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Abstract

Underwater wireless communications can be carried out through acoustic, radio frequency (RF), and optical waves. Compared to
its bandwidth limited acoustic and RF counterparts, underwater optical wireless communications (UOWCs) can support higher data
rates at low latency levels. However, the severe aquatic channel conditions (e.g., absorption, scattering, turbulence, etc.) pose great
challenges for UOWCs and significantly reduce the attainable communication ranges, which necessitates efficient networking and
localization solutions. Therefore, we provide a comprehensive survey on the challenges, advances, and prospects of underwater
optical wireless networks (UOWNs) from a layer by layer perspective which includes: 1) Physical layer issues including propaga-
tion characteristics, channel modeling, and modulation techniques 2) Data link layer problems covering link configurations, link
budgets, performance metrics, and multiple access schemes; 3) Network layer topics containing relaying techniques and potential
routing algorithms; 4) Transport layer subjects such as connectivity, reliability, flow and congestion control; 6) Application layer
goals, and 7) Localization and its impacts on UOWN layers. Finally, we outline the open research challenges and point out the
prospective directions for underwater optical wireless communications, networking, and localization studies.
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1. Introduction

According to a recent survey by the United States National
Oceanic and Atmospheric Administration (NOAA), about 97
percent of the Earth’s water covers the surface of the earth in
the form of oceans [1]. The early study of oceans (oceanog-
raphy) which includes acquiring the knowledge of ocean tides,
currents, and waves extends back to tens of thousands of years.
However, it was not until the late 18th century that the British
government announced an expedition to conduct appropriate
oceans scientific investigations. The results of this expedition
were published in 1882 as “Report Of The Scientific Results of
the Exploring Voyage of H.M.S. Challenger during the years
1873-76.” [2]. After this expedition a number of books have
been published on modern oceanography which include “Geog-
raphy of the Oceans [3]”, “Handbuch der Ozeanographie [4]”,
“The Depths of the Oceans[5]”, “The Oceans [6]”, “The Sea
[7]”, and “Encyclopedia of Oceanography [8]”. More recently,
there has been a growing interest in exploring the underwater
environment for numerous applications such as climate change,
the study of oceanic animals, the monitoring of oil rigs, surveil-
lance, and unmanned operations. All of these applications re-
quire a medium to communicate in the underwater environment
and from this environment to the outside world. Therefore, the
study of underwater wireless media has attracted considerable
attention for underwater communications.
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Today, underwater wireless communications (UWCs) are im-
plemented using communication systems based on acoustic
waves, radio frequency (RF) waves, and optical waves. Under-
water acoustic wireless communications (UAWCs) have been
one of the most used UWC technologies as they can provide
communication over rather long distances. In 1995, an UAWC
system was proposed in [9] with a data rate of 40 kbps. In
1996, an 8 kbps UAWC system was developed for a depth of
20 m and an horizontal distance of 13 km [10]. In 2005, a more
high-speed UAWC system was proposed in [11] which achieves
a data rate of 125 kbps using a 32 quadrature amplitude modu-
lation technique (QAM) with a symbol error rate of 10−4. Fur-
thermore, a 60 kbps UAWC system was demonstrated in [12]
using 32 QAM which can support communications at the depth
of 100 m and for a horizontal distance of 3 km. Besides the
theoretical and experimental research on UAWC systems, var-
ious acoustic modems are commercially available which can
be used for underwater applications. Fig. 1 shows the average
achievable distance of various commercial acoustic modems for
underwater communications. We also tabulate the main speci-
fications of off-the-shelf commercial acoustic modems in Table
1.

However, acoustic waves still have many drawbacks includ-
ing scattering, high delay due to the low propagation speeds,
high attenuation, and low bandwidth. Moreover, acoustic
signals generated by communication systems and high-power
sound navigation and ranging (SONAR) devices have adverse
impact on the underwater mammals and fishes.

Preprint submitted to Adhoc Networks June 26, 2019



Nomenclature
AF Amplify-and-forward OFDM Orthogonal frequency-division multiplexing
ACO-OFDM Asymmetrically clipped optical OFDM OFDMA Orthogonal FDMA
AUV Autonomous underwater vehicles OCDMA Optical CDMA
BER Bit Error Rate OEO Optical-electrical-optical
BDF Bit-detect-and-forward OAM Orbital angular momentum
CS Candidate set PAPR Peak-to-average power ratio
CSPA Candidate selection and prioritization PAT Pointing, acquisitioning, and tracking
CDMA Code-division multiple access P2P Point-to-point
DF Decode-and-forward P2M Point-to-multipoint
DCO-OFDM Direct current biased optical OFDM RTE Radiative transfer equation
DP Distance progress RSS Received signal strength
DL Downlink RF Radio Frequency
FoV Field of View SectOR Sector-based OR
FEC Forward Error Correction RTT Round trip time
FSO Free-space optical SBL Short baseline
FDMA Frequency-division multiple access SONAR Sound navigation and ranging
FoV Field of view SDM pace-division multiplexing
GPS Global positioning system SDMA Space-division multiple access
GODAE Global Ocean Data Assim. Exper. SPF Scattering phase function
GIB GPS intelligent buoy SDNs Software-defined networks
HG Henyey-Greenstein TOWC Terrestrial optical wireless communication
H-Haul Horizontal haul ToA Time of arrival
IoUTs Internet of Underwater Things TDoA Time difference of arrival
ICI Intercell interference TDMA Time division multiple access
ISI Inter-symbol interference TCP Transmission control protocol
IFDMA Interleaved FDMA TIR Total internal reflection
IM/DD Intensity modulation direct detection QoS Quality of service
Li-Fi Light Fidelity QAM Quadrature amplitude modulation
LoS Line of sight QAM-OFDM Quadrature amplitude modulation OFDM
LED Light emitting diode UWC Underwater wireless communication
LAN Local area network UAWC Underwater acoustic wireless communication
LBL Long baseline UOWCs Underwater optical wireless communications
MI Magnetic induction UOWN Underwater optical wireless network
MFCs Microbial fuel cells UWSN Underwater sensor network
MAI Multiple access interference UDP User datagram protocol
NOAA National Oceanic and Atmosp. Admin. UL Uplink
NLoS Non line of sight V-Haul Vertical haul
NOMA Non-orthogonal multiple access VLC Visible light communication
OBSs Optical base stations VSF Volume scattering function
OR Opportunistic routing WDM Wavelength-division multiplexing
OOK On-off keying WDMA Wavelength-division multiple access
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Figure 1: Average achievable transmission distance by various commercial
acoustic modems

Table 1: Comparison of various commercial underwater acoustic modems.

Acoustic modem Bandwidth Data rate Distance
DSPComm AquaComm Mako [13] 14 KHz 240 bps 100 m
TriTech MicronModem [14] 4 KHz 40 bps 500 m
LinkQuestUWM10000 [15] 5 KHz 5000 bps 1 km
LinkQuestUWM1000 [15] 17.8 KHz 17800 bps 3.5 km
EvoLogics S2CR7/17 USBL [16] 10 KHz 6900 bps 8 km
Teledyne BenthosAtm88x [17] 5 KHz 2400 bps 6 km
GPM 3000Modem [18] - 1200 bps 25 km

Although UAWC systems are suitable to provide command
and control applications due to their long transmission range,
their data rate is insufficient for underwater multi-media appli-
cations. Therefore, research is carried out in the past to use
low-frequency RF waves, e.g., the authors in [19] proposed a
microwave-based wireless communication system over the sur-
face of the ocean water which can transmit data over tens of
kilometers. An underwater microwaves-based wireless com-
munication system was employed in [20], which can communi-
cate over a horizontal distance of 85 m. A similar approach was
followed in [21] with a data rate of 500 kbps over a horizontal
distance of 90 m. The authors in [22] have improved the capac-
ity of underwater microwaves-based wireless communication
systems further to 10 Mbps over a distance of 100 m. However,
RF waves including microwaves suffer from serious attenuation
in the water, e.g., the attenuation in the ocean is about 169 dB/m
for the 2.4 GHz band while the attenuation in freshwater is even
higher, i.e., 189 dB/m [23]. Moreover, RF-based UWC requires
huge antennas and are limited to the shallow areas of the sea.
Even though operating at ultra-low frequencies yields reduced
attenuation levels, this is achieved at the expense of high hard-
ware costs and low data rates.

Due to the low bandwidth and low data rate limitations of
underwater acoustic and RF waves, an alternative approach is
to use optical waves which can provide high-speed underwa-
ter optical wireless communications (UOWC) at low latencies
in return for a limited communication range. The underwater
propagation of optical waves also exhibits distinctive character-
istics in different wavelengths as shown in Fig. 2. In 1963, the
authors in [24] found that attenuation within the range of 450-

Figure 2: Attenuation of optical waves in the aquatic medium.

550 nm wavelengths (blue and green lights) is much smaller
compared to the other wavelengths, which is mainly because of
the photosynthesis activity of algae especially during the warm
seasons and in the coastal water. Hence, underwater optical
communications and sensor systems for coastal applications are
designed to operate in the green spectral range. In 1966, Gilbert
et al. [25] experimentally confirmed this behavior of optical
waves, which provided the foundation of UOWC systems. The
research on UOWC is mainly focused on increasing the trans-
mission range and the data rate of UOWC systems for different
types of water. The trend to improve the data rate of UOWC
systems by using light emitting diodes (LEDs) can be seen in
[26, 27, 28, 29, 30, 31, 32].

All of the LED-based UOWC systems provide the data rate
of Mbps in pure sea water where the transmission distance is
restricted by the radiation angle and light intensity distribu-
tion. Hence, laser diode based UOWC systems are developed
to provide longer transmission distance and higher data rates
[33, 34, 35]. In [26], the authors conducted a lab experiment
by using a green laser with 532 nm wavelength to provide a
UOWC link which covers a distance of 2 m with a data rate of
1 Gbps. The authors in [36] performned a lab experiment with
405 nm wavelength blue laser to provide a 1.45 Gbps UOWC
link with a transmission distance of 4.8 m. To further improve
the transmission distance and data rate, the authors in [37] and
[38] conducted lab experiments to provide an UOWC link with
2.3 Gbps and 2.488 Gbps over a transmission distance of 7 m
and 1 m, respectively. Subsequently, the authors in [39] demon-
strated a UOWC system with a data rate of 4.8 Gbps using
16 quadrature amplitude modulation-orthogonal frequency di-
vision multiplexing (QAM-OFDM) in clear water. A lab exper-
iment was performed for turbid harbor water in [40] where the
authors were able to achieve the data rate of 4.88 Gbps by using
32 QAM-OFDM over a transmission distance of 6 m. Recently,
a 7.2 Gbps UOWC system was proposed in [41] for a 450 nm
blue laser which was able to achieve the transmission distance
of 6 m in seawater. Alternatively, hybrid systems comprising of
both acoustic and optical underwater wireless communication
system are introduced in [42, 43, 44, 45, 46] where acoustic
waves are used for command and control applications and op-
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Table 2: Comparison of underwater wireless communication systems [47].

Parameters RF Acoustic Optical
Range < 100 m < 20 Km 100-200 m
Attenuation
Factors

Frequency &
Conductivity

Conductivity Distance and
inherent opti-
cal properties

Speed 2.25×108 m/s 1500 m/s 2.25×108 m/s
Tx. Power ≈ 100 W ≈ 10 W ≈ 1 W
Cost High High Low
Data rate < 0.1 Gbps < 10 Kbps < 10 Gbps
Antenna size 0.5 m 0.1 m 0.1 m
Latency Moderate High Low

tical waves are used for multi-media applications. However,
the research on developing hybrid systems is still in its infancy
and needs proper analysis. Table 2 summarizes the comparison
between the three different kinds of underwater wireless com-
munication systems.

1.1. Related Surveys on UOWNs
With the increasing demand for UOWN applications, a few

brief surveys have been published to discuss the physical layer
aspects of UOWNs. In [23], the authors discussed modula-
tion schemes, channel models, link management, and coding
techniques along with the possible practical implementations
of UOWC systems. The link performance of UOWC systems
was evaluated in [27] and various challenges associated with
the link developments of UOWC systems were introduced. In
[48], UOWC systems were reviewed in terms of modulation
schemes, channel models, and coding schemes. The channel
models of UOWC systems have also been surveyed in [49] and
[50], where vector radiative transfer theory, variable water com-
position, and inherent properties of light were considered. The
inherent features of underwater wireless communications, in-
cluding UOWC, have been briefly surveyed in [47]. The recent
advances in system analysis and channel modeling of UOWC
systems have been summarized in [51]. In [52] the future vision
of UOWC systems and some of its challenges were presented.

Although these surveys tackle various physical layer aspects
of UOWNs, limited transmission ranges of UOWCs necessi-
tates powerful and novel networking solutions to be imple-
mented in real life. Furthermore, accurate and precise localiza-
tion schemes are essential for developing effective networking
protocols. We should also note that some types of applications
heavily depend upon the sensing location since the obtained
measurements are meaningful only if they refer to an accurate
location. Therefore, this paper provides a comprehensive sur-
vey on the challenges, advances, and prospects of UOWNs from
a layer by layer perspective which includes:

• Physical layer issues including propagation characteris-
tics, channel modeling, and modulation techniques.

• Data link layer problems covering link configurations,
link budgets, performance metrics, and multiple access
schemes.

• Network layer topics containing relaying techniques and
potential routing algorithms.

Table 3: Comparison of this paper with the existing surveys.

Ref. Year Area of Focus
Arnon et al. [27] 2010 UOWC Link configurations
Jhonsan et al.
[49]

2013 UOWC channel models

Jhonsan et al.
[50]

2014 UOWC channel models

Camila et al. [47] 2016 UWC channel models
Kaushal et al.
[48]

2016 Physical layer issues of UOWC such as
channel models, modulation schemes, link
management, and coding.

Zeng et al. [23] 2017 Physical layer issues of UOWC such as
channel models, modulation schemes, link
management, and coding.

This survey 2018 Potential UOWN architectures, a layer-by-
layer discussion of networking aspects, lo-
calization, and future research directions.

• Transport layer subjects such as connectivity, reliability,
flow and congestion control.

• Application layer goals and state-of-the-art UOWNs ap-
plications.

• Localization and its impact on UOWNs layers.

• Outlining several open research challenges and future di-
rections in UOWNs.

Table 3 summarizes the comparison of this paper with the ex-
isting surveys discussed above.

1.2. Survey Organization

The rest of this survey is organized as follows: Section 2, ad-
dresses the physical layer aspects of UOWNs such as underwa-
ter propagation characteristics of optical waves, channel mod-
eling, and UOWC modulation techniques. The data link layer
issues such as the fundamental tradeoff between transmission
angle and range, link configurations, bit error rate and data rate
performance, and multiple access schemes are covered in Sec-
tion 3. Section 4 discusses network layer problems including
relaying techniques and routing protocols. Section 5 covers the
transport layers topics including connectivity, reliability, flow
control, and congestion control in UOWNs. Application layer
goals and a number of UOWN applications are presented in
Section 6. Different localization techniques for UOWNs are
presented in Section 7. Section 8 outlines open research chal-
lenges and points out future directions in UOWNs research. Fi-
nally, Section 9 concludes the survey with a few remarks.

2. Physical (PHY) Layer: Essentials of UOWCs

Before delving into the UOWNs layer by layer, it is impor-
tant to provide an overview of potential architectures which
can either be built in an ad hoc or in an infrastructure fash-
ion. An ad hoc UOWN is a distributed type of wireless network
which does not rely upon any pre-installed network equipment.
Hence, traffic requests are carried out by the participation of
nodes along a routing path which is dynamically determined
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Figure 3: Illustration of a generic underwater optical wireless network (UOWN) architecture.

based on network connectivity, this approach may necessitate
self-configuration and self-organization skills because of the
absence of a central control unit. There are several potential
connectivity challenges due to the directional light propaga-
tion with limited range, thus making the realization of a full
ad-hoc UOWN a non-trivial engineering task. On the other
hand, infrastructure-based UOWNs may consist of omnidirec-
tional optical access points or optical base stations (OBSs) each
of which creates an underwater local area network by serving
and coordinating nodes in its vicinity or cell coverage area, re-
spectively.

Fig. 3 shows a generic cellular infrastructure-based three-
dimensional architecture where the underwater sensor nodes
communicate with each other and with the underwater OBSs by
using optical waves presented by orange links and dark green
links respectively. The communication between the OBSs at
the same depth is presented in red colored optical links, i.e.,
horizontal haul (H-Haul) links, while the information from the
OBSs which are at a greater depth is relayed to the central
OBS at the surface station by the OBSs at the low depth, i.e.,
vertical haul (V-Haul) links are used, drawn in blue color. It
is also shown in Fig. 3 that the surface buoys can operate on
solar power thus improving the energy efficiency of the net-
work. Moreover, submarines and autonomous underwater ve-
hicles (AUVs) can also communicate with the OBSs by using
the UOWC. Finally, the information gathered at the surface sta-
tion can be transmitted to the onshore station or to a mobile
station by using terrestrial RF networks. Note that the OBSs

and AUVs in Fig. 3 can also be designed to operate on both
optical and acoustic waves for reaping the full benefits of both
prominent technologies. This way, optical systems can provide
high-speed, low latency data links while acoustic systems can
support ubiquitous control and command functions due to the
long-range and omnidirectional nature [45]. Also, OBSs can be
interconnected with fibers to realize the H-Haul links.

Physical layer is essential for many crucial communication
functions including channel modeling and estimation, signal
processing, modulation, and coding. Compared to the higher
layers, the physical layer of UOWNs has been described and
studied thoroughly. In this section, we start with a comparison
on the virtues and drawbacks of the three main UWC systems:
acoustic, radio frequency, and optical. Then, a detailed discus-
sion of underwater propagation characteristics of optical waves
is presented including absorption, scattering, turbulence, point-
ing, alignment, multipath fading, and delay spread.

2.1. Waves Under the Sea: A Tour of the Underwater Commu-
nications

This section briefly introduces the different types of carrier
waves used for underwater wireless communications technolo-
gies, which include acoustic waves, RF waves, and optical
waves.

2.1.1. Acoustic Waves
UAWC systems are employed in almost every military and

commercial application of UWC [53]. The most prominent
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Figure 4: Comparison of acoustic, RF, and optical waves under different per-
formance metrics which are highlighted with green and red for values preferred
high and low, respectively. We should note that these parameters are open to
interpretation depending on the exact environment and that represented values
are illustrative and subjective.

feature of the acoustic systems is their ability to reach very
long distances, up to tens of kilometers [54]. Nevertheless,
UAWC systems cannot provide high quality services for un-
derwater multi-media applications due to the following innate
restrictions. The nominal propagation speed of the underwa-
ter acoustic signal is around 1500 m/s which yields a latency
in the order of seconds [55]. Hence, the delay performance of
acoustic systems is not desirable for real-time telephony and
multi-media applications. The operation bandwidth of under-
water acoustic signals is between tens of Hertz to hundreds of
kHz and the achievable data rates of acoustic links are typically
in the order of kbps, which is apparently not adequate to sustain
the transmission of large data volumes [56]. Additionally, the
cost of acoustic nodes makes the creation of a large scale under-
water acoustic network economically demanding. Moreover, its
energy inefficiency may necessitate a battery replacement bur-
den that can be quite a problematic task for nodes placed in
the deep sea. Moreover, acoustic systems based on high-power
SONARs can also distress marine mammals such as dolphins
and whales [57].

2.1.2. Radio Frequency Waves
The exploitation of RF signals can provide a smooth transi-

tion between terrestrial and underwater communication systems
[58, 20]. Unlike acoustic waves, RF signals are more tolerant
to the turbulence and turbidity effects of the water. Thus, they
can provide a higher propagation speed [20]. However, the un-
derwater RF communication is restricted to shallow waters and
limited to the extremely low frequency band (i.e., 30 - 300 Hz)
which yields a limited data rate even at very short communi-
cation ranges [59]. For worldwide communications with sub-
marines for depths up to a few 10 meters very low frequency
(VLF) transmitters from 10-30 kHz are used. Even if low-

priced terrestrial RF modules can be integrated into a penny-
size module, underwater RF nodes are costly, and require huge
antennas, and high transmission power to compensate for the
high antenna losses [60, 58].

2.1.3. Optical Waves
In comparison with the acoustic and RF systems, UOWC can

support higher data rates over distances of tens of meters, which
can reach up to several Gbps in clear waters with little to no
scattering. Moreover, UOWC systems provide a low latency
performance thanks to the high propagation velocity of light in
the aquatic medium (i.e., ≈ 2.25 ×108 m/s) [61, 62, 63]. These
two main advantages of optical waves can enable many real-
time communication and control applications such as large-
scale UWSNs and video-surveillance via AUVs. Furthermore,
underwater optical wireless transceivers can be built in small
sizes with low-cost and energy-conservative laser and photodi-
odes. Besides, optical wireless communication generally takes
place in a point-to-point fashion, and hence provides enhanced
security in comparison with RF and acoustic underwater com-
munications. However, directed nature of light propagation
reduces the connectivity of the network and requires accurate
pointing, acquisitioning, and tracking (PAT) mechanisms to
sustain reliable links. Alternatively, optical transceivers with
broad beams/omnidirectional propagation capabilities can be
built to mitigate the PAT requirements at the cost of potentially
less secure and low range communications [64].

Despite all these appealing virtues, there exist many chal-
lenges to implement UOWC systems in practice. Firstly, as it is
the case for the free-space optical communication, a misalign-
ment of the optical transceivers can cause short-term disconnec-
tions which are generally a result of random movements of the
sea surface [65, 66], depth-depended variations, deep currents
[49], and oceanic turbulence [67]. Secondly, even if the carrier
wavelength of the light beam is chosen to be blue or green in
order to mitigate the underwater attenuation effects [68, 24, 25],
the light beam propagation still undergoes absorption, scatter-
ing, turbulance, and thus multipath fading because of the in-
teractions of water molecules and particulates with the photons
[61, 62]. Such kind of impairments cause performance degra-
dation and reduce the communication range significantly.

Table 2 compares these three technologies by tabulating the
important state-of-the-art system parameters. For the sake of a
better visualization, we also draw a radar chart in Fig. 4 to high-
light the potential of UOWC systems which obviously exhibit
a good performance in terms of data rate, propagation speed,
power consumption, latency, cost, and size. However, the main
limitation is set by the short communication ranges which def-
initely entails range expansion via networking of optical nodes
in order to operate in a large area of interest. Furthermore,
the misalignment of optical transceivers is one of the most
challenging networking and control problems and necessitates
precise alignment algorithms with inherited self-organization
and self-configuration features to keep the nodes connected all
the time. Therefore, it is of utmost importance to gain im-
portant insights into the UOWNs from a networking point of
view including relaying, routing, deployment, localization, en-
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ergy harvesting, mobility, network lifetime maximization, self-
configuration, and self-organization. Before proceeding to the
higher layers of UOWNs, however, we believe it is necessary to
briefly discuss the physical layer aspects for the sake of com-
pleteness of the survey. Accordingly, the following subsections
address the propagation characteristics, and channel modeling
in some depth as they are the building blocks of UOWNs.

2.2. Underwater Propagation Characteristics and Channel
Modeling of Optical Waves

Underwater communication channels exhibit quite different
propagation characteristics at different locations and depths
since they vary with the physio-chemical nature of the Oceans.
In particular, optical attributes of the aquatic medium are cat-
egorized based on inherent and apparent properties. While the
inherent optical properties include absorption, scattering, and
attenuation coefficients, which heavily depend on the chemical
composition of seawater [69], the apparent optical properties
consist of radiance, irradiance, and reflectance factors which
are determined by the geometric parameters of the light beams
(e.g., diffusion and collimation) [70]. In the remainder of this
subsection, firstly, the underwater optical wireless attenuation,
absorption, and scattering models are presented, including the
Beer-Lambert law, the volume scattering function, the radia-
tive transfer equation, and Monte-Carlo methods. Secondly,
the oceanic turbulence models are discussed for UOWC chan-
nels and, finally, the models for pointing and misalignment are
presented.

2.2.1. Absorption & Scattering
Absorption restricts the transmission range of an underwater

optical wireless link by causing the total propagation energy of
an emitted light beam to continuously decrease. On the other
hand, scattering spreads the photons toward random directions
such that some portion of them is not received by the receiver
as it has a finite aperture size, whereas the reception of some
other portions may be delayed due to the following of different
propagation paths. Thus, scattering leads to multi-path fading,
time-jitter, and inter-symbol interference phenomena. The vol-
ume scattering function (VSF) can be interpreted as the scat-
tered intensity per unit incident irradiance per unit volume of

water and expressed as [71]:

ϑ(λ, φ) = lim
∆d→0

lim
∆ω→0

Ps(λ, φ)
∆d∆ω

, (1)

where Ps(λ, φ) is the power of the scattered light beam into
a solid angle which is centered on φ as shown in Fig. 5.
Hence, the scattering coefficient can be obtained by integrat-
ing VSF over all the directions, i.e., b(λ) =

∫
ϑ(λ, φ)dω.

Furthermore, the scattering phase function (SPF) can be ex-
pressed by normalizing the VSF by the scattering coefficient
[71], i.e., ϑ̃(λ, φ) =

ϑ(λ,φ)
b(λ) , which is commonly represented by

the Henyey-Greenstein (HG) phase function [72, 63, 61]. HG
phase function is a convenient approximation of the ocean scat-
tering functions. They are helpful in reducing complexity in
the calculations, but can significantly influence the delay spread
[73, 34].

Extinction coeffceint which is the sum of absorption and
scattering coefficients can be formulated based on a geometric
model proposed in [74], given as

c(λ) = a(λ) + b(λ), (2)

where a(λ), b(λ), and c(λ) are in units of m−1. These coefficients
heavily depend on water types and depths. Based on their influ-
ence on the inherent optical properties, the oceanic water types
are classified by Petzold as follows [75]:

• Pure sea water: Pure sea water consists of pure wa-
ter molecules (H2O) and dissolved salts (NaCl, MgCl2,
Na2SO4, KCl, etc.), whose absorption effect sum mainly
determines the total absorption in the pure sea water. As
the scattering coefficient of the pure sea water is negligible
[76], the light beam propagates in a straight line with very
limited dispersion. In pure seawater a(λ) = 0.053 m−1,
b(λ) = 0.003 m−1, and c(λ) = 0.056 m−1 respectively.

• Coastal ocean water: The coastal Ocean waters are
highly concentrated due to the dissolved particles, thus,
they display more severe absorption and scattering ef-
fects. Hence, a(λ) = 0.179 m−1, b(λ) = 0.219 m−1, and
c(λ) = 0.398 m−1.

• Turbid harbor water: The turbid harbor water has the
highest concentration of suspended and dissolved particles
and therefore has high absorption, scattering, and extinc-
tion coefficients with a(λ) = 0.295 m−1, b(λ) = 1.875 m−1,
and c(λ) = 2.17 m−1 respectively.

Extending from the sea surface to the bottom, the chlorophyll
variation curve follows a skewed Gaussian profile [50]. Ac-
cordingly, the attenuation coefficient starts from 0.05 m−1 and
reaches the peak value of 0.1m−1 around the 100 m depth, which
starts decreasing again for deeper waters [49]. In what follows,
we discuss the various attenuation, absorption, and scattering
models for UOWC systems.

Beer-Lambert Law. The simplest and, thus, most widely used
model to describe the UOWC channel attenuation is the Beer-
Lambert Law which expresses the received signal power at the
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receiver as:
Pr(λ, d) = Pte−c(λ)d, (3)

where Pt is the transmission power of the transmitter, c(λ) is
the extinction coefficient given in (2) and d is the Euclidean dis-
tance between the transceivers. As previously discussed in de-
tail, c(λ) changes for different water types and depths [77, 78].
For practical values of c(λ), we refer the interested readers to
the works in [49, 71, 74, 79, 80, 50, 81, 26]. Assuming a perfect
pointing between the transceivers, the Beer-Lambert Law pre-
sumes that all the scattered photons are lost by ignoring the mul-
tipath arrival of the scattered photons. Therefore, Beer-Lambert
law overestimates the amount of attenuation because of the col-
lection of forward scattered light. As discussed in [41], multiple
scattering induces high packet losses for higher order modula-
tion schemes. To overcome this deficiency, more sophisticated
models are proposed. These models are introduced in the fol-
lowing subsections.

Radiative Transfer Equation. RTE can describe the energy
conservation of a light beam passing through a steady medium
[82], which is expressed as [83, 84]:

~r · ∇L(λ,~r, ~̀) = −cL(λ,~r, ~̀) +

∫
2π
ϑ(λ,~r,~r ′)L(λ,~r, ~̀)d~r ′

+E(λ,~r, ~̀) (4)

where ~r is the direction vector, ∇ is the divergence operator,
L(λ,~r, ~̀) represents the optical radiance at position ~̀ towards di-
rection ~r, ϑ(λ,~r,~r′) is the VSF, and E(λ,~r, ~̀) denotes the source
radiance. By taking light polarization and multiple scattering
into consideration, an analytic solution was developed in [85]
by using the Stokes vector. Another analytical solution was de-
vised in [81, 86] where the derivation was simplified by small
angle approximation. Since it is very hard to find an exact an-
alytical solution of RTE [84], numerical solutions of RTE have
gained more attention compared to the solutions obtained by
making assumptions and simplifications [87].

Monte-Carlo Methods. A Monte-Carlo simulation is a prob-
abilistic numerical solver which mimics the underwater light
propagation by emitting and tracking a large amount of photons
[72]. A robust Monte-Carlo based model was designed in [88]
by the U.S. Naval Research Laboratory. Recent research efforts
on characterizing the UOWC channels by solving the RTE with
Monte-Carlo simulations can be found in [89, 72, 90, 91].

2.2.2. Oceanic Turbulence
Oceanic turbulence is defined as the rapid variations in the

refraction index due to fluctuations in the aquatic medium pa-
rameters such as pressure, density, salinity, temperature, etc.
[50]. This phenomenon provokes inconstant light intensity re-
ception that is referred to as scintillation yielding significant
performance degradation.

Although UOWC channel modeling studies are mostly con-
centrated on obtaining a precise characterization of the absorp-
tion and scattering effects, the impact of oceanic turbulence on

the system performance has not received the attention it de-
serves. As the physical mechanisms of atmospheric and oceanic
turbulence share some similar features, several oceanic turbu-
lence modeling studies employed traditional free-space opti-
cal (FSO) turbulence models. For example, the classical spec-
trum model of Kolmogorov was adopted for UOWC channels
in [92]. Inspired by [92], a generic channel model was pro-
posed in [93] by considering absorption, scattering, and turbu-
lence. This model directly applies the well-known lognormal
turbulence model, i.e.,

fI(I) =
1

I
√

2πσ
exp

(
−

(ln(I) − µ)2

2σ

)
, (5)

where I is the received light intensity, µ is the mean logarithmic
light intensity, and σ is the scintillation index.

The impact of oceanic turbulence and depth on the underwa-
ter imaging were analyzed in [94, 95]. Adaptive optics were
proposed in [96] to mitigate the negative effects of turbulence
for UOWC and underwater imaging. In [97], the authors de-
rived the power spectrum of refractive index fluctuations in
turbulent sea water. The Gaussian light-beam propagation in
turbulent sea water was studied in [98, 99, 100]. In the weak
oceanic turbulence case, an aperture averaging method was an-
alyzed and shown to improve the system performance by re-
ducing the scintillation index [67]. In [101], the average speed
of moving oceanic turbulence has been shown to have a major
impact on the temporal correlation of the irradiance whereas
the link distance has minor effects. Using the Rytov method,
scintillation indices of different optical waves are evaluated in a
turbulent aquatic medium [102].

2.2.3. Pointing & Alignment
Pointing and alignment are critical engineering tasks needed

to maintain a constant reliable link between the optical
transceivers. The pointing errors and misalignment are gener-
ally considered as a result of bore-sight and jitter [103] effects.
The bore-sight is defined as a fixed displacement between the
transmitter trajectory (i.e., beam center) and the center of the
receiver aperture, which may be caused by the inaccurate re-
ceiver location information. On the other hand, the jitter is
random dislocations between the light-beam and the aperture
center due to the oceanic turbulence [67], depth-depended vari-
ations, deep currents [49], and random movements of the sea
surface [65, 66]. Even though the bore-sight can be mitigated
by precise location information and effective PAT mechanisms,
jitter is still a problem as the random nature of the oceanic en-
vironment cannot be controlled.

We should note that as the scattering effects become more
significant (i.e., in coastal and turbid waters), tight pointing
and alignment requirements are relaxed due to the high dis-
persion of the light-beam [104]. In [86], the authors investi-
gated the impact of spatial spreading of an underwater light
beam on the pointing accuracy. In [105], we investigate the
end-to-end performance of multi-hop UOWCs in the presence
of pointing mismatch due to the location uncertainty. Assum-
ing that beamwidths can be manipulated by using adaptive op-
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tics, divergence angles are calculated based on estimation error
of the underlying localization scheme. Numerical results show
that all performance metrics are severely degraded in the ab-
sence of an effective PAT mechanism because of required high
divergence angle to cover a large area for establishing a con-
nected link. Additionally, broad beam/omnidirectional modems
are developed to mitigate the PAT issues for UOWNs. For ex-
ample, omnidirectional underwater optical base stations with
multi-faceted spherical shape were proposed in [106, 107, 108].
Consequently, an omnidirectional optical transceiver was devel-
oped in [64] to mitigate the problem of pointing and tracking for
UOWNs.

Neglecting the pointing errors caused by jitter, misalignment
is modeled using the following beam spread function (BSF)
[81, 109]:

BSF(λ, d, r) = Pr(λ, d)E(d, r) +

∫ ∞

0
Pr(λ, d)E(d, x)

×

[
exp

(∫ d

0
b(λ)ϑ̃ (x(d − y)) dy

)
− 1

]
J0(yr)ydy, (6)

where E(d, r) and E(d, x) are the irradiance distributions of the
laser source in spatial coordinates and in the spatial frequency
domain, respectively; d is the distance between transceivers; r
is the distance between the center points of aperture and the re-
ceived light-beam; ϑ̃(·) is the SPF. Using this model, the authors
evaluated the BER performance of UOWC under misalignment
conditions. In [104], the pointing error performance was in-
vestigated as a function of BSF under different water types.
Effects of random movements of the sea surface on the jitter
of transceivers were studied in [65] where the PDF of sea sur-
face movements was considered as a two-dimensional Gaus-
sian distribution. The impact of transmitter parameters such as
divergence and elevation angles was also analyzed and simu-
lated using Monte-Carlo method [66]. In [72], misalignment
of point-to-point (P2P) communication was studied by using
a Monte-Carlo simulation and verified with water tank experi-
ments. The numerical results showed that given a sufficiently
large transmission power, a small misalignment does not yield
a significant performance loss for any water type [34].

2.2.4. Multipath Fading and Delay Spread
Due to the scattering and reflection effects, some portions of

the emitted light-beam may follow different propagation paths
with various traveling distances and may reach the receiver
aperture at different time instants, yielding time dispersion (i.e.,
delay spread) and inter-symbol interference (ISI). Unlike the
UAWC where the delay spread and ISI are quite considerable
due to very long distances and low propagation velocities, these
phenomena have not received much attention as a result of
the high signal speed and the limited communication ranges
of UOWC. Multipath fading can be more significant in shal-
low waters because of the reflections from the sea surface, the
seabed, and the obstacles in the vicinity. The impact of spa-
tial diversity on ISI was investigated in [110], where high data
rates were observed to suffer more from ISI phenomenon. In or-
der to quantify the time spread, the authors of [26] investigated

the impact of the system design parameters such as the diver-
gence angle and the receiver aperture size. Spatial and tem-
poral dispersion of UOWC channel concerning pointing angle
between the transmitter and the receiver was examined in [34].
Moreover, a theoretical model for beam spreading of UOWC
channel was proposed in [81] which was validated through lab
experiments. Also, the impact of spatial spreading of an un-
derwater light beam on the pointing accuracy was investigated
in [86]. Furthermore, in [111] experiments were presented to
validate the Monte Carlo model for spatial and temporal dis-
persion of UOWC channel. The channel impulse response and
time dispersion for UOWC channel in various types of water
were studied in [89]. Monte Carlo based simulation model was
proposed in [90] to study the underwater time domain pulse
response for optical channel. In [85], through a time spread
analysis it is deduced that ISI is significant at 50 m for a po-
larized light beam with 1 Gbps data rate. However, a Monte-
Carlo simulation based channel characterization concludes that
the time spread is negligible over short distances [72]. Recently,
propagation behavior including the magnitude and phase of the
UOWC was studied in [112] where the phase information pro-
vides extra knowledge about the forward scattered light. Most
of these works show that dispersion is an issue for more turbid
environments.

2.3. Summary and Insights

In order to motivate UOWCs, this section started with a
comparison of virtues and drawbacks of the three main UWC
systems: acoustic, RF, and optical. Moreover, it is pointed
out that water types and depths have a major impact on the
UOWC channel. Therefore, novel networking solutions ac-
counting for these physical layer challenges are necessary to
realize UOWNs. The research efforts on underwater optical
wireless channel models including the Beer-Lambert law, ra-
diative transfer theory, Monte-Carlo methods, the log-normal
oceanic turbulence model, pointing errors and misalignment
models were also presented. While Beer-Lambert law is an ana-
lytically simple method which merely focus on ballistic photons
by assuming scattered photons are totally lost, radiative trans-
fer theory is quite complicated because of the computational
complexity in finding the exact analytical solution of the RTE.
Therefore, there is a dire need for a realistic model with rea-
sonable complexity. All these physical layer aspects can be re-
garded as the building blocks of UOWNs and play an important
role to characterize the challenges and their potential solutions
of the higher layers.

3. Data Link Layer: Link Configurations and Multiple Ac-
cess Schemes

The data link layer is the protocol layer that conveys data be-
tween the neighbor network entities (i.e., single-hop or multi-
hop connections) and, often provides functions to detect and
correct possible physical layer errors. Regardless of the users
ultimate destination, the data link layer undertakes the task of
arbitrating among the users, who compete for the same network
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resources such as for time, frequency, space, and wavelength,
in order to prevent frame collisions and it specifies protocols to
detect and recover from such collisions. Even though the con-
tent of the first two subsections are not solely related to the data
link layer, covering them in this section is especially important
to provide valuable insights into the cross-layer optimization of
the first two layers.

This section first discusses the requirement and design chal-
lenges for link layer, then compares wide-beam short-range and
narrow-beam long-range transmission schemes and calls atten-
tion to the fundamental trade-off between the divergence an-
gle (i.e., the coverage span) and the communication range (or
the received power for a given range). Then, the power bud-
get of the three main UOWC link configurations is presented,
i.e., line of sight (LoS), non line of sight (NLoS), and retro-
reflective links. Following the error and data rate performance
for UOWNs, potential multiple access schemes are also ad-
dressed.

3.1. Requirements and Design Challenges
In this section, we outline different requirements and design

challenges for data link layer protocols of UOWNs.

Range-Beamwidth Tradeoff. It is of paramount importance to
mitigate the short transmission range of UOWCs which delim-
its the overall network performance. Noting that increasing the
transmission power is not a sustainable option, manipulating
the range-beamwidth tradeoff and employing effective relaying
techniques can help in extending the end-to-end reachability of
UOWNs.

Coverage. The directivity of UOWCs yields a sector-shaped
coverage region which posses unique challenges compared to
the omnidirectional transmissions. The radius of this sector
(i.e., transmission range) is inversely proportional to the central
angle (i.e., divergence angle). A receiver within the coverage
region of a transmitter is not necessarily able to receive signals
since the receiver aperture must be pointing toward the light
source, which hinders the connectivity of the network. Thus,
an optimal coverage must be obtained via manipulating range-
beamwidth tradeoff for the maximum degree of connectivity.

Link Failures. Besides the UOWC channel impediments (i.e.,
absorption, scattering, turbulence, etc.), link failures are also
easily affected by pointing and alignment disruptions caused
by random movements of sea surface or deep currents. Fault-
prone links can be mitigated by operating at a larger beamwidth
at the expense of a shorter transmission range. This approach
can be further enhanced by considering opportunistic multicast
link layer protocols to tackle the link failure problem.

PAT Mechanisms. As being closely related to the above dis-
cussions, precise PAT mechanisms are the most critical com-
ponent of underwater transceivers to maximize the range, en-
hance the reliability, and provide an uninterrupted communica-
tion link. It is also necessary to employ accurate localization
algorithms which have a direct impact on the precision of PAT
mechanisms.

Energy Efficiency. Battery operated sensor nodes limit the net-
work lifetime of UOWNs. Although energy harvesting is a
promising method to develop energy self-sufficient UOWNs,
the research on energy harvesting mechanisms for UOWNs is
still not explored in-depth yet. Energy efficient packet forward-
ing protocols are also needed to improve the network lifetime
of UOWNs.

3.2. Narrow Beam vs. Wide Beam Light Sources
Based on the divergence angle values, light sources can

be classified into two broad categories: wide-beam and nar-
row beam sources, such as light emitting diodes (LEDs) and
laser diodes, respectively. LEDs operate on the visible light
communication (VLC) operates on LEDs combining the two
main advantages: energy efficient indoor/outdoor illumination
[113] and high-speed data delivery [114]. LEDs have already
been commercialized by many startups, e.g., Light Fidelity (Li-
Fi) [115]. Since VLC targets to serve multiple users concur-
rently, ongoing research efforts mostly concentrate on efficient
resource sharing and multiple access schemes [116]. How-
ever, FSO communication focuses more on long-range and
high data rate outdoor terrestrial optical wireless communica-
tion (TOWC) applications such as wireless X-hauling [117].
Unlike VLC, pointing, acquisitions, and tracking (PAT) func-
tionality plays an important role for FSO communication sys-
tems to maintain a continuous system performance [118], thus,
they can be employed in point-to-point (P2P) long-range out-
door links.

Atmospheric link losses are generally dominated by the beam
spreading factor, d−2, where d is the communication distance.
In the aquatic medium, however, the extinction loss, e−c(λ)d, of
nearly collimated light beams (e.g., lasers) dominates the beam
spreading factor. On the other hand, the beam spreading fac-
tor d−2 is the primary source of loss in the link budget cal-
culations of light sources with broad divergence angles (e.g.,
LEDs). Hence, wide-beam light sources can communicate with
nearby receivers scanned in a broad angle circular sector while
narrow-beam light sources can reach distant receivers within a
tight circular sector, as shown in Fig. 6a. In other words, there
is a fundamental trade-off between the divergence angle (i.e.,
the spanned coverage area) and the transmission range (or re-
ceived power for a fixed range). It must also be noted that even
if the transmitter has a very tight divergence angle, the receivers
can observe a slightly diffused light beam because of the aquatic
medium, which is more significant in water types with a severe
scattering nature, e.g., in turbid waters.

Accordingly, the narrow-beam light sources have the follow-
ing advantages [119]: (i) higher power reception and longer
communication ranges; (ii) reduced time spread due to the rel-
atively high ratio of “ballistic” photons which propagates with-
out scattering. Monte Carlo simulations show that 90% of pho-
tons arrive within 10 ns and 2 ns for the wide-beam and the
narrow-beam transmissions, respectively. The arrival time can
even be reduced to 90 ps if the narrow-beam transmission is
received by a receiver with 0.1 mrad field of view (FoV); and
(iii) improved spectral and spatial filtering options are available
since the receiver FoV can be reduced significantly due to the
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Figure 6: Underwater optical link configurations: a) LoS, b) NLoS (Reflective), and c) Retro Reflective.

limited light diffusion at the receiver. Albeit these advantages,
narrow-beam transmission requires accurate PAT mechanisms
which are addressed in Section 4.2. Fletcher et. al. considers
a narrow-beam laser communication system over 20 extinction
length (around 132 m for an extinction length of 6.6 m) with
100 mW transmission and 2 cm aperture size [119]. 16-ary
pulse position modulation with 1/2-rate forward error correc-
tion (FEC) achieves 1 Gbps capacity at a wavelength of 515 nm
where the attenuation loss is 87 dB and noiseless sensitivity is
2.9 b/photon. For comparison purposes, the same set up was
also considered for a wide-beam transmitter which achieves
only 3.5 kbps.

3.3. Aquatic Optical Link Configurations

In this section, we consider three main link configurations for
UOWNs: 1) LoS Links, 2) NLoS Links, and 3) Retro-Reflective
Links.

3.3.1. LoS Links
LoS communication is the most straightforward form of op-

tical links where transceivers communicate over an unobscured
link which can either happen in a diffused or a P2P fashion as
illustrated in Fig. 6a. Even implementing the P2P LoS links for
stationary transceivers is a trivial task in clear ocean, it may re-
quire sophisticated PAT mechanisms to keep transceivers bore-
sighted in the case of mobility.

For a generic optical transmitter node i and receiver node j,
propagation loss factor is given based on Beer Lambert’s Law
as [120]

Li j(λ, di j) = exp
{
−c(λ)di j

}
, (7)

where di j is the Euclidian distance between the transceivers and
ϕ

j
i is the angle between the receiver plane and the transmitter

trajectory. Likewise, geometric gain (a.k.a. telescope gain) of
the LoS link is given as [27]

GLoS
i j =


A j

d2
i j

cos(ϕ j
i )

2π[1−cos(θi)]
,−π/2 ≤ ϕ j

i ≤ π/2

0, otherwise
, (8)

where A j is the receiver aperture area of node j and θi is the
beam divergence angle of transmitter node i. In order to con-
centrate the transmitted energy on receiver aperture, the diver-
gence angle of laser-diodes are generally designed to be a few
milliradians or less [121] whereas typical LEDs can have diver-
gence angles less than 140 milliradians to diffuse light to wide

angles [122]. Accordingly, received power can be formulated as
a product of transmission power, transceivers’ efficiency, tele-
scope gain, and path loss factor, i.e.,

P j
r = Pi

tη
i
tη

r
jG

LoS
i j χ(ψ j

i )Li j

c(λ),
di j

cos(ϕ j
i )

 , (9)

where Pi
t is the transmission power, ηi

t and ηr
j are transmitter

and receiver efficiency, respectively; χ(ψ j
i ) is the concentrator

gain [123], which is defined for non-imaging concentrators as
[124]

χ(ψ j
i ) =

 n2

sin2(Ψ j)
, 0 ≤ ψ j

i ≤ Ψ j

0, ψ
j
i > Ψ j

, (10)

ψ
j
i is the angle of incidence w.r.t. the receiver axis, Ψ j is the

concentrator FoV which can be π/2 and down to π/6 for the
hemisphere and parabolic concentrators, respectively; and n is
the internal refractive index. Notice that the receiver gain in-
creases as the FoV decreases. Hemispherical lens are common
nonimaging concentrators [125] which can achieve Ψ j ≈ π/2
and χ(ϕ j

i ) ≈ n2 over its entire FoV. The compound parabolic
concentrator [124] is another type of nonimaging concentra-
tors and can obtain a much higher gain in return for a nar-
rower FoV, which is especially more desirable for P2P-LoS
links. Since it is easy to implement, most of the experimen-
tal studies considered LoS links under different water charac-
teristics and modulation schemes using a variety of transmitter
hardware [126, 127, 107, 37, 26, 128, 129]. However, the link
budget model in (9) is based on geometric loss only and does
not consider the scattering effect. Hence, Elamassie et. al. re-
cently modified this model to take both geometrical and scatter-
ing loss into account in [130, 131] where an additional param-
eter is introduced to involve scattered photons in the received
signal power. The values of this parameter are validated by
Monte Carlo simulations under different water types and hard-
ware parameters.

3.3.2. NLoS Links
LoS links may not always be available due to the obstruc-

tions within the underwater topology, PAT errors, mobility, and
random orientations of the transceivers, etc. In such cases, a
diffused light beam which is reflected over sea surface (or al-
ternatively a mirror located in an appropriate location) can be
beneficial to facilitate a point-to-multipoint (P2M) (a.k.a. mul-
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GNLoS
i j =


A jcos(ϕ j

i )
2Aann

([
tan(θt−ϕ

j
i )

tan(θt+ϕ
j
i )

]2 [
sin(θt−ϕ

j
i )

sin(θt+ϕ
j
i )

]2
)

, θmin ≤ ϕ
j
i ≤ θc

A jcos(ϕ j
i )

2Aann
, θc ≤ ϕ

j
i ≤ θmax

0 , otherwise

(11)

ticasting) transmission to reach obscured receivers, as depicted
in Fig. 6b. Assuming that the transceivers are oriented ver-
tically upward, the transmitted light beam is characterized by
inner and outer angles θmin and θmax, respectively. As per the
Fresnel’s law, propagating light is partially refracted and par-
tially reflected at interfaces between the media with different
refractive indices. Therefore, the light beam transmitted from
depth h is partially reflected from the sea surface and illumi-
nates an annular surface Aann at depth x with equal power den-
sity. Aann is given by

Aann = 2π(h + x)2 [cos(θmin) − cos(θmax)] , (12)

which defines an annular area taken from a sphere of radius
h + x [120]. Assuming that sea surface is modeled as smooth
(i.e., incident angle is equal to the perpendicular angle between
the receiver plane and the transmitter-receiver trajectory, i.e.,
ϕ

j
i ), the telescope gain of the NLoS links is given in (11) where
θt is the angle of transmission, θc , sin−1

(
nA
nW

)
is the critical

angle (i.e., the angle of incidence above that the total internal
reflection occurs), nA is the refraction index of air, and nW is the
refraction index of water. Accordingly, received power at node
j is expressed as follows

P j
r = Pi

tη
i
tη

r
jG

NLoS
i j χ(ψ j

i )Li j

c(λ),
h + x

cos(ϕ j
i )

 . (13)

LoS and NLoS links have been compared by Jasman et. al.
in [132] where they have demonstrated that 100 MHz band-
width availability of LoS links is reduced to 20 MHz in case
of NLoS even in clear water conditions. Indeed, such a re-
duction is not a surprise due to the reflection losses at the sea
surface and diffusion of the reflected light beam. Furthermore,
multi-scattering effect of NLoS links was addressed in [133]
and [134]. As shown in Fig. 6b, reflective communications can
also be used for establishing links between underwater nodes
and air-water interface buoys that relays received optical signals
to terrestrial destinations (e.g., mobile, onshore, or airborne sta-
tions) via TOWCs or RF communications.

3.3.3. Retro-Reflective Links
Similar to backscatter communication in RF systems, retro-

reflective communication consists of a light source and a reflec-
tor. While the light source could be a sophisticated system with
high transmission power, the reflector behaves as an interroga-
tor as it lacks the ability to fulfill transceiver operations due to
its simple architecture with low power availability. Therefore,
the continuous light beam emitted from the source is modulated
and reflected back to the receiver. Retro-reflective communica-
tions can be considered in two cases [48]: photon limited case

Figure 7: Demonstration of photon arrival rate for LoS link [137].

and contrast limited case which take place in clear and turbid
water, respectively. In the former case, absorption is the domi-
nant effect which reduces the number of photons received by the
reflector. Furthermore, the accuracy of PAT mechanisms at both
sides plays a significant role in receiving enough information-
bearing photons. In the latter case, scattering is the dominant
factor which mainly determines retro-reflective link range and
capacity. Contrast limitation is especially important for under-
water imaging applications as a reduction in photon quantity
directly reduces the image contrast, which can be considerably
improved by exploiting polarization discrimination [135, 136].
If the receiver has enough power resource, the reflector can even
amplify the modulated light beam in order to achieve a bet-
ter performance both in photon and contrast limited scenarios
[137].

Based on the geometric gain of LoS links in (8), telescope
gain of the retro-reflective links is expressed as [27]

GRR
ji =


A j

d2
i j

cos(ϕ j
i )

2π[1−cos(θi)]
ARR cos(ϕi

j)

π[di j tan(θRR)]2 ,−π/2 ≤ ϕi
j ≤ π/2

0, otherwise
(14)

where ARR is the aperture area of the reflector, θRR is the diver-
gence angle of the reflector, and ϕ j

i is the angle between receiver
trajectory of the source and the reflector trajectory. Accord-
ingly, reflected light beam is received back by the source node
i as follows

Pi
r = Pi

tη
i
tη

r
iη

RR
j GRR

i j χ(ψi
j)Li j

c(λ),
2di j

cos(ϕ j
i )

 , (15)

where ηRR
j is the retro-reflector efficiency. It is worthy to note

here that the expressions in (14) and (15) only consider the ge-
ometric losses whereas the expressions for scatter-limited case
can be found in [136]
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3.3.4. Comparison of Link Configurations

For a better connectivity, UOWNs should be able to employ
different link configurations according to network conditions.
For instance, LoS links should always be preferred as long as
the network deployment area is free of obstacles. However,
establishing LoS links are not always possible because of ob-
structions imposed by ocean surface topography or marine life
activity. In that case, network deployment and link configura-
tion strategy may alleviate such cases by employing NLoS links
to keep network connected. One should note that NLoS provide
much more low rates compared to LoS counter parts as a result
of increased propagation distance and reflection losses at the sea
surface or the installed mirrors. Finally, retro-reflective links
are quite interesting to be employed at sink nodes with power
availability such as surface station or boats. In such a case, it is
possible to deploy nodes with limited energy sources and keep
them always connected via adaptive transmission schemes at
the retro-reflection sources. Again, retro-reflection suffers from
doubled traveling distance and losses during the reflection and
back-scatter modulation stages.

3.4. Error and Data Rate Performance

Before proceeding to the medium access schemes, it is im-
portant to quantify the error and data rate performance of these
link configurations based on a common and straightforward de-
tection technique. Indeed, expressions for performance met-
rics take different based on the underlying system configura-
tions, hardware parameters, and modulation techniques. How-
ever, the signal-to-noise ratio, that can be obtained by using link
budget expressions in previous subsections, can be regarded as
the main variable that ties underwater environment with well-
known modulation schemes. By referring readers who are in-
terested in performance analysis of various systems to existing
surveys in [48, 23], we content ourselves with intensity modula-
tion direct detection (IM/DD) on-off keying (OOK) with silicon
photo-multipliers based photon counter detectors [138]. Photon
arrivals are generally assumed to be a Poisson distributed func-
tion, therefore, the photon arrival rate within a slot duration T
is given by

p j
i =

Pr
jη

j
D

TR j
i}c

, (16)

where Pr
j is the received power, η j

D is the detector efficiency, R j
i

is the data rate, } is the Plank constant, and c is the speed of
light. Fig. 7 shows the photon arrival rate w.r.t. xy-coordinates
for a sensor fixed at origin and pointing in positive x-axis di-
rection while the receiver is located at different location and its
receiver directed to the origin. Assuming a large number of
photon reception, then according to the central limit theorem,
Poisson distributed photon arrivals can be approximated by a
Gaussian distribution and the bit error rate (BER) is given by

BER j
i =

1
2

erfc

√T
2

(√
p1

i j −

√
p0

i j

) , (17)

where erfc(·) is the complementary error function, p0
i, j = pbg +

pdc and p1
i, j = p j

i + p0
i, j are the photon arrival rates when binary

1 and binary 0 are transmitted, respectively; pbg and pdc are the
background illumination noise and additive noise due to dark
counts, respectively. For a given BER BER

j
i , achievable data

rate can be obtained from (17) as

R j
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P j
i η

j
Dλ

T}c


erfc−1

(
2BER

j
i

) √
2
T

+

√
p0

i j

2

− p0
i j


. (18)

Since hard decision forward error correction (HD-FEC) can
successfully identify and correct all bit errors below an FEC-
BER threshold, one can set BER

j
i ≤ 3.8×10−4 as recommended

by the International Telecommunication Union Standardization
Sector (ITU-T) [139].

3.5. Multiple Access Schemes

For infrastructure based UOWNs, many researchers con-
ceptualized omnidirectional OBSs by designing them in
multi-faceted spherical shape which has single or multiple
transceivers at each face [106, 107, 140, 108]. Therefore, un-
derwater OBSs can be designed as geodesic polyhedra as shown
in Fig. 8 along with its implementation [106, 107]. Geodesic
polyhedra approximates spheres with triangles and can be a
good solution against underwater pressure as the geodesic
domes are known to withstand heavy structure loads by dis-
tributing the structural stress over its rigid triangular building
blocks [141]. Notice that as the number of faces (pentago-
nal/hexagonal shapes in Fig. 8) increases, it is possible to em-
ploy narrower transmitter divergence and receiver FoV angles
which naturally yields longer transmission range and higher re-
ceiver gain [c.f. Fig. 8], respectively. In addition to their spatial
reuse and angular diversity advantages [140], OBSs can also
provide flexibility as each LED on a face can be exploited to
serve for fulfilling a specific task.

In OBS based cellular UOWNs, there exists two main in-
terference scenarios: intercell interference (ICI) and intracell
interference which is also referred to as multiple access in-
terference (MAI). While the former happens when a user re-
ceives signals from other users using the same network re-
sources within the adjacent cells, the latter occurs when a user
observes interfering signals from users sharing the same cell re-
sources. Compared to VLC systems, intercell interference ex-
pected to be at low levels due to the severe aquatic channel im-
pairments and can even be further reduced by intelligent OBS
deployment strategies. Nonetheless, intracell interference still
stays as a first and foremost research challenge for both down-
link (DL) and uplink (UL) transmission. Hence, in addition to
efficient resource allocation strategies, OBSs necessitate multi-
carrier transmission schemes and multiple access protocols to
serve several users simultaneously.

Multiple access schemes can be categorized into electri-
cal and optical multiplexing subcategories. Electrical mul-
tiplexing schemes consist of time division multiple access
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Figure 8: Illustration of omni-directional transceivers.

(TDMA), frequency-division multiple access (FDMA), code-
division multiple access (CDMA), and non-orthogonal multi-
ple access (NOMA) whereas optical multiplexing schemes con-
tain wavelength-division multiple access (WDMA) and space-
division multiple access (SDMA). To the best of authors’
knowledge, there is no research efforts on UOWN multiple ac-
cess schemes excluding the optical CDMA [142, 143, 144].
In the remainder, we present multicarrier transmission tech-
niques along with corresponding multiple access schemes for
UOWNs, which is followed by comparison of multiplexing
schemes in Table 4.

3.5.1. Time Division Multiple Access
TDMA is a synchronous channel access scheme where non-

overlapping time slots are assigned to different users as per
the requested quality of service (QoS) levels. Hence, TDMA
does not allow nodes to transmit simultaneously and indepen-
dently. In UAWC systems, TDMA provides a limited band-
width efficiency because low propagation speed requires long
time guards to prevent packet collisions of the adjacent time
slots [54], which may not be the case for UOWC systems thanks
to low propagation delays. TDMA can support high energy effi-
ciency in return for reduced capacity per user [123]. Neverthe-
less, TDMA requires efficient scheduling techniques in order
to overcome the MAI. A potential scheduling scheme could be
based on users rather than LEDs embedded on OBSs as they can
be much larger than the number of users. Even though TDMA
has not attracted the attention for UOWNs yet, it can be moti-
vated by research efforts on TDMA based VLC systems: As a
potential solution, each LED is orthogonally allocated to a time
slot in [145] and a block encoding TDM is exploited in [146]
where one LED from each LED group is allowed to transmit.
In [147], TDMA is considered for UL transmission where each
user has certain time slots to transmit such that identity of the
transmitting users can be recognized as per the scheduling pol-
icy.

3.5.2. Frequency Division Multiple Access
FDMA scheme permits multiple users to transmit momentar-

ily over non-overlapping frequencies/subcarriers within a cell
area. In FDMA, the intensity of the signals is modulated over
the non-overlapping frequencies. Noting that FDMA is not suit-

able for acoustic systems due to the limited bandwidth avail-
ability [56], it offers high spectral efficiency and robustness
against intersymbol interference (ISI) [148] for optical wireless
communications. However, it lacks energy efficiency which de-
teriorates with the increasing number of subcarriers [149]. Or-
thogonal FDMA (OFDMA) and interleaved FDMA (IFDMA)
are two well-known schemes studied extensively for OWCs due
to their spectral efficeiny and robustness to ISI [116].

OFDMA allocates each user with several time slots and fre-
quency blocks which spans a number of orthogonal frequency
division multiplexing (OFDM) subcarriers. Because of the real
and unipolar valued signal requirements of the IM, conven-
tional OFDM cannot be directly applied to optical OFDM (O-
OFDM) systems. In return for losing half of the bandwidth,
reality constraint can be satisfied by applying Hermitian sym-
metry on inverse fast Fourier transform inputs. Positivity of the
signals can be achieved either by direct current biased optical
OFDM (DCO-OFDM) [150] or asymmetrically clipped opti-
cal OFDM (ACO-OFDM) [90]. The former adds a DC bias
before transmission which may cause overheating and high sig-
nal distortion. At the expense of BER performance degradation
and increased complexity [151], several peak-to-average power
ratio (PAPR) reduction techniques were proposed to overcome
these problems [152, 153]. In order to obtain unipolarity, ACO-
OFDM technique clips the signal at zero level [154] and trans-
mits only the positive part of the signal. Even if it is more en-
ergy efficient than the DCO-OFDM, bandwidth utilization is
quite low because of using only half of the subcarriers for data
transmission.

Optical OFDMA (O-OFDMA) was proposed in [155] which
has a lower decoding complexity and power efficiency in com-
parison with O-OFDM based interleave division multiple ac-
cess. In O-OFDMA only a portion of the total sub-carriers
transmit non-zero data because each sub-carrier is allocated to
a single user. Also, in O-OFDMA, the data rate is changed
with the modulation size M, since it is based on M-ary modula-
tion [155]. Nevertheless, in [156], the authors have considered
two handover schemes for users within the intersection area of
two optical transmitters. In the first scheme, the user combines
the signal of both transmitters, while in the second scheme each
transmitter uses a dedicated band for the user. IFDMA was pro-
posed in [157] to mitigate the high PAPR effects of O-OFDMA
where it was shown that IFDMA have lower computational
complexity than O-OFDMA and it reduces the synchronization
errors.

3.5.3. Code Division Multiple Access
Optical code division multiplexing (OCDM) is a multiplex-

ing scheme where communication channels are distinguished
by optical orthogonal codes in addition to time and wavelength
[158, 159]. As shown in Fig. 9, the data stream is multiplied by
a code sequence either in the time domain, wavelength domain,
or even as a combination of both (i.e., 2D coding) [160]. In the
time domain, a bit duration is divided into smaller time slots
which are called chips. Bipolar time-encoding is a coherent
technique that manipulates the phase of the optical signal and
needs phase accuracy. As an alternative, positive time encoding
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Figure 9: Illustration of OCDMA dimensions.

is non-coherent which manipulates the power of the optical sig-
nal without requiring any phase information [161]. On the other
hand, a wavelength-encoded signal consists of a unique subset
of wavelengths in order to form the code. Finally, 2D coding
combines both time spreading and wavelength assignment such
that a data stream is constituted as successive chips of differ-
ent wavelengths. In the receiver side, decoding is performed by
applying the reverse operations of the encoding. Accordingly,
optical CDMA (OCDMA) employs OCDM technique to medi-
ate multiple asynchronous nodes in sharing common network
resources. Thanks to its high spectral efficiency, distributive,
and asynchronous nature; OCDMA has received much atten-
tion to be employed in UOWNs [142, 143, 144]. In [142],
the authors have addressed the structures, principles, and per-
formance analysis of OCDMA based cellular UOWNs where
OBSs are connected to a central optical network controller.
In [143], the performance of relay-assisted OCDMA networks
was characterized by the turbulent channels. Finally, poten-
tial and challenges (e.g., mobility, cell edge coverage, blockage
avoidance, power control, etc.) of OCDMA networks were pre-
sented in [144].

3.5.4. Non-Orthogonal Multiple Access
NOMA is also referred to as power domain multiple access

where user signals are superposed in a way that each signal is
allocated to a distinct power level depending upon the channel
conditions. While NOMA allocates more power to users with
bad channel conditions compared to those with good channel
condition. Employing successive interference cancellation, the

user allocated with high powers can cancel the interference of
the users with the low power allocation. Thus, all users can oc-
cupy the available entire time-frequency resources and increase
overall system performance significantly [116]. Even though
NOMA has attracted attention for VLC systems [162, 163],
there is no study targeting NOMA for UOWCs.

3.5.5. Wavelength Division Multiple Access
WDMA facilitate the multi-user access harnessing the wave-

length division multiplexing (WDM) such that each user has a
dedicated wavelength along with an optical tunable reception
filter in order to operate on assigned wavelength. WDM multi-
plexes a number of optical signals at different wavelengths (i.e.,
color) into a single one. Coarse and dense WDM are two stan-
dard types which are named based on the available number of
channels and their spacing. Even if WDMA reduces the sig-
nal processing complexity to a great extent, it may significantly
increase the hardware complexity and cost [164]. Since un-
derwater operational wavelength is different from TOWCs, it
is necessary to standardize the WDM channels and their spac-
ing for blue-green wavelengths. Standardization efforts should
particularly consider available narrow window of minimal ab-
sorption of the potential wavelengths. It is also important to
develop efficient wavelength assignment policy as the nodes in
UOWNs can observe different channel conditions at different
wavelengths because of varying water types and depths.

3.5.6. Space Division Multiple Access
SDMA harnesses the spatial distribution of the users and di-

rectivity of the light beam propagation to permit parallel trans-
mission on the same network resources which can either be in
time, frequency/wavelength, or code domains. In [165], ran-
dom grouping and optimal grouping approaches were proposed
for an SDMA based VLC system and obtained results have
shown that SDMA can offer 10 times higher throughput than
the conventional TDMA scheme. Similarly a 2 × 2 MIMO-
based SDMA approach is used in [166] for UOWC with two
orthogonal linear polarized laser beams to provide high speed
underwater communications. Notice that SDMA is a poten-
tial technique to be employed for underwater OBSs as they can
benefit from both spatial and angular diversity.

Another potential idea to increase the capacity of UOWC
links is to use the space division multiplexing (SDM). SDM
was suggested as a potential solution to cope with the upcoming
capacity crunch in optical fiber networks and free space optics
[167]. The core idea behind SDM is to use the spatial struc-
ture of the light as an additional degree of freedom for optical
communications. Each spatial mode in SDM based commu-
nication systems can be viewed as an independent data carrier
increasing the transmission throughput. A particular approach
to encode information underwater is to use orbital angular mo-
mentum modes (OAM). OAM modes are Laguerre Gaussian
modes with a null radial index and have been used lately as
information carriers [168]. The orbital component of optical
angular momentum `, not associated with the polarization of an
optical field but rather with its wave-front, was discovered in
1992 by Allen et al. in [169]. In simple words, in an OAM
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Table 4: Comparison of multiplexing schemes.

Type Domain Scheme References

E
le

ct
ri

ca
l

Time TDMA [54, 123, 145, 146, 147]

Frequency FDMA
DCO-OFDM [150, 151, 152, 153],
ACO-OFDM [90, 154], O-OFDMA
[155, 156] , I-FDMA [157]

Code OCDMA [142, 143, 144, 158, 159, 160, 161]
Power NOMA [162, 163]

O
pt

ic
al Wavelength WDMA [164]

Space/Mode SDMA
SDMA [165], SDM [167], OAM
[168, 169, 170, 171, 173, 174, 166,
175, 176]

mode, light is twisted like a corkscrew around its axis of prop-
agation. It has been demonstrated that OAM beams maintain
their azimuthal indices (twist configurations) as they propagate
through turbulent water [170]. The first demonstration of an
OAM-based underwater communication was reported by Bagh-
dady et al. in [171] using blue OAM beams achieving an aggre-
gated transmission capacity of 3Gbit/s over a distance of 2.94
m. Authors of [172] performed lab experiments and reported
a 1.2 m transmission distance with aggregated data-rate of 40
Gbit/s, using 4 OAM modes generated using green lasers. A
one-to-many multicasting communication with 4 OAM carry-
ing 8QAM-OFDM signals was demonstrated in [173]. Non-
line-of-sight (NLoS) underwater communication using OAM
was further demonstrated. The authors used the water-air in-
terface as a mirror, through the total internal reflection princi-
ple, to establish a communication link between two terminal
with no direct LoS path (blocked path) [174]. A future research
direction to explore to further increase the capacity of UWOC
systems is to use modes of light from the full Laguerre Gaus-
sian mode basis (i.e., OAM modes with non-radial indices) as
demonstrated in free space [175]. The potential, challenges,
and perspectives of UWOC using OAMs are discussed in [176].

3.6. Summary and Insights

Data link layer is the protocol layer that handles data trans-
fer among the neighbor network entities and provides functions
to detect and correct physical layer errors, arbitrates among the
users to prevent frame collisions and specify protocols to detect
and recover from such collisions. This section first calls at-
tention to the fundamental tradeoff between the divergence an-
gle and communication range by comparing wide-beam short-
range and narrow-beam long-range transmission schemes. In
the upcoming sections, we frequently refer to this tradeoff as
it has a significant impact on the higher layer problems and
their potential solutions. According to the Beer-Lambert Law
based channel model, the power budget of three main UOWC
link configurations is presented: line of sight (LoS), non-line
of sight (NLoS), and retro-reflective links. Power reception, bit
error rates, and achievable data rates are quantified as a function
of antenna gains, extinction coefficients, distance and geomet-
ric losses, and hardware parameters. After typifying two main
interference scenarios, i.e. MAI and ICI, potential multiple ac-
cess solutions are addressed including TDMA, FDMA, CDMA,
NOMA, WDMA, and SDMA. Noting that none of them is the

best option in all cases, a proper multiple access scheme must
be determined based on operator needs. Moreover, OBS con-
cept is introduced to overcome directivity limitation of UOWCs
which can pave the way for benefiting from the advantages of
cellular UOWNs.

4. Network Layer: Relaying Techniques and Routing Pro-
tocols

Due to the communication range limitations of UOWCs,
relay-assisted UOWC is a key enabler technique to realize
UOWNs by expanding coverage area, extending the commu-
nication range, enhancing energy efficiency, providing coop-
erative diversity, and improving the end-to-end system per-
formance [177]. However, the full benefit of relay-assisted
UOWCs can be obtained by effective routing algorithms tak-
ing the underwater propagation characteristics of light beams
into account.

Therefore, this section first discusses the requirement and
design challenges for network layer, then covers serial relay-
ing and parallel relaying techniques using decode-and-forward
(DF), amplify-and-forward (AF) methods, and Bit-detect-
and-forward (BDF). After that, various routing protocols for
UOWNs are surveyed. Moreover, potential routing protocols
from underwater acoustic networks are studied which can be
implemented for UOWNs. These potential routing protocols
include location-based routing, source-based routing, hop-by-
hop routing, cross-layer routing, clustered routing, reinforce-
ment learning, and energy-time efficient routing. Fig. 10 and
Fig. 12 classify relaying and routing techniques surveyed in this
paper, respectively.

4.1. Requirements and Design Challenges

In addition to the data link layer issues, the routing protocols
must account for the following requirements and design chal-
lenges which mainly determine the end-to-end performance:

Route Discovery. Hop count is one of the primary metrics used
to determine the route between the source node and the target
node. However, application requirements and the current state
of the network may require to account for other prominent pa-
rameters including but not limited to BER, achievable data rate,
latency, and complexity. Noting that each metric has unique de-
sign considerations, novel routing protocols need to be devised
for UOWNs as per the demands of underlying applications.

Network Lifetime. Prolonging the network lifetime is a critical
objective especially for long-term monitoring of an underwa-
ter environment. However, deployed sensor nodes are typically
battery powered which requires to plan routes with the min-
imum energy cost to improve the network lifetime. Existing
energy efficient routing protocols (e.g., [178]) can be adapted
to UOWNs by considering the unique features of UOWC chan-
nels.
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Localization Integrity. Since location information is a prereq-
uisite to establish direct links between the nodes, geographic
routing protocols are natural candidates for UOWNs. However,
unavailability of GPS signals in the aquatic medium necessi-
tates developing novel localization algorithms. Even though
several localization methods are proposed for UOWNs [c.f.
Section VIII], integration of localization and routing algorithms
is a must to evaluate the impacts of accuracy on the link quality
and route discovery.

Connectivity and Adaptability. Connectivity is of vital impor-
tance for both networking and localization aspects. The spar-
sity of the network can cause disconnectivity which yields a
partitioned network where some of the nodes are not reach-
able at all albeit the existence of a perfect routing protocol.
Moreover, the degree of connectivity has a reciprocal relation-
ship with the localization. While a well-connected network im-
proves the localization accuracy, a more accurate localization
yields more efficient routing and reliable links via more precise
PAT mechanisms, which eventually increases the connectivity.
By considering the impacts of node failures, mobility, and dy-
namics of underwater environments on the adjacency matrix of
UOWNs, the routing protocol should also be aware of dynam-
ically changing connectivity and adapt itself by drawing alter-
native paths.

Cost and Complexity . Routing protocols can be implemented
either in a centralized or distributed fashion. On the one hand,
centralized protocols are suitable for end-to-end performance
provisioning. However, its computational cost and communi-
cation overhead results in high power consumption due to the
need for the entire network state information. On the other
hand, distributed protocols allow nodes to operate based on
their local information which requires less message passing and
power expenditure. It is worth noting that in comparison with
the centralized solutions, distributed protocols can deliver poor
performance in sparse networks due to the limited connectivity.
Fortunately, this limitation of the distributed solutions can be
alleviated by parallel relaying techniques.

Latency. Real-time applications of UOWNs require ultra-
reliable and low-latency end-to-end performance which are of-
ten contradictory objectives. Low-latency requires high data
rates to minimize the packet transmission time and less num-
ber of hops to reduce the processing and coordination delay at
each relay. However, packet delivery ratio decreases with the
increasing data rates, that harms the reliability. Therefore, there
is a dire need to develop routing protocols which reap the full
benefit of high data rates and propagation speed of UOWCs
while ensuring the ultra-reliability and low-latency.

4.2. Relaying Techniques

As depicted in Fig 11, relaying can be implemented by in-
volving either a single node or multiple nodes at each hop,
which are referred to as serial and parallel transmission, re-
spectively.

UOWC Relaying Techniques

Serial Relaying
[106, 111, 122, 

138,144, 179-181]

Parallel Relaying
[177, 181-183]

Traffic 
Forwarding

DF Relaying
[106,138, 184]

AF Relaying
[106,138, 184]

BDF Relaying
[186]

Figure 10: Classification of underwater optical wireless relaying techniques.

4.2.1. Serial Relaying and PAT Mechanisms
Serial transmission (a.k.a. multihop transmission) employs

the relay nodes in a serial configuration along a certain rout-
ing path [137, 143, 110], which is especially beneficial to ex-
tend the communication range and expand the cell coverage in
ad hoc and cellular UOWNs, respectively. In [143], authors
exploited the serial relaying to expand the coverage area of
OCDMA based UOWNs. They evaluated the end-to-end per-
formance of the proposed relay-assisted OCDMA network un-
der absorption, scattering, and turbulence effects. In [110], end-
to-end BER performance of a multi-hop transmission was an-
alytically evaluated by using single-hop BER expression as a
building block. Authors in [143, 110] have applied Gauss Her-
mite quadrature formula and derived the closed-form BER so-
lution under the lognormal fading channel. In [110], end-to-end
BER performance is obtained by assuming that each hop expe-
riences the same probability of error, which may not be the case
in reality. Therefore, an end-to-end BER performance analysis
was considered in [137, 105] where we have distinguished the
error probability of each transmission hop.

The key point in multi-hop transmission is to employ narrow-
beam light sources in order to concentrate the received signal
power at the receiver aperture area. Although narrow-beam
transmission significantly enhances the system performance at
each hop, it requires highly directional beams and rapid PAT
mechanisms which accounts for beam wander and jitters due to
aquatic turbulence and random motion patterns (roll, pitch, and
yaw) of the transceiver platforms [121]. Furthermore, the preci-
sion of the localization algorithms is quite decisive for position-
ing the complementary node in its FoV during the acquisition
[179]. Lastly, a fast closed-loop tracking and wavefront control
is necessary to sustain a constant link [180]. To the best of our
knowledge, there is no study addressing the PAT mechanisms
for UOWNs yet. When the location accuracy is low, pointing
errors and misalignment could be mitigated by ensuring a cer-
tain diffusion area (proportional to the localization error) rather
than directly pointing to the estimated receiver location. There-
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Figure 11: Illustration of serial and parallel relaying techniques along with an
MAI interference scenario.

fore, it is essential to develop robust and adaptive divergence
and power control schemes [181].

4.2.2. Parallel Relaying and Relay Selection Protocols
Parallel transmission (a.k.a. cooperative transmission) is

an alternative relay-assisted transmission scheme and basically
built upon the idea that the source node may be overheard by
a number of neighboring nodes which can act cooperatively
to relay traffic request of the source node. In other words, a
set of transmitting nodes (probably each with a single optical
transmitter) jointly process and transmit the traffic request by
creating a virtual antenna array [182]. This cooperation nat-
urally increases the degree of diversity and provides opportu-
nities to mitigate multipath fading effects. Even though paral-
lel relaying has received quite an attention in terrestrial optical
wireless communications (TOWCs) (please see [177] and ref-
erences therein), there is no UOWC work addressing the virtue
and benefits of the cooperative relaying.

Relay selection is an interesting research topic for cooper-
ative relaying schemes because involving all the neighbor in
transmission may always not yield the desired results [183].
This is mainly because of the fundamental tradeoff between the
divergence angle and received transmission power (or the com-
munication range for a fixed power reception). In Fig. 11, for
instance, relay node ` does not participate in relaying as it does
not provide a better performance than involving relay nodes m
and n only. MAI raises another issue when a relay node is in-
corporated with relaying to convey two different data streams as
shown in Fig. 11 where node k is not able to serve data streams
s → d and s′ → d′ at the same time unless it employs an ef-
ficient multiple access scheme. Notice that node k constitutes
the bottleneck of these two data streams and such critical nodes
mainly determine the overall network performance. It is impor-
tant to develop adaptive divergence and power control schemes
[181] for employing efficient relay selection strategies in order
to sustain and improve the network performance.

4.2.3. Traffic Forwarding Methods
Inspired by the methods in the well-known TOWC parts, sev-

eral signaling strategies can be employed for UOWCs:

Decode-and-forward Relaying. In decode-and-forward relay-
ing, the received optical signal at each hop is converted into
electrical signal, then decoded, and finally re-encoded before
retransmission for the next hop. Although decode-and-forward
relaying greatly improves performance as it limits background

noise propagation, it may introduce significant power consump-
tion and encoding/decoding delay to the system [105, 137, 184].

Amplify-and-forward Relaying. Amplify-and-forward relay-
ing is conventionally realized by executing optical-electrical-
optical (OEO) conversion at each node, amplifying the received
signal electrically, and then retransmitting the amplified sig-
nal for the next hop. However, actual merits of amplify and
forward Relaying over the decode-and-forward relaying coun-
terpart emerges only if OEO conversion is eliminated. Alter-
natively, all-optical amplify-and-forward relaying process re-
ceived signal in the optical domain and requires only low-speed
and low-power electronic circuitry to adjust the amplifier gain
[185]. The main drawback of the amplify-and-forward Relay-
ing is the propagation of noise added at each node, which is
amplified and accumulated through the path [105, 137, 184].

Bit-detect-and-forward Relaying. Different from the decode-
and-forward relaying method, the relay node detects each trans-
mitted bit of the source and forwards it to the next relay without
applying any error correction [186]. Therefore, bit-detect-and-
forward relay can be regarded as an intermediate solution as
it reduces complexity by eliminating decoding and error cor-
rection and preventing the noise propagation by detecting and
forwarding the raw bits.

4.3. Underwater Routing Techniques

Routing holds a significant place in order to keep the
UOWNs connected by discovering and maintaining the trans-
mission routes. The physical layer issues for UOWNs are well
studied in the recent past but the research on network layer is-
sues such as routing is still in its infancy. A number of routing
protocols for underwater acoustic wireless networks have been
highlighted in [187, 188, 189, 190, 191, 192] some of which
can be well adapted for UOWNs. The key point in adapting
the existing routing protocols is that designers should take the
angular sector shaped coverage region of optical nodes along
with the fundamental tradeoff between the angle and radius of
this sector. In what follows, we first discuss the existing rout-
ing protocols for UWONs, and then we highlight some of the
potential routing algorithms proposed for underwater acoustic
networks, which can also be used for UOWNs:

4.3.1. Routing Protocols for UOWNs
UOWNs require to design efficient and reliable routing pro-

tocols which accounts for the channel parameters of light prop-
agation in the underwater medium. Recently, few routing proto-
cols are developed for UOWNs which can be broadly classified
into centralized and distributed schemes.

Centralized. A centralized routing scheme is proposed in [137]
for UOWNs which take the underwater propagation character-
istic of lightbeams into account. The proposed routing protocol
in [137] assumes the availability of perfect PAT mechanisms
and information of node locations. Our work is extended in
[105] for location uncertainty to capture the negative impacts
of pointing mismatch on the end-to-end performance multihop
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Network Layer of UOWNs

UOWN Routing Protocols Potential Acoustic Routing Protocols

Centralized
[106, 138]

Distributed
[105, 137, 193, 194]

Location 
[195-203]

Source
[178, 204-206]

Hop
[203, 207-213]

Cross-layer
[214-218]

Cluster
[219, 220, 232,233]

RL-Based
[221, 222, 234]

Figure 12: Existing routing protocols for UOWNs along with some potential acoustic routing schemes.
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Figure 13: Illustration of distributed routing protocol for UOWNs.

UOWCs. To achieve robust and reliable links, we consider
adaptive beamwidths and derive the divergence angles under
the absence and presence of a PAT mechanism. We also provide
end-to-end performance analysis of DF and AF relaying for per-
formance metrics such as data rate, bit error rate, transmission
power, amplifier gain, etc. Proposed shortest-path based rout-
ing protocols are tailored for optimizing a specific performance
metric (e.g., data rate, BER, power consumption) while guaran-
teeing constraints on others.

Distributed. Although the centralized routing protocols pro-
vide better end-to-end performance, it requires the global net-
work view that induces a high communication overhead and
energy consumption across the network [193]. Accordingly,
Rawan et. al. developed a distributed omnidirectional routing
protocol [c.f. Fig. 13] that provides low complexity at the ex-
pense of relatively high end-to-end BER and delay in compari-
son with a centralized solution [193]. Similarly, we introduced
a light path routing protocol (LiPaR) in [105] which takes into
account the range-beamwidth trade-off and provides better end-
to-end performance when there is no pointing mismatch.

Alternatively, we proposed a sector-based opportunistic rout-
ing (SectOR) protocol in [194] to reap the full benefits of broad-
cast nature of UOWCs [c.f. Fig. 14]. Unlike routing techniques
that unicast packets to a unique relay [193, 137, 105], oppor-
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Figure 14: Illustration of SectOR protocol for UOWNs.

tunistic routing (OR) target a set of candidate relays. OR is es-
pecially suitable for UOWNs as the link connectivity can be dis-
rupted easily due to the underwater channel impairments (e.g.,
pointing errors, misalignment, turbulence, etc.) and sea crea-
tures passing through the transceivers’ line-of-sight. In such
cases, OR improves the packet delivery ratio as the likelihood of
having at least one successful packet reception is much higher
than that in conventional unicast routing. Following the perfor-
mance characterization of a single-hop link, we obtain distance
progress (DP) and expected (DP) metrics to evaluate the fitness
of a candidate set (CS) and prioritize the members of a CS.
We develop a candidate selection and prioritization (CSPA) al-
gorithm to find the optimal sector shaped coverage region by
scanning the feasible search space. Indeed, the CSPA algo-
rithm manipulates the rate-error and range-beamwidth tradeoffs
to compare different candidate sets. Simulation results show
that SectOR protocol can perform even better than an optimal
unicast routing protocol in well-connected UOWNs. Table 5
summarizes the features of each routing protocol for UOWNs.

4.3.2. Potential Routing Protocols for UOWNs
In this section, we survey some of the routing algorithms pro-

posed for underwater acoustic networks, which can also be used
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Table 5: Comparison of existing routing protocols for UOWNs.

Ref. Location Info. Protocol Remarks

[137,
105]

All nodes Centralized High BER performance and
high complexity

[193] Own, neighbors,
destination

Distributed Low BER performance, low
latency, and low complexity

LiPaR
[105]

Own, neighbors,
destination

Distributed High BER performance and
low complexity

SectOR
[194]

Own, destina-
tion

Distributed High packet delivery ratio
and low complexity

for UOWNs.

Location based routing. The location information of underwa-
ter sensors is used in location-based routing strategy to dis-
cover the best route from the source to the destination node.
In location-based routing, every node should be aware of its lo-
cation, the target area, and neighbors’ locations. The data is
forwarded in accordance with the location information. AUV
based routing protocols were proposed in [195, 196] which in-
tegrate localization and routing. An energy efficient and reliable
routing protocol was introduced in [197], where the transmis-
sion from the source node starts with local flooding and then
an adaptive mechanism is established to find the optimal route
with minimum energy consumption. Directional flooding pro-
tocol were proposed in [198, 199] where the source node knows
its own location, the sink location, and the location of its neigh-
bors. The flooding region in [198, 199] was defined by the link
qualities among the neighbors. The flooding phenomena can
burden the network therefore, in [200] the authors have pro-
posed a routing protocol based on focused beam. It is assumed
in [200] that every node knows its location and location of the
destination node, where the decision about the next hop is made
at each intermediate node. Focus beam routing is a good can-
didate for UOWNs due to its directive nature from source to
destination. However, focus beam routing should incorporate
the inherent optical properties of light passing in the underwater
environment. Fig. 15 shows the data forwarding scheme used
in focus beam routing, where node “A” is the sender node and
node “D” is the destination node, the intermediate nodes are se-
lected based on the cone angle θ (which can be considered as
twice of the divergence angle). Nodes which lie within the cone
angle ±θ/2 of the sender node, are selected as relay nodes for
forwarding the data.

A geographical reflection enabled routing protocol was in-
troduced in [201] which tries to find the stable route between
the source node and the destination node. Directional anten-
nas were used in [201] to consider both LoS and NLoS links
between the neighbor nodes. Fig. 16 shows the different sce-
narios for the proposed routing protocol in [201], where it can
be seen from Fig. 16b and Fig. 16c that the directive and NLoS
communication can help in simultaneous transmissions respec-
tively, thus improving the throughput of the network. The pro-
posed routing protocol in [201] was designed for underwater
acoustic networks which can also be well adapted for UOWNs
by incorporating the limitations of UOWC, such as absorption
and scattering of light in water, turbulence, and misaligment
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Figure 15: Illustration of focus beam routing protocol.

between the underwater transceivers. Since this routing pro-
tocol also considers the NLoS links, making it more suitable
for UOWNs. Sector-based routing protocols were designed in
[202, 203] with the location prediction of destination. The net-
work topology in [202, 203] is fully mobile where each node
moves along a pre-defined route. Since the sector-based proto-
cols in [202, 203] consider mobile networks, it will be hard to
implement for UOWNs due to the strict requirement of pointing
and alignment between the underwater optical transceivers.

Comparative study of location-based routing protocols for
underwater acoustic networks was carried out in [231]. In all of
the location-based routing protocols, it is assumed that the un-
derwater sensor nodes find its location by using GPS or by using
underwater local positioning systems. However, GPS cannot
work in the underwater environment, and the underwater local
positioning techniques have large localization error due to the
hostile underwater environment.

Source based routing. A simple and energy efficient source
based routing protocol was introduced in [204]. The proto-
col in [204] selects the route with minimum transmission de-
lay from source to the sink node. Once the route is defined, the
nodes along the route can also transmit the data to the sink node.
The average end to end delay, average energy consumption, and
packet delivery ratio of the proposed protocol in [204] outper-
forms other traditional routing protocols. Another source based
routing protocol for small size UAWC networks was proposed
in [205] where each node just share information with its single-
hop neighbor nodes and find a minimum cost path from source
to the destination. Source based energy efficient routing pro-
tocols have also been developed in [206, 178] which consider
a layered architecture from the source node to the sink node.
In layer based routing protocols, the surface sink first assigns
layers to each underwater sensor node where the layers are de-
fined based on the number of power ranges the surface sink can
use as shown in Fig. 17. Once the layers are defined for each
node, the routing path between the source node and the surface
sink is established by forwarding nodes (F1 and F2) as shown
in Fig. 17. The forwarding nodes are defined based on the com-
munication range of the source (r1), the communication range
of the next forwarding node (r2), and the distance to the sur-
face sink. The layer based routing protocols work well in case
of UANs as the communication range is omnidirectional. How-
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Table 6: Comparison of potential routing protocols for UOWNs.

Literature Location information Protocol type Knowledge required Remarks

[195, 196] Own and destination Location based Self and sink node location Integrates routing and localization
[197] Own and destination Location based Self and sink node location Reliable and energy efficient
[198, 199] Own, neighbors, and

destination
Location based Self, neighbors, and sink node

location
Reliable, reduce end to end delay, and
avoid packet collisions

[200] Own and destination Location based Self and sink node location Cross layer design which integrate
routing, MAC, and physical layers

[201] Own and destination Location based Self and sink node location Use of NLoS communication for
routing

[202, 203] Own only Location based Self location only Provide dynamic routing for a mobile
network

[204, 205] Not required Source based Transmission delay Minimize end to end delay, reliable,
and energy efficient

[206, 178] Not required Source based Number of power ranges and
communication range of for-
warding nodes

Minimize end to end delay, reliable,
and energy efficient

[207, 208] Not required Hop based Channel awareness Increase lifetime and minimize end to
end delay

[209, 210] Not required Hop based Channel and depth awareness Increase lifetime and minimize end to
end delay

[211] Not required Hop based Multiple antennas Multiplexing and diversity gain
[212, 213] Not required Hop based Weighting strategy Energy efficient and topology aware
[214, 215] Not required Cross layer hop

based
Transmission delay, distance to
sink, channel conditions, and
buffer size of the forwarding
node

Utilization of the channel efficiently

[216, 217,
218]

Not required Cross layer hop
based

Link quality and channel con-
ditions

Multipath routing and power control

[219, 220] Own and destination Cluster based Number of clusters and loca-
tion of self and sink node

Energy efficient and low end to end
delay

[221, 222] Not required Hop based Residual energy information of
self and neighbor nodes

Energy efficient and life time en-
hancement

[223, 224,
225, 226,
227, 228,
229, 230]

Own and sink Hop based Number of power ranges and
communication range of for-
warding nodes

Reduce power consumption and end
to end delay

ever, it can be modified to suit UOWNs such that the forwarding
nodes are defined based on the directive links from the source
node to the surface sink. Moreover, light passing through dif-
ferent layers of the seawater suffers from different absorption
and scattering, which needs to be taken into account. Also,
PAT mechanisms are required to align the underwater optical
transceivers for layer-based routing protocols.

Hop-by-hop routing. In hop-by-hop routing, the intermediate
nodes (or relay nodes) selects the next hop by itself. Hop-
by-hop routing provides flexibility and scalability to the net-
work but the route selection may always not be optimal. Chan-
nel aware hop-by-hop routing protocols were introduced in
[207, 208] where the speed of acoustic waves in different depth
were taken into consideration for the relay nodes to reduce the
end to end transmission delay. In [203], the authors have pro-
posed a hop-by-hop routing protocol based on beam-width and
direction of the intermediate nodes. Adaptive depth based rout-
ing protocols were introduced in [209, 210] which takes into
account the speed of acoustic waves at different depth levels,
depth of sink node, and distance to sink node. Although the
adaptive depth based routing protocols work well for underwa-
ter acoustic communication, it may fail for optical communi-
cation since light is sensitive to the distinct turbidity level at

different depths [46]. A MIMO-OFDM based routing protocol
was introduced in [211] to take the advantage of multiplexing
and diversity gain adaptively. The proposed cross-layer design
in [211] adapts itself to the noise and interference for underwa-
ter acoustic channels and selects a suitable transmission mode
for the subcarriers. An energy efficient and network topology
aware greedy routing protocol was proposed in [212] which as-
signs adaptive weights to the highly connected nodes. For un-
derwater delay tolerant networks a redundancy-based routing
protocol was designed in [213] which adopts a tree-based for-
warding method to replicate packets. Hop-by-hop routing pro-
tocols are good candidates for UOWNs due to their distributed
nature for candidate selection. They can improve the end to end
reliability at the expense of high time delay [193].

Cross Layer routing. The cross-layer routing protocols take
the information available from different layers into account and
provide a solution to several networking issues such as schedul-
ing, defining routing policy, and power control. Cross-layer
routing protocols can also select the next hop for transmission
by considering the transmission delay, distance to sink, chan-
nel conditions, and buffer size of the candidate node. Cross-
layer strategy increases the overall network performance and
minimizes the energy consumption of the network. Cross-layer
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protocols for the 3D underwater environment were investigated
in [214, 215] which utilizes the channel efficiently and sets the
optimal packet size for transmission. Multipath power control
routing protocols were proposed in [216, 217] which combine
multipath routing and power control at the sink node. Chan-
nel aware cross-layer routing protocols are also investigated in
[218] which exploits the link quality for the relay selection. All
of these cross-layer protocols consider the interaction between
the underwater acoustic channel and routing functions. How-
ever, the UOWC channel is different than the acoustic channel,
and therefore, its impediments need to be taken into account,
such as absorption and scattering of light, turbulence, and wa-
ter depth.

Clustered routing. Cluster based routing is especially suited
for infrastructure based UOWNs as shown in Fig. 3. In clus-
ter based routing, the network is divided into a number of
clusters/cells based on the geographical location of the nodes.
Once the network is divided into clusters, the cluster head (i.e.,
OAP/OBS) is selected for each cluster by using any cluster head
selection strategy. The cluster head is used as a gateway to com-
municate between the clusters and to the sink node. A location-
based routing protocol was introduced in [219] which divides
the network into clusters and the data from the nodes are gath-
ered by the cluster heads. A distributed clustering based proto-
col was proposed in [232] where the communication between
the cluster head and the sensor node was single hop. Location
unaware cluster based multihop routing protocol was proposed

in [220] where the sensor nodes do not know their location and
location of the cluster head. The interested readers are referred
to [233] where a number of cluster based routing protocols are
highlighted for underwater wireless sensor networks.

Reinforcement learning based routing. The routing protocols
based on reinforcement learning uses Q-learning method for
the network states and adapts itself to the topology change. The
node analyzes its remaining energy and energy of its neighbor
nodes, applies a reinforcement function, and then selects the
optimal node to forward the data [221]. The routing problem
in [221] is fully distributed and formulated as a Markov deci-
sion process where the state space consists of all the nodes. A
machine learning based routing protocol was proposed in [222]
which is energy efficient and improves the lifetime of the net-
work. A layer structured based routing protocol was introduced
in [234] for hybrid acoustic and optical architecture where the
upper layer cluster heads supervise the routing in lower layer
by using the Q-learning function. These routing protocols try
to improve the lifetime, energy efficiency, latency, and reliabil-
ity for UWSNs. Therefore these protocols are well-suited for
UOWNs by taking into account the UOWC channel parame-
ters, such as misalignment between the transceivers, absorption
and scattering, turbulence, and field of view.

Energy efficient routing. Designing energy-efficient UWSN is
of utmost importance for real-life underwater applications,
which is especially a challenging task if the engineering hard-
ship and monetary cost of battery replacement in the harsh un-
derwater environment are taken into account. Therefore, net-
work lifetime is a critical performance metric for routing proto-
cols which can be improved by reducing the energy consump-
tion of the network. Adjustment of the sleep/awake mode of
sensors is a proven technique to improve the lifetime of the
network. Hence, the authors in [235] modeled the sleep inter-
val for underwater sensors in opportunistic routing to improve
the network lifetime. The interested readers are referred to
[236, 237, 238] for duty cycle optimization to increase the net-
work lifetime. An ultimate solution for prolonging the network
lifetime can be done via provisioning energy self-sufficient
nodes by harvesting ambient renewable energy from natural
sources in the aquatic environment and storing it in an energy
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buffer. As surveyed in [239], ongoing research efforts on terres-
trial communications have shown that energy harvesting plays a
significant role in enhancing the network lifetime. In the realm
of UOWNs, we proposed a muti-source energy harvesting sys-
tem in [45, 184] where energy is harvested from multiple un-
derwater sources such as acoustic resonators and microbial fuel
cells (MFCs) [240]. It is shown that network connectivity is
mainly determined by the active nodes with sufficient energy
while localization accuracy improves with the increasing de-
gree of connectivity. Reminding that location accuracy is crit-
ical information for better end-to-end performance via precise
pointing and alignment [105], energy efficiency and availability
is one of the most crucial design consideration to be taken into
account.

4.4. Summary and Insights
The limited communication range and directivity of UOWCs

require novel network layer protocols for relaying and routing
tasks. Therefore, in the first part of the section, we have briefly
discussed the possible relaying mechanisms in order to extend
and expand the range and coverage of ad-hoc and infrastruc-
ture based UOWNs, respectively. Two different relaying mech-
anisms are presented; serial relaying and parallel relaying. In
the serial relaying, the path between the source and destination
nodes is established by considering a single forwarding node
at each hop. On the other hand, the parallel relaying admits
multiple relay nodes at each hop, which cooperates with each
other in selecting and transmitting to the next hop towards the
destination. Thanks to narrow and focused light beams at each
hop, serial relaying can significantly enhance the overall end-
to-end system performance. However, serial relaying requires
to develop reliable PAT mechanisms in order to avoid perfor-
mance degradation because of the pointing errors and misalign-
ment. Unlike the serial relaying, parallel relaying operates on
wider beam angels to cover multiple nodes, hence, provide a
more reliable connectivity as it does not necessitate precise PAT
mechanisms. Furthermore, parallel relaying increases the di-
versity of the system and mitigate the multipath effect at the
expense of MAI avoidance or mitigation complexity. There-
fore, serial relaying can be employed for high-speed applica-
tions whereas parallel relaying can be adopted for low-speed
applications seeking for high reliability.

Three different types of traffic forwarding methods includ-
ing DF, AF, and BDF have also been discussed. While the
DF method improves the system performance as it reduces the
noise propagation in return for higher power consumption, the
AF method is less complex and more power efficient in return
for noise propagation along the routing path. BDF is an alter-
native solution with a preferable cost performance index since
BDF relays detect transmitted bits and forward to the next hop
without decoding.

The limited communication range and directivity of UOWCs
set network connectivity as one of the main performance delim-
iters of UOWNs. Even though the literature on routing proto-
cols for underwater acoustic communications is quite rich, very
few works faced the challenges posed by light propagation in
the aquatic medium. Therefore, the second part of this section

covers the existing routing protocols for UOWNs and discusses
the potential underwater acoustic routing protocols that can be
used for UWONs. All of these protocols can be modified to be
exploited in UOWNs by taking into account the limitations of
UOWNs such as directivity and limited communication range.
Noting that there is no routing protocol to the best option for all
circumstances, Table 6 compares the different possible routing
protocols.

5. Transport Layer: Connectivity, Reliability, and
Flow/Congestion Control

Unlike the first two lower layers, transport layer of UOWNs
is still in a primitive stage and remains totally unexplored.
Therefore, this section discusses the fundamental challenges
for developing an efficient transport layer including connec-
tivity, reliability, flow control, and congestion control aspects
of UOWNs. Classification of transport layer challenges along
with the references is presented in Fig. 19.

5.1. Requirements and Design Challenges

The research on transport layer problems for UOWNs is not
active. However, the transport layer protocols for UOWNs
should consider the following requirements and design chal-
lenges.

Connectivity. In addition to its critical importance for lower
layers and localization, connectivity poses unique challenges in
designing suitable transport layer protocols for UOWNs. The
degree of connectivity in UOWNs is quite low because of the
absence of bidirectional links which hinders the implementa-
tion of the essential transport layer functions. One can miti-
gate such problems by employing hybrid acoustic-optic systems
which exploit the acoustic signals merely for control signaling.
Alternatively, creating an omnidirectional control coverage can
help the coordination among the neighboring nodes [c.f. Fig. 8]
that can be realized by equipping the node with multiple low-
cost low-power transceivers to operate at short-distances and
wide beamwidths.

Reliability. Reliability is especially essential for mission-
critical applications which require flows to be forwarded with a
specific rate and limited packet loss. Therefore, sustaining these
requirements requires the integration of transport and routing
protocols. In this sense, opportunistic routing is a potential
candidate since it allows multiple nodes to listen to the trans-
mit data and forward it to the next hop in a prioritized way. In
this manner, the packet delivery ratio is substantially enhanced
since lower priority nodes start transmission if the higher prior-
ity nodes fail. Moreover, the unique characteristics of UOWNs
make it not possible to use existing TCP and UDP protocols in
a plug-and-play fashion. Therefore, there is a gap in the liter-
ature to develop transport layer protocols that tackle such kind
of limitations of UOWCs by leveraging the advantages of op-
portunistic routing.
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Congestion Control. In order to maintain the traffic flow and
avoid congestion in the network, congestion and flow control
mechanisms should be investigated. The distinct features of
UOWNs such as link failures and dynamically changing con-
nectivity patterns are the main challenges to design effective
control mechanisms, which are not explored until yet.

5.2. Connectivity analysis of UOWNs

Connectivity of UOWNs is the most critical component of
transport layer as other network functions heavily depend on a
connected network assumption. It is also used as a metric for
different performance parameters such as survivability, robust-
ness, and fault tolerance [241]. Connectivity is measured by the
number of links in the network and a network is referred to be
as connected if there exists at least one connecting path between
any two nodes in the network. In strongly connected networks
bidirectional links exist between any pair of nodes while in a
directed network the links are usually unidirectional until and
unless both nodes are in the beam scanning angle of each other
[242]. Moreover, bidirectional links can also be achieved by us-
ing different frequencies [243] and polarization [244] of optical
light. The problem of network connectivity for omnidirectional
networks is addressed in [245]. The exact closed-form analyt-
ical expression of connectivity in multihop wireless networks
for physical layer parameters still remains as an open research
problem. The connectivity parameters of UOWNs depend on
the transmission range of optical sensor nodes, number of opti-
cal sensor nodes, number of descendants and antecedents, node
orientation, and the beam width [c.f. Fig. 18b].

Range limitation of UOWC can be augmented with multi-
hop UOWNs where nodes can share information for long dis-

tances through intermediate nodes. Indeed, multi-hop coopera-
tive communications have been extensively studied for RF net-
works [182], underwater acoustic networks [246], and TOWNs
[247]. Due to the omnidirectional communication capability
of RF and acoustic signals, wireless sensor networks are tra-
ditionally modeled as geometric random graphs [248] where
two sensor nodes ni and n j are generally assumed to establish a
bidirectional communication link (i.e., ni � n j). On the con-
trary, such a model is not suitable for UOWNs because a node
can only reach to the nodes within a certain beam scanning an-
gle around their transmission trajectory, that is, optical wireless
nodes are connected via unidirectional links. Directed com-
munication networks are generally modeled by random scaled
sector graphs [249] where a unidirectional communication link
from node ni to n j (i.e., ni → n j) is established if and only if n j

is positioned within the beam scanning angle of ni. Notice that
a directed reverse path is possible (i.e., n j → ni) if ni is in the
beam-width of n j or through other multi-hop path as illustrated
in Fig. 18a. A connectivity framework for multihop UOWNs
was discussed in [250] where the authors have assumed bidi-
rectional links between every pair of optical sensor nodes. In
[251, 252], we have analyzed the connectivity of UOWNs by
using random sector graphs where we have considered unidi-
rectional links between underwater optical sensor nodes.

In order to define a random sector graph, we consider the
total number of optical nodes are m and the scanning sector
(coverage area) of ni, 1 ≤ i ≤ m, which is defined as a tu-
ple of random orientation ζi, scanning angle φi, communication
range Ri, and sensor node coordinates ci, i.e., Si = (ζi, φi,Ri, ci)
which is illustrated in Fig. 18b. Accordingly, UOWNs can
be defined as a random sector directed graph G(V,E) where
V = {c1, . . . , ci, . . . , cM} represents the set of vertices and
E ∈ {0, 1}M is the set of links which is primarily characterized
by S = S1, . . . ,Si, . . . ,SM . Notice that Ei, j = 1 only if ni → n j

holds. Random sector directed graphs and random geometric
graphs are identical in case of φ = 2π [242, 273, 241, 249].
Notice that two nodes i and j are connected when the distance
between them is less than R in random geometric graphs, how-
ever, the connectivity of random directed sector graphs also de-
pends on the beam scanning angle and its orientation. Fig. 20a
and Fig. 20b shows two different random directed sector graphs
with scanning angles of φ = π

3 and φ = 2π, respectively. It is
obvious that increasing the scanning angle for each node from
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Table 7: Comparison of connectivity analysis of wireless communication systems

Literature Channel model Link type Graph model
[253, 254, 255, 256, 257, 258, 259, 260] Terrestrial RF Bidirectional Random graphs
[261, 262, 263, 264, 265] Underwater acoustic Bidirectional Random graphs
[266, 267, 268, 269, 270, 271] Terrestrial optical Bidirectional/Unidirectional Random graphs/Random sector graphs
[250, 48, 272, 251, 252] Underwater optical Bidirectional/Unidirectional Random sector graphs

φ = π
3 to φ = 2π, increases the number of links in the graph.

These asymmetric and directional characteristics of the random
directed sector graphs require us to define descendant and an-
tecedent neighbors for every node. The descendants of node ni

are defined as Di , {n j| ∀ j : Ei, j = 1}, i.e., the set of nodes
who lies within the coverage region of ni, antecedents of ni are
defined as Ai , {n j| ∀ j : E j,i = 1} the set of nodes who can
reach to ni. In Fig. 18b, the set of descendants and antecedents
of ni are shown as {n j, nk, nl} and {ng, nh, n f }, respectively.

The closed form expression for the connectivity of UOWNs
was derived in [251, 252] which takes into account various pa-
rameters of the UOWC channel such as transmission range,
beam scanning angle, and network density. To show the im-
pact of these parameters numerically, geometric/photon limited
path loss model with LoS links were considered. We consid-
ered networks of m = 100 and m = 500 optical sensor nodes
randomly deployed in underwater 100 m × 100 m square area
respectively. The probability of a connected network is evalu-
ated when each node is connected to at least one node (k = 1)
and when each node is connected to at least two other nodes
(k = 2). The transmission range R varies from 1 to 20 meters
and we set the beam scanning angles of the nodes with different
widths of φ = 2π

9 ,
π
2 ,

3π
4 , and 2π to see the impact of scanning

angles on the probability of a connected network. Fig. 21a -
Fig. 21d shows that increase in the beam scanning angles, num-
ber of nodes, and transmission range results in high probability
of a connected network. Table 7 summarizes the literature on
connectivity analysis of different wireless networks.

5.3. Reliability

Packet losses may occur during the transport as a result of the
hostile underwater channel impairments and network conges-

tion. Hence, transport protocol can check the data corruptions
by means of error correction codes and verify the correct receipt
by the ACK/NACK messages to the source node. Considering
the relation between a node and its antecedents and descendants
as described above, optical sensor nodes may always not be
able to convey ACK/NACK messages to its antecedents. That
is, operation of such a mechanism requires a fully connected
network such that there is always another communication path
to deliver ACK/NACK messages to the source node. Hence,
it is essential to handle shadow zones where temporary con-
nectivity loss and high bit error rates occur [55]. Transmission
control protocol (TCP) is the best-known connection-oriented
transport layer protocol which assumes congestion as the only
cause of packet loss and reduces the rate if packet losses oc-
cur. However, obstruction, pointing and misalignment events
are quite common in UOWCs and an efficient UOWN trans-
port layer protocol must distinguish between packet losses due
to the congestion and channel impairments. Alternatively, user
datagram protocol (UDP) is a connection-less transport layer
protocol which may suite the UOWN better for very simple
transmission applications. Rather than traditional end-to-end
approaches, reliability can also be characterized in a hop-by-
hop fashion. However, a hop-by-hop based reliability may not
guarantee an end-to-end reliable network. Therefore, UOWNs
paradigm necessitates novel transmission protocols which en-
sures the reliability by accounting for the underwater channel
impairments and limited connectivity of UOWNs.

5.4. Congestion and Flow Control

Congestion control is needed in order to avoid from being
congested due to oversubscription of many traffic flows which
may not be affordable by available network capacity whereas
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range for φ = 3π
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(d) Probability of connectivity vs. transmission
range for φ = 2π.

Figure 21: Probability of connectivity vs. different transmission angles and ranges.

flow control is required to manage the sender’s transmission
rate in order to prevent buffer overrun at the receiver. Due to the
window-based mechanism which relies upon the accurate round
trip time (RTT), most of the TCP implementations are unsuited
for underwater acoustic networks as they incur end-to-end de-
lay with high mean and variance [55]. Even if UOWCs provide
very high propagation speeds, a potential transport protocol still
needs to take the link failures because of the dynamic topol-
ogy changes of UOWNs into account. Alternatively, rate-based
transport protocols do not depend on windows-based mecha-
nism and can provide a flexible rate control, however, it re-
quires feedback messages to dynamically adapt the transmis-
sion rate according to the packet losses. The rate-based scheme
is not appropriate for UOWNs due to high mean and variance
of feedback delay [56] where some of the UOWN nodes may
not receive any feedback messages if there is not a connecting
path from the receiver to the transmitter in case of limited con-
nectivity. Accordingly, proposed congestion and flow control
mechanisms should account for such kind of specific challenges
related to UOWNs. It is especially important to leverage criti-
cal information from lower layers to predict and handle shadow
zones as connectivity can be regarded as the main delimiter of
any potential transport layer protocol.

5.5. Summary and Insights

In this section, we have first discussed the connectivity issue
of UOWNs which is an essential parameter to deploy a fully

operational network. Connectivity can be regarded as one of
the major problems of optical wireless networks as it requires
not only the LoS link between two nodes for communication
but also require the directionality information. Connectivity
of the directional networks can be evaluated by modeling the
network as random sector graphs where the links are unidirec-
tional. The probability of having a connected UOWN has been
evaluated as a function of important hardware parameters such
as the beam scanning angle, transmission range, and the node
density. Therefore, fine tuning of all these three parameters is
required to achieve a high probability of a connected network.
In Table 7, we have compared the connectivity analysis of dif-
ferent wireless networks based on the channel model, link type,
and graph class.

The second part of this section focuses on the issue of re-
liability in UOWNs where there is a high chance of packet
loss due to different obstacles such as hostile underwater op-
tical channel, unidirectional communication, and network con-
gestion. In transport layer protocols, it is important to check
the quality of the data and inform the sender node about the
quality of the data by sending ACK/NACK messages. How-
ever, conveying ACK/NACK messages in unidirectional net-
works since the sender node and the receiver node may not be
fully connected, i.e., a unidirectional link from the sender to
receiver. The possible choices of transport layer protocol for
UOWNs are TCP and UDP. TCP may not be the best-suited
option for UOWNs because of two main limitations: 1) It is a
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connection-oriented protocol and connectivity of UOWNs may
not be guaranteed all the time and 2) TCP merely considers con-
gestion as a cause of packet loss, however, underwater optical
wireless channel impairments have a significant impact on data
losses in UOWNs. We pointed out the hybrid optical-acoustic
underwater networks as a potential remedy to overcome above
limitations of connection-oriented transport protocols. On the
other hand, UDP is rather more suited to UOWNs thanks to
its simplicity and hop by hop reliability. However, it cannot
be used for applications which require an end-to-end reliability.
Therefore, it is necessary to develop transport layer protocols
for UOWNs which account for the underwater channel impair-
ments, provide end-to-end reliability, and can take advantage of
the information from the lower layers.

Lastly, we have discussed the possible congestion and flow
control mechanisms for UOWNs. The possible protocols for
congestion and flow control in UOWNs are based on time and
rate. The time-based protocols (e.g., RTT) are not suited for
UOWNs due to the dynamic nature of UOWC link while the
rate based protocols can provide flexible rate control but it re-
quires the feedback messages to adapt the transmission rate ac-
cording to the packet losses. Additionally, because of the lim-
ited connectivity issue, it may not be feasible to get feedback
messages from the sender and thus adopting the transmission
rate may not be possible. Therefore, the existing congestion and
flow control mechanisms used for underwater networks cannot
be directly applied to the UOWNs and needs to be modified.

6. Application Layer

Even though one can count numerous applications for
UOWNs, application layer protocol is a completely unexplored
area of research. As being the top layer, lower layers serve ac-
cording to the needs of application layer to complete certain
tasks. Therefore, it can be regarded as an abstraction layer that
masks the rest of the application from the processes in the lower
layers such as transmission, routing, congestion control, etc.
Next, we present a guideline on requirements and challenges of
UOWN application layer:

6.1. Requirements and Design Challenges

The main purpose of a potential application layer protocol is
multifold and should have following functionalities:

• To provide a mediating language to query the entire
UOWNs and advertise events and assign the tasks.

• To provide efficient network management tools which can
see and manipulate the hardware and software features of
the lower layers.

• To recognize communication partners, provision the de-
manded QoS as per the resource availability, and realize
synchronization if needed.

• To ensure source and destination nodes are identified,
reachable, and ready to send and receive data, respectively.

• To authenticate both ends for security purposes and make
sure the existence of an agreement about error recovery
mechanisms, data integrity, and privacy.

Having these functionalities in the hand, application layer pro-
tocols are needed to be customized according to the QoS re-
quirements of target applications. We refer interested readers to
[274] for detailed information regarding the potential UOWSN
applications.

7. Localization in Underwater Optical Wireless Networks

Numerous acoustic based localization techniques are well in-
vestigated in the past since localization is important for tagging
the data, detection of an underwater object, tracking of under-
water nodes, underwater environment monitoring, and surveil-
lance. Nevertheless, due to the challenges discussed in previ-
ous sections for each layer of UOWNs, there is a dire need to
develop novel localization techniques for UOWNs. Therefore,
this section provides the fundamental concepts of underwater
localization, state of the art underwater localization systems,
and development of localization techniques for UOWNs.

7.1. Challenges for Underwater Localization

Localization of underwater sensors is an important part of
UOWNs for many applications such as resource exploration,
surveillance, underwater environment monitoring, and disaster
prevention. The large propagation delay of acoustic channels
and high attenuation of RF/optical channels pose significant
challenges for underwater localization. The major challenges
for underwater localization are

• Deployment of nodes: Most of the localization algorithms
depend on the distribution of sensor nodes and the anchor
nodes to form a network [275, 276]. Deployment of sensor
nodes in the harsh underwater environment is a challeng-
ing task.

• Mobility of the nodes: Due to the uncontrollable phenom-
ena such as winds, turbulence, and current, the underwa-
ter sensor nodes inevitably drifts from their actual posi-
tion. The location of anchor nodes on the surface buoys
can be accurately measured by using GPS but the loca-
tion of the underwater nodes cannot be precisely measured
[277, 276].

• Harsh underwater channel: Variations in the underwater
wireless communication channel is very severe for all type
of carrier waves. The effects of attenuation, absorption,
reflection, scattering, and noise do not allow for accurate
range measurements, thus reflecting large localization es-
timation error [278]. For intensity-based localization sys-
tems, however, if one is able to analyze the ballistic pho-
tons of a reference signal, it can lead to accurate range
measurements [279].

• Synchronization: As the GPS signals are not available
in the underwater environment, it is hard to achieve the
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time synchronization between the sensor nodes. Thus,
if the time of arrival based ranging is used, this miss-
synchronization will lead to large localization error [280,
281, 282].

7.2. Localization for UOWNs

UOWNs localization is one of the major research areas nowa-
days because of the development of high-speed UOWC sys-
tems. Localization in terrestrial wireless networks has been
studied widely and detailed surveys are presented on this topic
[298, 299, 300, 301, 302, 303]. Nevertheless, GPS and all of
these RF-based localization schemes cannot work in the un-
derwater environment. Thus, many researchers developed lo-
calization schemes for the underwater environment based on
acoustic waves. Localization of underwater acoustic networks
have also been studied widely in the past and number of sur-
veys are presented on this subject [304, 277, 276, 278, 305].
Since the localization techniques used for terrestrial wireless
networks and underwater acoustic networks cannot be directly
applied to UOWNs, novel localization schemes have recently
been developed for UOWNs. In this section, we cover the the
literature on optical ranging techniques and localization algo-
rithms for UOWNs.

7.2.1. Optical Ranging
Every underwater localization algorithm requires distance

estimation between the nodes or between the node and anchors.
The distance is estimated by using optical ranging for UOWC
systems. Optical light passing through the aquatic medium suf-
fers from widening and attenuation in angular, temporal, and
spatial domains [297]. In the literature, only time of arrival
(ToA) and received signal strength (RSS) based localization
techniques exist for UOWNs. In [297] the authors have pro-
posed an underwater optical positioning system, where an OBS
was considered as an anchor node which transmits optical sig-
nals. The sensor nodes receive the optical signals from multiple
anchors and locate itself using simple linear least square solu-
tion. In [120], an RSS based distance estimation technique is
developed for UOWNs for a given data rate. The RSS based
distance estimation strongly depends on different parameters
such as characteristics of the underwater optical channel, di-
vergence angle of the transmitter, field of view of the receiver,
transmitted power, and trajectory angle. For a LoS link and
achievable data rate R j

i , the estimated distance d̂i j between node
i and j is obtained in [250] from (9) as

d̂i j =
2 cosϕ j

i
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, (19)

where T is the pulse duration and W0(·) is the real part of Lam-
bert W function [306]. Table 8 summarizes the literature on
different ranging techniques for UWONs.

7.2.2. Localization Techniques for UOWNs
We divide the localization schemes for UOWNs into two cat-

egories as distributed and centralized schemes. In distributed
localization schemes, every underwater optical sensor node lo-
calizes itself by communicating with multiple anchor nodes. In
centralized localization schemes, the underwater optical sensor
nodes do not localize themselves but the location information
is sent to them by the surface buoy or sink node periodically.

Distributed Localization Schemes for UOWNs. In this section,
we summarize two distributed UOWNs localization schemes
where one is based on ToA ranging and the other is based on
RSS based ranging.

• ToA Based Scheme: In [297], the authors have proposed
for the first time a ToA based underwater optical wire-
less positioning system. The authors considered an OBS
placed in an underwater hexagonal cell and a number of
users with transceivers capable of UOWC. Each OBS con-
sists of 60 green LEDs forming an underwater OCDMA
network where the modulation scheme of OOK is con-
sidered. For the ToA scheme, first, the distance is esti-
mated between the users and the OBS by using the re-
lationship of the transmission time of an optical signal,
speed, and the distance. It is assumed that all the OBSs
and the users are synchronized, and all the OBSs transmit
the beacon signals at τ = τ0. The users receive multi-
ple beacon signals from multiple OBSs at different times
namely τ1, τ2 τ,..., τm, where m are the number of OBSs.
Different underwater channel impairments such as turbu-
lence, current, and multipath lead to the distance estima-
tion error for ToA ranging. Once the ToA based estimated
distances are available from at least three OBSs, the user
was able to locate itself in two dimensions by using linear
least square solution.

• RSS based Scheme: As the optical signal from the OBSs
to the user passes through the underwater environment it
suffers from attenuation, absorption, and scattering. The
underwater user requires the RSS signals from at least
three OBSs in this case as well. RSS scheme has low cost
because every transceiver is able to estimate the received
signal power. However, the RSS based distance estimation
requires precise modeling of the channel [307, 143]. The
RSS based distance estimation strongly depends on differ-
ent parameters such as characteristics of the underwater
optical channel, divergence angle of the transmitter, field
of view of the receiver, transmitted power, and trajectory
angle. The widening and attenuation of the underwater
optical signals are dependent on the wavelength. Monte
Carlo simulations were used in [297] to find out the RSS
based distances. Once the RSS based distances were esti-
mated to at least three OBSs, the user was able to locate
itself in two dimensions by using linear least square solu-
tion.
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Table 8: Comparison of different ranging techniques for underwater localization.

Literature Channel model Ranging Technique Accuracy Complexity
[283, 284, 285, 286] Acoustic ToA High Moderate
[287, 288, 289, 290, 291, 292, 293] Acoustic TDoA High High
[294, 295, 296] Acoustic RSS Low Low
[297] Optical ToA High Moderate
[297] Optical RSS Low Low
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(a) Localization performance of ToA based
distributed UOWNs [297]
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(b) Localization performance of RSS based
distributed UOWNs [297]
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(c) Localization performance of ToA based
centralized UOWNs [272, 184]
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(d) Localization performance of RSS based
centralized UOWNs [272, 184]

Figure 22: Localization performance of ToA and RSS based distributed and centralized UOWNs.

Table 9: Comparison of different UOWNs localization schemes.

Scheme Method Computation Architecture
Underwater optical positioning systems [297] ToA Distributed Optical
Underwater optical positioning systems [297] RSS Distributed Optical
UOWNs localization with limited connectivity [272, 308, 309] RSS Centralized Optical
Energy harvesting empowered UOWNs localization [184] RSS Centralized Optical
Energy harvesting hybrid acoustic/optical UOWNs localization [45] RSS Centralized Hybrid acoustic/optical

Centralized Localization Schemes for UOWNs. In centralized
UOWNs localization schemes, the underwater user does not
localize itself, but the location is sent to the user by the sur-
face buoy or sink node periodically. To the best of our knowl-
edge, only RSS based centralized localization schemes exist
for UOWNs. In [272, 308], we have proposed a localization
scheme for UOWNs with limited connectivity. As the transmis-
sion range of users in UOWNs is limited, a multihop UOWN
was considered and the single neighborhood distances were
computed by using RSS. Using these single neighborhood dis-
tances a novel distance completion strategy was used by the
surface station to get the global view of the whole network. In
[184], we presented an energy harvesting empowered under-

water optical localization scheme where the underwater sen-
sor nodes were able to harvest the energy from ambient marine
sources. As the nodes can collect energy from the underwater
environment, it helps to increase the localization accuracy and
lifetime of the network. Based on the harvested energy avail-
ability, the sensor nodes communicate with its neighbor nodes
and computes the RSS ranges. A closed form localization tech-
nique was developed to find the location of every optical sensor
node in UOWNs. The proposed localization technique accu-
rately minimizes the error function by partitioning the kernel
matrix into smaller block matrices. Furthermore, a novel ma-
trix completion strategy was introduced to complete the miss-
ing elements in block matrices, which results in better approx-
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imation. In [45], we proposed an energy harvesting localiza-
tion scheme for hybrid acoustic and optical underwater wireless
communications system. A weighting strategy was used in [45]
to give more preference to accurate measurements. Recently,
in [308] a three-dimensional localization scheme was proposed
for UOWNs which accounts for the outliers present in the dis-
tance estimation. Moreover, optimal placement of anchors was
considered in [309] to improve the accuracy.

7.2.3. Comparison of Localization Schemes for UOWNs
In order to compare the different localization schemes for

UOWNs, we have simulated two different scenarios where the
actual locations of the sensor nodes and anchor nodes are kept
same in both scenarios for fair comparison. To evaluate the
performance of distributed ToA and RSS based UWONs local-
ization schemes proposed in [297], we considered 50 optical
sensor nodes deployed randomly in 50 m×50 m square area and
4 anchor nodes deployed at each corner of the area. The optical
sensor nodes are able to communicate with at least three an-
chor nodes directly and localize itself using linear least square
solution. Fig. 22a and Fig. 22b shows the localization perfor-
mance of the two schemes with root mean square error of 0.8
m and 1.6 m respectively. To evaluate the performance of cen-
tralized ToA and RSS based UWONs localization schemes, we
have considered the same scenario of 50 optical sensor nodes
deployed randomly in 50 m × 50 m square area and 4 anchor
nodes deployed at each corner of the area. But here the limited
transmission range of optical sensor nodes is taken into account
which leads to multi-hop UOWNs. In this case, the internode
single hop distances are measured by the optical sensor nodes
and sent to the surface station via surface buoys. The surface
station then finds out the location of each optical sensor node
by using dimensionality reduction techniques and linear trans-
formations [272, 184]. Fig. 22c and Fig. 22d shows the local-
ization performance of the two schemes with root mean square
error of 0.3 m and 0.9 m respectively. Table 9 summarizes the
UOWNs localization schemes.

Figure 23: Distribution of floating sensors in Argo [310].

7.3. State of the Art Underwater Monitoring and Localization
Systems

In the past various techniques were used by the oceanogra-
phers for ocean’s exploration. The most common monitoring
equipment include ocean floor sensors, floating sensors, sur-
face buoys and surface stations. Sensed data from the sensors
on the ocean floor is collected by the surface buoys. The surface
buoys are fixed and they can send the collected data to the sur-
face station using wired or wireless communications. In case
of floating sensors, the sensors do not have fixed location and
drift with ocean currents. Floating sensors are dynamic in na-
ture and they can sense a reverberant underwater environment.
At present, the largest ocean monitoring system is developed
by Global Ocean Data Assimilation Experiment (GODAE) and
Oceanview called Argo [310, 311]. Argo consists of 3800 free
drifting floating sensors which measure the salinity, currents,
and temperature of the ocean up to 2000 m of depth. The lo-
cation of Argo float is determined using GPS once it is on the
surface of the ocean and it also transmits the data to the on-
shore station using satellite communication. In Argo project,
the floats do not interact with each other and work indepen-
dently. Fig. 23 shows the current distribution of Argo floats
in oceans all over the world. China has announced recently
a similar project to Argo, to build underwater monitoring sys-
tems across the south and east China seas for intruder detec-
tion [312]. In 1980, the U.S. Navy developed a large scale net-
work of underwater devices called Seaweb [313]. Seaweb con-
sisted of AUVs, surface buoys, gliders, repeaters, and surface
stations. Seaweb used acoustic waves for underwater commu-
nication and RF waves for terrestrial communication.

Acoustic localization systems for underwater monitoring uti-
lizes two different approaches, namely long baseline (LBL) and
short baseline (SBL) [314]. In the LBL approach, the acous-
tic transponders are installed in the underwater operation area.
Sensor nodes that are in the coverage of these acoustic transpon-
ders respond by using a certain ranging method and localize it-
self either by using triangulation or trilateration [315]. In the
SBL approach, the surface station follows the underwater sen-
sor nodes and transmits short-range acoustic signals for the sen-
sor nodes to localize itself. The SBL underwater positioning
systems have been used by Woods Hole Oceanographic Insti-
tution to find out the location of a deep underwater ROV [316].
In addition to the LBL and SBL approaches, there exists an un-
derwater localization system called GPS intelligent buoy (GIB).
The GIB is a commercial system in which the surface buoy acts
as a relay between the surface station and the seabed sensors.
GIB collects the distance estimation from the sensors to itself
and sends it to a central station where the central station finds
the global view of all the seabed sensors. GIB systems have nu-
merous applications which include weapon testing and training
[317], tracking AUVs [318], global view of the network [318],
and intruder detection [319]. Table 10 summarizes some of the
well known commercial underwater localization systems.

7.4. Summary and Insights
In the first part of the section, we have introduced the fun-

damentals and challenges of underwater localization including
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Table 10: Comparison of different commercial underwater localization systems.

System Company Channel
type

Approach Accuracy Applications

Underwater acoustic LBL positioning
[320].

Evo Logics Acoustic LBL 1.5 cm Offshore positioning,
navigation, cartography,
geodesy, and sensors
tracking.

HiPAP - Acoustic underwater position-
ing and navigation systems [321].

KONGSBERG Acoustic SBL 2 cm Seabed positioning of ves-
sels, sub-sea meteorology,
and telemetry.

Mini-Ranger 2 Underwater Positioning
(USBL) system [322].

Sonardyne Acoustic Ultra SBL 2 cm Oil and gas exploration,
marine robotics, and ma-
rine security.

USBL positioning systems [323] iXblue Acoustic Ultra SBL 6 cm Hydrography, maritime
vessels, ocean science,
and defense.

VideoRay ROV Positioning Systems
[324]

KCF Technolo-
gies

Acoustic Ultra SBL 150 cm Navigation, tracking,
search and rescue, and
target detection.

TrackLink Acoustic Tracking Systems
[325]

LinkQuest Inc Acoustic Ultra SBL 0.5 cm Navigation, tracking, un-
derwater surveys, and oil
and gas exploration.

Teledyne Benthos underwater acoustic
systems [326]

Teledyne Marine Acoustic LBL/Ultra
SBL

5 cm Navigation, tracking, un-
derwater surveys, and oil
and gas exploration.

but not limited to the node deployment, mobility, hostile under-
water channel, and synchronization. The literature on underwa-
ter acoustic based ranging is more mature and considers all of
the ranging methods while the literature on underwater optical
ranging is at an early stage of development and consists of only
ToA and RSS based techniques. The localization accuracy of
ToA and TDoA based ranging methods is high at the expense
of synchronization costs whereas the RSS based ranging pro-
vide coarse localization but does not require extra hardware.

The second part of this section covers the localization tech-
niques used for UOWNs. The localization techniques for
UOWNs are broadly categorized into distributed and central-
ized schemes. ToA and RSS based optical ranging methods are
compared for distributed and centralized schemes where the lo-
calization accuracy of ToA is better than the RSS based meth-
ods because the received power in RSS based optical ranging
is highly affected by the hostile underwater aquatic channel. In
Table 9, we have summarized the localization techniques used
for UOWNs.

In the final part, the state of the art underwater monitoring
and localization systems (such as Argo and Seaweb, etc.) are
briefly discussed. We have also discussed different baseline ap-
proaches such as SBL, LBL, and GIB used by the current un-
derwater monitoring and localization systems. In the SBL ap-
proach, the sensor nodes or AUVs localizes itself with respect
to the surface ship. The limitation of the SBL approach is that
the localization accuracy depends on the size of the baseline. In
the LBL and GIB approaches, the sensor nodes or AUVs local-
izes itself by triangulating the acoustic signals from the surface
beacons. The limitation of LBL and GIB approaches is the ex-
tra cost and time to set up the network. In Table 10, we have
summarized some of the well known commercial underwater
localization and monitoring systems.

8. Future Perspectives of UOWNs

In the following, we will advise some potential future
UOWNs research directions.

8.1. UOWC Channel Modeling
To model the UOWC channel, there is still a need to further

investigate and analyze new theoretical models which can ei-
ther be developed analytically or computationally. The analytic
models for UOWC channel are quite simple because of simpli-
fying the complex nature of photon propagation, but these mod-
els are either analytically intractable or hard to evaluate compu-
tationally. On the other hand, computational models are com-
plex and their time complexity may not be suitable to employ
on a large scale network. Therefore, modeling and performance
analysis of UOWNs necessitates accurate and simple UOWC
channel models as they are building blocks of UOWNs. RTE
can be used as a starting point for Monte Carlo Simulations in
2D or limited 3D scenarios where the simulations can be run in
parallel on modern computer architectures.

8.2. Novel Network Protocols
The current research on UOWNs is highly concentrated on

physical layer problems, which tines out toward the higher lay-
ers. To the best of author’s knowledge, the networking aspects
are studied only in few papers so far [327, 250, 144, 143, 110,
328, 137, 297, 45, 272, 251, 329, 330, 331]. Noting that the
limited communication range and directivity of UOWCs yield
limited network connectivity, implementing UOWNs in real life
necessitates adequate protocols and network architectures.

First and foremost, UOWNs requires effective routing algo-
rithms in order to increase the network connectivity and per-
formance by extending the communication range and expand-
ing the coverage. Even though some of the potential routing

31



protocols are highlighted in Section 4.3, there are no sufficient
efforts toward UOWN routing techniques except [137] which
only considers a centralized routing scenario to show the impact
of multihop communication on network performance. There-
fore, it is quite of interest to develop distributed and dynamic
routing algorithms which adapt itself according to environmen-
tal and network changes. Furthermore, novel transport layer
protocols are required because UOWC channels are quite differ-
ent from terrestrial and underwater acoustic wireless networks.

8.3. Cross Layer Design Issues

Even though we have surveyed the UOWNs following a
strictly layered perspective, which is traditionally employed for
wired networks, considering a cross-layer design could improve
the overall system performance to a great extent. Indeed, QoS
requirements of the application layer can only be satisfied by
mapping them into the lower-layer metrics such as end-to-end
data rate, delay, energy efficiency, packet loss, etc. Accord-
ingly, it is interesting to investigate a cross-layer optimization
framework which adapts physical layer parameters (e.g., diver-
gence angle, transmission power, communication range, etc.) to
channel conditions and dynamically change the routing paths to
satisfy QoS requirements, avoid congestion, increase the relia-
bility, and maintain the network connectivity.

8.4. Localization in UOWNs

Localization is of utmost importance for UOWNs where it
can be used for node tracking, intruder detection, and data
tagging. A greater number of underwater applications de-
mands distributed localization schemes as they can provide
online monitoring. However, few research works are carried
out to develop distributed [297] and centralized [272, 45, 184,
309] localization schemes for UOWNs. Due to the severe
UOWC channel conditions distributed localization schemes for
UOWNs are challenging and needs further investigation. Lim-
ited range of UOWC links and higher energy consumption
of distributed schemes led to the development of centralized
UOWNs localization schemes where the localization is per-
formed at the surface station. Centralized localization schemes
are good to get the overall global view of the UOWN. More-
over, the impact of localization schemes on location-based rout-
ing and clustering for UOWNs still need to be investigated.
Also, the cross-layer schemes such as the impact of link qual-
ity, connectivity, transmission range, and energy on localization
performance are open issues.

8.5. Practical Implementations of UOWNs

Research on implementation of UOWNs is limited and fur-
ther need to be studied. There is a dire need to develop under-
water optical transceivers which can overcome the problem of
link misalignment, low transmission range, low bandwidth, en-
ergy consumption, and compactness. There is a great potential
to develop more advanced low cost and low power underwater
transmission light sources, receiving nodes, and energy harvest-
ing systems. Testing of the UOWNs also needs to be carried out

in the real underwater environment. Hybrid systems compris-
ing of both acoustic and optical underwater wireless commu-
nication system have been introduced in [42, 43, 44]. Authors
in [332] have explored a statistical analogy between underwa-
ter acoustic and optical wireless links for predicting the signal
to noise ratio of underwater optical links. The research on de-
veloping hybrid systems is still in its infancy and needs proper
analysis. Also, the adaptive switching between an acoustic and
optical mode for different operations need extra attention.

8.6. Energy Harvesting for UOWNs

Underwater optical sensor nodes have limited energy re-
sources, which has a substantial impact on the network lifetime.
Taking the engineering hardship and monetary cost of battery
replacement into account, an energy self-sufficient UOWN is
essential to maximize the network lifetime. In this regard, en-
ergy harvesting is a promising solution to collect energy from
the ambient sources in the aquatic environment and storing it in
an energy buffer. As surveyed in [239], ongoing research efforts
on terrestrial communications have shown that energy harvest-
ing plays a significant role in enhancing performance. How-
ever, most of the energy harvesting techniques are designed for
outdoor environments and are not applicable to the aquatic en-
vironment. Recently, acoustics resonators are used in [333] to
acquire acoustic energy from the underwater environment and
harvest to the sensor nodes. A muti-source energy harvest-
ing system was proposed in [45, 184] which harvests energy
from multiple underwater sources such as acoustic resonators
and MFCs [240], and harvested to the sensor nodes. More-
over, albeit the notable research body on designing different
protocols for underwater communication networks, no signif-
icant research is carried out on the energy harvesting methods
for UOWNs.

8.7. Towards Internet of Underwater Things (IoUTs)

There has recently been a growing interest in developing in-
ternet of underwater things (IoUTs) which can lead to enabling
various underwater applications [334]. In the recent past, sev-
eral attempts have been made to develop routing [335, 336],
scheduling [337], and data analytic [338] techniques for IoUTs.
The IoUTs research is still in its infancy and needs to be more
explored. Multi-hop UOWNs can be a potential technology to
implement the IoUTs because of its low power consumption
and higher data rate.

8.8. Full-Duplex Communication for UOWNs

Today’s UWC systems generally utilize the half-duplex links
for communication. One of the main reason behind this limi-
tation is the challenging underwater environment for any type
of wireless communication channel. The effects of attenua-
tion, absorption, scattering, refraction, salinity, temperature,
and pressure effects the propagation of waves in an underwater
environment. Due to the aforementioned reasons, most of the
UWC systems are still half-duplex and use the same frequency
for transmission and reception of the data. Recently, authors of
[339] have introduced an in-band full duplex communication
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mode for UANs which still needs to develop self-interference
cancellation mechanisms, cross-layer design, and mitigation of
multipath effect. Few studies exist on the full duplex mode of
operation for UOWC systems. For instance, a hybrid acoustic-
optical full duplex communication system has been proposed in
[43] where the downlink from AUV to the base station is based
on acoustic waves while for the uplink, directional optical com-
munication is used to achieve higher data rates. Regardless of
the communication medium, to the best of our knowledge, there
is no full duplex optical wireless communication implementa-
tion yet. The research work on developing the full-duplex com-
munication mode for UOWC is in its earlier stage and stays as
an interesting open research problem to be investigated.

8.9. Software Defined Networks (SDN) for UOWNs

The existing architectures of UWC systems are inflexible
and are mainly based on hardware, which poses a significant
challenge to adopt new underwater technologies. Fortunately,
software-defined network (SDN) is an emerging paradigm to
overcome this problem by separating the data and control
planes and managing the network via an SDN controller. In
[340], the authors have presented a comprehensive survey on
SDN for optical networks which is very useful to implement
SDN for UOWC systems. In [341], the concept of employing
SDN for underwater communication systems was introduced
(SoftWater). The architecture of SoftWater consists of under-
water sensors, AUVs, surface buoys, ships, and in/out-band
control channels. The sensors and AUVs in SoftWater sys-
tem can transmit the sensing data to the surface buoys by using
hybrid links such as acoustic, optical, and magnetic induction
(MI) [342]. The surface buoys and ships act as a sink to collect
the sensed data and forward it to the on-ground station. Addi-
tionally, the surface buoys and ships also perform the network
management task. In-band channels are established by using
optical or MI links for the communication between the under-
water devices to provide high bandwidth, short range, and low
delay links while out-band channels are established by using
acoustic links (long range, high delay, and low bandwidth) be-
tween the underwater devices and the surface buoy/ship. How-
ever, the implementation of SoftWater suffers from numerous
challenges such as the 3D deployment of the SDN controller,
mobility aware traffic balancing, efficient network hypervisor,
and wireless channel hypervisor. These issues are still open re-
search problems and need to be investigated in the future for the
SDN based UOWC systems.

8.10. Magnetic Induction for UOWC

In recent years, the research community on magnetic induc-
tion (MI) based communications have demonstrated that MI is
a good option for communication in harsh environments such
as water pipelines, soil and oil reservoirs [343, 344]. Therefore,
mathematical analysis has been provided in [345, 346, 347] to
use MI for underwater communications. MI-based underwater
communication can provide low propagation delay, predictable
channel response, large communication range, high data rate,
and stealth mode of operation [348]. However, the research on

MI-based underwater communications is in its early stage and
need to be investigated further in the future.

9. Conclusions

In this paper, we have presented a comprehensive survey of
underwater optical wireless networks (UOWNs) research. This
survey covers different aspects of cutting-edge UOWNs from a
layer by layer perspective. Firstly, each layer of UOWNs such
as physical, data link, networking, transport, and application
layers are briefly presented and then localization techniques for
UOWNs are surveyed. We started with defining different possi-
ble architectures for UOWNs and then the issues related to each
layer are thoroughly discussed. Besides providing the technical
background on UOWNs, we have also provided details on the
challenges to design a practical UOWN. Additionally, localiza-
tion is an important task where the location of the underwater
optical sensor node can be used for node tracking, intruder de-
tection, and data tagging. Conventional terrestrial and under-
water acoustic localization schemes do not meet the require-
ments of UOWNs where the unfavorable behavior of UOWC
asks for novel localization schemes. Even though we have sur-
veyed the state of the art localization schemes for UOWNs, the
subject remains open and requires to develop accurate and prac-
tical localization schemes. To reach this goal, communication,
networking, and localization in UOWNs require more research
efforts. In short, this survey can help the novice readers to get
an insight into each layer and localization of UOWNs which
can lead to the development of practical UOWNs.
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