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Underwater wireless optical communication (UWOC) is a wireless communication technology that uses visible light to transmit data in underwater
environment. Compared to radio-frequency (RF) and acoustic underwater techniques, UWOC has many advantages including large information
bandwidth, unlicensed spectrum and low power requirements. This review paper provides an overview of the latest UWOC research. Additionally,
we present a detailed description of transmitter and receiver technologies which are key components of UWOC systems. Moreover, studies
investigating underwater optical channel models for both simple attenuation and the impact of turbulence including air bubbles and
inhomogeneous salinity and temperature are also described. Future research challenges are identified and outlined.
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1. Introduction

More than 70% of earth’s surface is covered by water and
today world oceans are critically indispensable in all aspects
of life on earth from food to the air and from mineral
resources to climate change. In recent years, human activities
in underwater have significantly increased and there is an
urgent need to demonstrate highly reliable, secured and high
data rate underwater wireless communication (UWC) sys-
tems. Such systems have practical applications such as real-
time video transmission, monitoring of offshore floating oil
production platforms, military submarine communications,
and environmental surveying and monitoring.

Classically, acoustics communication is the most dominant
technique for underwater wireless links achieving a long link
distance up to tens of kilometers.'? However, underwater
acoustics is limited to low frequencies (10 Hz—1 MHz) that
compromise the system bandwidth and subsequently limiting
the transmission data rate to low values on the order of
kbps.?) Other limitations of underwater acoustics include
high latency due to slow propagation of sound waves in
seawater (~ 1500 m/s), time varying multipath propagation,
Doppler spread, and bulky and power hungry transceiver
modules.? Radio frequency (RF) is another technology that
can provide tens of Mbps data rate in underwater but it is
limited to very short link ranges (few meters) due to high
conductivity of seawater that highly attenuates RF waves.*””
In addition, underwater RF systems come with huge
antennas, high energy consumption, and high cost. The third
method to communicate in underwater is the fiber optics
technology which provides long link ranges at transmission
data rate up to gigabit-per-second (Gbps). The drawback of
fiber optics based systems is that both the transmitter and
receiver have to be physically connected via a cable which is
undesirable for many tactical applications such as autono-
mous underwater vehicles (AUV).

Light based underwater wireless communication also
known as underwater visible light communication (UVLC)
or underwater wireless optical communication (UWOC) in
the research community has been proposed as an alternative
or complementary solution to acoustics and RF technolo-
gies. %9 Taking advantages of the low absorption window
of seawater in visible portion of the electromagnetic (EM)
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Fig. 1. (Color online) Ilustration of various underwater platforms
requiring reliable and high speed wireless links.

spectrum, UWOC provides unprecedentedly high trans-
mission data rate thanks to the large available bandwidth
(THz).!'®!'V Link distances up to hundreds of meters
(~ 300 m) are possible. Other advantages of UWOC include
high security, low power requirements, and unlicensed
spectrum. Figure 1 presents various underwater platforms
such as ships, sensors, divers and submarines that might
benefit from the high bandwidth light based underwater
wireless communication systems. Despite being a new field
of research, UWOC has seen significant progress in the last
few years facilitated by the recent wide technological
advances in visible light emitters, receivers, digital commu-
nications and signal processing.'>!? From system level
demonstrations to channel modeling, UWOC is quickly
becoming a mature technology. This review paper builds on
the works of Khaligi et al.'¥ and Zeng et al.'> The rest of
this manuscript is organized as follows. In Sect. 2, a brief
overview of light based underwater communications is put
forth while Sect. 3 presents the UWOC system. A detailed
insight on the latest development of transmitter and receiver
technologies already adopted in UWOC demonstrations or
potentially viable for future adoption in UWOC is provided.
In Sect. 4, we discuss the UWOC channel models. Section 5
outlines the future challenges of UWOC research. Con-
clusions are drawn in Sect. 6.

© 2018 The Japan Society of Applied Physics
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2. Overview of light based underwater
communications

2.1 Progress in light based underwater wireless
communications
Light based underwater communication links have been
investigated since 1970’s,'® with Karp characterizing the
channel between underwater and satellite terminals using
multiple scattering model.!” In 1992, Snow et al.'® have
experimentally demonstrated a 50 Mbps laser [argon-ion
(Ar*) 514 nm] link over 5.1 m attenuation lengths in a highly
absorbing but low scattering water. The first gigabit under-
water communication link was established by Hanson and
Radic using an externally modulated and frequency doubled
532nm laser beam.¥ A data rate of 1 Gbps over 2m water
tank was achieved. In 2005, Farr et al. established a 10 Mbps,
91 m omni-directional UWOC system using an array of
commercially available 470 nm blue light emitting diodes
(LEDs).'” The same authors also demonstrated a full-duplex
10 Mbps real time video transmission system.?” Laux et al.
have validated the use of Maalox as scattering agent by
measuring and comparing its volume scattering function
against two different measurements in a 3 m laboratory water
tank.”) In addition, they also measured and verified small
forward angle function for Maalox and validated with a
Monte Carlo model with excellent agreement. Spatial effects
of multiple scattering of a laser beam in underwater were
investigated by Cochenour et al.?? It was revealed that at
higher attenuation lengths or higher turbidity levels, multiple
scattering is significant and some of the scattered photons
might enter back into the receiver field of view (FOV) which
ultimately improve the overall non-temporal performance of
the link. Polarization properties of both forward- and back-
scattered light were studied by Mullen et al.>¥ The polar-
ization discrimination technique was utilized to suppress
backscattered light in modulating retroreflector links. The
same study also revealed that the forward-scattered light is
partially polarized up to extremely high water turbidities.
Early works on UWOC channel models mostly focused
on Monte Carlo model. Using a Monte Carlo simulation,
Khalighi et al. presented a channel model that takes into
account the type of water, and different transmitter and
receiver characteristics. The channel delay spread was found
to be negligible and can be modeled as frequency non-
selective channel, except in very turbid waters.”¥ Cox and
Muth developed a Monte Carlo numerical simulation of light
propagating underwater and simulated power loss between
transmitter and receiver for a variety of receiver aperture sizes
and fields of view.?> The effects of both attenuation and
optical turbulence on underwater imaging was the focus of a
study conducted by Hou.?® It was observed that turbulence in
natural underwater environments can limit imaging resolution
by affecting high spatial frequencies. UWOC networks were
studied by Arnon et al.”’?® High data rates network links
for both line-of-sight (LOS) and non-line-of-sight (NLOS)
configurations were found to be feasible for medium
distances of up to 100 m. The effects of different air bubble
populations on the performance of UWOC links were
investigated by Oubei et al.>® Air bubbles were found to
significantly deteriorate the quality of the received signal
leading to performance degradation of the UWOC link. The
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authors proposed beam expansion as a potential technique to
mitigate the performance degradation.

Recent researches in UWOC have mostly focused on
system level demonstrations with particular emphasis placed
on different modulation techniques to increase both the
data transmission rate and the link distance. Oubei et al.
have established a simple 2.3 Gbps, 7m directly modulated
520 nm laser diode (LD) communication system.>*3" A more
realistic 20 m outdoor pool underwater transmission at a data
rate of 1.5Gbps has been achieved, using a 405nm laser
diode with on—off keying (OOK).>? To achieve higher data
rates and maximize the transmission capacity of UWOC
systems, several experimental demonstrations of spectrally
efficient orthogonal frequency division multiplexing (OFDM)
modulation technique were carried out in the last few
years.>!13336 Notably, Wu et al. have experimentally
achieved a 12.4Gbps 16-QAM OFDM data transmission
over 1.7m underwater link using a 450nm LD.'” Mean-
while, Xu has reported 2.0m, 161 Mbps using 450nm
LED.>” Such LED based UWOC systems can be more
promising for applications that require medium bit rates, low
cost, and simultaneous illumination and communication.
Several researchers have also looked into orbital angular
momentum (OAM) multiplexing,**3% multiple-input and
multiple-output (MIMO)***D and wavelength division multi-
plexing (WDM)!V to further increase the system data
rate. Table I gives a brief summary of data rates and link
distances achieved in recent UWOC system level demon-
strations 9-11:32-3438.42.43)

Another aspect of recent UWOC research is the channel
modeling taking into account the effects of optical turbulence
using experimental measurements. The probability density
functions of laser beam intensity fluctuations due to salty and
bubbly underwater channels under various channel condi-
tions were experimentally obtained by Jamali.*¥ Weibull
distribution was used to describe the statistics of salinity-
induced turbulent UWOC channels.* The model showed
an excellent fit with the measured data under all channel
conditions emulated. In another study,‘“’) the authors have
accurately developed a simple statistical channel model for
weak temperature-induced turbulence in UWOC systems.
The generalized Gamma distribution (GGD) was found to
perfectly describe both non-turbulent thermally uniform
underwater optical channels and underwater optical channels
with temperature gradients. A more comprehensive study to
characterize turbulence-induced fading in UWOC channels in
the presence of air bubbles for fresh and salty waters, based
on experimental data was proposed by Zedini et al.*” The
mixture exponential-Gamma distribution model was used to
describe the channel irradiance fluctuations. The proposed
model provided an excellent goodness of fit to the measured
data under all the channel conditions for both types of water.

The application of both exponential-Gamma and general-
ized Gamma distribution models lead to closed-form and
analytically tractable expressions which are plausibly bene-
ficial to the design of UWOC systems and key link
performance analysis such as the outage probability, the
average bit-error rate (BER), and the ergodic capacity.*” The
various system level demonstrations carried out over the
years by different research groups coupled with the recent
channel models pave the way for developing a comprehen-

© 2018 The Japan Society of Applied Physics
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Table I. Summary of recently achieved UWOC data transmission rates and links distances.

Authors M:Cdtll Izion Trartl;r)r:tter Photodetector Trz;rz)swrr:;ter Link range Data rate
Nakamura et al.” (Univ. Yamanashi, 2015) OFDM 405nm LD APD 45 mW 4.8m 1.45 Gbps
Baghdady et al.*® (Clemson Univ., 2016) OAM-OOK 445nm LD APD 15mW 2.96m 3 Gbps
Shen et al.*? (KAUST, 2016) OOK 450nm LD APD 51.3mW 20m 1.5 Gbps
Huang et al.*? (Natl. Taiwan Univ., 2018) OFDM 450nm LD PIN/APD 120mW 1.7m 14.8 Gbps
Liu et al.*» (Fudan Univ., 2017) OOK 520nm LD APD 19.4mW 34.5m 2.7 Gbps
Chen et al.’® (Zhejiang Univ., 2017) OFDM 520nm LD APD 15mW 21m 5.5 Gbps
Tian et al.>® (Fudan Univ., 2017) OOK 450nm p-LED PIN/APD 1.5mW 5.4m 200 Mbps
Wu et al.'” (Natl. Taiwan Univ., 2017) OFDM 450nm LD PIN 47mW 1.7m 12.4 Gbps
Kong et al.'" (Zhejiang Univ., 2017) OFDM RGB-WDM LD APD 15/35 mW 10m 9.51 Gbps

sive and unified model to predict the performance of high-
speed and efficient UWOC links under all channel and
turbulence conditions.

2.2 Progress in laser based white light
communications

Investigations in UWOC can leverage on progress in
terrestrial based optical communications, such as visible light
communication (VLC), particularly in utilizing compact,
small foot-print blue and green laser diodes for simultaneous
illumination and high-speed (multiple Gbps) communication.
A review is warranted since semiconductor lasers exhibit
much higher modulation bandwidth than LEDs, and the
utilization of indium gallium nitride (InGaN)-based laser
diode for VLC has recently ushered in significant progress.

A directly modulated 422nm GaN-based TO-can laser
diode showed a modulation bandwidth of 1.4 GHz, and
2.5Gbps VLC link.*® Later, Lee et al. used a 450 nm laser
diode with 2.6 GHz 3-dB bandwidth for high speed VLC and
a data rate of 4 Gbps was achieved using OOK modulation
scheme.*” Using a 64-quadrature amplitude modulation
(QAM) and 32-subcarrier OFDM modulation technique,
Chi et al. reported a VLC link with a data rate of 9 Gbps.'?
In addition to violet-blue laser diode, 515nm green laser
diode and 640 nm red laser diode were also reported, and a
data rate of 4 and 4.4 Gbps were achieved using 16 QAM-
OFDM modulation scheme.’”

Further investigations show that both GaN-based edge
emitting laser diodes (EELDs) and vertical-cavity surface-
emitting lasers (VCSELs) exhibit a large modulation
bandwidth beyond GHz.>'? Though the micro-pixel LEDs
(ULEDs) have shown enhanced modulation characteristics
compared to the conventional LEDs, their output powers are
relatively low, making it less attractive for high brightness
applications.!®>® Therefore, the InGaN-based laser diode
became a competitive light emitter for both indoor and
outdoor VLC systems.

Similar to the white LEDs illumination, lasers can be used
to generate white light by blue coherent photons excitation of
yellow-phosphor, which serve as a color converter. There-
fore, the laser white light bulb offers both solid state lighting
and VLC dual-functionalities. White light emission with a
color rendering index (CRI) of ~57 and a correlated color
temperature (CCT) of ~4000K has been measured using a
450 nm laser diode and YAG:Ce yellow-phosphor.>*>

The CRI and CCT can be further improved by using
violet-blue LD with a mixture of two or more types of

08PA06-3

phosphors. For instance, by using violet coherent photons
excitation of a mixture of red-, green-, and blue-emitting
(RGB) phosphors, white light with a CRI of >90 and a CCT
of ~2700K has been reported.™ A CRI of ~89 and CCT of
~3200K have been achieved when using a blue LD exciting
a combination of novel green-emitting CsPbBr; perovskite
nanocrystals (NCs) and conventional red phosphor.’® Apart
from the white light characteristics, such as the CRI and
CCT, the stability of phosphors is an important research topic
owing to the fact that a significantly higher excitation power
density is expected in LD based white lighting.” For high
power laser based SSL lamp, the utilization of YAG:Ce
single crystal phosphor plate has been investigated to reach a
peak luminous flux of 11001m.>® Ceramic YAG:Ce yellow
phosphor plates have also been developed for efficient white
light generation under high power blue radiant flux density of
19.1 W/mm?.5% With the development of crystal and ceramic
phosphors, laser based phosphorescent light bulbs offer new
opportunities for future high brightness lighting.

The utilization of white light VLC, or “Li-Fi”, has attracted
increasing research interest owing to the growing demand for
high-speed data communication links.®*%D By direct modu-
lation of a blue laser diode using a non-return-to-zero on—off
keying (NRZ-OOK) modulation scheme, while exciting a
YAG-based phosphor, 2 Gbps data transmission was achiev-
ed while white light was generated.>> A 3-dB modulation
bandwidth of 1.1 GHz was measured without being limited
by the lower 3.8 MHz phosphor response. Simultaneous data
communication and white light generation through violet
coherent photons pumped RGB phosphors was also demon-
strated recently.®® The study of communication link perform-
ance based on off-the-shelf visible-light lasers shed light on a
potential approach for optical wireless access with data rates
towards 100 Gbps.®?

3. System

3.1 Light based underwater wireless communication
link

A typical UWOC system consists of three parts, the
transmitter unit, the water channel and the receiver module.
The schematic in Fig. 2 shows the components of such a
system. The incoming information signal directly (or through
a separate external optical modulator) modulates an optical
light source which is usually an indium gallium nitride
(InGaN) based semiconductor laser or LED. The optical light
that generates the carrier wave has a wavelength and an

© 2018 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 57, 08PA06 (2018)

PROGRESS REVIEW

Transmitter

Data [\
S L U
PO

Fig. 2.

Water Channels

Data Output
o Noisy Data
Electronics| ~ Output
co

(Color online) Schematic of a typical UWOC link. The transmitter is composed of a modulator (M), laser (L), and projection optics (PO) systems.
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Fig. 3. (Color online) Experimental setup for underwater transmission
measurements: electrical amplifier (EA), LD, variable attenuator (VA),
mirror (M1, M2), and APD. Reprinted from Ref. 30. © 2015 Optical Society
of America.

output power of around 405-560nm and 10mW-1W,
respectively. The optical beam is shaped by the projection
optics and transmitted through the underwater channel. In the
water channel, the signal is distorted due to several factors
like optical turbulence (air bubbles, salinity gradient, and
temperature gradient), scattering, absorption and background
noise. In the receiver side, the transmitted optical beam is
collected by the receiver lens and converted into electrical
signal by a photodetector (PD). Avalanche photodiode (APD)
is the most common detector utilized in UWOC links due to
its high level sensitivity.

To achieve a large measurement dynamic range, reflective
mirrors have been used on both sides of the water channel to
bounce back and forth the light beam multiple times. Optical
interference filters are used to suppress the ambient optical
noise. Figure 3 presents an OOK UWOC system. As shown
in the figure, the dynamic range of the link is extended up
to 7m.>?

3.2 The underwater wireless optical channel

The propagation of optical signals in underwater environment
is complicated by the dynamics nature of optical clarity of
water which changes from one location to another, from the
surface to the bottom and from one day to the next.®® The
light beam in underwater experiences attenuation, temporal
and spatial beam spreading, deflection from its geometrical
path, and amplitude and phase distortions. Optical attenuation
is a combination of absorption and scattering. The attenuation
coefficient varies greatly depending on the concentration of
suspended organic and inorganic sediments in the water
column. Absorption is the process in which photons are
converted into other forms of energy and thus are completely
annihilated. Light absorption of pure water was exhaustively
measured from 300 to 700nm with high accuracy,’*6>
exhibiting a minimum between 400-500nm. Figure 4(a)
shows the absorption coefficient of light in seawater.” Note

08PA0G-4

108
106
104
102
100
102

107
100nm

Absorption coefficient [1/m]

10um

1um
Wavelength

Transmittance [dB]
&

01 1 10 100 1000
Distance [m]

Fig. 4. (Color online) (a) Absorption coefficient of light in water.
(b) Transmittance versus transmission distance for 405, 550, 650, and 800 nm
lights. Reprinted from Ref. 9. © 2015 Optical Society of America.

that as the amount of phytoplankton species and dissolved
organic matters increase, the window of minimum absorption
tends to shift from blue to green wavelengths. The trans-
mittance of 405, 550, 650, and 800 nm lights as a function of
transmission distance obtained by Beer’s law®®® is presented
in Fig. 4(b).

Scattering is another optical phenomenon that impacts the
performance of underwater communication systems. It is the
process wherein the photon changes its direction as a result of
its interaction with substances existing in the water environ-
ment.” As a result, the received optical power decreases
which in turn reduces the signal-to-noise ratio (SNR) of the
communication system. Underwater scattering is broadly
categorized into three regimes,®® namely molecular scatter-
ing («kA), scattering by large particles (>1), and turbulent
scattering (>>4). Molecular scattering or scattering by pure
water arises from the density fluctuations and its effect on
overall attenuation is negligible. Scattering by organic and
inorganic large particles is the most common scattering in
seawater and it is assumed to be homogeneous in nature.

Volume scattering function (VSF) which is the normalized
angular distribution of scattered light is used to study the
characteristics of light scattering in seawater. Series of studies
on underwater scattering were carried out by Petzold,®”

© 2018 The Japan Society of Applied Physics
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Fig. 5. Experimental measurements of the scattering phase functions of
various ocean water types and Maalox antacid by Petzold®” and Duntley.””
Figure is taken from Ref. 72.

which showed that the VSF follows the small angle
approximation and highly peaked in the forward direction.
Underwater channels are often simulated using laboratory
water tanks because of volatile platforms in the underwater
environment. The water clarity level is changed by adding
Maalox® solution, an over-the-counter antacid medication
whose basic ingredients are aluminum hydroxide and
magnesium hydroxide. Scattering properties of Maalox are
found to be strikingly similar to the real ocean particles with
forward scattering peak at small angles (less than 10°).2170-7D
Figure 5 illustrates Petzold’s VSF measurements of four
different types of sea waters along with that of Maalox
antacid.”” Note the similarity of the general shape of Maalox
scattering function compared to each VSF of real ocean
water. They are all highly peaked at very small angles except
pure water indicating the significance of scattering in
underwater optical signal propagation.

3.3 Optical light sources

The advancement of light sources has been vital for imaging/
ranging, illumination and communications. Teledyne uses
high power diode-pumped solid-state (DPSS) laser for
bathymetry imaging up to 10m undersea. Sonardyne uses
high power LEDs and laser for wireless underwater video
and vehicle control with a data rate of 2.5 to 12.5 Mbps at
ranges up to 150 m. Optical communications based on lasers
typically grown on sapphire substrates are commonly used
due to the significant advantages of compactness and high
bandwidth. Here, we review one aspect of the recent
development in semiconductor light sources, which is based
on wide bandgap nitride semiconductor grown on semipolar
gallium nitride (GaN) substrates.

3.3.1 Violet-blue superluminescent diodes. Group-III
nitride light-emitters, such as LEDs and LDs, have been
demonstrated and studied for SSL and VLC applica-
tions.>3”>73 However, the performance of LED-based SSL-
VLC system is limited by “efficiency droop” and <100 MHz
3-dB bandwidth. InGaN-based LDs were recently studied for
“efficiency-droop-free”, high-speed light-emitter. Notably,
the semipolar-plane InGaN-based violet—blue emitting super-
luminescent diodes (SLDs) have been developed as a high-
speed, high-brightness, and speckle-free light source, com-
bining the advantages of LEDs and LDs.”®

08PA06-5

The group-III nitride SLDs were fabricated using inte-

grated passive absorber’ and tilted facet’® configurations,
emitting in the violet-blue region. The 446-nm emitting
SLD, seamlessly integrating a 490-um absorber region and a
1000-um gain region, showed a broad spectral linewidth of
8.4nm at an injection current of 500 mA (6.67 kA/cm?).”>
The SLD generated >200 mW optical power in the amplified
spontaneous emission (ASE) regime and the phosphor-
converted white light exhibited a CRI of 64.4 and a CCT
of 4094K. A 405-nm emitting SLD having a 590-um long
tilted facet configuration showed a spectral linewidth of 9 nm
at 400 mA (16.9kA/cm?).”® With a large 3-dB bandwidth of
~800 MHz, the SLD showed a data rate of 1.3 Gbps using
OOK modulation scheme. Such findings are applicable to
underwater wireless optical communication and white light
illumination.
3.3.2 Integrated photonics for visible light communi-
cations. The white lighting and VLC functionalities have
been demonstrated based on discrete components, such as
group-III nitride violet-blue laser diodes, transverse-trans-
mission modulators, and planar photodetectors.””’”® The
monolithic integration of edge-emitting laser diodes together
with modulators, amplifiers, and detectors forming a two-
section device, has recently been investigated. Such on-chip
integration offers many advantages, including small footprint,
high speed, and low power consumption.

Shen et al. designed a blue-emitting integrated waveguide
modulator-laser diode (IWM-LD) on a semipolar (2021)-
plane GaN substrate.”” The IWM-LD showed a high
modulation efficiency of 2.68 dB/V. A large extinction ratio
of 11.3dB was measured in the violet-emitting IWM-LD.5"
Utilizing the integrated modulator instead of direct modu-
lation of laser diode, Gbps data communication was
demonstrated using OOK modulation scheme. In addition,
the 404-nm integrated short-wavelength semiconductor
optical amplifier (SOA)-LD has been fabricated, showing a
large gain of 5.32dB at 6 V.8) Such device can also be
operated in the modulated amplifier scheme for high-speed
VLC and potentially for UWOC.%?

Since the signal receiver is another essential component in
VLC and UWOC systems, the high-performance waveguide
photodetector (WPD) and its integration with LD at violet—
blue color regime have been developed and characterized.??
A significantly large 3-dB bandwidth of 230MHz is
measured in the WPD and can be further improved by
reducing the form factor of the device. It is worth noting that
both the WPD and LD are sharing the single active region,
making it a promising structure to fabricate UWOC trans-
ceiver on a single chip.

These seamlessly integrated photonic IC in the visible
wavelength holds potential for a number of applications.
Smart lighting and display, free-space and underwater optical
communications, optical switching, clocking, and intercon-
nect’>628485 are expected to benefit from the development.
3.4 Detectors
One of the key components of UWOC is the light detection
device or receiver. Designing a receiver to operate in the
ocean environment is not like designing an ordinary
communication receiver. The UWOC receiver system has
to meet some basic requirements in order to overcome the
effects of noise and attenuation. One of the most important

© 2018 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 57, 08PA06 (2018)

PROGRESS REVIEW

parameters of the receiver is the FOV. To reduce the effects
of incident solar background noise, the FOV is limited to
small angles, around 10-30°. A device with a faster response
time with flexible frequency response to adapt to the
variability of the underwater environmental conditions
(turbulences, Doppler effect, etc.) is highly desirable. In
addition, the design of the receiver uses transimpedance
amplifiers and other amplification techniques to increase
internal gain up to more than 100.

There are different types of receiver technologies. Vacuum

tube based photo-multiplier tubes (PMTs) are characterized
by high gain, low noise, and large active areas. However,
PMT sensors are larger, more expensive, power hungry and
their high frequency response does not support Gbps data
transmission required in advanced underwater applications.
PIN photodiodes are sometimes used but the most common
are the APD.2!*? Current APDs are characterized by a
frequency response of up to 1.2GHz and a large internal
gain (< 100).3? To suppress the large amount of environ-
mental optical noise, significant progress has been made on
more advanced light detection devices such as solar-blind
PDs and single photon detectors. In the following, a snapshot
of the development of PD technologies is presented, with
the objective of inspiring innovations in underwater photo-
detection.
3.4.1 Solar-blind photodetectors. The liquid water ab-
sorption spectra dips in the visible and ultraviolet (UV)
wavelength regions, which opens up a transmission window
for long distance and high data rate communication
links.%33%) Specifically, the solar-blind spectrum region from
200 to 280nm is of great interests owing to the extremely
low background noise and the effective atmospheric scatter-
ing for NLOS communication. As compared to the develop-
ment of emitters, i.e., LEDs, LDs, and SLDs, the inves-
tigation of receivers used for solar-blind UWOC
communication is still lagging behind.¥’~*¥ Silicon based
PDs and APDs have been used in the prior UWOC systems,
but the bandgap limitation severely reduce the feasibility of
them in solar-blind region. Currently, InGaN based PD is
being developed in the near UVA spectrum region
(405nm).?» High efficiency and high speed PD in solar
blind region will become crucial as the detection wavelength
gets deeper in UV spectrum.

The detection of UV light can be achieved by using
semiconductor PDs, thermal detectors, charge-coupled de-
vices (CCD) or PMT.?? Semiconductor, especially direct
bandgap materials with energy bandgap larger than 4.4eV
are the optimal material options of solar-blind PDs owning to
several advantages of efficient light absorption and robust-
ness suitable for various harsh environments, such as
corrosive seawater. Figure 6 summarizes the bandgap and
bond length of the wide bandgap materials ranging from
III-V compounds of AIN, GaN, and boron nitride (BN), to
II-VI compounds of MgS, ZnS, and MgSe, to Ga,O3 and
diamond.*

The two main characteristics of solar-blind PDs for
communication applications are detection sensitivity and
speed. The performance of current—voltage (/-V) curves,
responsivity (R) spectrum, rejection ratio, and efficiency are
important parameters for photodetection. The signal rise time,
decay/fall time and bandwidth are used for determining
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Fig. 6. (Color online) Band diagram of various wide bandgap materials.
Reprinted from Ref. 95. © 2015 The Japan Society of Applied Physics.

modulation speed in data transmission. Table I summarizes
the performance of semiconductor based solar-blind
PDs.389-113) The table is ordered by the use of different
groups of materials. As indicated in the table, II-nitride
based PDs are among the first and ideal choices for high
efficiency and high-speed devices. The direct bandgap
AlGaN material is tunable from its binary alloy from
3.4eV (GaN) to 6.2eV (AIN) at room temperature enables
the wide spectrum coverage from blue to UVC.7- 101114115
The past 20 years have witnessed the improvement in AIGaN
based PDs with different device configurations of metal—
semiconductor—-metal (MSM), PN heterostructure, PIN, and
Schottky diodes.”®*® The bandwidth can reach GHz range.
Besides, BN based PDs begin to attract substantial attentions
for solar-blind detection'®>'%% due to a wide bandgap of
5.2eV (hexagonal BN) or 6.4 eV (cubic BN).''®

In addition, groups of novel materials including
7ZnQ,105.106) Ga203,107‘109) ManO,”O‘”Z) and two-dimen-
sional (2D) perovskite!'® and nanostructures in the form
of superlattice (SL),'®® nanowires (NWs), core—shell struc-
tures'® have emerged thanks to the advances in material
growth and fabrication techniques. The transient response, or
stability of these novel solar-blind PDs still requires further
investigation, and implementation of these devices in
communication are still lacking. Nevertheless, wide bandgap
semiconductor based solar-blind PDs are exhibiting great
potential and may hold potential for UWOC applications.
3.4.2 Single photon detection. Along with the consid-
erable interest in the development of UWOC systems, this
section reviews the conventional single photon detection
technique for highly efficient long range detection commu-
nications. As explained, advances in terrestrial or space
optical communication can be adopted for technology
innovations custom-designed for underwater communica-
tions. As such, the usage of single photon transmission in the
optical communication link could potentially provide high
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Table Il. Summary of solar-blind photodetector based on wide bandgap materials.
R Transient response .
Authors PD type Arange OF Apeak (A/W) . o Bandwidth

Carrano et al.”® (UT-Austin, 1998) GaN MSM 267 nm — 28 ps — 3.5GHz
Carrano et al.”® (UT-Austin, 1998) GaN PIN 267 nm — 43 ps — 1.4GHz
Osinsky et al.”” (APA Opt Inc., 1998) AlGaN MSM 240-290 nm 0.07 — 1.6 us —
Pernot et al.”® (Univ. Montpellier II, 2000) GaN/AlIGaN PIN 270 nm 0.012 — 14 ps —
Tut et al.”” (Bilkent Univ., 2005) AlGaN Schottky diode 256 nm 0.147 26 ps — 4.1 GHz
Tut et al.'%” (Bilkent Univ., 2008) AlGaN PIN 266 nm 0.093 — — —
Rathkanthiwar et al.'®» (Indian Inst. Sci., 2017) AlGaN MSM 245-190nm 5 — — —
Soltani et al.'0? (Raytheon BBN Tech., 2008) c-BN MSM 180 nm 0.032 —_ —_ —_
Srour et al.'% (Univ. Lorraine & Supelec, 2011) BGaN/GaN SL MSM 375nm 0.03 15ns 44ns —
Doan et al.!® (Texas Tech Univ., 2016) h-BN MSM 217 nm — — — —
Soci et al.!% (UCSD, 2007) ZnO NW MSM 250-390 nm — — 20ns —
Nakano et al.'% (Tohoku Univ., 2008) ZnO Schottky diode 240-380nm 0.3 — — —
Du et al.'%? (China Univ. Geosci., 2016) B-Ga,0; NW MSM 231 nm 377 0.8ns 12ns —
Singh Pratiyush et al.'®® (Indian Inst. Sci., 2017) /-Ga,03 MSM 236 nm 1.8 3.33s 04s —
Zhao et al.'®” (Fudan Univ., 2017) (Z:r;?ef’;;fl); e 251nm 9.7x 1073 100ps 400 us —
BenMoussa et al.’¥ (STCE, 2009) Diamond MSM 210nm 0.048 — — —
Wang et al.''9 (CAS, 2009) MgZnO MSM 268 nm 0.016 10ns 150 ns —
Hou et al.''V (CAS, 2011) MgZnO/Si PN 250-300 nm 1 ~s 4s —
Zhu et al.''® (Wuhan Univ., 2012) MgZn0O/ZnO MSM 300 nm 0.45 4s 4s —
Guo et al.''® (Univ. Tokyo, 2015) Perovskite MSM 200-400 nm 7.85 0.2 us 0.7 us —

detection, high accuracy and low noise measurements.'!”)

The accelerated development of single-photon emitters and
detectors technologies have contributed to various applica-
tions, e.g., quantum optics, quantum communication, optical
quantum computing, and space-to-ground optical communi-
cation. In the field of UWOC, Hiskett and Lamb are among
the earliest groups to investigate the feasibility of photon-
counting system in the underwater transmission of encoded
optical pulse patterns by using SPAD through a 1 m long of
water tank [see Fig. 7(a)].''® Apart from that, an energy-
saving VLC link with SPAD receiver in underwater
environment has also been employed in continuous downhole
monitoring of gas well as shown by Li etal.!” The
simulation results demonstrated that by using SPAD arrays,
the emitter required only 8 dBm power for VLC link in a
4000-m-long pipe, thus ensuring a sufficiently long time of
self-sustaining operation for an emitter in deep sea environ-
ment. In addition, the BER performance of SPAD at different
transmission speed is also shown in Fig. 7(b). More recently,
Shafique et al. also presented the performance of long
transmission and error-free UWOC system by jointly using
automatic repeat request (ARQ) and SPAD to mitigate
turbulence in underwater environment.'’” A 500-m-long
UWOC system with pure seawater has also been demon-
strated by Wang et al., where they showed that the SPAD
receiver is able to extend the transmission distance up to
112m at the target BER of 107, as compared to that of
APD which can only achieve 73 m at the same BER, shown
in Fig. 7(c).?V

Single-photon detector could provide several advantages,
e.g., high receiver sensitivity and incoherently combine
signal from multiple spatial mode.'?” Nevertheless, the
performance of optical communication link depends on the
timing jitter, recovery time and detection efficiency of the
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single-photon detectors. As compared to conventional PMT
and silicon-based SPAD used in most of the current UWOC
demonstrations, some of the recently emerging single-photon
detector technologies include: (1) ultrathin-film supercon-
ducting single-photon detectors (SSPD) and (2) super-
conducting nanowire single-photon detectors (SNSPD).
These newly developed single-photon detector technologies
are largely motivated by the bulky, fragile and expensive cost
associated with PMT.!?® In particular, although PMT is able
to offer larger active areas, it has very low efficiency of <5%
in the visible wavelength regime.!'” As mentioned, in recent
years, some of the emerging single-photon detector tech-
nologies promise higher detection efficiency, lower dark
current count, higher count rate and photon-number resolving
capability, as compared to conventional single-photon
detector. In addition, both PMT and SPAD have maximum
counting rates of approximately 100 MHz and below, thus it
might not be a suitable candidate for future GHz optical
communication link.'2?® Here, we have selected a number
of promising single-photon detector, other than PMT and
SPAD receiver, which is worth exploring for employment
in secure UWOC system in the future. However, despite a
better device performance, such detectors require very low
operating temperature (<4 K) with sophisticated cooling
technology.

For SSPDs, Verevkin et al. is one of the earliest group to
demonstrate niobium nitride (NbN) ultrathin-film SSPD for
GHz-rate free space optical communication.!*¥ The demon-
strated 3.5-nm-thick NbN SSPDs exhibited quantum effi-
ciency (QE) of up to the theoretical maximum of ~100% at
visible wavelengths region and ~35% at infrared region.
Moreover, the low intrinsic jitter (<35ps) and low dark
current of the detectors showed the prospective of NbN
SSPDs for reaching up to ultrafast 10-GHz counting rates.

© 2018 The Japan Society of Applied Physics
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(Color online) (a) Schematic illustration of the experimental setup of photon-counting communication system through a 1 m long water tank by

using SPAD. Reprinted from Ref. 118. (b) The BER performance of SPAD in a 4 km long metal pipe at different transmission speed for practical application in
downhole monitoring. Reprinted from Ref. 119. © 2014 IEEE. (c) The simulated comparison of BER performance between APD and SPAD for UWOC

communication system. Reprinted from Ref. 121. © 2016 IEEE.

On the other hand, high-speed and high-efficiency SNSPD
has also been widely demonstrated with fast recover time
(<10ns), low jitter (<100 ps), and low dark count rates. It has
been widely reported that thin and narrow superconducting
wires in SNSPD typically yield low recovery time of a few
nanoseconds, thus indicating the scalability of SNSPD for
future imaging and GHz-count-rate applications.'?*!?> For
example, Verma et al. reported on high system detection
efficiency of ~87% at 1542 nm by using MoSi SNSPD.!?® At
operating temperature of 0.7 K, the timing jitter was about
76 ps and the maximum count rate was 10 MHz. And more
recently, Slichter et al. demonstrated the application of MoSi
SNSPD at detection wavelength down to 315nm.'?” At3.2K,
the system detection efficiency was about 76% with back-
ground count rate (BCR) of below 1 count per second (cps).

In parallel with the ongoing effort to improve single
photon detection technologies and even to a wider range of
applications, small size and large arrays of SNSPD has also
been demonstrated. For instance, Rosenberg et al. reported
on NbN-based SNSPD arrays with approximately 76% fiber-
coupled system detection efficiency at 1550nm.'?® The
NbN-based SNSPD arrays has a low dark count rates and
timing jitter of between 60 to 80 ps. Similarly, Casaburi et al.
reported on small single pixel NbTiN SNSPD arrays
(30 x 30 um?) for future infrared photon counting applica-
tions.!?® The array demonstrated low timing jitter of ~71 ps
and dark count rate of ~250Hz. A table of comparison for
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several different types of single-photon detectors is summa-
rized in Table III. A detailed theory and technical reviews
covering the topic can be found in Dauler et al.,'?>
Chunnilall et al.,’?® Shigeki et al.,13D Hadfield et al.''” and
Eisaman et al.!?®

In recent years, the rapid development of SSPD and
SNSPDs have attained a high level of maturity in device
performance, offering comparable and outperforming char-
acteristics (e.g., high detection efficiency, low dark count and
low timing jitter) as compared to older PMT and SPAD
technology. This was also coupled with rapid advances in the
electrical and optical integration with the detection system.
Nevertheless, the need for advance and high complexity
cooling technology in SSPD and SNSPD constitute a major
drawback.!?® Furthermore, SSPD and SNSPD are so far
demonstrated for communications in the infrared wavelength
region, and hence much experimental work are needed in
employing SSPD and SNSPD in ultraviolet—visible (UV-vis)
optical communication, particularly in underwater environ-
ment. Recently, Ji et al. demonstrated feasibility of quantum
cryptography and quantum communication in free-space
seawater as quantum channel using a 3.3-m-long water
tank.’3® The results demonstrated relatively high process
fidelity of about 98% in both seawater and distilled water
samples. Furthermore, no significant changes in polarization
correlated quantum states and high fidelity of 0.9946 were
observed for entangled photon source at 810 nm, indicating
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Table lll. Performance comparison of different scheme of single-photon detectors.
Authors Type of teOI'IIl) g:;?l?e Spectral Maximum Detection efficiency, :Fiming
detector K) range count rate, D n @ wavelength jitter, At
Eisaman et al. ™ PMT 300 Visible to NIR 10 MHz ~40% @ 500 nm 300 ps
(Commercial, 2009)
(Tél:gs;;gte&jlélg?m Si SPAD 250 Visible 16 MHz ~74% @ 600 nm —
(ltecicn i Miano, 2009) 1 SPAD & visile oM, TG o P
?Tlifﬁizy ;’g(‘)’é; Y S]I?HSS;’E;': 4 Visible 250kHz ~12% @ 550nm 150 ns
zl/fgizl;?eft 2“(1)'(;22? NbN SSPD 42 Visible to IR 10 GHz N é%%@@l ‘5‘2(5) EE 35ps
zll\?lr;n]ii, ??Eoﬂi::j‘, 2015) MoSi SNSPD 0.7 IR 10 MHz ~87% @ 1542nm 76 ps
(Slgf;‘;erggjd::) 2017) MoSi SNSPD 32 uv 0.2 MHz ~76% @ 315nm 11ns
Line-of-Sight (LOS) Diffuse-LOS by using narrow-beam transmitters and photon-counting

P

NS

Non-LOS (NLOS)

Fig. 8. (Color online) (a) Line-of-sight (LOS) link. (b) Diffuse-LOS link.
(c, d, e) Non-LOS link.!*V

the practicability of high-path-loss open seawater as quantum
channel.

Some of the current work also includes design of
broadband high-efficiency SNSPD!*>137 and large-scale
SNSPD arrays.!?%!129) Recently, Tentrup et al. demonstrated
high-dimensional encoding of single photons of up to 10 bits
per photon, breaking the previous record of 7 bits. Such
development can potentially improve speed and security in
quantum communication, particularly for highly secured
military-level communication between the submarines.!*® As
pointed out by many other leading groups in this technology,
the continuous improvement in the SNSPD technology
promises single photon communication with high-bit-rate,
longer distance, higher sensitivity, better security and lower
background noise.!!”:!23125 This field of technology could
ultimately open up a potential path towards high efficiency
GHz underwater optical communication links.

3.5 UWOC link configurations

UWOC link configurations are generally discussed based
on the FOV between the optical transmitter and optical
receiver (see Fig. 8), and classified as LOS, diffused LOS,
and NLOS, with retroreflector LOS being a variant of LOS
communication.

3.5.1 LOS and NLOS communications. Currently, most
of the UWOC links are based on LOS arrangement, in which
the transmitter and the receiver are perfectly aligned. This
configuration may offer data rate up to and beyond 10 Gbps
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receivers designed to operate with error correction coding.'3”

Although high data rate and long transmission distance can
be achieved with this configuration, the performance will be
deteriorated in the presence of turbulences,””*® scattering
and absorption, as well as blockages between the transmitters
and receivers undersea. In diffuse-LOS or NLOS communi-
cation, the FOV for both transmitter and receiver are not
pointed to each other directly (see Fig. 8). Rather, the
transmitted radiation will be redirected one time or multiple
times before arriving at the detector through molecular
scattering. Thus, diffuse-LOS or NLOS communications
relaxes the strict requirements in position, acquisition and
tracking (PAT).

According to Rayleigh scattering, shorter wavelength
contributes to a stronger scattering effect, and thus is
favorable for NLOS communication. Since the short wave-
length blue radiation has the lowest water absorption, which
can penetrate the blue ocean over 100m, NLOS can be
effectively implemented using violet (405 nm)-blue (450 nm)
lasers.

Prospects of utilizing even shorter wavelengths for
enhancing scattering undersea remain unexplored. In the
following, by turning to current progress in terrestrial UV
NLOS communication, we attempt to shed light on research
gap in UWOC which has not been adequately addressed
experimentally. It is expected that experience gained in
terrestrial communication can be applied to submarine
scenarios with adequate consideration in the characteristics
of water and its turbidity.

Terrestrial NLOS communications studies are mainly
based on ultraviolet due to its noiseless background,
especially for UVB (280-315nm)/UVC (100-280 nm). This
noiseless environment is caused by the absorption from
ozone when the solar radiation passes through the earth
atmosphere.'*” Consequently, a high SNR diffuse-LOS or
NLOS communication link is feasible for the UV band. It
is noted that attenuations and multiple paths, brought about
by absorption and scattering, can be diminished by using
extremely sensitive detectors, such as PMTs and inter-
symbol-interference mitigation modulation schemes, such as
OFDM. "4
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Table IV. Performance of achieved data rates for NLOS /diffuse-LOS communications.

Authors Modulation Light source Photodetector Transmission Channel Data rate
scheme power length
Geller et al.'*®
(U.S. Dept. Navy, 1985) PPM 253 nm Hg—Ar lamp PMT SW 0.5km 10kbps
Puschell et al.'*>
(TITAN Syst., 1990) PPM 265 nm Hg—Xe lamp PMT 25W 1.6km 1.2Mbps
Han et al.'*®
(SIOM. CAS, 2012) OOK/PPM 265nm LED PMT 43 mW 100 m 2.4kbps
Sun et al.'*D
OFDM 294nm LED APD 190 uW 8cm 71 Mbps

(KAUST, 2017)

In the absence of compact and energy efficient UV devices,
including UV transmitter and receiver, theoretical modeling
was the focus of majority of the early work. Experimental
studies on UV optical communications dated back to as early
as 1964,'*? in which discussions on system components
including sources, filters, and receivers were provided. In
1968, a study on the components selection and integration
was made to develop the setup by utilizing a xenon flash
lamp.'"*» The earliest UV communication system was
demonstrated by employing a flash lamp to transmit voice
in 1976."*¥ Later, in the 1990s, tactical battlefield application
of UV NLOS communications was proposed, a data rate of
1.2Mbps over 1.63km transmission distance was achieved
based on a PMT covered with a solar blind filter and a
collimated, continuously emitting lamp with a high-speed
electro-optical switch.'*> Another demonstration of 10kbps
data rate using a 253-nm Hg—Ar lamp was achieved over
0.5km."*® Another UV digital communication system based
on a 254-nm low-pressure mercury lamp and PMT covered
with solar blind filter was established. With the modulation
scheme of frequency shift keying (FSK), the bit rate achieved
was 1.2kbps with a system BER of ~10™* when the
transmitter aperture angle is 60°.'4” However, with advances
in UVB/UVC LEDs, higher data rates are realized due to
their higher bandwidth compared to previous UV flash lamps
which have lower modulation bandwidth. In 2012, an
experimental NLOS test-bed utilizing a 265-nm UVC LED
and diversity reception technology integrated with equal-
gain-combining (EGC) scheme and modulated by OOK
demonstrated a data rate of 2.4kbps over 100m.'*® Very
recently, a diffuse-LOS communication link with high data-
rate of 71 Mbps was implemented by using a 294nm UVB
LED and an APD.!*D In the experiment, OFDM modulation
was adopted to mitigate intersymbol-interference (ISI) for
improving link performance. Table IV provides a summary
of data rates achieved in those studies.

In 1976, an analytical channel response model was
developed to describe the temporal -characteristics of
scattered UV radiation,'*® which was further extended to
examine angular spectral and path loss in 1979.19 In 2008
and 2010, received BERs with different transmitter-receiver
geometries!>! and pulse broadening effects in short range
NLOS scattering communication channels'>? were studied.
Besides, optimal combining schemes and maximum like-
lihood detection schemes were investigated in 2012.'59
Additionally, the effects of turbulence and geometries of
the system on the received signal energy distribution were
studied by Liao et al.!>¥
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For UWOC, UV scattering enhanced by water molecules,
dissolved organic matters and ions makes it feasible to
construct underwater UV NLOS communications, which
may mitigate the alignment problems caused by turbulence,
such as in the presence of bubbles,* the gradient of salinity
and temperature,*® in a UWOC with LOS. An underwater
NLOS network concept was proposed by means of back-
reflection at the ocean-air interface and a corresponding
mathematical model was derived.?®

In summary, while LOS has achieved significant progress
in data rate over long distance, research on NLOS
communication requires further efforts. The development
and innovation in discrete devices, such as high speed lasers
and LEDs, large bandwidth and high responsivity photo-
detectors, as well as efficient filters with high out-of-band
(OOB) rejection will fuel the progress in underwater NLOS
communications.

4. Underwater optical channel models

Realistic performance evaluation of UWOC systems requires
the use of a channel model that accurately reflects the main
characteristics of light propagation in underwater environ-
ments. According to Mobley,%® such properties can be
categorized into two different classes—inherent optical
properties (IOPs) and apparent optical properties (AOPs).
Inherent optical properties are those depending only on the
medium through its composition and do not depend on the
geometry of the ambient light field within it. The two
fundamental inherent optical properties are the absorption
coefficient and the volume scattering function from which
the scattering coefficient can be derived. Apparent optical
properties, on the other hand, encompass properties that
depend on both the medium and the geometric structure of
the light field such as diffusion and collimation.'>> Inherent
optical properties are used to establish link budget and will be
the focus of the present survey. Apparent optical properties as
well as their reported measurements in the literature can be
found in Refs. 68, 155, and 156 We had also presented our
findings in recent Microoptics Conference.'>”

4.1 Inherent optical properties

Propagation of photons in underwater environments is
affected by two major processes as described in Sect. 3.2
— absorption and scattering. Both processes depend on the
wavelength of the propagating light. The absorption is
characterized by the absorption coefficient a(1) which
corresponds to the amount of absorbed energy at wavelength
A per unit of distance and per unit of incident power. The
scattering is characterized by the volume scattering function
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Table V. Typical values of absorption, scattering and attenuation

coefficients for the different ocean water types (unit: m~").2>159
Water type a(l) b(2) c(d)
Pure sea 0.0405 0.0025 0.043
Clear ocean 0.114 0.037 0.151
Coastal ocean 0.179 0.219 0.298
Turbid harbor 0.266 1.824 2.19

from which the scattering coefficient b(4) can be derived.
In general, both processes have detrimental effects on the
performance of underwater wireless communication systems.
The absorption can result in a significant loss in the light
energy, while scattering causes the light to spread, impeding
many photons from reaching the receiver. The overall
attenuation due to absorption and scattering is described by
the attenuation coefficient which is the sum of the absorption
and scattering coefficients.

c(A) =a(l)+ b(d) (D

Based on measurements, models of the volume scattering
coefficients'>® and values of absorption and scattering
coefficients in different water types have been reported in
the literature.22%® For more details, readers are referred to the
recent survey'” and the references therein.

4.2 Modeling of attenuation in underwater optical
channels

The behavior of light radiance in a propagation medium is
described by the radiative transfer equation (RTE). Assuming
that both scattered and absorbed photons are completely lost,
and neglecting turbulence effects, the light propagation can
be described by the Beer—Lambert’s law,

1(2) = Ipe™ """, (2)

where [ is the initial transmit power and I(z) is the light
power at distance z from the transmitter. The value of
attenuation coefficient c(4) depends on the IOPs of the
water which varies widely between geographic locations as
reported by several researchers*???% based on the pioneering
works of Jerlov et al.'>” in the late 1940s and Mobley in the
early 1990s,°%1%9 which categorize the world oceans into
different water types. Table V gives the typical values of
a(l), b(4), and c(4) for the four major water types.>>!>%

The above model described by the Beer—Lambert’s (BL)
law has been attractive for its simplicity,®>!%D but it
implicitly relies on two unrealistic assumptions. First, it
assumes perfect LOS links. Second, it assumes that all
scattered photons are lost, which is not realistic as in practice.
It is known that some photons can still arrive after multiple
scattering events. As reported by Refs. 22 and 162, in coastal
and harbor waters closer to land where the concentration of
particulates is high, photons scatter multiple times and may
enter the receiver FOV. It was observed that the collected
scattered light improves the communication link by reducing
receiver’s pointing errors. To take into account the collection
of multiply scattered events in the propagation of light in
turbid water media, Eq. (2) is redefined to include both water
optical properties and system parameters such as aperture
size, divergence angle and beam radius.?>'6?)

Pgr(z) = Pre™", 3)
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where y = a + (1 — n)b. n is the scattering factor and defined
as the percentage of the collection of scattered light at the
receiver and has a value that varies from 0 to 1. Taking
wo=Db/c, Eq. (3) reduces to

Pr(z) = Pre!! =%, “)

Equation (4) was used to predict underwater link range for
a given scenario of water optical properties and system
parameters.'%? When cz > 15, the received optical signal is
dominated by scattered light and as a result, the over received
optical power increases. However, BL still cannot fully
describe the channel characteristics of UOWC systems since
it only includes range dependence, and cannot address the
spatial and temporal properties.

To overcome the limitations of this model and further
improve the reliability of UWOC systems, several research-
ers proposed alternative approaches to solve the RTE without
resorting to the simplistic assumptions underlying the BL
Law. The 2D steady state RTE is given as'®®

nNIAr,n)=—cl(A,r,n)+b | BOIQ,r,n)dn

2z

+S(A,r,n), (5)

where n is the direction vector, I(t,r, n) is the light radiance,
V is the divergence operator, c is the speed of light in water,
j is the scattering phase function (SPF) volume scattering
function, and S(r, n) is the source radiance, and @ is the plane
scatter angle between direction n and r’ which ranges from
0,2n).

Since it is in general not possible to find an analytical
solution for RTE, approximate approaches have been
proposed. They can be classified into two groups: determin-
istic approaches and probabilistic approaches. Deterministic
approaches rely on numerical approximations and have
mainly been proposed in Refs. 164 and 165. On the other
hand, probabilistic approaches based on Monte Carlo
simulations have been advocated, mainly due to their easy
programming along with their flexibility.2*!66-1®) [t has been
recognized, however, that they are in general time-consum-
ing, requiring the tracking of as much as millions of photons
to accurately mimic realistic underwater optical channels.
4.3 Models of turbulence in underwater channels
The majority of studies investigating underwater optical
channel models have essentially focused on accurately
characterizing the scattering and absorption processes
described by the RTE. The impact of turbulence has often
been overlooked. This becomes problematic because turbu-
lence, caused essentially by rapid changes in the water
refractive index, can in practice cause severe degradation in
the receiver power at a larger scale than absorption and
scattering. To fill this gap, several works, motivated by the
analogy with atmospheric optical turbulence, proposed to
adopt variations of existing models for classical atmospheric
channels. In this vein, the log-normal distribution, already
used to characterize turbulence-induced fading in free-space
optical channels under weak turbulence regime, has been
presented to model weak oceanic turbulence with the

probability density function.!%170
1 (Inl- ,4)2}
I = €X -, 6
/i 2rold p|: 26?2 (6)
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where [ is the received irradiance, u is the mean logarithmic
light intensity, and o? refers to the scintillation index.
However, several recent works rightly criticized this model,
arguing that the variations of the refractive index in the
atmosphere caused by temperature and pressure is not the
same as those caused by variations of salinity and temper-
ature in water. This fact has recently been proven by a series
of recent experimental results in Refs. 4547, 171, studying
respectively the impact of air bubbles, and inhomogeneous
salinity and temperature.

4.3.1 Underwater optical channel model in the
presence of air bubbles. In oceans, there are three types of
air bubbles depending on their sources.!”® Bubbles could be
either of atmospheric, benthic or cavitation sources. Benthic
bubbles include common gases such as methane and carbon
dioxide that escape from the seafloor. Small water vapors
generated by ship propellers are examples of cavitation
bubbles which are the by-product of man’s activities in the
ocean. Atmospheric air bubbles are produced by breaking
surface waves and rain'’>!7® and are found to significantly
enhance the scattering process therein.!”® The influence of
air bubbles has been characterized in several previous works
based on Mie scattering theory.!”*!7> It was only recently
that the impact of bubbles on the distribution of the irradiance
has been investigated through a set of laboratory experi-
ments.*”!”!) These works essentially show that in the presence
of air bubbles the distribution of the irradiance is accurately
modeled by a mixture of the exponential distribution and the
log-normal distribution which can also be replaced by the
Gamma distribution. The presence of the log-normal
distribution or equivalently the Gamma distribution agrees
with previous studies suggesting its use to model underwater
optical channels. The exponential distribution, is however,
less common. As shown in Ref. 47, it is used to model the
loss in the received energy caused by air bubbles.*:!”D
Moreover, the use of Gamma distribution instead of the log-
normal in the mixture model has been found to achieve a
slightly higher accuracy.*” The Gamma-exponential mixture
model thus becomes more attractive, knowing that from a
performance analysis point of view, the Gamma distribution
is much more tractable. According to this model, the
distribution of the irradiance can be expressed as

_ Q _{ _ a—1 CXp(—I/ﬂ)
filh) = Aexp( A>-+(1 e T

Asa, p, 1> 0, (7)
where @ is the mixture coefficient, 4 is the parameter of the
exponential distribution, and « and f stand for the shape and
scale parameters of the Gamma distribution, respectively. The
scintillation index atz, defined as the normalized variance of
the irradiance

., _ E[P] - (EM))?

K (L)

is given by
ol = 2wl + (1 — @)ap*(1 +a) — 1. (8)

It essentially quantifies the strength of the turbulence, taking
high values for strongly turbulent channels and low values for
weakly turbulent ones. Based on experimental results, the
expectation-maximization (EM) algorithm has been applied in
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Fig. 9. (Color online) Histogram of the measured data along with the
exponential-Gamma and exponential log-normal model for fresh water for a
bubble level equal to 7.1 L/min. Reprinted from Ref. 47. © 2017 IEEE.

Ref. 47 to obtain maximum likelihood estimates of the model
parameters in Eq. (7) under uniform temperature, different
salinity conditions, and for various levels of air bubbles.

Figure 9 illustrates the histogram of the experimental data
associated with fresh water for a bubble level equal to 7.1
L/min, along with the PDFs of exponential-Gamma and
exponential-lognormal distributions whose parameters are
carefully tuned using the EM algorithm. Similar experiments
have been carried out in the case of salty water. The
scintillation index derived using Eq. (8) was shown to
increase with the salinity level, unveiling a stronger
turbulence condition.

4.3.2 Underwater optical channel model in
inhomogeneous salinity. Turbulence in oceans is caused
by variations in the refractive index due to fluctuations in
temperature and salinity. The presence of salinity gradient
in ocean is common. Nature is laden with examples of
underwater environments with varying salinity levels.*> This
lied behind the motivation of the study by Oubei et al.*>
Unlike previous works considering different but uniformly
distributed salinity levels, this latter work investigated the
impact of salinity gradient on the fluctuations of the
irradiance. The salinity gradient in the water channel was
created by mixing two water masses of different salinity
levels using two identical water buckets. Table VI shows the
four different salinity values used to create salinity gradient in
the UWOC channel.

Particularly, it was shown that the salinity gradient
translates to the distribution of the irradiance presenting a
left long tail. As a consequence, the log-normal and the
Gamma distribution, known for being right-skewed distribu-
tions are not appropriate to model salinity gradients. A more
suitable model is the Weibull distribution which was shown
to achieve high fitting accuracy.*>

Figure 10 illustrates the PDF of the fitted distribution and
the corresponding histogram of the measured data for a
salinity gradient level equal to 5x 1072g-L~".cm™'. As
clearly shown in this figure, the Weibull distribution predicts
well the salinity induced light intensity fluctuations in
seawater.
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Table VI. Different salinity values used to create salinity gradient in the
water channel.*)

Bucket 1 salinity Bucket 2 salinity ~Channel gradient Mean salinity

(g/L) (g/L) (gL "em™) (g/L)
275 225 0.05
30.0 20.0 0.10

25
325 17.5 0.15
35.0 15.0 0.20

Il Measured data
— Weibull

._
th

Probability density function
=]
n =

0
0 0.5 1 1.5 2
Normalized received optical power

Fig. 10. (Color online) Salinity gradient =5 x 1072g-L"".cm™,

612,measured = 0.0429, 2 = 1.0844, k= 5.1982, 62 = 0.0487. Reprinted from
Ref. 45.

4.3.3 Underwater optical channel model in
inhomogeneous temperature. Like the salinity-induced
turbulence, temperature-induced turbulence in underwater is
also very common and has a significantly detrimental effect
on the performance of the communication link. There are
many sources of temperature gradient in the oceans. Influxes
of glacial fresh water, extratropical cyclones, and ocean
currents such as Labrador and Gulf Stream!’® are a few
examples of temperature-induced turbulent UWOC channels.
The impact of temperature gradient was experimentally
investigated in Ref. 46. Similar to salinity gradient, it was
found that the log-normal distribution, traditionally used in
atmospheric optical turbulent channels, failed to mimic the
statistical behavior of the measured irradiance. A model
using the generalized Gamma distribution (GGD) was thus
proposed instead to model and describe the statistical
properties of weak temperature-induced turbulence. The
GGD is a flexible probability distribution and mostly used
in reliability modeling and analysis. The PDF of GGD is
given by!7?

c[ac—l
la,b,c) =
fza,b.e) ==

» exp[—(/b)]
I'(a)

where a and ¢ are the shape parameters, b is the scale
parameter, and I'(.) is the Gamma function. Many common
probability distributions are subfamilies of the GGD. For
instance, by setting ¢ =1, the GGD becomes the simple
Gamma distribution. The Weibull distribution can be
expressed as f(I;1,b,c) and the exponential distribution as
f;1,b,1). The scintillation index of the GGD is expressed
as

,1>0,a,b,c>0, (9)
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T TTa+1/c) (10)

Intensity fluctuation measurements were carried out by
acquiring 100K samples from a laboratory oscilloscope
connected to a photodetector. It was found GGD accurately
fits the measured data under different temperature gradient
levels. Figure 11 illustrates the fit of Gamma, Weibull and
generalized Gamma distributions with the measured data
histograms of four gradient levels.

5. Future challenges

As the preceding sections show, academic and industrial
research efforts have already returned UWOC into reality.
However, this research area is still in its early stage in many
respects and a lot of open questions need to be addressed.
Some future UWOC research challenges are suggested in the
following lines.

5.1 Transmitter technologies

To circumvent the dynamics nature of the underwater
channel which affects the optical signal’s overall attenuation,
efficient and robust tunable lasers in the violet-blue—green
regime need to be developed. In addition, in order to reduce
background noise, it would also be interesting to explore the
development of a laser with operating wavelength corre-
sponds exactly to one of the Fraunhofer lines in the solar
spectrum. 178)

5.2 Detector technologies

Many underwater platforms are deployed in deep sea and
there is a strong need to develop UWOC systems with highly
efficient photodetectors. Learning from bacterial photosyn-
thesis taking place at ocean depths down to 2000 m,!7%180)
biologically-inspired quantum photosensors (BQP) have been
proposed.'8! Photosynthetic organisms such as green sulfur
bacteria use sophisticated molecular antenna systems to
efficiently collect and process dim light that comes from the
solar radiation or hydrothermal vents even at a depth that is
totally dark to the human eye.'®? The transport of the energy
has a quantum effect as experimentally demonstrated by.'3»
Self-assembled J-aggregates molecules are perfect candidates
as they show quantum transport over hundreds of chromo-
phores at room temperature which can be used as antennas
to collect light.'8%185 Developing devices that mimic this
natural photosensing process is crucial as they are expected to
surpass the current detection capabilities of APD and PIN
detectors with quantum efficiency of nearly 90% in the blue—
green regime.'8" Thus, there is a huge research potential for
studying and developing more advanced BQP for the next-
generation UWOC systems.

5.3 Link misalignment

Link misalignment is one of the challenges of LOS UWOC
systems and remains an active research direction. Smart
transceivers, RF/acoustic/optical hybrid systems, and
modulating retro-reflectors (MRR) have been proposed to
reduce the pointing and tracking requirements of especially
moving underwater platforms such as autonomous under-
water vehicles (AUVs) and remotely operated vehicles
(ROVs).!3818) Deploying and testing smart transceivers
and MRR embedded UWOC systems in real underwater
environment for misalignment mitigation is thus important.
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(Color online) Histograms of the measured data along with the PDF of various distributions under different temperature gradient levels:

(@) 0.05°C-cm™, (b) 0.10°C-cm™, (c) 0.15°C-cm™!, and (d) 0.20°C-cm™'. Reprinted from Ref. 46.

5.4 Transmission schemes

Multiple-input multiple-output (MIMO) transmission tech-
nique has the potential to mitigate major degrading effects of
underwater channels such as turbulence-induced fading and
physical obstructions.*! MIMO increases the signal-capture
power by using several light sources to temporally combine
multipath data streams to improve the overall SNR.

5.5 Channel modeling

With the recent development of accurate and tractable
mathematical models for the underwater turbulence channel,
the challenge of UWOC channel modeling is nearly
resolved. 717D However, more system level tests including
vertical link configurations need to be performed in a realistic
underwater environment.

6. Conclusions

Despite the harsh underwater environment, UWOC research
has witnessed significant progress in the last few years. In
this review paper, after a brief overview of the latest UWOC
research, we provided a detailed survey on optical light
sources and detection systems. Emphasis is placed on UV-
blind and single photon detectors for UWOC applications.
We also presented recent advances in UWOC channel
modeling based on measured data taking into account the
impact of air bubbles, salinity and temperature induced
turbulences. The major advantage of these new channel
models based on measured data is that they have simple
mathematical forms making them attractive from a perform-
ance analysis point of view. However, this research area is in
early stages and a lot remains to be explored. We believe this

08PA06-14

survey will provide researchers with a fundamental under-
standing of UWOC and will serve as a guide for UWOC
system engineers.
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