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Abstract—This investigation presents a contemporary
approach that strategies reducing the challenges associated
with underwater communication in terms of extending data
transfer speed and signal quality. Minimizing these obstacles
via combining Orthogonal Frequency Division Multiplexing
(OFDM) as an approach to data transmission with cutting-
edge technologies in hybrid networks that use Non-Line-Of-
Sight (NLOS) Underwater Wireless Optical Communication
(UWOC), besides Free-Space Optical (FSO) and optical fibre
as a connection channel between terrestrial networks and
underwater platforms. Using OFDM between 7.5 and 2.4
GHz for UWOC and Wi-Fi for water’s surface platforms
demonstrates a method to improve the overall spectrum
usage and expand the wireless communication ability for

both water’s surface platforms and the underwater scenarios.

The system performance behavior has been improved by
using multiple-path underwater NLOS channels with
amplifiers, achieving a receiving depth of 30 meters in the
coastal ocean and 80 meters in the Clear Ocean at 3.7E-22 Bit
Error Rate (BER) at 1 Gbit/s. The heterogeneous network
proposal leverages the strengths of each technology
capability while offering high data rates, robustness, and
flexibility, essential for a variety of applications in marine
research, underwater robotics, and wireless communications.

Keywords—Orthogonal Frequency Division Multiplexing/
Free-Space Optical/Freedom Online Coalition (OFDM/
FSO/FOC), Underwater Optical Wireless Communications
(UOWC), multiple NLOS, atmospheric attenuation

I. INTRODUCTION

Hybrid  networks  utilizing  Non-Line-of-Sight-
Underwater Optical Wireless Communications (NLOS-
UWOC), Free-Space Optical (FSO), optical fiber, and
Orthogonal Frequency Division Multiplexing/ Free-Space
Optical (OFDM) technologies represent a promising
solution for enhancing communication between above-
water systems and underwater platforms. By leveraging
the strengths of each technology, these networks can
provide high data rates, robustness, and flexibility, making
them suitable for a wide range of applications in marine
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research, underwater robotics, and telecommunications.
This integrated approach addresses the challenges of
underwater communication, ensuring reliable and efficient
data transmission in complex environments. UOWC
technology has the ability to enable high data rate wireless
connections due to its wide license-free bandwidth [1].

According to Ref. [2], a long-distance, high-speed
underwater optical wireless communication system using
a low-cost green laser diode, the researcher reviewed other
experiments that achieved a speed of 500 Mbps over a 100-
meter-long tap water channel. A long-distance high-speed
underwater optical wireless communication system using
a low-cost green laser diode, achieving 500 Mbps over a
100-meter tap-water channel [2].

This research evaluates the performance of Underwater
Wireless Optical Communication (UOWC) systems and
channel modeling. Despite hostile environments,
underwater depths present industrial growth potential.
UOWC has gained attention as a low-cost, despite the
difficulties [3] posed by the surrounding environment. Wi-
Fi should be installed at the water’s surface, and
underwater platforms need robust signals for maritime
conditions.

Orthogonal Frequency Division Multiplexing (OFDM)
is utilized across frequencies from 7.5 GHz to 2.4 GHz for
both Wi-Fi [4, 5] and Underwater Wireless Optical
Communication (UWOC). OFDM is a digital modulation
technique that enhances data transmission divides high-
rate data streams into lower-rate streams transmitted over
multiple subcarriers, enhancing spectral efficiency and
reducing interference. OFDM has ambitious potential for
underwater communications systems and its ability to
improve performance in challenging aquatic environments
[6]. OFDM in underwater systems for enhancing
communication performance in complex conditions [6].

2.4 GHz Band: Commonly used for Wi-Fi (e.g.,
802.11b/g/n), offering good range for water’s surface
platform

7.5 GHz Band: Not a standard Wi-Fi frequency, but may
provide higher data rates and less interference.

OFDM can modulate signals for Non-Line-Of-Sight
(UWOCQ), enabling high data rates and improved reliability
underwater [7]. UWOC utilizes light to transmit data
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through water, which can be affected by factors such as
scattering and absorption. While traditional UWOC
typically operates in the visible spectrum, the concept of
using OFDM in the 7.5 GHz range may refer to hybrid
systems that combine optical and Radio Frequency (RF)
communication.

Hybrid networks that integrate NLOS underwater
wireless optical communication utilise light to transmit
data through water, even when direct line-of-sight is
obstructed. One of the benefits of choosing the
performance of NLOS systems is their ability to function
without precise alignment. One advantage of choosing
NLOS systems is their ability to operate without precise
alignment [8]. This flexibility was also mentioned in [9];
due to the concepts of scattering and reflection, it enables
signals to reach receivers that are not directly aligned with
the transmitter. This method is particularly useful in
underwater environments where obstacles (e.g., marine
life, structures) can block direct paths.

A. Advantages of Hybrid Networks

Reliability: Communication technologies have now
developed significantly, which has reduced gaps
and challenges. The process of integrating these
technologies provides an opportunity to improve
communications. In addition to multiple
transmission paths, for example, if one of the paths
becomes unavailable (due to water turbidity or
environmental conditions), the other paths may
maintain the connection.

Increased Data Rates: light and laser sources
connection of NLOS-UWOC and FSO enables
higher data transfer rates thus supporting real time
monitoring, data collection and remote sensing.
Flexibility and Adaptability: The integrated multi-
technology approach allows for adaptability in
different environments [ 10], whether underwater or
terrestrial, making it applicable to different
functions. Such as marine research and underwater
robotics to collect and transmit data from
underwater sensors to ground stations for
environmental monitoring and exploration.
Communications: Providing access to high-speed
Internet gives the ability to transfer high-definition
files and videos from within maritime areas. This
enhances the accuracy of data in maritime
operations and research.

The organization of the paper is as follows: The
proposed system model and the main design components
are presented in Section II. The degradation processes of
the main channel of the land and underwater connection
are presented in Section III. Section IV focuses on the
results and comments. The most important results are
summarized in Section V.

II. HYBRID SYSTEM DESIGN

This work presents a new communication scheme that
extends optical wireless networks from terrestrial to
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underwater environments, taking into account different
channel degradation factors that reflect a practical scenario.

This study specifically suggests designing a three-layer.
communication link terrestrial network, water’s surface
platform and the underwater platforms, they will be
discussed, respectively. Fig. 1 shows the three previously
mentioned layers.
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Fig. 1. Hybrid terrestrial-underwater optical communications link
scenario.

The terrestrial network’s components have been
designated as involve a 40 km fibre optic transmission
cable and a transmission system that uses OFDM
Modulator. The signal is received by the bidirectional FSO
with components from the ground network and transmitted
to the other side to be delivered to the two-part platform
system above the water surface. The OFDM Demodulator
system is the other part, and the first part converts the
signal to 2.4GHz for wireless broadcasting above the water
surface [11].

The connecting components of the terrestrial
communication link scenario to the ocean surface platform
are depicted in Fig. 2.

A. Terrestrials Optical Communication Link

The subsystem  depicted
components for efficient signal processing in
communication systems. A Pseudo-Random Binary
Sequence (PRBS) generator initiates the process, feeding
into a Quadrature Amplitude Modulation (QAM) sequence
generator that encodes data at 2 bits per symbol. The
resulting signal is then processed by an OFDM modulator,
configured with 512 subcarriers and 1024 FFT points, to
facilitate robust data transmission. Low-pass cosine roll-
off filters are employed to minimize spectral leakage,
while a quadrature modulator operates at 7.5 GHz to
prepare the signal for optical transmission. and a 1550 nm
CW laser serves as the optical carrier at 1E+009 bit/s. The
Mach-Zehnder modulator facilitates high-speed intensity
modulation, ensuring efficient and reliable data
communication. The system’s architecture ensures high
fidelity and reliability in data communication.

integrates  essential
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Fig. 4. Subsystem. 40 km long fiber optic channel on the terrestrial network.

The signal from the OFDM subsystem is directed to the
fiber optic subsystem as outlined in the accompanying
design diagram shown in Fig. 3.

Fiber Optic Channels (FOC) in this investigation used
single-mode fibers with varying lengths of 40 km.

Additionally, to address the issue of dispersion across FOC,

two 3.2 km long Dispersion Compensating Fibers (DCFs)
are used [12], as shown in Fig. 4. An Erbium-Doped Fiber
Amplifier (EDFA) with a length of 3 m and a pumping
power of 40 mW at a frequency of 980 nm is used to
compensate for attenuation in FOC.

The terrestrial network and the water surface platform
are connected by a bidirectional free-space optical FSO
connection.
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B.  Water Surface Platform

The bidirectional FSO is mounted on the water surface
platform, and the interconnect device is placed at the other
end to send the signal to the platform.

It is important to highlight the attenuation of the
surroundings surrounding the FSO system. When
evaluating signal intensity, the attenuation that occurs is a
crucial factor. The power signals sent and received are
divided to get the signal strength. Attenuation occurs when
signals weaken as they go through a medium under
different weather conditions [13]. The atmospheric
attenuation coefficient can be determined using the
formula below.
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It is possible to get the atmospheric attenuation  conditions, rainy weather will be used in the performance
coefficient using the following formula: To transmit the  test.
signal to the platform, the interconnect device is positioned Fig. 5 shows a block diagram called “Subsystem:
at the opposite end of the bidirectional FSO that is  Subsystem 3,” Shows the components of converting the
mounted on the water surface platform. The attenuation  incoming signal to wireless at a frequency at 2.4 GHz.
coefficient is denoted by (y), while visibility, particle size
distribution coefficient, and wavelength are represented by ¢ Constellation }

. ! Visualizer :
v, v, and A, respectively. i
| Quadrature | oogrppye ol I Quadrature T 1 Band Pass
: Demodulator > Subsystem % nodulator —*: torr ©
¥ (V) =3.912/ v(\/5507 q (1) Gt :Demodulatar.’ "t UYL LM odulator :™: Bessel Filter :
It is necessary to utilize Kim and Kruse’s model [14] to ... ’—T ---------------- Y
¢ Electrical ; ¢ Electrical

determine the attenuation coefficient and particle size i Amplifier : : Amplifier i ;1
distribution. It is possible to obtain attenuation coefficients
that depend on visibility from previous calculations.

TABLE I. FSO CHANNEL CONFIGURATION
Fig. 5. Baseband signals are converted into RF signals at 2.4 GHz in

Parameter Measurement surface platform.
Rang 500-5000m
Alttenuation 0.2-10 dB/km Key elements include an electrical amplifier that boosts
Frequency 1550 nm . . . Is t fficient f .
Transmit Power diameter 25 em incoming signals to ensure sufficient power for processing,
Receiver aperture diameter 35cm an OFDM demodulator that operates at 7.5 GHz with 512
Beam divergence 1 mrad subcarriers, and a quadrature modulator that modulates
Additional losses 1db baseband signals into RF signals at 2.4 GHz. Bessel filters

for isolating specific frequency ranges. The RF spectrum
The attenuation effect on FSO link transmission  and electric power meter add to real-time measurement
channels, according to Kim’s model illustrated in Table I, apalysis.
the data indicates that in clear weather, the attenuation is The function of Bessel filters isolate specific frequency
0.2 dB, has a minimal impact on FSO link reliability and  ranges. Has been added the RF spectrum and electric
increases with increasing conditions such as rain to reach  power meter to analyze signal quality and power
10 dB. In order to verify the effectiveness of the system to  measurements in real time.
withstand environmental conditions, rainy weather will be Another fundamental role of the above-water platform
used in the performance evaluation. is to send the signal to the underwater platforms using a
The attenuation effect on FSO link transmission  ]00-meter-long fibre optic cable that is coupled to an
channels based on Kim’s model is shown in Table I, where  OFDM demodulator. Fiber optic technology provides a
clear weather has less effect on FSO link and reliability  physical medium for data transmission, offering low

compared to rainy weather. The attenuation increased from  attenuation and high bandwidth. It connects underwater
0.2 dBm to 10 dBm. In order to test the effectiveness of  platforms to surface systems, ensuring reliable

the proposed system and its tolerance to environmental  communication and high data rates.
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Fig. 6. OFDM demodulator in surface platform.

Fig. 6 illustrates the design of the main components of  for transmission. The system is designed to effectively

the OFDM demodulator subsystem. The design presents  transmit signals to marine platforms.
an OFDM decoder at a frequency of 7.5 GHz with 512 An OFDM demodulator has been set up in the proposed
subcarriers with an electrical amplifier for signal  design of 7.5 GHz with 512 subcarriers, with an electrical
strengthening. The OFDM decoder connects with a  amplifier for signal strengthening, and a Quadrature
Quadrature Amplitude Modulation (QAM) to encode data ~ Amplitude Modulation (QAM) block that encodes the data
for transmission as its main parts. for compressing
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amounts of digital information onto an RF/analog carrier
that is capable of transmitting data, Quadrature Amplitude
Modulation (QAM) has been utilized as an approach. The
system requires effective signal transmission to marine
platforms. The main components of the subsystem are
illustrated in Fig. 6.

C. Underwater Communication Link

Underwater Optical Communication (UOC) is an
innovative technology that uses light to transmit data over

aquatic environments. This methodology has significant
advantages over traditional acoustic and Radio Frequency
(RF) communication technologies, particularly in terms of
greater bandwidth and data transmission rates. However,
the alignment between the transmitter and receiver has a
considerable impact on UOC system efficacy.
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Fig. 7. Connection-1 to NLoS (UWOC) Platform-1and: Connection-2 to NLoS (UWOC) Platform-1land 2.

The signal from the OFDM demodulator is distributed
to two communication links. The first link sends the signal
to the NLoS (UWOC) Platform-1, while the second link
sends the signal to the NLoS (UWOC) Platform 1 and 2.
These platforms are connected together to increase the
transmission range and provide more flexibility in
distributing the signal to the end user. The figure 6 depicts
a NLoS (UWOC) Platform, showcasing various
components arranged in a sequential flow.

Here’s a description of the shape and its characteristics:

Each component within the system is designated to
perform a specific function, collectively contributing to the
overall signal processing framework.

The pulse generator, situated at the beginning of the
sequence, produces Non-Return-To-Zero (NRZ) pulses,
establishing the initial signal source. Following this, the
Transimpedance Amplifier (TIA) amplifies the signal
while converting current to voltage, which is essential for
preserving signal integrity. The Mach-Zehnder (MZ)
modulator then modulates the optical signal, facilitating
efficient data transmission through the optical medium.
The Underwater Channel, depicted as a channel block,
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incorporates parameters such as absorption and scattering
coefficients, reflecting the medium’s influence on signal
quality. The PIN Photodiode detects the modulated optical
signal, converting it back into an electrical signal for
subsequent processing. Positioned after the photodiode,
the Low Pass Bessel Filter eliminates high-frequency
noise, thereby ensuring a cleaner signal. Finally, the Bit
Error Rate (BER) Analyzer evaluates the bit error rate at
the end of the sequence, providing a quantitative measure
of the system’s performance.

It is important to note that Connection-2 to NLoS
(UWOC) Platform-1 (bottom side of Fig. 6). The signal is
sent to the water surface, and its reflection is received by
NLoS Platform-2 extending network deployment and
increasing mobility flexibility for the user’s mobility.

The proposed design focused on these basic concepts
for underwater platforms.

e The precise alignment of the transmitter and
receiver is a critical factor in the effectiveness of
the communication channel in Underwater Optical
Communication (UOC) systems. Misalignment can
lead to substantial signal loss as a result of
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absorption, dispersion, and targeting challenges.
The deflection of the transmitted beam, the angle of
the receiver, are sensitive angles that must be taken
into account during tests.

Upon entering the underwater environment, the
optical signal may be subject to attenuation due to
a variety of factors, such as biological interference,
temperature  gradients, and the inherent
characteristics of the water.

Furthermore, NLOS underwater communication is
a term that denotes data transmission in which the
transmitter and receiver are not directly visible to
each other, frequently due to underwater terrain,

structures, or environmental conditions. In
underwater  applications,  this  form  of
communication is indispensable due to the
obstruction.

Examine the following situation. A light ray is
propagated from the center of the water to the
atmosphere. The light ray will undergo refraction at
the interface of the two media. The transition from
amedium characterized by a higher refractive index
to one with a lower refractive index results in the
deflection of the refracted light ray from the vertical
orientation. The incident beam of light undergoes
refraction and propagates along the surface of the
water at defined angles of incidence. The angle of
incidence is designated as the critical angle. The
angle of refraction in this context is measured at 90
degrees. When the incident ray exceeds the critical
angle, it is reflected back into the medium. These
phenomena are These phenomena are designated as
total internal reflection.

Numerous factors influence the quality of the signal
transmitted between the sender and receiver, particularly
in Non-Line-of-Sight (NLOS) conditions. This research
will focus on analyzing the angles between the
transmitting and receiving units, as well as measuring the
horizontal distance associated with each of these angles.
Furthermore, FSO is regarded as the intermediary between
the underwater platforms and the terrestrial network. The
research concentrated on the impact of attenuation caused
by environmental factors in the vicinity of the free optical
space on the performance of the signal that reaches the
UWOC platforms, which in turn affects the overall
performance of the system.

The wunderwater wireless optical communication
channel faces significant difficulties due to absorption a())
and scattering b(A), which collectively determine the
extinction coefficient c(A) in m™ as: [10]

D ml=a()+bA) 2)

These values vary according on the underlying optical
characteristics of the water. The water’s inherited optical
properties determine the values of a(4) and h(1). Table 11
displays the values of a(4), b(1), and c(4) at 532 nm for
several water types [11].
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TABLE II. ABSORPTION, SCATTERING, AND EXTINCTION COEFFICIENT
FOR DIFFERENT TYPES WATER [11].

Water Types a (M) m-! b(») m-! ¢()) m-!
Pure sea 0.0405 0.0025 0.043
Clear ocean 0.114 0.037 0.151
Costal ocean 0.187 0.219 398

Underwater Optical Wireless Communication is an
emerging technology that utilizes light to transmit data
through water, offering significant advantages over
traditional acoustic and Radio Frequency (RF)
communication methods, including enhanced bandwidth,
increased data rates, and reduced latency.

The UWOC-1 platform features a transmitter equipped
with a modulated LED operating at a wavelength of 532
nm, where the mean optical power is directly proportional
to the modulation current (input signal). This study
examines the impact of varying angles between the
transmitter and receiver, with transceivers oriented
vertically to emit light beams characterized by inner and
outer angles (0_min and 6 _max).

According to Fresnel’s law, light propagating through
different media experiences partial refraction and
reflection at their interfaces, resulting in some light being
reflected at the sea surface from a depth h.

The received power in an UWOC system can be
expressed as: [12]

PR =PT xnT x nR x ARec Aann x cos (6) x cos (6t)
3)

where: PT denotes the average optical power of the
transmitter, nT and 1R represent the optical efficiencies of
the transmitter and receiver, respectively, | is the distance
between the transmitter and receiver planes, 6 is the
incident angle of the transmitted ray relative to the water
surface, and 6t is the angle of the refracted ray. The
annular surface area Aann illuminated at depth xx is
calculated as: [13, 14]

Aann=2m (h+ x) 2 [cos(Omin) — cos(fmax)]

“4)

The signal transmitted through (NLOS) Underwater
Channel-1 is forwarded to the second platform via NLOS
Underwater Channel-2, preserving the characteristics
specified in Table III. This table outlines the parameters
utilized for assessing the properties of the NLOS channels
within the underwater environment.

TABLE III. PARAMETERS USED IN NLOS UNDERWATER CHANNEL
NUMERICAL CALCULATIONS

Parameter Measurement
Frequency 532 nm
Temperature 10 Celsius s
Salinity 3.5%

Index of refraction Air 1.0003
Attenuation type Pure, Clear Ocean
Absorption coefficient (a) 0.0405 1/m
Scattering coefficient (b) 0.0025 1/m
Transmitter depth 10, 20, ...m
Receiver depth 10,20, ... m
Horizontal distance 10,20, ...m
Inner angle (theta min) 0, 10, 20...deg
Outer angle (theta max) 68 deg
Surface incident angle 0 deg
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III. RESULT AND DISCUSSION

In this section, we present the numerical results
pertaining to the Q factor and Bit Error Rate (BER)
performance of the bidirectional multiple (TX/RX) Free
Space Optical, Fiber Optic Communication systems and
UWOOC, derived from the previously outlined parameters.
Key metrics, including the Q factor, eye height, and BER,
are employed for the comprehensive evaluation of system
performance.

The Q factor is defined as the ratio of energy per bit (Eb)
to the standard deviation of noise (o), indicating signal
quality.

Eye height, a measure of signal integrity, is calculated
as the difference between the maximum and minimum
voltage levels of the signal (Vmax—Vmin ).

The BER, representing the proportion of erroneous bits
received to the total number of transmitted bits (Ne/Nt ),
can be approximated in a Gaussian noise environment
using the Q factor with the relationship BER as: [15]

BER =1/2. erfc-( Q/ ¥ 2) 5)
where:

erfc is the complementary error function.

These equations provide a framework for analyzing the
performance of communication systems in terms of signal
quality and error rates.

The Q factor is usually seen to be about 6.5 to 7.0, and
the highest allowable bit error ratio for telecommunication
applications is 10 E-09.

The system test encompasses several critical
evaluations to assess the performance and adaptability of
the Orthogonal Frequency Division Multiplexing (OFDM)
system under various conditions.

e Signal Delivery and Conversion: The first objective
is to verify the OFDM system’s capability to
transmit signals effectively to the platform situated
above the water surface. This includes converting
the signal to a frequency of 2.4 GHz for wireless
broadcasting while simultaneously ensuring the
signal is delivered to underwater platforms.
Environmental Adaptability: The second aspect
involves assessing the system’s adaptability to
fluctuating environmental conditions surrounding
the signal transmitter, applicable to both above-
water and underwater platforms. This evaluation
aims to determine the system’s performance under
challenging environmental factors, such as fog and
rain, which may impact signal integrity and
transmission quality.

Water Quality Impact: The third evaluation focuses
on analyzing the system’s performance in relation
to varying water quality conditions, including pure,
clear, and turbid water. This assessment is crucial
for understanding how different water qualities
affect signal propagation and overall system
efficacy.

Transmission and Reception Angles: Additionally,
changing the transmission and reception angles,
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along with determining the horizontal distance
between them, is a vital factor in establishing the
coverage limits of the signal. This analysis is
essential for enabling the end user to be aware of
their position relative to the coverage area, thereby
enhancing user safety and operational effectiveness.
Furthermore, in the event of performance
degradation, it is essential to investigate whether

design improvements can enhance system
performance. The aforementioned procedures will
be systematically implemented to extract

comprehensive results, providing insights into the
robustness and reliability of the OFDM system in
diverse operational scenarios.

Furthermore, in the event of performance degradation,
it is essential to investigate whether design improvements
can enhance system performance. The aforementioned
procedures will be systematically implemented to extract
comprehensive results, providing insights into the
robustness and reliability of the heterogeneous network
design in diverse operational scenarios.

Initial System Inspection: The Following Parameters
Will Be Adopted.

The distance between the ground network and the
platform above the water surface for the bidirectional Free
Space Optics system is set at 1000 m under rainy
environmental conditions at 10 dBm. The attenuation of
the water is considered to be that of pure seawater, and the
depth of the transmission platform is established at 10
meters for the underwater platforms in both the first and
second connection links.

Figs. 8(a) and (b) illustrate the electrical constellation
visualizer displays the modulation scheme of a
communication system. It is a two-dimensional, scatter
plot. Each protogenos cluster of yellow dots represents
constellation points of the signal, split into four different
areas of points which symbolize a QAM scheme. Each
collection of points demonstrates what symbol states tend
to determine how well a transmission can be made and
what kind of signal is produced. The range of points within
each cluster indicates the signal noise and distortion, with
tighter clusters being representative of better signal quality.

Eectrical Constellation Visualizer

= Constellation Visualizer - Output_1 Signal Inciex. © =
Auto Set
s Amplitude - |
~
g, = B automatic range
C Mae 66144¢ gy
Min: -1 191177 ay
—_— Amplitude - @
3 8 Autornatic range
e Min: 12548846771 ay
@
T
2 Invert Colors
= () Color Grade
=
< Amplitude-Q
Max:1148.7au
Min:-1254.8 au
b4
—
-1K 0 1K
Amplitude Amplitude -1 (a.u.)

@



Journal of Communications, vol. 20, no. 2, 2025

Eectrical Constellation Visualizer

Fa Constellation Visualizer - Output_2 Signal Index: _‘_3 o~
= Auto Set
c E ] T [ Amplituds -1
2 S e B Automatic range
@ Max: 0.0078186126" a4
£ Min; -0.0079200036 g,
<
s Amplitude -Q
© B Automatic range
= Mae 0.0074667B90¢ a4
B
| e ) 5 Min: -0.0080050147 g4
-
=
= [ inwert Colors
S 5 () Color Grade:
£ h
< n
Amplitude-Q
E Max:0.00745au
L Min:-0.0080 au
£ 1
! Sm 2m m 4m
\ Amplitude / Amplitude -1 (a.u.)
(b)

Fig. 8. Electrical constellation visualizer for OFDM demodulator.
(a). At 7.5 GHz, (b). At 2.4 GHz.

Fig. 8(a) shows the outputs of the quadrature
demodulator through its path from OFDM-modulated
signals that traverse a 40 km fibre optic link to the FSO
system, followed by a 100-meter fibre connection to the
quadrature demodulator operating at a frequency of 7.5
GHz. These signals then reach the base of the platform
above the water surface, where they are processed before
being transmitted to the underwater platforms.

The FSO system specifier guarantees modulation
standard and ensures that there’s dependable data
provision in Free Space Optics communication systems by
judging modulation visualization. After FSO, the signal
was split into two parts through a fork (1x2); the first was
previously surveyed, and the other end was sent to the
OFDM demodulator for the purpose of converting the
signal via the quadrature modulator to 2.4 GHz that shows
in Fig. 8(b). the electrical constellation visualizer displays
S-parameters provide a comprehensive way to characterize
the performance of RF components such as amplifiers,
filters, and antennas.
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o
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Fig. 9. RF spectrum analyzer at frequency 2.4 GHz.

Fig. 9 shows the strength of the signal arriving from
outputs of the quadrature demodulator at frequency 2.4
GHz, which reaches —53.723 dBm that appear in RF
spectrum analyzer.

The application of OFDM from 7.5 GHz to 2.4 GHz for
both Wi-Fi and UWOC represents a promising approach
to improving wireless communication systems. By
leveraging the strengths of OFDM across these frequency
ranges, it is possible to achieve high data rates, robust
performance, and flexibility in various environments,
enhancing the capabilities of modern communication
technologies.

The remaining part of the results examine the behavior
of the single underwater platforms designated as
Connection-1, NLOS and the dual deployment platforms
Connection-2, (NLOS-1 and NLOS-2).

The Platform-1obtains the lowest acceptable error rate
of 8.48E-13. It is achieved at a receiving depth of 95
meters, while the Connection-2, NLOS-1 records an error
rate of 2.06E-11 at the same depth in pure sea. while the
Connection-2, NLOS-2 records an error rate of 6.06E-11
at 30 m depth. Where the eye diagram in Fig. 10 (b) shown
BER for Connection-2 NLOS 2 depth limits at 6.36E-11.

Fig. 10(c) shows dual-port optical spectrum analyzer is
able to measure the signal power at 30 meters deep for the
Connection-2. A notable difference in power is seen. The
first platform hits —32.27dBm and the second —71.11dBm,
representing maximum available power. The intent here is
that the NLOS-2 platform of the connection-2 link
specifies the permissible depth of 30 meters. Note that the
previous results were obtained based on the distance
between the ground network and the platform above the
water surface being 1,000 meters in rainy weather at
10dBm. These results are shown in Fig. 10. Through the
results of Fig. 10, the feasibility of the proposed design for
the dual link was highlighted. It achieved an elongation of
about 95 meters for the first link and 30 meters for the
second link. This spread gave a positive characteristic for
the expansion in the deployment of the marine network.
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Figs. 11(a) and (b) illustrates the behavior responses of
the UWOC platforms at transmission depths of 20 meters
(a) and 30 meters (b) for Connection-1 (NLOS) and
Connection-2 (NLOS-1 and NLOS-2). The same previous
information was used to extract the results for Fig. 10.

We will focus on the Connection-2 performance
because it contains two platforms (NLOS-1 and NLOS-2)
in series. It was observed that the efficiency of the first
platform continues up to 95 meters at 1.8E-10, but the
second platform is limited to a maximum depth of 25
meters at 5.2E-13, this is in the case of transmission at a
depth of 20 meters, while when the transmission is at a
depth of 30 meters, the second platform becomes
inoperative and the first continues until it reaches 90
meters at 9.0E-14. It should be noted that the previous
results were conducted on pure water.

The system did not achieve encouraging results in Clear
Ocean, especially for the NLOS-2 platform, which was out
of service due to high extinction coefficient value. For this
reason, the system needed to be improved.

To enhance system performance at Clearwater and
avoided away the effect of medium absorption and scatter
increasing.

Multi-path condition appears as an alternative choice:
The signals reflect from water surfaces in the marine
environment and from the sea bottom, which is the reason
for considering multiple channels of NLOS signals, as the
signals travel and reach the receiver from different
directions, increasing the intensity of the signal by giving
alternate paths. Hence, it compensates for the fading
condition of the signal and decreases the chance of failure
of the communication. Fig. 12 shows multiple channels of
NLOS.
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Fig. 12. Design of Multiple-path UWOC-NLOS channels in
connection- 2.

While the separation between sender and recipient
underwater essentially decides the compelling reach of the
beams touching base on the getting gadget, fluctuating this
horizontal distance empowers the last client to gauge his
movement under the surface. Straying past this domain
brings about signal debasement until it dissolves totally.
Simultaneously, the disparity in breaking point lists among
water and air impacts the Snell rate.

The outer angle can be calculated using Snell’s Law,
which relates the angles of incidence and refraction, the
Law can be expressed as:

n_1 sin (81) = n_2 sin (62) 6)

The entering beam’s edge with respect to the surface
water is 8 1, while the refracted ray’s edge with respect to
the normal is € 2. Generally, # it is indicated by refractive
index, the refractive indices vary between air and water,
where 7 in air is approximately equal to 1, while in water
it is equal to 1.33. Through both the Snell equation
formulation, it can pinpoint the ambit attainable
horizontally, thus its impacts on signal strength and
connection perseverance.

d_max = depth.tan (6_max) @)
where d denotes the effective horizontal distance in meters
and 6 outer angle in degrees.

Through the previous equation, the horizontal distance
between the sender and the receiver can be extracted. It is
considered important to determine the range that can be
reached horizontally. In addition to its effect on the quality
of the signal and the continuity of the connection.

Parameters have been established to demonstrate the
effectiveness of the improvements made to exceed
extinction coefficient c(A) in clear water. Refer to Table II
for details: the outer angle ranges from 10° to 80°, with
corresponding horizontal distances calculated for each
angle at a transmission depth of 30 m. The system design
was enhanced by increasing the APD gain from 3 to 10,
adding optical gain on the Connection-2 channel, and
utilizing multiple UWOC NLOS channels.
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Fig. 13. Connection’s behaviors 1 and 2 in pure water and clear ocean:
(a). Red curve connection-1 system behavior in pure water and blue dot
curve connection-2 is in clear ocean, (b). Dual port optical analyzer for
of connection-2 NLOS-1and NLOS-2.

The results in Fig. 13(a) show a positive performance in
the behavior of Link 2, where the system started to sense a
signal from (NLOS-2), even though it was out of service.
See Fig. 9(b), in addition to the improvement obtained in
NLOS-1. The red curve represents Connection-1 in pure
water, the blue curve represents Connection-2 NLOS-1 is
in Clear Ocean, and the gray curve represents NLOS-2 up
to 30 meters in receiving depth. Dual port optical analyzer
shows the difference in receiving power between of
Connection-2 NLOS-1and NLOS-2 from —30.71dBm to
—75.95dBm at 30 meters depth sending and receiving in
Clear Ocean.

Fig. 13 shows the improvement in the performance of
the Connection-2 NLOS-1 and 2 platforms before and after
optimization. Where the receiving depth of the first
platform has increased from 30 m at a 1.25E-28 BER to 70
m at a 5.42E-12, while the NLOS-2 platform was
improved to 30 m despite an error rate up to 8.05E-5.

The analysis of the power received by Connection-2
highlighted in bottom side magnifier of Fig. 12 shows a
significant difference in signal strength between NLOS-1
and 2, ranging from —31.363 dBm to —76.155 dBm.



Journal of Communications, vol. 20, no. 2, 2025

~@-Connection-INLOS —&—Connection-2NLOS-1 ~#-Connection-2,NLOS-2

1.00E-60
1.00E-56
1.00E-52
1.00E-48
1.00E-44
g 2l 1.55E-38
1.00E-40 3.07E-34 6.98E-36
z 1.00E-36 2.826-33  204E-32
;1 1.O0E-32 - With
1.00E-28 Improvement
\
:zzi;: \ Without
0E- * Improvement
F00E: 16 LE14 LIgE-14 Yo
\
1.00E-12 A
1.00E-08 3
, \ 5.42E-12
100E-04 8.05E-05 9 \
1.00E+00
0 10 20 30 40 50 60 70 80
Receiver depth m
(2)
[E Signal Index 1: 0

Dual Port Optical Spectrum Analyzer

WENE

8 Conn2.NLOS-1 at 30m depth (-31.36dBm)

“r O»

Signal Index 2: 0

Auto Set
Wavelength
Units: m b
{8 Automatic range

Power (dBm)

Center: 0.5320029187 m
Start: 0.5306321267 m
Stop: 0.5333737107 m
8
Amplitude
5 Units: dBm
Conn2.NLOS-2 at 30m dipth_ -76.15dBm) 8 Automatic range
i i i Max: -27.82885281
8 Min: -103.4367212 ggm
H Info- window
Markers:
A:313dBm @ Resolution Bandwidth
B:-76.1dBm Res: 0.01 nm
A-B:(0.-44.8)

o
=) =
"!i’ ) Invert Colors

531n 531.5n 532n 532.5n
Power Single View / Power X ), Power Y | Power Double View |

(b)
Fig. 14. System behavior for Connection-2 NLOS-1: (a). at Tx 30m and

Rx 20m receiving depth in Coastal Ocean, (b). The dual-port optical
analyzer.

Fig. 14 shows the improvement in the performance of
the Connection-2 NLOS-1 and 2 platforms before and after
optimization. The analysis of the power received by
Connection-2 highlighted in Fig. 14(b) shows a significant
difference in signal strength between NLOS-1 and 2,
ranging from —31.363 dBm to —76.155 dBm. Where the
minimum BER that can be achieved for both at 5.42E-12,
while the NLOS-2 platform was improved to 30 m despite
an error rate up to 8.05E-5.
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Fig. 14 shows the effect of enhancement on
performance before and after link improvement. The
receiver depth’s reachable range between the two
platforms has been increased from 30 to 70 meters.

In the case of transmitting at 30 m and receiving depth
at 10 m for Connection-2 (NLOS-1) in the coastal ocean
condition, is shown in Fig. 15(a) with a 7.52E-38 BER, and
in the case of transmitting at 30 m and receiving depth at
20 m the BER 3.029E-12 shows in Fig. 15(b).

The variation in values due to the extinction factor
indicates that the signal faces in these conditions. The
decrease is clear in the average error rate, but it is still
within the permissible limits.

Based on the above, the following concepts can be
drawn:

e Increasing the depth of the NLOS-1 platform has a
negative impact on the NLOS-2 platform. The
parameters taken into account, such as angles, depths,
etc., which were mentioned earlier in the context of
the explanation, determine the limitations that
appeared in the results.

Figs 14-15 clearly show the extent to which

environmental factors affect the signal intensity

received by underwater platforms. This is due to the
difference in extinction coefficient c(A). To address
these limitations, the design of the Connection-2 was
improved by adding optical gain and multiple UWOC

NLOS channels. The new design increased the

flexibility of the system and its ability to

accommodate wider deployment while enhancing the
signal strength received by underwater platforms.

e multiple NLOS paths in situations where such
accurate alignment is difficult, the reliance on various
NLOS channels could potentially strengthen the
signal’s robustness and reliability. even if the reveres
is misaligned with the signal source, the system is
able to leverage multiple signal paths to improve
overall communication performance.

e Hybrid networks, multi-path (NLOS), and amplifiers
provide a number of very important advantages and
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can be effectively employed in a wide range of sectors
ranging from marine research, offshore energy,
navigation, and environmental monitoring. This
approach provides high-speed, low-BER data
transmission. It closes the gap between operational
efficiency, safety, and precision for any underwater
system needing rapid and accurate data exchange.

IV. CONCLUSION

The heterogeneous networks formed by integrating
modern technologies, such as NLOS-UWOC, FSO, optical
fiber, and OFDM which underpins Wi-Fi for above-water
platforms  significantly  alleviate = communication
challenges between underwater platforms and above-water
systems. Therefore, the results obtained from the proposed
design are ambitious. Utilizing Orthogonal Frequency
Division Multiplexing (OFDM) in the 7.5 to 2.4 GHz
range for Wi-Fi and Underwater Wireless Optical
Communications (UWOC) enhances overall spectrum
utilization and expands wireless communication capacity
for both surface water platforms and underwater scenarios.
The system achieved a receiving depth of 100 meters in
pure sea and 70 meters in clear Ocean, with improvements
allowing for a deployment depth of 30 meters when
multiple platforms are used. Furthermore, the improved
system was able to achieve ambitious results of up to 30m
transmission and 20 m receiving depth in the case of
coastal ocean. In conclusion, the enhanced design has
successfully met its objectives, contributing to the
advancement of modern communication technologies. In
addition, the outcomes provide a positive impetus for
practical implementation for stakeholders in maritime
communications technology to adopt cutting-edge
advanced technologies such as OFDM.
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