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Abstract—The increasing exploitation of natural resources
under water, particularly in the sea, has ignited the development
of many technological advances in the domains of environmental
monitoring, oil and gas exploration, warfare, among others. In
all these domains, underwater wireless communications play an
important role, where the technologies available rely on radio-
frequency, optical, and acoustic transmissions. This paper sur-
veys key features inherent to these communication technologies,
putting into perspective their technical aspects, current research
challenges, and to-be-explored potential.

I. INTRODUCTION

Underwater wireless communications present new and dis-

tinct challenges when compared to wired and wireless com-

munications through the atmosphere, requiring sophisticated

communication devices to achieve relatively low transmission

rates, even over short distances. Indeed, the underwater en-

vironment possesses a number of distinguishing features that

make it unique and rather different from terrestrial radio propa-

gation where traditional communication systems are deployed.

Under water, several phenomena may influence communica-

tions, such as salt concentration, pressure, temperature, amount

of light, winds and their effects on waves, just to mention a

few [1], [2].

Despite all challenges, wireless communications certainly

play an important role in practical underwater systems. Mon-

itoring different phenomena in underwater environment is

relevant in many different applications, such as oil and gas

exploration, coastal security, environmental impact surveil-

lance, navigation, and ocean-pollution control [3]. Specific

examples include transmission of data among devices, such

as AUV (autonomous underwater vehicle) to AUV and buoy

to AUV, particularly those employing wireless links. In fact,

an entire underwater wireless communication network could
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be deployed through several configurations involving floating

devices, AUVs, seafloor-attached sensors or processing towers,

submarines, or ships. Although there are plenty of opportuni-

ties, one can find very few off-the-shelf solutions for reliable

and economically viable underwater wireless communications,

a trend that will certainly change in the near future given the

current growing demand.

There are three main technologies available for underwater

wireless transmissions. One technology is radio-frequency

(RF) communication, which features high data throughput

at short range and suffers from mild Doppler effect. Other

technology is optical transmission, preferably in blue-green

wavelength, which requires line-of-sight positioning. Another

technology, which is the most employed one, is acoustic com-

munication. This latter technology is the one that allows the

longest range of communication, but achieves low throughput,

is highly impaired by Doppler effects,1 and is affected by large

delay spread that leads to severe intersymbol interference [4].

In all these technologies, it is important to consider both the

implementation costs associated with a target data throughput

for a prescribed communication range, as well as the relative

transmission power that might lead to environmental impacts

such as interference with marine life.2

The aim of this paper is to survey the main features inherent

to each underwater wireless communication technology. The

paper also discusses how signal processing brings about pos-

sible solutions to current practical challenges to improve the

capability of data communication in the underwater environ-

ment. The target audience includes communication and signal

processing researchers/students as well as practicing engineers.

The presentation, therefore, follows a path that is common-

place among those intended readers, focusing on objectively

presenting the main principles of the subject matter. The idea

is to provide researchers, students, and engineers with a clear

picture of the technical aspects, open research problems, and

related business potential of this fruitful and still promising

communication field.

The paper is organized as follows: Section II provides the

big picture. Sections III, IV, and V discuss issues related

to RF, optical, and acoustic communications, respectively.

Section VI addresses the formation of underwater wireless

networks. Section VII briefly compares the communication

1A description of Doppler effect is provided in Subsection V-C.
2It is worth mentioning that there is widespread awareness of these

issues among both civilians and the military. However, underwater modems
typically use much less power than, e.g., military sonar systems or geoacoustic
surveying systems.
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technologies.

II. UNDERWATER WIRELESS COMMUNICATION OVERVIEW

An illustrative example of an underwater environment cap-

italizing on multiple communication technologies is depicted

in Figure 1. Signal communication in such environment might

include several possibilities such as links from land to satellite,

then to buoy ship and/or oil platform. It is also possible to

exchange data through RF antennas located at floating devices

and land stations. Communication devices might be attached

to floating structures to allow the exchange of information

with stations placed underwater. In the water environment, it is

possible to deploy numerous different types of communication

nodes consisting of AUV’s, local area wireless and wired

networks. Some devices might be anchored or attached to the

seafloor.

In such flexible communication environment, it is possible

to establish a software-defined network (SDN) where a large

number of communication devices, each one with its inherent

features, can exchange data. Considering that wireless links

are highly desirable for underwater applications, proper knowl-

edge of the physical constraints on information transmission

over the physical layer must be acquired.

Figure 1. Scenarios of multiple communication technologies: stations placed
underwater can exchange information with buoy ship and/or oil platform using
wireless or wired system. These devices can transmit data to a satellite or to
land.

III. RF COMMUNICATIONS

From the physics viewpoint, for frequency ranges employed

by mobile services, TV, radio, and satellite communications,

the seawater is highly conductive, thus seriously affecting

the propagation of electromagnetic waves. As a result, it

is not easy to establish communication links for distances

beyond 10 m in the ocean [2] in both very- and ultra-high

frequency ranges (VHF and UHF, respectively), or even in

high frequencies. At lower frequencies, namely at extremely-

and very-low frequency ranges (ELF and VLF, respectively),

the electromagnetic-wave attenuation can be considered low

enough to allow for reliable communications over several

kilometers. Unfortunately, these frequency ranges from 3 Hz

to 3 kHz and from 3 kHz to 30 kHz are not wide enough

to enable transmissions at high data rates. Despite being used

in naval [5] and environmental applications [6], performing

communication in ELF and VLF frequency ranges has oper-

ational and financial difficulties, since the equipment is large,

expensive and requires high power.

Another characteristic of underwater RF signals is that they

can travel through several paths: the signal can cross the

water-air boundary and can propagate through the seabed, as

illustrated in Figure 2. Hence, it might be possible to use these

multiple paths to increase the signal propagation distance in

shallow water, and, as a consequence, a submerged station can

transmit information to an onshore station [7]. In this case,

the signal traversing the seabed or the air might suffer lower

attenuation than the signal that propagates only in the water. In

addition to these features, the RF signal also suffers Doppler

effect. Despite being not so pronounced as in the acoustic

case, this channel feature needs to be properly considered and

treated.

Figure 2. Possible multipath propagation of a RF signal in shallow water
environment.

The propagation of the RF signal depends on environmental

conditions, such as salinity and temperature, and is frequency

dependent. Let α(f) represent the channel attenuation per

meter, whose typical model in seawater is [8]

α(f) =
√
πσµ0

√

f = κ
√

f, (1)

where f represents the RF (carrier) signal frequency in Hertz,

σ represents the water conductivity in Siemens per meter,

and µ0 ≈ 4π · 10−7 H/m is the vacuum permeability. The

conductivity is a function of salinity and temperature, being

around 4.3 S/m for seawater, whereas in fresh water it is in the

range of 0.001 to 0.01 S/m. As a result, it is expected that the

attenuation of RF signal be higher in seawater than in fresh

water, considering that the higher conductivity of the seawater

has more impact on the attenuation of the electromagnetic

field. The permeabilities of seawater and fresh water are

approximately the same. The distinct values of conductivity

show the relevance of salinity in the propagation of RF signal.

Thus, the main aspect to be considered to characterize the

wireless channel for RF transmission is the salinity of the

water.

A typical channel model transfer function is described by

H(f) = H0e
−α(f)de−jθ(f), (2)

with H0 being the DC channel gain, θ(f) being the channel

phase, and d representing the distance between transmitter
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and receiver. For a fixed frequency, the channel magnitude

response decreases exponentially with distance. Figures 3(a)

and 3(b) illustrate variations of the magnitude of the channel

response with respect to frequency and distance, considering

fresh water and seawater, respectively. The attenuation for

seawater is always higher than for fresh water for all distances

and frequencies. Moreover, lower frequency and distance leads

to less attenuation for all water types. It is worth mentioning

that the channel model of Eq. (2) does not consider spreading

loss due to the simplified plane-wave model. Besides, even if

we were to consider a spherical wave model, the attenuation

loss would dominate over the spreading loss due to the high

conductivity of the medium: the first increases exponentially

with respect to the propagation distance, whereas the second

increases proportionally to a power of the propagation dis-

tance. Indeed, this source of attenuation dominates all other

losses that actually occur in practice.

Table I presents the propagation distance for a signal attenu-

ation of 50 dB. Considering seawater, when using frequencies

in the order of MHz the propagation distance is on the order

of centimeters. Despite the short propagation distances the

RF technology can be useful in some specific applications,

as for example in data transfer between devices in deep water,

without mechanical coupling.

A. Noise in Underwater RF Communications

RF propagation and noise models in underwater environ-

ments are not widely discussed in the open literature. One

of the few exceptions is the work of [9] suggesting that the

environmental noise follows a probability density function

similar to Gaussian distribution with zero mean.

B. RF Transducers

The technology employed for transducers is the same as

the one adopted for wireless communications in the air, i.e.,

antennas. If the employed frequency ranges are ELF and VLF,

there is the requirement for large receiving antennas, which

can hinder the applicability of RF technology in some cases.

Moreover, all the equipment must be properly encapsulated

for operation in the underwater environment.

C. Main Issues in Underwater RF Communications

The underwater RF communication is heavily affected

by propagation loss that should be estimated accurately in

application–sensitive operations, such as data retrieval and

storage, and power transfer to underwater equipment. In addi-

tion, the RF signal faces severe frequency selective channels

and it is affected by environmental noise. The channel and

noise estimations should be reliable so that channel capacity

can be approached. For that the use of multicarrier transceivers

with possible channel state estimation and channel loading can

be the solution.

Therefore, RF technologies possess severe constraints on

data rates and on propagation distances. These are the main

reasons for the small number of products using RF commu-

nication technology so far. Nonetheless, there are some ap-

plications in which alternative technologies based on acoustic

or optical transmissions are not viable solutions. For example,

one of the most suitable technologies for monitoring seabed

sediments in order to control coastal erosion is through the

deployment of a sensor network that can exchange information

through RF signals [7].

IV. OPTICAL COMMUNICATIONS

The main difference between RF and optical propagation in

seawater is the medium behavior: the water is seen as a con-

ductor for RF and as a dielectric for optical propagation. The

explanation for this phenomenon lies in the plasma frequency,

whose value determines the range of frequencies for which the

medium behaves as a conductor or as a dielectric. The seawater

changes from conductor to dieletric at frequencies around

250 GHz [2]. As in dieletric medium the electromagnetic wave

has lower attenuation than in conductor medium, the optical

technology can provide higher data rates as compared to RF,

for a propagation range limited to tens of meters. As the speed

of light is around 4 to 5 orders of magnitude larger than the

speed of propagation of acoustic waves in fluids, the Doppler

spread and its effects are almost negligible in optical wireless

communications.

The propagation distance of optical signals depends on the

frequency range. The blue-green optical window has lower

propagation attenuation and this knowledge has been used

for improving blue-green sources and detectors [10], [11].

Optical communications usually require line-of-sight between

transmitter and receiver [12], which entails some sort of

direction tracking to maintain the communication link.

Considering the effects of environmental conditions, wa-

ter has two important features that affect light propagation:

inherent optical properties (IOPs) and apparent optical prop-

erties (AOPs). Inherent optical properties depend only on the

medium (water), whereas apparent optical properties depend

on the light source characteristics, e.g., if the laser (light ampli-

fication by stimulated emission of radiation) source produces

collimated or diffuse rays [13]. For optical underwater wireless

communication, IOP is more relevant.

The two main IOPs are the spectral absorption coefficient

and the spectral volume scattering function [14]. Absorption

is the process that transforms electromagnetic radiation into

heat, i.e., the energy that would be re-emitted is absorbed.

Absorption occurs at chlorophyll in phytoplankton, at colored

dissolved organic matter (CDOM), at water molecules, and

at dissolved salts in water [13]. The absorption effect can

be taken into consideration through the parameter a(λ) [15],

named spectral absorption coefficient (in m−1), with λ being

the wavelength.

The direction of the photons change due to scattering.

Scattering can be originated by salt ions in pure water and

by particulate matter [13]. Scattering by objects smaller than

the light wavelength is described by the Rayleigh model,

whereas scattering by objects greater than the light wavelength

is described by Mie theory [2]. The spectral volume scattering

coefficient is denoted herein as b(λ) [15].

The beam attenuation coefficient is related to the total

energy that is lost due to absorption and scattering, and is
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(a) Channel gain versus frequency and distance - Fresh water.

0

2

4

6

x 10
4

0

5

10

−80

−60

−40

−20

0

Frequency (Hz)
Distance (m)

G
a
in

 (
d
B

)

(b) Channel gain versus frequency and distance - Seawater.

Figure 3. Channel properties for RF communications.

Table I
PROPAGATION DISTANCE IN METERS FOR A SIGNAL ATTENUATION OF 50 DB

Frequency

10 Hz 102 Hz 103 Hz 104 Hz 106 Hz 107 Hz 109 Hz

Seawater 4.4× 102 1.4× 102 4.4× 101 1.4× 101 1.4× 100 4.4× 10−1 4.4× 10−2

Fresh water 2.9× 104 9.2× 103 2.9× 103 9.2× 102 9.2× 101 2.9× 101 2.9× 100

defined as [14], [16], [17]:

c(λ) = a(λ) + b(λ). (3)

Many applications employ the backscattering coefficient,

bb(λ), which is part of the spectral volume scattering coef-

ficient (b(λ)) related to the amount of light that returns to

the transmitter. This coefficient can be used to estimate water

quality: the knowledge of the water turbidity can be important

to the design of smart transmitters, which are able to change

transmission power and data rate accordingly [16].

To assess the environmental conditions that affect specifi-

cally optical communications, the water has been classified in

different ways. According to [2], Jerlov water type includes

three main classes: clearest water, intermediate water, and

murkiest water. Clearest water can be found in Mid-Pacific and

Atlantic, whereas intermediate water is typical in the Northern

Pacific ocean. The murkiest water is typical of the North Sea

and Eastern Atlantic. Another classification that is commonly

considered in the literature [14], [18], divides the water into

four types: pure seawater, clear ocean water, coastal ocean

water, and turbid harbor and estuary water. In pure seawater,

the major loss is due to absorption, while in clear ocean water

there is also a scattering loss due to a higher concentration

of particles in comparison with pure seawater. Coastal ocean

water has even higher concentration of particles that affects

scattering and absorption, while turbid harbor and estuary

water have the highest concentration of particles. Table II

presents typical values for the coefficients (c(λ), a(λ), b(λ),
bb(λ)) considering the latter water classification.

Taking into account the aforementioned discussion, the cor-

responding attenuation of the optical signal can be described

as [16]

I = I0e
−c(λ)d, (4)

Table II
VALUES FOR BEAM ATTENUATION COEFFICIENT, ABSORPTION

COEFFICIENT, SCATTERING COEFFICIENT, BACKSCATTERED COEFFICIENT

FROM [14]

Water type c(λ) a(λ) b(λ) bb(λ)
Pure seawater 0.056 0.053 0.003 0.0006
Clear ocean 0.150 0.069 0.080 0.0010

Coastal ocean 0.305 0.088 0.216 0.0014
Turbid harbor 2.170 0.295 1.875 0.0076

in which I is the light intensity at the receiver, I0 is the

light intensity at the transmitter, and d is the distance between

transmitter and receiver. One can define

L(λ, d) = e−c(λ)d (5)

as the propagation loss factor illustrated in Figure 4(a) (with

log-scale for the y-axis in Figure 4(b)).

A. Noise in Underwater Optical Communications

The main noise types impairing underwater optical trans-

missions are [2], [19]: excess noise, quantum shot noise,

optical excess noise, optical background noise, photo-detector

dark current noise, and electronic noise.

• Excess noise is generated in the process of amplifying the

signal at the receiver, which is necessary for overcoming

the effects of thermal noise;

• Quantum shot noise occurs due to random variations of

the number of photons in the optical receiver [2];

• Optical excess noise is caused by transmitter imperfec-

tions;

• Optical background noise occurs due to environmental

optical clutter;

• Photo-detector dark current noise is caused by electrical

current leakage from photo-detector;
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Figure 4. Channel properties for optical communications.

• Electronic noise comes from electronic components.

B. Optical Transducers

Transducers for underwater optical communications have

different requirements depending on whether they are working

as sensors at the receiver end or as actuators at the transmitter

end. Transducers designed for generating optical signals from

electrical signals are composed of optical source, projection

optical system, and beam steering, whereas transducers for

sensing optical signals and converting them into electrical

signals are composed of collection optics and detector [2].

1) Transmitter: The optical source can be either a laser or

a light-emitting diode (LED). In the case of laser sources, as

each technology has distinct characteristics, the selection of the

most appropriate one depends on the system requirements. One

technology is argon-ion lasers, in which the electrical to optical

conversion is extremely inefficient [2]. Other technologies

include diode-pumped solid-state (DPSS) lasers, InGaN lasers,

whose devices are much more expensive than LEDs [2] and

are susceptible to over-current problems, and tunable lasers,

which can adapt the frequency of emission in order to have a

lower wave propagation attenuation according to the particular

environmental characteristics. Another technology is the so-

called laser modulators, whose data rates are extremely low

(in the order of bps or kbps) and the propagation range is rel-

atively longer (in the order of hundreds of meters) [2]. On the

other hand, LEDs are cheaper optical sources when compared

to lasers, but they have shorter propagation range [16].

The function of projection optics is to focus the beam

toward a predefined direction. Beam steering is fundamental

to the optical system performance. Indeed, transmitter and

receiver have to establish a point-to-point spatially aligned

connection so that the optical signals that arrive at the receiver

end have enough energy to be reliably decoded. In this

context, the concept of smart optical systems is emerging in

which transmitters are able to estimate water quality through

the backscattered signal in order to adapt the transmission

power accordingly, thus improving the overall transmission

process [16]. The smart transmitter might have an array of

LEDs designed in hexagonal pyramid shape [16], where each

LED has one lens. Each LED can be individually addressed for

choosing an output direction, composing the switched beam

steering mechanism at the transmitter side.

2) Receiver: Receivers are composed of collection optics

and detector [2]. The collection optics can be a single lens,

or an array of lenses, whose main role is to gather the

transmitted rays. The detector is a photosensor, whose main

role is to convert optical signal into electrical signal. The

objective of the transducer at the reception end is to collect the

maximum amount of photons that were transmitted. In order

to improve system performance, some relevant characteristics

of the collection optics and of the detector have to be analyzed

and considered in the system design.

One characteristic is the aperture size of the photosensor.

It is desirable to have a sensor with large aperture size.

One photosensor with this characteristic is the photomultiplier

tube (PMT). These sensors, however, can be expensive and

bulky [16], which is a disadvantage for some applications.

Another alternative for increasing the aperture size is to

use an array of lenses in front of the small collection area

photosensor.

An ideal photosensor should be cheap, small, robust, and

power efficient [20], however, these requirements cannot be

fulfilled simultaneously in the current technology stage. Ac-

cording to the system specifications, a particular type of pho-

tosensor must be chosen. The main photosensor types are [2],

[13], [20]: photoresistors, photothyristors, phototransistors,

photomultiplier tube (PMT), p-n photodiodes, avalanche pho-

todiode (APD), photon detector selection, semiconductor pho-

tosensors, and biologically-inspired quantum photosensors

(BQP).

C. Main Issues in Optical Communications

In optical communications it is important to quantify chan-

nel dispersion in order to configure the more appropriate

signal-detection method for a reliable communication. The

channel model is affected by features inherent to the physical

layer, such as water type as well as effects related to the
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receiver lens’ aperture size. Unlike other technologies, the

optical transceiver requires special signal processing algo-

rithms to track changes in the directionality of the receiver

field of view and the optical transmitter beam. The possibility

of channel interruption due to the passage of marine life

should be detected on time to avoid loss of information.

The optical transmitter can process the backscattered signal

to determine the transmission power and/or the appropriate

data rate. Signal processing also plays a key role by filtering

the received signal to counter environmental noises that might

entail time-domain, frequency-domain, and spacial filtering.

The optical transceiver can be configured in closed loop where

the receiver includes a diversity combiner and can inform the

transmitter with power and data-rate controls obtained from

the backscattering estimation. The receiver can also estimate

the angle of arrival and inform the transmitter to keep the

alignment as precise as possible.

Besides all aforementioned issues, the main drawback re-

lated to optical communications is their dependence on water

turbidity. This environmental condition constrains the propaga-

tion distance, meaning that the propagation distance achievable

when using optical technology may not be sufficient for some

applications.

V. ACOUSTIC COMMUNICATIONS

As seen before, both RF and optical transmissions have

limited propagation range. The former is severely affected

by strong attenuation, which leads to a small propagation

distance, whereas the latter depends on the water turbidity.

Therefore, acoustic communication is an alternative technol-

ogy to reach higher distances, currently being the dominant

technology for wireless underwater communications.

The speed of propagation of waveforms depends on the

electromagnetic or mechanical properties of the medium. Elec-

tromagnetic waves can propagate through air at speeds close to

the speed of light in vacuum, which is around 4 to 5 orders of

magnitude larger than the speed of propagation c of acoustic

waves in fluids. This imposes tremendous constraints on the

overall transmission process using acoustic waves. Indeed, the

parameters affecting the speed of propagation play a major

role in acoustic-based communications. A model for the sound

speed profile (SSP) for underwater environments with depth

up to 1000 meters is [21] (in meters per second):

c = 1449.2 + 4.6T − 0.055T 2 + 0.00029T 3

+ (1.34− 0.01T )(S − 35) + 0.016z, (6)

in which T is the temperature (in degrees Celsius), S is the

salinity (in ppt — parts per thousand), and z is the water depth

(in meters). Another model for the SSP considering all depths

can be found in [1]. It is worth mentioning that the propagation

speed is always an increasing function of temperature, salinity,

and depth. In case a more realistic model for the sound speed is

needed, an in-situ CTD (conductivity, temperature, and depth)

measurement must be performed in order to estimate the sound

speed profile.

Signal propagation is another relevant issue in underwa-

ter acoustic communication. Multiple delayed and distorted

Figure 5. Example of a communication in shallow water environment.
Multiple delayed and distorted versions of the transmitted signal arrives at
the receiver-end.

versions of the transmitted signal arrive at the receiver due

to the multipath channel, as shown in Figure 5. These phe-

nomena generate distortions in the signal such as intersymbol-

interference (ISI), that must be compensated by the transceiver.

As a consequence, knowledge of the channel model might

enable the design of more efficient transceivers [22]–[24],

leading to communication with improved data rate. So, an ac-

tual concern is the characterization of the underwater acoustic

channel [25]–[27], as well as its capacity [28], [29].

The acoustic waves propagate facing frequency-dependent

attenuation and delay, and this fact plays a central role in

the design of traditional wireless communication systems.

Determining the attenuation behavior as a function of fre-

quency is quite desirable for a system designer, since it gives

technical support for the decision of frequency bands to be

employed in the communication. The acoustic signal suffers

little attenuation at low frequencies, and increasing attenuation

at higher frequencies. Nonetheless, low frequency ranges and

low speed of propagation are two major issues that might

hinder high-throughput undersea communications. Indeed, low

bandwidth imposes a constraint on the amount of bits that

can be transmitted in each channel utilization, whereas the

low speed of propagation increases the round-trip time and

amplifies Doppler effect.

Taking into consideration the propagation properties, from

a signal processing viewpoint, a given snapshot of the under-

water channel could be characterized by its channel-impulse

response. The channel transfer function might have non-

minimum phase [30], thus implying that the inverse system is

not stable. Such fact can turn the equalization process harder to

implement. Some well-known equalization techniques applied

for underwater acoustics are MMSE-based DFEs (minimum

mean-squared error-based decision-feedback equalizers) [31],

adaptive turbo equalizers [32], and TRM (time reversal mir-

ror) [33], [34]. Another common problem occurs when the

receiver is at a shadow zone, so that the received signals

are relatively weak, causing loss of connection [30]. Other

phenomena that yield variation in the sound propagation are

tides, currents, and internal waves [35].

Furthermore, as for RF and optical technologies, it is

common to classify acoustic communications considering the

underwater environment. The underwater environment is clas-
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sified as shallow water and deep water, but each water type

possesses two distinct definitions [36]: hypsometric and acous-

tic. In the hypsometric definition, shallow water is located

in the continental shelf, in which the water column depth is

mainly lower than 200 meters. Generally the sea bottom on

the border of the continental shelf falls off rapidly into deep

water, in which the water column has more than 2, 000 m

depth. The shallow water classification in acoustic definition

considers that the acoustic waves reflect at the sea floor and at

the sea surface before they are detected at the receiver, whereas

in deep water, the wave does not necessarily reflect at the sea

bottom.

Power loss in acoustic waves occurs due to three main

phenomena: spreading loss, absorption loss, and scattering

loss [30]. Spreading loss is the dispersion of a finite amount

of energy that is transmitted by a source when the wave

front is propagating over a large surface area. Depending

on the distance, the wave surface is modeled either as a

sphere or as a cylinder. For long ranges, spreading loss is

modeled as cylindrical since the range of propagation is

bounded by the sea floor and by the sea surface. Absorption

loss, on the other hand, is the transformation of part of

the transmitted energy of the acoustic wave into heat. High

frequencies suffer large absorption losses. Similarly, longer

propagation distances lead to higher absorption loss [37]. The

third phenomenon is scattering, which is a modification of

acoustic wave propagation due to obstacles. These obstacles

can be caused by sea surface, sea floor, objects in the water,

just to mention few examples. The aforementioned spreading

loss and absorption loss phenomena contribute to path loss,

whose simplified model is expressed in dB as [4], [37]–[39]:

10 logA(l, f) = 10 logA0
︸ ︷︷ ︸

NF

+10 k log l

+ l 10 log a(f, S, T, c, pH, z)
︸ ︷︷ ︸

α(f,S,T,c,pH,z)

(7)

where l is the distance (in meters) between transmitter and

receiver, f is the frequency (in kHz), k is the spreading

factor, whose commonly employed values are: 1 for cylindrical

spreading, 2 for spherical spreading, and 1.5 for “practical

spreading” [37]. Parameter NF = 10 logA0 is a normalization

factor that can be related to the inverse of the transmitted

power. Variable α(f, S, T, c, pH, z) represents the attenua-

tion coefficient (in dB/m) that depends on environmental

conditions [39]: frequency (f in kHz), salinity (S in ppt),

temperature (T in degree Celsius), speed of propagation of

the acoustic wave (c in m/s), pH, and water depth (z in m).

Typically, for shallow water, spreading is considered to be

cylindrical, whereas for deep water, spreading is considered

to be spherical at positions relatively near to the transmitter.

A numerical example of the dependence of path loss on

several factors, such as frequency and distance between trans-

mitter and receiver, is depicted in Figures 6(a) and 6(b) for

shallow and deep waters, respectively. For computing path

loss, the factor NF was considered as zero, k = 1 for shallow

water, and k = 2 for deep water. For a fixed distance, there

is a minimum loss value that is related to the spreading loss

and the attenuation factor (l α(f, S, T, c, pH, z)) dominates in

higher frequencies. From these figures, it is possible to observe

that, for low frequencies, the path loss is approximately the

same for different distances. Path loss increases considerably

when the frequency and the distance between transmitter and

receiver increases.

A possible multipath model for the acoustic environment has

the channel coefficients inversely proportional to the path loss,

and to other additional transmission losses, such as reflection

and scattering losses.

A. Noise in Underwater Acoustic Communications

Noise in acoustic communications can be classified as

ambient noise, or as external interference [40]. There are many

sources of ambient noise in deep water and the influence

of each source occurs at specific frequency ranges [37]: for

f < 10 Hz, earthquakes, turbulence in the ocean and in the

atmosphere, distant storms, and underwater vulcan eruptions

are the main sources of noise; for 10 < f < 100 Hz, traffic of

distant shipping can be an issue; for 100 Hz < f < 100 kHz,

the state of the sea surface and of the wind speed are important

factors; and for f > 100 kHz, thermal noise is the main

issue. The noise power spectrum density of the ambient noise

decreases as frequency increases (up to f = 100 kHz) and may

vary according to water depth, ocean location, and time [41].

External interference includes marine animals (biological

noise), ice cracking, among others. They produce acoustic

waves whose frequencies are in a sub-range of 100 Hz

< f < 200 kHz, causing interference in the received signal.

These noise properties depend on the ocean area and might

be intermittent [42].

B. Acoustic Transducers

Acoustic transducers convert electrical signals into sound

(transmitter) or sound into electrical signals (receiver). Trans-

mitters are called sources or projectors, and receivers are called

hydrophones. However, commonly a single transducer acts as

transmitter and receiver in acoustic modems. These devices are

designed for underwater environments and can be attached to

floating objects (e.g. boat or buoy) or can be moored.

Generally sources or projectors work in particular frequency

bands, that are generally narrower than the hydrophone fre-

quency band. Projectors can be omnidirectional or hemispher-

ical, whereas hydrophones can be omnidirectional or direc-

tional. Several omnidirectional hydrophones can compose an

array, so that when the acquired signals are properly combined,

it is possible to select a preferential receiving direction, or to

use diversity for improving system performance.

The most common types of transducers are piezoelectric

and magnetostrictive [21]. Other less common types include

parametric or finite-amplitude sources and receivers.

C. Main Issues in Underwater Acoustic Communications

Most acoustic communication links demand mitigation of

the Doppler effect, that might utilize fast learning and tracking

adaptive algorithms such as Kalman filters. The dispersive
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(a) Shallow water — ocean depth 60 m. (b) Deep water — ocean depth 10 km.

Figure 6. Channel property for acoustic communications.

characteristics of the acoustic channel model is another im-

portant issue to guarantee successful equalization and synchro-

nization. The use of multicarrier transceivers is also possible

as a solution to channel estimation but the high Doppler effect

in acoustic communication affects subchannel orthogonality of

the subcarriers. The propagation delay of the acoustic signal

places additional constraints on the signal processing solution

utilized in these systems; a typical example is the challenge

of deploying relay sensor networks.

The relative velocity between transmitter and receiver ends,

and the underwater dynamical environment cause the Doppler

phenomenon. Although also present in radio-frequency com-

munication, Doppler effect is particularly noticeable when

communicating using pressure waves, due to the relatively low

speed of propagation of the wavefront. The effect is even more

pronounced for underwater acoustic communication, since in

this case, buoys and vessels which host transmitter and receiver

are seldom at absolute rest. Therefore, Doppler distortion

is hard to ignore, and mitigating its effect is of paramount

importance for an efficient communication system.

Doppler effect produces time warping on the transmitted

signal. In addition to the expansion or contraction of the

signal duration, time warping also distorts signal phase. Time

warping can be seen as a modification of the time index

from t to t̄ = [t + ρ(t)], where ρ(t) can be approximated

by (vR cosφ + vT cos θ)/c, in which vR, vT are the receiver

and the transmitter speeds, respectively, and the angles φ and

θ are shown in Figure 7. The reader should keep in mind that

speeds and angles are expected to vary with time, therefore

ρ(t) holds explicitly its time dependence. Once the Doppler

factor ρ(t) is estimated, this effect may be compensated by

proper adjustment of the sampling frequency, followed by a

signal phase correction [43]. A residual distortion may remain,

which is usually treated in the channel estimation procedure.

Therefore, any Doppler estimation scheme implemented must

be robust and resilient. In order to address this issue, new

approaches for estimating and compensating Doppler effect

have been studied in [44]–[57]. Nonetheless, there is no

consensus about the optimal way to tackle this problem.

Another concerning issue in underwater acoustic commu-

nications is related to the channel impulse response. As the

Figure 7. Transmitter and receiver moving with respect to the propagation
medium.

speed of propagation of acoustic waves is lower than the

speed of propagation of electromagnetic waves in the air,

the coherence time of the acoustic channel is smaller than

that for the aerial RF channel. Indeed, a channel possessing

a higher delay spread might require a receiver with higher

computational complexity, due to the augmented number of

variables. A possible approach to avoid this complexity incre-

ment is to employ the knowledge that the acoustic channel is

intrinsically sparse. For references which exploit this property

for estimating the channel impulse response, see [47], [58]–

[63].

Channel equalization is another big issue in underwater

acoustic communication. Those channel features mentioned

above may introduce severe intersymbol-interference (ISI)

and intercarrier interference (ICI) in the received signal. The

equalizer should be capable of removing and compensating

these distortions. Some techniques, such as MMSE-based

DFEs (minimum mean-squared error-based decision-feedback

equalizers) [31] and TRM (time reversal mirror) [33], [34],

[64], have been reported in the literature. Nonetheless, equal-

ization and channel decoding could be implemented in an

iterative way, exchanging pieces of information that help to

achieve a better performance. Turbo equalizers are instances

of those systems that implement such iterative process and that

have been extensively employed and investigated [32], [65]–

[68].
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As discussed in Sections III, IV, and V, each technology

has its constraints, which can limit the communication range,

throughput, or even hinder a reliable communication. One way

to overcome this hindrance is through the usage of underwater

networks.

VI. UNDERWATER NETWORKS

Underwater networks (UWNs) are useful in several different

scenarios that rely on data retrieval, exchange of control

commands among pieces of equipment, or in a broader sense,

general information transfer. Examples of these scenarios ap-

pear in seismology, oceanography, marine life monitoring and

surveillance, natural disaster prevention and control, integrity

check of oil & gas facilities, and military tactical operations.

The network requirements of these applications differ very

much and also depend upon the particular transmission tech-

nology which is employed by the network nodes. The network

nodes must have a multitude of functionalities, including

measuring, storing, and transmitting capabilities using possibly

distinct transmission technologies.

For example, it is common that oil & gas industrial ap-

plications of UWNs employ a set of network nodes fixed

at the ocean bottom that have to exchange information with

other nodes on the ocean surface or with an onshore node. In

order to do that, the nodes at the ocean bottom may have

to use multi-hop communication in order to transfer their

information through an underwater gateway node, which is

able to perform all necessary protocol conversions to other

types of networks. Furthermore, even the nodes at the ocean

bottom may have to communicate with each other in order

to estimate some parameter of interest in a cooperative way

so that a decision could be taken in an efficient and fast

way. This type of application needs devices in the underwater

environment which are somehow (logically) connected to each

other through a UWN.

As described before, the particular example in which one

has to send or receive data to or from a submarine with

unknown position may require covering a vast area encompass-

ing several square kilometers. On the other hand, retrieving

information from a monitoring device in oil wells could be

performed by an ROV (remotely operated vehicle) in short

range using low power. In addition, ROVs and AUVs pose new

challenges to UWNs since they can act like nodes possibly re-

quiring a large bandwidth for video and audio content transfer.

All these examples make clear that the general requirements

for deploying UWNs are quite difficult to list, since the specific

application can impose rather different constraints. Indeed, the

coexistence of wireless and wired UWNs seems to be a natural

solution in order to fulfill the system requirements.

A. UWN Requirements

Nodes should be capable of storing a significant amount

of data. Indeed, there are many applications in which some

of the nodes in the underwater environment are constantly

receiving a large amount of data acquired using different

types of sensors that are monitoring physical variables, such

as pressure, temperature, and flow. Hence, UWN nodes may

require large buffers for storing data before transmitting them.

Due to the aforementioned massive amount of data, another

general requirement associated with UWNs is pursuing a

protocol stack that allows efficient transmissions. In other

words, one cannot spend much bandwidth with headers and

redundant information. In addition, data compression should

be employed whenever possible, and the physical layer has to

play its role by working as closely as possible to the particular

channel capacity [28], [29].

Usually, the energy required to transmit signals in the

underwater environment, especially mechanical waves em-

ployed by acoustic technology, is much larger than the energy

required to listen, receive, and process the received data. Since

batteries are not easily rechargeable or replaceable in some

UWN nodes, the architecture of UWNs and even the network

protocols must be devised taking this fact into account. Indeed,

low power consumption to avoid frequent trips to recharge

nodes is highly desirable. Energy efficiency is a key issue in

UWNs.

Another UWN requirement is that the sturdy nodes must be

capable of sustaining impacts during and after installation, in

addition to being robust so that they can operate in unfriendly

circumstances. Besides, flexible nodes are also important to

accommodate different needs, different configurations, and

different interfaces.

Also, the protocol stack of UWNs must guarantee the

reliability of the overall transmission. One must remember

that the underwater environment is a challenging communi-

cation channel, so that guaranteeing reliability of the trans-

mission/reception process is not an easy task, especially when

energy efficiency and high data rates are also desirable targets.

As stated before, acoustic signals traveling the underwater

environment usually have much smaller speed of propagation

as compared to RF signals propagating through the air. This

means that the delay associated with packet exchanges among

UWN nodes can be very large. Besides, as the acoustic links

are subjected to link outages, UWN protocols must be delay-

tolerant.

As the underwater channel imposes so many harsh con-

straints on the transmission, the routing of packets between

UWN nodes should rely on some sort of channel awareness.

This means that cross-layer designs can play a key role in the

context of UWN protocols.

B. Main Issues in UWNs

Besides all aforementioned issues, it is worth describing

how the PHY-layer affects UWNs with respect to their archi-

tecture, design, and operation. Let us start by first mentioning

that pure optical-based functional UWNs are still lacking

at the time of writing this paper since there exists some

restriction when using currently available technology: almost

all UWN nodes would only be able to work with point-to-

point communication in which the nodes must be correctly

aligned, thus constraining the network architecture. The reader

should keep in mind that the UWN nodes may be mobile and

that even those anchored nodes cannot be taken as completely
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fixed due to natural movements under water. This is a possible

explanation for having so few works addressing UWNs using

only optical transmissions [16], [69].

Regarding pure RF-based functional UWNs, one has the

well-known problem of short-range communication associated

with RF signals under water, especially seawater. This also

imposes a huge constraint on the UWN architecture, since it

would not be possible to have nodes placed too far from each

other. A partial solution to this problem is to work with RF

signals with extremely low frequencies, so that the range of

communication is larger. However, this solution works against

achieving high transmission data rates due to the consequent

bandwidth reduction, in addition to the problems related to

antenna size. In addition, at low frequencies the speed of

propagation of the electromagnetic wave is lower [7], thus

increasing the delay-tolerance constraints of the corresponding

UWN protocols. That is why it is hard to find works describing

fully functional UWNs using only RF transmissions. A dis-

cussion about some aspects of RF-based UWNs can be found

in [7], [70].

An overwhelming majority of works describing solutions for

UWNs rely on acoustic transmissions (see, for example, [3],

[4], [71]–[80] and references therein). Acoustic technology

allows larger distances between UWN nodes. In addition, there

is no need for aligning the nodes, which thus simplifies UWN

operation and architecture design. However, the amount of

energy (or the energy efficiency in bits per Joule) spent by

the projectors to generate the acoustic mechanical waves can

be much larger than the energy associated with receiving,

processing, and storing the information. Indeed, this is related

to generating mechanical waves that can travel through the

water over kilometers, for example. Thus, UWN protocols

must be aware of this fact.

A possible solution to this issue is data fragmentation and

the correct choice of the length of the signal frame. The

authors in [71], for example, propose an optimization problem

for defining the optimal length for the transmitted signals,

taking into account bit-error probability, which directly affects

the average number of retransmissions (most of UWN appli-

cations require reliability), the header and raw data lengths,

and the consumption related to each individual step of the

transmission/reception process, including the energy spent in

control channels. Moreover, UWN architecture and operation

must take into account that it may be better to relay the

information using multi-hops than spending a huge amount of

energy trying to reach far away nodes. All of these facts must

be considered in efficient designs of UWNs, thus showing

how different a protocol stack can be from commonly used

protocols for RF transmissions in the air.

The propagation speed of acoustic waves is relatively small,

which means that large propagation delays are inherent to

UWNs. In addition, UWNs also have to deal with link outages.

Therefore, the protocol must be able to handle these two

features, which is not the case of the traditional TCP/IP

protocol.

We believe that an efficiently designed protocol stack for

UWNs must consider using all types of transmission tech-

nologies, namely optical, RF, and acoustic [81]. The UWN

nodes should be self-reconfigurable, depending on the trans-

mission data-rate demands, neighboring nodes which they can

communicate with using a particular type of technology, and

target energy efficiency [82].

VII. RF, OPTICAL OR ACOUSTIC TECHNOLOGY?

Before concluding which technology should be the best to

transport information, one must know in which environmental

conditions the system has to operate, as well as what are the

communication requirements. Table III summarizes the main

features and drawbacks inherent to each technology that might

help approach a proper solution. This table compares the water

properties that mostly affect each transmission technique:

salinity for RF, water turbidity for optical, and water depth for

acoustic. Each technology is mainly affected by distinct water

features, as described in Table III. The interested reader can

refer to [83]–[90] for further information regarding achievable

data rates for different technologies and parameters.

In addition, to achieve robust and reliable underwater com-

munication, the challenge is to propose flexible communica-

tion systems including all the aforementioned communica-

tion technologies. This flexible system could be intelligent

so that the maximum transmission rate could be achieved

considering, for instance, environmental conditions, distance,

and relative movement between transmitter and receiver. This

heterogeneous system would be able to switch technology of

transmission/reception according to a predefined cost function:

the receiver would send from time to time an acknowledgment

signal to the transmitter that would take the appropriate action.

Furthermore, since all underwater communication systems

have inherent limitations with respect to connections over long

distances, the use of networks including several sensors and

relays, with the aid of smart protocols, seems to be a natural

solution. The network nodes could be fixed or mobile, and all

nodes should ideally be able to transmit and/or receive with

the three technologies [90]. The mobile nodes should be smart

enough such that moving to a nearby position would result in

improved communication by optimizing an appropriate cost

function.

VIII. CONCLUDING REMARKS

Proper exploitation of the ocean environment for com-

munications requires a clear understanding of the mecha-

nisms affecting the underwater signal, such as the attenuation

characteristics originated from the propagation properties of

RF, optical, and acoustic transmissions. Modeling underwater

signal propagation is very difficult but its understanding plays

a key role to determine the effective data processing at the

transmitter and at the receiver so that reliable and accurate

communications are possible. As expected, each communi-

cation technology requires distinct channel modeling, turning

the task of conceiving a network employing flexible modems

much more challenging.

Future generation modems for certain will include many

signal processing tools in order to achieve high-data rates at

the physical layer when employing any of the technologies
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available or a combination of them whenever the environmen-

tal conditions allow. Reaching data rates nearing theoretical

channel(s) capacity(ies) is a desired objective to be accom-

plished with the indispensable aid of today’s ubiquitous signal

processing tools. This paper contributes in this direction by

providing an up-to-date survey of the main technical aspects

and research challenges of wireless underwater communica-

tions.
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Table III
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