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The growing number of underwater activities is giving momentum to the development of new technologies, such
as buoys, remotely operated vehicles, and autonomous underwater vehicles. The data collected by these vehicles
need to be transmitted to a high-speed central unit. Clearly, wired solutions are not suitable, since they strongly
impact the mobility. In this scenario, a promising solution is offered by underwater optical wireless communi-
cation (UOWC) technology, which can achieve both high-speed and wireless operation. Here, we provide a com-
prehensive survey on the challenges, the experimental realizations, and the state of the art in UOWC researches.
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More than 70% of the Earth’s surface is covered by water.
Early sea explorations sink their roots thousands of years
ago with the first sailing vessels and the first navigators.
Since then, the study of the oceans and marine ecosystems
has not stopped, and modern oceanography is attracting
a renewed interest, mainly driven by the development of
innovative technological solutions for the exploration and
study of the ocean life, global climate change, and for the
collection of scientific data.
Specific examples include unmanned vehicles for the

exploration and monitoring of the seabed and marine
environments, such as autonomous underwater vehicles
(AUVs) and remotely operated vehicles (ROVs)[1,2]. The
data collected by those vehicles are required to be trans-
mitted through a reliable communication link, with data
rates ranging from one to tens of megabits per second
(Mbit/s).
However, the high costs and lack of flexibility of the

wireline systems become restrictive for many of these ap-
plications[3]. Therefore, there is a considerable effort in the
development of new solutions for underwater wireless
communications (UWCs).
Despite the efforts made so far, the UWC still remains

quite challenging, due to the unique and harsh conditions
that characterize underwater channels. The main issues
include severe attenuation, link distances, and limited re-
source utilization. Nonetheless, many academic and indus-
trial researchers have paid attention to the development of
state-of-the-art solutions exploiting acoustic and electro-
magnetic (EM) waves.
Nowadays, underwater acoustic wireless communica-

tions (UAWCs) are the most used UWC technology. First
UAWC systems date back to the 19th century, and they
were widely used during the World Wars for military
purposes. They are still the most diffused technology,
thanks to their long communication range (up to several
kilometers)[4,5], which is very attractive considering the
hugeness of the oceans. During the years, there have been

many technological advances, although they are unable to
overcome the key physical limitation of acoustic waves.

As is known, acoustic technology is limited in data rate.
This is mainly determined by two different factors: the low
bandwidth of the acoustic waves and the delay spread,
which leads to severe inter-symbol interference (ISI).
The nominal propagation speed of the acoustic waves,
of around 1500 m/s, causes latency in the order of seconds,
limiting the system for real-time and multimedia applica-
tions. The actual speed value strongly depends on water
temperature, salinity, and depth. In addition, acoustic
waves require high power, and it must be taken into ac-
count that any anthropogenic source of sound could im-
pact detrimentally on marine animals[6]. Nevertheless,
UAWC systems are commonly used to provide command
and control applications.

Unlike acoustic waves, radio frequency (RF) signals can
provide higher propagation and transmission speeds and
are more tolerant to turbulence and turbidity effects of
water. Also, there is an already available huge and strong
knowledge on terrestrial RF communication, which may
be exploited to realize the RF-UWC modems. However,
RF waves suffer from serious attenuation in water, which
increases with the frequency: e.g., more than 180 dB/m for
the 2.4 GHz bandwidth[7–9].

A complete RF attenuation curve as a function of the
frequency is reported in Fig. 1.

Fig. 1. Radio frequency attenuation in water[7–9].
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The use of ultra-low frequencies could reduce the at-
tenuation levels at the expense of high hardware costs,
low data rates, and, above all, huge antennas (at 10 kHz,
the wavelength is 30 km).
Considering the aforementioned constraints for acoustic

and RF waves, optical waves have been recently proposed
as an alternative solution. Optical waves, indeed, can pro-
vide high-speed transmission and low latencies, with the
drawback of a limited communication range (ten to hun-
dreds of meters). When targeting short-range UWC, it is
possible to exploit the low-attenuation window in the EM
spectrum, which lies in the visible region around the blue
wavelength, as can be seen in Fig. 2.
In the last decade, the impressive developments of light

emitting diodes (LEDs) for lighting purposes made widely
available compact devices of low-cost and significant
modulation bandwidth. Thus, underwater optical wireless
communication (UOWC) gained popularity and various
prototypes and commercial products are now available.
Table 1 presents a comparison between the three types

of UWC systems, showing the differences in their main
parameters.
The three technologies mentioned above have clearly

different applications in the underwater environment,
but, if we consider a complex scenario, they can be com-
plementary. As an example, the UWC scenario presented
in Fig. 3 consists of many distributed nodes, such as ships,
AUVs, ROVs, seabed sensors, buoys, and scuba divers.

All of the mobile nodes communicate with the others
wireless, sharing data and collaborating for the monitoring
of the underwater environment. Then, AUVs and ROVs
convey the signals to buoys, which are wired to be
connected with ships above the sea surface. High-speed
data transmissions are based on UOWC systems, whilst
command and control links are realized with UAWC tech-
nology. In this way, hybrid acoustic/optical UWC exploits
the advantages of each communication technology to
increase the reliability of the underwater network.

Here, we provide a comprehensive survey on the UOWC
technologies, showing the pros and cons of the different
implementations. There are several issues that must be
taken into account when designing a UOWC modem.
In the following, we report the main challenges to be con-
sidered: attenuation and background light. Because of the
peculiar channel, it is useful to understand some basic op-
tical properties of light propagation in water. Absorption
and scattering are the two main inherent phenomena that
contribute to the optical signal attenuation in water.
Absorption is due to both inorganic and organic substan-
ces that convert the photon’s energy into other forms,
such as heat and chemical (photosynthesis), reducing
the optical beam intensity. Scattering is a deflection of
the photons from the original direction, caused by the in-
teraction with the molecules and the atoms within water,
which widens the range of incident angles on the receiver
(RX). Both of these effects limit the overall transmission
distance. Moreover, the scattering also causes a spread in
the photon’s time arrival, and this may lead into multi-
path interference and ISI in high-speed UOWC links
(>1 Gbit∕s)[11]. The overall underwater losses are, thus,
usually expressed by the attenuation coefficient kðλÞ,
which is given by

kðλÞ ¼ aðλÞ þ bðλÞ; (1)

where aðλÞ and bðλÞ are the absorption and scattering co-
efficients, respectively. These coefficients strongly depend
on specific water conditions and on the wavelength of the
optical source. In pure sea water, the minimum in the
attenuation curve is at 470 nm. This minimum shows a
red-shift in murkier water. Experimental curves are
reported in Fig. 4[10].

Fig. 2. Attenuation curve at different wavelengths[10].

Table 1. Comparison of the Three UWC Technologies

Parameter Acoustic
RF

Waves
Optical
Waves

Link range <25 km <10 km 1–100 m

Data rate <12 kbit∕s Few Mbit/s 1–1000 Mbit/s

Attenuation 0.1–4
dB/km

10–180
dB/m

0.4–11
dB/m

Latency High Low Low

Cost High High Low

Size High High Low

Fig. 3. Underwater wireless communication scenario.
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Usually, the water types are classified as pure sea, clear
ocean, coastal ocean, and turbid harbor water; the corre-
sponding typical k values are summarized in Table 2.
In pure water, the light beam propagates in a straight

line with very low dispersion, and the absorption is the
main limiting factor. At the opposite, in turbid harbor
water, the scattering effect becomes dominant, widening
the light beam.
The most widely used model to describe the UOWC

channel attenuation is the Beer–Lambert (BL) Law. This
model allows us to estimate the power losses due to ab-
sorption and scattering after propagation in a water chan-
nel. The BL expression is given by

Pðd; λÞ ¼ P0e−kðλÞd ; (2)

where P0 is the reference optical power, and d is the link
distance. Considering a directed line-of-sight (DLOS) con-
figuration, the BL Law assumes that all the scattered pho-
tons are lost, since it ignores the multi-path arrival of the
scattered photons. Thus, the estimation of P may be lower
compared to the actual one, especially for long transmis-
sion links.
The knowledge of these mechanisms is very useful in es-

timating the transmission distance. A simulation of a link
budget for different turbidity values is presented in Fig. 5
as an example. The curves are obtained exploiting the BL
model and the proportionality to d−2, typical of free-space
links[13]:

PRX ¼ PTX

�
Ae−kðλÞd

πd2

�
; (3)

where PTX and PRX are the transmitted and received
optical power, respectively, and A is the area of the RX.
In this example, we considered an LED array emitting
5W optical power with 120° emission angle, a photo-diode
(PD) active area of 1 cm2, and an RX sensitivity of
−40 dBm.

As can be seen, in clear sea water (k ¼ 0.06 m−1), a link
of 30 m can be achieved, whilst in turbid harbor water
(k ¼ 2.2 m−1) only 2–3 m can be reached. It is worth not-
ing that these curves are given as an example; further dis-
tances can be reached, introducing, e.g., optical elements
in front of the transmitter (TX) and the RX.

A more exhaustive channel modeling is the two-term
Henyey–Greenstein (TTHG), which includes an analytic
function to describe the photon’s phase distribution due to
scattering effects[14–16]. The TTHG model was originally
proposed for galactic astrophysics[17] and then readapted
for the underwater environment. However, experimental
studies show that the difference between the two models
is limited only to short distances (or low-turbidity water)
and is notable only for large product values of attenuation
coefficient and distance (k·d>10)[18].

In practical cases (especially in shallow waters), the
background light may reach high values (up to ∼105 lx
on direct sunlight). The intensity, obviously, depends
on the working depth: e.g., in deep ocean, it is by far lower
than in shallow harbor waters. In order to have the
UOWC capable of working in all conditions, the impair-
ments of the sunlight cannot be neglected and must be
considered when designing the optical system. Clearly,
the sunlight can be strongly attenuated exploiting a
band-pass filter to reject the ambient light outside of
the emission window Δλ of the optical source. The back-
ground light received by the photo-detector PBG can be
factorized with several parameters and is given by

PBG ¼ AðπθÞ2f ðλÞLSUNðΔλÞ; (4)

where θ is the field-of-view (FOV) of the RX, f ðλÞ is the
optical band-pass filter transmittivity, and LSUN is the
solar radiance integrated in the Δλ wavelength region.
All these parameters must be considered in order to
minimize the effect of the background light. The main

Fig. 4. Attenuation curve in the visible region, at increasing
water turbidity[10].

Table 2. Typical Absorption and Scattering
Coefficients[12]

Water Types aðλÞ bðλÞ kðλÞ
Pure sea 0.05 0.01 0.06

Clear ocean 0.11 0.04 0.15

Coastal ocean 0.2 0.2 0.4

Turbid harbor 0.3 1.9 2.2

Fig. 5. Simulated received optical power as a function of the link
distance at different values of water turbidity. Straight gray line
indicates the receiver sensitivity.
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effect of a strong ambient light is the saturation that
occurs on the photo-detector: the higher the received
background optical power is, the lower the AC photo-
current generated is, heavily reducing the RX sensitivity.
Clearly, different types of photo-detectors may show
different behaviors.
The performance of a UOWC system can also be

affected by channel fading as a result of ocean turbulence.
Indeed, variations in the refractive index caused by
turbulent water can slightly and continuously change
the propagation direction of photons. Those refractive
index changes are mainly due to temperature, salinity,
and pressure variations in water[19]. Since these effects
are more present in shallow waters, most of the works used
to neglect them.
Two light sources are commonly used in UOWC

systems: LED and laser diode (LD). A comparison of
parameters between these two electro-optical devices is
reported in Table 3.
LEDs have the advantages of being cheap, high

power, and reliable devices, with a low-temperature
dependence, but they show a wide spectral bandwidth,
therefore requiring wide band-pass filters, which, in turn,
cause solar background noise to enter in the system. LDs
have a short switching time and a very narrow optical
emission, but they may require a proper cooling system.
Depending on the specific application, the two solutions
are alternative: for really high-speed UOWC links
(≥1 Gbit∕s), LDs would be the preferable choice thanks
to the wider electrical modulation bandwidth; on the
other hand, if a robust communication with a moderate
speed (1–100 Mbit/s) is required, LEDs would be the
right choice.
Regarding the RX, the most common photo-sensors in

the visible region are the photo-multiplier tubes (PMTs)
and the PDs, which include both positive-intrinsic-
negative (PIN) and avalanche PDs (APDs). A PMT is
a long vacuum tube, with an electronic sensor extremely
sensitive to visible light. It has low noise, high gain, and
wide active area at the expense of being bulky, energy
hungry, and expensive. Few experimental demonstrations
exploit PMTs in UOWC[20–23]. A PIN-PD is character-
ized by fast response, low cost, unity gain, and good
tolerance to ambient light, whereas an APD has large

internal gain, high quantum efficiency (>70%), and better
sensitivity, but requires high bias voltage, complex control
circuitry, and is more sensitive to ambient light.
Experimental demonstrations were realized with both PD
devices[24–28].

Recently, many theoretical and experimental works
on UOWC have been presented. Few UOWC modems
were also commercialized in the past: Ambalux introduced
a commercial UOWC system, claimed to transmit
10 Mbit/s over 40 m. Also, Sonardyne made available a
product in two versions: one claimed to transmit 5 Mbit/s
in 10 m range in “high ambient light conditions” and the
other 12.5 Mbit/s in ranges up to 150 m, “suitable for mod-
erate to low-turbidity dark water”[29]. However, very limited
information is available about these systems.

In Table 4, we report a list of the noticeable experimen-
tal academic results (from 2015), with either LDs or LEDs
as an optical source and a PIN-PD or APD as an optical
RX. In these works, different bit rates were targeted, from
a few Mbit/s to several gigabits per second (Gbit/s),
reaching various transmission distances. All of them are
implemented in DLOS, rather than the diffuse configura-
tion like in acoustic and RF wave systems. This architec-
ture allows it to be more energy efficient and effective
against eavesdroppers.

Gigabit rates were demonstrated exploiting LDs and
advanced modulation format such as orthogonal fre-
quency division multiplexing (OFDM) or pulse-amplitude
modulation (PAM) at a distance of several meters. A
record speed of 30 Gbit/s was achieved with a complex
setup based on beam reducer–expander and the two-stage
injection locking technique[30]. In Ref. [28], the authors
exploit a blue LED and a pre-equalized OFDM signal
to achieve 3 Gbit/s transmission over a 1.2 m water chan-
nel. These achievements were all quite impressive; never-
theless, most of them were proved in a very controlled
environment, where the underwater channel was simu-
lated using a water tank. In many cases TX and RX
were out of water. This solution, although correct for
preliminary measurements, has very limited challenges:
water turbidity (usually tap water), background light
(laboratory common illumination), and small turbulences
are not actually addressed. Indeed, in an optical system
that requires perfectly aligned links, turbulence may cause
a complete signal loss.

In Fig. 6, we report some typical experimental setups for
underwater demonstrations in laboratory environments,
with water tanks used to simulate underwater scenarios.

In order to emulate the different refractive conditions
and turbidity typical of underwater environments, Maalox
is usually added to the water as a scattering agent for
attenuating the light beam[31–33].

Only a few works performed transmission tests in a
real sea environment[23,35,36]. In Refs. [23,37], the authors
presented a UOWC system, tested in the Juan de Fuca
plate at a depth of 2400 m. The optical modem was
developed by the Optical Communication Group at
Woods Hole Oceanographic Institution (WHOI). They

Table 3. Comparison Between Optical Sources for
UOWC

Parameter LED LD

Optical power 1 W 10–1000 mW

Optical bandwidth 20–50 nm 1–2 nm

Electrical bandwidth 10–15 MHz 0.6–1 GHz

Beam emission angle 120° 20°

Thermal management Mildly needed Strongly needed

Cost Low High
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demonstrated an LED-based bi-directional transmission
over long ranges (>100 m in clear, dark water) without
the need to align the TX and RX.
Figure 7 shows the optical modem and the experimen-

tal setup used during the sea test. However, the authors
do not provide the complete characterization of the
UOWC system, and no indication on the devices is
reported.
Another UOWC demonstration, tested in harbor water

of Rhode Island (USA), is reported in Refs. [36,38]. The
authors presented a real-time uni-directional transmission
at 4.8 m, with a measured attenuation coefficient slightly
higher than 1 m−1 (high-turbidity water). The TX con-
sisted of a laser emitting at 515 nm, collimating optics,
and a steering mirror. The RX included another steering
mirror, a focal plane camera (for alignment purposes),
and an APD (see Fig. 8). The communication rate was
125 Mbit/s, exploiting the on–off keying non-return-
to-zero (OOK-NRZ) modulation format. The tests were
conducted through a variety of conditions over five days,
including day and night.
In Refs. [35,39], the authors presented a novel pair of

optical wireless modems, which exploit blue LEDs to
transmit 10Base-T Ethernet standard signals through
water. The modems were tested in shallow water in
Italy (La Spezia Harbor), transmitting bi-directionally
10 Mbit/s over up to 10 m despite the high turbidity
[≥3 formazin turbidity unit (FTU)] and the strong sun-
light (−21 dBm, 10 dB more than optical signal power).

The optical modem is represented in Fig. 9, which shows
a schematic of the electro-optical devices, the pictures
of one modem, and of the experimental setup for the
field sea trial. The system was tested at different distances,
different water turbidity types, and different ambient
light conditions for a complete characterization. One of

Fig. 6. Examples of two experimental setups for underwater
demonstrations in the laboratory environment[28,34].

Table 4. Noticeable Experimental Results for UOWC Systems from 2015

Year Bit Rate (Mbit/s) Distance (m) Water Optical Source λ (nm) Test Modulation Format Ref.

2015 10 70 Clean LED N.A. Ocean OOK-NRZ [23]

2015 20 0.3 Clean Laser Red Water tank OOK-NRZ [34]

2015 1450 4.8 Clean LD 405 Water tank OFDM [40]

2015 2300 7 Clean LD 520 Water tank OOK-NRZ [41]

2015 4800 5.4 Clean LD 450 Water tank OFDM [27]

2016 1500 20 Clean LD 450 Water tank OOK-NRZ [42]

2016 200 5.4 Clean μLED 440 Water tank OOK-NRZ [43]

2016 125 4.8 Turbid Laser 515 Harbor OOK-NRZ [36]

2017 3 N.A. N.A. LED N.A. Water tank N.A. [44]

2018 2700 34.5 Clean LD 520 Water tank OOK-NRZ [45]

2018 10 10 Turbid LED 470 Harbor Manchester [35]

2018 9700 2.3 Clean LD RGB Water tank OOK-NRZ [46]

2019 30,000 12.5 Clean LD 487 Water tank PAM4 [30]

2019 3000 1.2 Clean LED Blue Water tank OFDM [28]

2019 500 100 Clean LD 520 Water tank OOK-NRZ [47]

2019 30 14.7 Clean LD 450 Water tank OOK-NRZ [48]

2019 50 3 Clean LD 450 Water tank 16-QAM [49]
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the modems was also tested on top of an ROV to
verify the robustness of the link to misalignment. The
communication was successfully completed within a range
of 5 m.

The communication systems for ocean exploration
require a clear understanding of the propagation mecha-
nisms related to different underwater signals.

In this survey, we provided an overview on UWCs,
focusing on the state of the art of the recent achievements
that exploit the optical technology. Table 1 summarizes
the main pros and cons of each presented UWC technol-
ogy, defining the clear advantages of acoustic and optical
waves compared to the RF solution for underwater com-
munication networks. RF signals for UWC can be used
only at extremely low frequencies because of the heavy
absorption at higher frequencies, failing to reach a high-
speed alternative to acoustic waves. UOWC provides
great potential to overcome the UAWC drawbacks,
thanks to the higher data rate, lower latency, and power
consumption solution at the expense of a reduction of the
link distance.

We strongly believe that, if the ongoing research and
the future technology implementation of UOWCs will
assist the process, the hybrid acoustic/optical modem is
the viable solution for a robust and feasible underwater
communication network.

The author thanks E. Ciaramella, A. Caiti, A. Sturniolo,
A. Messa, and S. Greco for the useful comments and
discussions.
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