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ABSTRACT

In scientific, military, and industrial sectors, the development of robust and efficient submarine wireless communication links is of
enormous interest. Underwater wireless communications can be carried out through acoustic, radio frequency (RF), and optical waves.
Underwater optical communication is not a new idea, but it has recently been considered because seawater exhibits a window of
reduced absorption both in the visible spectrum and long-wavelength UV light (UV-A). Compared to its bandwidth limited acoustic
counterpart, underwater optical wireless communications (UOWCs) can support higher data rates at low latency levels. Underwater
wireless communication networks are important in ocean exploration, military tactical operations, environmental and water pollution
monitoring. Anyway, given the rapid development of UOWC technology, documents are still needed showing the state of the art and
the progress made by the most current research. This paper aims to examine current technologies, and those potentially available soon,
for Underwater Optical Wireless Communication and to propose a new perspective using UV-A radiation.
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Wireless communication via radio frequency waves (RF) is the
most widespread technology in terrestrial communications.
Sadly, this technology is not suitable for underwater applications.
In water, radio frequency waves are strongly attenuated,
especially in seawater where the propagation medium is highly
conductive [10].

For short distance communications, underwater witreless
optical communication (UOWC) can be a viable alternative to
that achievable via acoustic waves. This technology, even with all
its limitations, can be of great use in specific applications.

1. INTRODUCTION

Underwater wireless communication (UWC) has many
potential applications in the military, industrial and scientific
research fields but, for practical applications, significant data
bandwidth is required [1]-[3]. Generally, underwater wireless
communication takes place via acoustic waves due to their
relatively low attenuation. They are the normal choice in almost
all commercially available submarine transmission systems.

Unfortunately, acoustic systems have low bandwidth and high
latency. Therefore, they are not suitable for bandwidth-hungry
underwater applications such as image and real-time video
transmission. However, as acoustic transmission is the only
technology capable of supporting large transmission distances,
extensive studies are being conducted to improve the
performance of acoustic communication channels [4]-[8].
Anyhow, acoustic underwater communication is susceptible to
malicious attacks [9]. Consequently, complementary technology
capable of achieving broadband  underwater
communications is required.

secure

Although not widely used yet, this article provides the state of
the art in wireless underwater optical communication. Table 1.
shows a comparison of acoustic underwater wireless
communication technologies vs. underwater wireless optical
communication.

Optical communication is defined as communication at a
distance using light to carry information. An optical fibre is the
most common type of channel for optical communications, as
well as the only medium that can meet the needs for enormous
bandwidth in such an information age. Replacing the channel
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Table 1. Comparison of underwater wireless communication technologies.

Parameter Acoustic Optical
Attenuation 0.1-4 dB/km Oiigd(é?ﬁ\m(t(s:fizr;)
Speed 1500 ms™! 2.3x108ms!

Data Rate kbps Gbps
Latency High Low
Distance > 100 km <500 m

Bandwidth 1 kHz-100 kHz 150 MHz

Frequency 10-15 kHz 5x 10 Hz

Power 10W mW -W

from an optical fiber to free space, we achieve Free Space Optical
Communications [11].

Visible light communication (VLC) is a communication
technology in which the visible spectrum is modulated to
transmit data. Due to the propagation distance of the light
emitting diodes (LEDs), the VLC is a technology for short-range
communication. Pang et al. [12] first introduced the concept of
using LEDs for wireless communication.

Visible-Light Communication (VLC) technology was
developed to provide both lighting and data transfer with the
same infrastructure [13]-[16]. VLC techniques transmit
information wirelessly by rapidly pulsing visible light using Light
Emitting Diodes (LEDs). Generally, the information data is
overlaid on the LED light without introducing flickering. The
exhaustion of low-frequency bands to cope with the exponential
growth for the high-speed wireless access is another reason for
exploring new technologies. The visible light spectrum is
unlicensed and hardware readily available, which can be used for
data transmission. Furthermore, the exponential improvement in
the high-power light emitting diodes is an enabler for high data
rate VLC Network. As well as VLC, underwater optical wireless
communications (UOW(Cs) systems are currently being studied
[17]-[21]. In the UOWC systems, light sources are LEDs or Laser
Diodes (LDs). Both are extremely interesting. LDs for their
feature higher modulation bandwidth respect to LEDs. On the
other hand, LEDs, compared to LDs, have higher energy
efficiency, lower cost, and longer life. LEDs seem more suitable
for applications where medium transmission bit rate is required.

Compared to acoustic communication, UOWC has great
potential; with it, we can make communications with high bit rate
and very low latency. Currently, the performance of UOWC
systems is limited to short range applications [22]. Submarine
optical communication systems are starting to be commercially
available [23]-[25].

In the literature, numerous studies have addressed the
problem of optical transmission in water through experiments.
Unfortunately, there are objective difficulties in carrying out the
experiments in a real underwater environment. Most of the
experimental work is done within a controlled laboratory setup.
In such configurations, sunlight which induces noise and which,
in some cases, saturates the light detectors is neglected.

However, in-depth studies are still necessary to create systems
that can be used in real operational scenarios. Researchers are
needed to allow submarine optical transmission even over
medium distances (greater than 500 m). Table 1 shows the
performance features (benefits, limitations, and requirements) of
acoustic and optical underwater communication [26].

While, Figure 1 compares the performance of acoustics, and
UOWLC, based on transmission range and data rate (bandwidth)
[27].
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Figure 1. Compares the performance of acoustic, and UOWC, based on the
transmission range and the data speed (bandwidth).

In order to provide a basic overview, we will go through and
provide summary is to highlight the perspectives of UOWC
technologies. The focus of this is to examine current
technologies and those potentially available in the next few years,
for UOWC.

The military sector where underwater optical wireless
communication finds important applications, thanks to its
intrinsic safety and the availability of higher bandwidth. One
possible application is communication between divers. During
military incursions with divers, it is very important for the
command to have secure communications that are difficult to
locate. Generally, underwater acoustic communications are easily
detectable. In this scenario, UOWC is an excellent technology. It
has the advantage that it is much more difficult to intercept. This
application does not require long range and high band.

Figure 2 shows a typical UOWC military application scenario.

Another scenario is the one shown in Figure 3. It is a Dynamic
Positioning Buoy [28], buoy capable of communicating with
satellite and/or with a terrestrial station and with optical
surveillance station positioned on the seabed.

The surveillance station can be powered by nuclear batteries
[29] and in real time control, through digital optical correlation
[30]-[32], if something intrudes into the monitored area. In case
of suspect object (e.g., a submarine) the image and related alert
is sent back to the buoy and, from it, to the ground costal station
via satellite link. This application can grand a very accurate
underwater video surveillance. In addition, by using UV light for

’Aal link

Optical link

Submarine

Sea Bed

Figure 2. Typical military application scenarios of UOWC.
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Figure 3. Underwater video surveillance scenario.

underwater optical wireless communication, the intruder has a
hard time realizing that he has been detected.

In UOWC the link between transmitter and receiver can be
mainly of two types [20],[26]:

e Point-to-point line-of-sight (point-to-point LOS);
e Diffuse line-of-sight (diffuse LOS) configuration.

The point-to-point LOS configuration, shown in Figure 4 (a),
uses “collimated” light sources. In this arrangement, the receiver
is positioned in such a way as to detect the light beam directly
pointed in the direction fixed by the transmitter. In contrast, the
diffuse LOS configuration uses light sources with a large
divergence angle. This allows for greater flexibility in the
reciprocal positioning of the transmitter and receiver, see Figure
4 (b).

Especially in military applications, where it is necessaty to
communicate between moving units, the diffuse line of sight
configuration (diffuse LOS) must be used.

Figure 4.

Examples of different underwater optical wireless link
configuration.

Theoretically, in a UOWC system we could use any light
source as a transmitter [33]. However, the limitations of power,
size and switching speed imposed by the practical use of the
system restrict the selection to two possible choices: laser diodes
(LD) and light emitting diodes (LED)

Laser diodes (ILD) make it possible to develop UOWC
systems with a high modulation bandwidth and a high
transmission power density. They generally have small angles of
divergence and therefore a strong directionality. They are used in
point-to-point LOS.

In most underwater communications between moving
objects, it is not easy to achieve perfect alignment between
transmitter and receiver. In this scenario, for a realistic
application of the laser diodes, beam expansion or active
alignment systems are required. This greatly complicates the
design of the system. Furthermore, such systems are not very
economical and often not very reliable.

Nowadays, high-brightness LEDs are available, and they
represent a valid alternative to the use of laser diodes. The use of
LEDs as light sources for UOWC systems offers many
advantages such as long life, low energy consumption. In
addition, LEDs with large divergence angles make alighment
problems less stringent. Generally, LEDs are used in the diffuse
LOS configuration.

By means of LEDs, it is possible to create simple and compact
UOWC systems. Unfortunately, due to the large divergence
angles and low modulation bandwidth, LEDs are only applicable
for short-range transmissions and for applications where
relatively low transmission speeds are required.

As receivers, a variety of sensors is potentially usable in
UOWC [34]-[36]: Photodiode, PIN photodiode, Avalanche
photo diode, Silicon photomultipliers.

2. OPTICAL TRANSMISSION IN THE AQUATIC MEDIUM

Beet’s law is commonly used to relate the absorption of
diffuse light to the properties of the medium through which the
light is traveling. When applied to a liquid medium, it states that
the irradiance (E) decreases exponentially as a function of
wavelength (1) and distance (7) [37],[38]. Mathematically, we can
write

EQ,r) = Ey - exp[-Kq(D) - 7], M

where Ej is the initial irradiance (in watts per square meter).

In a medium with attenuation coefficient Kq (1), after traveling
a distance 7, the residual irradiance is E(4, 7). In (1), we assume
that Ky is constant along 7.

The aquatic medium contains many different elements,
dissolved or suspended. These components cause the spectral
attenuation of the radiation. In particular, the concentration of
chlorophyll is a very significant parameter for the use of optical
radiation in submarine communications [39]-[41]. For this
reason, a relationship between the attenuation coefficient Kq and
the chlorophyll concentration was determined.

Underwater, the light shows less attenuation in the blue/gtreen
wavelength range. However, although light attenuation in
seawater is minimum in the blue-green tregion, the optimal
wavelength for underwater optical link is conditioned from the
inherent optical properties of the water, which can largely vary in
different geographic places.

Generally, coastal, and oceanic waters are classified according
to the Jerlov water types [42]-[45]. For Jerlov coastal water types
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Figure 5. Diffuse light attenuation coefficient (Ka) vs. wavelength for Jerlov
water types. Data from Tables XXVI and XXVII in Ref. [46].

1C, 3C, 5C, 7C, 9C and oceanic water type III, diffuse
attenuation coefficients are shown in Figure 5.

Observing the Figure 5, we see that the optical signals are
absorbed in water. However, seawater exhibits relatively little
absorption in the blue/gteen region of the visible spectrum.
Therefore, using wavelengths in this spectral region, high-speed
connections can be attained according to the type of water.
Minimum attenuation is centred near 460 nm in clear ocean
waters and shifts to higher values for coastal waters.

Seawater light transmission model is shown in Figure 6.

The optical power reaching the receiver can be written as [47]-

[50]:
Kq(A)z Ag, - cost
cos@ | 2mz2(1—cosBy)’

Prx=P1x'TTx NRx"€XP [_ @
where Py is the transmitted power, N1y and 7)gy are the optical
efficiencies of the Tx and Rx correspondingly, Ka (1) is the
attenuation coefficient, z is the perpendicular distance between
the Tx plane and the Rx plane, 8 is the Tx beam divergence
angle, 0 is the angle between the perpendicular to the Rx plane
and the Tx- Rx trajectory, and Ay is the receiver aperture area.

The transmitted power is limited by the energy that can be
used by the transmitter apparatus. It must be as small as possible.
In this way, it is possible to have low power supply; very useful
in underwater applications.

Equation (2) shows that for the same energy used by the
transmitter, if you want to increase the transmission distance, it
is essential, among other things, to improve the efficiency of the
transmitter and of the receiver.

Obviously, the transmission distance can also be increased by
using reception systems capable of capturing, theoretically, even
the single photon.

,
!
!
!
!
! ,
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|l .}
< z >

Figure 6. Seawater light transmission model.

As for light sources, technology offers increasingly efficient
and reliable devices. Current light sources (Laser Diode and
LED) have excellent efficiency, high reliability, low power
consumption and low cost. On the contrary, as far as the receiver
is concerned, there is still a lot of research work to be done.

Generally, the detected light from the receiver is small and
disturbed by noise, especially if the transmission is not over a
very short distance. For this reason, new error-corrected
modulation systems that are relatively immune to noise must be
studied, especially if we want to use submarine optical
transmission with high bitrate.

3. BASIC COMPONENTS OF uowcC

An UOWC link can be schematized in three parts, the
transmitter unit (Tx), the underwater channel and the receiver
module (Rx). The schematic in Figure 7 shows the components
of a typical system.

3.1. The Transmitter (TX)

For UOWC systems, the function of the transmitter is to
transform the electrical signal in optical one, projecting the
carefully aimed light pulses into the water. As already mentioned,
the optical light sources are based on LED or LD one [51]-[58].

The transmitter consists of four principal components: a
modulator and pulse shape circuit, a driver circuit, which
converts the electrical signal into an optical signal suitable for
transmission and a lens to realize the optical link configuration.

A critical parameter in optical transmission is the modulation
scheme used. Different modulation schemes can be used in
UOWC systems. Each varies in complexity, implementation
cost, bandwidth, power consumption, noise robustness, and bit
error rate (BER). Table 2 shows a summary on UOWC
modulation schemes.

Typical RF modulating schemes are not applicable in VLC.

Recent UOWC studies have tried to characterize the
using  different
modulation techniques to increase together the data transmission
rate and the link distance [59]—[66]. Table 1 summarizes the main
modulation schemes that can be used in the UOWC [67].

performance of communication systems

3.2. The Receiver (Rx)

The receiver has the task of capturing the transmitted optical
signal and transforming it into an electrical signal.

In many applications, it is important to select a specific
wavelength that impacts on the light detector [86]. The light
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Figure 7. Schematic of a typical UOWC link. The transmitter (Tx) is composed
of a modulator, optical driver, light source, and projection lens. The receiver
(Rx) is made of optical bandpass filter, photodetector, Low noise electronics
and demodulator.
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Table 2. Summary on UOWC modulation schemes.

Modulation Drawbacks Advantages Ref.
- Simple
OOK-NRZ  Low energy efficiency and Low cost [68]-[70]
High requirements on timing
PPM Low bandwidth utilization rate ng.h. power [71]-[75]
efficiency
More complex transceivers
PWM Low power efficiency Yery gqod noise [20], [58]
immunity
Error spread in demodulation High bandwidth  [58],
DPIM efficienc [76], [77]
Complex modulation devices ¥ !
High implementation
PSK complexity ngh.r.et.:elver (78]-(80]
sensitivity
High cost
High system
High implementation spectral
QAM complexity efficiency (80]-(82]
High cost Better rejection
on noise
Short transmission distance High tolerance to
PolSK underwater [83], [84]
Low data rate turbulence
Complex Increase system
modulation/demodulation capacity
SIM devices and suffers from poor (851, [86]
average power efficiency Low Cost

coming on the receiver should have no noise introduced by
sunlight and the presence of other light sources [87]. To try to
solve this problem, the wavelength band (the one transmitted) is
selected by using a narrow optical band-pass filter [88],[89].

When the receiver receives the transmitted optical signal, this
provides to transform it into an electric signal by using photo
detectors. There are many different types of photo detectors
currently commonly used, e.g., the photodiodes. These devices,
for their characteristics of small size, suitable material, high
sensitivity, and fast response time, are commonly used in optical
communication applications. There are two types of
photodiodes: the PIN photodiode and the Avalanche
Photodiode (APD).

Unfortunately, due to the high detection threshold and high
noise intensity, linked to Trans-Conductance Amplifier, that
limit their practical application, photodiodes are not advisable for
long distance UOWC systems. For traditional detection devices
and methods, due to the exponential attenuation of the water,
the optical communication distance is less than 100 m [43],[90].
This constraint severely limits the performance of UOWC
systems. Especially for the management of AUVs and remote-
control vehicles (ROV) [91]-[95].

Recent research is focused on the possible application of
Single Photon Avalanche Diodes (SPADs) technology to
UOWC systems. The Avalanche Photodiodes have a similar
structure to that of the PIN photodiodes and operate at a much
higher reversed bias. This physical characteristic allows to a single
photon to produce a significant avalanche of electrons. This way
of operation is called the single-photon avalanche mode or even
the Geiger’s mode [96]-[98]. The great advantage of SPADs is
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Figure 8. Solar irradiance and oceanic water diffuse light attenuation
coefficient abortion. The curves show that the minimum of the optical
absorption of water is aligned with the maximum of solar radiation. Since
sunlight is an important source of noise, the best ratio propagated signal on
solar radiation is obtained using radiation cantered around 385 nm.

that their detectors do not need to a Trans-Conductance
Amplifier. This intrinsically leads that optical communications
realized with this kind of diodes could provide high detection,
high accuracy, and low noise measurements [99]-[108].

4. UNDERWATER COMMUNICATIONS BY UV-A RADIATION

In the literature, almost all studies do not consider the
presence of sunlight. It is inevitable that UOWC systems are
exposed to sunlight. Furthermore, it should be noted that the
optical absorption spectrum of seawater aligns with the
maximum amplitude of the solar spectrum, see Figure 8 [109].

Generally, solar intensity decreases with depth. By examining
how light is absorbed in water, see Figure 5, we see that the best
wavelengths to use in UOWC are 450-500 nm for clear waters
and 570-600 nm for coastal waters.

This same attenuation is also true for the solar spectrum.
Figure 9 shows how sunlight penetrates seawaters.

In the presence of sunlight, the receivers see very high white
noise and can often go into saturation. This problem is
particularly important with SPADs. Of course, in real
applications, the viewing direction of the photo-sensor is also
important. An upward facing detector is exposed to sunlight a
few orders of magnitude greater than when facing downward or
to the side.

All this, in many practical applications, makes it difficult to
use the spectrum of visible light.

For this reason, submarine communication systems that use
UV-A band communication channels are extremely interesting.

We must also observe two other important characteristics of
optical communication that uses near ultraviolet.

(1) This communication channel is not identifiable and
difficult to intercept. It is particularly attractive for
military applications.

(2) Using UV radiation makes it easier to maintain alignment
between transmitter and receiver [111],[112].

An important application of UOWC is
communication from diver-to-diver. There are commercially
available audio interphones that work quite well.

underwater
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Figure 9. (a) Spectral irradiance of sunlight at the level of the sea; (b) light
penetration in open ocean, (c) light penetration in coastal water. [110].

However, these systems in military tactical applications (such
as raids by military divers) have the drawback of being easily
identifiable.

In order to understand if a system capable of implementing a
communication between divers that is not easily identifiable is
feasible, some preliminary studies have been carried out.

In particular, we tried to understand if it is possible to create
a compact UOWC system that requires few energy resources.

For this purpose, we tried to verify the feasibility of an optical
communication made through a LED-to-LED link.

Due to the growing demand for high-power UV LEDs for
commercial applications, cost-effective and efficient LEDs that
emit in the near ultraviolet (UV-A) are cutrently available.

Bivar
UV5TZ-390-30

Bivar
UV5TZ-385-30

Intensity [a.u.]
w

350 400 450 500
Wavelength [nm]

Figure 10. Spectral intensity of the LEDs used as Tx and Rx.

LEDs with emission in the range from 350 to 400 nm (UV-
A) are light sources that allow you to work just beyond the visible
light radiation. That s, in that region of the spectrum where most
of the sunlight does not penetrate the water. This part of the
spectrum is still quite close to the minimum attenuation in water.
Therefore, it is useable in UOWC systems.

In addition to be excellent light sources, LEDs can be used
both as temperature sensors [113] and as light detectors
[114],[115]. LEDs can detect a narrow band of wavelengths,
close to what they emit when used as a source.

In our experiment, we used a Bivar UV5TZ-385-30 LED as
a transmitter and a Bivar UV5TZ-390-30 LED as a receiver
[116]. Light intensities vs. the wavelengths of the LEDs used are
shown in the Figure 10.

The two LEDs were inserted in a tank filled with real seawater
(water taken from the Tyrrhenian coast - Anzio - Italy). The
LEDs are placed at a distance of 50 cm and facing one towards
the other.

The LED used as a transmitter was driven by the circuit
shown in the Figure 11.

The LED driver shown in the figure has a restricted baud rate.
The main reason is the limited switching speed of silicon devices.
A maximum data rate of 100 kbps can be achieved with this
driver. In any case, this speed of data transmission is more than
enough to implement an excellent audio connection.

Obviously, if the driver is made with transistors made in GaN
technology, data transmissions with speeds higher than 1 Mbps
can be obtained [118].

Figure 12 shows the Rx LED Driver circuit.

Figure 13 shows the signal received by the LED used as light
detector. The transmitter LED is polarized with 25 mA and
switched with a frequency of approximately 80 kHz.

——027uF
PWM Dimming o0— DC

GND

Figure 11. Tx LED driver circuit using MIC3289 PWM boost switching regulator
[117].
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Figure 12. Rx LED Driver circuit using the LTC1050 Operational Amplifier
[119].

The received signal, after traversing 50 cm of seawater, is
“good”. Obviously, further studies are needed to implement and
characterize an underwater UV-A communication realized using
the LED-to-LED link.

5. CONCLUSIONS

Recently many studies have been conducted to use UOWC
technology to transmit information safely with high data rate in
underwater environment. Today, UOWC systems usable in real
operating conditions (with some exceptions) are not yet
available. Therefore, a lot of research in this area has yet to be
done. In particular:

*  Currently, an inevitable phenomenon for UOWC Link is
the misalighment between transmitter and receiver. To limit the
impact of misalighments between transmitter and receiver,
research is underway for the development of smart transceivers.
However, the need to develop robust and reliable UOWC
transceivers that do not require rigorous alignment is urgent.

*  The design innovative modulation and coding schemes
that can adapt the characterizations of underwater environment.

*  Since most UOWC systems are integrated into a battery-
powered platform, energy efficiency is therefore important. The
systems must be designed with high energy efficiency.

Figure 13. Receiver output signal. Rx implemented according to the circuit of
Figure 12.

*  Possibility of using different colored light sources at the
same time to increase data transfer speed and / or allow
simultaneous use by multiple users.

*  Development of new underwater
channel modeling. When environmental conditions deviate from
ideality, the light signal rapidly degrades. It is essential to study
the propagation of the light beam with models that simulate real
conditions as much as possible (even in “difficult”"
environments). All this to allow the optimization of transmission
and reception techniques, both in terms of transmitter and
sensor used as receiver.

Furthermore, we have presented a preliminary study to verify
the feasibility of a simple, economical and reliable
communication system that uses UV-A radiation. The possibility
of using near ultraviolet radiation should favor the development
of UOWC systems that can also be used in the presence of solar
radiation.

Finally, almost all the studies available in the literature are
conducted by simulation or by laboratory experiments. Studies
in real marine environment are needed.

The interest in UOWC is mainly outside the academic field.
In fact, the possibility to use UOWC is based on future military
applications for secure Under Water Telephones (UWTs),
necessary for allowing secure communications between vessels
and submarines, considering the possibility to use both direct and
spread light channels. In addition, the usage of Point-to-Point
optical communications can allow a better usage of torpedoes,
not specifically for their guidance, but for reporting sonar
information back to the base station with a high rate, even in case
of not wire-guided solution.

communication
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