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)e domain of underwater wireless communication (UWC) link is gaining much attention due to an increase in various
underwater activities such as offshore hydrocarbon exploration, underwater unmanned vehicles (UUV), and military practices.
Increased bandwidth and a reliable data link are mainly required for such activities. Both requirements of the domain are heavily
affected by the highly conductive property of the seawater. )is paper demonstrates the performance evaluation of radio-
frequency-UWC, focusing on surface wave analysis, to propose a reliable solution for offshore activities. A constructive in-
terference scheme can be useful due to the sharp difference in the properties of the twomediums (air and seawater). To that end, an
experimental setup is created, and a corresponding finite element method (FEM) based simulation of the radio-based wireless link
is run. )is is because it has higher bandwidth and speed than acoustic and optical approaches. A conduction current mechanism
transmits and receives data in a synthetic water tank containing a prepared conductive media (saltwater). )e study of changing
depths of transmitter-receiver nodes in saltwater shows that surface waves cause significant noise reception in shallow water (less
than dipole length, below water level). During a series of experiments in the tank, the lowest bit error rate (BER) is observed only
when the node’s submerged height was greater than dipole length. As a result, it is meant to provide a genuine data channel model.
)e discovery and analysis will aid in the development of a dependable underwater data link, with applications including short-
range diver-to-diver communication, and UUV capability.

1. Introduction

Due to the growing demand for underwater marine appli-
cations, developing an underwater wireless communication
connection has become a fast-growing yet challenging re-
search subject in recent years. As evidence, many papers
[1, 2] offered underwater activities, including oil rig mon-
itoring, offshore surveillance, port security, and geological
studies, and associated expeditions solutions. However, due
to substantial attenuation in the highly conductive medium,
which restricts skin depth, existing models for wireless
communication links in the air cannot be utilized under-
water [3]. As a result, the underwater channel’s bit error rate

is significant, especially when the lateral communication
extent is longer. In this scenario, a reliable communication
link has become vital for several successful offshore oper-
ations, including controlling and monitoring UUV.

Acoustic, optical, and radiofrequency (RF) are the most
frequent methods for building an underwater wireless
network. However, all of the techniques have some ad-
vantages and disadvantages. For a long time, acoustic waves
have been utilized as an authentic scheme. However, lately,
they have been demonstrated to fail when used in shallow
water. It is caused by reflections from the bottom and sea
surface (reverberation effect). Furthermore, acoustic tech-
nologies have a sluggish data transfer speed. Backscatter
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from suspended materials and refracted light from the
surface, on the other hand, can cause unreliability in optical
techniques. In all circumstances, the surrounding medium
parameters and wave penetration depth significantly impact
an underwater channel link.

Furthermore, RF signal transmission is hampered by
the saltwater environment, which also inhibits long-dis-
tance wave propagation. For the UUV application, a tether
cable has been reported as an option for real-time sur-
veillance. However, the complex offshore environment and
nonlinear dynamics of the UUV have made the purpose
more challenging. In comparison, the RF-based method
ensures a high data rate (up to 100Mbps) in a shorter range
while less affected by the water turbidity and ambient
acoustic noise. )ese attributes support the method for the
real-time surveillance of UUV. To develop a radio-wave-
based system, it is required to analyze the critical com-
ponents for the performance index measurements that
affect the channel. Along with coil, loop, and dipole an-
tennas [4], the current conduction method has been re-
ported for the underwater radio connection as a
deployment-friendly means to generate radio waves. In
several reports [4–6], the present conduction method was
used to illustrate the propagation of electric fields in a
conducting marine/water environment.

)is section aims to briefly analyze the state of the art in
underwater wireless links using surface waves and their
challenges. Inmost related work, the challenges are the range
of the link, reliable data transfer rate, and bandwidth ca-
pacity. To address these issues, two alternate approaches are
usually utilized: (1) receiving RF signals at air while prop-
agating at the seawater-air interface and then refract to the
air path, followed by air to water signal propagation, due to a
submerged transmitting source, and (2) utilizing the phe-
nomenon of the guided wave at the air-seawater interface to
build the wireless link. Several documents following both
phenomena have been reported. A report where several
orientations of submerged dipole source like horizontal
magnetic dipole along x−direction (HMDx), horizontal
electric dipole along x−direction (HEDx), vertical magnetic
dipole (VMD), and vertical electric dipole (VED) has been
compared. Among them, HEDx has exhibited the highest
strength of the EM field that promises a more extended
range of communication links with higher bandwidth [5, 6].
Besides the horizontal range, the vertical range is also ex-
amined in some articles using surface wave analysis. A
document claimed a vertical link range of 60m using an
applied source frequency of 10 kHz [7]. Antenna impedance
using a RF source demands impedance matching for a re-
liable link. Another work proposed an enclosed source (a
monopole helix) in ionized water that claimed improved
coupling of EM wave in seawater using a seawater-air in-
terface. )e work used 50MHz bandwidth and achieved an
acceptable EM signal strength at a vertical offset of 5.5m [8].
Utilizing the phenomenon of surface waves for achieving an
effective link, an encapsulated underwater communication
system is proposed. With this scheme, medium-to-high
frequency is reported [9]. )e common issue found in all
related work is the difference in experimental and analytical

outcomes in terms of range. In addition, BER and SNR are
considered vital indicators for an efficient communication
link. Due to the notable variation in the design schemes,
both indicators are usually neglected.

Another crucial aspect of the underwater wireless
communication link between two nodes is the modulation
of signals based on transmitted frequency. A document
used turbo code to address the scenarios to increase the
signal-to-noise ratio (SNR) of the higher-order Phase Shift
Keying such as 8PSK and Quadrature Amplitude Modu-
lation systems such as 16QAM. )e Orthogonal Frequency
Division Multiplexing (OFDM) approach is capable of
amplitude variation (reported as 20–25 dB) when applied
to a frequency-dependent channel [10]. PSK and Com-
plementary Code Keying (CCK) were compared to data
rates utilizing IEEE 802.11 b/g in such a way that BPSK and
QPSK displayed increased error protection at the expense
of reduced transmission speed when analyzing various
modulation methods. )e ON-OFF shift keying modula-
tion method also claimed a 1Mbps transmission rate while
increasing the lateral propagation range [11]. Digital signal
processing was incorporated using a comparable method,
resulting in a transmission range of 50 cm at a data rate of
1Mbps. Power Spectrum Density (PSD) measurement of
the underwater link utilizing Amplitude Shift Keying
(ASK) at frequencies ranging from 3 to 10 kHz and PSK at
8.66 kHz [12] validated real-time data transmission. Soft-
ware-defined radios, digital modulation at 2Mbps, and a
signal frequency of 2MHz can easily achieve a radio link
range of 2.2m [13]. Furthermore, for underwater radio
communications, multiband carrier modulation has
revealed some transceiver setup constraints [14]. In ad-
dition, the flexible modulation technique employing Phase
Locked Loop (PLL) is employed to estimate the BER at
various frequencies to study the aforementioned restric-
tions [15]. Additional studies have been written on how to
improve the underwater electromagnetic wave communi-
cation model by using directed antennas, angular move-
ment variations, and other modulation techniques and
reducing path losses [16, 17]. Following a review of the
several modulation techniques used in underwater com-
munication systems, it was discovered that modulated
signals are frequently evaluated as functions of frequency,
source-receiver offset, and associated noise. However, it
should be noted that a long radio link range necessitates a
wide antenna and a high power output. 2ASK modulation
(or OOKmodulation for digital modulation) has proven its
efficiency in circuit simplicity and design implement-
ability within the given limits [16]. Aside from modulation
techniques, there is a wealth of information available on
underwater antenna design. )e performance and useful-
ness of existing designs such as dipole, loop, and coil
antennas are presented [18]. Our most recent work ex-
plored frequency variation using 2ASK modulation in
relation to the probability density function, as shown in
Figure 1.)e technique is used to see if the channel is stable
and if larger data samples are feasible. )e encouraging
finding revealed that a transmitter and receiver length of
20 cm could efficiently receive a 100 kHz signal [19].
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2. Problem Statement and Proposed Solution

For seawater as the surrounding medium, the wireless link
has to rely heavily on its physical and electrical properties.
)e conductive medium usually hinders the waves from
traveling longer but also causes such interference that affects
the link reliability. )erefore, it is known that the successful
communication link depends solely on a maximum com-
munication range. )is implies that if the range of a UUV
(primary node) exceeds the range of the secondary node,
then the communication will not be established. )is binary
approach usually fails in practical offshore practice due to
signal reflection from either seabed or sea surface. In this
work, we consider the problem of the unreliable wireless link
between two nodes for the UUV application. It has been
demonstrated in the literature that the surface wave may
assist in obtaining a higher magnitude of the received signal
due to the guiding factor between two mediums. Using this
situation, we proposed a solution of surface waves evaluation
for establishing a reliable communication link. BER is
practiced as a critical indicator while examining the surface
wave for a successful link.

In this work, the system design uses a current con-
duction mechanism to produce data signals in seawater
(which mimics a highly conductive medium) in a syn-
thetic water tank. A pair of identical copper electrodes are
used to generate and receive the signals in the experi-
ments. )e design is characterized by Amplitude Shift
Keying (2ASK). )e electrodes are then used to send the
modulated data signal. Receiving electrodes capture the
electric field at the receiver end. To match, a demodulator
circuit is designed and implemented. Most past research
on the experimental design technique has focused on
node-to-node wireless communication networks beneath
the sea. However, the effects of surface waves on the
receiving node are usually neglected. )is paper examines
the characteristics of surface and direct waves to create an
efficient channel model.

3. EM Modeling for Conductive Medium

A conductive medium like saltwater shows ohmic losses due
to its high permittivity and conductivity, limiting the spread
of electromagnetic waves in the medium [20, 21]. Numerous

solutions have been presented, including a model for
wavelength-compensated path loss with a range of 50m and
an attenuation of 140 dB [22]. When waves propagate in
seawater, a high absorption loss is a stated fundamental
property of the medium. On the other hand, waves traveling
through the air-seawater interface are likely to be refracted.
It is well established that a considerable number of the
transmitted waves are guided down to the receiving antenna
via a low loss channel (the boundary). )e phenomenon is
depicted in Figure 1. Similarly, a wave propagationmodeling
at the seawater-seabed interface can be monitored for the
deeply submerged transceiver [23]. )e sudden change in
conductivity at the seawater-air interface instead of the
seawater-seabed interface distinguishes the two events. As a
result, this paper examines a possible channel model for the
shallow submerged transceiver by varying the propagation
depth.

Mathematical modeling enables the computer simu-
lation to characterize and analyze experimental data,
culminating in creating an optimal design performance
index. Experiments were conducted in a synthetic water
tank utilizing a dipole source and current conduction to
generate EM waves. EM waves propagate at a low fre-
quency in an underwater medium to simulate a higher
skin depth [24]. As a result, only conduction current will
be employed to approximate Maxwell’s equations. )e
electromagnetic field generated by a sufficiently narrow
finite conduction current generated by horizontal electric
dipoles in a homogeneous, time-invariant conductive
medium is given by

Er �
Iod cos θ

2π(σ + jωε)r3
(1 + cr)e

− cr
, (1)

where d represents the literal gap between transmitting
electrodes, Io represents the applied current, r represents the
offset between transmitting and receiving electrodes, ω
represents the angular frequency, ε represents electrical
conductivity, and μ represents magnetic permeability [25].
Due to the significant attenuation of waves passing through
conductive saltwater, the propagation coefficient is defined
as

c �

������������

−εμω2
+ jωμσ



. (2)

While shallow water concentrates wave propagation,
waves traveling over saltwater may reach the sea surface [26].
Using the propagation constant, a model of airwaves
(surface waves) travel at the interface of air and seawater
picked up by the receiver is given by [27]

E
Airwave
r �

I0d cos θ e
ik 2Z0( )[ ]e

ik0r( )

2πσ1r
3 , (3)

where k � (iωμ0σ1)
1/2 is the complex low-frequency wave-

number associated with seawater and its conductivity and
k0 � ω(μ0ε0)

1/2 is the wavenumber associated with air.
)e final model for electric field intensity used in this

work can be obtained as

Direct waves

Surface waves

Tx
Rx

Zo

r

Air

Sea Water

Figure 1: Channel architecture.
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E �
I0d

2β 2r + 3Z0( 
e

− α 2Z0+sin θZ0( )e
− jβ 2Z0+sin θZ0( ). (4)

4. Methodology

)e underwater data connection link will be investigated at
various depths in this study. )e development of specialized
hardware is used to accomplish this. )e experimental setup
consists of three essential components: copper electrode,
transmitter node, a conductive water tank, and a copper
electrode receiver node.)e transmitter node oversees signal
production, modulation, and eventually electrode connec-
tion. )e node is made up of a Microcontroller Unit (MCU)
that generates low-frequency data and a high-frequency
carrier wave in accordance with the Serial Universal
Asynchronous Receiver Transmitter (UART) protocol uti-
lizing the 2ASK modulation technique. In an electrode-
based similar scheme, theoretical displacement prediction is
positively correlated with the experimental circuit design
[28]. In our work, the modulator circuit is composed of
active (triodes) and passive (resistors and capacitors)
components used to modulate and enhance the signal.
Assume that Vin is the voltage at the circuit’s input, Vt is the
voltage at the triode, and K is the triode’s constant (K � the
ratio of the triode’s and transformer’s magnification). )e
calculated current flowing via the transmitting electrode I is
as follows:

I � K
Vin − Vt( 

R
. (5)

A carrier frequency of 100 kHz was used in these ex-
periments. )e frequency variation generated by the HED
source was recently assessed regarding the probability
density function, as shown in Figure 2. In addition, the
method is used to determine the channel’s stability and the
feasibility of larger data sample sizes. With a transmitter and
receiver distance of 20 cm, the encouraging result revealed
that the 100 kHz signal could be received efficiently.

Subsequently, the conditioned signals are coupled with
the submerged transmitting electrodes in a prepared 4 S/m
saltwater.)e instrumentation, including themodulator and
amplifier, enhanced the signal once the receiver electrodes
received it. After removing noise from the data using a low
pass filter, the amplified signals are demodulated to form the
received 2ASK signal. Finally, the processed signal is
compared to the reference voltages, and a comparator circuit
outputs the result. Initially, the distance between the
transmitter and receiver electrodes is set to 20 cm, and the
spacing between the transmitter and reception electrodes is
maintained to 80 cm. )e components of the overall ar-
chitecture for inspecting the data transmission link in in-
creasing degrees of depth are shown in Figure 3.

)e experimental tank has been set up to accommodate
a wide range of components required for in-depth research
and investigation. To develop a variety of experimental
setups, the transmitter-receive offset, the space between
transmitter and receiver electrodes, and the depth of both
sets can all be varied. )e experimental tank is depicted in

Figure 4(b), while the corresponding simulation model is
depicted in Figure 4(a). )e simulation model, which is
based on FEM, mimics the experimental design by placing
six additional receivers on the seawater’s surface to in-
vestigate surface waves while changing the transmitter’s
depth.

5. Simulation Results

)e experimental tank is set up to examine and study a wide
range of factors in detail. Variable transmitter-receiver
offset, a separation between transmitter and receiver elec-
trodes, and both sets’ depth help generate a wide range of
experimental combinations. )e FEM-based simulation
model replicates the experimental concept to investigate
surface waves. )e model is simulated using a commercially
available 3D EM solver (CST Studio Suite®, 2012). A high-
performance computing machine contains 8 cores, 16
threads, 32GB RAM. Each run of CST simulation took
around 07 minutes.

From the FEM-based simulation of the corresponding
experimental design, it is observed that the field response
dropped down while varying Z0 (the transmitter-receiver
offset remains constant), demonstrating the impact of
surface waves. Surface waves affected the signal attenuation
at the receiver abnormally. At the end of the receiving
electrodes, the attenuation was drastically high whereas, at
the center of the electrodes, the decay is considerably low, as
depicted in Figure 5. Based on the observation, this study
will now investigate the amplitude of the signals at the
surface of the saltwater. )e potential distribution of the
electric field at the surface is presented in Figure 6. )e left
column of Figure 6 shows the numerical solution’s response
utilizing 06 receivers (surface waves), while the right column
shows the side view of the computed model, which reveals
the depth variation of the dipole source. As the transmitter
source was lowered from 10 to 40 cm below the sea surface,
the potential dispersion of the electric field decreased.
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)e received signal intensity is shown in Figure 7 due to
the depth variation in the y-direction, along the centerline
between the transmitting and receiving electrodes. Even
when the transmitter-receiver offset and injected power are
constant, the responses displayed in Figure 6 for the surface
wave and Figure 7 for the receiver electrode show a similar,
falling signal strength trend. As a result, the receiver’s falling
trend in Figure 7 proves the superimposition of surface and
direct waves. )e data implies that the signal strength is
higher at the shallower location of the transceiver system.
Techniques such as BER and SNR, on the other hand, are
mainly responsible for evaluating the communication
channel’s efficiency. In this study, we conducted an exper-
imental analysis to determine the BER at various levels.

6. Experimental Results

Due to the dependence of received signal intensity on water
depth, this article discusses establishing an experimental
communication link under the same conditions. First, the
active and passive circuitry of the front-end system is built in
the way shown in Figure 3 to offer dependable and effective
underwater communication. )en, in connection to the bit
error rate of data transmission, extensive tests with changing
the source-receiver depth were carried out and analyzed.
Figure 8 shows experimental data reception using a small
finite spread of known data packets over a 0.6 msec time
after 2ASK demodulation. An amplifier and a comparator’s
outputs are also included in the received signal. )us, only
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Figure 3: Block diagram for proposed system (inspired from [29]).

100 cm

50
 cm

50 cm

80 cm

XZ

Y

(a) (b)

Figure 4: (a) Virtual model with receivers, immersed dipole source. (b) Top view of the experimental tank with transmitter and receiver
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the source-receiver, 30 cm below the ocean’s surface, is
visible in the data.

Finally, when the depth of the transmitter source is
altered, the BER ismeasured and analyzed for evaluation and
conclusion. )e electrode separation between the trans-
mitter and receiver is 20 cm, with an offset of 80 cm between
the transmitter and receiver. With the chosen frame size, bit
errors are calculated for each relevant data packet transfer
depth. Figure 9 shows a simplified experimental way of
estimating the BER. A frame header is used on the trans-
mitter side to encode and transmit known data in hex
format. )e MCU’s UART is used to access the decoded
frame header on the receiving end. In Figure 10, the ratio of
transmitted to received bytes in a data frame is calculated
and shown.

)e transmission network’s effectiveness is determined
using the BER shown in Figure 10. )e measured BER is
much higher when the transmitter source is 10 cm below the
water surface than 30 cm below the water surface. 10 cm
below the water surface is clearly a shallow water link where
the magnitude of the received signal was observed highest, as
presented in Figure 7. )e total water depth was 50 cm that
outcast the possible effect of the bottom reflection of signals.
)is is also evident in Figure 7 where the signal strength is
weakest at 40 cm below water level. In this situation, this
study aims to determine if surface waves may be used to
amplify the electromagnetic field. However, when the effi-
ciency of a communication link is tested, it exhibits ab-
normal behavior. )is realistic uncertainty has paved the
way to conclude the effect of destructive interference by the
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surface waves. As a result of this work, the lowest BER has
been determined while the transmitter is positioned 30 cm
below the water’s surface. )is depth is greater than the
20 cm dipole length.

Surface waves have a significant effect due to rever-
berations at the air-saltwater interface, as modeling and
studies have shown. Apart from the influence, the horizontal
extent of the wave is well known to be a function of skin

depth. In a complex but straightforward relationship, the
size of the transmitted wave is related to the frequency
variation. As a result, it is assumed that frequency fluctu-
ations contribute equally to direct and surface waves if the
dipole source length remains constant. As a result of our
research, we discovered the impact of surface waves on
underwater data reception and a potential application for
short-range diver-to-diver and UUV applications.
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7. Conclusion

)e conduction current technique is adopted in this paper to
create the underwater communication link focusing on UUV
applications. )is research aims to examine wave propagation
behavior in the varying water column and its influence on the
establishment of successful wireless links. An FEM-based
simulation is conducted for the surface wave analysis where the
depth of the transmitter is focused for this evaluation. Shallow
water amplifies the received signal in both the near and far
fields of the generated carrier signal containing data. However,
submerging the transmitter to a depth of 30 cm produced
reliable results in terms of BER, a fundamental parameter for
evaluating communication links. Using the conduction current
technique, this depth is calculated to be more than the dipole’s
length, which is around 20 cm. As a result, this study concluded
that the most viable technique to establish an underwater
communication link is to reduce surface waves, possibly at a
depth more significant than the dipole length.)is scheme will
lead to developing a reliable communication link between the
unmanned underwater nodes. Furthermore, efforts such as
injected power augmentation may be considered to extend the
investigation to a more extended link. Additionally, instru-
mentation and structural modifications to the receiver may be
investigated to enhance the receiver’s ability to detect weak
electric signals and reduce noise.
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