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1.1 General context

1.1.1 Interest in underwater environment

Water basins including oceans and lakes cover almost the third quarter of the earth
surface, and play an important role in maintaining life on earth, including climate
regulation, and oxygen production, for instance. Human kind is more and more
relying on oceans for transportation, food production, bio fuel extraction, mineral
exploitation, climate change monitoring, pollution monitoring, etc. Despite these
critical issues, our knowledge of underwater environment remains very limited, often
restricted to shallow waters, while deep waters remain a mystery, and as a matter of
fact, by far less known than space. This is mainly due to the hostility of the water
body, lacking oxygen, and exhibiting extremely high pressures.
This significant lack of knowledge of such important resources has raised a growing
awareness within the scientific community over the last decades about the urgent
and critical need for a careful monitoring, exploration, and exploitation of marine
environment. Indeed, the human activities underwater have recently witnessed a im-
portant expansion thanks to the development and maturing of underwater robotics,
including remotely-operated vehicles (ROVs) and autonomous underwater vehicles
(AUVs). These last are able to navigate in difficult-access underwater locations, and
are employed along with underwater sensor networks, for instance, to collect various
data. However, the proper use of these latter is conditioned on the development of
efficient, high bandwidth, and reliable communication solutions underwater.
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1.1.2 Underwater Communication technologies

Classically, cabled or fibre-based techniques are used for underwater communica-
tions. They offer several advantages including high speed and reliable communica-
tion links. However, their use can be challenging in difficult-access locations and in
deep sea as they will limit the range and manoeuvrability of the underwater vehi-
cles. In addition, cables can easily be twisted by the underwater wildlife, and would
consequently require relatively expensive maintenance operations. In such cases,
there is a high interest in wireless communication techniques.
Wireless communication solution in sub-sea environments are expected to meet strict
requirements such as a large bandwidth enabling high data transmission rates to
handle large size data and reliable information transfer. The main communication
solutions considered in this context are radio frequency (RF), acoustics, and op-
tical communications. RF waves suffer from high attenuation in water, and their
propagation range is though limited to a few meters. Acoustic waves are a strong
alternative thanks to the ease of sound propagation in water. Although widely em-
ployed in practice for long range links, and despite the tremendous progress made
in this field, acoustics-based communication underwater suffers from very limited
bandwidth. For these reasons, a growing interest is steered toward optical commu-
nications. These latter provide unprecedentedly high data rates (on the order of
Mbps to Gbps) for short and moderate ranges (up to several hundreds of meters
typically) thanks to the large available bandwidth. Also, due to the high propaga-
tion speed of optical waves in water, optical transmission does not practically suffer
from delay latency. Therefore, optical communication is regarded as an attractive
alternative (or a potential complementary) solution to acoustic communication.

1.1.3 Wireless optical communication history

The interest in developing communication solutions in underwater environments
dates back to Leonardo da Vinci [1]. The first reported practical uses of underwa-
ter acoustics for communicating underwater is reported to date to the early 1900s.
After 1930, underwater telegraph systems employing acoustics waves were widely
employed in submarines [2].
Interest toward underwater optical communications emerged a bit latter, during the
1970’s and 1980’s. The majority of the related work examined the feasibility of
communicating with submarines from air-crafts or satellites. This application pre-
sented a number of critical challenges, since it required the laser signal to propagate
long distances through the atmosphere, through the air/water interface, and finally
through the challenging underwater environment. This required high power, high
repetition rate blue/green sources . Only recently, with the advance in optroelec-
tronics, optical underwater communication has revealed to be a viable alternative
to the traditional acoustic communications.
Today, with the growing use of wireless optical links in the air, made the use of
optical technologies for underwater communication on medium ranges appears to
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be very promising. For instance, the free-space optical (FSO) communications tech-
nology, which is nowadays quite mature, has contributed to the development of cost
effective, high sensitive optoelectronic devices (e.g. photo-detectors). Besides, the
great interest toward visible light communications (VLC) has resulted in the man-
ufacturing of energy-efficient light source technologies, i.e., light emitting diodes
(LEDs).

1.2 Thesis objectives

As explained earlier, underwater wireless optical communications (UWOCs) have
the advantages of high data rate transmission over moderate distances, up to several
hundreds of meters. However, establishing an optical communication link is very
challenging in underwater environment, where the optical signal is subject to high
attenuation. Although several works have focused on the characterization of the
underwater propagation channel, many related issues remain open. Among these,
the effect of a background noise, such as solar rays underwater, on the system
performance. Besides, the typical low levels of received signal imply the need for
employing highly sensitive photo-detection technologies, so as to enable long range
communications.

The objective of this thesis is first to analyze the performance of data trans-
mission links based on commonly-used optoelectronic components for UWOCs. We
particularly focus on the effect of solar background noise on the link performance, an
open issue rarely considered in the literature. This can have an considerable effect
on the system performance, particularly for shallow depths. Then, we study the
feasibility of employing a very recent and promising photo-detector component, the
Silicon photo-multiplier (SiPM). These components are very sensitive to low light
intensities, and appear to be specially advantageous to use in underwater communi-
cation context in the aim of enabling longer transmission distances. We investigate
the use of appropriate signaling schemes, including modulation schemes and channel
equalization, so as to improve the data transmission rate and link span. Lastly, we
validate a part of our theoretical results through a series of experiments.

More specifically, the thesis outline is presented below.

1.2.1 Thesis outline

InChapter 2, we provide a literature survey of the current research on UWOCs. We
present an overview of the state-of-the-art of this technology, the related challenges,
the employed systems and components, and the reported achieved performance.
The relevant related publications, research works, prototypes, and commercialized
products are presented.

In Chapter 3, we study the effect of the background noise generated by solar
radiations on the communication link performance. First, we present an analytic
generic model of the solar noise and then study its impact on the underwater wireless
optical communication link performance in terms of the link bit error rate (BER).
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Our study considers three different photo-detector types, in order to highlight the
practical limitations of establishing an UWOC link for each case. we show how the
sensitivity to solar radiations varies depending on both the operation depth and
the receiver characteristics. The results we present are insightful for UWOC system
designers and also users when these links have to be deployed in relatively shallow
waters where the propagation medium cannot be considered as dark.

In Chapter 4, we investigate and highlight the interest of employing SiPMs
in the UWOC context. As explained, these components stand out for their high
sensitivity to low optical signal levels, down to a single photon, and are considered
in order to increase significantly the transmission range. Furthermore, we investigate
different modulation techniques to be employed with SiPMs, in the aim of further
improving the link performance.

In Chapter 5, we investigate the bandwidth limitations arising from both the
underwater optical channel, and transmitter (Tx) and receiver (Rx) components,
and determine the scenarios where they may effectively degrade the system perfor-
mance in terms of data rate and link span. Then, we investigate the use of channel
equalization technique in the frequency domain, which is a reliable and low com-
plexity solution to surpass the bandwidth limitation imposed by the optoelectronic
components. We show the improvement in the link data rate by using this promising
solution.

In Chapter 6, we provide a description of the experimental setup we developed
in collaboration with IFREMER, and the different electronic and optical compo-
nents used therein. We present the main obtained results and compare them to the
theoretical results we obtained previously.

Lastly, Chapter 7 concludes the thesis and gives some perspectives for future
work.

1.2.2 Main contributions

In summary, the main contributions of this thesis are:

• Proposing an analytic expression of power attenuation within underwater op-
tical channel, more adapted to a diffuse light beam such that of an LED,
avoiding hence the resorting to computationally complex Monte Carlo-based
simulations.

• Presenting an analytic generic model of the solar noise underwater, often ne-
glected in previous works, and investigating its impact on a UWOC link per-
formance.

• Investigating the suitability and feasibility of employing SiPMs in UWOC
context, and demonstrating their interest for establishing long-range high-rate
communication links.

• Comparing different modulation techniques to use with SiPM-based receives
in the aim of enhancing the system performance.
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• Investigating the use of frequency domain channel equalization to improve the
maximum achievable communication distances and the tolerable data trans-
mission rates.

• Designing and implementing a test-bed in order to validate a part of the
theoretical results.

1.2.3 Author’s publications
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2.1 Introduction

The objective of this chapter is to provide a literature survey of current research
on UWOCs. We present an overview of the state-of-the-art of underwater optical
communications, the related challenges, the employed systems and components, and
the reported achieved performance. Thus, we present a review of relevant related
publications, research work, and mature technology products and prototypes.
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In Section 2.2, we make a comparison of potential communication technologies
underwater. We show that optical communication is of great interest compared
to the widely used acoustic waves, offering several advantages, including high data
rates. For a reliable communication establishment, it is mandatory to characterize
the underwater optical channel. Thus, in Section 2.3, we focus on the overview and
characterization of the aquatic optical channel. We study the physical phenomena
which impact the propagation of light underwater, and establish a classification of
waters upon their bio-optical characteristics. Based on this, we provide a model of
optical power loss within the aquatic channel. We also review the channel impulse
response and in particular the channel delay dispersion. In Section 2.4, we present
the existing transmitter and receiver technologies employed in UWOCs, along with
the mainly used signal processing techniques. Next, in Section 2.5, we present some
practical challenges an UWOC system is facing, which can be perilous to the system
performance. Then, some existing prototypes and commercialized UWOC systems
are presented in Section 2.6. Lastly, Section 2.7 concludes the chapter.

2.2 Underwater communication technologies

In this section, we provide a brief overview of exist technologies employed for wire-
less communications in underwater environments, i.e. RF, acoustics, and optical
communications. Presenting the main related works in the literature, we list the
main features and impediments of the three communication technologies.

2.2.1 Acoustic communications

Acoustic communication is currently the most common technology for sensing and
data transmission underwater and is regarded as a benchmark to which other under-
water communication solutions are usually compared [3]. It is employed for various
applications, for instance, marine research, oceanography, offshore oil industry, and
defense [4]. In contrast to RF waves, and due to the ease of propagation in water,
acoustic waves allow the establishment of communication links over relatively long
ranges up to hundred of Kilometers [5]. Nevertheless, underwater acoustic communi-
cation faces a number of challenges. The major one is the hostility of the underwater
acoustic channel. The signal suffers from extremely variable delays (depending on
the water conditions such as salinity, temperature, and pressure) and is subject to
relatively long latency, multi-path propagation, and fading. This results in some
cases in poor transmission quality [5]. Also, given the limited channel bandwidth,
this technology is not adapted to high data rate transmission and the data rate is
typically limited to few Kbps [6]. Furthermore, the underwater acoustic antennas
are bulky and expensive (often not adapted to the underwater system compacteness
requirements), and energy greedy. This is due to the long transmission distance and
the need for complex signal processing at the receiver to compensate channel distor-
tion and interference. Lastly, acoustic communication systems suffer from several
external noise sources such as submarines, ships, and mammals.
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Figure 2.1: Absorption spectrum of electromagnetic radiation underwater, repro-
duced from [14].

2.2.2 RF communication

RF-based communication is employed in a number of applications in free space.
The main strength of RF-based transmission is its capability of operating over long
distances, and at high data rates.
Several research studies were focused on employing RF waves for underwater com-
munication, e.g. [7, 8, 9]. However, the use of this technology is limited to very
short links due to the high absorption of RF waves in water [3], see Fig. 2.1. Basi-
cally, Rf waves with extremely low frequency (ELF) band (30 − 300Hz [10]) have
been used for very low data rate long range communication between submarines.
An RF-based communication is reported in [11], enabling MHz transmission over a
distance of 100m, yet requiring sophisticated and large antennas and a high trans-
mission power on the order of 100W.
In [12], a comparison of RF and acoustic communications is carried out, confirming
the suitability of RF waves to short range communication with low data rates. It
is reported to achieve 6m link distance at 100KHz, 16m at 10KHz and 22m at
1KHz. A solution based on multi-input multi-output (MIMO) configuration and
quadrature phase shift keying (QPSK) modulation was proposed in [13] which was
reported to achieve 48Kbps over a distance of 2Km.

2.2.3 Optical communication

Given the limitations of acoustic and RF technologies, UWOCs draw attention as
an interesting solution, offering several advantages including unprecedentedly high
data rates (on the order of tens to hundreds of Mbps) for relatively short ranges [15]
(up to 200m) thanks to the large available bandwidth. This property boosts the
application scope, for instance, allowing the transmission of multimedia data with
high definition, e.g. for the purpose of oceanographic monitoring. Furthermore, due
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to the high propagation speed of optical waves in water, optical transmission does not
practically suffer from latency [16]. Therefore, optical communication is regarded as
an attractive alternative (or a potential complementary [17]) solution to long range
acoustic communication [18, 19]. As a matter of fact, UWOC uses the visible band
of the electromagnetic spectrum, where water is relatively transparent to light and
absorption takes its minimum value ( see the next section). Furthermore, UWOCs
employ on the existing and mature opto-electronic components already developed
and tested for fiber optic and free-space optical (FSO) communications in the air
(e.g. high sensitive photo-detection technologies), which make the related systems
reliable and cost-effective. Exemple of UWOC application are presented in Fig. 2.2.

(a) Underwater oil and gas pipelines
monitoring with UWOC networks [20].

(b) UWOCs employed for underwater
envirmental monitoring [21].

Figure 2.2: Example of UWOC applications.

A comparison of the different aforementioned underwater communication tech-
nologies is presented in Table 2.1. Focusing on UWOC, we provide in the following
a literature review of the related research work. Meanwhile, we explain the main
challenges facing the optical signal, and the establishment of a reliable UWOC in
general.

2.3 Underwater wireless optical channel

Modeling and characterizing the underwater optical channel is a key step for efficient,
reliable, and robust UWOC system design. In this section, we first present the
main challenges that faces light propagation within seawater, i.e., absorption and
scattering. Then, we scrutinize the water classification models based on the related
optical properties. Next, we present optical power attenuation model within the
aquatic channel and investigate the channel impulse response.

2.3.1 Absorption and scattering

The optical signal underwater is subject to strong attenuation mainly due to ab-
sorption and scattering. The absorption phenomenon consists in a loss of intensity



2.3. Underwater wireless optical channel 11

Table 2.1: Comparison of different underwater communication technologies, adapted
from [10]
Parameter Acoustic RF Optical

Speed 1500m/s ≈ 2.25 108 m/s ≈ 2.25 108 m/s
Data rate ∼Kbps ∼hundred of

Kbps
up to Gbps

Range hundred of
kilometers

up to ≈ 10m up to 100m

Bandwidth ≈100KHz ∼MHz ∼GHz
Tx power tens of Watts

(typical value)
up to hundred of
Watts

few Watts

Attenuation Distance and
frequency
dependent
(0.1-4 dB/Km)
[22]

Frequency and
conductivity
dependent
3.5− 5 dB/m [23]

0.1 dB/m
(Deap ocean)
- 10 dB/m (Shal-
low turbid)[24].

of the optical beam, resulting from the conversion of some photons’ energy to an-
other form, e.g. thermal. The scattering process consists in the change of direction
angle of some photons, which deviate from their initial direction. Absorption and
scattering are described by two coefficients (in m−1) a and b, respectively. Let us
consider an elemental volume of water ∆V , which has a thickness ∆r, as shown in
Fig. 2.3. The water is illuminated by a monochromatic collimated beam at a fixed
wavelength λ, of spectral radiant power Pi. A certain amount of the incident power
is absorbed by the water, denoted here by Pa, whereas another part of it is scattered.
In order to model this latter, let us consider Ps(λ,Ψ), a portion of scattered light
over a given angle Ψ (see Fig. 2.3). The total scattered power, denoted by Ps(λ), is
defined as the summation of Ps(λ,Ψ) over all angles Ψ. The remaining power, Pt
passes through the water unaffected. By conservation of energy, we have:

Pi(λ) = Pa(λ) + Pt(λ) + Ps(λ). (2.1)

We define the absorbance A as the fraction of incident power, absorbed within ∆V .
Likewise, the fraction of incident power, scattered in all direction is defined by the
scatterance B; A and B being functions of the wavelength λ. Thus,

A(λ) =
Pa(λ)

Pi(λ)
, B(λ) =

Ps(λ)

Pi(λ)
(2.2)

In order to accurately describe the inherent water optical properties, it is more useful
to define A and B per unit of distance, which comes to consider the already defined
coefficients a and b. They are obtained by taking the limit of A and B as the water
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Δr

ΔVPi(λ)

Pa(λ)
Pt(λ)

Ps(λ,ψ )

ψ

ΔΩ

Figure 2.3: Illustration of absorption and scattering factors, reproduced from [10]

column thickness becomes infinitely small, and thus ∆r tends to zero:

a(λ) = lim
∆r→0

∆A(λ)

∆r
, b(λ) = lim

∆r→0

∆B(λ)

∆r
(2.3)

The sum of these two parameters gives the overall beam attenuation coefficient c
(in m−1), which describes the loss of optical power per meter:

c(λ) = a(λ) + b(λ) (2.4)

A commonly adopted model for quantifying the attenuation of light intensity under-
water at a distance Z from the optical source, is the Beer-Lambert (BL) law, which
considers an exponential decay of the signal level [25, 26]. The BL law describes
power loss of a collimated light beam due to the combined effects of scattering and
absorption. Denoting Lch the aquatic channel power, we have :

Lch(λ, Z) = e(−c(λ)Z), (2.5)

The strong assumption adopted by this law is that each scattered photon is consid-
ered as lost, and does not contribute to the value of the optical intensity at distance
Z.
A common metric of the optical power attenuation underwater is given by the e-
folding distance also called the attenuation length; it is defined as the distance over
which the intensity of the light beam decreases by a factor e according to (2.5).
For instance, turbid and clear waters have typical e-folding distances of 1 and 25m,
respectively [27].

2.3.1.1 Absorption

Absorption has a great impact on the achievable link span because it dramatically
reduces the number of photons that reach the receiver. This process is highly de-
pendent on the wavelength as well as on the composition of sea water and the
concentration its optically influential components. The total absorption in water
can be attributed to four main factors:

1. Pure seawater, involving water molecules and dissolved salts such as NaCl,
CaCl2 and KCl, which mainly contribute to its absorption spectrum. The
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(a) (b)

Figure 2.4: Combined absorption spectra for different water types (a) open ocean
and (b) coastal waters. Reproduced from [29]

related absorption effect is notably weak in the blue-green region of the visible
spectrum; i.e. λ ∈ [400 − 500 nm] [28]. The associated absorption factor is
denoted by aw.

2. Phytoplanktons, which are photosynthesizing, microscopic marine organ-
isms, and contain colored pigments including Chlorophyll which absorb a
large amount of light. Chlorophyll is reported to dominate the absorption
behaviour of phytoplanktons, so that the overall phytoplankton absorption
coefficient aphy is approximated by that of Chlorophyll [29], whose spectrum
shows a peak around blue-green spectral region.

3. Color dissolved organic material (CDOM) also known as Gelbstoff, is
composed of decaying organic matters or yellow substances from broken plant
tissue, which turns into humic and fulvic acids that absorb in the blue region
at 420− 450 nm [10]. Their concentration is relatively low in open waters and
high in coastal waters. The related absorption coefficient is denoted by ag.

4. Non-algal materials, which are composed of living organic particles (for
instance bacteria, zooplankon, etc.). Although very different, they are grouped
due to similar absorption behaviors. Their absorption coefficient is denoted
by an.

The overall absorption of seawater can be written as the sum of the absorption coef-
ficients of each of its aforementioned components multiplied by their concentration,
denoted by C, as follows:

a(λ) = aw(λ)Cw + aphy(λ)Cphy + ag(λ)Cg + an(λ)Cn (2.6)

Typical absorption spectra of open ocean and coastal waters are presented in Fig. 2.4.
The minimum absorption window is around 400−500 nm for open ocean, and around
520− 570 nm for coastal waters.

2.3.1.2 Scattering

The scattering process, which causes the photons to deviate away from their
original trajectory, is regarded as another major challenge in underwater optical
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links. Indeed, the spatial spreading of the optical beam reduces the photon density
captured at the receiver plane, and thus reduces the intensity of the received signal.
Moreover, scattering can cause temporal spreading of the transmitted pulses due
to scattered photons reaching the receiver. In fact, such scattered photons will
travel a longer path than those reaching the Rx through a straight line. This is
illustrated in Fig. 2.5. This pulse spreading (i.e. channel delay spread) can result
in inter-symbol interference (ISI) when working at relatively high bit rates [10].
Scattering is reported to be sparsely dependent on the light wavelength (unlike
absorption). It is mainly caused by suspended particulates present in water, and
consequently is highly dependent on their concentration. Thus, scattering is more
dominant in particulate-rich coastal areas than in open seas. In clearer waters,
scattering is caused by the change of the water refractive index (due to variations
in pressure, salinity and temperature), which results in the reflection or refraction
of the light.

Mathematical description of scattering The volume scattering function
(VSF) β(ψ, λ) describes the ratio of the intensity of scattered light to the incident ir-
radiance, per unit volume [30]. We consider two main assumptions for mathematical
derivation of VSF. First, the water is assumed to be isotropic, so that its influence
on the incident light is the same in all directions. Secondly, the incident light is
assumed to be unpolarised. If these two assumptions are met, then scattering is
azimuthally symmetric and would depend only on the scattering angle with respect
to original path direction. In this case, the scatterance, defined in (2.2), describes
the fraction of the incident scattered power scattered through an angle ψ, into a
solid angle ∆Ω centered on ψ, as shown in Fig. 2.3. Then, the VSF is given by:

β(ψ, λ) = lim
∆r→0

lim
∆Ω→0

∆B(ψ, λ)

∆r∆Ω
(2.7)

The scattering coefficient b(λ), which resumes the contributions of scattering events
over all angles, is obtained as follows:

b(λ) = 2π

∫ π

0
β(ψ, λ) sin(ψ) dψ (2.8)

Main related work Several previous works have considered the characterization
of the scattering process within water. In [31], measurements of the VSF of various
types of water was presented based on laboratory experiments and performance pre-
diction models. It was concluded that a collimated beam (such as a laser beam) is
scattered mostly in the forward direction. This finding was confirmed in [32], where
the authors stated that clear ocean waters can be considered as strongly forward
scattering. For this case, a single scattering approximation as assumed by BL law
can effectively be adopted. However, for the case of more turbid waters, multiple
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Figure 2.5: Illustration of temporal spreading caused by the scattering phenomenon

scattering events are more likely to happen, which results in a higher received sig-
nal intensity than that predicted by BL law. In [33], the authors presented the
spatial and angular effects of scattering on a laser link using the radiative transfer
equation (RTE). They demonstrated how captured scattered light by the receiver
discredits the BL law approximation for relatively turbid waters. The effect of spa-
tial and temporal scattering within turbid waters was further investigated in [34],
for the cases of PSK and QAM-based modulations and demonstrated laser-based
transmission link over a range up to 100m. In [16], Gabriel et al. simulated the
trajectory of propagating photons within an UWOC link using an elaborate Monte
Carlo simulator, and demonstrated to which extent the BL law is pessimistic re-
garding the received light intensity at a given distance as water turbidity increases.
As explained, the scattering impact becomes more significant in higher-turbidity
waters, and consequently it is more likely that multiple scattered photons reach the
Rx plane.

2.3.2 Water classifications

Several works have attempted to provide an optical classification of natural waters,
based on their optical properties. To do so, particular attention has been devoted
on the attenuation as a function of depth D, of the downward solar irradiance
Ed(λ,D) (in W/m−2), which is defined as the radiant flux (power) propagating
downward (with respect to the zenith axis) in the water and received by a surface
per unit area. Indeed, commonly cited models in the literature (that we will present
hereafter) classify water types according to the spectra of the attenuation coefficient
of Ed, that we denote by Kd(λ,D) (in m−1). Parameter Kd is also referred to as
downward diffuse attenuation coefficient.
Light attenuation in water, and consequently Kd, depend mainly on the level of
water turbidity [35], defined in terms of the concentration of its optically active
components [36]. A common hypothesis is that the main dissolved particle within
open waters contributing to light attenuation, is the phytoplankton [36, 37].
The concentration of phytoplankton in sea waters is expressed in terms of the
concentration of Chlorophyll-a, regarded as the major photosynthetic pigment
underwater [36]. Thus, in analysing water optical properties, we need to consider
the effects of both pure sea water and the Chlorophyll concentration [37].
The bio-optical models presented in the following aim to describe the relationship
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between the Chlorophyll concentration and the resultant coefficient Kd.

2.3.2.1 Jerlov’s classification of sea waters

Jerlov conducted a series of experiments in various regions to measure and analyze
the transmittance of downward irradiance, defined as the ratio of Ed at a given
depth D to the value at sea surface, as follows:

t(λ,D) =
Ed(λ,D)

Ed(λ,D = 0)
(2.9)

These studies were conducted for wavelengths between 310 and 700 nm. The main
results of his work can be found in [36, 38]. We have reproduced in Fig. 2.6 the
corresponding measured irrandiance transmittance for D = 1m, for various water
types. Jerlov distinguished 14 different types of ocean waters referred to as the
indexes I, IA, IB, II and III for open ocean waters, and indexes 1 to 9 for coastal
waters [35]. Types I and 1 correspond to the clearest whereas types III and 9
correspond to the most turbid waters. The Jerlov types I-III are referred to as case
1 waters, where phytoplanktons are predominate (case of open ocean waters), while
types 1-9 are referred to as case 2 waters, where yellow matters and terrigenous
particles contribute predominately to the water optical properties [35]. These latter
differ in the absolute value and spectral distribution of the downward irradiance
attenuation coefficients. For instance, we have shown in Fig. 2.7 the mean values of
Kd(λ) for the water depth range of 0-10m, this for waters type I, II, 1, 5, and 9.
Although widely considered in the literature, Jerlov’s water classification is often
criticized for several reasons. First, it considers the optical properties of the water
basins in general, without stating the specific contribution of the various water
constituents [36]. Second, the classification is discrete and limited to particular
types and classes of ocean waters where the measurements have been conducted. In
addition, Jerlov did not provide any analytic relationship between his classification
types and the related coefficients Kd. Thus, the related conclusions and findings
can not be extended to other different water conditions. Moreover, Woźniar and
al. reported in [36] that the spectra of Kd provided by Jerlov are considerably
different from more recent experimental data. These limitations reduce the scope
of applicability of Jerlov’s classification. We present In the sequel some more recent
water classifications, which are particularly distinguished by their continuous nature
(i.e. being applicable to any water type, in contrast to the discrete set of water types
considered by Jerlov).

2.3.2.2 Smith and Baker bio-optical classification

The classification of natural waters provided by Smith and Baker has the advantage
of combining the biological characteristics and optical types of water components.
It establishes an analytic relationship between the Kd coefficients and Chlorophyll
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Figure 2.6: Jerlov’s water mass classification based on transmitance, D = 1m [39].

a concentration Ccl as follows:

Kd(λ) =

{
Kw(λ) + kc,1(λ) . Ccl if Ccl < 1mg/m3

Kw(λ) +K∆,2(λ) + kc,2(λ) . Ccl if Ccl > 1mg/m3
(2.10)

where Kw is the downward irradiance attenuation due to pure water, and K∆,2

denotes the attenuation due to optically active components with the exception of
photosynthetic pigments, whose light attenuation contribution is provided by the
factor kc,1 and kc,2 for small and high Chlorophyll concentrations, respectively. Val-
ues of Kw were obtained by experimental measurements in Sargasso Sea, where
optically active substances were reported to be totally absent. An exhaustive table
of values of the parameters in (2.10) can be found in [36] for a range of λ from 350
to 700 nm.
The main strength of Smith and Baker model is the fact that it provides a continu-
ous classification of sea waters (in contrast to Jerlov’s), where the Ccl is adopted as
the optical water type index. However, it has some drawbacks due to the implicit
adoption of several simplification hypotheses. For example, this model assumes that
the light attenuation due to pigments is constant as a function of Chlorophyll con-
centration. In other words, it is assumed that kc,1 is constant for Ccl < 1mg/m3

and kc,2 is constant Ccl > 1mg/m3; however, these parameters significantly vary
with Ccl [36]. Furthermore, for Ccl < 1mg/m3, the contribution in light attenuation
of other particulates (e.g. dissoleved organic matters) than pigment is neglected by
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Figure 2.7: Mean values of the downward irradiance attenuation coefficient Kd for
D ≤ 10m, for Jerlov water types I, II, 1, 5, and 9 [36].
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this model, which is a non valid hypothesis in practice, see [36] for more details.
Lastly, the expression of Kd in (2.10) is divided into two equations, with respect
to a boundary of Chlorophyll concentration, and these equations lead to divergent
values of Kd for Ccl = 1mg/m3.
The next bio-optical model presented in the following overcomes these drawbacks.

2.3.2.3 Woźiniak’s bio-optical water classification

This model is based on the statistical analysis of experimental data collected in
different waters (lakes, seas, and oceans), having different Ccl. Although very similar
to the Smith and Baker model, providing an analytic relationship between Kd and
Ccl and adopting some of their hypotheses, like the values of Kw, the Woźiniak
model provides a single expression of Kd as a function of Ccl . In addition, it takes
into account the dependence of K∆ and kc on Ccl. We have:

Kd(λ) = Kw(λ) + Ccl . [C1(λ) . exp(−a1(λ) . Ccl) + kc,n(λ)] (2.11)

where C1(λ) and a1(λ) are statistically derived parameters, whose values and the
description of their computation procedure are presented in [36]. It has been re-
ported in [36] that the analytic expression of Kd in (2.11) is coherent with some
experimental measurements, for instance for λ = 440 nm with Ccl varying from 0.01
to 100mg/m3. An illustrative exemple of spectra of the downward irradiance at-
tenuation coefficient Kd according to the Woźiniak’s model, is presented in Fig. 2.8.

2.3.2.4 Other bio-optical models

There exist several other bio-optical classifications of water, based on statistical anal-
yses, similar to the models proposed by Smith and Baker, and Woźniak. Among
these, we can mention that of Austin and Petzold. This model allows the calcu-
lation of Kd(λ) at all wavelengths from a value of Kd(λ0) measured for any given
wavelength λ0. This model is defined by a simple equation as follows:

Kd(λ) =
M(λ)

M(λ0)
[Kd(λ0)−Kw(λ0)] +Kw(λ) (2.12)

where Kw refers to the value of attenuation coefficient for pure sea water, andM(λ)

is a statistically derived coefficient. An exhhaustive table of values of Kw and M(λ)

can be found in [35]. This model is reported to be valid only for the case where
Ccl ≤ 3mg/m3.
Another model is Morel’s, also based on statistically derived variable. However, in
contrast to the model of Austin and Petzold which determines Kd from measure-
ments at one wavelength, Morel’s model determines the value of Kd based on the
actual Chlorophyll concentration. It is given by :

Kd(λ) = Kw(λ) + χ(λ)C
e(λ)
cl (2.13)
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Here, χ(λ) and e(λ) are statistically derived functions that convert the Chloro-
phyll concentration Ccl in mg/m3 into Kd in m−1. This model is applicable
only for Jerlov type 1 waters, which satisfies the condition Ccl < 30mg/m3

[35]. The main weakness of this model is the high prediction error of Kd. The
accuracy of Morel’s model was examined in [35] where it was concluded that
the gap between the predicted and the measured values of Kd can be on the or-
der of a factor of two in Jerlov case 1 waters, and even larger for Jerlov case 2 waters.

2.3.2.5 Estimation of Kd in clear ocean waters

Our study is focused on UWOC within oceans and deep seas, which can be regarded
as a Jerlov case 1 waters [40]. Thus, we can calculate the corresponding values of the
diffuse attenuation coefficient Kd, with respect to the bio-optical models presented
earlier, based on the Chlorophyll concentration. Hereafter, we will consider the
typical Chlorophyll concentration of clean ocean waters Ccl ≈ 0.5mg/m3 [35, 40].
We will conduct our study in the bleu-green window of the visible spectrum, where
the attenuation rates represented by Kd are relatively low. We will specifically
consider two wavelengths λ1 = 532 nm and λ2 = 470 nm, typically used in low
turbidity waters. The estimation of the related values of Kd are presented it in
Table 2.2. Giving that the obtained values are a bit different, and considering that
the Woźniak’s model is regarded to be more reliable than the other models, we
will consider Kd = 0.08m−1 for both wavelengths. In the following, in the aim of
simplifying the notations, the diffuse attenuation coefficient will be denoted by K.

Table 2.2: Diffuse attenuation coefficientKd in m−1, calculated using the bio-optical
models of water classification, Ccl = 0.5mg/m3

Jerlov Smith & Baker Woźniak Morel
Kd(470nm) 0.11 0.09 0.08 0.06
Kd(532nm) 0.13 0.09 0.08 0.08

2.3.3 Optical power attenuation in water

The objective of this section is to describe the attenuation of light as a function of
the distance it travels within the aquatic medium. The light underwater is subject
to high attenuation due to the physical phenomena of absorption and scattering,
which depend on water properties such as its degree of turbidity. They further de-
pend on the light beam properties. In effect, depending on the optical source type,
the light beam can be either collimated, which is the case for a laser diode for in-
stance, or diffuse, which is the case of a LED with a radiation pattern approximated
by the Lambertian model [41]. This two classes of light patterns suffer from distinct
attenuation effects, as we will show in the following.
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Several studies has been conducted to model the optical power loss within the
aquatic channel. There exist several experimental works, where the solar irrandiance
distribution underwater has been measured for various water types [30, 42]. In the
context of UWOC, the related findings are useful for instance for the computation of
ambient solar-induced background noise, as we will show in Chapter 3. Furthermore,
the attenuation of a quasi-monochromatic optical signal, used for communication,
is a key issue in this context.

2.3.3.1 Collimated beam attenuation

When considering a collimated beam, such as a laser beam, the intensity loss within
the aquatic channel is often modeled by BL law as follows [16, 43, 26]:

E(Z, λ) = E(0, λ) exp(−cZ) (2.14)

where E(Z) is the light intensity at a distance Z from the Tx and E(0) is the emit-
ted intensity. The attenuation coefficient c in units of m−1 is wavelength dependent
and is equal to a+ b, with a being the absorption and b the scattering coefficients,
respectively (see Subsection 2.3.1). This parameter describes the effect of absorption
and single scattering of photons.
As explained is Subsection 2.3.1, the BL law assumes than any photon subject to
scattering (single or multiple scattering), is regarded as lost, i.e. it does not reach
the Rx. This approximation is not always valid in practice, first because single scat-
tered photons may still be captured by a Rx with an adequate aperture and second
because a part of multiple scattered photons can reintegrate the light direction and
be received within the Rx field of view (FOV) [43]. For the case of clear ocean wa-
ters where the absorption is predominant and the scattering events are less likely to
happen, the BL law has been proven to be a good approximation of the channel loss
[40]. However, as the water turbidity increases and thus the probability of multiple
scattering, the BL law loses its accuracy [43]. For these reasons, several theoretical
studies have used numerical simulations mainly based on Monte Carlo method for
calculating the received power [16, 43, 44, 45]. Thereby, all parameters related to
the Rx and the Tx, as well as the water optical properties can be precisely taken
into account, and power loss estimation can be performed accurately.
Anathor analytic formulation of power loss is presented in [46] that combines the
power loss by BL law and the loss due to spherical wave propagation. Also, a
two-term exponential model for channel loss was provided in [44] for long distance
communications and it was validated with MC simulations.
In all above mentioned works, optical power loss calculation has been based on the
beam attenuation coefficient c, which is relevent for the case of a single narrow col-
limated beam [35]. However, this parameter cannot be used to describe the power
loss of a diffuse or uncollimated beam. For such cases, the diffuse attenuation co-
efficient K is a more appropriate factor to describe power attenuation. Indeed, K
describes by definition the power decrease versus Z of a diffuse uncollimated beam,
consisting of photons propagating in all directions [35].
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2.3.3.2 Diffuse light attenuation

When a diffuse light penetrates in water (e.g. solar radiations), it becomes increas-
ingly diffuse and attenuates exponentially with depth. This prediction is consistent
with the profiles of underwater solar irradiance attenuation versus depth presented
in [30]. The optical power decay is then characterized by the diffuse attenuation
coefficient K as follows [35, 26]:

E(λ,D) = E(λ, D0) exp
(
−KD

)
, (2.15)

where E(λ, D0) denotes the light irradiance at a depth equal to D0, and D the
vertical distance travelled by light. Equation (2.15) is essentially employed to
compute the attenuation of sunlight in water [26]. Likewise, it can be employed for
the case of an LED-based optical source, which is regarded as a diffuse light source.
Considering (2.15), two important remarks should be taken into account:

Note 1: It implicitly assumes that K is independent of D. This assumption is
rational for the case of homogeneous waters [35, 47]. In practice, K does depend
on D and its variations have to be taken into account. This is due to the variation
of the Chlorophyll concentration versus depth [37]. Thus, it is more convenient to
write the expression of E as follows [39] (where λ was removed for simplicity):

E(D) = E(0) exp
(
−
∫ D

0
K(x) dx

)
, (2.16)

It has been reported that far from bottom and surface, K converges to an asymptotic
value, denoted by K∞. For instance for depths higher than ∼ 60m, according to
the experimental depth profiles of K presented in [30], and ∼20m as reported in
[39]. The precise mathematical modelling of K is out of the scope of this work.
That is why, for the sake of simplicity, we assume that K is almost constant for the
considered depths, and take its pessimistic (highest) corresponding value K∞. An
illustative example of the variation of K versus depth is presented in Fig. 2.9 [39].

Note 2: One should keep in mind that(2.15) is applicable only to a case of a
vertical communication link. This is due to the fact that, by definition, K is defined
in terms of attenuation of a downward irradiance. Still, for a different link configu-
ration, for instance a horizontal link, we can keep referring to (2.15) to describe the
optical power loss. Indeed, there exist several K functions which describe the at-
tenuation of light beam, depending on its propagation direction with respect to the
zenith axis. Although semantically different (i.e. referring to completely different
processes), all K factors are often equal and converge ultimately (for high depths
within homogeneous waters) to the same constant value K∞ [35].
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Figure 2.9: Computed downward diffuse attenuation coefficient K for highly scat-
tering water, with a = 0.2m−1 and b = 0.8m−1, where the sun is at the zenith.

2.3.4 Channel impulse response

In addition to attenuation, an optical signal underwater may suffer from inter-
symbol interference (ISI), a direct consequence of pulse stretching caused by scat-
tering (see Subsection 2.3.1.2). This leads eventually to the degradation of the com-
munication link performance, particularly for the case of relatively high data trans-
mission rates and over long distances [18, 48]. It would be necessarily to employ
signal processing techniques at the Rx (i.e. channel equalization) in order to reduce
the ISI effect. For these reasons, a careful characterization of the impulse response
of the underwater channel and the quantification of the related time dispersion are
among the key aspects in the design of a reliable UWOC link.
Several works investigated the time dispersion introduced by the UWOC channel
and the resulting ISI. For instance in [48], a study of time dispersion versus the com-
munication link span and the data rate was conducted for a polarized light. The
author concluded that ISI strongly deteriorates the transmission quality as data rate
increases (around Gbps), for the case of relatively long range links (∼ 50m). On
the other hand, Hanson et al. reported an error-free underwater optical transmis-
sion at 1Gbps over a 2m path within a laboratory water pipe. Measurements were
conducted for several degrees of turbidity of water, and took into account different
system parameters such as the Tx beam divergence and the Rx aperture size. The
authors reported the absence of noticeable channel time dispersion due to multiple
scattering.
In [16], the authors presented a realistic model for an underwater wireless optical
channel using an elaborate Monte Carlo simulator which took into account different
parameters including the water type and the Tx / Rx characteristics. Their study
confirmed that except in highly turbid waters, the channel delay spread is negligible
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when working over moderate distances (up to 50m in clear waters). As a result,
in most practical cases, the channel can effectively be considered as frequency non-
selective and the signal does not suffer form any ISI at the Rx.
In [49], the authors carried out a series of experiments using a method allowing
high sensitivity and high dynamic range measurement of the underwater channel
frequency response, for different water turbidities. Measuring both spatial and tem-
poral signal dispersion, they confirmed that in clear waters there is little or no
temporal dispersion, while as turbidity increases, the optical signal suffers more
from delay spread.

2.4 Design of UWOC system

A synoptic diagram of a typical UWOC link is presented in Fig. 2.10. It can be
decomposed into three main parts: the Tx, the propagation underwater channel,
and the Rx. The Tx consists in a data source that contains the bit streams to
be transmitted. These latter are modulated and probably encoded, then converted
to an optical signal by an optical source. After being optionally focused by some
optics towards the Rx, and probably steered by a dedicated unit, the optical signal
propagates through the aquatic channel. Optics could be employed at the Rx side
to focus the received signal on the light collecting area of the photo-detector. As a
matter of fact, inserting a lens in front of the photo-detector (which has typically
a very small active area) has the advantage of increasing the received optical in-
tensity. The PD converts the received light to an electrical current which passes
then through a dedicated electronics, which typically consists in a trans-impedance
(TZ) circuit (which converts current to voltage), a low-pass filter (LPF) (to limit
the Rx noise level), and a sampling unit. Lastly, signal demodulation and decoding
are conducted so as to retrieve the originally transmitted binary data.
In this section, we explain the different parts of an UWOC system described
above and review the existing optical source and photo-detection technologies com-
monly employed in sub-sea optical communication. We also present the modulation
schemes and the error correcting codes often employed in this context.

2.4.1 Transmitter

The main strength of optical communications underwater is the fact that they em-
ploy a mature and reliable existing technology, already used in optical fiber and
FSO communications. Yet, UWOCs have specific and strict requirements, such as
compactness, high energy efficiency, and a limited wavelength range mainly within
the blue/green portion of the visible spectrum. For instance, even with a high Tx
power level, UWOC link spans are limited to about 200m at most, due to high
attenuation of light beam in water. The typical transmitted power levels used in
these systems range between several hundreds of mW to several Watts[10, 3].
The most popular choices for the optical source are LEDs and semi-conductor laser
diodes (LDs). Solid-state lasers are rather forsaken; although providing interest-
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Figure 2.10: A synoptic diagram of a typical UWOC system, reproduced from [10].

ing power density and highly focused beam performance, they are more difficult to
modulate at high frequencies and add complexity, volume, power-consumption and
cost to the underwater optical communication system.
The LED and LD-based optical source technologies are reviewed hereafter, and a
comparison of their characteristics and main key performance along to those of
standard lasers are provided in Table. 2.3.

2.4.1.1 Laser diodes

An LD, also known as injection LD, is an electrically pumped semiconductor laser,
with an active medium formed by a p-n junction of a semiconductor diode simi-
lar to that found in an LED. Commercially available direct-to-green ( as opposed
to infrared frequency-doubled laser) LD makes this technology a good candidate
for UWOCs, offering several advantages including electrical efficiency and compact
packaging.
LDs are the most common laser source in use today, employed in a number of UWOC
test beds. For instance, in [18], Hanson et al. employed a LD-based Tx emitting at
λ = 532 nm to establish an a high speed (up to 1Gbps) link over a 2m laboratory
water tank. In [50], Cox reported a high data rate transmission, up to 400Mbps,
employing a 405 nm blue LD. In [51], Oubei el al. experimentally demonstrated
a 2.3Gbps UWOC link over 7m using an LD with 1.2GHz bandwidth and emit-
ting at 520 nm. Another experimental work presented in [52], demonstrated a high
speed 1.45Gbps UWOC transmission employing a 405 nm LD, over 4.8m distance.
Lastly, in [53], Shein et al. presented a power efficient and compact UWOC system
employing a 450-nm LD and reported a data rate of up to 2 Gbps over a 12m, and
1.5 Gbps over a 20m.
Over the past decade, the development of new materials have allowed the fabrica-
tion of LDs with improved performance, i.e., long lifetime, high efficiency up to 50%,
high beam quality with highly focused light, and narrow spectral bandwidth (less
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than 1 nm [3]). However, ond main weakness of LDs is the sensitivity of their spec-
tral characteristics (such as mode spectrum, wavelength) to temperature, requiring
hence a tight stabilisation of the operation temperature. Also, the Rx optical fil-
ter should accommodate any shift in the laser wavelength caused by temperature
variation [3]. Another disadvantage of LDs, is their higher price compared to LED
counterparts (typically by a factor of ten) [54].

2.4.1.2 LEDs

LEDs are semiconductor devices that emit light via the recombination of electrons
and holes within the p-n junction when forward biased. Blue/green LEDs represent
a popular light source technology in UWOC systems and have been employed so
far in numerous in lab test beds [46, 55, 56] and prototypes, e.g. the AquaOptical
modem developed by MIT researchers [57, 58].
LEDs offer several advantages such as good electrical-to-optical efficiency (around
10% [3]), emitting wavelengths ranging from 470 to 940 nm [59], supporting rela-
tively high switching speeds up to 10Mhz (e.g. the blue NICHIA NSPB510AS LED
model[60]), low cost, compactness, less temperature dependency than typical LDs
[10], and long operating lifetimes [61].
Due to their relatively large beam width, LED-based UWOC system are less con-
cerned by link misalignment than the LD-based counterpart [62], although this
comes at the price of higher geometric power loss at the Rx. Nevertheless, the beam
divergence can be controlled by means of dedicated focusing optics [63] or array of
LEDs [58].
Another impediment of LED transmitters is their relatively wide spectral band-
width, on the order of 30− 50 nm full-width at half maximum (FWHM) [59]. This
impacts directly the spectral width of the corresponding Rx optical filter, which can
in turn lead to problems with sunlight rejection at relatively shallow depths (see
Chapter 3).

2.4.2 Receiver

Given the typically high attenuation of the aquatic channel, UWOC receivers
are expected to have high sensitivity in order to allow transmission over long
enough distances. It also implies the need for large FOV receivers in order to
capture the maximum of the beam intensity at a given distance. Obviously,
a high photo-detection efficiency and gain, and a low Rx noise level are also
among critical considerations. The choice of the photo-detector used at the Rx is
thus of special importance. In the blue/green spectral range, the PD choices include:

• PIN photo-diodes, which are capable of fast response times but have no inter-
nal gain

• Avalanche photo-diodes (APDs), which provide an internal gains on the order
of 100
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Table 2.3: Comparison of the different light source technologies
Parameter LED Laser Diode Solid State Laser

Modulation speed 100-300MHz More than 1GHz more than 1GHz
Power ∼mW ∼hundreds of mW from 10W to

1KW
Spectral band-
width FWHM

30− 50 nm[59] < 1 nm < 1 nm

Light source Incoherent Coherent Coherent
Minimum output
beam divergence

∼ 0.5◦ (Wide) ∼ 0.01◦ (Narrow) ∼ 0.01◦ (Narrow)

Lifetime Long Medium Medium
Temperature de-
pendence

No High; Needs tem-
perature stabiliza-
tion

High; Needs tem-
perature stabiliza-
tion

Driver electronics Simple modulat-
ing current source

Simple modulated
current source;
Needs threshold
and temperature
compensation
circuit

External optical
modulator

Cost Low; off-the-shelf
optics and elec-
tronics

High; special
high-grade optics
and compensating
electronics

High; special
high-grade optics
and compensating
electronics

Electrical-to-
optical conversion
efficiency

∼10% [3] ∼50% [64] from 0.1% to few
percent [3]

• Photo-multiplier tubes (PMTs), which are vacuum tubes encompassing
a photo-emissive surface (the photo-cathode) followed by an electron-
multiplying structure, and have extremely high sensitivity and ultra-fast re-
sponse.

• SiPMs built from APD arrays, with high sensitivity and relatively low oper-
ating voltage.

We provide a brief description of these four PD types in the following.

2.4.2.1 PIN photo-diode

A PIN photo-diode consists of a lightly doped intrinsic semiconductor region between
two highly doped transparent P-type and N-type contact layers [65]. Silicon-based
PINs are adapted to UWOCs as they have a good sensitivity at wavelengths ranging
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from 300 to 1100 nm, work with low bias voltage on the order of 2-5V, and feature
a relatively low capacitance, resulting in a wide bandwidth, i.e., fast components.
Furthermore, PINs are low cost and tolerate well exposure to ambient light.
The use of PIN photo-diodes for an UWOC modem was investigated in [57], where
it was concluded that PINs are suitable for short to moderate range transmissions.

2.4.2.2 APDs

APDs are employed in a variety of applications such as long-range fiber-optic and
FSO systems, positron emission tomography, particle physics, etc. They have the
same semi-conductor structure as PIN photo-diodes but offer additional advantages
such as a high internal gain (typically around 100), potentially faster response, and a
higher quatum efficiency (defined as the probability that a detected photon generates
an electron-hole pair) on the order of 70 - 90% [10]. However, APDs require high
bias voltages and complex control circuitry, and they are more sensitive to ambient
noise.
in the context of UWOC context, APDs have been considered in a few works. For
instance, in [66], Cossu et al. reported 1Gbps transmission over 2m long path
while employing an APD-based Rx. In [57], an APD was integrated within an
optical modem prototype which was reported to attain an error-free communication
at 4Mbps over 2m link distance.

2.4.2.3 PMT

A typical PMT consists of a photo-emissive cathode (photocathode) followed by
focusing electrodes, an electron multiplier and an electron collector (anode) in a
vacuum tube. When light enters the photocathode, it emits photoelectrons into the
vacuum. These photoelectrons are then directed by the focusing electrode voltages
towards the electron multipliers, also called dynodes, where electrons are multiplied
by the process of secondary emission. The multiplied electrons are collected by the
anode as an output signal.
Because of secondary-emission multiplication, PMTs provide extremely high sensi-
tivity and exceptionally low noise among the photosensitive devices currently used
to detect a radiant energy in the ultraviolet, visible, and near infrared regions. In
addition to providing high internal gain in the order of 106 to 107, PMTs also fea-
ture a fast time response and a large photosensitive area [3]. However, they require
a high operation voltage, and are more expensive, bulky, and easily damaged by
exposure to ambient light.
PMTs have been employed in a fex recent UWOC test beds such as [18, 49, 56] as
well as in the commercialized BlueComm modem [67].

2.4.2.4 SiPM

SiPMs also called SPMs or MPPCs for multi-pixel photon counters in the litera-
ture, are Silicon single photon sensitive devices built from APD array on a common
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substrate. The idea behind this device is the detection of single photon events in
sequentially connected APDs. The dimension of each single APD can vary from 20
to 100 nm, and their density can be up to 1000 per square millimetre. Every APD in
an SiPM operates in the Geiger-mode and is coupled with other APDs by a polysil-
icon quenching resistor. Although the device works in digital/switching mode, the
SiPM is an analogue device because all the microcells are read in parallel making
it possible to generate signals within a large dynamic range for just a single square
millimetre area device. The supply voltage (Vb) depends on the APD technology
used, and typically varies between 25 and 70V, thus 30 to 50 times lower than the
voltage required for a typical PMT.
The main features of a SiPM are:

• a total quantum efficiency of about 20%, close to that of a traditional PMT

• A high internal gain of around 106 and a high sensitivity, comparable to these
of a PMT.

• Insensitivity to external magnetic fields, in contrary to vacuum PMTs

• Small dimensions resulting in extreme compactness, low weight, and mechan-
ical robustness.

We will present a detailed description and performance study of SiPMs, along with
a comparison of their performance with those of PMTs and APDs in Chapter 4.

2.4.3 Signal modulation

The modulation scheme can affect considerably the performance of an UWOC sys-
tem. Like in FSO or indoor visible light communication (VLC) systems, the most
commonly used transmission schemes are based on intensity modulation and direct
detection (IM/DD), where the simplest one is on-off keying (OOK) being interesting
due to its implementation simplicity. In [68], Gabriel et al. compared the perfor-
mances of several IM/DD schemes focusing on energy and bandwidth efficiency, as
well as on practical implementation issues. They concluded that, although pulse
position modulation (PPM) is optimal in the sense of energy efficiency, digital pulse
interval modulation (DPIM) [69] would make a good compromise between link per-
formance and complexity. Indeed, DPIM outperforms OOK in terms of BER for a
given received signal-to-noise ratio (SNR), in particular for large number of bits per
symbol [68] and it has a better bandwidth efficiency and optical peak-to-average
power ratio (PAPR) compared to PPM. As another choice, sub-carrier intensity
modulation (SIM) [70] can be employed where the classical RF modulation schemes
(PSK or QAM) can be used by adding a DC level to the modulated signal before
intensity modulation in order to preserve the phase information. The interest of the
SIM schemes is the higher spectral efficiency that they can offer but at the expense
of reduced energy efficiency due to the DC bias used to avoid negative amplitudes.
On the other hand, in order to deal with the limited bandwidth of the optical com-
ponents, an efficient approach is to use discrete multi-tone (DMT) modulation with
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the further possibility of bit-loading. An experimental verification of the feasibility
of such modulation schemes was presented in [71, 66].

2.4.4 Error correction coding

Given the highly attenuating propagation medium, to deal with low SNR at the
Rx, a classical solution is to employ channel coding techniques. As a matter of
fact, the most important noise sources are the thermal noise and the shot (quan-
tum) noise in the case of using a PIN photo-diode or an APD, respectively [72].
Background radiations are practically negligible except in relatively shallow waters.
In this context, forward error coding (FEC), a well known technique commonly
used in communications to detect and correct errors, has been considered in several
works such as [73, 74]. However, the main drawback of this technique is the fact
that it increases the payload of the transmission. Furthermore, although simple and
classical block codes such as Reed-Solomon (RS) codes can be used, better perfor-
mance is obtained by using powerful channel coding techniques such as low-density
parity-check (LDPC) codes and turbo-codes. These latter schemes require compu-
tationally complex decoders and are likely suitable for ∼Mbps data-rates typically,
so that the real-time implementation of the Rx is feasible or when data detection
is done off-line. For instance, the performance of RS, LDPC, and turbo-codes were
compared in [74] using an experimental set-up where the superiority of LDPC codes
was demonstrated. A better link reliability can be obtained through the use of ap-
propriate coding at the data-link layer, in addition to the classical error correction
coding at the physical layer. For instance, in AquaOptical II modem, an RS inner
code is used together with a Luby transform (LT) outer code [46].

2.5 Other practical challenges

Apart from absorption and scattering, the transmission of the communication optical
signal underwater faces various challenges, which can reveal to be very perilous to
the link reliability and performance. Among these, we point out in the following
subsection the effect of link of misalignment, channel turbulence, beam obstruction,
and the presence of other light sources underwater.

2.5.1 Impact of link misalignment

In a typical UWOC system, angle scattering is highly peaked in the forward di-
rection. Therefore, the optical beam has a high directivity, which turns out to be
problematic from the point of view of system implementation. In fact, link mis-
alignment is unavoidable in underwater systems, especially when communicating
with an AUV. In fact, due to stringent constraints on energy consumption, precise
localization and tracking mechanisms may not be feasible to employ. Misalignment
errors can seriously impact the performance and reliability of the communication
link. This is specially the case for small FOVs receivers. As explained in Section 2.4,



32 Chapter 2. Overview of the State-of-the-Art

inserting a lens in front of the PD increases the received optical intensity, but also
limits the Rx FOV and, hence, increases the sensitivity to link misalignment [75].
This problem is slightly alleviated in high turbidity waters where we can paradoxi-
cally benefit from beam spatial dispersion which helps reduce the sensitivity to link
misalignments [49]. An efficient solution may be to use an array of LEDs at the Tx
and/or an array of photo-diodes at the Rx. For instance, compact arrays of seven
LEDs and seven PDs in the form of truncated hexagonal pyramid structures were
used in [76] to achieve quasi-omnidirectional patterns. This allows a large overall
Rx FOV and substantial Tx-Rx alignment simplification in practice. The further
advantage of such arrays is that we can estimate the angle of arrival of the optical
signal at the Rx in order to correct the Rx position/direction or to perform beam
steering at the Tx electronically toward the best direction in order to optimize the
energy consumption.

2.5.2 Turbulence

Turbulence is observed when water layers experience rapid changes in their refrac-
tive index. It results from changes in the salinity, pressure and temperature of the
water, but also from ocean currents or underwater vehicles. Inhomogeneities and
variations of the refractive index along the transmission path causes fluctuations in
both intensity and phase of the received signal. This is also referred to as scintilla-
tion or fading, and can seriously affect the link reliability and performance.
The effect of signal fading caused by turbulence has been ignored in most previous
works on UWOC, although a few recent works have considered the characterization
of underwater turbulence in general. For instance, in [77, 78, 79], a study of under-
water optical turbulence versus depth was carried out for investigating its impact
on underwater imaging and the use of adaptive optics was discussed in [80] to over-
come image degradation caused by turbulence. Furthermore, in [81], the authors
presented an UWOC channel model which took into consideration the underwater
turbulence. They proposed to employ a spatial diversity Rx in order to mitigate
channel fading. It is shown in [82] that whereas temperature fluctuations have the
major impact on turbulence in relatively shallow waters, salinity variations domi-
nate as the water depth increases.
In [83], an analytical study of the performance of MIMO based UWOC systems
was presented. The authors consider exploiting spatial diversity over UWOC links
in the objective of mitigating signal fading induced by turbulence. The impact of
this latter on the performance of a 25m communication link within coastal waters
was investigated, for the case of a data rate equal to 0.5 and 50Gbps. It has been
concluded that spatial diversity can improve the system performance (in terms of
maximum achievable error-free link span), and partially mitigates the signal fading,
especially for low data rates.
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2.5.3 Beam obstruction

Maintaining a line-of-sight (LOS) between the Tx and the Rx is important for an
UWOC link. In the underwater scenario, the probability of beam obstruction is
higher, as compared to terrestrial FSO links, for example, and can be caused by any
living organism such as schools of fish or marine animals that can potentially block
the light beam. Obstruction by algae growth is another possibility for underwater
systems that are more permanent in nature. Increased light availability causes more
algae growth at the Tx lens of the communication system which will need an anti-
algal coating or a regular cleaning.
Managing probable temporal link blockage necessitates the use of channel enforcing
techniques such as automatic repeat request (ARQ), as investigated in [84] for the
case of underwater sensor network. A more efficient approach is to combine ARQ
with error correction coding, i.e. using hybrid ARQ [10].

2.5.4 Background optical noise

Another possible factor that can impact the UWOC link performance is the exis-
tence of other light sources than that employed for communication. For instance,
deep sea fish and other marine life have bio-luminescence that occurs naturally when
energy is released by a chemical reaction in the form of light. Typically biolumines-
cent transmission is in the blue region, of wavelength 450-550 nm, although there
are a few cases of far red emissions. Another light source in the ocean is fluo-
rescence by phytoplankton. This is the re-emittance of absorbed light at another
wavelength, typically longer, and is observed mainly in zones where phytoplankton
grows. Chlorophyll is the most significant pigment which causes fluorescence in phy-
toplankton, which is result of photosynthesis.
The main part of the background noise is likely caused by solar radiations under-
water for relatively shallow depths. This will be discussed in details in Chapter 3
where we will show that sunlight can severally degrade the link performance for such
low operation depths. Another parasitic light source which may have an important
impact on UWOC link performance is underwater vehicles lighting. The precise
modeling and quantification of the effect of this noise is out of the scope of this
thesis, yet it would be an interesting point for future studies.

2.6 Existing systems and prototypes

A few UWOC units of limited application have been commercialized recently. For in-
stance, Ambalux [85] has introduced a commercial UWOC system with a maximum
data rate of 20Mbps over ranges up to 40m. Also, Sonardyne [67] has commer-
cialized the BlueComm UWOC system which can operate over distances of up to
200m with a maximum rate of 20Mbps. On the other hand, several experimental
set-ups or UWOC system prototypes have been realized during the past few years in
order to characterize the underwater optical channel, to study the impact of special
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modulation/coding schemes, or to investigate practical limitations and implemen-
tation difficulties of such links. Besides the aforementioned works in the previous
subsections (e.g. [75, 71, 74, 86]), we provide hereafter a brief summary of the exper-
imental results reported recently. This presentation is in no way exhaustive; we aim
to provide a description of the most recent works that concern different applications
or approaches. Among the first realized prototypes is the AquaOptical modem de-
signed by MIT researchers. Its early version was capable of supporting a few Mbps
transmission rate over a distance of a few meters [57]. An improved version, named
AquaOptical II allows higher transmission ranges with higher data rates [58]. Re-
cently, in [46], the authors proposed an end-to-end model for the transmission link,
including light sources, the aquatic channel, optoelectronic circuitry, and optics of
Tx and Rx, that they validated using the AquaOptical II modem.
One of the first successful laboratory experiments for high-rate UWOC was that
presented in [18] where up to 1Gbps data rate was achieved over a distance of two
meters using a relatively high transmission optical power. The set-up was then used
to study the channel frequency response. Since then, several laboratory set-ups have
been designed to study different aspects of UWOC. In [87] the authors investigated
the interest of spatial diversity in a turbulent medium by using a two-Tx two-Rx
system, where a beam splitter was used to generate two parallel optical beams.
Creating water turbulence by the injection of bubbles, they have shown that such a
diversity system allows to reduce the fading-induced errors by a factor of ten. On
the other hand, it was proposed in [76] to estimate the water quality at the Tx side
from the backscattered light collected by a co-located Rx. The Tx can in this way
adapt its power or transmission scheme to changing water conditions. The authors
also proposed to use smart Tx-Rx by employing arrays of LEDs/PDs. Furthermore,
the description of an optical telemetry system was presented in [63] where a 5Mbps
link was implemented at a range of 80m, in particular. Lastly, using a labora-
tory set-up, the interest of DMT modulation to circumvent bandwidth limitation of
optoelectronic components was investigated in [66].

2.7 Conclusion

In this chapter, we presented a review of the state-of-the-art related to UWOCs.
We reviewed the fundamental issues related to the propagation medium and the
main Tx and Rx components employed in this context, and presented the most
relevant reported works.

Hereafter, we will present our research scope, and the main results and contri-
bution of our work. The main assumptions that we will consider in the following
chapters can be summarized as follows:

• Transmitter

– monochromatic LED-based light beam
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– Intensity modulation
– No error correcting/coding

• Channel

– No signal fading due to channel turbulence
– No signal obstruction
– Perfect alignment of the Tx and the Rx

• Receiver

– Direct detection
– Perfect time synchronization with the Tx
– Perfect channel knowledge at the Rx (for signal demodulation, if neces-

sary)
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3.1 Introduction

In this chapter, we focus on the effect of the background noise generated by solar
radiations on the communication link performance. Although the solar noise is
often assumed negligible underwater, this assumption is rational only when working
in very deep waters, where the underwater channel can effectively be considered as
dark [3]. To the best of our knowledge, the accuracy of this assumption has not
been examined so far for the case of relatively low depths, typically less than a
few hundreds of meters. Due to high water transparency in the case of clear ocean
waters, the blue-green wavelengths of sunlight can deeply penetrate in water and
can be detected using sensitive detectors even at depths larger than 600m [30].
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We present an analytical generic model of the solar noise and study its impact
on the UWOC link performance in terms of BER. Our study considers three
different PD types, i.e., PIN, avalanche photo-diode (APD), and photo-multiplier
tube (PMT), in order to highlight the practical limitations of establishing an
UWOC link for each case. Meanwhile, we take into account the characteristics
of the other link components, such as the emitting source radiation pattern and
power spectrum at the Tx, the optical filter at the Rx, as well as the Rx FOV and
aperture size. We show that solar noise can strongly limit the BER performance
of the UWOC link for relatively low depths, around several hundreds of meters for
the case of a PMT or several tens of meters for a PIN PD.
In the numerical results that we will present, we consider some special assumptions
on the properties of the solar radiations, link configuration, and water turbidity.
Nevertheless, the main results that we present are quite insightful for the design of
UWOC links that are likely to be established at relatively low depths.

The remainder of the chapter is organized as follows. In Section 3.2, we present
some previous works that have considered background noise modeling and its impact
on the performance of UWOC links. Then in Section 3.3, we present the UWOC
system description including channel model and the Rx electrical noise for the three
PD types. Next, the details on background solar noise modeling are provided in
Section 3.4. Then, in Section 3.5, we present some numerical results to evaluate the
impact of solar noise on the UWOC link performance. Lastly, Section 3.6 concludes
this chapter.

Figure 3.1: Schematic illustration of UWOC system operating under ambient solar
radiations.

3.2 Literature review

The effect of solar noise in the context of UWOCs has been neglected in most pre-
vious works in the literature. Nevertheless, a few works have initiated studying
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the impact of the background noise on an UWOC link. For instance, in [26], the
authors presented some general considerations for the design of UWOC system and
enumerated the different noise sources affecting the receiver. They considered inter
alia the effect of background noise generated by ambient light on the system perfor-
mance and provided the expression of the resulting shot noise as a function of solar
radiance Lsol in (Wm−2 sr−1 nm−1). This last is given by:

Lsol(D,λ) =
1

π
EdRd Lfac exp(−KdD), (3.1)

where Ed is the downwelling irradiance in (Wm−2 nm−1), Rd is the underwater
reflectance of the downwelling irradiance, Kd is the diffuse attenuation coefficient,
and D is the Rx depth. Also, Lfac describes the ratio of radiance observed at a
specific viewing angle compared to that when looking straight down, and depends
on the depth D and the wavelength λ. According to this equation, the calculation of
Lsol depends on several factors for which exhaustive measurements are not available,
to the best of our knowledge. For instance, for the specific case of λ = 532 nm and
D = 30m, Reference [26] reports that Lfac ranges from 1 for a viewing angle equal to
180◦ (with respect to the zenith axis), 2.9 at 90◦, and 333 at 0◦ (vertically-oriented
link toward the sea surface). However, we did not find further measurements for
variable operation depths, and/or viewing angles in the literature.

In [42] and [88], Tyler and Mobley presented the measured solar radiance distri-
bution underwater but unfortunately their data were limited to relatively low depths,
i.e., smaller than 60m. On the other hand, presenting a preliminary study, Laco-
vara reported in [3] that background noise would generally limit the communication
range by almost 20m, without specifying the receiver opto-electronic components,
e.g. the PD type nor the transmission conditions. Lastly, in [66], Cossu et al. carried
out an experimentation under summer sunlight illumination and achieved a ‘poten-
tially error-free’ UWOC transmission up to 58Mbps over a 2.5m range. However,
although data acquisition was undertaken in the presence of sunlight, the resulting
noise effect on the link performance was not identified precisely.

3.3 Main assumptions and system model

Let us consider a point-to-point communication link represented in Fig. 3.2. The Tx
is assumed to use an LED. At the Rx, after photo-detection and trans-impedance
amplification, the signal is low-pass filtered to limit the Rx noise, and then time-
sampled prior to data detection to retrieve the transmitted bits. We consider three
types of PDs, i.e., PIN, APD, and PMT. We will later extend this study to the
case of SiPMs in Subsection 4.4.3. As previously explained in Section 2.4.2, whereas
PIN PD is the ‘classical choice,’ APDs are interesting due to their inherent gain and
have been considered in several previous experimental and theoretical works, e.g.
[49, 46, 66]. PMTs, on the other hand, are low noise and have high sensitivity and
gain, typically with a high bandwidth and a relatively large aperture, compared to
semiconductor counterparts. They have also been considered in several works such
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Figure 3.2: End-to-end general block diagram of UWOC communication link.

as [18, 49, 56]. Meanwhile, they are larger and more expensive, require high voltage
for operation, are more easily damaged from exposure to high-intensity light, and
have a limited dynamic range [3]. Note that our aim here is not to compare the
relevance of using one PD type or another, but rather to focus on the impact that
the solar background noise can have on the link performance when these components
are used at the Rx, and the general trend of the dependency of the link performance
on the Rx operation depth.

3.3.1 Underwater optical channel

The propagation of light under water is governed by the water optical properties [30].
Light can be subject to significant absorption and scattering due to its interaction
with water molecules and dissolved particles, depending on both wavelength λ and
water turbidity [35]. Hereafter, we consider λ = 532 nm, which presents relatively
low attenuation rates for low-turbidity waters [35]. Without loss of generality, we
conduct our study for the case of clear ocean waters with the typical Chlorophyll
concentration of 0.5mg/m3 [89].
For the sake of simplicity and in order to focus on the effect of solar noise, we model
the power loss by the exponential decay model. This way, denoting the link span
by Z, the channel loss Lch is given by (refer to Section 2.3.3):

Lch = exp(−K Z), (3.2)

where K is the diffuse attenuation coefficient. This model is better adapted to the
case of an LED-based Tx, which cannot be considered as a collimated but rather a
diffuse source, see [26].

3.3.2 Optical source power distribution

Without loss of generality, we model the LED radiation pattern by a generalized
Lambertian model with azimuthal symmetry [90] as follows:

PTx(φ) = Pt
m+ 1

2π
cosm(φ) [W/sr], (3.3)

where Pt denotes the total emitted Tx power, φ ∈ [0, π/2] is the angle of irradiance,
and m stands for the Lambertian order, given by m = − ln(2)/ ln(cos(φ1/2)), with
φ1/2 being the Tx semi-angle at half-power.
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3.3.3 Receiver optics considerations

The Rx employs a bandpass optical filter in order to attenuate the ambient light,
i.e., background noise level. We denote by Ts(ψ) the average filter transmission
over the filter wavelength range ∆λ (i.e., filter bandwidth) for a specific angle of
incidence ψ. We also consider an optical concentrator of gain g(ψ), employed in
order to increase the Rx effective area of light collection, Aeff. We have [91]:

Aeff(ψ) =

{
APD Ts(ψ) g(ψ) cos(ψ), 0 6 ψ 6 ψc

0, ψ > ψc
(3.4)

where APD is the physical area of the PD, ψ is the angle of incidence, and ψc denotes
the FOV (semi-angle) of the concentrator. We assume an idealized non-imaging
concentrator [91], which provides a gain of:

g(ψ) =

{
n2

sin2(ψc)
, 0 6 ψ 6 ψc

0, ψ > ψc
(3.5)

where n is its internal refractive index. The advantage of using a non-imaging over
an imaging concentrator is that it offers a higher FOV and therefore more flexibility
regarding beam misalignments [92]. Note that by this model, we assume that the
light received in the concentrator FOV is totally captured by the PD, i.e., neglect
any limitation of the Rx FOV that could be caused by the PD.

3.3.4 Received optical power

Let us consider the Rx and Tx configuration illustrated in Fig. 3.3. Assuming perfect
Tx-Rx alignment, the channel DC gain is given by [91, 93]:

H(0) =

{
m+1
2π cosm(φ) APD

Z2 Ts(ψ) g(ψ) cos(ψ), 0 6 ψ 6 ψc

0, ψ > ψc
(3.6)

where Z is the distance separating the Tx and the Rx, and φ and ψ are the Tx
and Rx offset angle relative to the optical axis (i.e., the line-of-sight), respectively.
Then, the received optical power PRx can be expressed as function of emitted power
PTx as follows:

PRx = H(0)Lch Pt. (3.7)

3.3.5 Receiver electrical noise

In [72], Xu et al. provided a complete model for the Rx noise in terrestrial free-space
optical communication systems. We use the main results of this paper in order to
model the Rx electrical noises for the three cases of PIN, APD and PMT detectors
within our context. We reasonably neglect the dark current noise assuming a Silicon
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Figure 3.3: Illustration of the considered UWOC system and the related parameters.

(Si) PD for the case of PIN and APD [72, 94] and take into account the Rx thermal
noise (mainly arising from the trans-impedance amplifier) and the photo-current
shot noise, arising from input signal and/or background radiations.
The Rx thermal and shot noise are classically modeled by a zero-mean Gaussian
and a Poisson random process, respectively. Concerning the latter, when the signal
power or background radiations are of relatively high level, the corresponding aver-
age number of received photons is large enough so as to approximate the Poisson
distribution by a Gaussian one [95] (obviously, this is not the case when working
with very low signal levels where the Poisson model has to be used, as shown in
[45]). The corresponding mean value is rejected by the ac-coupled receiver circuitry,
therefore, the zero-mean Gaussian model also applies to the shot noise component
[96]. The Gaussian model remains valid for the case of using an APD or similarly a
PMT at the receiver (see [72] for more detail). Note that the square-law character-
istic of the PD does not put into question this modeling. In fact, the contributions
from the interaction of the signal with background radiations due to this non-linear
characteristic of the PD can be practically neglected [72].

Let us denote by I the average photo-current generated by the PD, composed
of signal (Is) and noise (Ib) parts, that is, I = Is + Ib. We have [72]:

I =
η G (Ps + Pb) e

~ v
= Is + Ib, (3.8)

where η and G are the PD quantum efficiency and internal amplification gain, Ps
and Pb denote the optical power of the desired signal and background radiations,
and e, ~ and v denote the electron charge, the Planck constant, and the wave
frequency, respectively. In the case of a PIN PD, we have G = 1. For an APD, the
avalanche multiplication during the photo-detection process results in an internal
amplification gain, G = GAPD, that depends on the bias voltage and has its typical
range between 10 and 200 [97]. For the case of a PMT, the produced output signal
is obtained through photo-electron multiplication by means of secondary electron
emissions, defined by the ratio δ at the multiplication stages, also called dynodes.
Thus, the PMT is characterized by its internal gain G = GPMT, which depends on
the number of dynodes nd and the collection efficiency of the first dynode α. We
have GPMT = α δnd [98]. Hereafter, without loss of generality, we consider α = 1.

Given (3.8), the general expression of the variance of the photo-current shot
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noise is:

σ2
sh = 2 eGF (Is + Ib)B, (3.9)

where F is the PD noise figure, which is equal to one for a PIN PD. For the case of
an APD, F depends on the ionization ratio ξ and the APD gain GAPD such that:
F = ξGAPD + (2− 1/GAPD)(1− ξ) [72]. For a PMT, F depends on the secondary
electron emission ratio of the dynodes and is given by F = δ/(δ − 1) [98]. Typical
values of F for the case of PMT being close to unity, we consider F ≈ 1 in this case.
Also, we will denote by σ2

sh,b the variance of the shot noise arising from background
radiations, that is,

σ2
sh,b = 2 eGF IbB. (3.10)

On the other hand, the thermal noise is mostly generated by the load resistor of
the TZ circuitry (see Fig. 3.2) and is modeled by a zero-mean Gaussian process of
variance:

σ2
th =

4KTB

RL
, (3.11)

where K is the Boltzmann constant, T is the temperature in Kelvin, B is the Rx
low-pass filter bandwidth, and RL is the load resistance of the TZ amplifier.

Without loss of generality, we assume IM/DD, based on OOK, which has the
advantage of implementation simplicity. Then, globally, the PD output current
distribution is approximated by a Gaussian process that we denote by N (µ0, σ

2
0)

and N (µ1, σ
2
1) corresponding to Off and On OOK symbols, respectively. We have:{

µ0 = Ib
σ2

0 = σ2
sh,b + σ2

th = 2eGF IbB + 4KTB
RL

(3.12)

{
µ1 = Is + Ib
σ2

1 = σ2
sh + σ2

th = 2eGF (Is + Ib)B + 4KTB
RL

(3.13)

3.3.6 Signal detection

Let us denote by Uout the output voltage of the LPF at the Rx side, resulting from
the current-voltage conversion by the TZ circuitry. Let us denote by Uout,0 and Uout,1

the output voltages corresponding to the bits ‘0’ and ‘1’, respectively. According
to (3.12 -3.13), Uout,0 and Uout,1 can be approximated by the Gaussian processes
N (µ0RL, σ

2
0 R

2
L) and N (µ1RL, σ

2
1 R

2
L), respectively. Thus, the probability density

function of Uout is given by:

P (Uout|b) =
1√
2πσ

exp

(
−(Uout − µ)2

2σ2

)
(3.14)
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where b denotes the transmitted OOK symbols; for b = ‘0’, we have µ = µ0RL and
σ = σ0RL, and for b = ‘1’, we have µ = µ1RL and σ = σ1RL.
We perform signal detection based on the maximum a posteriori (MAP) estimation
criterion. Thus, the detected signal b̂ can be estimated by :

b̂ = argmax
b
P (Uout|b)P (b) (3.15)

Assuming equiprobable symbols, i.e., P(b) = 1/2, b̂ can be obtained by computing
the likelihood ratio (LR) as follows [72]:

LR =
P (Uout|b = 1)

P (Uout|b = 0)
=
σ0

σ1
exp

(
(Uout,0 − µ0RL)2

2σ2
0 R

2
L

− (Uout,1 − µ1RL)2

2σ2
1 R

2
L

)
, (3.16)

where b̂ = 0 for the case where LR < 1, else, b̂ = 1.

3.4 Solar noise modeling

3.4.1 Solar downwelling irradiance

In order to quantify the amount of solar irradiance captured by the Rx and its ef-
fect on the system performance, we consider the solar spectral downwelling plane
irradiance that we denote by Esun(λ, D) in Wm2 nm−1, where λ and D denote the
wavelength and the operation depth (i.e., the depth at which the Rx platform is
positioned), respectively. Measurements of Esun at the sea level (i.e., at D = 0)
can be found for instance in [39]. We have reproduced a part of these data in
Fig. 3.4, where we notice an important difference between the presented irradiance
plots, showing the strong dependence of Esun on the weather conditions and sun
positions (i.e., sunlight angle with respect to the zenith). Although these data do
not describe the general case, using them allows us to approximate the Rx noise
arising from solar radiations and therefore get an estimate of their effect on the
system performance. In addition, these data are consistent with the measurements
of the solar power spectral density by the American society for testing and material
(ASTM) presented in [99].
Here, in order to investigate the worst impact of the solar noise on the Rx perfor-
mance, we consider the case of the clear weather where the sun is located at the
zenith. Under these conditions, Esun reaches its peak value, as can be seen from
Fig. 3.4, which is around 0.76Wm2 nm−1 for λ = 532 nm. When the sunlight pen-
etrates in water, it decreases exponentially with the depth D [30]. We characterize
the solar power decay underwater by the spectral diffuse attenuation coefficient K
as follows (cf. Section 2.3.3):

Esun(λ,D) = Esun(λ, 0) t exp
(
−KD

)
, (3.17)

Here, t is the water transmittance that is set to t ≈ 95% for λ = 532 nm, based
on the experimental data presented in [39] (see Fig.2.6). Although this value de-
pends on the experiment conditions in [39], this could be considered as a typical
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Figure 3.4: Sea-level solar spectral irradiance for different combinations of sun zenith
angle and atmospheric conditions (reproduced from [39]).
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Figure 3.5: Illustration of the considered Sun and UWOC system configuration with
the related position parameters.

value. Considering the case of clear ocean waters corresponding to a Chlorophyll
concentration of C ≈ 0.5mgm−3 (Jerlov type II water), we have K = 0.08m−1 for
λ = 532 nm, according to the bio-optical models provided in Chapter 2.

3.4.2 Solar optical power

Let us consider the case study illustrated in Fig. 3.5, where α denotes the Rx in-
clination angle with respect to the zenith. The solar radiations captured by the
PD generate an average photo-current Ib and a random component of variance
σ2
b = 2 eGF IbB, see Subsection 3.3.5. In order to calculate Ib, we should first

estimate the optical power of the solar noise captured at the Rx that we denote
by Pb. Using Esun, we can evaluate the sunlight irradiance (in Wm−2) within the
bandwidth ∆λ of the Rx optical filter. We assume that the Rx light collecting
surface captures the solar irradiance according to the cosine law [47]. We further
assume that there is no effect of obstruction or spatial filtering at the Rx side to
limit the solar irradiance (this can be considered as a worst case). Then, Pb can be
calculated as follows.

Pb =

{
Esun(D) t∆λ exp(−KD)Aeff cos(α), 0 6 α 6 ψc

0, α > ψc
(3.18)

Note that by (3.18), we implicitly assume that the solar irradiation spectral density
underwater is constant over the considered Rx optical filter bandwidth (typically
on the order of several nm to several tens of nm), which is a fair approximation in
practice [3].

3.5 Numerical results

We present in this section some numerical results in order to quantify the impact
of solar noise on the performance of a typical UWOC link operating in clear ocean
waters. The rationality of this choice of water type is that background light can
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Table 3.1: Tx-Rx parameter specification
(a) Tx

Parameter Value

λ 532 nm
∆λ 30 nm
PTx 100 mW
φ1/2 15 ◦

Rb 10 Mbps

(b) Rx

Parameter Value

η 0.82
RL 50 Ω

∆λ 30 nm
GAPD 50
ξ 0.02 (for APD)
nd 9 (PMT) [101]
δ 6 (typical PMT) [98]

have its most significant impact on the link performance in clear waters, where it
can penetrate in larger depths [3]. In fact, given the considered link configuration,
although for higher turbidity waters we have a more significant contribution of mul-
tiple scattering effect in the received ambient light intensity at the Rx, the high
channel loss due to absorption and scattering has a more dominant effect and makes
the link less susceptible to solar noise, compared to the case of clear waters. Never-
theless, more in-depth investigation would be necessary for the case of a horizontal
link.
We further assume perfect beam alignment and time synchronization between the
Tx and the Rx. Data transmission is performed according to uncoded NRZ OOK
signaling. This way, an information bit corresponds to transmitting a rectangular
pulse of duration equal to the symbol duration and of intensity level POff,OOK and
POn,OOK corresponding to bits ‘0’ and ‘1’, respectively. We assume that for sending
bit ‘0’, we switch off the LED, i.e., we take POff,OOK = 0.

3.5.1 Parameter specification

The considered Tx and Rx parameters are specified in Table 3.1. Here, Rb =

10Mbps is the data transmission rate, which can be readily attained using the typ-
ical off-the-shelf available LEDs (for instance, LUXEON Rebel Color components
[90]). The LED is considered to emit at the wavelength λ = 532 nm with a Lam-
bertian order of 20, resulting in φ1/2 ≈ 15◦. We assume that the three PD types,
i.e., PIN, APD, and PMT, have equal surfaces and quantum efficiencies. We also
consider the bandwidth of ∆λ = 30 nm for the passband optical filter that matches
the LED spectral width [90] and, for the sake of simplicity, assume that Ts(ψ) ≈ 1

[100].
We have not specified the Rx FOV ψc and APD in the table because as it can

be seen from (3.18), the optical power Pb of the solar radiations captured at the
Rx depends on both of these parameters. Therefore, in our performance study we
will later consider a range of values for ψc and APD of practical relevance in order
to describe various Rx configurations. The considered values of the Rx FOV and
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Table 3.2: Simulated Rx FOVs
FOV 0.5◦ 1◦ 2◦ 4◦ 8◦ 16◦ 45◦

Table 3.3: Simulated Rx aperture diameters
dPD 5mm 10mm 1 in 2 in 3 in 4 in

aperture size are presented in Tables 3.2 and 3.3, where APD = π d2
PD/4. It is worth

mentioning that the receiver filters corresponding to the largest FOVs specified in
Table 3.2 may not be practically realizable or will be very expensive, in particular,
given the 30 nm filter bandwidth that we assumed, see Table 3.1(b). However, we
consider these values here for the sake of completeness of our study.
On the other hand, in Table 3.3, the smallest aperture sizes correspond to the typical
available PD devices (e.g. by Hamamatsu). The largest dPD values, however, are
less relevant for PIN and APD devices, given the relatively high data rate of 10Mbps
considered here. Nevertheless, considering these values is interesting as this allows
to see the ultimate effect of the aperture size [102].

3.5.2 System performance in the absence of solar noise

In order to have a benchmark in our study of the impact of solar background noise
on the performance of an UWOC link, we start by evaluating the system BER in the
absence of solar noise. We conduct this study for the three PD cases described in
Section 3.3.5. Note that our main goal is not to compare the performances of these
PDs but rather to have a benchmark of their respective performances, useful for
further investigations. We have presented in Fig. 3.6 the variations of BER versus
link range Z, independently of the operation depth D (which does not influence the
system performance in the present study), and for different values of the Rx FOV
ψc and aperture diameter dPD. Note that, calculating the Rx SNR for each Z, the
BER for uncoded OOK can be readily calculated [103]. Here, the expression of the
BER is given by [40]:

BER =
1

2

∫ Υ

0

(
1√

2πσ2
1

exp

(
−(x− µ1)2

2σ2
1

))
dx+

1

2

∫ ∞
Υ

(
1√

2πσ2
0

exp

(
−(x− µ0)2

2σ2
0

))
dx

(3.19)

where Υ denotes the threshold level to be set so as to minimize the error probability,
and (µ0, σ

2
0) and (µ1, σ

2
1) are defined in (3.12)-(3.13).

3.5.2.1 Effect of Rx FOV

We first fix the Rx aperture to dPD = 5mm and investigate the effect of changing
the Rx FOV ψc. This dPD corresponds to the smallest PD size in Table 3.3 but is
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typical of available PIN and APD devices. Results are shown in Figs. 3.6 (a), (c)
and (e), for PIN-, APD-, and PMT-based receivers. The dotted horizontal lines
correspond to BER = 10−4 that we consider as target BER. Note that a raw BER
of 2×10−3 is usually considered as sufficiently low for an uncoded system, which can
readily be reduced to less than 10−9 by employing error correction coding [104] (see
[66, 105], for instance). For the three considered PDs, we notice an improvement in
terms of maximum achievable link distance when ψc is reduced. Indeed, varying ψc

form 45◦ to 0.5◦ allows an increase in the link span of about 50, 70, and 87m, for
the cases of using the PIN, APD and PMT, respectively. This increase in the link
span is in fact due to the increase in the optical concentrator gain g(ψ) by reducing
the Rx FOV, see (3.5) (remember that in this section we assume the absence of solar
noise). Considering ψc = 0.5◦, we notice the maximum link range of 57, 93, and
147m for PIN-, APD-, and PMT-based receivers, respectively, for a target BER of
10−4. This illustrates the significant performance improvement when using a PMT,
compared to PIN or APD, as expected. Notice that such a comparison is relevant
because all the three PD types were assumed to have the same active area.

3.5.2.2 Effect of Rx aperture size

Let us now fix the Rx FOV to ψc = 16◦ and see the impact on the performance
by varying dPD. Such a moderate Rx FOV would make a good compromise between
facilitating link alignment and minimizing geometric optical power loss. Simulation
results are presented in Figs. 3.6 (b),(d) and (f), for PIN, APD, and PMT cases,
respectively. As expected, the maximum achievable link distance increases as the
Rx aperture increases, since the captured intensity by the Rx is proportional to
its collection area. Indeed, varying dPD form 5mm to 101.6mm (4 inch), allows a
distance gain of 38, 52, and 61m, for the cases of PIN, APD, and PMT, respectively.
It is worth mentioning that the largest PD sizes may be considered as irrelevant from
a practical point of view. Especially, considering these values assumes that we are
not concerned by the practical fabrication issues of the corresponding non-imaging
concentrator. That is to say, we implicitly assume that we have adapted concentrator
and optics to the PD size.

3.5.3 Impact of solar background noise

Now let us investigate the impact of background noise on the system performance.
Our aim is first to elucidate the effect of solar radiations when using different PD
types, and secondly to identify the conditions under which the assumption of ne-
glecting the solar noise is rational.

3.5.3.1 Simulation parameters and assumptions

Because solar rays’ power is attenuated as they penetrate in water, we study
the BER performance as a function of the operation depth that we define as the
Rx depth D. Considering a target BER of 10−4 in the absence of solar noise, we
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Figure 3.6: BER performance as a function of link range Z for PIN-, APD-, and
PMT-based receivers in the absence of solar noise. PTx= 0.1W, uncoded OOK mod-
ulation, Jerlov type II waters with Chlorophyll concentration of C = 0.5mg.m−3.
Two cases of fixed Rx aperture size and fixed Rx FOV (left and right sub-figures,
respectively) are considered.

fix the link range Z for each PD type, and investigate the variations of BER as a
function of D in the presence of solar noise. We have provided the corresponding
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Table 3.4: Link span Z(m) satisfying BER ≈ 10−4 for different Rx FOVs ψc in the
absence of solar noise.

FOV 0.5◦ 1◦ 2◦ 4◦ 8◦ 16◦ 45◦

PIN 57.1 45.4 34.9 25.3 17.3 11.1 5.6

APD 93.5 80.1 67.2 55.0 43.4 33.1 21.0

PMT 147.2 132.5 118.1 104.0 90.2 77.1 59.9

Table 3.5: Link span Z(m) satisfying BER ≈ 10−4 for different Rx aperture diam-
eters dPD in the absence of solar noise, ψc = 16◦.

dPD 5mm 10mm 1 inch 2 inch 3 inch 4 inch
PIN 11.1 17.4 28.3 38.6 45.0 49.7

APD 33.1 43.5 59.1 72.0 79.3 85.1

PMT 77.1 90.4 108.7 123.3 131.7 137.9

link spans Z for different values of the Rx FOV and aperture diameter in Tables
3.4 and 3.5, respectively. To study the impact of the solar noise, we consider the
worst case configuration where the sun is at the zenith. This corresponds to the
peak value of Esun (see Section 3.4 and Fig. 3.4). We further assume that the Rx
plan is directed towards the sea surface, i.e., we set α = 0◦, generating a maximum
of captured solar irradiation, see (3.4)-(3.7) and Fig. 3.3. Note that although this
assumption, as well as that of the absence of spatial filtering or obstruction, are not
likely to happen in practice, this worst case study determines the maximum limita-
tion on the system performance. In other words, for a set of system parameters, the
specified ‘pessimistic’ noise-free depth will be valid for any system configuration and
operation scenario. Nevertheless, the case of vertical links is typical, for instance,
in the case of data upload from an AUV to a ship or a submarine, or in the case of
data-muling by an AUV or an ROV.
An illustration of the afro-mentioned assumptions and the test scenarios are illus-
trated in Fig. 3.7. Note that the link range Z is being fixed for each test case, and
its value depends on the considered configuration parameters (i.e. the value of FOV
and / or dPD) .

3.5.3.2 Solar noise impact as a function of Rx FOV

We have presented in Figs. 3.8 (a), (c) and (e) simulated BER results as a function
of the Rx depth D for dPD = 5mm and the three PD types and different values of
the Rx FOV. Note that the link span Z varies depending on the PD type and ψc,
see Table 3.4. These figures illustrate the role of the Rx depth in the performance
degradation caused by the solar noise. As expected, the Rx BER performance
strongly deteriorates in relatively small depths. For instance, considering a small
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Figure 3.7: Illustration of the test scenarios simulated to estimate solar noise effect.

FOV of ψc = 0.5◦, the BER approaches 10−1 at depths around 80, 190, and 325m,
for the cases of PIN, APD, and PMT, respectively. The BER converges to the target
value of ∼ 10−4 (in the absence of background noise) for depths larger than about
140, 250, and 400m for PIN, APD, and PMT cases, respectively. Given that we are
considering the worst case configuration concerning the solar noise effect, we can for
sure neglect the the solar background noise effect for depths larger than these values,
whatever the transmission scenario. Here, reasonably, PMTs are more sensitive to
background noise than APD or PIN PD.

Furthermore, we notice that increasing the Rx FOV makes the Rx performance
less vulnerable to background noise. For instance, if we increase ψc form 0.5◦ to
45◦, the minimum depth at which the target BER can be attained decreases by
∼ 100m for the three PD cases. In other words, by increasing the Rx FOV, the link
performance is less affected by the background noise. This finding may seem strange
since one may expect that a larger FOV should rather result in more collected
solar radiations at the Rx, and hence, should impact more significantly the Rx
performance. To explain this behavior, firstly note that for the different FOV values
considered here, the signal level is kept as constant (the corresponding links spans
can be found in Table 3.4). Secondly, remember that we are considering the use
of a non-imaging concentrator at the Rx, for which a larger FOV corresponds to
a smaller concentrator gain, see (3.5). This, in turn, results in a reduction of the
intensity of the background radiations captured at the Rx.

3.5.3.3 Solar noise impact as a function of Rx aperture size

We have presented the simulated BER results in Figs. 3.8 (b), (d) and (f), for
ψc = 16◦ and different PD diameters, considered in Table 3.3. The corresponding
link spans Z depend on dPD and the PD type, see Table 3.5. We notice that, unlike
the FOV, when the Rx aperture increases, the depth limit under which the Rx per-
formance is not affected by the background noise, increases. Indeed, varying dPD
from 5mm to 4 inch increases the depth limit by ∼ 80m for the three PD cases. In
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Figure 3.8: Impact of solar noise on the BER performance as a function of the
Rx depth D for PIN-, APD-, and PMT-based receivers. PTx = 0.1W, uncoded
OOK modulation, Jerlov type II waters with Chlorophyll concentration of C =

0.5mg.m−3. Two cases of fixed Rx aperture size and fixed Rx FOV (left and right
sub-figures, respectively) are considered.

other words, for increased PD size, the link performance is affected more consider-
ably by the background noise. This is explained by the fact that the captured solar
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radiation intensity by the Rx is proportional to the Rx collection area, assuming the
ideal non-imaging concentrator at the Rx, see (3.4) and (3.18). Overall, for different
link configurations, we can deduce from these results the minimum depth at which
the communication can take place without being effectively impacted by the solar
noise.

3.6 Conclusions and discussions

In this chapter, we investigated the potential impact of solar background noise on
the performance of point-to-point UWOC links for the three PD types of PIN, APD,
and PMT. Considering an accurate model for the received solar noise at the Rx, we
presented through numerical results a comprehensive study of the noise effect on
the system performance for different Rx parameters. In particular, we showed how
the sensitivity to solar radiations varies depending on both the operation depth and
the Rx characteristics. Indeed, for relatively low depths (typically less than 80m),
a PIN-based Rx has more robustness against the background noise, compared to
APD- and PMT-based receivers. This latter was shown to be very sensitive to solar
radiations and should be used in receivers working at relatively large operational
depths, i.e., more than 200m. The results we presented are insightful for UWOC
system designers and also users when these links have to be deployed in relatively
shallow waters where the propagation medium cannot be considered as dark.

The real impact of the background noise on the Rx performance depends on a
number of parameters, including the sun position and its radiation intensity, the di-
rection of the Rx as well as its aperture size and FOV, the type of Rx concentrator,
the spectral/spatial response of the Rx optical filter, etc. Studying the effect of each
parameter regarding the received solar noise on the PD would not be practically use-
ful and exploitable. Therefore, in the presented simulation results, we considered
the worst case for the link configuration where the maximum of the solar radia-
tions was captured by the Rx, although such a case may rarely happen in practice.
Nevertheless, the interest of studying this worst case is that the pessimistic limits
that we provided for the effectively noise-free operation will apply to any other link
configuration. In a real-field link deployment, the considered Rx types can tolerate
smaller operation depths and can function in shallower waters that those deduced
here. Thanks to the presented model, one can calculate the noise level for any spe-
cific link parameters and solar radiation PSD, and investigate the real impact on
the link performance for a given UWOC link deployment scenario.

After this study of the background noise effect, we will hereafter focus on the
extension of UWOC link span by using the recent and particularly promising photo-
detectors, i.e., silicon photo-multipliers. Our main objective is to attain high data
rates when using these components. For this reason, we will consider the case where
the system is operating in deep waters, i.e., at large enough depths where background
solar noise can be neglected.
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4.1 Introduction

Because of the strong attenuation in water due to the absorption and the scattering
of light, UWOC link ranges are limited to few tens of meters typically unless PMTs
are employed. The use of PMTs, however, goes along with disadvantages such as
high sensitivity to ambient light, high operation voltage, and bulkiness, as explained
in Section 2.4.2. In order to increase significantly the transmission range, and as a
promising alternative to PMTs, here we investigate the use of very recent PDs, i.e.,
Silicon photomultipliers (SiPMs), which stand out for their high sensitivity to low
optical signal levels, down to a single photon [106]. Compared to PMTs, SiPMs offer
several advantages including low operation voltage, insensitivity to magnetic fields
and mechanical robustness.
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In this chapter, our main objective is to highlight the interest of employing
the SiPMs in the UWOC context as compared to rather classical photodetectors
of APDs and PMTs. Furthermore, we investigate different modulation techniques
to be employed with SiPMs, in the aim of further improving the link performance.
For this, we consider binary level modulation schemes, i.e., OOK and pulse position
modulation (PPM); and also pulse amplitude modulation (PAM) which is a multi-
level modulation schema. We study the bandwidth efficiency of these modulation
techniques, and evaluate their performance in terms of the maximum achievable
error-free link distance.

The remainder of the chapter is organized as follows. In Section 4.2, we present
a literature review on SiPM components and their applications. In Section 4.3,
an overview of SiPMs is presented including their working principle, performance
parameters, and the photon-counting procedure. Next, we investigate the suitability
of employing SiPMs in the context of UWOCs in Section 4.4. Then, in Section 4.5,
we present a study of the suitable modulation techniques than can be employed with
SiPMs. Lastly, Section 4.6 concludes the chapter.

4.2 Literature review

Whereas light emitting diodes are mostly used at the Tx in UWOC systems for the
reasons of higher power, lower cost and beam alignment simplicity, the choice of the
PD at the Rx remains debatable.

Remember from Section 3.3, the main classical PDs are PINs, APDs and PMTs.
The PIN PDs appear to be an unsuitable within this context due to high optcal
beam attenuation in the aquatic medium and are challenged by APDs, interesting
due to their inherent gain. APDs have been considered in several previous experi-
mental and theoretical works, e.g. [49, 46] and offer the advantages of a solid-state
PD, such as mechanical robustness and compactness. On the other hand, PMTs
have drawn particular attention in the context of UWOCs thanks to their high sen-
sitivity to very low intensity signals (down to a few photons) and high gain [18, 49].
They have been considered in several experimental prototypes, e.g. in [107], and
used in the BlueComm modem, developed by Woods Hole oceanographic institu-
tion (WHOI) and commercialized by Sonardyne [67]. However, PMTs are bulky and
more expensive, require high voltage for operation, are very sensitive to magnetic
fields, and are more easily damaged by exposure to high-intensity light, such as
ambient light [3].

Very recently, SiPMs, also known as multi-pixel photon counters (MPPCs), have
emerged as an interesting photo-detection solution when working with very low light
intensity levels down to a single photon [106]. SiPMs have been reported to offer
several advantages such as high gain (> 105), low operation voltage (< 30V for
SensL SiPMs [106]), insensitivity to magnetic fields, mechanical robustness, and
tolerance regarding exposure to ambient light. A summarized comparison between
SiPMs and other PD types is presented in Table 4.1, [106].
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Table 4.1: Comparing the characteristics of PIN, APD, PMT, and SiPM PDs
(adapted from [106])

PIN APD PMT SiPM

Gain 1 ∼ 102 ∼ 106 ∼ 106

Operational Bias Low High very High Low
Temperature Sensitivity Low low Low High [109]
Mechanical Robustness High High Low High
Ambient light exposure? OK OK No OK
Peak sensitivity wavelength Red Red Blue/UV Blue [110]
Readout / Electronics Simple Complex [10] Simple Simple
Size Compact Compact Bulky Compact
Sensitive to magnetic fields? No No Yes No

The use of SiPMs comes along with some challenges, among which the strong de-
pendence of their performance on the bias voltage and the temperature for instance
[108]. The main effects of temperature on the SiPM are a change in the breakdown
voltage of the constituting photodiodes (see Section 4.3), affecting a number of the
SiPM’s characteristics, and in the dark count rate (see Section 4.3 for further details)
[106]. Thus, for a stable functioning of SiPM-based receivers, it is crucial to regulate
the operation temperature. Another major limitation of SiPMs is the relatively high
level of signal-dependent noise that we will explain latter in this chapter.

The reflection about using SiPMs in optical communications was initiated in
[111, 112], where the feasibility of their use as PD was proven. In [113] these de-
vices were considered for the design of inexpensive yet very sensitive receivers for
plastic optical fiber links, capable of detecting small number of photons over long
distances. In [114, 115, 116], SiPMs were investigated in the context of long-distance
and low-power visible light communications (VLC) together with optical orthogonal-
frequency-division-multiplexing (OFDM) signaling; for instance, for downhole mon-
itoring applications. In particular, an experimental work in [117] demonstrated a
200Mbps data rate VLC link.

4.3 SiPM-based receiver

4.3.1 Working principle

An SiPM is a solid state detector comprising a densely packed array of micro APDs
(typically 100 up to 10,000 per mm2) operating in the Geiger mode, i.e. biased
slightly 10 to 20 per cent [108] above the breakdown voltage. Under this operation
mode, the APD, referred here to as a single photon avalanche diode (SPAD), has
the advantages of large gain (on the order of 106) and high sensitivity to very low
optical intensity levels (down to one photon). A schematic representation of an
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Figure 4.1: Top view and schematic of an SiPM reproduced from [118]. Each SPAD
has an individual quenching resistor.

SiPM is presented in Fig. 4.1.

Quenching methods: When a photon hits the SPAD sensitive area, it launches
an avalanche breakdown within the SPAD, resulting in a high current flow through
the diode. In order to recover, each SPAD is connected to a load device (also called
quenching device) whose main function is to lower the bias voltage across the diode;
the combination SPAD-quenching device will be referred to as a micro-cell or a pixel
hereafter. The discharge of one fired microcell leads to generating an output pulse,
whose amplitude and characteristics are independent of the incoming light intensity.
The simplest and common approach to halt the diode breakdown is to employ a high
Ohmic resistor, connected in series with the SPAD (see the inset circuit schematics
of Fig. 4.2); This method is known as passive quenching (PQ). The functioning cycle
of a passively quenched SPAD is depicted in Fig. 4.2. It consists in the following
steps:

• Step (1): The SPAD is biased above the breakdown voltage, at V = Vbias.
Initially, it is in an idle mode, i.e., ready to detect an incoming photon.

• Step (2): A photon hits the SPAD sensitive area and launches a discharge
which results in a high current flow through the diode.

• Step (3): The quenching device, here a resistor, halts the discharge by low-
ering the bias voltage down to the break down voltage, denoted by Vbd.

• Step (4): The diode recharges until V = Vbias where it returns to the idle
state.

Another case figure consists in employing a dedicated electronic circuit to quench
the SPAD beakdown. It proceeds by decreasing the SPAD bias voltage under the
breakdown voltage for a certain period of time until the breakdown is quenched
[108]. This method is known as active quenching (AQ). The functionning cycle of
an AQ is identical to that described in Fig. 4.2. Although an AQ devise is reported
to provide higher counting rates, a tight SiPM parameter control, and no SPAD
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Figure 4.2: The current voltage dependence of a working SPAD with passive quench-
ing, reproduced from [119]. The diode discharge is triggered by the detection of a
photon.

paralysis due to saturation (see Section 4.3.4), it is more complex, and requires
more power and area. In addition, to the best of our knowledge, there exist very few
products that employ AQ technology, with a very reduced number of constituting
micro-cells (less than ten typically), e.g. 1 × 8 SPAD by ID Quantique [120]. In
contrast, passive quenching-based SiPMs (PQ-SiPMs) have been developed in large
scale, are composed of a large number of micro-cells (up to 10,000) [121], and offer
light sensitivity performances comparable to those of AQ-SiPM [41].

4.3.2 Performance parameters

The performance of an SiPM depends on several parameters, that we introduce
hereafter.

Photon detection efficiency (PDE): The PDE is the statistical probability that
a photon will heat the sensitive area of the SiPM and will generate a Geiger
pulse from one of the micro-cells composing it. It is defined as the product
of the quantum efficiency, the fill factor, and the probability that a detected
photon will generate an avalanche. Here, the fill factor is equal to the ratio of
the active area to the total physical area of the SiPM, taking into account the
physical gaps between the micro-cells. The value of the PDE depends on both
light wavelength and the bias voltage. We denote this parameter by ΥPDE.

Dark count rate (DCR): The dark photon counting is the main source of the
SiPM noise. It results from the breakdown of a micro-cell due to thermally
generated electrons, instead of the signal payload photons. This results in the
modification (and as a matter of fact, the increase) of the SiPM photon count
output. Note that the signals resulting from the breakdown of the cell, due
to either photoelectrons or thermally generated electrons, are identical [116].
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The average number of dark counts per second is referred to as DCR and is
regarded as a fixed and signal-independent noise. Hereafter, the average DCR
of an SiPM is denoted by fDCR.

After-pulsing (AP) probability: The AP is a noise source affecting the SiPM
PD. It is defined as the re-trigger of one SPAD by trapped carriers at its
output from previous avalanche events. Thus, this noise is regarded as signal
dependent. We denote the probability of AP by PAP.

Optical cross-talk (CT): The CT is another noise source within the SiPM. It
occurs when an avalanching micro-cell initiates a breakdown in one or several
neighbouring micro-cells. It is defined by the probability PCT, whose value
depends on a the SiPM over-voltage (difference between the bias and the
breakdown voltages, i.e., Vbias − Vbd) and the distance between neighbouring
microcells [106].

Dead time: The micro-cell dead-time, τd, also known as the recovery time, is a
key parameter of an SiPM. It is the time needed by a micro-cell to recharge
(step (4) in Fig. 4.2). During this time interval, the SPAD is unable to detect
any arriving photon. Thus, τd is also referred to as the microcell reset period
and for the case of PQ-SPAD is given by τd = C Rq, where C is the effective
capacitance of the microcell and Rq is the value of the quench resistor. Since C
depend upon the micro-cell area, the reset time will vary for different microcell
sizes; an SiPM composed of 100µm diamter SPADs having a significantly
longer reset time than that with 20µm diamter SPADs [106].

4.3.3 Photon-counting procedure

When the incoming light (and thus the photon flux) hits the photo-sensitive area
of the SiPM, each micro-cell proceeds to individual photon counting. Given that it
is operating in the Geiger mode, the SPAD can be assumed as an ideal single pho-
ton counter whose detection process can be approximated by a Poisson distribution
(illustrating the shot noise effect) [116]. The SPAD generates an output pulse as a
reaction to the detection of a photon, as described earlier. Counting these pulses
over a time interval ∆t is equivalent to counting the number of detected photons
over ∆t; The sum of the individual SPAD counts forms the SiPM output [116].
Thus, the information about the detected light intensity is generated by the inter-
nal superposition of the signal of all fired microcells [118]. This is schematically
illustration in Fig. 4.3, where N stands for the number of SPADs composing the
SiPM, Cph(i) corresponds to the photon count related to SPAD number i, and Cph
is the SiPM photon-count output. It should be noted that this operation procedure
is only valid when the device is operating in the linear mode, i.e. where the SiPM
output is proportional to the input signal magnitude.
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Figure 4.3: Photon-counting procedure with an SiPM PD

Mathematical formulation: As explained above, the output photon count Cph
of the SiPM is equal to the sum of individual counts from the SPADs, Cph(i):

Cph =
N∑
i=1

Cph(i) . (4.1)

We assume that the SiPM has an ideal photon counter behaviour and model its
photo-detection by a Poisson distribution [116] as follows:

Pr(Cph = k) = exp(−µ)
µk

k!
, (4.2)

Here, µ denotes the average photon count and is expressed as a function of the
captured optical power by the Rx as follows [114]:

µ =

(
ΥPDE PRx

Eph
+ fDCR

)
(1 + PAP + PCT)T , (4.3)

where T denotes the bit time and Eph = ~c/λ is the energy of photon, with ~,
c, and λ being the Planck constant, the speed of light, and the light wavelength,
respectively.

4.3.4 Non-linear distortion

The main challenge related to SiPM use is the fact that its response suffers from a
non-linear distortion (NLD) [116]; When the incoming optical signal is lower than a
certain level, the SiPM operates in a linear mode. Then, above a certain signal level,
and before saturation, the SiPM output deviates slightly from the linear response.
This is because a single microcell can detect only one photon at a time, i.e., it
generates a single output pulse regardless of the number of incident photons that
initiated it. As the number of incident photons per microcell per second increases,
the probability that two or more photons will interact in the same microcell at the
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Figure 4.4: Variation of the SPAD voltage Vs when an extra-incident photon arrives
during the dead time τd, for a (a) PQ- and (b) AQ-SPAD respectively, reproduced
from [122]

same time will increase. So, the SiPM goes into a saturation regime as the number
of detected photons approaches the number of microcells N .
The related SPAD behaviour depends further on the quenching device. Indeed,
for the case of passive quenching, the extra-photon arrivals, although uncounted,
extend the microcell dead-time, causing the SPAD to collapse. This is illustrated
in Fig. 4.4(a): When an incident photon triggers an avalanche, the SPAD voltage
Vs (blue line) is reduced below Vbd. The resistor Rq then recharges the junction
capacitance. Now, as long as Vs exceeds Vbd, the SPAD can be triggered by another
photon. In such case (as shown in the figure), Vs remains below the threshold
voltage of the trigger circuit Vth, hence extending the dead time and "paralyzing"
the photon detection [122]. For this reason, the PQ-SPAD, and therefore the PQ-
SiPM, is said to be a paralyzable detector [116]. On the other hand, for the case
of active quenching, the incoming photons during the dead-time are not counted
and do not prolong the dead-time, see Fig. 4.4(b). Hence, AQ-SPADs are called
non-paralyzable detectors [116]

Mathematical formulation: In contrast to the average measured photon count
µ given in (4.3)), we define µPQ and µAQ respectively as the real average photon-
count of a PQ- and AQ-SiPM during a bit time T . The relation between µPQ and µ
for instance can be formulated based on a paralyzable-detector model adopted from
nuclear particle physics instruments [122, 116], as follows:

µPQ = µ exp(−µ τd
TN

) (4.4)

µAQ =
µ

1 + µ τd
TN

, (4.5)
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In order to illustrate these relationships, we simulated the output photon count of
an SiPM versus the input optical power, PRx, for the two counting time intervals
of ∆t = 1µs and 1ms, assuming N = 10, 998 and τd = 90 ns (the other considered
SiPM parameters are presented in Table 4.2, next section). The results are presented
in Fig. 4.5 which clearly shows the two operation regimes of the SiPM. During the
first regime, the curve of the output photon count versus PRx exhibits a linear
bahaviour until a maximum photon count (depending on ∆t). Above this limit,
the photon count is constant for the case of AQ-SiPM whereas it drops sharply and
marks the start of the saturation regime for the case of PQ-SiPM. Note that the sat-
uration point in terms of the maximum accepted photon rate (or equivalently PRx)
is constant for both counting time intervals, and is on the order of 1010 Photons/sec.
This confirms the fact that, considering the dead-time constraint, an SPAD is practi-
cally able to detect photons at a maximum rate of Rmax ≈ 1/τd [122, 123], resulting
in an Rmax ≈ N/τd , here about 1010 Photons/sec, for the case of SiPM.
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Figure 4.5: SiPM photon-count output as a function of optical received power PRx
and the incoming photon flux (photon rate), for the cases of AQ (red) and PQ
(blue).

4.4 Employing SiPMs in UWOC

In this Section, we investigate the interest and feasibility of employing SiPMs in
UWOC applications. Considering a typical link configuration, we evaluate the per-
formance of an SiPM-based Rx and illustrate its advantage, compared to the case
of using an APD. In fact, as we explained earlier in Subsection 4.3.1, an SiPM is
composed of a number of APDs biased above the breakdown voltage, whereas in the
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classical APD use, the PD is biased below its breakdown voltage. We also compare
the SiPM performance to that of a PMT-based Rx, reported to have equivalent
quality in terms of Rx sensitivity, for instance. based on these results, we then
discuss the relevance of using SiPMs in the UWOC context.

4.4.1 Main assumptions and system model

We consider a point-to-point communication link, as depicted in Fig. 4.6 with an
LED-based Tx. Here, we suppose that the SiPM output is discrete and consist
in photon count values, thus we do not consider time sampling of the PD output
signal for the case of SiPM. Without loss of generality, we model the LED radiation
pattern PTx by a generalized Lambertian model with azimuthal symmetry described
by (3.3) and rewritten below:

PTx = Pt
m+ 1

2π
cosm(φ) [W/sr],

The LED is considered to emit at λ = 470nm (the considered SiPM PDE exhibits
its peak value in the blue region of the spectrum [106]) with a Lambertian order of
m = 45, corresponding to φ1/2 ≈ 10◦.
We conduct our study for the case of clear ocean waters, with a typical Chlorophyll
concentration of C = 0.5mg/m3 corresponding to a diffuse attenuation coefficient of
K = 0.08m−1 . We also consider the case of coastal waters of type Jerlov 5. For this
latter, given that the corresponding K value cannot be predicted using bio-optical
models presented in Section 2.3.2, we performed experimental measurements in a lo-
cation close to the docks of Ifremer Institute (located in La-Seyne-Sur-Mer, Toulon),
in the south of France. We measured the water turbidity with a C-Star transmis-
someter from Wet Lab [124] and obtained a turbidity scale equal to 4 in NTU
(Nephelometric Turbidity Units), and a transmittance of 65% at 475 nm. These
findings confirm the water type of Jerlov 5, referring to Fig. 2.6. Also, the measured
K was around 0.5m−1.
We model the optical power loss by an exponential decay model (see Subsec-
tion 2.3.3). This way, assuming perfect Tx-Rx alignment, the captured power PRx
at the Rx is given by:

PRx = PTx exp(−K Z)
APD

Z2
, (4.6)

where Z is the distance between the Tx and the Rx and APD is the physical area of
the PD.
Concerning the Rx noise for the case of an APD and a PMT, we take into account
the photo-current shot noise, arising from the input signal but reasonably neglect the
shot noise arising from background radiations, assuming that our system operates in
deep waters (see Section 3.6). We also take into account the thermal noise, mostly
generated by the load resistor of the TZ circuitry. Note that the TZ circuitry is
useless for the SiPM case and is used only for the APD and PMT cases, see the next
section. Further details on Rx noise modeling for the cases of APD and PMT were
given in Subsection 3.3.5.
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Figure 4.6: End-to-End general block diagram of the UWOC communication link.

BER analysis We consider IM/DD transmission, based uncoded NRZ OOKmod-
ulation. Let us denote by P0 and P1 the transmitted optical power for bits ‘0’ and
‘1’, respectively. Referring to (4.6) and (4.3)-(4.5), we calculate the corresponding
average numbers of received photons, that we denote by µ0 and µ1 for off and on
states, respectively. For OOK demodulation at the Rx, we define a suboptimal
detection threshold µth as follows:

µth =
µ0 + µ1

2
. (4.7)

For instance, for the case of SiPM-based Rx, , the error probability Pe, can be
calculated as [114]:

Pe =
1

2
Pr
(
Cph ≤ µth|µ = µ1

)
+

1

2
Pr
(
Cph > µth|µ = µ0

)
=

1

2

[
1− Fc(µth, µ0) + Fc(µth, µ1)

]
, (4.8)

where Fc(x, y) denotes the cumulative distribution function of random variable x
(here, Poisson-distributed) with parameter y.

4.4.2 Numerical results

In this section, we present some simulation results in order to study the perfor-
mance of an SiPM-based Rx for UWOC links. The considered SiPM parameters
are specified in Table 4.2, which correspond to the SensL B-series 30020 SiPM [121].
Here, we take the data rate Rb = 1Mbps, which can be readily attained using the
typical off-the-shelf available LEDs. In order to make a fair comparison between
SiPM, APD, and PMT, we assume that the two latter receive an equal power level
to that detected by the SiPM at a given link range Z. This comes to assume that
the considered APD and PMT have equal physical areas to that of SiPM. Yet, it
must be noted that, whereas the physical areas of PMT and APD are almost totally
photo-sensitive, the fill factor of an SiPM is typically on the order of 40%.

Let us first set the extinction ratio of OOK modulation EXT = P0/P1 to 0. We
have presented the link BER performance of the cases of PQ- and AQ-SiPM, APD,
and PMT as a function of Z in Fig. 4.8. To start, we have shown in Fig. 4.7 plots of
the received power PRx as a function of Z for the two water types considered here.
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Table 4.2: Rx parameter specification
Parameter Value

SiPM PDE, ΥPDE 0.31
SiPM area 9mm2

SiPM Dark Count Rate, fDCR 6.6 MHz
SPAD dead-time, τd 90 ns
Number of SPAD in SiPM, NSPAD 10998
Probability of Cross-Talk, PCT 0.1
Probability of After-Pulsing, PAP 0.01

APD load resistance, RL 50 Ω

APD gain, G 50
APD ionization ratio, ξ 0.02

If we consider a target BER of 10−4, from these results, an SiPM-based Rx achieves
(for both cases of AQ and PQ detectors) a communication link span around 68
and 17m for the cases of clear and turbid waters, respectively. The attainable link
range for the APD-based Rx is limited to about 28 and 9m only. Note that at the
maximum range, for instance in clear ocean water case, PRx is around −72 dBm for
the case of an SiPM-based Rx (in contrast to −50 dBm for the case of APD-based
Rx) which shows the capability of SiPMs to work under very low signal levels. On
the other hand, we notice that the PMT-based Rx achieves a link distance on the
order of 80 and 19m for the cases of clear and turbid waters, respectively. Thus,
at equal received power, the PMT allows to increase the link range by around ten
meters in clear ocean waters, but it provides equivalent performance in turbid waters,
compared with SiPM-based Rx. These results confirm that the SiPM is potentially a
serious challenger to PMT, taking into account its lower implementation complexity
and higher operational flexibility.
We also notice from Fig. 4.8 that NLD as a result of the PD saturation, arises for
the case of PQ-SiPM for PRx ≥ −22 dBm, corresponding to Z ≤ 4m in clear and
Z ≤ 2m in turbid waters. So, unless for too short link distances that would be
rather unlikely to happen in practice, the PQ-SiPM is not concerned by the NLD
problem. Note that we do not notice this behavior for the case of an AQ-SiPM.
Note: One must note here that the BER equalling 1, observed when the PQ-SiPM
is suffering from saturation, must be considered with a hindsight; In effect, when a
PQ-SiPM enters the saturation phase, this corresponds in practice to the component
being collapsed, and, under such conditions,it would have stopped working. Thus,
this value of BER does not correspond to an actual acceptable transmission BER.
Yet, we chose to keep this value here so as to considered it as an indicator of the
ignition of the SiPM saturation phase.

In order to get more insight into the impact of NLD on the link performance,
let us now investigate the case where EXT 6= 0, which is mostly the case in practice
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Figure 4.7: Received power PRx versus Z for the case of clear and turbid coastal
ocean waters, by an SiPM-based Rx.

because we cannot switch off the LED completely at the given high data rate. As
our objective is to present a comparative study between different photodetectors,
for the sake of simplicity, we consider hereafter only the case of clear ocean waters.
Simulation results are presented in Fig. 4.9(a) and (b) for the cases of AQ- and
PQ-SiPM, respectively. We notice that the SiPM performance strongly depends on
the EXT parameter. Indeed, when we increase EXT from 0 to 0.8, the maximum
achievable link span for a target BER of 10−4 is reduced from ∼ 68m to ∼ 40m
for both AQ- and PQ-SiPM cases. This could be expected since increasing EXT
means that the power levels corresponding to bits ‘0’ and ‘1’ are closer to each other,
resulting in a higher error probability according to (4.8). We also notice that the
NLD effect is manifest at a larger Z as EXT increases, and this is also valid for the
case of AQ-SiPM, although we noticed an NLD-free performance for this latter for
EXT = 0. For instance, for EXT = 0.8, the NLD limitation occurs at Z ≤ 4m for
the case of AQ-SiPM, while this lower limit of the link span increases to about 12m
for the case of PQ-SiPM. We conclude that, overall, not only a relatively high EXT
ratio reduces significantly the link span for a target BER, it also impacts the range
of Z over which SiPM operates in the NLD-free (i.e., linear) mode.

4.4.3 Impact of solar noise on the SiPM performance

In order to complete our study of SiPM suitability for UWOCs, we investigate here
the impact of solar noise on the performance of this component. To do so, we proceed
as in Chapter 3, by studying the link BER variation versus the Rx operation depth
D. First, we fix the link span, corresponding to a target BER of around ∼ 10−4.
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Figure 4.8: BER performance as a function of link distance Z for AQ- and PQ-
SiPM, APD, and PMT-based receivers. P1= 1W, EXT = 0, uncoded NRZ-OOK
modulation, Rb = 1Mbps.
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Figure 4.9: BER performance as a function of link distance Z for AQ- and PQ-SiPM-
based Rx, considering different extinction ratios. Pt= 1W, uncoded NRZ-OOK
modulation, Rb = 1Mbps, clear ocean waters.
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According to Fig 4.8(a), we set the corresponding Z = 69m, and then obtain the
transmission BER for different D. The simulation results are presented in Fig. 4.10.
We notice that for depths smaller than 250m, the SiPM performance is highly
affected by the solar ambient light. Beyond this limit, the SiPM is not affected by
the background noise where the BER converges to 10−4. Compared to a PMT-based
link, whose BER performance is severely degraded by solar noise for depths down to
350m typically, we can conclude that the SiPM PD tolerates better the solar noise,
while having close tolerance to this noise as an APD counterpart.
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Figure 4.10: Impact of solar noise on the BER performance of an SiPM-based
system.

4.5 Basic modulation techniques with SiPM

In the previous Section, we proved the suitability of using SiPMs in the context
of UWOC and demonstrated that they can readily extend the transmission span
compared to APDs, for instance. We investigate here the performance of basic
IM/DD transmission techniques when using an SiPM at the Rx. We devote a
special attention to the data transmission rate, the attainable link spans and the
bandwidth (BW) requirements.
We will consider the use of a PQ-SiPM PD at the Rx. This is justified by the
fact that AQ- and PQ-SiPM based Rx have an almost equivalent performance but
the latter components are in general less expensive with a much larger number
of microcells. At the time of writing this manuscript, the number of SPADs for
commercially available AQ-SiPMs is very limited (e.g. N = 8 for the ID Quantique
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SiPMs [120]), whereas PQ-SiPMs with quite large number of SPADs exist. As PQ-
SiPM, we will consider the SensL B-series 30020 SiPM [121] with N = 10998 in the
following.
In order to do a fair comparison of the different modulation schemes, we fix the
average transmitted power Pav for all modulations.

4.5.1 Binary-level modulations

This category of modulation techniques conveys the information through the vari-
ation of the signal magnitude between two levels within the symbol duration. We
specifically consider the OOK and pulse position modulation (PPM).

NRZ OOK We consider the simple NRZ OOK modulation as benchmark in this
study. Denoting the bit rate by Rb,OOK, we consider the occupied signal bandwidth
as BOOK ≈ Rb,OOK. Also we have:

Pav = (POn,OOK + POff,OOK)/2 (4.9)

PPM PPM is the optimal slotted binary modulation in terms of energy efficiency.
In addition, when a hard detection is performed at the Rx, PPM do not require
dynamic threholding for optimal detection, in contrast to OOK [40]. However,
this comes at the expense of an increased bandwidth requirement, thus, a lower
bandwidth efficiency.
Let us consider an L-ary PPM where a symbol corresponds to M = log2(L) bits.
Each symbol duration is divided into L slots, with (L − 1) slots set to ‘Off’ state,
i.e. corresponding to the transmission of an optical power of POff,PPM, and one slot
set to ‘On’ state, with an optical power of POn,PPM). The position of the ‘On’-slot
within the symbol duration depends on the corresponding M bits.
We assume that the emitted power level corresponding to the ‘Off’ is the same as for
OOK and PPM. Fixing the average transmitted power Pav for the two modulation,
we have: {

POff,PPM = POff,OOK

POn,PPM = L
2 POn,OOK − (L−2)

2 POff,OOK
(4.10)

The relation between the bit rate and the required bandwidth for the case of a
PPM modulation is expressed as BPPM ≈ LRb/ log2(L). Increasing the modulation
length L results in a higher bandwidth, and thus requires a fast switching of the
Tx electronic circuits. This can be very challenging due to the limited speed of
the existing opto-electronic components. Furthermore, it would make the Rx slot
synchronization more complex [125]. Increasing L results also in a higher PAPR
according to (4.10).
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Figure 4.11: Illustration of the considered intensity modulation schemes.

4.5.2 Multilevel modulation PAM

With optical PAM, the information is conveyed on the signal intensity which takes
L levels. OOK is the simpliest form with L = 2. L-ary PAM (L > 2) has the
advantage of bandwidth efficiency compared to OOK and PPM, which is particu-
larly interesting given the bandwidth limitation of typical opto-electronic compo-
nents (e.g. LEDs and/or PDs). Denoting again the number of bits per symbol by
M = log2(L), the required bandwidth of PAM equals BPAM = BOOK/M . From a
practical implementation point of view, to use of PAM, the Tx should be able to
change the intensity level depending on the M bits being transmitted. This can be
accommodated readily in the UWOC context since most of the time, a number of
LEDs are used at the Tx in order to increase the Tx power, and hence the link span.
PAM signaling can be realized then by switching on and off a set of LEDs.
given the fixed Pav, we can show that the intensity levels corresponding to L-PAM
in terms of OOK intensity levels are given by:

PTx = POff,OOK + k
(POn,OOK − POff,OOK)

(L− 1)
; for k = 0, 1, ..., (L− 1) (4.11)

An illustrative example of OOK, L-PPM and L-PAM is shown in Fig. 4.11.

4.5.3 Comparison of modulation schemes

In order to compare the performance of OOK, L-PPM and L-PAM, we consider
two different cases of fixed bit rate, Rb, and fixed modulation BW (corresponding
to system BW limitation), where in addition to evaluate the maximum attainable
range, we contrast the BW efficiency and data rate of these modulations. For the
simulation results that we will present, we consider the system model presented in
Section 4.4, for a PQ-SiPM-based Rx operating in clear ocean waters.
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4.5.3.1 Fixed data rate transmission

Let us consider the case where the transmission data rate is fixed to Rb = 1Mbps
and compare the performance of the considered modulation schemes in terms of
BERs as a function of the link span Z. Simulation results are presented in Fig. 4.12.
We notice that generally PAM modulation offers smaller Zmax compared to PPM
for a given BER. For instance, setting the target BER to 10−4, the largest Z for
the considered modulation schemes are equal to 52, 64, and 88m corresponding to
4-PAM, OOK and 16-PPM, respectively. Meanwhile, the required bandwidths for
these schemes equal 500KHz, 1MHz, and 4MHz, respectively. A more detailed
comparison is presented in Table 4.3. Thus, the gain obtained in terms of link span
for PPM, comes at the expense of bandwidth efficiency.

Table 4.3: Comparison of BW requirements and transmission distance of different
modulations for Rb = 1Mbps

Modulation BW [Zmin, Zmax]

OOK 1 MHz [10, 64]
4-PAM 500 KHz [12, 52]
8-PAM 334 KHz [12, 42]
16-PAM 250 KHz [13, 32]
4-PPM 2 MHz [10, 78]
8-PPM 2.6 MHz [12, 84]
16-PPM 4 MHz [16, 88]

4.5.3.2 Bandwidth limited transmission

Let us now consider the case where the system bandwidth is limited to 1MHz. Plots
of simulated BER as a function Z are presented in Fig. 4.13. We again notice that
PAM offers a worse performance than OOK, and the PPM achieves the largest Zmax.
for instance, for the considered modulation schemes and for a target BER of 10−4,
the largest Z are equal to 46, 64, and 98m corresponding to 4-PAM, OOK and
16-PPM respectively. Note that the corresponding transmission rates are 2Mbps,
1Mbps, and 250Kbps, respectively. A detailed comparison is presented in Table 4.4.
We again notice the trade off between the data rate and the maximum achievable
link span. For instance, the increase of Zmax offered by PPM comes at the expense of
a lower bit rate. On the other hand, although PAM provides a shorter transmission
range, it offers a high data rate for the given bandwidth limitation of 1MHz.

4.6 Conclusion

In this chapter, we demonstrated the feasibility of using SiPM detectors in UWOC
systems. On the one hand, we showed that these PDs provide significant perfor-
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Figure 4.12: BER performance as a function of link distance Z for PQ-SiPM-based
Rx and different modulation schemes, for a fixed Rb = 1Mbps, POn = 1W and
EXT = 0.2 for OOK, clear ocean waters.
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Figure 4.13: BER performance as a function of link distance Z for PQ-SiPM-based
Rx and different modulation schemes, for a fixed BW = 1MHz. POn= 1W and
EXT = 0.2 for OOK, clear ocean waters.
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Table 4.4: Comparison of data rate and transmission range of different modulations,
BW=1MHz

Modulation Rb [Zmin, Zmax]

OOK 1 Mb/s [10, 64]
4-PAM 2 Mb/s [12, 46]
8-PAM 3 Mb/s [13, 32]
16-PAM 4 Mb/s [14, 20]
4-PPM 500 Kb/s [11, 84]
8-PPM 337 Kb/s [12, 90]
16-PPM 250 Kb/s [14, 98]

mance improvement compared to the case of APDs, when working with very low
signal intensity levels, e.g. for long link spans. We also showed that SiPMs provide
equivalent performance to those of PMTs, adding several advantages like compact-
ness and mechanical robustness, for instance. On the other hand, we studied the
effect of non-linear distortion generated by the SiPM operation mode and showed
that its impact on the link performance and range strongly depends on the LED
extinction ratio. In fact, increasing the EXT parameter reduces the operation flex-
ibility in terms of the maximum and minimum achievable link spans for a given
target BER performance. Meanwhile, we showed that the limitation due to non-
linear distortion occurs in very short link ranges,e.g. lower than a few meters for
EXT < 0.5.

Furthermore, we investigated two basic modulation techniques of PPM and
PAM, in the aim of further improving the performance of SiPM-based systems in
terms of link distance and transmission data rate. We showed that a trade-off
between bandwidth efficiency, and maximum achievable link span should be con-
sidered. PPM enables longer range communication links in contrast to PAM which
is interesting in terms of data rate. For instance, for the system parameters we
considered in this chapter, to insure BER < 10−4, the link span can be increased to
100m with 16-PPM compared to 40 and 60m for 4-PAM and OOK, respectively.
However, this comes at the expense of increased bandwidth of factor 4, compared to
OOK for a given data rate. In other words, when BW constraint is imposed, PPM
provides a quite lower data rate. There, PAM becomes an interesting alternative,
yet with an energy efficiency penalty. The 4-PAM scheme appears to make a good
compromise between link span an data rate.

In the next chapter, we will focus on the bandwidth constraints arising from
optoelctronic components, i.e. LED and SiPM. For this, we will study the im-
pulse responses of the aggregate channel (including the Tx, the Rx, and the aquatic
channel) implicitly assumed flat up to now, and investigate its impact on the sys-
tem performance. Next, we will investigate efficient signal processing techniques in
the aim of further improving the transmission performance, in terms of both the
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maximum achievable data rate and attainable link distance.
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5.1 Introduction

In this chapter, we investigate the bandwidth limitations arising from both the
underwater optical channel, and the Tx and Rx components, and determine the
scenarios where they may effectively degrade the UWOC link data rate. Indeed,
even though the UWOC channel can be non-frequency selective most of the time
[16], an LED has a limited operational bandwidth [126], which can result in ISI at
the Rx for the case of relatively high data rates. Furthermore, an SiPM PD can
impose additional limitation on the transmission bandwidth.
Although we implicitly assumed in the previous chapter a flat frequency response
for the SiPMs for the considered bandwidth ranges (in the order of several MHz),
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we show here that this assumption needs to be revisited. In fact, as we explain
in the following, the SiPM suffers from a limited operation bandwidth, which can
impose constrains on the maximum tolerable data transmission rates. This can rise
critical challenges in the design of high-rate underwater communication links when
employing SiPMs. After this preliminary study, we investigate the use of channel
equalization in the frequency domain (FDE for frequency domain equalization),
which has the advantage of lower implementation complexity, as compared to the
rather classical time domain equalization. We show the improvement in the link
data rate by using this promising solution.

The remainder of this chapter is organized as follows. In Section 5.2, we give a
review of the channel equalization techniques. Next, in Section 5.3.2, we present the
UWOC channel model and the related main assumptions. Then, FDE is presented
in Section. 5.4 together with a set of simulation results. Lastly, Section. 5.5 concludes
the chapter.

5.2 Literature review

5.2.1 Time domain equalization

A traditional approach to reduce ISI effect within a single carrier (SC) transmission
is to perform time domain equalization (TDE) at the Rx [127]. There exist various
TDE techniques with different degrees of computational complexity, ranging from
optimal approaches such as MAP symbol detection, maximum likelihood (ML)
sequence detection, to suboptimal linear equalization methods such as zero-forcing
(ZF), and minimum mean square error (MMSE) symbol estimation, and non-linear
MMSE decision feedback equalization (DFE) [128]. The main weaknesses of
these techniques is their relatively high computational complexity for real-time
implementation [129].

An alternative solution to face channel frequency selectivity consists in perform-
ing channel equalization in the frequency domain. A common approach consists
in orthogonal frequency division multiplexing modulation (OFDM) with single-tap
FDE. The OFDM technique consists on transmitting data over several closely-spaced
orthogonal sub-carriers. This way, the communication channel, originally frequency
selective, is divided into a set of parallel frequency non-selective channels, each one
corresponding to a sub-carrier. As a consequence, channel equalization is simplified
to single-tap equalization per sub-channel, which has a much lower computational
complexity compared to SC-TDE couterpart [128]. However, the main drawback
of the OFDM technique is its relatively high PAPR resulting from the summation
of a large number of sub-carriers [129]. In the UWOC context, the high PAPR
makes the transmitted signal more likely to suffer from strong non-linear distortion,
in particular in the form of the so-called clipping noise, due to the limited linear
operation range of the LED [130].
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5.2.2 Optical OFDM

Several works have investigated so far the use of optical OFDM (O-OFDM)
modulation scheme in wireless optical communications, particularly within VLCs,
in the aim of overcoming the limited modulation bandwidth of the LEDs and
achieving high data-rate transmission. Given that the bandwidth of an LED is
typically on the order of several MHz, several recent works on VLC have reported
data rates up to several hundreds of Mbps by using O-OFDM [131, 132, 133, 134].
However, compared to its conventional counterpart applied in RF transmission,
the O-OFDM signal is required to be real and unipolar (positive) due to intensity
modulation constrain. This imposes the signal to respect a Hermitian symmetry,
so as to obtain a real inverse fast Fourier transform (IFFT) output signal. Fur-
thermore, the signal is made positive whether by adding a DC bias current (this is
referred to as DC-biased OFDM or DCO-OFDM), or by loading information only
on the odd sub-carriers and clipping entirely the negative signal amplitudes after
IFFT (referred to as asymmetrically clipped O-OFDM or ACO-OFDM).
The direct consequences of these constrains is a power efficiency penalty due to the
added DC bias current for the case of DCO-OFDM, and an important reduction
in the signal spectral efficiency, up to a factor of four for the case of ACO-OFDM
(when compared to a SC unipolar modulation counterpart such as PAM) [126].

5.2.3 SC-FDE

In order to face the OFDM limitations, essentially the high PAPR and the low
power efficiency, an promising alternative based on SC-FDE was proposed in [129].
This technique consists in transferring the IFFT block, undertaken at the Tx side
within OFDM, toward the Rx side, where the IFFT, FDE, and FFT operations
are performed successively. This way, SC-FDE avoids the generation of a transmit
signal with a high PAPR, while taking advantage of the low complexity of frequency-
domain channel equalization. It is worth mentioning that SC-FDE has an equivalent
performance to OFDM [129], with a main virtue of simpler Tx architecture and lower
PAPR. Note that, the Rx in a SC-FDE scheme, is more complex compared to the
case of OFDM, the global computation complexity is completely equivalent for the
two schemes. In any way, SC-FDE is highly advantageous in terms of computational
complexity, compared to TDE. Here, we apply this idea of FDE to the case of optical
communication links [126].
We will investigate the performance of several modulation schemes, i.e., OOK, L-ary
PAM, and PPM, when associated with FDE.
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5.3 Impact of limited system bandwidth on the UWOC
link performance

In this section, we investigate the impact of the system bandwidth limitations on
the UWOC link performance, when no channel equalization is carried out at the Rx.
Considering a typical UWOC link, we start by evaluating the frequency response of
the aggregate channel (i.e. including the effect of the Tx, the propagation channel,
and the Rx) and the main related assumptions.

5.3.1 System model and main assumptions

Let us consider a typical UWOC link as presented in Fig. 4.6. To be consistent with
the previous study in Section 4.5 (which concerned the modulation schemes em-
ployed with SiPM), we considerOOK, L-PAM and L-PPM as modulation schemes.
Without loss of generality and for the sake of simplicity, we limit our study to L = 4

and L = 16 for PAM and PPM cases, respectively, given that we have a similar
behavior concerning the BER performance for different L values.
In order to compare the BER performance of the different modulation schemes, we
consider a constant average transmitted power Pav for all modulations. We consider
the case where the system is operating in clear ocean waters with K = 0.08m−1,
and the use of an LED at the Tx and a PQ-SiPM at the Rx. The SiPM parameters
are specified in Table 4.2 and the LED main parameters considered hereafter are
presented in Table 5.1.

Table 5.1: LED parameters
Parameter Value

Wavelength, λ 470 nm
HP angle 10◦

Average Tx power, Pav 1W
Extinction ratio, EXT 0.2

5.3.2 Frequency response of the aggregate channel

Let us denote by heq the equivalent aggregate channel impulse response, which can
be expressed as follows:

heq(t) = hLED(t) ∗ hch(t) ∗ hSiPM(t) (5.1)

where hLED, hch and hSiPM denote the impulse responses of the LED, the physical
aquatic channel, and the SiPM, respectively. The operator ‘*’ denotes the convolu-
tion operation. As explained earlier, the underwater physical channel is regarded as
frequency non-selective, thus we assume hch(t) = Lch δ(t) with Lch the attenuation
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factor defined in (3.2).

LED impulse response LEDs have a limited operation bandwidth and are often
modelled by a first order RC LPF with a normalized impulse response of [126]:

hLED(t) = e−2πfc,Lt (5.2)

where fc,L denotes the LED 3-dB cut-off frequency. The value of fc,L is not usually
specified in the LED data-sheet. Thus, we conducted a set of experimental mea-
surements within the Ifremer Institute in order to quantify fc,L for a blue LED of
model NICHIA NSPB510AS [60]. For this, we employed a fast SiliconPD at the Rx
(model OSD1-5T [135]) and measured the fc,L as about 10MHz.
Not that, in addition to a limited bandwidth, an LED can introduce sever non-linear
distortion on the optical transmitted signal, mainly due to a limited dynamic range,
which is referred to as clipping effect. This occurs if the LED is modulated outside
its linear operation range. As we limit our study to the cases of 16-PPM, OOK, and
4-PAM, hereafter, we reasonably assume that the LED is operated within its linear
mode and neglect any related clipping effect.

SiPM impulse response In order to study the SiPM effect on the system band-
width, we consider the MicroSB-30035 SensL model as reference. Its impulse re-
sponse is presented in [136], and reproduced in Fig. 5.1(a) 1. In order to exploit
these data for our simulations, we approximate the SiPM impulse response by a
first order LPF, see (5.2). As shown in Fig. 5.1, this approximation is in accordance
with the experimental data from the data sheet, for frequencies up to 100MHz.
Thus, we use this LPF approximation in the following as far as the SiPM is oper-
ated within this specific range of bandwidth. The SiPM impulse response is then
considered as:

hSiPM(t) = e−2πfc,St , (5.3)

where fc,S denotes the 3-dB modulation bandwidth of the SiPM which is around
2MHz.

5.3.3 Link performance without FDE

In order to highlight the effect of the channel frequency selectivity, we first study
the UWOC link performance when the data rate Rb is increased. Thereby, we
investigate the variation of the transmission BER versus Z, for different Rb. The
simulation results for the case of OOK, 4-PAM and 16-PPM are depicted in
Figs. 5.2, 5.3, and 5.4, respectively.
We notice that, as expected, for the three modulations, the BER performance
deteriorates when Rb increases. Consider the case of OOK modulation in Fig. 5.2.

1Note that the impulse response is normalized.



84
Chapter 5. Enabling high data-rate transmission by frequency domain

equalization

0 0.5 1 1.5 2 2.5 3

x 10
−7

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Time (s)

V
ol

ta
ge

 (
m

V
)

 

 

SiPM
LPF with f

c
 = 2 MHz

(a) Impulse response

0 20 40 60 80 100 120 140 160 180 200
−70

−60

−50

−40

−30

−20

Frequency (MHz)

M
ag

ni
tu

de
 (

dB
)

 

 

SiPM
LPF with f

c
 = 2 MHz

(b) Frequency response
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Here, when Rb is limited to 1Mbps, we can achieve BER < 10−4 for a range of
Z ∈ [11− 65m]. This link span interval is reduced to [15− 41m] when operating at
Rb = 8Mbps, and it gets even more restricted, i.e., [19−31m] at Rb = 14Mbps. For
Rb > 16Mbps, the link performance is severely affected, resulting in BER > 10−2.

For the case of 4-PAM, we observe the same behavior as for OOK. Indeed,
increasing Rb from 1 to 4Mbps involves a decrease of the link range interval
corresponding to a BER < 10−4, from Z ∈ [10 − 54m] to Z ∈ [10 − 42m].
Meanwhile, we notice that 4-PAM is more sensitive to the data rate variation than
OOK. Indeed, for Rb ≥ 12Mbps, 4-PAM is unable to establish a link with BER
lower than 10−4, whereas, as noticed above, OOK can tolerate data rates up to
14Mbps. This can be explained by the fact that the 4-PAM performance is more
considerably affected by ISI than OOK.

Similarly, the 16-PPM BER performance deteriorates when Rb increases.
However, 16-PPM is more affected by ISI, compared to 4-PAM or OOK. Indeed,
starting from Rb = 10Mbps, the BER exceeds the 10−4 limit for all considered
link ranges Z. This could be predicted since 16-PPM requires four times more
bandwidth than OOK and eight times more bandwidth than 4-PAM, for a given
Rb. In other words, having much narrower time slots, it is more considerably
affected by the channel frequency selectivity.

In order to get more insight into the effect of the channel frequency selectivity,
and to better compare the performance of the considered modulation schemes, we
present here a study of BER versus Rb for a fixed link range of Z = 40m. Note
that the selected value of Z is arbitrary and serves as an illustrative example.
The simulation results presented in Fig. 5.5 confirm the observation made earlier:
The transmission system based on 16-PPM achieves the worst BER when the data
rate increases, compared to 4-PAM and OOK. In fact, the maximum tolerable Rb
to achieve BER < 10−4 over 40m, is equal to 5, 6, and 11Mbps for the case of
16-PPM, 4-PAM and OOK, respectively. This can be explained by the fact that the
channel introduces more sever ISI for the case of 16-PPM, for instance, compared
to 4-PAM.

5.4 Frequency domain equalization

5.4.1 SC-FDE overview

Figure 5.6 shows the block diagram of the UWOC link when FDE is performed at the
Rx. Information bits to be transmitted are first mapped according the modulation
scheme. They are next grouped by blocks of length Nfft which corresponds to the
FFT size. Then a cyclic prefix (CP) of length M is introduced at the beginning of
each block. It consists in a duplicate of the M last symbols of each block. The CP
forms a guard interval between the successive blocks in the purpose of preventing
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inter-block interference. Furthermore, it allows circular convolution, as the block
of symbols may be regarded as periodic with period M [129]. After pulse shaping,
parallel to serial (P/S) and digital to analogue (D/A) operations, the transmitted
signal can be written as follows:

s(t) =
∞∑

i=−∞
a(i) g(t− nT ) ∗ hLED(t) (5.4)

where a(i) denotes the transmitted optical power level corresponding to the ith

symbol (or slot for the case of PPM modulation), and g(t) the shaping filter impulse
response. Here we consider g(t) as having a rectangular shape, for the sake of
simplicity.
At the Rx side, after photo-detection and prior to time-sampling (here it is implicit
given that the SiPM output is assumed to be discrete time), the signal can be written
as follows:

r(t) =
∞∑

i=−∞
b(i) g(t− nT ) ∗ hLED(t) ∗ hch(t) ∗ hSiPM(t)

=
∞∑

i=−∞
b(i) g(t− nT ) ∗ heq(t)

(5.5)

Here, b(i) denotes the number of photons counted by SiPM, corresponding to the
Tx power level a(i). The factor b(i) includes a noise component, introduced by
SiPM photon-count statistics, see Section 4.3.4.

After discarding the CP, a channel equalization is performed in the frequency
domain so as to cancel the channel effect. We specifically conduct a zero forcing
(ZF) equalization, which applies the inverse of the channel frequency response
1/Heq(ω) to the received signal where Heq(ω) is the transfer function of heq[n].
This operation is done by performing FFT and IFFT processing. The ZF equalizer
considered in this work offers the advantage of low complexity.

Notice that, for relatively large Rb (i.e. signal bandwidths) , a correspondingly
large enough FFT size should be used in order to satisfy the condition of almost flat
sub-channels (after IFFT). Also, the CP length should be set carefully, depending
on the aggregate channel delay spread and Rb. In the simulation we present here,
we use Nfft = 256 and CP = 20, which are suitable for a typical data rate of 10Mbps
and the already presented components, i.e., LED and SiPM.

5.4.2 Preliminary study of the interest of FDE

In this section, we present a preliminary study to show the interest of employing
FDE in the considered UWOC link. We fix the link range Z, and simulate and
compare the BER performance as a function the data rate, for both cases where
FDE is or not performed. The simulation results are presented in Figs. 5.7, 5.8, and
5.9, for the cases of OOK, 4-PAM, and 16-PPM, respectively.
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Figure 5.6: Block diagram of an UWOC (a) transmitter and (b) receiver for an
FDE-based transmission.

We set Z = 40m for the cases of OOK and 16-PPM, similarly to the study
presented earlier in Section 5.3.3. For the case of 4-PAM, we choose Z = 30m
because we noticed that it allows a more clear distinction between the two cases.

We notice that the FDE technique allows a significant increase of the maximum
achievable data rates at a given target BER (e.g. around 10−4) for all modulation
schemes. In fact, when FDE is not performed, the maximum achievable data rate
(corresponding to BER < 10−4), is on the order of 9Mbps for the cases of OOK
and 4-PAM, and 4Mbps for 16-PPM. When FDE is employed, these boundaries
increase to 16Mbps for OOK and 4-PAM, and to 8Mbps for 16-PPM. This shows
that using FDE enables us to increase the transmission rate beyond the limitation
imposed by LED or SiPM bandwidths.

More specifically, concerning SiPM, we showed that by using FDE at the Rx we
can benefit from the high sensitivity offered by SiPM while overcoming its band-
width limitations, i.e., ensuring high rate data transmission. Focusing on this, after
demonstrating the impact of the FDE technique on the system performance en-
hancement, we present hereafter a more complete performance study in terms of
maximum and minimum achievable link ranges, as well as the maximum tolerated
bit rates, that can be achieved with an SiPM-based Rx.

5.4.3 Investigating the maximum achievable Rb and Z with FDE

In the previous section, we considered an arbitrary value of Z, in the aim of high-
lighting the interest of employing FDE and demonstrating its interest in increasing
the maximum achievable data rate. In this section, we provide a more exhaustive
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and complete study of the performance of an SiPM-based UWOC link when FDE
is employed at the Rx.

5.4.3.1 Simulation algorithm

Considering a target BER of ≈ 10−4, we determine for a given Rb the maximum
and the minimum achievable link ranges (denoted by Zmax and Zmin, respectively)
where SiPM is operating within its linear mode. We also determine the maximum
tolerated data rate Rb,max.
The values of Zmax, Zmin, and Rb,max are determined according to the following
algorithm:

Algorithm 1 Determine the boundaries of Z and Rb for BER < 10−4

Data: Rb = [1,2,...,100] Mbps Z = [90, 88, ..., 1] m
Result: Zmin, Zmax and Rb,max
for each value of Rb do

for each value of Z do
Compute the BER at Z and Rb
if BER < 10−4 and SiPM did not saturate then
Zmax = Z;

else if BER > 10−4 and SiPM did saturate then
Zmin = Z

stop the Z loop
end

end
if BER > 10−4 at Rb for all Z then

Rb,max = Rb
stop the Rb loop

end
end

5.4.3.2 Numerical results

The simulation results are presented in Figs. 5.10, 5.11, and 5.12, for the cases of
OOK, 4-PAM, and 16-PPM based transmissions, respectively. We have plotted
Zmax and Zmin versus Rb, for both cases where FDE is or not employed. We notice
two main effects of FDE:

1. Increasing the tolerable data rate:
For a given link distance Z, applying FDE allows to considerably increase the max-
imum tolerable Rb. For instance, let us consider the case where Z = 30m. Without
FDE, for OOK, 4-PAM, and 16-PPM modulations, the maximum tolerable Rb is
around 12, 9, and 6Mbps, respectively. These values increase to about 39, 15, and
15Mbps with FDE, respectively. This is further highlighted in Table 5.2, where we
have presented the maximum achievable Rb.
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We also notice that for a given Z, the impact of the channel equalization is more
important for the case of 16-PPM, compared to OOK or 4-PAM counterparts. This
was expected, knowing that this modulation scheme is the most affected by the
bandwidth penalty.

Table 5.2: Maximum tolerable Rb for a PQ-SiPM-based UWOC link, for BER <

10−4

OOK 4-PAM 16-PPM

Rb,max without FDE 13Mbps 9Mbps 7Mbps
Rb,max with FDE 69Mbps 47Mbps 29Mbps

2. Increasing the operational distance range [Zmin − Zmax]:
We notice that at equal Rb, the FDE technique allows to expend the interval [Zmin−
Zmax]. For instance, for OOK modulation and at Rb = 13Mbps, a BER of 10−4 can
be ensured for Z ∈ [18 − 29] when FDE is not employed. This interval is enlarged
to [13 − 43] with the use of FDE. This makes the transmission a bit less sensitive
to SiPM saturation, since Zmin is reduced, and also allows to establish longer links,
given that Zmax is increased by more than 10meters. The same is noticed for the case
of 4-PAM and 16-PPM. These findings further highlight the advantage of employing
FDE in the UWOC context.

Further comments on the curves’ shape:
Regarding the simulation results, we notice that the value of Zmin is almost constant
for all considered values of Rb. This is justified by the fact that, by definition, Zmin

corresponds to the link distance where the SiPM is about to enter the saturation
phase, while this process depends only on the properties of the SiPM and the
received power level (which directly depends on Z), and has no dependence on
the data rate. On the other hand, we notice that the value of Zmax decreases as
Rb increases. This can be explained by the fact that the SiPM performance (here
in terms of BER) depends on the number of photons counted during a the time
interval T = 1/Rb, where the mean value of photon count is proportional to PRx T ,
see (4.3). Thus, increasing Rb comes to decreasing the time interval over which the
SiPM counts photons. Thus, in order to have the photon count needed for a given
BER performance, the level of PRx must be increased, which comes to decreasing
Z (remember from (4.6) that PRx is proportional to 1/Z2).

All the above results and discussions reveal the interest of using FDE in enhanc-
ing an SiPM-based UWOC link performance, both in terms of tolerable data rate
and link distance margin within its linear operation mode.
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5.5 Conclusion

In this chapter, we investigated the impact of the LED and the SiPM limited band-
widths on the UWOC link performance. We showed that when no equalization is
performed, and for relatively high data rates (∼2Mbps), the link performance is lim-
ited by the frequency selectivity of the aggregate channel, for the three considered
modulation schemes, i.e., OOK, 4-PAM, and 16-PPM. We introduced the frequency
domain equalization as an interesting solution to mitigate the effect of the limited
operation bandwidth. We demonstrated that for a fixed link range, FDE allows to
enlarge the interval of Z ensuring a low BER. Furthermore, we showed how FDE
allows to attain higher data rates compared to the case where no equalization is
performed. This is very important for the design of high speed UWOC links based
on an SiPM PD.
In the next chapter, we present a set of experimental works on a simple optical com-
munication link with an LED-based Tx and a PQ-SiPM-based Rx in order to vali-
date the main results we presented so far. In particular, we measure the end-to-end
channel response, and experimentally validate the interest of the FDE technique.
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6.1 Introduction

In the previous chapters, we evaluated the performance of a typical SiPM-based
UWOC link, based on analytical calculations and numerical simulations. Here, we
aim to complete our study and validate our theoretical findings through experi-
mental tests. For this purpose, we developed a test-bed and conducted a series of
experiments. In particular, we measured the aggregate channel frequency response
and studied the link BER performance when varying the data transmission rate.
The description of the experimental setup, and the different electronic and opti-
cal components used within it, is provided in Section 6.2. Then, in Section 6.3, we
measure the end-to-end channel frequency response, firstly providing the related
theoretical description, and secondly presenting the outcome of our experimental
tests.

6.2 Experimental Setup description

Our test-bed consists in a simplex point-to-point optical communication link, whose
schematic representation is provided in Fig. 6.1. The Tx block is composed of a
computer, a PM8572A waveform generator from Tabor Electronics [137], and a
blue Nichia NSPB510AS LED [60]. Here, the binary data to be transmitted are
randomly-generated and then modulated offline in the computer. Next, the output
bit stream is loaded to the waveform generator, which produces a corresponding
electrical signal that will drive the LED. The waveform generator is directly com-
manded from the computer via ArbConnection 4.3 software and is connected to the
LED via a coaxial cable.
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The optical signal is transmitted through an optical fiber, employed here as a sub-
stitute to the underwater propagation channel, given that we did not have available
a water tank or basin in the laboratory. Our main objective being to study the
SiPM performance when varying the data rate, and given that the optical fiber does
not attenuate the signal as expected in water, we simulate the channel attenuation
effect by decreasing the light intensity at the Tx.
At the Rx side, the photo-detection is carried out by a MicroSB-30035 SensL SiPM
[136], bonded to the optical fiber and wrapped by an opaque tape so as to prevent
the detection of parasitic ambient light. The SiPM is employed jointly with a power
supply and preamplifier module, regarded as a simple ‘plug and play’ readout solu-
tion to be used with SensL’s SiPMs. It interfaces with the PD, performs a signal
amplification, and provides the detector bias voltage and the power supply needed
by the preamplifier. Thus, it allows working with the SiPM with minimal additional
equipments. The PD output is passed via a coaxial cable to the Wavesurfer Xs-A
oscilloscope from LeCroy [138]. This latter enables data acquisition, visualization,
and analysis, and has an integrated Windows XP operating system on-board. Lastly,
the oscilloscope sampled and low-pass filtered signal is saved and loaded to the com-
puter, where signal demodulation is performed so as to retrieve the transmitted bit
stream. Snapshots of our test-bed are provided in Figs. 6.2 and 6.3.

In the following, we will start by measuring the aggregate channel frequency
response, which is used later to perform channel equalization. Then we evaluate the
BER performance of the communication link as a function of the data rate without
and with channel equalization.

6.3 Measuring channel frequency response

Assuming that our system is linear and time-invariant (LTI), we start by measuring
the frequency response of the aggregate channel, denoted here by Heq(f), which
includes the LED, the propagation channel, and the SiPM PD. To do so, we
generated a bunch of sinusoidal signals at different frequencies, and measured
their amplitudes at both the Tx and Rx, denoted by Vin and Vout, respectively
. The magnitude of the frequency response is then calculated as |Heq(f)| = Vout/Vin.

The experimental measurements of |Heq(f)| obtained are presented in Fig. 6.4
(red line). In order to exploit these data in the following, we fit the curve of H(f) by
the frequency response of a second order LPF, whose transfer function is expressed
as follows:

HLPF(s) =
b

a3 + a2 s+ a1 s2
(6.1)

The related coefficients a and b are calculated using Matlab function ‘invfreqs’,
which transforms an in-laboratory-measured frequency response data into a transfer
function. As shown in Fig. 6.4, the second order LPF frequency response (blue line)
constitutes a good approximation to the measured data. As depicted in the figure,
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LED

SiPM

Figure 6.2: Experimental set-up.

Figure 6.3: SiPM and his power supply and preamplifier module.
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we have a -3 dB cut-off frequency of around 2.2MHz. This confirms the rationality
of the value of fc,SiPM = 2MHz that we adopted in Chapter 5. Furthermore, it
confirms that the main limitation over the operation bandwidth is imposed by the
SiPM component.

6.4 Measuring BER variation versus data rate

Les us now study the variation of the transmission BER versus the data transmis-
sion rate for the cases of uncoded NRZ-OOK and 4-PPM modulations. These latter
were considered here for their implementation simplicity and constitute an illustra-
tive example for system performance analysis.
The experimental results are presented in Fig. 6.5. As expected, the BER per-

formance deteriorates when Rb increases, for both considered modulation schemes.
Indeed, the BER is approximately 10−3 at 3 and 1.5Mbps, while it reaches 0.5 at 12
and 8Mbps, for the cases of OOK and 4-PPM, respectively. As expected and in con-
cordance with our theoretical study, OOK has a better performance than 4-PPM.
As explained earlier in Subsection 5.3.3, this can be explained by the fact that, at
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Figure 6.6: Comparing experimental BER versus data transmission rate, of an OOK-
based transmission, with and without FDE.

equal data rates, a 4-PPM signal occupies two times more bandwidth as compared
to OOK.

6.5 Benefit of channel equalization

To see the benefit of FDE on the BER performance for the case of OOK modulation,
given the channel frequency response, we calculate the equalization coefficients to
be applied to the Fourier transform of the Rx signal previously recorded. The
simulation results are presented in Fig 6.6. We notice that, as expected, FDE provide
a BER performance enhancement, albeit minimal. The reduced effect of FDE can
be explained referring to Fig. 5.10. In effect, within our test-bed, we simulate the
aquatic channel by a optical fiber. This latter does not attenuate power as water,
and although we considered a low power level, this last may still be high enough to
correspond to the case where an UWOC link is established over a low distance. For
this specific case figure, referring to the above mentioned figures, the effect of FDE
cannot be clearly noticed.

6.6 Conclusion

In this chapter, we presented a set of experimental result to evaluate the perfor-
mance of a typical UWOC link employing an SiPM PD. We provided the description
of our test-bed and presented the main results we obtained. In particular, we
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quantified the propagation channel frequency response and confirmed that the
SiPM imposes the main limitation of the system bandwidth, and validated the
value of the cut-off frequency that we considered earlier in our theoretical study. We
also evaluated the link BER for increasing data rate for the case of an OOK-based
transmission.

In conclusion, these experiments enabled us to validate a part of the previous
results obtained by simulation, and concerning the performance of an SiPM based
communication link. It also allowed us to highlight the main contribution of chan-
nel equalization technique to further improve the transmission quality. Additional
test should be conducted to evaluate real benefit of FDE in improving the system
performance.
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7.1 Conclusions

UWOC is a promising technology for establishing high data-rate and reliable
underwater communication links. It provides numerous advantages compared to
the acoustics-based counterpart, including a large bandwidth, a high propagation
speed, and compact and cost-effective components. However, in terms of achieving
long-range transmissions, we are concerned with a major impairment, which
consists in the high signal attenuation within the aquatic propagation channel.
Furthermore, an additional important impediment to establishing relatively high
data rate transmission (over several tens of Mbps) is caused by the limited operation
bandwidth of the opto-electronic components and devices employed at the Tx and
Rx, for instance, LEDs and PDs. In this thesis, we focused on investigating the
potential limitations arising from these two impairments and proposed solutions
to mitigate their effects, by considering the use of advanced photo-detectors and
signal processing techniques in order to improve the performance of UWOC links.

In this view, we first studied the effect of solar background noise on the per-
formance of UWOC links in Chapter 3, often neglected in the literature. Indeed,
we presented an analytic generic model of this noise and studied its impact on the
transmission performance in terms of BER. We showed how the sensitivity to solar
radiations varies depending on both the operation depth and the Rx characteristics,
and that it can severally deteriorate the transmission quality, particularly when
operating in shallow depths where the propagation medium cannot be effectively
considered as dark.

After this preliminary study, which can provide UWOC system designers and
users with insightful information about solar background noise effect, we inves-
tigated in Chapter 4 the use of recent promising photo-detectors in the Rx, i.e.
SiPMs. We studied the corresponding system performance in different conditions
of water turbidity, and demonstrated that, thanks to their high sensitivity to low
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optical signal levels down to a single photon, SiPMs can increase significantly the
transmission range. Furthermore, we investigated different modulation techniques
to be employed with SiPMs, in the aim of further improving the link performance.

In Chapter 5, we studied the effect of the bandwidth limitation of the emitters
and SiPMs on the maximum achievable data transmission rates and determined the
scenarios where they may effectively limit the data rate and the link span. Then, we
proposed and investigated the use of an efficient transmission solution, mainly based
on channel equalization in the frequency domain, in order to surpass the bandwidth
limitations, and demonstrated its benefits.

Lastly, we validated some of our simulation results through an experimental work
in Chapter 6. Thanks to the support from IFREMER institute, we could develop
a test-bed and carry out some experimental measurements. After validating our
assumptions on the frequency response of the aggregate channel including the LED
and the SiPM, we measured the BER performance of an SiPM-based link when
varying the data transmission rates, for the cases of NRZ OOK and 4-PPM trans-
mission schemes. We demonstrated to which extent, when no channel equalization
is performed, the communication performance deteriorates for relatively high data
rates. These results validated our main conclusions in Chapter 5.

7.2 Perspectives

This thesis was devoted to analyzing the performance of long-range and high data
rate UWOC links and to proposing the use of advanced opto-electronic components
and efficient signal processing techniques in order to face the main related limita-
tions. The work presented in this thesis responds to the main part of the objectives
presented in Chapter 1. However, there unquestionably still remains several other
aspects to investigate.

Considering background noise affecting UWOCs, we focused in this thesis on
solar noise and provided an analytic and generic model to quantify it. To complete
this study, it would be judicious to study the impact of ambient light arising from
submarine vehicles’ lighting in deep waters. Furthermore, as a future extension of
this work, it is important to investigate a more general link configuration (with
respect to the link optical axis and sun position) and to evaluate the precise level
of captured solar noise at the Rx. For such cases, the solar noise power captured
at the Rx is not solely determined by the downwelling plane irradiance and a more
general model taking into account the diffused light in water should be considered.

Concerning the use of SiPMs in UWOCs examined in Chapter 4, further investi-
gations can focus on the study of the saturation behavior of these components, for
the case of very short link distances. Indeed, we noticed that, at a relatively short
link spans, the received power can be too high and can result in Rx saturation. A
more precise characterization of this phenomenon and design of suitable electron-
ics in order to adaptively modify the SiPM gain when approaching the saturation
limit would be an interesting issue to explore. This can also be realized through
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the adaptive setting of the transmit power through some adequate transmission
protocols, when a feedback channel can be established. Another option could be
to design a hybrid UWOC Rx, which combines an SiPM, particularly adapted for
long range communications due to its sensitivity, and a classical photo-diode, for
instance an APD, which provides high performance for short range links while not
being concerned with saturation.

Concerning the impact of the opto-electronic systems’ characteristics on an
UWOC link performance, particularly the bandwidth limitation investigated in
Chapter 5, future research should consider additional impediments related to these
components, which can further deteriorates the transmission quality. Among these,
it would be interesting to study the effect of the non-ideal characteristics of LEDs
which result in a non-linear distortion of their output signal (this is the case when
the output signal is no more linearly proportional to input signal). This issue is
widely considered in the context of VLC for instance. Then, it would be also inter-
esting to propose efficient non-linear equalization techniques in the aim of mitigating
the signal distortion introduced by LEDs.

In addition to the above mentioned directions, future studies should investigate
the effect of a wider range of practical challenges facing UWOCs, such as link mis-
alignment, that is very likely to happen for instance when a mobile underwater
vehicle is involved in the communication. A loss of beam alignment between the
Tx and Rx can severely affect the link and efficient localization and beam track-
ing mechanisms should be designed. Another practical challenge facing UWOCs
which is worth further investigation is the underwater turbulence. Although often
neglected in the literature, this phenomenon can have perilous effects on the signal
quality and therefore needs to be characterized accurately. Should also be considered
the design of efficient error correcting codes adapted to the challenging underwater
environment, while focusing on low decoding complexity.
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Optical filters and concentrators

A.1 Optical Filters

UWOC receivers typically employ band-pass optical filters to reduce the amount of
collected ambient light. These latter can have narrow optical bandwidths, below
1 nm, which results in high ambient light rejection and consequently a better SNR.
Obviously, the filter bandwidth should be adapted ti that of the Tx. For the case of
typical LDs, this bandwidth could be as narrow as several nm, in contrast to tens
on nm for an LED.
The transmission spectrum of a typical optical band-pass filter is presented in
Fig.A.1. It shows that the filter pass band can highly depend in the beam inci-
dent angle, denoted here by θ. This dependence of the filter bandwidth on θ can be
problematic in the case where the Rx is expected to capture light over a wide FOV,
i.e. a wide range of incident angles [91]. For such case, the limitations imposed by
the optical filter must be taken into consideration.

Figure A.1: Averaged transmission of an optical band-pass filter for rays incident at
angle θ, reproduced from [91].
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A.2 Optical concentrators

The detected optical power by a PD is proportional to its effective light-collection
area. However, its photo-sensitive physical area cannot be arbitrary increased, be-
ing a costly operation, and leading to the reduction of the PD bandwidth and the
increase of the relared noise (e.g. shot noise) [91]. We can alternatively employ an
optical concentrator so as to increase the PD effective collection area. There exist
two types of optical concentrators: imaging and non-imaging. Imaging concentra-
tors, such as Fresnel lenses, are widely used in long-range, free-space optical links,
while short-range infrared links often employ widely non-imaging ones.

A typical example of a non-imaging concentrator is a hemispherical lens. It can
achieve a wide FOV and omnidirectional gain, and hence, is regarded as particularly
suitable for non-directed links such as in infrared communications. As shown in
Fig.A.2, it can be employed jointly with a hemispherical band-pass filter bonded
onto its outer surface.

Figure A.2: Non-imaging optical hemispheric concentrator with optical filter, repro-
duced from [91].

For more directed beam transmissions, compound parabolic concentrators
(CPCs) are more suitable than hemispherical lenses, allowing to attain a higher
gain, yet at the expense of a narrower FOV, see Fig.A.3. This type of non-imaging
concentrator is widely considered in infrared links.

A comparison of the effective signal-collection areas achieved by ideal non-
imaging concentrators is presented in Fig.A.4. It shows clearly the trade-off to
make between FOV and the concentration gain (represented by the colored area
surface) when selecting the optical concentrator.
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Figure A.3: Non-imaging optical CPC concentrator with planar optical filter, repro-
duced from [91].

Figure A.4: Effective light-collection areas Aeff achieved by ideal concentrators. Here
ψc denotes the concentrator FOV, A the physical area of the PD, n the refraction
index of the concentrator. Reproduced from [91].





Appendix B

Underwater optical modem
prototype

B.1 Introduction

This thesis was in part funded by the French Institute for the Study of the Sea
(IFREMER) and conducted in collaboration with the submarine system department.
Consistent with the research work in this thesis on the feasibility and the interest
of employing SiPM photo-detectors in UWOCs, the IFREMER engineers designed,
developed, and experimentally tested an underwater optical modem based on the
SiPM technology. In this appendix, we provide a description of this prototype, along
with the main related experimental results.

B.2 Modem overview

The receiver is composed of 8 fast blue-sensitive SiPMs, each one having an active
area of 36mm2 and providing an FOV of almost 30◦. The ensemble of the SiPM
array provides an almost omnidirectional pattern. The receiver is integrated in a
cylindrical housing with a spherical glass BK7 dome, as depicted in Fig. B.1. Using
comparators, the strongest output signal is selected, amplified with a high gain
amplifier, following by a threshold comparator. After this front end electronics,
signal demodulation is done within an FPGA and the decoded signals are sent to
an ARM embedded Ethernet board.

The transmitter is composed of 120 fast blue LEDs, arranged on a circular
epoxy board (see Fig. B.2), and associated with a fast high power amplifier. The
transmitted beam angle is around 120◦. The Ethernet signal input is encoded by
the same FPGA/ARM boards as that employed at the receiver.

B.3 Test description

At this stage of development, only on SiPM is used, the communication link is
simplex, and no error correction coding is used. The data transmission is based on
a Manchester-coded OOK modulation.
Although these considered implementation choices allow limited investigation, they
are nevertheless useful for evaluating the performance of an SiPM PD.
In 2015 and 2016, with the support of Total company, IFREMER performed a bench
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Figure B.1: Receiver SiPM’s Antenna with its housing.

Figure B.2: LEDs Transmitter with its housing.

of experimental tests of this prototype as well as the BlueComm 200 modem from
Sonardyne Co., and which employ PMTs at the Rx. They tested the performance
of these two systems in different locations in open sea, with different water qualities
ranging from Jerlov I (which corresponds to deep clear ocean waters) to Jerlov
5 (which corresponds to turbid coastal waters). The Vortex ROV (presented in
FigB.3) was employed as the mobile platform, which integrated the transmitter
(mounted horizontally on starboard side of Vortex with clamps, see FigB.4), while
the receiver was fixed on the ship. This latter was equipped with WiFi, GPS,
and INU. All the measurements were made in the configuration where the Vortex
was moving away from the ship. The water turbidity was further measured by a
Transmissometer to characterize the aquatic channel.

Given that the optical modems are designed to work with little or no ambient
light, all tests in the open sea are carried out during the night, see Fig. B.5.

B.4 Experimental results

The IFREMER testing team concluded that the two optical underwater modems
under test are not directly comparable. Indeed, the BlueComm 200 is an already
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Figure B.3: Vortex’s Deployment with RIB.

Figure B.4: Transmitter Ifremer’s Optical modem integrated on Vortex.

Figure B.5: First test in the harbor.

commercialized product, while IFREMER’s SiPM-based modem is still a prototype
with less features.

The PMT-based BlueComm 200, seems to perform better, thanks to the high
sensitivity of PMTs to very low light intensity, and their high gain and low noise.
However, as explained in Section 4.2, they require high operation voltage, are easily
damaged by exposure to ambient light, are sensitive to magnetic fields and fragile.
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On the other hand, recent SiPMs used within Ifremer’s prototype, have become
well recognized as being very competitive photo-detectors, thanks to their high
sensitivity and time resolution and ease of implementation.

The in-sea tests of SiPM and PMT-based modems, performed in similar situa-
tions (in terms of water quality, fixed to fixed platform, fixed to mobile platforms)
allowed to make the following conclusions.

The FOV of the PMT is equal to 90◦ on each side, and is greater than that of
the SiPM, which is in the order of 30◦. Note that the antenna composed of 8 SiPMs
should allow a wider beam diagram.

Regarding the attained transmission range, TableB.1 summarizes the measured
performance. It is concluded that the PMT-based modem allows attaining longer
ranges than SiPM-based one, by almost 25%.

Table B.1: Range performances
Modem Water Quality in

NTU
Water classifica-
tion

Max range

BlueComm 200 4 Jerlov 5 24m at 2.5Mbps
Ifremer’s SiPM 4 Jerlov 5 17m at 3Mbps
BlueComm 200 0.32 Jerlov I 80m at 2.5Mbps
Ifremer’s SiPM 0.32 Jerlov I 60m at 3Mb/s

Regarding the maximum achievable data rate, it was concluded that BlueComm
200 and SiPM-based prototype tolerate up to 10Mbps, and 3Mbps, respectively.
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Efficient Transmission and Tracking techniques for Underwater
Optical Communications

Abstract: Today we are witnessing a growing need to high-rate data transmission
in underwater missions in a wide range of application areas. Within this context,
traditional cable- or fiber-based communications imply costly deployments with
very limited flexibility, andthe conventional acoustic communications offer very low
operational performance. Recently, with the development of small and low-cost
optoelectronic components and devices, it has become feasible to realize small and
compact wireless optical communication transceivers providing unprecedentedly
high transmission rates and energy efficiency. However, there still remain several
shortcomings of this technology, in particular to attain high data rates over rela-
tively long communication ranges.In order to overcome some of these limitations,
this PhD thesis considers the use of advanced optoelectronic components and signal
processing techniques in order to improve the performance of underwater wireless
optical communication (UWOC) links.
Keywords: Underwater optical communications, signal processing, digital
communications, optronics, Silicon photo-multipliers.

Communications optiques sous-marines : Transmission longue-
portée haut-débit et analyse des performances

Résumé: Aujourd’hui, un large éventail d’activités d’exploration et d’exploitation
du milieu sous-marin requière l’établissement de transmissions de données à haut
débit. Dans ce contexte, les solutions de communications traditionnelles par câble
ou par fibre optique impliquent des déploiements coûteux et une flexibilité trs̀
limitée. D’autre part, les communications acoustiques offrent des performances
opérationnelles trs̀ faibles. Récemment, avec le développement de composants
optoélectroniques compacts et peu coûteux, il est devenu possible de réaliser des
modems optique pour les communications sans-fil, qui soient compacts et offrent des
vitesses de transmission et une efficacité énergétique sans précédentes. Cependant,
cette technologie souffre encore de plusieurs limitations, notamment quand il s’agit
d’établir des liens de communication sur des distance relativement longues et à des
débits de transmission élevés. Pour faire face à certaines de ces faiblesses, cette ths̀e
considr̀e l’utilisation de nouveaux composants optoélectroniques et des techniques
de traitement du signal adaptées afin d’améliorer les performances des liaisons de
communication optique sans fil sous-marine.
Mots clés: Communications optiques sous-marines, traitement du signal, com-
munications numériques, optroniques, Photo-multiplicateurs en Silicium.
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