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Abstract
Even though most of the Earth's area is sheltered by the hydrosphere, the underwater world is nonetheless a challenging
puzzle that has drawn the attention of scientists and researchers around the globe. Numerous theoretical and experimental
research has been conducted to attain a safe and effective means of communication. This is crucial to facilitate the
implementation of critical industrial, military and security applications and to guarantee the management of marine resources
sustainably. Underwater communication technologies have come a long way as they have been implemented either utilizing
wired and wireless techniques, through employing acoustic waves or electromagnetic waves (in the radio-frequency spectrum
or the optical spectrum). Even though acoustic communication realizes long communication ranges in Km, its limited data
rate, its low speed, and its undesirable impact on the aquatic environment have all led to the realization of electromagnetic
waves-based communication. Electromagnetic waves offer a high data rate and high-speed communication. Moreover,
underwater radio frequency communications maintain a smooth transition between water and air, and they are unaffected
by the turbidity properties of water. However, they come at a huge cost. Intriguingly, wireless communications in the optical
spectrum have outperformed all the above techniques. This is owing to its high bandwidth and low cost. For that reason, we
focus this review on the different facets of the underwater optical wireless communications (UOWC) field, where we present
an overview of the most important communication techniques and highlight their drawbacks and advantages. We also review
the most basic physical processes that influence the light propagation and modulation underwater along with the coding
techniques. We then discuss the link configurations and the system design, and we provide a summary of the most prominent
studies from 1992 to the present.
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1. Introduction
Even though the ocean covers most of our planet, there is
much about the deep sea that remains a mystery. Through
ocean exploration, we can monitor all important aspects of
underwater components such as seafloor, deep-sea and ocean
oil pipelines, underwater zoological life, surveillance of
unmanned systems and navigation. We can also collect data
and information about climate change.[1] This information
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helps us ensure that ocean resources are managed sustainably
and help us plan to prevent potential environmental disasters.
Therefore, achieving an effective underwater communication
method is an urgent need to perform many critical industrial,
military and scientific applications.[2] Ocean exploration
technologies have come a long way. Many communication
technologies have been developed for underwater applications,
such as wired and wireless systems. These systems have been
realized through different approaches: acoustic waves,
electromagnetic waves (either by using radio-frequency waves
or optical waves) or hybrid systems.[3] Underwater acoustic
communication technology is largely mature and achieves
communication over distances in Km, but it suffers from low
speed and low data rate due to the limited bandwidth. It also
negatively affects the water’s environment. In addition, it is
strongly affected by the characteristics of the water channel,
such as the water’s turbidity and salinity, which make its
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performance weak. Radiofrequency communication is
characterized by its high speed compared to sound waves.
Moreover, radiofrequency waves is not affected by the
characteristics of the water channel; however, they are affected
by the electrical conductivity of the water. They are also bulky,
expensive, and achieve very short communication ranges.
Optical wireless communication (OWC) is a transmission
system of data through an optical carrier, that is ultraviolet
(UV), visible, or infrared, in an unguided propagation medium.
The least attenuated region in the visible spectrum is in the
range between 450–550 nm. Underwater Optical Wireless
Communications (UOWC) are characterized by high data rate,
low cost, high speed, and safety. However, UOWC suffers
from challenges related to the water channel and its modelling
method in a way that makes this method mature and which
causes it to achieve channel models suitable for different water
environments. So far, we have not found a model that fully
covers and addresses the challenges of the underwater channel.
However, UOWC outperformed all methods, through the
above-mentioned features. Aside from the traditional optical,
acoustic and electromagnetic systems, magnetic induction (MI)
communication, as a full of promise substitutional, has drawn
considerable awareness newly.[4] This is attributed to its
inherent excellent features in anticipated channel responses,
imperceptible propagation delay, and its competing energy
consumption.[4-6] Accordingly, currently, there is a wide
interest in research on underwater MI communications.
Furthermore, the progression of antenna design from
traditional single-directional to state-of-the-art multidirectional MI antennas justifies the wide interest in this
currently hot topic of research. There is also much research
interest on the currently available approaches towards
broadening or reutilizing the accessible bands of frequency to
increase the underwater MI channel capacity.[4]
The major goal of this review is to learn about the main
characteristics and current features of UOWC. Therefore, this
paper covers the following aspects:
•
An overview of possible UWC techniques as well as
current published literature.
•
A summarized explanation of acoustic and
electromagnetic communication approaches is as well
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provided to assist readers in better comprehending how UWC
operates.
•
The review also discusses other approaches which
increase the efficacy of UWC systems, like hybrid acoustooptic systems.
•
The optical properties of water are presented and the
comparison in the definition of inherent and apparent optical
properties for various water types is discussed too.
•
Furthermore, this study focuses on displaying the major
factors that affect the UOWC as well as the different link
configuration and modulation techniques in UOWC systems.
•
The system design and channel coding are also reviewed.
•
This survey gives a summary of the different UOWC
systems that are present until 2021, including a description of
their system parameters.
•
Conclusions, as well as future prospects, were presented.
(Fig. 1) depicts a chart summarizing the key topics discussed
in this paper.
2. Approaches of underwater communication
The main reasons for the difficulty in underwater
communication (UC) are the physical properties of the
medium. Herein, we provide the main approaches of UC.[7]
2.1. Wired communication
The cable connected directly to the device's platform is one of
the methods of communication. The most common type of this
kind of communication system is a remotely operated vehicle
(ROV). Direct control is allowed by supplying the vehicle
with power via cable and giving the operator real-time video
feedback. The user is allowed to control and collect data in
real time due to the direct connection of the cable. One of the
main advantages of utilizing a cable connection system is to
achieve a much larger power budget by at the same time
delivering power via the same cable.[7] There are many
disadvantages to utilizing the cable connection method. For
instance, it is difficult to maintain large lengths of wires.
Their deployment requires a high cost, and the space that can
be accessed is limited as it depends on the length of the
available cable. Also, due to the difficult water environment,
cables may break or become tangled in rough seas.[7]
2.2. Wireless communication
Nowadays, underwater wireless communications (UWCs) are
realized through communication systems based on acoustic
waves, and electromagnetic waves (radiofrequency waves
(RF), and optical waves)[8]
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Fig. 1 A chart summarizing the important topics in UOWC.

2.2.1. Acoustic communications
Underwater acoustic communication, which is considered as
the utmost popular method in underwater wireless
communication, goes back to 1490[9] when Leonardo da Vinci
proposed that with the use of acoustic means; ships, vessels,
and all sorts of boats are detected from a distance. He used a
tube inserted into the water to detect vessels by ear.
Underwater acoustic method applications continued to be used
for a long time until the late 1800s. Attributed to the inevitable
need for communications during both the first world war and
the second world war, the underwater acoustic communication
system achieved the desired feasibility and thus became a
famous technology, as it was applied to almost all aspects of
underwater wireless sensor networks (UWSNs).[10]
The first underwater acoustic link device was created in the
USA utilizing single sideband (SSB) suppressed carrier
amplitude modulation, which has a carrier frequency range
between 8 and 15 kHz, with a basic voice band and pulse
shaping filters.[11] As a result, the received signal was of bad
quality, necessitating the human ear's and brain's ability to
recognize and comprehend warped speech. A significant
enhancement in data rate and the functional range was noticed
148 | Eng. Sci., 2021, 16, 146-186

with progress in digital data transmission in 1960.[12]
Productivity was enhanced using multi-track compensation
approaches.[13] To provide more effective underwater acoustic
communication, many investigations were conducted and
eventually led to the development of advanced methods for
channel estimation and various algorithmic designs over a
wide period.[14-18] In 1995, an underwater acoustic wireless
communication (UAWC) system was suggested[19] with a data
rate of 40 kbps. An 8 kbps UAWC system was advanced for a
depth of 20 m and a horizontal distance of 13 km in 1996.[20]
Interestingly, a higher-speed UAWC system was suggested in
2005[21] which achieves a data rate of 125 kbps utilizing a 32
quadrature amplitude modulation technique (QAM) with a
symbol error rate of 10-4. Moreover, another UAWC system
that has a data rate of 60 kbps was proved[22] utilizing a 32
QAM, that can support communications at a depth of 100 m
and for 3 km horizontal distance. To attain large data rates
without the need for complicated calculations, many
researchers used orthogonal frequency division multiplexing
(OFDM) widely in underwater acoustic communications.[23-27]
Alongside the research that has been conducted on UAWC
systems in both the experimental and the theoretical directions,
© Engineered Science Publisher LLC 2021

Engineered Science

acoustic modems of different designs, that can be used for
underwater applications, have been marketed and have been
commercially available.[1] Despite the amazing technological
progress, underwater acoustic communication has not
achieved effective communication performance due to various
obstacles. The most important obstacles that limit the effective
communication of underwater acoustic communications are
the absence of any similar types of underwater sound channels,
due to the features of the underwater environment where it is
extra vital and challenging. In other words, the system that
works in one place (for example, shallow water) might not
work in another place (such as the deep ocean).[8] Nowadays,
investigations and research on the physical layer of
underwater acoustic communication have arrived at some
degree of maturity. Many sea experiments have proved such
communication across tens of kilometers or even further
away[20] and transmission rates of up to tens of kilobits per
second or even more.[19,21,22,28,29] The latter represents a
significant development in the early stage of the few tens of
bits per second.[30,31]
Acoustic-based video transmission has also been
exhibited.[29] The most significant virtue of underwater
acoustic communication is its vast contact range, which may
reach tens of kilometers, given the enormous ocean width and
the strong attenuation impact of saltwater on other
transmission channels such as the optical wave and the RF
wave.[32] While UAWC systems are capable of delivering
command and control applications because of the long
transmission range they proved, their data rate is inadequate
for multimedia applications underwater.[8] To reduce the time
and frequency dispersion of the underwater acoustic channels,
a new transmission scheme called the time-reversed nonorthogonal multiple access (TR-NOMA) was used.[33]
Depending on the time difference of arrival (TDOA), a
localization algorithm for underwater acoustic sensor
networks has been proposed.[34] To solve the problems of the
underwater acoustic channel, several modulation schemes
were discussed and proposed. A scheme was proposed[35] to
solve the problem of redundant energy in unique word
orthogonal frequency division multiplexing (UW-OFDM),
and this scheme showed its superiority in terms of bit error rate.
A scheme called X-transform time-domain synchronous index
modulation (IM) OFDM has been proposed.[36] Several
studies[37-41] have suggested different types of spatial
modulation (SM) and shown an improvement in bit error rate.
Also, to improve the bit error rate of the underwater acoustic
channel and increase energy efficiency, different types of
pseudorandom noise training sequence orthogonal frequency
division multiplexing have been proposed.[42,43] The deep
learning coded index modulation-spread spectrum (DL-CIMSS) performance has been evaluated, which was proposed,[44]
over simulation and measured underwater acoustic channels.
© Engineered Science Publisher LLC 2021
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The simulation results show the ability of the proposed scheme
to increase the underwater acoustic data rate with significant
energy efficiency improvement and low system bit and symbol
error rate.
Whereas the acoustic approach is the most frequent
approach for obtaining UWC, it does have certain intrinsic
technological limitations. Firstly, the acoustic link
transmission data rate is quite low (within Kbps) because
underwater audio wave frequencies range from tens of hertz
to hundreds of kilohertz.[45] Secondly, because of the slow
transmission speed of the acoustic wave in water (for pure
water it is around 1500 m/s at 20 Celsius), the acoustic link
undergoes extreme contact delay (usually in seconds). It
cannot, therefore, support applications that involve an
exchange of large quantities of data in real-time.[46,47] Thirdly,
acoustic transceivers are normally big, expensive with high
consumption of energy. They are costly for large scale
UWSNs applications.[48] This technique can also have an effect
on life in the sea.[49]
2.2.2 Electromagnetic waves
(a) Radio Frequency communications
Due to the long transmission rate of UAWC systems, they are
useful for control and command applications but are not
appropriate for underwater multimedia applications due to
their limited data rate.[1] Electromagnetic waves are a
considerable
faster
means
of
communication.[50]
Electromagnetic waves (EM), in the radio frequency (RF)
range, can achieve high data rate transmission in short
distances so it is a good choice for underwater wireless
communications.[51] Waves having a frequency less than 300
GHz are known as radiofrequency waves.[52] Compared to the
speed of sound travel through water, the speed of radio waves
is much faster (about 2 × 105 times) as it travels in water at a
speed of 2.2 5 × 108 ms-1 (assuming water refractive index =
1.3) while radio waves travel in a vacuum at the speed of light
~3× 108 ms-1. Electromagnetic waves are affected by several
factors such as temperature, salinity and depth, and this leads
to severe attenuation of all electromagnetic waves and thus
limits the distance of the signal through water.[50] Due to the
high water electrical conductivity at high frequency, radio
waves propagate in water differently from their propagate in
the air.[52] Due to the high water electrical conductivity at high
frequency, radio waves propagate in water differently from
their propagate in the air 4.3 Siemens/m,[53] which means it is
around 2 to 3 orders of magnitude greater than that of normal
freshwaters.[54] Therefore, due to this high attenuation, most
commercial radio equipment operates in the MHz and GHz
frequencies and therefore does not work in an underwater
environment.[52] For this reason, communication links for
distances – larger than 10 m in the ocean[55] are not easy to
Eng. Sci., 2021, 16, 146-186 | 149
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create in both very- and ultra-high frequency ranges (VHF and
UHF, respectively), and even at high frequencies. At lower
frequencies ranges, for example, at extremely and very lowfrequency 2 ranges (ELF and VLF, respectively), the
attenuation of the electromagnetic wave may be regarded as
low enough to grant strong communication over many
kilometers. Regrettably, these frequency ranges between 3 Hz
and 3 kHz, and between 3 kHz and 30 kHz are not broad
enough to require transmissions at high data rates. Regardless
of being utilized in naval[56] and environmental applications,[57]
achieving reliable communication in ELF and VLF frequency
ranges has both operational and financial - challenges, as the
equipment is bulky, costly and has a high consumption of
energy.[55] or this reason, research on the use of low-frequency
RF waves has been carried out in the past, e.g. Moore[58]
suggested a - wireless communication system that is based on
microwaves, over the surface of ocean water. This system is
capable of transmitting data over tens of kilometers. An
underwater - wireless communication system based on
microwaves was used,[59] this system can communicate over a
horizontal distance of 85 m via employing large transmission
powers around 100 W. Nevertheless, it necessitates the use of
advanced antennas and considerable transmission power.[51]
A similar method was obeyed,[60] with a data rate of 500 kbps
over a horizontal distance of 90 m. Uribe and Grote[61] with a
data rate of 500 kbps over a horizontal distance of 90 m. Uribe
and Grote 61 achieved a data rate of 10 Mbps at a distance of
100 m by improving the capacity of underwater wireless
communication systems based on microwaves. Nevertheless,
RF and microwaves undergo severe attenuation in the water,
for example, in the ocean the attenuation is approximately 169
dB/m for the 2.4 GHz band, whereas in freshwater, it is even
higher, i.e., 189 dB/m.[51] For instance, 2.4 GHz radio waves
have an attenuation of about 1,685 dB/m in seawater which
has a conductivity of 4 S/m.[62]
The scientist Lloret used Binary Phase Shift Keying
(BPSK) and Quadrature Phase Shift Keying (QPSK)
modulations in conducting many experiments in the fields of
industry, science, and medicine (ISM)using 2.4 GHz, as he
was able to cover a range of 16-17 cm underwater at a
frequency of 2.4 GHz.[63] The best range of frequencies is (3100 MHz) for the incident beam at a depth of fewer than 5 m
from the air into the sea was established.[60] As a result, it's only
good for very short-range applications like control, telemetry,
the gas and oil industries, and marine exploration. More details
about RF communication underwater can be obtained and
found.[32] Extremely low frequency (ELF) electromagnetic
waves, i.e. 30-300 Hz, are widely implemented in military
utilization or the creation of communication lines between
150 | Eng. Sci., 2021, 16, 146-186
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terrestrial and underwater bodies.[64] They are utilized for the
propagation of long-range and they are deployed effectively
for communication with naval submarines. The ELF system
was launched in 1968 to allow deep-sea submarines to
communicate. An alerting mechanism was employed in this
project to summon the submarine to the surface for highbandwidth communication through terrestrial radio
networks.[65] In,[59] it was reported that by using dipole
radiation with high transmission powers, about 100 W, RF
frequencies in the MHz range can propagate in seawater up to
the range of 100 meters. Nevertheless, it needs advanced
antennas design and high transmission power.
By comparing the underwater RF communication with the
acoustic wave and optical wave, the method of radio waves
shows two important advantages. The first aspect is the
relatively smooth transmission with an air/water interface,
which permits cross-boundary communication by combining
the terrestrial and underwater radio frequency communication
systems. The second attribute is its excellent resistance to
water turbulence and turbidity.[32] Despite these advantages,
many restrictions limit the development of underwater RF
communication, most notably. First, short link range due to too
much salt in the water that is considered conductive
transmission medium and thus limits the propagation of the
RF waves that propagate a few meters at extremely low
frequencies (30-300 Hz).[45] Secondly, complex design
requirements for very large antennas, depending on their
location above or underwater. Thirdly, the speeds are still very
slow.[50]
(b) Optical communications
Because of the limitations facing the above two wireless
methods, another method was sought to restrict these
limitations. Huge antennas with high transmitter power in
fresh water and significant attenuation in seawater are the most
apparent flaws that limit the usage of RF transmissions. Also,
underwater acoustic wireless communications (UAWC) suffer
from low bandwidth and low data rate limitations.[51] All these
restrictions of acoustic and radio communications prompted
researchers to consider the option of optical wireless
particularly the visible light,[66] to support a high data rate for
a limited communication range.[8] UOWC is able to achieve
Gbps at a distance of several hundred meters because of the
high frequency of optical carrier.[51] Underwater optical
wireless communication (UOWC) is a fairly new field that
over the past decade has gained significant interest. A
significant reason behind this increased interest is the
availability of off-the-shelf commercial electronics (COTS)
components which reduce device complexity, cost, and power
consumption.[7] Optical wireless communication (OWC) is the
transmission of data through an optical carrier, that is
ultraviolet (UV), visible, or infrared, in an unguided
propagation medium. In OWC, the broadly unrestricted
© Engineered Science Publisher LLC 2021
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spectrum (100–780 nm, or ~30 PHz) facilitates wireless data
transmission at tremendously high data rates, that could reach
gigabits per second (Gbit/s). Underwater visible light has the
distinct benefit of passing through the water with somewhat
lower attenuation than the remaining electromagnetic
spectrum. Optical waves propagation underwater often shows
distinct features in various wavelengths 1, as presented (Fig.
2). Duntley[67] determined the fewer attenuation wavelengths
are within the range of 450–550 nm wavelengths (blue and
green lights) as compared to the other wavelength range in In
1963. This is due to the photosynthesis process of algae
especially in the coastal water during the warm seasons.
Therefore, underwater optical communications and coastal
applications sensor systems are designed to work within the
green spectral range. This behaviour of optical waves was
experimentally assured by Gilbert et al.[68] in 1966, which
presented the basis for UOWC systems.
OWC's growth has continued since the initial years of
human civilization. Signaling using ship flags, smoke, beacon
fires, and semaphore telegraph can be regarded as historical
modes of OWC.[70] The world's first wireless telephone system
allowed to transmit speech was created in the year 1800 by
Alexander Graham Bell and Charles Sumner Tainter, who was
his assistant. This invention was called the photophone, and it
was implemented according to the modified sunbeam.[71] The
latest evolution of high-speed power-efficient optoelectronic
devices has presented the pledge of OWC data rates of up to
100 Gbit/s[72] with transmission links of a few kilometers.[73]
These devices involve light-emitting diodes (LEDs),[74] super
luminescent
diodes,[75]
lasers
diodes
(LDs),[76]
[77]
[78]
photodetectors, modulators, and the integration of these
devices.[79] In addition, OWC with dual functionality, like
Light Fidelity (Li-Fi), was suggested for simultaneous lighting
and communication purposes due to the high energy efficiency
of these high-speed optical emitters.[80] However, OWC has
evolved rapidly compared to UOWC and the main reason
behind this delay is the complexity of the aquatic
environments. Various monitor the behaviour of underwater
light, researchers conducted several theoretical and

Review article

experimental studies.[81-83] All these litterateurs supply proof of
high-capacity underwater wireless optical communication
across medium distances.
Snow et al.(1992) implemented the first experimental work
utilizing an amplitude-modulated (i.e., pulsed) green laser
beam detected by a remote optical receiver, where an argonion laser diode, emitting at 514–532 nm, was used to send a
50 Mbps signal across a 9 m link length.[84] Bales et al. (1995),
LED-based theoretical analysis of UOWC was performed
where laser diode with transmission power 30 mW in
Clearwater (75% transmission) for 10 Mbps at a range of 20m
and 1 Mbps at a range of 30 m.[85] This study was later
expanded in 2005, in which the theoretical analysis of different
data rates in a variety of aquatic environments proposed that
the operational range differs from less than 10 m to more than
25 m.[86] Chancey et al. (2005) used FM modulation to develop
a short-range UOWC link with a range of up to 5 m and 10
Mbps data rate.[87] J. A. Simpson et al. have looked at basic
topics including modulation schemes, error correction, highspeed communication lines, and so on, for UOWC.[88,89]
Hanson and Radic (2008),[90] the data rate reached as a highspeed transceiver increased by 1Gbps, although the distance
was limited to a 2 m test tank. A bidirectional communication
link was developed in 2010, utilizing high-power LED arrays
at 470 nm and discrete pulse interval modulation to realize a
50 m communication range with a high data rate,[90] (Table 1)
presents a summary of UOWC till 2021.
UOWC systems have many advantages compared to RF
and acoustic methods, but the achievement of UOWC is still a
task facing many challenges. The three most important
challenges are:
1) Both absorption and scattering cause many undesirable
effects of light propagation. To limit the attenuation effect
caused by photon interactions with water molecules and other
particles in water, the transmitting light wavelength has been
specifically chosen in the blue and green spectrum.[67]
The most important of these effects are intense attenuation
of the transmitted light signal that causes multi-path fading,

Fig. 2 Absorption coefficient of pure seawater for different transmission wavelengths. Reproduced with permission from [69],
Copyright MDPI.
© Engineered Science Publisher LLC 2021
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Table 1. Summaries of various UOWC till 2021.
Name, Year

Type of
Transmitter

Power

514 nm LD
Snow, 1992

argon-ion

150 mW

Bales, 1995

LED

30 mw

Bales, 1995

LED

30 mW

laser

Modulation

Pseudo

random

signal

Type of

Type of

water

receiver

Clear

APD

water

PMT

Clear

&

Distance (m)

Data Rate

Ref.

9

50 Mbps

84

APD

20

10 Mbps

85

APD

30

1 Mbps

85

PIN PD

5

14.4 kbps

91

PD

1.71

57.6 kbps

62

Tivey, 2000

LED

IrDA

Schill, 2004

LED

IrDA

Chancey, 2005

LED

Square wave

PD

12

10 Mbps

87

Farr, 2006

LED

Square wave

PMT

91

5-10 Mbps

92

Cochenour , 2007

LED

3.6

5 Mbps

93

Hanson, 2008

532 nm LD

2

1 Gbps

94

Pontbriand, 2008

LD

unknown

200

5 Mbps

95

Cox, 2008

Laser

PMT

3.66

1 Mbps

96

Cochenour, 2008

Laser

3W

64

5 Gbps

97

Cochenour, 2008

Laser

3W

8

1 Gbps

97

Laser

1W

30- 50

1 Gbps

98

Doniec, 2009

LED

5W

Pool

30

1.2 Mbps

98

Doniec, 2009

LED

5W

Ocean

3

0.6 Mbps

99

Doniec, 2010

470 nm LED

10 W

50

2.28 Mbps

90

Simpson, 2010

LED

7.7

5 Mbps

88

Brundage, 2010

LED

13

3 Mbps

50

Baiden

LED

10

40 Mbps

100

Gabriel, 2012

LED

0.1 W

31

1 Gbps

101

Gabriel, 2012

LED

0.1 W

18

1 Gbps

101

Gabriel, 2012

LED

0.1 W

11

1 Gbps

101

Kpbs

102

2.5

58 Mbps

103

1.7

2.5 Gbps

104

Jaruwatanadilok,
2008

10 mW

APD

Digitized
waveform
NRZ

Clear
water
Clear
ocean
Turbid
harbor

DPIM
Square wave

Clear

PMT

water

PD

Deep sea
Clean
ocean
Costal

500

Cossu, 2013

LED

Watson, 2014

LD

100 mW

Oubei, 2015

520 nm Laser

12 mW

OOK

Nakamura, 2015

405 nm LD

45 mW

IM/DD-OFDM

Oubei, 2015

450 nm LD

15 mW

16-QAM -OFDM

Semiconduct

6

or Laser

Vpp (vol)

450 nm LD

51.3 mW
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water

modulated Laser

Blue LED

Shen, 2016

Clear

Externally

Tian, 2013

Lin, 2015

water

&

20-30

Mw (avg)
APD

APD

turbid
NRZ-OOK

APD

7

2.3 Gbps

105

4.8

1.45 Gbps

106

5.4

4.8 Gbps

107

0.3

5-20 Mbps

108

20

1.5 Gbps

109
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Continued
Oubei, 2016

LD 450 nm

Baghdady, 2016

LD 445 nm

QAM-OFDM
15 mW

QAM-OOK

APD

Lu, 2016
Xu, 2016
Xu, 2016

red-light laser

32-QAM OFDM

diode.
450 nm LED

N/A

APD

16-QAM OFDM

6.6

3.2 Gbps

110

2.96

3 Gbps

111

8

9.6 Gbps

112

6

4.883 Gbps

113

2

161 Mbps

113

diodepumped
Xu, 2017

solid-state

64- QAM

APD

2

laser

108.55
Mbps

114

(DPSSL)
Kong, 2017

(RGB-

15/35 mW

32-QAM OFDM

488-nm LD

<20 mW

PAM4

Tap water

PD

Liu, 2017

520nm LD

19.4 mW

NRZ-OOK

Tap water

Liu, 2017

520 nm LD

NRZ-OOK

Tap water

Chen, 2017

520 nm LD

15 mW

32-QAM OFDM

Wu, 2017

450 nm LD

26.15 mW

16-QAM OFDM

Tap water

Wu, 2017

450 nm LD

26.15 mW

16-QAM OFDM

Wu, 2017

450 nm LD

26.15 mW

16-QAM OFDM

Wu, 2017

450 nm LD

26.15 mW

16-QAM OFDM

Wu, 2017

5450 nm LD

Wu, 2017

450 nm LD

WDM) LD

10

9.5 Gbps

115

10

16 Gbps

116

APD

34.5

2.7 Gbps

117

APD

20.7

3.48 Gbps

117

PIN

21

5.5 Gbps

118

PIN

1.7

12.4 Gbps

119

Tap water

PIN

3.4

12 Gbps

119

Tap water

PIN

6.8

9.2 Gbps

119

Tap water

PIN

10.2

5.6 Gbps

119

26.15 mW

seawater

PIN

6.8

7.2 Gbps

119

26.15 mW

seawater

PIN

10.2

4 Gbps

119

0.6

800 Mbps

120

5.4

200 Mbps

120

Li, 2017

Tian, 2017
Tian, 2017

440

nm

micro-LED
440

1.5 mW

nm

micro-LED

PIN/

NRZ-OOK

Tap water

NRZ-OOK

Tap water

PAM4

Tap water

APD

10

400 Mbps

121

APD
PIN/
APD

Zhuang, 2017

448 nm LED

Liu, 2017

470 nm LED

4.8 mW

OOK

Tap water

PMT

10

7.5 Mbps

122

Liu, 2017

470 nm LED

20 mW

OOK

Tap water

PMT

50

500Kbps

122

11

4 Mbps

123

Hamilton, 2017
Sawa, 2017
Fei, 2017

450 nm LD

20 mW

Shen, 2018

450 nm LD

<1.6 W

Cossu, 2018
Chi, 2018
Lu, 2018
Kong, 2018
Tsai, 2018
Wang, 2018

PPM

470 nm LED

Manchester-co

Harbor

array (7)

ded

water

457 nm LED

<160 mW

460 nm LED
460 nm LED
array
nm

LED
448 nm LED
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NEc
OFDM

array (4×14)

~430

PAM8, GK-DNN

<3.2 mW

Tap water
Shallow
water

120

20 Mbps

124

APD

15

7.3 Gbps

125

MPPC

46

2.5 Mbps

126

APD

7.5

10 Mbps

127

PIN PD

1.2

1.5 Gbps

128

PMT

10

205 Mbps

129

12.288

PAM4

Tap water

MPPC

2

OOK

Tap water

APD

1

300 Mbps

131

OOK

Tap water

APD

10

25 Mbps

46

Mbps

130
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Continued
Hu, 2018
Huang, 2018
Li, 2018
Huang, 2018
Fei , 2018
Fei , 2018
Fei , 2018
Wang , 2018
Wang ,2019
Wang ,2019
Lu ,2019
Hong , 2019
Tsai, 2019
Tsai, 2019
Han, 2019
Tasi , 2019

256-PPM & RS,

Jerlov II

LDPC

water

16 QAM-OFDM

Sea water

Injection-locking

Harbor

OOK

water

<5.76 mW

16 QAM-OFDM

20 mW

DMT

532 nm LD
450 nm LD
680-nm redlight VCSEL
680 nm redlight VCSEL
450 nm LD
single

450-

nm LD
single

120 mW
3 mW

120 mW

450-

Bit-power loading
DMT & NEc

520 nm
LD
450 nm
LD
450 nm
LD
450 nm
LD
488 nm
LD
488 nm
LD
470 nm LED
array (7)
405 nm LED
array (4×4)

Zhou ,2019

RGBYC LED

Wang, 2019

Blue LED

Shen, 2019

Blue LED

Wang, 2019

520 nm LD

<160 mW

64-QAM-DMT,
MRC

bits/photon

132

~ MHz
PIN/APD

1.7

14.8 Gbps

133

5

25 Gbps

134

Tap water

APD

6

10 Gbps

135

Tap water

APD

15

7.33 Gbps

125

Tap water

PIN

5

16.6 Gbps

136

PIN

55

6.6 Gbps

136

Tap water

2 PINs

1.2

2.175 Gbps

137

DMT & NEc

521-nm LED

120

PIN

Bit-power loading

nm LD

3.2
SPD

312.03

<15 mW

32 QAM-OFDM

Tap water

MPPC

21

~10 Mw

16 QAM-OFDM

Sea water

PIN PD

3

50 Mbps

139

50.2 mW

OOK

Tap water

APD

60

2.5 Gbps

140

~111 mW

256QAMDMT

Tap water

PIN PD

35

12.62 Gbps

141

<20 mW

PAM4

Tap water

APD

12.5

30 Gbps

142

<20 mW

PAM4

Harbor

APD

2.5

30 Gbps

142

1.2 W

OOK

Tap water

PMT

8

19 Mbps

143

<56.7mW

QAM-OFDM

Tap water

APD

1

200 mbps

144

Tap water

PIN PD

1.2

64QAMDMT

Tap water

PIN PD

1.2

3.075 Gbps

146

PPM

Tap water

MPPC

46

~MHz

147

NRZ-OOK

Tap water

APD

100

500 Mbps

148

1.2

20.09 G

149

64QAM-DMT
bit-loading-DMT
<120 mW
7.25 mW

PIN array

Mbps

14.81 Gbps
15.17 Gbps

138

145

Li , 2019

458 nm LED

2.8 mW

32QAMDMT

Tap water

Chen , 2020

450 nm LD

22.9 mW

NRZ-OOK

Tap water

SPAD

117

2M bps

150

Chen, 2020

450 nm LD

22.9 mW

NRZ-OOK

Tap water

SPAD

144

500 bps

150

~285.5

PS-bit

mW

DMT

Tap water

PIN PD

1.2

20.09 Gbps

151

30

500 Mbps

152

Hu, 2020

LED

array

(4×4)

M

470 nm
Ramavath , 2020

N number of
LASER
sources

Hema, 2020
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loading

(2×2)

number
OOK

of PhotoDetectors
(PD).

1.5

153
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Continued
450
Arvanitakis, 2020

nm

Micro-LED

<20 mW

QAM-OFDM

Tap water

PIN PD

1.5

4.92 Gbps

154

<20mW

QAM-OFDM

Tap water

PIN PD

3

3.22 Gbps

154

<20mW

QAM-OFDM

Tap water

PIN PD

4.5

3.4 Gbps

154

APD

56

3.31 Gbps

155

APD

50

5 Gbps

156

arrays (6)
450
Arvanitakis, 2020

nm

Micro-LED
arrays (6)
450

nm

Arvanitakis, 2020

Micro-LED

Chen, 2020

520 nm LD

32-QAM

Du, 2021

450 nm laser

DFT-S DMT

arrays (6)

poor bit error rate (BER) performance over a few hundred
meters link distance in the turbid water environment. In
underwater environments, substances like chlorophyll will
absorb the blue and red lights. These and other colored
dissolved organic material (CDOM) will enhance the turbidity
of the water and thus reduce the light propagation distance.
Furthermore, the CDOM concentration would as well change
with the variations in ocean depth, thereby varying the related
light attenuation coefficients.[157]
2) An exact alignment condition is required in order to ensure
that underwater optical links are not temporarily disconnected
due to misalignment between transmitters and receivers.[158] In
many UOWC systems studies, blue/green lasers or LEDs have
been used because they are distinguished with the advantage
of their narrow beam divergence. Link misalignment can
happen frequently because the underwater environment is
turbulent at relatively shallow depths, particularly in surfaceto-bottom UOWC systems based on vertical buoys.[157,81]
Serious connectivity loss problem occurs due to random
movements of the sea surface.[159]
3) Due to the complexity of the aquatic environment, the
implementation of UOWC systems requires reliable
underwater devices. The performance and lifetime of UOWC
devices are significantly affected by a number of natural
phenomena such as flow, temperature pressure and salinity of
seawater.[45] Batteries have a limited amount of energy and are
difficult to recharge (solar energy cannot be used
underwater).[45]
The major disadvantage of optical communication is that
the range is restricted to 1-100 meters.[160] This range is
determined by water and suspended particles in water where
light is attenuated either by water or dispersed by suspended
particles.[161] Another disadvantage is that optical
communication normally requests a direct line of sight from
the transmitter to the receiver. In Table 2, we compare and
© Engineered Science Publisher LLC 2021

Clear
water

contrast the advantages and drawbacks of the three most
prevalent methods for achieving UOWC.
2.3 Hybrid systems
By combining two or more of the aforementioned underwater
communication methods, hybrid systems are established. This
method is often used for ocean mooring with sensors on the
anchoring cable and wireless cellular connection. Although
hybrid systems are useful because they can take advantage of
the strengths of each method, consequently, increase the
reliability of the system,[7] one of the most important
challenges facing hybrid systems is to move from one
communication medium to another adaptively and seamlessly,
which makes the system more complex and more difficult and
requires protocols and algorithms to understand the
environment in the hybrid system.[162] Many undersea vehicles
used hybrid communication systems that included both
acoustic and optical systems.[163,164] By choosing appropriate
communication links in response to variable traffic loads and
weather effects circumstances, article[165] presents a hybrid
optoacoustic underwater wireless communication system that
minimizes network power consumption and allows high-datarate underwater applications. When compared to conventional
optoacoustic techniques, the suggested approach saves up to
35 % on power. Depending on the interoperability between
different underwater wireless communication methods, a
hybrid network of these methods has been proposed.[166]
3. Light properties in water
Water molecules and impurities like suspended and dissolved
particles, organic and inorganic elements make up the
undersea environment, so it can be considered as a complex
and dynamic environment.[167] Interactions between these
particles and light take place and are categorized according to
the optical properties of the water, which differ by several
considerations such as location, time of day, organic and
inorganic content, and temporal differences. The water’s
optical properties can be divided into two parts: inherent and
apparent.[168]
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Table 2. Comparison of different wireless underwater technologies.

Parameters

Disadvantages

Advantages

Acoustic

RF

– Long distance communication
– Widely used UWC technology.

– High latency
– More energy consumption
– Costly
– Dangerous for marine species
– Low data rate
-Strong reflections and attenuation
when transmitting through water/air
boundary
-Poor performance in shallow water
- Affected by temperature, ambient
noise, salinity, water depth, and
pressure gradients.
Speed (m/s)
1500
Frequency band
10-15 kHz
Distance
dependent[19]:
1000 km <1
kHz
Bandwidth
1-10 km ≈1
kHz
<100 m≈
100kHz
More than 100
Distance
kms
Data rate
~ kbps

Optical

– Tolerant to turbidity
– Moderate data rate
– Smooth flow from air/water interface
- Unaffected by turbidity, salinity, and
pressure gradients
- Works in non-line-of-sight.

-Low cost
-High data rate (gigabits per second)
-Immune to latency.

-High attenuation over short distance
-Costly
-Bulky

-Severe scattering and absorption
-Difficulty to cross air/water interface
-Medium range

≈ 2.3 ×108
20 – 300 Hz (ELF)

≈ 2.3 ×108
1012 -1015 Hz

≈ MHz
High bandwidths (up to 100 Mb/s) at very
close range

10-150 MHz

Up to ≈ 10 m

≈≈ 10 − 150 m

~ Mbps

Attenuation

0.1-4 dB/km

(3.5- 5 dB/m)

Latency
Antenna /receiver
size
Multipath

High

Medium

~ Gbps
0.39 dB/m (ocean)
11dB/m (turbid)
Low

0.1 m

0.5 m

0.1 m

High

Low

Power consumption

High

Low

Low
High for laser
Low for LED

Tens of Watts

Few mW to hundreds of Watts

Transmission
power
Efficiency
Performance
Parameter

≈ 100 bits/J
-Temperature salinity
-Pressure

-Frequency,
-Water
conductivity:
temperature)

3.1 Inherent optical properties
Inherent optical properties (IOPs) rely exclusively on water
(components and the electromagnetic properties of the water)
and particulate substances that are present in the water
(suspended and dissolved particles). The geometry of the

156 | Eng. Sci., 2021, 16, 146-186

Few watts

(salinity

and

≈ 30,000 bits/J
-Absorption
-Scattering
-Turbidity (chlorophyll concentration, salt
ions, etc.).

ambient light field inside the medium does not affect the
optical properties inherent of water, that is, IOP is not affected
by the method of illumination of sample.[169] The primary IOP
are absorption coefficient 𝑎(𝜆) , scattering coefficient b(λ),
volume scattering function (VSF), attenuation coefficient c(λ),
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single scattering albedo 𝜔0 , and index of refraction.[170]
Assume a water sample of small volume ΔV and thickness
Δd where a collimated beam with radiant power 𝑃𝐼 (λ) is
guided onto the water sample. Part of this power of beam is
absorbed 𝑃𝐴 (λ), part is scattered 𝑃𝑆 (λ) by an angle Φ, and
the residual power is transported via water 𝑃𝑇 (λ). The ratio of
absorbed power to total incident power is denoted as spectral
absorptance 𝐴(𝜆).
𝑃 (𝜆)
𝐴(𝜆) = 𝐴
(1)
𝑃 (λ)

(Φ, λ) over all directions, the total scattered power per unit
incidence irradiance and unit volume of water can be
calculated, this parameter is known the scattering coefficient.
𝜋
𝑏( 𝜆) = ∫ β (Φ, 𝜆 )dΩ = 2𝜋 ∫0 β (Φ, 𝜆 ) sin Φ𝑑Φ
(10)
The forward (b𝑓 ) and backward (b𝑏 ) scattering coefficients
can be calculated via:
𝜋/2
𝑏𝑓 ( 𝜆) = 2𝜋 ∫0 β (Φ, 𝜆 ) sin Φ𝑑Φ
(11)
𝜋
𝑏𝑏 ( 𝜆) = 2𝜋 ∫𝜋/2 β (Φ, 𝜆 ) sin Φ𝑑Φ
(12)

𝐼
By normalizing the VSF with the scattering coefficient, the
In the same way, the spectral scatterance, B(𝜆 ) can be
scattering phase function 𝛽̃ (Φ, 𝜆 ) can be attained:
found by, the ratio of scattered power to the incident power.
β (Φ,𝜆 )
𝑃 (λ)
𝛽̃ (Φ, 𝜆 ) =
(𝑠𝑟 −1 )
(13)
b( 𝜆 )
𝐵(𝜆) = 𝑆
(2)
𝑃𝐼 (λ)
𝛽̃ (Φ, 𝜆)can be expressed as the probability of the photon
The spectral absorption coefficient 𝑎(𝜆) can be found by
scattering event in the angular direction Φ.
taking the limit, when the thickness approaches zero, for the
Single scattering albedo 𝜔0 can be determined as the ratio
ratio of the spectral absorption 𝐴(𝜆) to the thickness Δ𝑑, as
of the scattering coefficient to the attenuation coefficient,
follows:
where the attenuation coefficient is absorption and scattering,
𝐴(𝜆)
𝑎(𝜆) = lim
(𝑚−1 )
(3) therefore result of the single scattering albedo law gives the
Δ𝑑⟶0 Δ𝑑
And the spectral scattering coefficient 𝑏(𝜆) can be found possibility of photon scattered rather than absorbed:
b( 𝜆 )
by taking the limit when the thickness approaches zero for the
𝜔0 =
(14)
c(𝜆)
ratio of the spectral scattering 𝐵(𝜆) to the thickness Δ𝑑 , as
If the value of the scattering coefficient is greater than
follows:
the
value of the absorption coefficient, then the value of single
𝐵(𝜆)
𝑏(𝜆) = lim
(𝑚−1 )
(4) scattering albedo is 1, and if the value of the absorption

Δ𝑑⟶0 Δ𝑑

The spectral beam attenuation coefficient c( 𝜆 ) can be
obtained by combining the spectral absorption coefficient and
the spectral scattering coefficient as:
c(𝜆) = a(𝜆)+ b(𝜆)
(5)
where a(𝜆) and b(𝜆) are absorption and scattering coefficient,
respectively. Also the units of coefficients c(𝜆), a(𝜆) and b(𝜆)
are measured in 𝑚−1 and 𝜆 is the vacuum wavelength of
light in (nm)3.
The angular scatterance per unit distance and unit solid
angle, β (Φ, λ) is demarcated as:
β (Φ, 𝜆 )
β (Φ, 𝜆 ) = lim lim
=
Δ𝑑⟶0ΔΩ⟶0 ΔΩΔ𝑑
lim lim

𝑃𝑆 (Φ,𝜆 )

Δ𝑟⟶0ΔΩ⟶0 𝑃𝐼 ΔΩΔ𝑑

(𝑚−1 𝑠𝑟 −1 )

(6)

where β (Φ, 𝜆) is the fraction of power that is scattered out of
the beam through an angle Φ into a solid angle ΔΩ centered
on Φ.
𝑃𝑆 (λ) is the spectral power scattered into a solid angle is
calculated as:
𝑃𝑆 (Φ, λ) = I𝑠 (Φ, 𝜆 )ΔΩ .
(7)
The incident irradiance is computed as follows:

coefficient is bigger than the value of the scattering
coefficient, then the value of single scattering albedo is zero.[52]
3.2. Apparent optical properties
The apparent optical properties (AOPs) are based on two main
factors: the medium and the geometric structure of the
illumination, i.e. whether it is a collimated or diffused
beam.[171] The apparent properties have many benefits, most
notably the following. First, the apparent properties determine
the directional property of the optical beam. Second, they are
utilized to assess the amount of ambient light for
communication nearby the water's surface.[172] Third, when it
comes to radiant energy penetration into the depths of the
ocean, AOPs are very important.[52] Radiance, irradiance, and
reflectance are the most common apparent qualities. The
apparent feature can be produced from regular and stable
lighting sources. Thus, the downwelling irradiance from Sun
is not considered as a clear property due to its variation times
of day and weather state.[171] The diffuse attenuation
coefficient is an optical property that is dependent on the light
field geometry.[170] In those instances, either a ratio of
properties, that are equally impacted by the environment, is
taken into account or a normalized derivative, as indicated by
the following equation[171]
1 𝑑𝐸(𝑧,𝜆)
𝑘(𝑧, 𝜆) = −
(15)

E𝑖 = 𝑃𝐼 (λ)/ΔA.
(8)
Substituting ΔV = ΔdΔA which is the volume of the
𝐸(0,𝜆) 𝑑𝑧
water, results in:
where E is defined as the original apparent property like down
I𝑠 (Φ,𝜆 )
β (Φ, 𝜆 ) = lim
(9)
welling irradiance from Sun.
ΔV⟶0 E𝑖 ( 𝜆) ΔV
This equation denoted the volume scattering function (VSF)
More information about AOPs such as their definitions and
and it can be explained as the scattered intensity per unit measurements are available at.[168,172-174] Each type of optical
incident irradiance per unit volume of water. By integrating β properties have features that contribute to the implementation
© Engineered Science Publisher LLC 2021
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of UOWC systems where, AOPs are utilized to compute Absorption is the process that occurs when photons interact
ambient luminance near the water surface, whereas IOPs are with water molecules and particles, leading to an inevitable
utilized to determine communication link budgets.[175]
loss of energy.[52] According to the principle of energy
conservation, the energy of photons that are lost during the
4. Types of water
absorption process is transformed into other sorts like heat and
Both geographically and vertically differences cause the ocean chemical energies.[180] The continuous decrease of the total
waters to differ. The geographical variation ranges from the propagating power leads to a reduction in the link distance of
clarity of the oceans to coastal areas, and the vertical the UOWC, and this is considered the most prominent
difference depends on the amount of light received from the absorption effects that limit the implementation of the
sun in addition to less background radiation.[176] Despite the UOWC.[180] The density and structure of the particles in the
many different types of waters, it can be classified into oceanic water, greatly influence the absorption process.[52]
and coastal areas depending on the downwelling irradiance of
To mathematically derive the coefficients of absorption
[176]
sunlight. The oceanic group is divided into four main water and scattering, we suppose that a volume of water ΔV with
types commonly taken into special consideration in the thickness Δ d is irradiated by a collimated light beam with
wavelength λ. 𝑃𝐼 (λ) refers to the power of the incident light.
literature.[94,177]
•
pure seawater, the scattering is low thus the beam A fraction of the incident light power 𝑃𝐴 (λ) is absorbed by
propagates in a nearly straight line, but absorption remains water, and another fraction of light power 𝑃𝑆 (λ) is scattered.
predominant, leading to a signal loss more than scattering in 𝑃𝑇 (λ) is the remaining light power that will propagate as
anticipated? The water absorbs a portion of the incident light
these regions.
•
clear ocean water, scattering is the dominant factor due to power 𝑃𝐴 (λ) and scatters the other portion 𝑃𝑆 (λ), while the
the abundance of concentration of dissolved particles and remaining part will complete its propagation, 𝑃𝑇 (λ), without
consequently, the scattering has a great effect on overall any suffering. Based on the law of power conservation, we
attenuation.
have[168,181]
𝑃𝐼 (λ) = 𝑃𝐴 (λ) + 𝑃𝑆 (λ) + 𝑃𝑇 (λ)
(16)
•
coastal ocean water, the absorption owing to
Section 3.1 can be considered for details of conclusion for
phytoplankton is the major limiting factor and, hence, the ideal
the absorption, scattering and attenuation coefficients.
wavelengths lean towards green.
Moreover, in the words of Jerlov, the underwater light
•
Turbid Harbor Water: It shows strong absorption in blue
wavelengths due to the availability of both suspended matter absorption coefficient can also be defined as the sum of four
and color dissolved organic matter (CDOM) like fulvic and absorption factors [182]
a (𝜆) = 𝑎𝑤 (𝜆) + 𝑎𝐶𝐷𝑂𝑀 (𝜆) + 𝑎𝑝ℎ𝑦 (𝜆) + 𝑎𝑑𝑒𝑡 (𝜆) (17)
humic acids.
Owing to the salinity that affects the clusters and settling where 𝑎𝑤 (𝜆) is the absorption due to pure seawater,
velocity of suspended particulate matter (SPM), oceans and 𝑎𝐶𝐷𝑂𝑀 (𝜆)is the absorption due to CDOM, 𝑎𝑝ℎ𝑦 (𝜆) refers to
estuaries have lower average turbidity than fresh water in lakes the absorption due to phytoplankton, and 𝑎𝑑𝑒𝑡 (𝜆) is the
and rivers. Salinity affects the cluster of suspended particles absorption due to detritus.The absorption effect of pure
and attaches them, which leads to their stability at the bottom, seawater is attributed to two sources:
and here shows the interconnectedness between salinity, SPM - water molecules.
and water clarity.[178] The value of the attenuation coefficient c - dissolved salt in water such as NaCl, MgCl2, Na2SO4,
(λ) depends on the type and depth of the water. The following and KCl.[183]
table (Table 3) shows the scattering, absorption, and extinction
Water molecules absorb a lot of red and infrared light (IR),
coefficient for various types of waters.[179]
this absorption is achieved through many processes such as
ionization, electronic excitation, vibrational or rotational
Table 3. Optical properties of ocean water types. Reproduced excitation of water molecules.[87] CDOM is made up of
with permission from[179]. Copyright International Journal of decomposing organic marine materials and is also known as
Advanced Computer Science and Applications (IJACSA), 2020. gelbstoff. It has dimension smaller than 0.2 mm.[184] Its
-10 dB
concentrations in coastal water are fairly high, whereas those
Water Type
a (m-1)
b (m-1)
c (m-1)
distance (m)
in oceanic water are fairly low.[52] The blue wavelength absorbs
the most in coastal water, and its absorption reduces
Fresh Water
0.040
0.02
0.042
53.55
exponentially as the wavelength increases,[52] as shown in Fig.
Sea Water
0.114
0.036
0.150
15.25
3. A modeling equation is given to explain this phenomenon
for the wavelength range 350 nm < 𝜆 <700 nm.
Coastal Water
0.178
0.220
0.398
5.77
𝑎𝐶𝐷𝑂𝑀 (𝜆) = 𝑎𝐶𝐷𝑂𝑀 (𝜆0 )exp [−0.014(𝜆 − 𝜆0 )] (18)
Harbor Water
0.366
1.828
2.194
1.05
where the value for 𝜆0 is 400 nm in this situation and
𝑎𝐶𝐷𝑂𝑀 (𝜆) is the absorption owing to CDOM at reference
wavelength of 440 nm, which is the selected frequently.[168]
5. Important factors that affect the UOWC
Phytoplanktons are minute creatures that live solely in the
5.1 Absorption
158 | Eng. Sci., 2021, 16, 146-186
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photic zone, which is the area of the ocean where sunlight may
propagate into the waters. It has a range of 50 to 200 meters in
clear ocean water, up to 40 meters on continental shelf, and 15
meters in coastal waters.[185] It contains colorful pigments like
chlorophyll, carotenoids, pheophytin, chlorophyllide, and
phaeophorbides, among others, that absorb a substantial
amount of light. Photosynthesis of chlorophyll is primarily
responsible for phytoplankton absorption effects.[186]
Chlorophyllin phytoplankton absorbs plenty of visible light,
particularly the blue and red wavelengths (𝜆 =430 nm and
665 nm) with extremely small absorption in the green,[168] Fig.
3 is shown the absorption coefficient of pure seawater colored
dissolved organic matter (CDOM) and particles.[183,187-190] The
amount of chlorophyll in the water is determined by the
amount of phytoplankton present, which varies depending on
geographic location, water type, and water depth.[52]
Chlorophyll concentrations in the open ocean range from 0.01
to 4.0 mg m-3, whereas near-shore levels are estimated to reach
as high as 60 mg m−3.[175] Moreover, the distribution of
phytoplankton changes with depth undersea, where only 1%
of the sunlight enters.[185] This means that the attenuation
coefficient differs based on depth, geographical location, hour
of day, and weather.[191]

Fig. 3 Absorption coefficient due to pure seawater, CDOM
and particles. Reproduced with permission from [193],
copyright MDPI.
Detritus is a type of organic waste that is generated by dead
plants and animals[52] and comprises living organic particles
like bacteria and zooplankton, detrital organic debris, and
suspended inorganic particles like quartz and clay. Because of
their same absorption behavior, these chemicals have been
classified together.[192] The peak of its absorption is located in
the blue region of the visible part of the electromagnetic
spectrum.[52] Analogous to the absorption by CDOM, detritus
absorption is described using a model:
𝑎𝑑𝑒𝑡 (𝜆) = 𝑎𝑑𝑒𝑡 (𝜆0 )exp [−0.011(𝜆 − 𝜆0 )]
(19)
where 𝑎𝑑𝑒𝑡 (𝜆) is the detritus absorption at the reference
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wavelength, which in this case is 400 nm.[168]
As a result of the high total absorption coefficient in both,
the blue region of the electromagnetic spectrum, by the
phytoplankton pigments and the red region of the
electromagnetic spectrum by water, the total absorption
coefficient will be significantly high at these two wavelength
regions.
Depending on the different factors affecting absorption in
underwater environments, the optimal transmission
wavelengths for Pure sea / clear ocean is 450- 400 nm (bluegreen) because the concentration of Chlorophyll, Humic and
fulvic are little. In the Costal ocean, the minimum attenuation
window is around 520-570 nm (yellow-green), the
concentration is high, but in Turbid harbor, work on the range
520-570 nm (yellow-green) and it is much higher
concentrations.[12]
5.2 Scattering
Scattering is the process that takes place when the photon’s
path direction changes from the original direction due to their
interaction with the particles in the water.[52] This
aforementioned interaction causes a change in the direction of
propagation, while the energy does not change.[52] In ocean
waters, scattering occurs in both the forward and backward
directions dramatically, but peaks in the forward direction.[52]
Scattering, unlike absorption, is largely wavelength
independent. The density of particulate matter is the most
important element affecting scattering.[180]
Based on the particle radius, scattering can be divided into
three types.[168,194]
•
Molecular (Rayleigh) scattering (≪ λ) (wavelength of
the incident light): This kind of scattering is produced by the
nonuniform local concentrations of molecules and particulate
matter. The intensity is directly proportional to the sixth power
of their diameter and inversely proportional to the fourth
power of the wavelength.
•
Turbulent scattering (≫ λ): This scattering mechanism
is proportional to the square of the particle diameter[176] and
results from the random variation in the refractive index (n) of
seawater that relies on temperature, salinity, pressure and
wavelength.[195] The light beam might fluctuate both
temporally and spatially due to the changing refractive index,
this phenomenon is referred to as scintillation.[196] The effect
of turbulence on extremely short-range (less than 10 m) links
may be ignored because the refractive index in seawater does
not change considerably in such links.[81] While the effects of
turbulences appear at longer ranges, they cannot be ignored,
as reported in [197,198]. The studies [199-201] have provided
more details about turbulence in the underwater environment.
•
Large particles (∼ λ): This process is typically
determined by the scattering induced by organic and inorganic
particles in seawater. The diameter of such particles is usually
ten times larger than the wavelength of the light.[168] The
scattering coefficient for underwater light propagation can
also be given as a result of the sum of various scattering
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factors.[202]
b (𝜆) = 𝑏𝑤 (𝜆) + 𝑏𝑝ℎ𝑦 (𝜆) + 𝑏𝑑𝑒𝑡 (𝜆)
(20)
where 𝑏𝑤 (𝜆) is the scattering attributed to pure seawater;
𝑏𝑝ℎ𝑦 (𝜆) denotes the scattering attributed to phytoplankton;
and 𝑏𝑑𝑒𝑡 (𝜆) represents the scattering attributed to detritus.
Because the refractive index changes with flow, salinity,
and temperature fluctuations in pure seawater, the scattering
coefficient will change as well.[180] The Rayleigh scattering
model may be utilized to depict the dispersion generated by
pure saltwater since the wavelength of light is quite high
compared to the size of water molecules.
•
At constant temperature and pressure, the absorption
coefficient of water is invariant, although it is highly
dependent on, the scattering coefficient caused by Rayleigh
scattering is similarly highly dependent on. When compared
to absorption, the scattering coefficient has low variance with
temperature and pressure.
•
The absorption coefﬁcient of the sea salt is negligible and
it increases towards short 𝜆 . Scattering coefﬁcient due to
Rayleigh scattering, and it is no depends on 𝜆.
•
Absorption coefﬁcient is variable with the density of
CDOM, Plankton and detritus also increased towards short 𝜆
but scattering coefﬁcient is negligible by CDOM. Scattering
coefﬁcient is variable with the density of plankton and detritus
(Mie scattering), and increase towards short 𝜆.
Three processes may be used to characterize the effects of
scattering on UOWC links: spatial, temporal, and angular
dispersion.[203]
Spatial dispersion is produced by the beam spreading
owing to the multiple scattering mechanisms. The photon
density at the receiver site decreases as a result of this. Photons
arriving at the receiver from a diffuse beam are spatially
scattered due to the initial distribution as well as the
underwater environment.[97,203] As the light beam hits the
receiver at various times, it causes temporal dispersion. As a
result, there would be a path difference and a time delay,
potentially limiting bandwidth.[97,203,204]
Angular dispersion refers to the distribution of photon
reception angles owing to scattering underwater. Scattering
occurs at small forward angles in seawater, as a result, the
angular dispersion is small. Angular dispersion, on the other
hand, can have major effects in turbid water where scattering
dominates[204] VSF is an essential parameter that defines
scattering in seawater, as discussed in section 3.1. VSF has
been measured by several researchers. The next section
defines the VSF computed by Petzold as well as two analytical
formulae for modelling the VSF.[52]

the coastal water sample was taken in San Pedro Channel,
California, and the clear water sample was taken in the Tongue
of the Ocean, Bahamas Islands.
The VSFs for the three types of water, which was used as
a scattering agent in the laboratory experiment.[207] The VSFs
are clearly peaked forward, meaning that the majority of the
light will disperse at small forward angles.[52]
5.2.2. Analytical phase functions
There have been a number of analytical phase functions
suggested, two of which are considered in this paper.
The first one is Henyey-Greenstein (HG) function,[52] it was
first suggested in 1941 for use in astrophysics to describe the
scattering angles induced by interstellar dust clouds.[208] It is
used by several researchers in underwater environments, but
they point out that it is inaccurate at small angles of less than
20o and broad angles of more than 130o.[209,210]
The equation for the HG phase function is:
𝑃𝐻𝐺 (𝛷, 𝜆) =

1

1−𝑔2

4𝜋 (1+𝑔2 −2𝑔𝑐𝑜𝑠 𝛷)3/2

(21)

where Φ is the scattering angle, and g is the HG asymmetry
parameter, which is equal to the average cosine of the
scattering angle over Φ all directions of scattering and is
dependent on the medium's characteristics.[52]
The amounts of light scattered in the forward direction is
represented by the value of g.[211] If g = 0, the scattering is
isotropic, and if g = 1, the scattering is very forward.[212] More
details about the influence of various g values can be obtained
and found.[213]
The second analytical phase functions are Two-Term
Henyey-Greenstein (TTHG). Haltrin changed the original HG
function to create this phase function.[214] It is more explicit
than the original HG model, but not as accurate as Petzold's[52]
phase function, which is calculated by experiment.
The TTHG function is given by:
𝑃𝑇𝐻𝐺 (𝛷, 𝜆, 𝑔 𝐹𝑊𝐷 , 𝑔𝐵𝐾𝑊𝐷 ) = 𝛼𝑃𝐻𝐺 (𝛷, 𝑔𝐹𝑊𝐷 ) +
(1 − 𝛼)𝑃𝐻𝐺 (𝛷, −𝑔𝐵𝐾𝑊𝐷 )
(22)
where α is the forward-directed HG phase function weight,
and 𝑔 𝐹𝑊𝐷 and 𝑔𝐵𝐾𝑊𝐷 are the asymmetry factors for the
forward and backward-directed HG phase function,
respectively.
Absorption is the key limiting factor in pure seawater, but
the low scattering coefficient prevents the beam from
diverging. Clear ocean waters have a larger concentration of
dissolved particles, which impacts scattering. The primary
source of absorption and scattering are high concentrations of
plankton, detritus, and minerals in coastal ocean water. The
highest concentration of dissolved and in-suspension matter is
5.2.1. Petzold scattering function
found in turbid harbor water, which significantly reduces light
n underwater scattering modelling, the Petzold phase function propagation.[215]
is the most widely quoted and utilized. Reference[205] defines it
as a portrayal of normal ocean water. It is based on the results 5.3. Attenuation
of investigations of three forms of water taken in the early The sum of the attenuation caused by absorption and scattering
1970s: turbid water, coastal water, and clear water.[206] The defines the total attenuation in the UOWC system. By using
turbid water sample was taken in San Diego Harbor, California, Beer-Lambert's law, the attenuation coefficient called also the
160 | Eng. Sci., 2021, 16, 146-186
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extinction coefficient of the optical signal for a distance z is
determined as shown:
𝐼 = 𝐼0 𝑒 −𝑐(𝜆)𝑧
(23)
where 𝐼0 is the power of transmitted light; z signifies the light
transmission distance; I refers to the power of light after
transmitting z distance, and c(λ) indicates the attenuation
coefﬁcient. With various water types and depths, the value of
the attenuation coefficient c(λ) can change. The parameters
that impact the underwater optical wireless communication
transmission system are affected by types of water which
depends on (wavelength, depth, and season). Absorption is
influenced by biological factors such as the concentration of
chlorophyll, fulvic acid and humic acid.[3] Scattering of the
spectra is influenced by biological factors such as large
particles and small particles. The statistical distribution and
scattering strength was used to calculate scattering
coefficients.[3]
Beer's Law has a restricted application because it only
explains the attenuation due to absorption and single events of
scattering.[216] However, several cases of multiple scattering
can occur in nature. It also assumes that the source and
receiver are perfectly aligned with each other, and only in
Line-of-Sight (LOS) contact situations can it be implemented.
Also, Beer's Law avoids temporal dispersion.[22]
The references[53,157,168,217,218] provide more information on
different types of water and differences in attenuation
coefficient with other characteristics like depth, pressure, and
salinity.
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dark current noise, (3) thermal noise, and (4) shot noise.[98]
5.5.1 Background noise
The background noise comes from the optical environment
and electrical current leakage from photodetector.[51] It consists
of black body radiation and underwater ambient light, the
main source of which is the refracted sunlight from the water's
surface.[98] The background noise power can be written as:
𝑃𝐵𝐺 = 𝑃𝐵𝐺_ 𝑠𝑜𝑙𝑎𝑟 + 𝑃𝐵𝐺 _𝑏𝑙𝑎𝑐𝑘𝑏𝑜𝑑𝑦
(24)
The variance of the background noise is:
𝜎𝐵𝐺 2 = 2 𝑞ℜ𝑃𝐵𝐺 𝐵
(25)
where ℜ is the responsivity, λ is the wavelength, ℎ =
6 .6261 × 10−34 𝐽 ss is the Planck’s constant, the electron
charge 𝑞 = 1 .6 × 10−19 coulombs, η =0 .8 is the quantum
efﬁciency of the detector, and B is the electronic bandwidth.
Solar background noise: The solar background noise power is:
𝑃𝐵𝐺− 𝑠𝑜𝑙𝑎𝑟 = 𝐴𝑟 × 𝐹𝑜𝑣𝐹𝑎𝑐 × 𝛥𝜆𝑇𝐹 𝐿𝑠𝑜𝑙
(26)
πD2

where 𝐴𝑟 =
, D is the diameter of the aperture, FOV is
4
field of view of the system in radians, 𝐹𝑜𝑣𝐹𝑎𝑐 = 𝜋(𝐹𝑂𝑉)2 ,
Δλ is the optical ﬁlter bandwidth, and 𝑇𝐹 is the optical ﬁlter
transmissivity. The solar radiance 𝐿𝑠𝑜𝑙 (watts/𝑚2 ) is given by
86
:
𝐿𝑠𝑜𝑙 =

𝐸𝑅𝐿 𝑓𝑎𝑐 𝑒𝑥𝑝(−𝐾𝐷𝜔)
𝜋

(27)

where E is downwelling irradiance (𝑤𝑎𝑡𝑡𝑠/𝑚2 ), R is
underwater reﬂectance of the downwelling irradiance, 𝐿 𝑓𝑎𝑐
is the factor describing the directional dependence of the
underwater radiance, K is the diffuse attenuation coefﬁcient,
and 𝐷 is depth. For a wavelength of 532 nm, E = 1440
watts/ 𝑚2 , R =1 .25%, and 𝐿 𝑓𝑎𝑐 = 2.9 in the horizontal
direction.[86]
2) Blackbody radiation background noise: The noise
power from blackbody radiation is:

5.3.1 Attenuation length
Attenuation length (AL) is the product of attenuation
coefficient c(𝜆) and transmission distance z, and it is a unitless
quantity.[52] AL is the exponential component's argument in the
BL law (𝑐(𝜆)𝑧). The received power would be reduced by a
factor of 1/e, or 63 percent, at 1 AL. To compare the
performance of different systems, particularly at differing
2ℎ𝑐 2 𝛼×𝐹𝑜𝑣𝐹𝑎𝑐×𝐴𝑟 𝑇𝐴 𝑇𝐹 𝛥𝜆
𝑃𝐵𝐺−𝑏𝑙𝑎𝑐𝑘𝑏𝑜𝑑𝑦 =
(28)
𝜆5 [𝑒𝑥𝑝(ℎ𝑐/𝜆𝑘𝑇)−1]
water turbidities and transmission distances, several studies
use attenuation length, (AL=(𝑐(𝜆) ∗ 𝑧).[219]
where 𝑐 = 2 .25257 × 108 𝑚⁄𝑠 is the speed of light in the
water, 𝑇𝐴 = exp( −τo ) is the transmission in water, 𝑘 =
5.4 Turbulence
1 .381 × 10−23 𝐽. 𝐾 −1 is the Boltzmann’s constant, and α
Optical turbulence greatly influences optical wireless =0 .5 is the radiant absorption factor.
communications. It is defined as the random fluctuations of
In reference,[221] a photon tracing algorithm is used to
the refraction index. The underwater nature is very complex develop a unified model for underwater channel
and the transmission of optical beams is also greatly perturbed characterization and system performance analysis in the
by ocean turbulence.[216] Ocean turbulence is the result of many presence of solar noises, particularly for a shallow
phenomena, including changes in temperature, differences in environment. By considering a tight (FOV), the delay spread
salinity and the formation of air bubbles in seawater.[54]
and ambient noise impact may be reduced, and the system can
also achieve accuracy when combined with a wide aperture.
5.5 Signal noise underwater
There are several noise sources that disturb the system of 5.5.2 Dark current noise
optical communication under water. Each noise is addressed Dark current noise is the noise present in the detector in the
and the expression is given for its variance in.[86,220] In the bit absence of light, when there is no optical power incident on
transmission simulation, the variation of noise converts into the photodetector. It also refers to the minimum light intensity
the noise power range that we can use.
that the (photodiode) can detect and leads to photocurrent
The modeled noise consists of (1) background noise, (2) generated by background radiation.[222]
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The variance of the dark current noise is:
2
𝜎𝐷𝐶
= 2𝑞𝐼𝐷𝑐 𝐵
−9
where 𝐼𝐷𝑐 = 1 .226 × 10 Ampere.

(29)

5.5.3 Thermal noise (Johnson noise)
This noise is due to the resistive elements in the pre-amplifiers
used in receivers.
The variance of the thermal noise is
4𝑘𝑇 𝐹𝐵
2
𝜎𝑇𝐻
= 𝑒
(30)
𝑅𝐿

where we suppose that the equivalent temperature 𝑇𝑒 is 290K,
F = 4 is the noise ﬁgure of the system, and 𝑅𝐿 = 100 Ω is the
load resistance.

communication.
Optical waves are reflected from the top to down of a
shallow water region and produce several signals at the
detector. The surface and bottom reflections can be overlooked
in deep oceans. Interference is suppressed using advanced
signal processing methods including channel equalization and
adaptive optics at the receiver.
Even though channel equalization for rapidly fluctuating
underwater channels looks to be a major problem, detailed
characterization of the underwater optical channel will aid in
the selection of appropriate characteristics of device
fabrication
for
robust
and
high-quality
optical
communications. The authors' work in Refs [94] and [98]
focuses on the channel time dispersion that leads to ISI.
Polarized light is used to examine the influence of
transmission distance on time dispersion,[98] ISI is essential for
long-range transmission (50 m) at high data rates, according
to the findings (1 Gbps). In order to quantify channel time
dispersion in UOWC, the impact of device design features
such as transmitter beam divergence and receiver aperture size
is discussed.[94] The authors,[209] used the Monte Carlo
simulation method to assess UOWC and found that when
working over moderate distances, the channel time dispersion
can be ignored except for the highly turbid environment. As a
result, at distances that are mild, UOWC is capable of handling
high data rates. The performance of ISI on 25 m coastal water
at two different data rates ( 0.5 Gbps and 50 Gbps ) with spatial
diversity is investigated.[223]
Spatial diversity is shown to help reduce the impact of
multipath interference by partially compensating for ISI
degradation, especially at low data rates. Its efficiency,
however, deteriorates, particularly at high data rates.

5.5.4 Current shot noise
Shot noise exists when the received signal is present. It
referred also to the quantum noise. It occurs due to random
variance of received photons on the receiver side.[51] It is
related to the statistical fluctuation in both the photocurrent
and the dark current. These fluctuations are due to the
randomness of electrons. In other words, these electrons are
produced in different time and in different areas of photodiode,
so the current which is produced by these electrons has
fluctuations.
The variance of current shot noise is:
2
𝜎𝑠𝑠
= 2 𝑞ℜ𝑃𝑠 𝐵
(31)
where 𝑃𝑠 is the signal power. The total noise variance
represents the sum of all noise sources. \Therefore, in the
detector, the variance in current noise without any optical
signal is defined as:
2
2
𝜎02 = 𝜎𝑇𝐻
+ 𝜎𝐷𝐶
+ 𝜎𝐵𝐺 2
(32)
Due to the presence of shot noise, the current noise variance 6. Link configuration of UOWC
in the detector for receiving an optical signal is defined as:
UOWC can be classified into four categories based on
2
2
2
𝜎 21 = 𝜎𝑇𝐻
+ 𝜎𝐷𝐶
+ 𝜎𝐵𝐺 2 + 𝜎𝑠𝑠
(33) connection configurations between nodes in UWSNs, see Fig.
4 below:
5.6 Multipath interference and dispersion
The multipath effect, which occurs in almost all technologies 6.1. Point-to-point line-of-sight (LOS) conﬁguration
for land-based and underwater communication, is a significant The point-to-point LOS configuration is the most common at
factor that causes signals to fade quickly. Since the signals UOWC. This approach necessitates careful alignment of the
from different paths arrive at different times at the receiving
transmitter and receiver.[16] In Fig. 4(a), as well as the use of a
unit, the superimposition of the signal results in deformation
or extreme fading of the received signal in the event of a phase coherent light source with a low divergence angle, such as a
error, eventually leading to bit errors. As in acoustic laser. In pure water with little absorption and scattering, the
communication, it is generated in the optical underwater LOS approach works well for long-distance transmission.[224]
channel, when an optical signal reaches the detector after However, in the real underwater environment, where perfect
hitting several scattering objects or several reflections from alignment is difficult, especially when the transmitter and
other underwater bodies. This eventually leads to the receiver are not fixed nodes, such as underwater autonomous
dispersion of waveform time (time spreading) and reduces the vehicles (AUVs) and remotely operated vehicles (ROVs), this
data rate due to inter-symbol interference (ISI).
is a major problem.[175] Also, the presence of various
The amount of multipath interference depends upon
system speciﬁcations and the propagation environment. impediments, such as phytoplankton, rocks, as well as
[225,226]
Owing to the very high speed of light, the impact of multipath turbidity and water turbulence increase the difficulty.
interference in UOWC is not as evident as it is in acoustic The configuration of the LOS UOWC link is similar to that of
162 | Eng. Sci., 2021, 16, 146-186
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Fig. 4 Four link conﬁgurations of UOWC.

the Free Space Optical (FSO) communication system.[227]
Across a vertical distance of 200 meters’ maximum and a
horizontal radius of up to 40 meters, this device can attain a
data rate of up to 10 Mbps.[95]

disadvantages of this configuration are the relatively limited
communication distances and reduced data rates. Furthermore,
due to the large interaction area with water, the diffused-light
based link struggles from aquatic attenuation as compared to
the point-to-point LOS arrangement.[180] The 532 nm laser and
6.2. Diffused LOS conﬁguration
a diffuser were used by Cochenour and Mullen[97] to produce
Diffused LOS utilizes diffused light sources with a large diffused light. A distributed UOWC link with a data rate of up
divergence angle, such as high-power light emitting diodes to 1 Gbps was built in a 7.72 m long water tank.
(LEDs). Fig. 4(b) shows how to broadcast UOWC from one
node to many nodes. This approach will reduce perfect 6.3. Retroreﬂector-based LOS conﬁguration
alignment requirements, where the transmitter and receiver are The special implementation of the point-to-point LOS
not exactly oriented in the same line. Instead, molecular configuration is the retroreflector-based LOS configuration, a
scattering will reroute the transmitted radiation one or many modulated retro-reflector that reflects the light that is
times before it reaches the detector. As a result, diffuse-LOS transmitted as shown in Fig.4 (c).[229] The information will be
communications relaxes position, acquisition, and tracking encoded on the reflected light during this process. Since the
constraints (PAT).[228] Nevertheless, the two primary retroreflector end has no laser or other light sources (it has a
© Engineered Science Publisher LLC 2021
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mirror), it is suitable for duplex UOWC systems and its
consumption power, volume, and weight will all be decreased
significantly. The disadvantage of this arrangement is that the
transmitted optical signal's backscatter can interfere with the
reflected signal, decreasing the system's signal-to-noise ratio
(SNR) and increasing the bit-error-rate (BER). Additionally,
the received signal would be reduced even more when the
optical signals travel through the underwater channel twice.[230232]

6.4. Non-line-of-sight (NLOS) conﬁguration
The NLOS configuration can be constructed either via light
reflection from the sea surface, or light scattering from tiny
particles in the water (e.g. plankton, particulates, dissolved
organic matters, inorganics),[233] see Fig. 4 (d). After lighting
the air-sea surface, the optical beam emitted by the source is
reflected then detected by the receiver.[234] It is transmitted to
the sea surface at an angle of incidence larger than the critical
angle by the transmitter, resulting in total internal reflection of
the light beam.[235] Before being detected by the receiver, the
photons generated by the transmitter will be redirected many
times by minute particles in the water.[224] That leads to the
NLOS link overcoming the strict pointing, acquisition, and
tracking (PAT) requirements of LOS UOWC.[234] To ensure
proper signal reception, the receiver should continue to face
the sea surface in an orientation that is nearly parallel to the
reflected light. The irregular sea surface slopes caused by wind
or other sources of turbulence are the main challenge of NLOS
links.[234] Meanwhile, the light is also absorbed and scattered
as it travels through the propagation medium. Light back to
the transmitter will also display these undesirable phenomena
and cause significant signal scattering.
The experimental NLOS UOWC links are focused on
underwater ranging and imaging applications. Alley et al.[236]
suggested employing a 488 nm blue laser as the illuminator in
an NLOS imaging system. Experimental findings show that
this NLOS configuration greatly increases the imaging SNR
compared to the traditional LOS imaging system. A related
experimental approach was proposed,[237] for underwater
detection, ranging, imaging and communication using
modulated pulse laser in NLOS arrangements.
Arnon et al.[235] suggested utilizing a reflected beam from
the sea surface to transmit data in the (NLOS) system.
Submarine networks may be configured using this NLOS
geometry. However, in this study, authors adopted an ideal
assumption of a stable sea surface and minimal scattering,
which may differ from practical systems. NLOS link based on
UV- laser has been utilized in emulated highly turbid harbor
water.[224] This configuration achieves a data rate of 85 Mb/s at
a transmission distance of 30 cm using on-off keying (OOK).
164 | Eng. Sci., 2021, 16, 146-186
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7. Modulation techniques
A procedure of combining a low signal with a high signal to
create a new one is known as modulation. It involves changing
a periodic waveform's parameter in order to use the signal to
send a message.
The modulation is called an analog modulation scheme if
the variation in the carrier parameter is continuous. If the
variation is discrete, then it called digital modulation
scheme,[238] (Figs. 5 and 6) shows these two types of
modulation.

Fig. 5 Types of analog modulation.

Fig. 6 Main types of digital modulation.

The common modulation formats for digital signaling are
shown in Fig. 7 below.
The selection of a particular transmitted symbol set or
modulation scheme is dependent on exhaustive knowledge
and in-depth understanding of the application system,[179] the
type of laser utilized, the system's target cost, the type of
channel present, and the system's goals.
On-off-keying (OOK), Binary PPM, 4-ary PPM, and
Manchester coded OOK are usually related with direct
detection systems, whereas the formats FSK., PSK, and ASK
are usually associated with coherent detection systems.[239]
UOWC channel modulation techniques have got a lot of
interest due to its potential to significantly affect the
performance of the system.[111] In UOWC, modulation is
categorized into two parts.[240]
1-Intensity modulation (IM)
2- Coherent modulation
7.1. Intensity modulation (IM)
(IM) depending on the presence or absence of a signal, there
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Fig. 7 Types of modulation formats for digital signaling.

is no information about the phase. The modulation technique
used is determined by the kind of application and the intricacy
of the design.[47] Different modulation schemes may be
changed by optimizing the pulse rate, pulse width, and
frequency. The most common IM scheme in FSO
communication systems is on-off keying (OOK) which is a
binary level modulation.[241] The OOK is also possible to
implement in UOWC systems. Another common modulation
technique used in UOWC systems is the pulse position
modulation (PPM) scheme. If a direct detection receiver
detects the intensity-modulated signal, then the method is
considered to be intensity-modulated/direct detection (IM/DD)
or (non-coherent detection). Since IM/DD systems are cheaper
and less complex, they are commonly used in UOWC
systems.[47]
For both IM techniques (OOK) or (PPM), a lot of studies
are being conducted on it such as.[242,243] During (OOK)
transmission, an optical pulse that occupies part or entire bit
duration denotes a single data bit '1'. The absence of an optical
pulse, on the other hand, represents a single "0" data bit.
There are two pulse formats in OOK modulation scheme:
1- Return-to-zero (RZ) format: A pulse with a duration that
only occupies a part of the bit duration is described as "1".
2- Non-return-to-zero (NRZ) format: A pulse occupies the full
bit duration.
It has been shown that the RZ-OOK achieves greater
energy efficiency than the NRZ-OOK, but at less channel
bandwidth.[111]
© Engineered Science Publisher LLC 2021

The transmitted OOK signal suffers from different channel
fading because of the intense absorption and the OOK was
shown experimentally[105] using the modulated laser at 520 nm
over 7 m distance, to achieve 2.3 Gbps high-speed UOWC
system. for UOWC, various intensity modulation techniques
are investigated.[244] To test UOWC's feasibility, a low-cost
laser transmitter with OOK modulation schemes working at
(405 and 635 nm) was designed. The blue laser (405nm) has a
greater propagation distance and a higher data rate (reaching 1
Mbps) than the red laser (635), according to Ref.[96], which
was obtained using a PMT receiver. The PPM is a good option
for long-distance communication system,[245] and it is much
more energy efficient, also it does not need a dynamic
thresholding compared with OOK modulation, but it has lower
bandwidth usage rate and more complex transceivers. Many
variants of the PPM frameworks are used to increase the
wireless communication system's bandwidth efficiency, in Fig.
8.[246,247,248] It also explores the influence of the concentration
of chlorophyll and the distance of propagation. An updated
version of PPM with better bandwidth usage is
demonstrated.[249] The author implemented the single-chip
device PPM modulation to increase the synchronized and
encoding performance of the light beam in an underwater
climate.[250]
To increase higher bandwidth performance, more
complicated PPMs such as 8-PPM or 16-PPM can be used. An
updated PPM scheme was suggested by Sui et al.[126] for
UOWC. The same power efficiency and anti-noise output as
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Fig. 8 Various frameworks of pulse position modulation (PPM).

the traditional PPM can be preserved by this updated PPM. It
has also enhanced the system's bandwidth utilization rate.
PPM was also used in many experimental UOWC
implementations in addition to theoretical studies. You will
find similar studies.[251,241] The dimensions of dissolved
particles in water, as well as turbidity, have a significant
impact on it. Also, multipath propagation leads to ISI due to
the reflection of the optical signal and restricts the bandwidth
of channel.[248] The performance of OOK modulation to reduce
the impact of underwater turbulence using MIMO in UOWC
is described.[223]
Coherent detection is the other method of detecting the
modulated optical signal. The local oscillator is used to
convert the optical carrier down to the baseband (homodyne
detection) or intermediate frequency (heterodyne detection).
This signal is then demodulated by the demodulation process
to the baseband. The signal level rises much above the noise
level of the electrical circuit due to the powerful local
oscillator field, which improves the system's sensitivity. In the
UOWC system, coherent systems are rarely employed because
of their complexity, consumption, and high cost, these reasons
making it an unacceptable choice for underwater
communication.[252]
7.2 Coherent modulation
Coherent modulations transmit information regarding the
amplitude, polarization or phase of optical carriers, as opposed
to direct IM systems. The optical carrier will combine with the
optical signals received on the receiver side and Implement
demodulation. The example of coherent modulation are
frequency-shift keying (FSK), Phase shift keying (PSK), and
differential phase-shift keying (DPSK). When IM (OOK /
PPM) is compared to coherent modulations, coherent
modulations provide improved receiver sensitivity, system
166 | Eng. Sci., 2021, 16, 146-186

spectrum efficiency, and background noise rejection, but at the
cost of more implementation complexity and higher costs.[227]
A comparison was presented[253] between several schemes. It
shows the OOK modulation system is simple and economical,
but its BER performance was 10−2 for SNR = 25 dB, which
is very low. For evaluating the BER performance of these four
modulation techniques, a 470 nm blue laser at 2.59 mw output
power was used. It has been demonstrated that the (PPM) is
better for low power underwater applications, while PSK
offers good performances in terms of bandwidth, error
performance but with poor power efficiency.
(BPSK, QPSK, 8-Phase Shift Keying (8-PSK), 16Quadrature Amplitude Modulation (16-QAM), and 32Quadrature Amplitude Modulation (32-QAM)) are applied[93]
for turbid water conditions, providing data rates of up to 5
Mbps. It was able to submit 106 symbols per second and, in
a 3.6 m water tank. The initial speed was increased from 1
Mbps using BPSK to 5 Mbps using 32-QAM. A decision
feedback equalizer (DFE) is added to the phase shift silence
keying (PSSK)[254] and phase shift-PPM (PSPPM)[255] for low
power consumption in underwater sensor networks.
Subcarrier intensity modulation (SIM) is another type of
coherent modulation technique utilized in UOWC that has a
high spectrum efficiency but a low average power
efficiency.[47,256] An experimental UOWC system was
proved[103] that utilized SIM, the BER was shown to have been
lowered from 10-3 to 10-9.
Modulation can be performed directly or with the help of
an external modulator. Direct modulation is the easiest way to
actualize where the current driving the source of light is
directly modulated. Although direct modulation of lasers
through a pump source is straightforward, it restricts the data
rate and link range in the UOWC system by chirping.[257] The
non-linearities lead to relaxation oscillations in the case of
Solid-state lasers, avoiding the direct modulation of the
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laser.[12] Experimentally, a high data rate underwater channel
up to 2.3 Gbps over 7 m using a directly modulated 520 nm
laser diode.[105]
External modulation is the process of a laser light
generating constant power passing via an external modulator
(a voltage-driven system). It's used to get modulated optical
power from the external modulator's output. These schemes
have the ability to use the source's full power. However, the
modulation range is limited by external modulators and
requires a relatively high drive current.[12] An externally
modulated laser with a wavelength of 532 nm is employed[94]
to achieve an optical underwater link of 1 Gbps. The
performance comparison of some various modulation
techniques is given in Table 4.
8. System design
The UOWC system generally consists of three fundamental
components, the transmitter unit, the water channel and the
receiver module. Fig. 9 shows the basic block diagram of
UOWC system. The optical signal is modulated by a
modulator in the transmitter part (Tx). The light source can be
a laser or LED. The modulated light beam includes the
required information, as well as projection optics (lens) and
beam guiding if necessary. The transmitted light beam enters
the sea through the platform window. The signal is distorted in
the water channel due to several factors, such as optical
turbulence (air bubbles, salinity gradient and temperature
gradient), dispersion, absorption and background noise. The

beam enters the window of the receiver after it has been
attenuated 86. A photodetector (PD) in the receiver side,
collects the transmitted optical beam by the receiver lens and
convert it to an electrical signal. The electrical signal is passed
through a signal processing unit and a demodulator 239.
Since the photodiode can only translate light intensity
variations into current changes. The next stage includes
cascading a trans-impedance amplifier to convert current to
voltage 239. In order to reduce the thermal and ambient noise
levels, the converted voltage signals will then pass through a
low pass filter 227. Finally, a PC or BER tester can collect and
analyze the recovered original data to evaluate some
significant performance parameters, such as BER 258.
8.1 Transmitter
A transmitter commonly used in UOWC, either laser diodes
(LDs) or light-emitting diodes (LEDs) sources 52, 97, 251,
259, 260. Depending on the need and taking into consideration
that underwater systems are limited in terms of power and
bulk, the choice of LED or laser in the blue-green region of
the spectrum can differ. In general, blue-green LEDs are
preferred for the buoy system working in shallow water. Laserbased systems are suitable for systems operating in deep, clear
ocean water. In the blue-green region, laser or LED output
power varies from 10 mW to 10 W. When it comes to choosing
a source for the UOWC, both LEDs and lasers have
advantages and weaknesses 261. Lasers have fast switching
times and high optical power, but LEDs are inexpensive,

Table 4. UOWC modulation schemes. Reproduced with permission from Ref [179], Copyright International Journal of Advanced
Computer Science and Applications (IJACSA)).
Modulation Scheme

Limitation

Benefit

OOK

Low energy efficient

Low cost, Simple

SIM

Complicated devices, Average power
efficiency

Low cost, Increase system capacity

QAM

High cost, Complex implementation

Good response to noise, High spectral efficiency

PPM

Complex transceiver, Low bandwidth

High power efficiency

PoISK

Low data rate, Short distance range

High tolerance to turbulence

PSK

High cost, Complex implementation

High receiver sensitivity

DPM

Complicated demodulation devices,
Error spread in demodulation

High bandwidth efficiency

Fig. 9 Generic communication system block diagram.
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simple, more reliable and less temperature-dependent 261. As
compared to lasers, the LED-based device is less vulnerable to
underwater effects due to its wide viewing angles. The
performance of the LED-based system is evaluated using
geometric effects such as beam divergence, receiver FOV, and
dynamic range. In the UOWC system, the implementation of
LED is cheaper and simpler; however, due to incoherent
optical beam and light spread in all directions, the relation
range is very limited. The communication range can be
expanded either by utilizing a powerful ability LED (working
in Watts) or by transforming the coverage in all directions into
one direction system using optical focusing or by applying
LEDs array 12.[262] A quasi-omnidirectional UOWC system is
realized by using a prismatic array with three high-power blue
LED modules to produce optical signals in different
directions.[263] Without using any digital signal processing
algorithms, data throughput of 22 Mbps may be reached across
a 10-m underwater channel. Furthermore, for 10-m, 30-m,
and 40-m underwater channels, the maximum net data rates
achievable using MRC and frequency domain equalization
(FDE) algorithms are 69.65 Mbps, 39.8 Mbps, and 29.85
Mbps, respectively.
Lasers are employed to meet the requirements for deep
subsurface communication because they have long ranges,
high power, high efﬁciency, high data rates and low latencies
12. First-ever connection using lasers involving planes and
submarines is detailed.[264]
The high-quality output of the coherent laser beam is
quickly degraded by turbulence and underwater scattering.
The laser-based UOWC system may reach a link distance of
100 m in clear water and 30 to 50 m in turbid water.[265]
LD offers a higher intensity of output power, improved
collimation characteristics, spectral narrowing range, and
switching speeds that are substantially faster compared to
LED. However, this comes at the cost of a greater price, a
shorter lifespan, and temperature sensitivity.[266] Therefore,
LDs are more suited for implementation in high-speed UOWC

applications that have strict alignment requirements. Optical
diffusers are implemented in many LD-based UOWC
applications to minimize system pointing requirements.[94,267,268]
In comparison between (Diffused LD and LD without
diffusers) based UOWC systems, diffused LD- will benefit
from both high speed and relatively low direction
requirements.[269] LEDs, on the other hand, can be employed in
a variety of diffused UOWC applications that need short-range,
low-speed transmission due to their lower output power
intensity, greater divergence angles, and lower bandwidths. A
design and tradeoff for a directional and omnidirectional
UOWC link using LD and arrayed LEDs are provided.[93]
Furthermore, lasers can support high data rates because of
their wide bandwidth (>1 GHz), as opposed to LEDs, which
have a bandwidth of less than 200 MHz. The laser-LED
difference is displayed in Table 5.
8.2 Receiver
The light detection system or a receiver is one of the main
components of UOWC. The design of a receiver to operate in
the ocean environment is dissimilar to the design of an
ordinary communication receiver. In optical receivers, there
are four types of photodetectors can be used as shown in Fig.
10. The most functional OWC systems use PIN photodiode or
avalanche photodiode (APD) as receiver.[242]
Some specific requirements have to be met by the UOWC
receiver system to address the effects of noise and attenuation.
The receiver's most significant parameters are large FOV, high
gain, fast response time, low cost, small size, high reliability
and high sensitivity and responsivity at the operating
wavelength, and high SNR.[242]
The Photomultipliers (PMT), semiconductor photosensors, and biologically based quantum photo-sensors are the
most popular photo-sensors in the blue-green region,[12] see Fig.
11.

Table 5. Laser and LED characteristics in UOWC.
Parameter

Laser diode (LD)

Light emitted diode (LED)

Operating wavelength

450-570 nm (blue-green) region

450-570 nm (blue-green) region

Modulation bandwidth

Up to GHz (higher)

Up to MHz (lower)

Higher power

Low power = 1W (unless arrayed)

Divergence of beams

Narrow

spread ( large divergence)

Cost

expensive

Low cost

Speed

Higher speed

Lower speed

Range

Long range

Short range

lifetime

Medium

Long

Output Power intensity
(received optical power)

Temperature Dependency
168 | Eng. Sci., 2021, 16, 146-186

Highly dependent on temperature

Less dependence
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Fig. 10 Main Types of Photodetectors.

When choosing a photodetector, there are some
considerations to take. Photomultipliers are high sensitivity
and speed. Although phototransistors and photoresistors
function well as light-activated switches, they are too slow for
communications.
Fast response PIN photodiodes have a fast response time,
cheap cost, unity gain, and strong ambient light tolerance, but
APD has a broad internal gain and excellent quantum
efficiency (70 - 90%).[239] The most significant difference
between these two devices is the noise performance. Thermal
noise is the most common type of noise in PIN photodiodes,

whereas the output for APDs is most common restricted by
shot noise.[227] As APD can provide high current gain, it can be
carried out at the cost of more complex auxiliary circuits in
longer UOWC links (ten meters).[270,271] APD is potentially
faster and has an internal gain greater than PIN, but requires
high bias voltage, complicated control circuits and ambient
noise sensitivity.[12] In addition, the quantum efficiency of
APD depends on the material thickness, e.g. in the 400-500
nm range, silicon has very low sensitivity. For this reason, the
PIN photodiode seems to be a more promising technology at
shorter wavelengths than APD for the UOWC system.[12]

Fig. 11 Types of Photo-Sensors in the blue-green region.
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APD was used as a receiver to demonstrate a 1 Gbps data
rate over a 2 m propagation path using a 532 nm laser at 7 W.[94]
Using PIN and APD receivers, three different models for long,
short and hybrid propagation ranges were explored.[99] It has
also been applied in many UOWC experiments in addition to
PIN diodes and APDs.[272,62,260,273-276]
Photomultiplier tubes (PMT) is a type of vacuum tube that
is very sensitive to light, greater optical gain, lower noise
levels, high-frequency response, and a wide storage area
compared to photodiodes, but it suffers from high supplies of
voltage (on the order of 100 volts) and high unit costs.[277]
However, because of the large scale, increased power
consumption, and fragility, PMTs are a poor UOWC option.[278]
PMT is used to create a laboratory setup communication
link for 500 kbps in return-to-zero format and 1Mbps in the
non-return-to-zero form at a distance of 3.66 m along with a
variable gain amplifier on the receiver.[96] The omnidirectional
transmission and receiving of the PMT optical signal in
conjunction with the hemispherical diffuse for the 100 m
range.[279]
Biologically, photosynthetic life underwater is exploited
by spiral quantum photo-sensors.[50,55] The faint Sunlight and

lighting from other hydrothermal vents can be absorbed and
processed by biological life underwater. Their biological
organism captures solar radiation and uses quantum coherence
to move the energy to the reaction center where the
photosynthesis biochemical reaction starts.[12] Much research
is underway to invent quantum devices that are biologically
inspired and function effectively in the underwater
environment.[280-283] The comparison between Semiconductor
photo-sensors, PMT, and Biologically-inspired quantum
photo-sensors are presented in Table 6.
In a recent study,[284] the single photon avalanche diode
(SPAD) was utilized as the receiver in a long-range (UOWC)
system. It's a photodetector like (APD) but it can detect fewer
photons (reach to single photon) with a higher temporal
resolution, this mode of operating is called Geiger’s
mode.[140,285] The authors suggested a technique to obtain the
time slot synchronization clock (TSSC) from the received
discrete photon-counting pulses and to recover the data to
minimize the number of photons needed to receive 1 bit data.
Using 256-PPM, a favorable performance was obtained which
is of 0.875 photons/bit with a symbol error rate (SER) of 1.8
× 10-3.

Table 6. Comparison for various types of photo-sensor.
Semiconductor photo-sensors
PIN

APD
High

fast

response

time.

PMT

current

gain

Biologically inspired
quantum photo-sensors

is

achievable, Longer UOWC
links (tens of meters) can be
constructed, albeit at the cost

Low cost
Unity gain and
good

tolerance

to

ambiance

light

of more complicated auxiliary
circuits.[180]
Internal gain is significant,
and quantum efficiency is

PMT beneﬁts from higher sensitivity,
higher optical gain and lower noise
levels.[180]

high.[12]

Take

The quantum efﬁciency of

photosynthetic

APD

underwater.[12]

depends

upon

the

advantage

of
life

thickness of the material.

The performance is mainly
limited by shot noise.[227]
The

dominant

noise is thermal
noise[227]

Faster than PIN and has a
greater

internal

gain,

but

requires a larger bias voltage,
sophisticated control circuitry,
and is more susceptible to
ambient noise.[12]

PMT is oversensitive to shocks and

Highly efﬁcient candidates for

vibration. Overexposure to light has the

UOWC.

potential to damage it.
PMTs are also significantly more expensive
than photodiodes.[180]
High voltage sources (on the order of
hundreds of volts) and a high unit cost are
disadvantages.[180]
They are a poor candidate for UOWC due to
their large size, higher power consumption,
and fragility.
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8.3 The underwater wireless optical channel
In optical wireless communications, water is the channel of
communication through which the optical beam is propagated,
and thus the passing optical beam is affected by the properties
of water (inherent and apparent). In order to know the behavior
of optical beam propagation underwater and the challenges it
faces, the channel must be accurately modelled. Several
previous studies dealt with the classification of current
channel models based on the inherent optical properties and
their representation by Beer-Lambert law or by using the
volume scattering function or by using the radiative transfer
equation (RTE) and solving it in an approximate analytical or
numerical (the most famous of which is the Monte Carlo
simulation) method.[286-288] In a recent study by us, the channel
models were classified based on the type of effect that was
taken into account when proposing the models and it includes
the effects of absorption and scattering or turbulence, or all of
them together.
As a result, the optical power received is decreased, which
in turn reduces the communication system's signal-to-noise
ratio (SNR).[228] The channel impulse response is one of the
most important characteristics for determining the channel's
performance, and it has been examined by numerous
researchers to define UOWC links.[52]

retransmissions.[290] Both at the transmitter and the receiver,
channel coding is carried out. Channel coding is referred to as
an encoder on the transmission side, where extra bits (parity
bits) are added to the raw data before modulation. Channel
coding is known as the decoder on the receiving side.[291] FEC
channel coding schemes such as Turbo, low density parity
search (LDPC), Reed Solomon (RS), convolutional, and
others are used in UOWC systems to reduce the impacts of
underwater attenuation.[292]

9. Channel coding of UOWC
Channel coding (also known as error control coding) is used
in communication systems to detect and correct symbols that
have been received incorrectly. When digital data are
transmitted across a noisy channel, there is always a
probability that the received data contain errors.[289] Forward
error correction (FEC), which is one of the most commonly
used error control systems, is a data transmission process that
adds extra information to the original messages that can then
be used to detect and correct errors without the need for

9.2 FECs and their function
A digital information source sends a message (data word D)
containing k bits of data to an encoder in a forward errorcorrection coding (FECC) communication system. The
encoder outputs an n-bit codeword C after adding r bits of
check data. There is some noise and corruption in the
transmission, which causes errors. On the receiving end, a
suitable decoder may be used to recover the original data
sequence,[290] this can be seen in Fig. 12.

9.1 Principles OF Forward Error Correction (FEC)
Forward error correction coding is a process of the addition of
error correction codes to the original data and it is capable of
enhancing the power efﬁciency of a communication system.[290]
Wireless channels suffer from noise, interference and fading
during transmission, which causes errors, so the transmitter
adds extra information to solve this before the data is sent
(adding extra bits to the information data at the transmitter).
The important feature of the FEC is that there will be no
retransmission of data.[293] FEC may be a faster and more
suitable option when propagation delay is a factor. The
addition of check bits, on the other hand, would usually
increase the transmission bandwidth or message delay (or
both).[294]

Fig. 12 How FEC works.
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Fig. 13 Forward error correction coding.

An (n, k) block erasure code transforms k source data into
a group of n coded data, with any k of the n encoded data
allowing the original source data to be reconstructed. The first
k data in each group are usually identical to the original k
source data, while the remaining (n – k) data are identified as
parity data,[295] see Fig. 13.

in the FEC code family that are used in varying situations.
Block codes and convolutional codes are the two major types
of FEC codes,[290] see Fig. 15.

(A) Block Codes
The principle of coding data in blocks dates back to
Shannon’s original 1948 work.[296]
9.3 Classification of Channel Codes
A message block of k knowledge symbols is uniquely
The channel codes can be classified into different categories
mapped
to n coded channel symbols in block coding, resulting
as seen in the Fig. 14.
in a code word.[258] Block codes include Reed-Solomon coding,
Golay, BCH, low-density parity-check (LDPC) code, and
9.4 Types of FEC
There are several different forward error correcting codes Hamming codes.

Fig. 14 various types of channel coding.
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Fig. 15 Classification of FEC techniques.

Fig. 16 depicts a block coder with k information digits
going in and n digits coming out after the encoding process. K
message bits and r redundant (parity bits) verification bits
make up the n-bit codeword. According to the number of n
output code bits and k input data bits, codes are designated
with the notation (n, k).[290] The code rate ® is a particularly
important value, which is identified as[258]:

using blocks, they use a sliding window of data to do so. In
this case, k and n are small integers, and k < n in functional
codes is similar to block codes. The encoded message now
depends on the current input message, which is made up of k
symbols, as well as m previous messages, each of which is
made up of k symbols. The memory order of the code is
represented by this value, m. Redundancy in convolutional
codes is a function of the encoder’s memory order as well as
𝑘
𝑅=
(34)
𝑛
the number of parity bits in the codes. Another essential
parameter is the code’s restriction length, which is denoted by
(B) Convolutional Codes
K and equals m + 1.[258] Convolutional codes are a form of
In 1955, Elias suggested convolutional codes, which function error-correcting code that can be continuously encoded and
differently than block codes.[297] Convolutional encoders decoded, making them ideal for real-time applications.[290]
produce n output bits for every k input bits, but instead of

Fig. 16 The block coder’s procedure.
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In UOWC, several articles have compared the
performance of various coding schemes. Everett conducted
channels estimating for various seawater conditions using an
experimental UOWC testbed,[258] and he concluded that the
white Gaussian noise channel additive is a good
approximation for the Free Space Optical (FSO)
underwater channel.[180]
9.5 Related works
Many classical block codes have been applied to the UOWC
due to their simplicity and strength. The Reed-Solomon (RS)
FEC (255, 129) code was the first block code used in the
UOWC system.[89] The 405 nm laser diode and RZ OOK
modulation were used in this system to obtain a 500 kbps
UOWC link in a 3.66 m long water tank. The experimental
results indicated that, compared to an uncoded OOK system,
the coded system would decrease the needed power to reach a
BER of 10-4 by roundabout 8dB.
In the upgraded system[88] by the same research group[89]
from North Carolina State University modified their system in
a seven-meter long water tank, a 5-Mbps UOWC link using
the RS code was built. The experimental results show that at
the (255,129) RS and (255,223) RS codes will improve the
SNR of received signals by 6 and 4 dB, respectively and BER
of 10−6 . Other UOWC experiment that makes utilization of
(2720, 2550) RS and SIM are discussed.[103] In (2720, 2550)
RS code performed error correction, decreasing the BER from
1.5 ×10-3 to 10-9.
In addition to the RS code, UOWC systems have also
introduced other classical block code and error-detecting code
such as Bose-Chaudhuri-Hocquenghem (BCH) code and
cyclic redundancy control (CRC) code to increase the BER
output in low SNR underwater environments.[180] Wang and
Zheng[298] simulated the anti-noise efficiency of BCH and RS
codes using simple OOK modulation. Numerical results
revealed that the RS code outperformed the BCH code in
terms of error correction but at the cost of a lower transmission
data rate. To maintain the robustness of the UOWC system,
error correction at the packet level instead of using a single
layer of FEC code for byte-level error correction, coding
methods were suggested. A two-layer error correction coding
system was employed in UOWC video transmission system
by Doniec et al.[299,300]
While block codes are easy to enforce, they are not capable
of providing UOWC with optimal performance, especially in
environments with severe interference. More complex and
efficient channel coding schemes are therefore used, such as
low-density parity-check (LDPC) code and Turbo code.[180]
The LDPC code is a highly efficient linear block code. It is
174 | Eng. Sci., 2021, 16, 146-186

based on sparse parity check matrices and can obtain error
correction efficiency close to the Shannon limit.[227]
In order to create a block code, it includes two or more
convolutional codes and an interleaver that can also attain a
BER near the Shannon limit. While several studies on the
implementation of LDPC and Turbo codes in the FSO
communication system have been suggested, there is indeed a
lack of research on the use of LDPC and Turbo codes
applications in the UOWC.[180]
Everett also showed the achievement of RS, LDPC, and
Turbo codes in UOWC systems both theoretically and
experimentally.[168] A researcher thoroughly discussed the
technique of the RS, LDPC, and Turbo codes and differing
their achievements at UOWC codes in terms of BER, power
quality, and communication distance extension. Paper[168]
offers a comprehensive description of channel coding
methods implementation in UOWC.
Convolution code and Turbo[301] code are used to enhance
the performance of a MIMO-OFDM system.[302] The
performance of (UOWC) device using (OOK) modulation at a
data rate of 500 Mbps across a 30 m link range is
investigated.[152] To reduce the effects of weak oceanic
turbulence and beam attenuation, transmit/receive diversity
schemes such as Multiple-Input Single-Output (MISO),
Single-Input Multiple-Output (SIMO), and Multiple-Input
Multiple-Output (MIMO) techniques with and without RScoding were used.[152] The performance of the links is
calculated in the presence of (63, 51) RS-code (MIMO) and
compared to the performance of the uncoded (SISO) system
and when the two competing schemes are used, a decrease in
transmit power is observed to achieve a bit error rate (BER)
of 10-5.[152]
10. Performance evaluation
Here we discuss some key metrics that are commonly used to
assess the performance of the communication system. (BER)
is a powerful metric that provides an end-to-end evaluation of
any communication system. It gives an assessment of the
entire system, the transmitter, the channel, and the receiver
and is defined as the ratio of the error bits to the total number
of bits.
𝐵𝐸𝑅 =

𝐸𝑟𝑟𝑜𝑟 𝑏𝑖𝑡𝑠

(35)

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑖𝑡𝑠

BER can also be defined in terms of signal to noise ratio or
(Error probability, EP)
1

𝐸𝑏

2

𝑁0

𝐸𝑃 = (1 − 𝑒𝑟𝑟𝑜𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛)√

(36)

where 𝐸𝑏 is the energy of one bit and 𝑁0 is the noise in 1Hz
𝐸
bandwidth. The ratio 𝑏⁄𝑁 is a representation of the signal
0
to noise ration.
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Transmission Loss: Transmission loss Y of a light signal resolution laser, interferometer-based wavelength meters are
per meter underwater is defined as the ratio of the loss due to typically used to measure the laser spectrum. The laser
water to the transmission distance:
bandwidth which is, an important parameter of a laser, the
width of the optical spectrum can also be measured using these
𝐿𝑜𝑠𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑤𝑎𝑡𝑒𝑟
𝑌=
(37)
𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
interferometric based meters. The optical power current
The total loss and the loss due to water can be obtained by voltage (LIV) curve is another very crucial parameter to
finding the difference between the input power, that is sent determine the lasing threshold current, the maximum
from the source, and the output power that is received at the operating current, the turn-on voltage, and the maximum
operating voltage. This curve can be measured using a digital
receiver.
𝑃𝑜𝑤𝑒𝑟𝑖𝑛𝑝𝑢𝑡 − 𝑃𝑜𝑤𝑒𝑟𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑙𝑜𝑠𝑠 = laser controller that could scan the laser current and measure
𝐿𝑜𝑠𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑤𝑎𝑡𝑒𝑟 + 𝑜𝑡ℎ𝑒𝑟 𝑙𝑜𝑠𝑠 𝑠𝑜𝑢𝑟𝑐𝑒𝑠
(38) the corresponding voltage and power. Laser noise is another
Transmission quality: The transmission quality contains all characterization parameter, such as the white quantum noise,
information about the damage that occurred to the signal due that is due to spontaneous emission, and other technical noise
sources such as mechanical vibration noise, temperature
to all sorts of attenuation sources.
Another evaluation parameter is the interplay between the fluctuation noise. The modulator in the transmitter unit is used
transmission quality and the BER. Understanding this to perform intensity or coherent modulation as mentioned in
relationship between the transmission quality and EBR is section 7. The common modulators used for these purposes are
important to characterize the performance of the system and it the acousto-optic modulators and electro-optic intensity
can be summarized using the simple diagram Fig. 17 shown modulators.
For the receiver unit, the reader is referred to section 8.2
below:
for a detailed discussion about the various photodetectors and
photomultipliers. The water channel can be characterized by
measuring the particle size distribution, this can be done using
the Zetasizer. This technology uses the dynamic light
scattering (DLS) principle to measure the diameter of the nano
and microparticles. The particle size distribution gives
information about the scattering mechanisms that are expected
to play in the water channel. Mie and Rayleigh scattering have
been discussed in section 5.2. Also, the VSF and attenuation
coefficient are key characterization parameters of the water
channel, we have given a description for them in section
3.1.[224,303-305]
Fig. 17 Transmission quality versus BER.

In region A, the transmission quality is low, here the EBR
value is a good representation of the quality of the transmitted
signal. In region B, when the EBR value increases above a
certain threshold, its value is not a good representation of the
signal quality. In this region, the system is not able to measure
the noise. Hence, in this case, the modulation error ratio
(MER), is used to evaluate the performance. MER is defined
as the log of the ratio of the root mean square power of the
error to root mean square of the reference signal.[224,303-305]
𝑀𝐸𝑅 = 10 𝑙𝑜𝑔

𝑅𝑀𝑆 𝐸𝑟𝑟𝑜𝑟
𝑅𝑀𝑆 𝑣𝑒𝑐𝑡𝑜𝑟

(39)

11. Basic characterization parameters of the main parts in
UWOC system
Transmitter unit, as discussed in section 8.1, the transmitter is
composed of an information source, a light source, a
modulator, and a lens. LED and DL are common light sources.
Lasers are generally characterized by evaluating the lasing
spectrum first which contain the fundamental mode
wavelength and the secondary or side wavelength bands. High
© Engineered Science Publisher LLC 2021

12. Conclusion
Due to the frequent usage of the aquatic environment in many
essential and crucial applications such as underwater
environmental monitoring, marine research, calamities, and
military activities, there is a growing global interest in
exploring the underwater environment. Underwater wireless
communication (UWC) is the transmission of data in the
aquatic environment through a randomly fluctuating
underwater channel, utilizing various technologies such as
acoustic waves, radio frequency (RF), and optical waves,
despite the diverse conditions of the undersea environment.
This paper provides a comprehensive survey of the various
(UWC) approaches, and also other methods for improving
system performance, as well as current relevant research.
UWOC operates and provides the best efficiency within the
blue-green region of the electromagnetic spectrum. UWOC
has a substantially higher transmission bandwidth and hence
provides a much higher data rate than its other counterparts,
which is a key aspect that makes optical communications
superior to other technologies. Different noise sources,
inherent optical characteristics like absorption and scattering,
and apparent optical properties have an impact on the UWOC
Eng. Sci., 2021, 16, 146-186 | 175
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system. This study presents the challenges and advantages of
underwater light propagation, modulation scheme, coding
techniques, and the fundamental physical processes that affect
them. The link configurations and system design are
considered in this paper, with a focus on the different types of
linking methods that can be used to provide underwater
communications, and also the benefits and drawbacks of each
system, as well as the conditions in which each type is utilized.
In addition, the major parts and components of the underwater
optical communication system are discussed in detail.
Moreover, this survey provides an overview of several UOWC
systems that will be given until 2021, with a description of
their system parameters.

channels in an underwater environment.

13. Future directions
As described in the preceding sections, UWOC's academic and
industry research initiatives have already become a reality.
Nevertheless, this field of study is still in its beginning phases
in many areas, and there are still unsolved issues. To gain a
deeper understanding of the underwater environment and
channel characterization, extensive field investigations and the
utilization of testbeds are required. In the following points,
several potential research challenges at UWOC are mentioned.
➢ Link misalignment is an unavoidable occurrence, as
stated in section 6. Although a few research projects, on smart
transceivers for overcoming link misalignment, have been
proposed, extremely intelligent UWOC transceivers are still
needed.
➢ For UWOC transceivers, more research and study of
novel theoretical models (including statistical and numerical)
are necessary to fully understand laser beam propagation over
a randomly varying underwater channel. Also, most
theoretical UWOC research has not effectively addressed the
effects of transceiver noise on UWOC. The noise model of
UWOC transceivers must be investigated and implemented.
➢ With regards to modulation and coding techniques, prior
research has covered several matching schemes and produced
good results, but modifying the modulation and coding
scheme to react to real-time changes in the link remains a
challenge. Adaptive modulation or coding techniques for
UOWC has been investigated by few implementations. As a
result, various transmission schemes for UOWC systems must
be proposed to extend the system's coverage area and improve
its performance. When a mechanism exists to adaptively
switch modulation and coding schemes based on water
turbidity, the system will save a significant amount of energy
that is necessary for decoding complexity, resulting in a longer
cruising period.
➢ There has only been a few research on UWOC networks
thus far. Novel efficient network protocols must be devised
because of the particular characterization of wireless optical
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