered a disc source so different points within the beam footprint interact with different parts of

the turbulent layer, so whilst one part of the beam may be scattered away from the Rx, another

can be scattered towards it. Similarly, when light interacts with a turbulent layer, the change

in propagation angle is dependent upon, among other things, its wavelength. This means that

photons of different wavelengths are scattered in different directions upon interaction with the

applied temperature inhomogeneity. The central wavelengths of the laser and LED are 450 nm

and 452 nm respectively, implying that the dominant wavelength of each source will be affected

similarly upon interaction with the temperature inhomogeneity. However, this wavelength de-

pendency has implications on the value of σ2
I as, due to the temporal coherence of a laser

source, the PL450b laser has a reported full width at half maximum (FWHM) of 2 nm, whereas

the spectral width of the non-coherent LD CN5M LED is 25 nm. Resultantly light from a laser,

with a narrow spectral bandwidth, is likely to all be scattered in the same manner. However,

due to light from an LED consisting of a larger number of different wavelengths then there is

a greater variation in scattering angles when it interacts with a turbulent layer. As such, the

fluctuations in propagation path are different for each wavelength meaning some are scattered

away whilst others are scattered towards the Rx, thus providing a form of wavelength diversity

to mitigate the effects of turbulence.

4.4 The Relative Effect of Turbulence in Different Water Condi-

tions

The results presented in chapter 3 suggest that the impact of turbulence is lessened in a channel

that has a larger scattering length, bZlink, due to constant sources of scattering (i.e. those not

cause by turbulence). In these channels, there is already a high degree of multiple scattering

which causes increased spatial dispersion. Meaning the, additional, small angle scattering has

less of an effect as large angle scattering is more dominant.

The following section details an experiment developed in order to evaluate these results. The

test-bed described in section 4.1 is used with a collimated laser diode light source throughout

the experimental study presented in this section. The simulation conditions from chapter 3

cannot be replicated in a laboratory setting due to size and cost constraints. Therefore, rather

than aiming to exactly confirm those results, the focus of this section is to investigate whether
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there is a change in turbulence characteristics between different channel conditions.

4.4.1 Channel Coefficients

0 5 10 15 20 25 30 35 40 45 50

Antacid Concentration (mg/L)

0

0.5

1

1.5

2

2.5

P
ro

p
a

g
a

ti
o

n
 C

o
e

ff
ic

ie
n

ts
 (

m
-1

)

a( )

fitted a( )

c( )

fitted c( )

b( )=c( )-a( )

fitted b( )=c( )-a( )

Figure 4.4: Estimated channel coefficients plotted against antacid concentration.

Using principles of the IOP, the channel coefficients may be estimated with a simple experi-

ment with using a power meter to measure the optical power incident on the Rx plane. The

channel coefficients, a, b, and c are defined respectively as the probability that a photon will

undergo an absorption, scattering, or any interaction over link distance, Zlink [25]. The channel

coefficients a and c can be calculated from the received power, whilst b can only be estimated

as the difference between a and c with the equipment available. The direct measurement of b is

possible using (2.9), as outlined in section 2.2.1, but is beyond the scope of this work.

Both a and c are calculated using Beer’s law but with slightly different receiver set ups used to

measure the power. For a a large, 4.5 cm, lens is used so that scattered photons are still received.

Therefore, the drop in power experienced as a greater concentration of antacids are added to the

channel is due entirely to absorption. For c on the other-hand, a 3 mm pinhole is placed over

the photodiode so that only the most direct (i.e. un-scattered) photons are received, meaning

that photons lost to absorption and scattering are accounted for in the drop in received power.
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Now, b can be estimated as the difference between these two coefficients, from the relationship

c = a + b. This estimate is accurate so long as the scattering component is low enough that

most of the photons are incident on the receiver plane or that back scattering and large angle

multiple scattering are not dominant.

The estimated channel coefficients are shown in Figure 4.4 plotted against antacid concentra-

tion. As would be expected, as the concentration of suspended antacid particles increases, the

propagation coefficients also increase. Due to the large lens used in measuring a, there is less

experimental variation in the curve for a than the one for c. This is due to the received power

in measuring c being low due to the pin-hole restricting incident photons to only those that

have not undergone an absorption or scattering interaction. In order to account for the greater

variation in measured-c, especially at high antacid concentration, the curves were fitted using a

3rd order polynomial function, as in (4.1) where C represents the antacid concentration. The

fit parameters for the two polynomials along with the R2 metric are given in Table 4.1. The R2

value for both suggest a 3rd order polynomial provides a very good fit, the slightly lower value

when fitting for the extinction coefficient can be attributed to the greater variation in measure-

ments, especially at higher antacid concentrations. Using these fitted curves, an estimate for b

is made, meaning the channel contained within the UCE is now characterised in terms of the

IOP of still water.

c or a = P1C
3 + P2C

2 + P3C + P4 (4.1)

Coefficient P1 P2 P3 P4 R2

Absorption 2.48× 10−6 −1.44× 10−5 0.0252 -0.030 0.99
Extinction −1.65× 10−5 8.40× 10−4 0.00482 -0.024 0.96

Table 4.1: Polynomial fit parameters used in estimating the absorption and extinction coeffi-
cients in the UCE.

The fitted curves smooth out the experimental error from measuring at low levels of optical

power, the coefficient values quoted hereafter will be obtained from the fitted curve rather

than raw data. Additionally, the fitted curves allow the trend of antacid concentration against

propagation coefficients to be seen more clearly, especially at higher concentrations. Both

a and c have an approximately linear relationship with antacid concentration up to around

30 mg/L, at which point c begins to curve towards a maximum, as incident light falls towards the
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sensitivity of the power meter, and a begins to inflect upwards. This implies that after a certain

concentration is reached, the proportion of absorbed photons increases compared to those that

are scattered. This does not seem logical and highlights the limitations of this characterisation

technique. If photons are scattered such that they are not incident upon the large Rx when

measuring for a they are classed as being absorbed. Meaning that in a highly scattering channel

a is overestimated and b is underestimated, however, for the purposes of this study the estimated

coefficients will suffice.

4.4.2 Scintillation Index and Temperature Difference
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Figure 4.5: Plots of σ2
I vs ∆T in different channel conditions with the heating element perpen-

dicular to the beam.

Scintillation index was measured as described in section 4.2 and plotted against the temperature

gradient. This was repeated in three water conditions: clear tap water; turbid condition 1 with

15.5 mg/L antacid concentration; and turbid condition 2 with 20 mg/L concentration. These

antacid concentrations yield propagation coefficients of a = 0.36 m-1 and b = 0.50 m-1 for

15.5 mg/L, and a = 0.49 m-1 and b = 0.66 m-1 for 20 mg/L and were chosen in part because of

the minimum power requirements of the New Focus 1601 Rx. These two channel conditions lie
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between coastal and harbour water when compared to Petzold’s measurements for b. However,

the values for a in both cases are greater than those of Petzold’s measurement of highly turbid

harbour water. Comparing to Jerlov water types, these coefficients fall between type II and

IC, but again don’t fit exactly with any of the previously measured natural water types. The

differences in coefficient values compared to Petzold and Jerlov’s respective measurements

are due to different particle and water characteristics, as well as the different measurement

techniques used. These measurements are simply useful case studies rather than constants so

the differences do not impact the accuracy of results.

Figure 4.5 shows the σ2
I plotted against ∆T for the three water conditions under consideration.

It can be seen that the values of σ2
I are greater in turbid 1 and 2 conditions compared to in clear

water. The maximum σ2
I recorded in clear water is 0.76 at ∆T = 10.9 K, whereas for a similar

temperature gradient of 10.7 K in the turbid condition 1, σ2
I = 1.43. In this experiment, the

results in the two turbid water conditions are in the strong turbulence regime for ∆T > 8 K,

whilst in clear water the turbulence remains in the weak regime for all ∆T .

The different σ2
I values measured in different water types shown in Figure 4.5, suggests that

other factors additional to ∆T impact upon the variance in received signal due to fading. Here,

the additional impact of increased absorption and scattering coefficients acts to increase vari-

ance in the channel, this is different to the simulation results in chapter 3 which suggest that

increased scattering coefficient lessens the impact of turbulence. To explain this difference in

trends the simulation and experimental link geometry should be compared. In the simulation,

15 m harbour and 30 m coastal links are considered, whereas in the experiment a 1.5 m tank is

used. These channels have different scattering length, bL, (i.e. the average number of scatter-

ing interactions a photon will undergo over the course of the link distance) in the simulation,

harbour and coastal links have respective a bZlink of 6.57 and 28.13, compared to 0.75 and

0.99 for turbid conditions 1 and 2 in the experiment. Therefore, the channels considered in

the experiment are not multiple scattering so do not benefit from the resilience to turbulence

suggested in the simulation.

4.5 Received Signal Intensity Distributions

As well as the strength of received intensity variance, as quantified by σ2
I , the effects of turbu-

lence can be described by the shape of the received intensity distribution. In order to investi-
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(a) LED, ∆T = 0.35 K (b) LED, ∆T = 5.1 K, # (c) LED, ∆T = 7.25 K, //

(d) Laser, ∆T = 0.4 K (e) Laser, ∆T = 4 K, // (f) Laser, ∆T = 5.8 K, //

(g) Laser, ∆T = 5.5 K, # (h) Laser, ∆T = 9.5 K, #

Figure 4.6: Figure showing recorded data from LED and narrow beam laser with similar chan-
nel conditions plotted as a histogram with Gaussian, Log-Normal, and GGD fits
applied. The fitting parameters including σ2

I are displayed in Table 4.2.

gate the effects of the channel on the intensity distribution, the received Vpp of each iteration is

recorded and plotted in a histogram for each channel condition. The received intensity distri-

butions are then fitted with Gaussian and Log-Normal distributions, as well as the generalised

gamma distribution (GGD) proposed for underwater turbulence in [68]. The goodness of these

fits quantified with the R2 metric, where a value of R2 = 1 denotes a function that perfectly

describes the data set.

Figure 4.6 shows the histograms for some selected channel conditions from Figure 4.2 and 4.3.

Histograms generated from the LED with 7.5 cm Rx lens and narrow beam laser with no Rx

lens are chosen to highlight the differences between the signal received from coherent and

non-coherent light sources with similar channel conditions. The related fit parameters and R2

fit metric are presented in Table 4.2. When σ2
I → 0, all of these distributions converge to a
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Gaussian shape, as in Figure 4.6b-4.6d. In this case, the observed variation in the received

intensity is mainly due to the presence of noise from different sources (quantisation, thermal

and shot noise) in the system. The central limit theorem suggests that the combined noise has a

Gaussian distribution. But, as σ2
I increases the Log-Normal and GGD distribution shapes are no

longer Gaussian, as in Figure 4.6f, when this happens the GGD provides the best fit across the

variety of channel conditions examined. Comparing these distribution shapes for LED and laser

for similar ∆T values (5.1 and 5.8 K respectively) provides further evidence that non-coherent

light has a greater resilience to underwater turbulence due to the fact that it is still Gaussian in

shape whilst the distribution from the coherent source is distinctly non-Gaussian.

Comparing between different heater configurations within the UCE shows the way multiple

turbulence induced scattering impacts upon the signal. In Figure 4.6e and 4.6f, the heater

element is parallel to the laser beam (denoted by the // symbol) and the Log-Normal distribution

provides a poor fit to the data, whilst in Figure 4.6g and 4.6h, the element is perpendicular to

the beam (denoted by the # symbol) and Log-Normal provides a good fit for the data. When

the element is perpendicular to the laser beam, then photons interact with the turbulent layer

once during propagation, meaning the channel can be described by the fading channel model.

However, when the element is parallel, photons undergo multiple turbulence induced scattering.

As stated in chapter 3, turbulence induced scattering is predominantly small angle scattering.

As such, the photon beam is scattered multiple times without deviating too greatly from the

most direct path which can explain the large variance without the decrease in the mean received

intensity associated with the Log-Normal distribution seen in Figure 4.6e and 4.6f.

Figure 4.7 shows the histograms fitted with Gaussian, Log-Normal, and GGD distributions for

some selected channel conditions taken from Figure 4.5. These are selected to highlight the

different effects of turbulence induced scattering in the different channel conditions considered

for this study. For all conditions, it is shown that when no temperature gradient is applied, the

distributions take a Gaussian shape with a mean centred around 1 as would be expected for

a still water channel. However, the variance of the turbid water channels is higher than the

clear water channel, as even though there is no turbulence there is a random component to the

channel due to the increased particle induced scattering from the antacid powder.

In these distributions, as ∆T increases σ2
I increases, as expected, but the mean normalised VPP

decreases, this trend is more pronounced as the turbidity increases. As the two turbid channels

are both single scattering, this drop in mean VPP can be accounted for by the increased beam
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Fit σ2
I Other parameters R2

LED, ∆T = 0.35 K, σ2
meas = 1.16× 10−6

Gaussian 1.12× 10−5 m = 1.00 0.97
Log-Normal 1.14× 10−6 µ = −5.80× 10−6 0.96
GGD 1.13× 10−6 α = 94, δ = 0.95, ρ = 100 0.97

LED, ∆T = 5.1 K, #, measured σ2
I = 7.24× 10−5

Gaussian 7.14× 10−5 m = 1.00 0.97
Log-Normal 7.13× 10−5 µ = −3.60× 10−4 0.96
GGD 7.24× 10−5 α = 5.70, δ = 0.97, ρ = 50 0.97

LED, ∆T = 7.25 K, //, measured σ2
I = 7.24× 10−5

Gaussian 7.58× 10−5 m = 1.00 0.98
Log-Normal 7.58× 10−5 µ = −3.90× 10−4 0.97
GGD 7.64× 10−5 α = 40, δ = 0.82, ρ = 18.18 0.98

Laser, ∆T = 0.4 K, measured σ2
I = 2.87× 10−4

Gaussian 3.14× 10−4 m = 1.00 0.96
Log-Normal 3.15× 10−4 µ = −1.40× 10−3 0.96
GGD 3.17× 10−4 α = 40, δ = 0.66, ρ = 8.9 0.96

Laser, ∆T = 4.0 K, //, measured σ2
I = 0.1032

Gaussian 0.0677 m = 1.06 0.89
Log-Normal 0.0567 µ = 0.09 0.81
GGD 0.175 α = 0.30, δ = 1.3, ρ = 10.4 0.95

Laser, ∆T = 5.8 K, //, measured σ2
I = 0.1912

Gaussian 0.215 m = 1.01 0.87
Log-Normal 0.218 µ = 0.09 0.66
GGD 0.175 α = 0.22, δ = 1.6, ρ = 7.8 0.91

Laser, ∆T = 5.5 K, #, measured σ2
I = 0.1912

Gaussian 0.215 m = 1.01 0.87
Log-Normal 0.218 µ = 0.09 0.66
GGD 0.175 α = 0.44, δ = 3.1× 10−4, ρ = 36.1 0.98

Laser, ∆T = 9 K, #, measured σ2
I = 0.3525

Gaussian 0.2097 m = 0.9 0.89
Log-Normal 0.3197 µ = −0.1667 0.97
GGD 0.175 α = 0.99, δ = 0.24, ρ = 3.7 0.98

Table 4.2: Fit parameters for Fig 4.6.
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(a) Clear water, ∆T = 0.45 K (b) Clear water, ∆T = 7.3 K (c) Clear water, ∆T = 8.75 K

(d) Turbid water 1, ∆T =
0.05 K

(e) Turbid water 1, ∆T = 3.8 K (f) Turbid water 1, ∆T = 11 K

(g) Turbid water 2, ∆T = 0.1 K (h) Turbid water 2, ∆T = 4.3 K (i) Turbid water 2, ∆T = 10 K

Figure 4.7: Figure showing recorded data from the narrow beam laser transmitted through dif-
ferent conditions of turbidity plotted as a histogram with Gaussian, Log-Normal,
and GGD fits applied. The fitting parameters including σ2

I are displayed in Ta-
ble 4.3.

spread causing the photons incident on the Rx plane to be spread over a larger area. When these

single-scattered photons undergo turbulence induced scattering, they may be diverted towards

the Rx or even further away, thus accounting for a greater spread in normalised VPP shown,

especially in Figure 4.7h and 4.7i.
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Fit σ2
I Other parameters R2

Clear water, ∆T = 0.45 K, σ2
meas = 1.39× 10−4

Gaussian 1.12× 10−4 m = 1.00 0.94
Log-Normal 1.12× 10−4 µ = −6.95× 10−4 0.94
GGD 1.46× 10−4 α = 103, δ = 1.00, ρ = 1.04 0.98

Clear water, ∆T = 7.3 K, measured σ2
I = 0.2452

Gaussian 0.1942 m = 0.85 0.97
Log-Normal 0.2679 µ = −0.067 0.94
GGD 0.2184 α = 1.81, δ = 0.83, ρ = 1.47 0.97

Clear water, ∆T = 8.75 K, measured σ2
I = 0.4126

Gaussian 0.4047 m = 0.73 0.92
Log-Normal 0.8011 µ = −0.034 0.74
GGD 0.4339 α = 3.01, δ = 1.76, ρ = 0.35 0.94

Turbid water 1, ∆T = 0.05 K, measured σ2
I = 0.0053

Gaussian 0.0046 m = 1.00 0.97
Log-Normal 0.0046 µ = 0.0027 0.96
GGD 0.0051 a = 12.5, b = 0.98, c = 1.63 0.98

Turbid water 1, ∆T = 3.8 K, measured σ2
I = 0.2993

Gaussian 0.1100 m = 0.76 0.88
Log-Normal 0.1926 µ = −0.1954 0.94
GGD 0.1982 α = 0.31, δ = 3.1× 10−6, ρ = 52.6 0.93

Turbid water 1, ∆T = 11 K, measured σ2
I = 1.210

Gaussian 0.4020 m = 0.5 0.79
Log-Normal 2.140 µ = −0.64 0.61
GGD 0.175 α = 0.46, δ = 0.087, ρ = 2.4 0.97

Turbid water 2, ∆T = 0.1 K, measured σ2
I = 0.0160

Gaussian 0.0159 m = 0.98 1.00
Log-Normal 0.0163 µ = −0.012 0.97
GGD 0.175 α = 1.84, δ = 0.21, ρ = 18.3 0.97

Turbid water 2, ∆T = 0.4.2 K, measured σ2
I = 0.7400

Gaussian 0.05 m = 0.396 0.96
Log-Normal 0.3025 µ = −0.81 0.99
GGD 0.3222 α = 0.29, δ = 1.8× 10−6, ρ = 38.6 0.99

Turbid water 2, ∆T = 10 K, measured σ2
I = 1.7036

Gaussian 0.0403 m = 0.25 0.97
Log-Normal 0.4726 µ = −1.30 0.99
GGD 0.5339 α = 0.27, δ = 1.29× 10−6, ρ = 28.4 0.99

Table 4.3: Fit parameters for Fig 4.7.
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4.6 Summary

Through the measured experimental data presented in this chapter, turbulence induced scatter-

ing is shown to have a greater impact on the propagation of coherent light, than for non-coherent

light. This has implications for both system design and simulation. Over the link distances

achievable via LED based UOWC, it means turbulence can be omitted from link budget, thus

simplifying design and reducing complexity. Similarly researchers simulating an LED based

IM/DD system can look to other, as yet unexplored, aspects of the channel rather than using

unrealistically high values of σ2
I . In a practical application, for a UOWC system over a short

link in turbulent waters, it could be advantageous to use a low cost LED rather than a laser,

provided it meets the data rate requirements.

Additionally, it is shown that for a given ∆T , in different water conditions the measured σ2
I

can be different. The difference in received intensity distribution shape for different channel

conditions further suggests that models of turbulence borrowed from the terrestrial FSO channel

are not adequate for UOWC. The impact of turbulence is dependent upon, properties of the Tx

and Rx, as well as properties of the channel. Including, the IOP of the channel and even the

number of turbulence induced scattering interactions.

The results discussed in this chapter were obtained in a controlled laboratory setting. However,

they can be generalised to realistic UOWC channels. The relationship between temperature

inhomogeneity and σ2
I , shown through the empirical study, is expected based on theory and

literature detailed in chapter 2. In a real UOWC system, the link distance would be longer than

the 1.5 m used in the UCE, in which case the observed σ2
I is expected to be higher - assuming

all other channel characteristics are unchanged. Increasing the link distance and removing the

boundaries imposed by the dimensions of the tank could lead to greater spatial and temporal

dispersion in the received signal. Thus, making the channel resemble that of the simulation

described in chapter 3. In this case, the geometry of the link means that the NLOS component

of the received signal can be very indirect compared to the most direct path. This is in contrast

to the channel explored within the UCE where, over a link distance of 1.5 m, geometry does

not allow for a large difference between LOS and NLOS components in the received signal.
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Chapter 5
An Empirical Comparison of

Modulation Schemes in Underwater
Optical Wireless Communication

After characterising the UCE channel, the next step in the development of a reliable UOWC

system is to transmit data through it. This chapter details an experimental study into the per-

formance of data transmission through a turbulent UOWC channel for the first time. Several

modulation schemes are considered and their performance in still and turbulent waters is dis-

cussed. The modulation schemes under test are: pulse amplitude modulation (PAM); pulse

position modulation (PPM); and subcarrier intensity modulation (SIM) with both phase shift

keying (PSK) and quadrature amplitude modulation (QAM). These were chosen due to their

prevalence in literature and, in the case of PPM and SIM, certain properties which suggest they

have a resilience to turbulence induced fading.

The chapter is organised as follows: section 5.1 gives a description of the modulation schemes

used in this paper; section 5.2 describes the experimental methodology including details of the

set-up of the UCE; section 5.3 details the performance of data transmitted through the UCE

using each modulation scheme; and section 5.5 provides a summary of the chapter.

5.1 Modulation Schemes

This section will provide a brief explanation of the modulation schemes considered in this

work. In optical wireless communications, the transmitted signal is intensity modulated with

direct detection at the receiver (IM/DD). The intensity modulated radiated optical power, Pt(t),

is given by (5.1), where Pave represents the average transmitted optical power and β is the

optical modulation index.

Pt(t) = Pave (1 + βx(t)) (5.1)
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As UOWC modulation techniques are based on modulating the intensity of the optical source

(a laser in this case), a simple direct detection receiver is required. At the receiver, the envelope

of the optical carrier is detected with a conventional square law photodetector (p-type-intrinsic-

n-type (PIN) or avalanche photodiode). Hence, the data carrying signal, x(t), that resides

on the envelope of the optical signal can now be successfully recovered. The recovery of

the transmitted signal is dependent upon the modulation scheme used based on their distinct

characteristics.

5.1.1 Pulse Amplitude Modulation

PAM encodes the data on the amplitude of the transmitted signal [19]. In its simplest form,

2-PAM is the same as on-off keying (OOK), which has been used in literature for transmis-

sion through still water, including references [91, 92]. The spectral efficiency can be increased

by adding additional amplitude levels to the signal, increasing the modulation order, M , as

demonstrated in the state of the art work which utilised M = 4 in [98]. In M -PAM, the time

continuous transmitted signal, x(t), is given by:

x(t) = Xp(t), X = 0, 1, ...,M − 1 (5.2)

where X is a symbol that can take any integer value between 0 and M −1, and p(t) is the pulse

shaping function. Here, p(t) may be a square pulse or root-raised cosine filter to decrease the

bandwidth requirement of the transmitted signal. The bit rate of M -PAM transmitted data is

given by:

Rb = Rs × log2(M), (5.3)

where Rs is the symbol rate. Increasing M comes at the cost of an increased signal-to-noise-

ratio (SNR) requirement. At the receiver, the signal is decoded based on the received ampli-

tude. However, turbulence induced fading causes the received signal amplitude to vary over

time. This in turn causes the decision boundary between symbols to change continuously in the

presence of turbulence. The effect of this can be alleviated by the use of adaptive thresholding

(AT) at the receiver. When using AT, channel state information (CSI) is regularly updated over

the course of transmission. This up-to-date CSI is then used when decoding the received signal.

This is in contrast to fixed threshold (FT) decoding, where CSI taken prior to transmission is

used to decode all symbols. In a constantly changing turbulent channel, AT can be expected to

outperform FT. However, the requirement of accurate CSI adds complexity to the AT system
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design.

5.1.2 Pulse Position Modulation

An alternative approach to circumvent the PAM challenge is to encode the transmitted data

on a component of the transmitted signal that is not affected by fading. This is the case in

PPM, where the transmitted amplitude of x(t) remains constant whilst the data is encoded in

the position occupied by a pulse within the symbol period [19]. PPM was implemented in still

water UOWC in reference [114]. Here, the symbol period is split into M slots of pulse width

Tp. The location of the pulse between slots 0 and M − 1 corresponds to the symbol being

transmitted. Thus, in PPM, x(t) is given as:

x(t) =

M−1∑
k=0

wkp(t− kTp), (5.4)

where wk ∈ w0, w1, w2, ..., wM is the PPM symbol sequence; wi = 1 when the symbol is

encoded onto the ith slot and wk = 0 for all k 6= i. After passing through the channel, the

position of this pulse is unaffected by turbulence induced fading. Thus, PPM has an inherent

resilience to the effects of turbulence.

However, due to the symbol structure used, PPM is not very spectrally efficient. The bit rate in

PPM is given by:

Rb =
1

TpM
× log2(M) = Rs × log2(M), (5.5)

where Rs is equal to (TpM)−1. This makes PPM unsuitable when high data rates are required

or the channel has limited bandwidth. Conversely, this symbol structure makes PPM power

efficient compared to 2-PAM (OOK). This makes it useful for applications where power con-

sumption must be taken into consideration, such as low power distributed sensors.

5.1.3 Subcarrier Intensity Modulation

With SIM, the intensity of an optical source is modulated by a time continuous sinusoidal

waveform x(t) given by (5.6). The digital data to be transmitted is encoded on either the

phase or the amplitude of each subcarrier [19]. When the data is encoded on the phase, as in

PSK-SIM, CSI is not required at the receiver. Spectral efficiency may be further increased by

encoding data on the amplitude in addition to the phase, as in QAM-SIM. However, as in PAM,
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there is a trade-off in terms of the requirement of accurate CSI when decoding an amplitude

modulated signal. BPSK modulated SIM has been shown to have a resilience to turbulence

in terrestrial OWC in both simulation [115] and experimental studies [116]. It has also been

applied in still water UOWC due to it not requiring detailed CSI [117].

x(t) = Asc cos(ωt+ φ) (5.6)

Accordingly, the information bit to be transmitted resides in the phase, φ, and amplitude, Asc,

of the subcarrier signal x(t). For example with binary PSK, x(t) will have a phase angle of

180
◦

to transmit data bit ‘0’ while a phase angle of 0
◦

will represent information bit ‘1’. The

subcarrier frequency, ω, is of the same order as the transmission symbol rate. So, x(t) will have

a number of equally spaced discrete phase angles, same as the number of possible information

symbols that can be transmitted in a given time duration. To modulate the light intensity, a

suitable direct current voltage is added to x(t) to make it unipolar. Thus, the envelope of the

optical carrier now fully describes x(t).

As turbulence causes large scale variations in the received intensity, the amplitude Asc is af-

fected but not the phase, φ. As a result, the digital information encoded on the phase is pre-

served from the effect of turbulence for as long as the received signal strength is above the

receiver sensitivity. Hence, no dynamic/adaptive threshold detector is required to recover the

transmitted data in the case of the phase modulated SIM-PSK. The proposed SIM approach

also permits multi-level signalling (increased data rate) compared with the conventional OOK

by using more than two symbols.

SIM can accommodate multiple subcarriers in order to utilise the entire frequency range avail-

able to a system. Increasing the amount of data carrying subcarriers in SIM yields higher

throughput. When these subcarriers are selected to be orthogonal to each other, a technique

equivalent to Orthogonal Frequency Division Multiplexing (OFDM) is achieved. Here, the

data rate is given by:

Rb = Fs ×
Ns

2 + (2OSF)Ns
× log2(M) = Reff

s × log2(M), (5.7)

where Fs is the sample rate, Ns is the number of data carrying subcarriers, and OSF is the

oversampling factor, whilstM is the modulation order as in PAM and PPM.Reff
s is the effective
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symbol rate when redundant subcarriers have been taken into account, this is comparable to the

symbol rate in PAM and PPM.

5.1.3.1 Subcarrier Intensity Modulation with Pairwise Coding

Most practical systems will have frequency selectivity introduced by inherent properties of

the communication devices, components and/or the channel. In this case, SIM with multiple

subcarriers will experience SNR imbalance among subcarriers. Pairwise coding (PWC) is a

signal space diversity technique that can mitigate this SNR imbalance and help improve the

overall system performance. It was first proposed in [118], and has been shown to provide an

improvement in error performance in terrestrial OWC [119, 120].

Figure 5.1: Comparison of information symbols affected by attenuation in classical and rotated
4-QAM constellation - taken from [120].

The PWC encoding process consists of two steps: phase rotation and interleaving of the in-

formation symbols. The subcarriers are paired based on channel gain they experience, where

subcarriers that experience good SNR are paired with those with poor SNR. A phase rotation

is then applied to the information symbols. The optimum rotation angle is used such that min-

imum distance between the paired symbols are maximised. Subsequently, the in-phase (I) and

quadrature (Q) components of the paired subcarriers are interleaved. Phase rotation provides

additional protection against the effects of noise and attenuation while the interleaving process

reduces the SNR imbalance on the subcarriers by transmitting the I&Q components of a sym-
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bol across the high and poor SNR subcarriers. An illustration of how phase rotation increases

the minimum distance between symbols is shown in Figure 5.1. The entire process of PWC

encoding is shown in Figure 5.2. In an additive white Gaussian noise (AWGN) limited flat

channel, the PWC encoding is not expected to yield any gain. The benefit of using PWC is seen

when the system operates closer to the link bandwidth limit and in highly dispersive channel

conditions where the link’s response is not flat.

Figure 5.2: Block diagram showing the process of symbol rotation and interleaving within
pairwise coding - taken from [120].

5.1.3.2 Subcarrier Intensity Modulation with Bit and Power Loading

Another method to account for the frequency selectivity of the channel is to assign subcarriers

with different modulation orders and signal magnitudes dependant upon the channel charac-

teristics. Rather than assigning a fixed M to all subcarriers, as in basic multi-subcarrier-SIM,

with bit loading the maximum M supported by each subcarrier is calculated prior to transmis-

sion [121]. Accurate CSI is needed to estimate the maximum capacity of each subcarrier, that

is the maximum number of bits per channel use. Bit and power loading are commonly used in

the state of the art works in UOWC, including references [85,96]. Therefore, any investigation

into the performance of SIM would not be complete without also taking it into consideration.

The modulation order of the ith subcarrier, Mi, is calculated using Shannon’s equation and the
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assumption that each subcarrier may be considered a flat AWGN channel:

Mi = blog2 (1 + Γi)c , (5.8)

where Γi is the SNR in the ith subcarrier, and b.c denotes the floor operation. Power scaling is

then allocated to each subcarrier so as to yield a constant SNR across all subcarriers with the

same M . As with PWC, bit and power loading is not expected to yield a gain in a flat AWGN

channel.

The data rate when bit loading is applied is calculated following expression (5.7) as:

Rb = Reff
s ×

∑Ns
i=1 log2(Mi)

Ns
, (5.9)

where i is the subcarrier index. The other variables in (5.9) are as previously defined.

5.2 Experimental Methodology

During the characterisation of the channel described in chapter 4, it was found that turbulence

generated in the UOWC channel emulator results in slow fading that is non-varying over the

sampling interval of the data logger (oscilloscope, DSA90804A). Therefore, in order to gain

a good understanding of the BER performance of a turbulent channel, data is transmitted as

packets of 80 × 103 samples - containing 100 symbols - for 1000 iterations. This means, for

each modulation scheme the BER of the random channel will converge to a repeatable value

for a given σ2
I , M , and symbol rate, Rs. Throughout this experiment, the sample rate, Fs, is

fixed to 40 Gsamp/s. This is because the the m8195a AWG only allows for Fs of {64; 32;

16} Gsamp/s. To account for this, the signal is generated based on Fs = 40 Gsamp/s, then

up-sampled to 64 Gsamp/s for transmission. The oscilloscope samples at a rate of 40 Gsamp/s

to recover the original signal. Therefore, in order to control Rs, the oversampling factor is

changed while Fs is kept constant.

Additional to the data carrying symbols transmitted in each iteration, a square-wave pilot se-

quence of 4 pulses is included within the 80 × 103 samples of each iteration. This sequence

is then used to estimate σ2
I over the duration of each data transmission. This means that the

results obtained in this chapter can easily be related to those presented in the previous chapter

when the channel was first characterised.
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The UCE is set up with a heater positioned in the centre of the tank, perpendicular to the

propagation path of the collimated laser beam. With this particular orientation being selected

because it was found to be the one where σ2
I was most controllable when the UCE channel was

characterised. Three different conditions of turbulence are used: still water with a temperature

gradient, ∆T ≈ 0 K and σ2
I ≈ 0 as in Figure 4.6d; turbulence condition 1 with ∆T ≈ 6 K and

σ2
I ≈ 0.1 as in Figure 4.6g; and turbulence condition 2 with ∆T ≈ 10 K and σ2

I ≈ 0.3 as in

Figure 4.6h. The channel in condition 1 is very controllable so could be held at σ2
I = 0.1±0.05,

whilst, towards the top end of this set up, condition 2 is much more difficult to hold to a precise

value resulting in the large variation between σ2
I = 0.3 ± 0.1 for this condition. As a result of

this variation in condition 2 turbulence strength, the analysis of modulation schemes will focus

on still water and turbulence condition 1. The results obtained through turbulence condition 2

will be used for comparing the maximum supported data rate only. The turbulence considered

in this work is in the weak regime, as the scintillation index is less than unity.

5.3 Data Transmission Through a Turbulent UOWC Channel

5.3.1 Channel Evaluation

Using the experimental set-up described in Section 4.1, the still water channel is characterised

in order to aid the understanding of the data transmission through it. The average received SNR

is approximately 27 dB in still water. Figure 5.3 shows the frequency response of the system.

The -3 dB bandwidth extends beyond 1 GHz but there is a drop to just above -3 dB between

around 750 and 950 MHz before the gain increases towards 1.2 GHz. Beyond 1.2 GHz there

is a steep roll-off with the channel gain dropping to a floor around -25 dB. The bandwidth

limitation displayed in the frequency response is predominantly caused by the photodiode used

in the system.

5.3.2 Image Transmission

To illustrate the effect of turbulence on the transmission of data, an image is first converted into

a bit stream and transmitted through the UCE in both still water and the turbulence condition 2

with σ2
I ≈ 0.3. The decoded images, transmitted using 2-PAM and 2-PSK-SIM with a data rate

of 1 Gbps, are displayed in Figure 5.4 along with the original image. In the still water channel,

the original image is recoverable with both modulation schemes - albeit with a small amount
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Figure 5.3: The normalised frequency response of the system in still water. The measured
system bandwidth is limited by the photodiode used.
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(a) Original image. (b) 2-PAM in still water. (c) 2-PAM in turbulence.

(d) 2-PSK-SIM in still water. (e) 2-PSK-SIM in turbulence.

Figure 5.4: Decoded image after propagating through the UCE using both 2-PAM and 2-PSK-
SIM at 1 Gbps data rate.

of distortion with 2-PSK-SIM. However, the images recovered from transmission through the

turbulent channel show a stark contrast between the schemes. The image transmitted using 2-

PSK-SIM has a few blemishes but the original image can still clearly be picked out. The image

transmitted using 2-PAM on the other-hand is heavily distorted, the colour is incorrect as the

red-green-blue values for each pixel experience a different channel fade. Visually it is difficult

to make out what the image is in this case. This clearly demonstrates the effect of underwater

turbulence on PAM and the resilience of PSK-SIM to turbulence.

5.3.3 PAM Transmission

Figure 5.5 shows the BER againstRs curves for {2, 4}-PAM in still water and in the turbulence

condition 1, with σ2
I ≈ 0.1. It is shown in Figure 5.5 that in still water for 2-PAM, adaptive

threshold decoding has slightly better error performance than fixed threshold. However, when

the data is transmitted through a turbulent channel the fixed threshold 2-PAM approaches an

error floor of 6 × 10−2. Whereas, with adaptive decoding only a small drop in performance is

experienced with the symbol rate at which the forward error correction (FEC) limit of 3×10−3

dropping to approximately 2.7 Gsym/s in turbulence compared to 2.9 Gsym/s in still water. This

suggests that adaptive thresholding is required in order to successfully transmit data through

a turbulent channel using PAM. Note that at the FEC limit BER or lower, channel coding
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Figure 5.5: BER curve for M -PAM transmission in still and turbulent (σ2
I ≈ 0.1) water chan-

nels, using adaptive (AT) and fixed (FT) threshold decoding.

techniques can be used to make the transmission effectively error free.

In order to increase the number of bits per symbol, a higher order of PAM can be used. Using

4-PAM in still water the symbol rate at FEC limit is around 800 Msym/s, yielding a data rate

of 1.6 Gbps, which is lower than the 2.9 Gbps achievable with 2-PAM. This suggests that

the channel bandwidth and SNR limitations mean that higher orders of M -PAM cannot be

supported. Additionally, even with adaptive decoding, the channel cannot support 4-PAM in

the turbulence condition 1.

5.3.4 PPM Transmission

Shown in Figure 5.6 are the BER versusRs curves for {2, 4, 16}-PPM in the still water channel

as well as in turbulence condition 1, with σ2
I ≈ 0.1. Here, the resilience to turbulence of

PPM is shown clearly, the BER against Rs curves for the two different channel conditions

are overlayed with no noticeable difference between error performance in the still or turbulent
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Figure 5.6: BER curve for M -PPM transmission in still and turbulent (σ2
I ≈ 0.1) water chan-

nels.

channels. There seems to be an anomaly in the 2-PPM results, whereby there is a difference

in performance between the still and turbulent channels. Here, the BER performance in the

turbulent channel is slightly better than the still channel above 1.4 Gsym/s. This happens when

the BER is too high (above the FEC limit of 3 × 10−3) for any reliable communication to be

established. However, 2-PPM is error free below 1.4 Gsym/s in still water, whereas this is not

the case in turbulence condition 1. This anomalous result at high BER can be attributed to the

random nature of the channel.

In order to increase the number of bits per symbol in PPM, the number of time slots occupied by

a symbol must be increased. Therefore for the same channel bandwidth, the achievable symbol

rate drops as the number of bits per symbol increases. This is shown to be the case in Figure 5.6

where 2, 4, and 16 PPM reach the FEC limit at 1.4 Gsym/s, 750 Msym/s, and 300 Msym/s

respectively. However, these symbol rates yield respective bit rates of 1.4 Gbps, 1.5 Gbps,

and 1.2 Gbps. It should be noted that 16-PPM requires much higher bandwidth than 2, or 4-

PPM. But the UCE link used in this study has limited bandwidth as shown in Figure 5.3. The
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additional distortion suffered by 16-PPM as a result of the bandwidth limitation is responsible

for its lower bit rate at the FEC limit.

5.3.5 SIM Transmission
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Figure 5.7: BER curve for PSK-SIM transmission in still and turbulent (σ2
I ≈ 0.1) water chan-

nels.

SIM encoded data is transmitted through the UCE across 64 subcarriers, the BER versus Rs

curves for SIM with {2, 4, 8, 16, 32}-PSK are shown in Figure 5.7. For M = 2, 4, and 8

there is a small drop in performance between the still and turbulent channels owing to the fall

in average SNR associated with turbulence induced fading. Here, the data is encoded on the

phase of the signal and so despite this drop in average SNR, up to M = 8 can be supported

in the turbulent channel below the FEC limit. This can be contrasted to PAM, which cannot

support M > 2 in turbulence. In the turbulent channel, the maximum supported data rate is

3.36 Gbps, achieved with M = 8. This can be compared to a rate of 3.4 Gbps in the still water

channel. In still water PSK-SIM can support up to M = 32 at FEC limit, but in the turbulence

condition it can only support orders up to M = 8.
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Figure 5.8: BER curve for QAM-SIM transmission in still and turbulent (σ2
I ≈ 0.1) water

channels.

Higher order modulation can be accommodated by encoding data onto the amplitude, as well

as the phase, of the transmitted signal. This is shown in Figure 5.8 where SIM is modulated

with {4, 16, 64}-QAM in still and turbulent waters. As with PSK-SIM, QAM modulated SIM

experiences an increase in BER for a given symbol rate in the presence of turbulence compared

to the still channel. In still water, a maximum data rate of 4.2 Gbps is reached with 16-QAM and

there is no clear drop in rate when turbulence is applied to the channel. The greater separation

between symbols in QAM (and the additional dimension upon which data is modulated) means

its SNR requirement is lower than in PSK-SIM for M > 4. Resultantly, at the FEC BER or

lower, modulation orders up to M = 64 can be supported in still water and M = 16 in the

turbulent condition.

In Fig. 5.7 and 5.8, the BER curves display a stepped shape when M > 2. This is most

noticeable for 16-QAM-SIM in Fig. 5.8 where, in both channel conditions, there is a dip in

BER at approximately 0.8 Gsym/s followed by an increase above 0.9 Gsym/s. We believe this

is a consequence of the fluctuation in the channel response at around 0.6 GHz-1 GHz, as shown
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in Fig. 5.3.

5.3.6 Comparison of PAM, PPM and SIM Schemes
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Figure 5.9: A comparison of the maximum data rate achieved to BER ≤ 3× 10−3 using each
modulation scheme in different channel conditions.

The comparison of the different modulation and signal processing techniques used in this study

is summarised in Figure 5.9. The maximum data rate attainable at the FEC limit of BER ≤

3 × 10−3 is obtained from the BER versus Rs curves for each scheme. It is shown that in

still water, with σ2
I ≈ 0, the maximum data rate is 5.2 Gbps achieved using QAM-SIM with

PWC. The maximum data rate achieved in turbulence condition 1, σ2
I ≈ 0.1, is 4.2 Gbps using

SIM with 16-QAM. Finally, in turbulence condition 2, the highest data rate is obtained via

QAM-SIM with bit and power loading to achieve 3.1 Gbps for the channel under consideration.

However, the performance of PWC degrades as σ2
I increases at a steeper rate than the other

schemes. QAM-SIM with bit and power loading also degrades in turbulence condition 1 at a

faster rate than basic-SIM as the subcarrier loading is based on an average CSI in a changing

channel.
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The inherent resilience of SIM and PPM to turbulence is further emphasised in Figure 5.9

where the drop in maximum rate between still water and the turbulence condition 1 is shown

to be small compared to PAM. There is very little or no difference between the maximum data

rates attainable in still water and in turbulence condition 1 for the SIM and PPM schemes. The

turbulence condition 2 is included to show the limits of this resilience. When σ2
I is higher, the

likelihood of a deep fade is higher, thus, the BER will increase. Additionally, as σ2
I increases,

the mean SNR decreases - as illustrated in intensity distributions presented in Chapter 4 - further

reducing the maximum achievable data rate. Here, bit and power loading has an advantage over

the basic-SIM. With the bit loading optimisation algorithm, the number of bit loaded onto a

subcarrier, Mi, is calculated based on the mean SNR estimated using pilot bits. So, the reduced

SNR per subcarrier is accounted for. It is worth emphasing that bit/power loading requires an

accurate knowledge of the channel conditions.

5.4 Signal Processing Techniques to Overcome Bandwidth Limita-

tions

Additional signal processing techniques may be applied to these modulation schemes in order

to further improve performance. However, due to the accurate CSI required to perform these

signal processing techniques, they are presented for discussion in still water only. Although,

PWC and bit and power loading were applied in the turbulent channel they are best suited to

the time-invariant still water channel condition.

5.4.1 M-PAM with Linear Equalisation

It should be noted the DC-blocker component of the New Focus 1601 photodiode is a high

pass filter. This means that very low frequencies components of any transmitted data signal are

severely attenuated. This is what is responsible for the distortion that is observable when square

pulses are transmitted, at low symbol rates, through the test-bed. This effect, combined with

the limited upper bandwidth of the link, limits the performance of pulsed-based techniques of

PAM and PPM, especially at higher orders of M . A solution to this is to use pulse shaping

to lower the bandwidth requirement of x(t). Thus, p(t) in (5.2) is no longer a square pulse

but a root-raised cosine function. The result is displayed in Figure 5.10 for both clear and

turbid with 11 mg/L antacid concentration (approximately a = 0.25 m-1, b = 0.34 m-1, and
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Figure 5.10: M -PAM in clear and turbid, still water with root-raised cosine pulse shaping.

c = 0.59 m-1) to mimic murky coastal water. Due to the increased dispersion in the turbid

channel, a 4.5 cm lens is placed in front of the Rx for this part of the investigation. Comparing

this with Figure 5.5, it can be seen that PAM with pulse shaping can support higher orders

of M with BER performance below the FEC limit. Now, 4-PAM is below FEC up to around

1.5 Gsym/s compared to 750 Msym/s with square pulse PAM, doubling the achievable data

rate to approximately 3 Gbps in still water with no turbulence. Additionally, 8-PAM is now

possible, albeit with the FEC limit reached at 300 Msym/s yielding a data rate of 900 Mbps.

The higher orders of M are limited by the receiver SNR in this set up and 16-PAM can not be

supported below FEC. It is interesting to note that the link error performance in clear and turbid

water are almost identical. This suggests that the limiting factor here is not the bandwidth of

the channel, but that of the equipment used.

If the channel is invariant for the transmission period, linear equalisation may be used to further

lower the PAM BER. Figure 5.11 shows the BER versus bit rate when equalisation is applied

to 4-PAM in clear water. Here the maximum data rate is further improved to 4.8 Gbps at

a BER of 3 × 10−3 when a 32 tap equaliser is used, with no further improvement gained
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Figure 5.11: 4-PAM in clear, still water with root-raised cosine pulse shaping and Ntap linear
equalisation.

by using 64 taps. Linear equalisation is, however, computationally slow; so under turbulent

conditions the channel will have changed by the time the equaliser has been trained. Detecting

PAM symbols correctly in turbulence remains a challenge even with equalisation. That is,

the changing amplitude that makes fixed-threshold symbol-by-symbol detection difficult also

makes estimating the equaliser weights challenging in turbulence.

5.4.2 SIM with Pairwise Coding

PWC is applied to SIM to overcome bandwidth limitations in the system. Figure 5.12 shows

the BER performance of SIM-PSK with and without PWC. There is a large gain from using

PWC in 2-PSK-SIM with the symbol rate at FEC increasing from approximately 1.5 Gsym/s

to 2.5 Gsym/s. The gain of PWC decreases as the minimum phase difference between symbols

decreases. Thus, 4-PSK-SIM with PWC does not offer any significant gain for the channel

under consideration.
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Figure 5.12: BER curve for PSK-SIM-PWC transmission in the still water channel.

Shown in Figure 5.13 is the empirical BER as a function of Rs for QAM-SIM with PWC. As

data is encoded on both the phase and the amplitude of the transmitted signal there is more scope

for gain from phase rotation and interleaving to improve the average BER. The performance of

4-QAM-SIM should be identical to that of 4-PSK-SIM, so the very small gain observed in 4-

QAM-SIM with PWC is down to experimental variations. However, the large gains from PWC

in 16 and 64-QAM are in line with expectations and highlight the benefits of the technique.

The symbol rates at FEC increase to approximately 1.1 Gsym/s and 870 Msym/s for 16 and 64-

QAM respectively. These correspond to data rates of 4.4 Gbps and 5.2 Gbps which represent a

sizeable gain over SIM-QAM without PWC in still water.

5.4.3 SIM with Bit and Power Loading

The graph shown in Figure 5.14 displays the Mi allocated to each subcarrier with bit loading at

the sampling rate of 1 Gsym/s. The maximumMi is 6 which corresponds to 64-QAM implying

the SNR is too low to support any higher orders, which is in line with the basic-SIM results
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Figure 5.13: BER curve for QAM-SIM-PWC transmission in the still water channel.

where 64-QAM can only be supported below around 700 Msym/s. It is shown that for the

turbulent channel fewer bits are allocated to each subcarrier resulting in lower transmission

speed.
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5.5 Summary

In this chapter, it is shown through experimental results that modulation schemes that do not

just encode data on signal amplitude - namely SIM and PPM - have an inherent resilience to

turbulence induced fading. Of these, PPM is spectrally inefficient making it unsuitable in band-

width limited channels, or for high data rate applications. Signal processing techniques applied

in this study further improved the maximum data rate achieved using SIM in a bandwidth lim-

ited channel. The PWC offers a good improvement over basic-QAM-SIM in still waters but its

performance in turbulence is worse than that of basic-SIM due to its dependent on the accurate

knowledge of the channel. For the link response under consideration, bit and power loading

results in marginal improvement over the uniformly-loaded QAM-SIM in still water with no

turbulence. On the other hand, in the stronger of the two turbulence conditions bit and power

loading provides a significant gain over the basic-QAM-SIM scheme owing to it accounting for

the drop in average SNR when allocating subcarrier loads based on measured CSI.
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Chapter 6
Conclusions and Future Work

6.1 Conclusions

UOWC has the potential to provide high speed communication links over 10’s of metres which

can prove useful for a range of applications, such as obtaining data from a remote sensor net-

work or UAV. These applications could form part of a hybrid network alongside RF and UAC

technology, with these providing long range terrestrial and underwater links respectively. The

concept of UOWC and its relation to the more mature technologies was introduced in chap-

ter 1 along with an overview of the rest of the thesis and its main contributions. Chapter 2

provided background information and theory relating to the UOWC channel and enabling tech-

nologies, it additionally summarised the state of the art and highlighted holes in the literature

that subsequent chapters aimed to fill.

In chapter 3, the UOWC channel model was further developed to incorporate turbulence in-

duced scattering into a photon tracking simulation for the first time. It was shown that the

additional small angle scattering, used to model turbulence, causes additional spatial and tem-

poral dispersion in the received signal. Additionally, by including turbulence in a single model

along with absorption and scattering, the random fading statistics of the channel could be inves-

tigated in different water conditions for the first time. Through this technique, it was shown that

the impact of turbulence induced scattering is lessened in an already highly scattering channel.

The CIR of the stationary channels were then used to evaluate the communication performance

of the simulated channel, in terms of maximum achievable data rate and BER. It is shown that

as the turbulence induced scattering coefficient, bt, is increased, the maximum data rate possi-

ble through the channel decreases, as would be expected from the increased dispersion in the

link.

In chapter 4 the channel was further investigated empirically, using an experimental test-bed

and UCE developed for this purpose. Using this test bed, the relative effect of turbulence in-

duced scattering on coherent and non-coherent light is presented. It is shown that non-coherent

light, emitted from an LED, has an inherent resilience to the effects of turbulence induced fad-
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ing compared to coherent light from a laser point source. This has implications for simulation

where it is common in literature for unrealistically high values of σ2
I to be used when modelling

turbulence induced fading for LED transmission - time could be better spent investigating other

channel phenomena such as link alignment or the water-air boundary. Additionally, in this

chapter an attempt was made to support the simulation results from chapter 3 with an empirical

investigation into the relative impact of turbulence in water with different scattering conditions.

The, multiple scattering, oceanic turbulence conditions modelled through simulation were im-

possible to replicate within the UCE, however, σ2
I was measured to be higher in clear and turbid

waters. These results may seem to contradict those of the simulation, but it must be noted that

the turbid water channel was still a single scattering channel. Therefore, the multiple scattering

conditions that provided the resilience in the simulation were not recreated due to limitations

in the experimental set-up, including the physical dimensions of the UCE. Despite these differ-

ences in the channel and the measured outcome, the fact that a difference in σ2
I was observed

suggests a change in β(θ) in the channel, confirming that turbulence should not be considered

in isolation from the IOP when evaluating a UOWC channel.

Finally, in chapter 5, the previously characterised channel was used for experimental data trans-

mission. A performance comparison of the PAM; PPM; and SIM modulation schemes in tur-

bulent conditions was presented. It was shown that PPM and SIM have a degree of resilience

to the effects of turbulence induced fading due to the way in which data is not entirely encoded

on the amplitude of the signal. It is further shown that, of these two schemes, SIM can pro-

vide the highest data rates in turbulence due to its higher spectral efficiency compared to PPM.

The highest data rate achieved with conventional SIM modulated with 16-QAM in still water

is 4.2 Gbps, this rate was also achieved in the channel under turbulence condition 1 with no

clear drop in performance at a BER of 3× 10−3. Following this, signal processing techniques

were applied to further increase the maximum data rate. Pulse shaping and linear equalisation

was applied to PAM to overcome the bandwidth limitation of the link. This allowed a data

rate of 4.8 Gbps to be supported in still water channel, but due to the requirement for accurate

CSI, it could not be applied in turbulent conditions. Two signal processing techniques were

applied to SIM: PWC, and the state of the art bit-loading technique. PWC was shown to have

the best performance in still waters, achieving a data rate of 5.2 Gbps, but this performance

degrades sharply with increased σ2
I . Conversely, the performance of SIM with bit-loading only

marginally out performed conventional QAM-SIM in still waters, but the performance in the,

strongest, turbulence condition 2 outperformed all other modulation schemes under test. It is
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suggested that this is due to the bit-loading accounting for the average channel gain prior to

transmission and assigning fewer bits to each subcarrier, thus, reducing the SNR requirement

to achieve error free communication.

6.2 Future Work

The work presented in this thesis aimed to address a small amount of the gaps in UOWC

literature, it is not exhaustive and there is still much to be done to fully understand the channel

and to improve link performance within it. In this final section, recommendations for future

work will be made, building upon work presented within this thesis.

In terms of channel modelling, the photon tracking MC simulation used in chapter 3 is a very

resource intensive, making it impractical for many people who may wish to use it. As such,

one recommendation is to develop parameterised expressions for h(t) and σ2
I to give approxi-

mations to those output by the simulation, similar to those that exist for terrestrial OWC links.

As stated throughout this thesis, the UOWC is made more complicated due to the high amount

of scattering. However, the trends in fitted DGF coefficients and those of the exponential func-

tion fitted to the σ2
I vs bt curves suggest relationships could be found under certain simulation

conditions. Additionally, additional simulation work could be done to investigate the effects of

turbulence induced scattering in a non-uniform channel, as may be more accurate for various

real-world applications.

Similarly, experimental work to validate the relationships obtained through simulation in the

multiple scattering channel would be necessary in order for such parameterised expressions to

be used reliably. To that end, the experiments described in chapter 4 should be repeated on a

much larger scale, and in real ocean conditions if possible.

The experimental works presented, both channel characterisation and data transmission, were

carried out off-line, i.e. not in real time. A useful development towards a functioning UOWC

system would be to apply these in real time, perhaps using a field programmable gate array

(FPGA) device. This would prove invaluable in performing in situ experiments in real waters

and further display the potential for high-speed UOWC.

Furthermore, the data transmission study presented in chapter 5 showed a comparison of the

performance of different modulation schemes and signal processing techniques under turbulent
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conditions. A clear next step from this is to apply turbulence mitigation techniques to improve

UOWC link reliability. Possible techniques include spatial diversity and automatic gain con-

trol to account for variation in the received signal. Another direction to take from this work

would be to apply more signal processing techniques to further increase the maximum data rate

achieved in the link. These techniques could be probabilistic shaping, as used in reference [95],

or separately modulating data on to parallel links as in WDM or PDM, as in reference [96].

Equally, signal processing techniques that have not yet been applied in UOWC literature could

be developed or borrowed from terrestrial OWC, similarly to PWC and bit-loading.

6.3 Practical Considerations for UOWC Deployment

When considering a practical application, and the associated performance limitations therein,

certain parameters should be considered that are not in a laboratory experiment. These include

the trade-off between maximising data rate and power efficiency. In any link, the maximum

data rate will be achieved with the maximum SNR. However, in a remote environment a node

will likely be battery powered and, as such, cannot simply increase the transmit power when

required. In such situations, a power efficient modulation scheme like PPM may be employed

whilst accepting that spectral efficiency may be lost. This trade-off may be made with little

practical loss due to two factors, namely, the high frequency of OWC technology allowing poor

spectral efficiency to still achieve Gbps level data rates, and the fact that nodes in a distributed

sensor network will also be limited by computational considerations meaning that links in the

10’s of Gbps are not required. Whereas, when higher data rates are required a UOWC system

can utilise spectrally efficient higher order modulation techniques, such as PSK and QAM-SIM.

These may be less power efficient but this can be accommodated in applications where data rate

is a priority - such as for large data packets over a short link in a harbour setting.

Equally, similar considerations would be used when designing a hybrid network with UAC and

RF technologies. For example, UAC could provide a long distance backbone in the network

while also being used for establishing a connection between nodes. Due to its long propagation

range in water it could be used to search for nearby nodes by broadcasting position information

before UOWC takes over for data transmission. The poor propagation of RF in water makes

it best suited for terrestrial communication from surface based buoys rather than underwater.

Switching between these complementary technologies could provide a challenge to engineers

but provided each is used for applications suited to their properties a hybrid network should be
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achievable.

The focus of the work contained in this thesis was turbulence, therefore a discussion on practical

considerations cannot be complete without considering channel conditions. In the experiments

contained chapter 5, PAM with AT; QAM-SIM; PWC-SIM; and bit and power loading, CSI

was obtained using pilot bits transmitted prior to data transmission. This technique can be

applied in real time but alternative methods exist. These include, but are not limited to, the use

of automatic gain control or a large aperture lens to reduced fluctuations in the received signal.

Both of these techniques reduce the need for amplitude corrections in the Rx and can be easily

implemented alongside all of the techniques proposed in this thesis.
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