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ABSTRACT This research work examines the reliability of a wireless communication system that uses a
hybrid radio frequency (RF) and underwater optical wireless communication (UOWC) in a dual-hop system.
The proposed system consists of a single source (S) node that sends information to a destination (D) node
through an amplify-and-forward (AF) relay (R) node using amultiple-input multiple-output (MIMO)-RF and
UOWC links. The channel between the (S) node is subject to Nakagami-m fading using a transmit antenna
selection (TAS) technique and maximal ratio combining (MRC) at (R) node, and exponential generalized
gamma distribution (EGG) at (D) node to evaluate the overall statistical analysis of the proposed end-to-
end(E2E) system. The proposed system has been extensively tested and validated under various conditions
using a novel cumulative distribution function(CDF) and probability density function(pdf) whereas; the paper
provides closed-form expressions for the outage probability (OP) and average bit error rate (BER) for each
channel model.

INDEX TERMS Bit error rate, maximal ratio combining, multiple-input multiple-output-radio-frequency,
outage probability, transmit antenna selection, underwater optical wireless communication.

I. INTRODUCTION
A. BACKGROUND
The use of underwater optical wireless communication
(UOWC), a hybrid technique of communication that com-
bines radio frequency (RF), is becoming more popular.It
provides the most expected surprises and several significant
technological breakthroughs, especially in terms of spectrum
efficiency, positioning it as a potential competitor technology
for the mobile phone networks of the future [1].In [2]
the significance and efficacy of UOWC’s real-time and
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high-throughput applications are discussed, while Cam-
pagnaro (2016) describes the acoustic counterpart that
makes up the communications via acoustic-optical hybrids.
Unfortunately, the UOWC system’s performance is severely
limited by turbulence, absorption, and scattering. Loss of
energy and changes in direction occur as photons transit
underwater is displayed by scattering and absorption, which
have been thoroughly examined in [3]. The UOWC system
performs worse under conditions of turbulence because of
signal fading caused by the rapid refractive index fluctuation
along the optical field’s path through the water medium
as a result of variations in temperature, pressure, salt
levels, and air bubbles. On the other hand, UOWC systems
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frequently use both horizontal and vertical connection
arrangements. The vertical configuration has not gotten
significant attention, except for some coverage in [4] and [5],
but the horizontal configuration has been thoroughly explored
thus far.

According to [6], UOWC constitutes one of the most
promising and emerging phenomena in this period of
technology, whereas the most seriously impacted optical
features undersea are produced by absorption, scattering, and
turbulence. Whilst absorption and scattering are the other
major underwater constraints mentioned above, turbulence
effects are significant and must not be neglected in this study,
as indicated in [7] and [8].

The paper in [7] describes how three basic degradation
phenomena—absorption, scattering, and fading—affect opti-
cal signal transmission across underwater channels. Research
studies were conducted to determine the various factors,
such as erratic changes in salinity and temperature and the
existence of air bubbles as well. This research aimed to
understand the impact of these factors on the strength of
the optical signal transmitted through the channel. The study
evaluated several statistical distributions to determine the
probability model that best fits the experimental data. The
variations in the water refractive index were also taken into
account as they affect the propagation of the optical signal.
Additionally, the channel coherence timewas acquired to deal
with the average duration of fading temporal fluctuations.
Based on how well they fit the experimental data, several
statistical distributions are then evaluated for correctness.
changes in the refractive index of water are introduced
throughout the path of propagation by several situations that
are created. To deal with the average duration of fading
temporal fluctuations, it additionally acquired the channel
coherence time.

Temporal dispersion experiments refer to experiments
that measure the time delay between the transmission
and reception of a signal. The authors in [9] suggest
that conducting these experiments in different water types
will provide valuable information about how the system
performs in different environments. Geographic dispersion
refers to the scattering of light due to atmospheric conditions
such as haze, fog, and clouds. Duntley and his colleagues
conducted experiments to study the effects of geographic
dispersion on light transmission. Overall, the authors sug-
gest that conducting experiments in different types of
water will provide valuable information about the perfor-
mance of the wireless communication system in different
environments.

The spatial dispersion of photons caused by scattering
presents a significant obstacle to the implementation of
optical networks underwater. The optical beam’s spatial dis-
persion lowers the photon density at the receiver point. As a
result, optical connections are only anticipated to bemost use-
ful in lengths under 100m. However, it seems that end users
could be willing to put up with a short link range in exchange
for the potential increase in information capacity that optical

lines could offer. Further research is being done on the effects
of spatial spreading on the time-encoded part of the transmit-
ted optical signal. Inter-symbol interference (ISI), which can
be brought on by temporal dispersion brought on by several
scattering events, can further restrict connection range and/or
capacity in [10].

Numerous theoretical models have been developed to
forecast the attenuation of signals and capacity for underwater
optical connections as a result of the increasing demand
for underwater optical connectivity. Because quantifying
temporal dispersion in such demanding conditions is difficult,
experimental validation of these models is sparse at best.
By contrasting the mathematical Monte Carlo (MC) model
with actual data, this effort aims to bridge the gap between
research and theory. In [11], the authors measure the
attenuation and frequency response of a channel with a
line-of-sight configuration over a range of 20 attenuation
lengths, all the way out to 1 GHz. In [12], a MC
numerical simulation is discussed and validated to determine
the received power of an optical communication system
submerged in water. Power loss is modeled between the
transmitter and receiver for several different aperture sizes
and FOVs.

In the work cited in [13],the exponentially lognormal
and the increasing exponential generalized gamma are
further fading types that are taken into consideration.
To choose the ideal biassed distribution, the cross-entropy
optimization approach is applied. Based on simulations, the
importance sampling estimator can achieve the same level
of reliability as a naive MC with a far smaller sample
size.

Pressure, temperature, and also most especially tidal
currents may all have a sudden impact on it as discussed
in [14]. Comparable to the way the examination of the impact
of saline water is assessed in [15] and [16], the modulation
strategies of aUOWCas being similarly relevant for inclusion
in this work.

In contrast, [17] points out that the widespread use of
multiple antennas, also known as MIMO in wireless relay
networks, has indeed been acknowledged as still being
crucial in combating the rise in transmission reliability and
channel fading tactics. Key research and their application
in the usage of the AF relaying technique are thought to
be advantageous for multiple antennas, and therefore, it is
explored in [18]how it might enable beam-forming methods.
Additionally in [19], it points out that the constant system
design problem of increasing the number of antennas on both
endsmakes the deployment of the system highly complicated.
Furthermore, the signal generated by MIMO communication
systems grows exponentially with the number of antennas,
according to [20]. It manages the variety of the broadcast and
receivers, which is inspired by an efficient antenna selection
approach being more beneficial to enhance the computa-
tional overhead. Moreover, antenna selection minimizes the
sophistication of signal processing and associated feedback
overhead.
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To determine the most accurate estimates of the model
parameters lambda, w, x, y, and z, we employ the expectation
maximization (EM) method. Starting with a set of chosen
initial values for the parameters, the EM method iteratively
refines the model until convergence is achieved. Thus, the
EM technique offers the variables that result in the best fit
between the proposed model and the data being analyzed.
These numbers shift depending on the temperature, salinity,
and number of air bubbles in the water, as shown in Table 1
and Table 2.

B. LITERATURE WORK
The research community in academia has shown a keen
interest in the development of underwater optical wireless
communication (UOWC) technology. This interest has been
demonstrated through various research investigations, such as
those cited in [21]. UOWC is seen as a potential quality of
both radio frequency (RF) and underwater technologies, par-
ticularly since 2020 as cited in [22]. Deep ocean techniques,
including UOWC, are expected to become increasingly
important in the 21st century due to their significance in
a wide range of applications, such as surveillance systems,
oil drilling and processing, environmental monitoring, and
climate-related operations [23]. Existing RF and acoustic
technologies have limitations in terms of restricted and inad-
equate bandwidth, as noted. Therefore, UOWC is considered
to be a more effective high-speed sub-sea communication
technology, with the potential to provide enhanced data
rates of tens of gigabits per second (Gbps) at 10 meters as
stated in [24]. UOWC is also praised for its low latency,
high efficiency, and strong inherent security, making it a
viable alternative to acoustics in the undersea medium.
Laser-induced fluctuations have been used to assess the
probabilistic properties of light temperature-based turbulence
in UOWC systems, which has drawn a lot of interest in
the literature, as mentioned. The highlighted text discusses
the limitations of acoustic undersea communication systems,
which encounter temporal delays in their communication
systems due to scattering, absorbance, and turbulent varia-
tions. Real-time performance is still a challenge for networks
of communication using an auditory medium, as described
in [25]. In contrast, theUOWC technique has been givenmore
attention in recent works due to its potential for high-speed
communications and increased capacity. Accordingly, using
UOWC surpasses acoustic communication. UOWC has also
been praised for its low latency, high efficiency, and strong
inherent security, making it a viable alternative to acoustics in
the undersea medium. The technique of using laser-induced
fluctuations to assess the probabilistic properties of light
temperature-based turbulence in UOWC systems has drawn
much interest in the literature, as mentioned in [26]. A hybrid
triple hop terrestrial free-space optical (FSO), fibre optic
cable (FOC), and underwater optical wireless communication
(UOWC) link for supplying high-speed optical connectivity
between onshore and submerged systems are investigated
in detail in the article [27]. The transmission rate and

dependability of the UOWC connection are significantly
decreased by UOWC, scattering, absorption, and turbulence.
While in [28], a downlink non-orthogonal multiple access
(NOMA) enabled dual-hop hybrid RF-UOWC with decode
and forward (DF) relaying are studied. The RF channel is
characterized by Rayleigh fading, while the UOWC channels
are characterized by exponential-generalized Gamma (EGG)
fading.

The proposal made by an author in [29] regarding the
use of the generalized Gamma (gG) distribution as an accu-
rate model for underwater optical wireless communication
(UOWC) channels that have temperature gradients. This
proposal is significant because it helps in understanding
the behavior of UOWC channels in different temperature
conditions, which is crucial for designing effective commu-
nication systems. The gG distribution is a statistical model
used to describe a random variable’s probability distribution.
It is a generalization of the Gamma distribution and can
be used to model a wide range of phenomena. The use
of the gG distribution in modeling UOWC channels with
temperature gradients is based on the fact that the distribution
can capture the effects of both fading and shadowing,
which are common in UOWC channels. The study was
conducted in [30] to assess the effectiveness of the system’s
confidentiality in a two-hop hybrid RF-UOWCsystem. In this
study, the authors modeled the decode-and-forward(DF)
relay using two different statistical distributions, namely the
alpha-mu α − µ and exponential-generalized Gamma(EGG)
distributions. The α−µ distribution is a statistical model that
is commonly used to describe the fading behavior of wireless
channels, while the EGG distribution is a generalization of
the Gamma distribution that can capture the effects of both
fading and shadowing. By using these two distributions to
model the DF relay in a hybrid RF-UOWC system, the
authors were able to evaluate the system’s confidentiality
and assess its effectiveness in different scenarios. The
authors of the paper are discussing the need for a unified
statistical framework that can account for turbulence-induced
attenuation in UOWC channels. The authors also mention
the importance of studying the system’s performance in
Nakagami-m fading situations as discussed in another study
referenced in [31].

The term ‘‘turbulence-induced attenuation’’ refers to the
loss of signal strength that occurs due to the movement
of water particles in the channel, which can cause fluc-
tuations in the refractive index of the medium. However,
a statistical framework that accounts for this attenuation
would help in predicting the performance of the system in
such channels and optimizing its design accordingly. The
author’s references to the above discussion and using a
combined approach of Nakagami-m fading for a MIMO-RF
and UOWC situations refer to a statistical model used to
describe the fading behavior of wireless channels, which can
be used to predict the probability of errors in the transmission
of data. By studying the system’s performance in such
situations, the authors can gain insights into the factors
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that affect the system’s reliability and optimize its design
accordingly.

C. CONTRIBUTIONS
This research’s main contributions are a detailed examination
of the MIMO RF-UOWC E2E system’s efficacy, which
is critical in improving the bandwidth performance of
fifth-generation (5G) cellular networks. As a result, the
following aspects of this study are stated.

• This work assumes that the transmitter side of the system
is configured with the MIMO RF that utilizes the trans-
mit antenna selection (TAS) technique. By merging the
incoming signals using the maximum ratio combining
(MRC) approach at the relay (R), which provides a
source (S) for communicating with it. Upon combining
with a UOWC link (D), it connects via R for establishing
an overall secured link.

• In-depth analysis is done on the effectiveness of a hybrid
MIMO RF-UOWC system, with the MIMO RF link
simulated with the Nakagami-m channel and the UOWC
hop modeled using the exponential and generalized
Gamma (EGG) distributions, accordingly.

• An extensive study produces closed-form formulae for
OP and BER in the framework of VGR for different
means of detection utilizing heterodyne r = 1 and
intensity modulation/direct detection (IM/DD) r = 2,
respectively.

• Monte Carlo simulations are used to validate our
statistical results to make sure they are accurate. The
figures depict the findings for different bubble levels and
various temperature variations at depths that have not
yet been investigated in detail to date. Additionally, the
findings of OP and BER are confirmed in terms of the
average SNR of MIMO RF hop and electrical SNR of
UOWC hop for a wide range of factors, including fading
characteristics, number of antennae at receiver, bubble
levels, temperature variations, and different modulation
techniques.

To conclude, we tackle the combined dual-hop MIMO
RF-UOWC system by developing accurate closed-form
equations for the OP and BER of different binary modulation
techniques. In continuation of previous work published
in [32]; this work is an extension of a novel way of
deriving a Cumulative Distribution Function (CDF) into
a probability density function(pdf) along with new results
involving different parameters as discussed earlier. As far as
the authors are concerned, this system concept is still an open,
unaddressed issue that requires more research based on the
current literature.

D. ORGANISATION
The remainder of the work is organized as follows. The
system and channels model are covered in Section II; the
statistical characteristics of the E2E system are shown in
Section III, whereas; the analytical OP and BER analyses
are covered in Section IV, and the results of the numerical

FIGURE 1. Hybrid MIMO RF-UOWC of a proposed system model.
Transmitting antenna’s NT from the initial source node (S) to receiving
antenna’s NR via relaying (R) node using VGR over an UOWC channel; the
target node (D) gets the (R) node’s message accordingly.

TABLE 1. EGG parameters based on expected and actual values for a
UOWC system’s temperature gradient.

simulations are discussed in SectionV. SectionVI gives some
last remarks and suggestions in the conclusion and future
work.

II. SYSTEM CONFIGURATION AND CHANNEL MODEL
A. SYSTEM CONFIGURATION
The system model is shown in Fig. 1, and the detailed
explanation of the system includes clear illustrations of
MIMO RF and UOWC hops. The system being examined
implies that the array of antennas used for signal transmitting
and receiving from S to R nodes is indicated by Nt and Nr ,
respectfully. MIMORF channels are used for communication
between the S and R nodes. The source node and destination
node are connected through the relay node, and the relay node
can communicate with both the source and destination nodes
simultaneously because it is running in full-duplex mode.
The communication from the relay node to the destination
node is described as being a time-orthogonal transmission
that happens sequentially in [32].

In the following step, the R node forwards along the
indexing of the best transmitting and receiving antenna pairs,
i.e., the channel with the highest absolute magnitude in [18].
When transmitting and receiving information that makes use
of this information as feedback, a single antenna pair is
chosen at random. Assuming the feedback is devoid of errors,
defined as, where |hmaxXY | is the sophistication of the channel,
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TABLE 2. EGG parameters based on expected and actual values for Saline
and Fresh water( Thermally Uniform) UOWC systems.

and the absolute magnitude value of the channel for the
transmitter and receiver antennas we have chosen for the
proposed system model.

|hmaxXY | = max
i,j

{|hi,jXY |}. (1)

At MIMO RF, we illustrated the concept in [32] expressing
the average energy and instantaneous SNRs of a channel.The
following two tables from [32] have been used in this research
to offer experimental knowledge of the parameters of the
expectation maximization (EM) algorithm.

B. CHANNEL MODELS
Given the PDF illustrated in [33, eq. (11)], γSR of the MIMO-
RF node, the expressed equation is presented below,

This PDF is affected by the total number of transmitting
antennas, represented as NT , the number of receiving antenna
NR, the Nakagami-m fading channel, and the instantaneous
received SNR γ . The Gamma function [34, eq. (11.10)] is
denoted as 0 (.) and γ SR is the average received SNR at the
relay after the first hop.

The MRC technique is a receiver diversity technique used
in wireless communication systems to combine the received
signals from multiple antennas to improve the SNR and the
quality of the signal. It involves multiplying each received
signal by a weighting factor and adding the weighted signals
together to produce a combined output signal. The weighting
factors are chosen to maximize the SNR of the combined
output signal. MRC can be used in both single-input single-
output (SISO) and MIMO systems.The CDF of γSR =

max1≤i≤NT {γSR,i} is obtained below,

fγSR (γ ) =
NT mNR m γ NR m−1e

−mγ
γ SR

0 (NRm) γ SR
NR m

×

[
1 − e

−mγ
γ SR

NR m−1∑
n=0

1
n!

(
m γ
γ SR

)n
]NT−1

, (2)

FγSR (γ ) =

[
1 − e

−mγ
γ SR

NR m−1∑
n=0

1
n!

(
m
γ SR

γ

)n
]NT

. (3)

Using the power sum expansion and applying the binomial
theorem, the following equations may be simplified from [35,

eq. (1.111)] and [36, eq. (9)], to acquire the expanded version
of CDF for the MIMO-RF first hop,

FγSR (γ ) =

NT∑
n=0

(
NT
n

)
(−1)n e

−n γ m
γ SR


NT∑
n1=0

n1∑
n2=0

. . .

nNRm−2∑
nNRm−1=0

×

[NR m−1∏
k=1

(
nk−1

nk

) (
1
k!

)nk−nk+1
(
m
γ SR

)nk
γ nk

]}
.

(4)

Here for simplicity ζ1 =
∑NT

n=0

(
NT
n

)
(−1)n e

−n γ m
γ SR , ζ2 ={∑NT

n1=0
∑n1

n2=0 . . .
∑nNRm−2

nNRm−1=0 and, ζ3 =

[∏NR m−1
k=1

(
nk−1
nk

)
(

1
k!

)nk−nk+1
(

m
γ SR

)nk
γ nk

]}
. According to [14], the expo-

nential and generalised gamma distributions (EGG) are
weighted together to form the EGG distribution, which is
written as follows:

I = ω1exp(α1,β1) + ω2GG(α2, β2, γ2) (5)

where ω1 and ω2 are the weights of the EGG, respectively,
and α1, β1, α2, β2, and γ2 are the shape parameters of the two
distributions. The EGG distribution is useful for modeling
the IF of optical waves because it can capture both the
exponential and Gamma-like behavior of the fluctuations.
This is important because the IF of an optical wave can be
affected by different physical phenomena, such as air bubbles
or temperature variations, which can have different statistical
characteristics. By using the EGG distribution, it is possible
to account for these different behaviors in a single mode

fI (I ) = ω f (I , λ)+ (1 − ω) g (I ; [x, y, z]) ,

f (I : λ) =
1
λ
e−

I
λ ,

g (I ; [x, y, z]) = z
I x z−1

yx z
e−

I
y
z

0 (x)
, (6)

It is an iterative algorithm that starts with initial estimates
for the model parameters and then refines these estimates
at each iteration by using the expectation (E) step and the
maximization (M) step.

Based on the most recent parameter estimations, the
method determines the anticipated value of the entire data
log-likelihood in the E step. By maximizing the anticipated
value of the entire data log-likelihood acquired in the E
phase, the method updates the parameter estimations in theM
step. These two steps are repeated until the estimates of the
parameters converge, at which point the algorithm has found
the MLEs of the parameters.

In the context of the UOWC links you mentioned, the
EM algorithm is being used to find the MLEs for the
parameters ω, λ, x, y, and z of the mixture model consisting
of the exponential and generalized Gamma distributions. The
parameters x, y, and z are the parameters of the generalised
Gamma distribution. These parameters are estimated by
the EM algorithm so that the mixture model fits the data
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as closely as possible.According to two distinct detection
kinds of the UOWC linkages, the combined PDF is stated

as [14]. Here ψ1 =
ω
r γ G

1,0
0,1

[
1
λ

(
γ
µr

) 1
r ∣∣−

1

]
and ψ2 =

z (1−ω)
r γ 0(x) G

1,0
0,1

[
1
yz

(
γ
µr

) z
r ∣∣−

x

]
are expressed in the below pdf

as;

fγRD (γ ) = ψ1 + ψ1. (7)

Subsequently, the CDF, Fγ (γ ) =
∫ γ
0 fγ (γ ) dγ ,

is obtained as ψ3 = ωG1,1
1,2

[
1
λ

(
γ
µr

) 1
r
∣∣∣ 1
1,0

]
and

ψ4 =
(1−ω)
0(x) G

1,1
1,2

[
1
yz

(
γ
µr

) z
r
∣∣∣ 1
x,0

]
expressed below,

FγRD (γ ) ψ3 + ψ4. (8)

where in the case of heterodyne detection technique, the
electrical SNR,µ1, is defined asµ1 = γ RD, while for IM/DD
technique, the electrical SNR, µ2, is expressed as [14, eq.
(19)]

III. STATISTICAL CHARACTERISTICS OF THE
PROPOSED SYSTEM
The proposed statistical characteristics are presented using
the VGR equation in [33] as,

Fγeq =
γSR γRD

γSR + γRD + 1
, (9)

where γSR and γRD are the instantaneous SNR’s for S-to-R
and R-to-D nodes, respectively.In [1], it provides a precise
estimate of the E2E SNR for VGR as;

Fγeq ≈ min (γSR, γRD) . (10)

The CDF and pdf of the proposed system as shown
in (11)–(13), as shown at the bottom of the next page,
are obtained through extensive mathematical simplifications
of the equations and utilizing the Wolfram Mathematica
12.1 respectively.

IV. PERFORMANCE ANALYSIS
A. OUTAGE PROBABILITY (OP)
Here in this section, we discuss the outage probability (OP)
for the proposed E2E system. The Outage Probability (OP)
is the probability that the combined MIMO-RF and UOWC
system fails to meet a specific quality-of-service (QoS)
requirement. Specifically, we calculate the probability that
either the MIMO-RF or UOWC link experiences an outage.

Let’s denote the OP for the MIMO-RF system as
OPMIMO−RF and the OP for the UOWC system as OPUOWC .
The combined system’s overall OP, denoted as OPcombined ,
is the probability of experiencing an outage in either the
MIMO−RF orUOWC link, i.e., it is the union ofOPMIMO−RF
and OPUOWC . Here both MIMO-RF and UOWC channels
experience independent and identically distributed (i.i.d.) fad-
ing, following Nakagami-m distribution.The communication
links are subject to additive white Gaussian noise (AWGN)

in both the RF and UOWC channels.The transmitter knows
the channel state information (CSI) for spatial processing
in MIMO-RF, and both the transmitter and receiver have
knowledge of the channel characteristics in UOWC. On the
contrary the accuracy of the OP calculation relies on the
validity of the fading models and the availability of accurate
channel information. The dynamic nature of the underwater
environment and the RF channel can lead to variations in the
communication link’s performance, affecting the accuracy of
the OP estimation.

The likelihood that the SNR drops below a certain
threshold, γth,known as the outage probability (OP).In other
words, it is the probability that the system fails to transmit
data successfully due to poor signal quality. Therefore, Pout
is given as [18, eq. (5)]

Pout = Pr
[
γeq < γth

]
= Fγeq (γth) , (14)

The overall OPcombined represents the probability that
either the MIMO-RF or the UOWC link experiences an
outage. It gives an insight into the system’s reliability in
challenging environments where both RF and underwater
optical communication are combined. By analyzing the
OPcombined , system designers can assess the combined
MIMO-RF andUOWC system’s performance andmake deci-
sions regarding the necessary improvements or adjustments
to achieve reliable and robust communication in 5G and
beyond networks.

In conclusion, the outage probability calculation inMIMO-
RF and UOWC systems requires a deep understanding of the
channel characteristics and statistical properties. While OP is
a valuable metric for assessing system reliability, it’s essential
to consider the assumptions and limitations when applying
these calculations in real-world scenarios, especially in
challenging environments like underwater communications.

B. AVERAGE BIT ERROR RATE (ABER)
In this section we understand the average bit error rate
(ABER) calculation, we need to clarify the modulation
parameters p and q. These parameters are used to represent
the modulation schemes employed in the MIMO-RF and
UOWC systems.

As a proportion of the total number of bits transferred,
BER measures the number of inaccurately received bits in
a transmission. BER is an essential parameter for assessing
the effectiveness of a wireless communication system. Better
performance is indicated by a lower BER since fewer
transmission errors are currently made. This allows us study
the effects of these characteristics on the effectiveness of
the communication system. The probability of error rate is
expressed as [37, eq. (12)]

Pe =
qp

20 (p)

∫
∞

0
e−q γ γ p−1Fγeq (γ ) dγ, (15)

wherein the modulating parameters are p and q and are
taken into consideration in continuation of our previous
work published in [32]. In MIMO-RF systems, the parameter
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p represents the modulation order used at the transmitter
for each transmit antenna. It can be any positive integer,
commonly taking values such as p = 2 for Binary Phase
Shift Keying (BPSK), p = 4 for Quadrature Phase Shift
Keying (QPSK), p= 16 for 16-QAM, etc. On the other side,in
UOWC systems, the parameter q represents the modulation
order used at the transmitter for the optical signals. Similar to
p, q can also be any positive integer, representing the number
of symbols used to encode information in each optical signal,
such as q= 2 for On-Off Keying (OOK), q= 4 for Quadrature
Amplitude Modulation (QAM), etc.

Here in our case we have used BER modulation type as
Coherent Binary Frequency Shift Keying (CBFSK), Coherent
Binary Phase Shift Keying (CBPSK), Non-Coherent Binary
Frequency Shift Keying (NBFSK) and Differential Binary
Phase Shift Keying (DBPSK) with varying p and q as
explained in the table.

The average bit error rate(ABER) calculation provides
insights into the overall performance of the proposed MIMO-
RF and UOWC systems. The ABER for MIMO-RF reflects

TABLE 3. BER parameters of binary modulations.

how well the RF part of the system performs in terms
of error probability based on the SNR. A lower ABER
indicates better error resilience and higher data transmission
accuracy. Similarly, the ABER for UOWC represents the
error probability of the optical communication link based on
the received optical power. A lower ABER implies that the
UOWC part of the system can reliably transmit data with
fewer errors.

The combined MIMO-RF and UOWC system’s overall
performance depends on both the MIMO-RF and UOWC
components’ individual BERs. A low BER for MIMO-RF
indicates robust RF communication with minimal data errors,
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FIGURE 2. OP vs.(S-R) RF average SNR for different BL’s under different
modes of detection via R-D UOWC.

FIGURE 3. OP vs. (R-D) UOWC electrical SNR for different BL’s under
different modes of detection via R-D UOWC.

while a low BER for UOWC indicates reliable underwater
optical communication. By considering both BERs, the
overall system’s performance can be analyzed under various
scenarios, accounting for the different environmental con-
ditions and challenges in both RF and underwater optical
communication. The proposed system’s success lies in
achieving acceptable BERs for both MIMO-RF and UOWC,
thus ensuring reliable and accurate data transmission in 5G
and beyond networks, particularly in complex and dynamic
environments.

In order to obtain the average BER for our proposed E2E
system, we thus put (11) into (15) and solving the complex
analysis to derive the desired probability of error.

Subsequently, employing and implementing the probabil-
ity of error for Pea , Peb , Pec , Ped , and Pee respectively in parts,
our derived probability of error is illustrated in the figures
given in the results section.

FIGURE 4. OP vs.(S-R) RF average SNR for different BL’s under different
(Fresh/Salty) waters via R-D UOWC.

FIGURE 5. OP vs. (R-D) UOWC electrical SNR for different BL’s under
different (Fresh/Salty) waters via R-D UOWC.

V. RESULTS OBTAINED FROM ANALYTICAL-BASED
SIMULATIONS
The outcomes of Monte-Carlo (MC) simulations assessing
the applicability of OP and BER to our proposed E2E
system are discussed in this section. Then the testing and
validation of a wireless communication system that uses
both RF and UOWC channels are analyzed in a dual-hop
system. The system’s performance is evaluated using MC
simulations, which consider the effects of different factors
such as temperature gradients, modulation techniques, and
fading conditions with variable numbers of antennas. The
total number of antennas is fixed at Nt = Nr = 4 in the
first hop, and the parameter r expresses two different types
of detecting techniques. The behavior of signals in UOWC
alters with an increase in the bubble levels (BL), which
causes fluctuations in Fig. 2 and 3 due to the phenomenon of
refractive index. The results show that raising the BL from
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FIGURE 6. OP vs. (S-R) RF average SNR for different TG’s under different
modes of detection via R-D UOWC.

FIGURE 7. OP vs.(R-D) UOWC electrical SNR for different TG’s under
different modes of detection via R-D UOWC.

2.4 (L/min) to 23.6 (L/min) results in a higher OP at the
targeted average SNR. The heterodyne approach achieves
superior performance to intensitymodulation/direct detection
(IM/DD) technology, as demonstrated by the fact that OP
with r = 1 surpasses that with r = 2. These fluctuations
are caused by changes in air bubbles, temperature, and salty
and fresh water, which create fading in signal and reduce the
effectiveness of the UOWC system.

Figs. 4 and 5 exhibit the BLs’ varying behavior in both
fresh as well as saline water while maintaining the other
values as listed in Table. 2. The MC simulations and the
analytical findings agree exactly, supporting the validity of
the obtained analysis.

In summary, the text explains how the system’s perfor-
mance is evaluated using Monte Carlo simulations, which
consider the effects of different factors such as temperature

FIGURE 8. BER vs. (S-R) RF average SNR for different BL’s under different
modes of detection via R-D UOWC.

FIGURE 9. BER vs. (S-R) RF average SNR for different BL under different
(Fresh/Salty)waters via R-D UOWC.

gradients, modulation techniques, and fading conditions with
variable numbers of antennas.

The effect of temperature on the performance of the
heterodyne detection technique in the UOWC system is
discussed, with the technique performing better at a tem-
perature of 0.05 (◦C cm−1) compared to higher temperatures
of maximum temperature computed in our proposed case of
0.20 (◦C cm−1), indicating that the performance of the system
changes with temperature as seen in Figs. 6 and 7 for different
detection methods in the UOWC channel.

Temperature affects turbulence in the UOWC system,
which in turn affects its outage probability and reliability,
highlighting the need to consider temperature in ensuring
reliable communication.

In Fig. 8, BER results for several BLs pertinent to the
studied E2E system are shown versus the average SNR of RF
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FIGURE 10. BER vs. (R-D) UOWC electrical SNR for different TG’s under
different mode of detection via R-D UOWC.

FIGURE 11. BER vs. (R-D) UOWC electrical SNR for different BL under
different mode of detection via R-D UOWC.

hop. For a range of BLs between 2.4 and 4.7 L/min, we saw
a favorable response.

The behavior of saltiness affects signal levels in UOWC
and fresh water with BL = 2.4(L/min) which outperforms
the saline water as shown in Fig. 9.

The performance of BER in the UOWC link is critical
and depends on the varied ranges of BL under different
circumstances. The plots in Figs. 10,11,12, and 13 show the
BER vs SNR for UOWC hop with varied TG′s and BL ′s, and
altering number of antennae for the receiving end NR at the
initial hop.Adding more antennae at the S-R hop for studying
the performance of our proposed wireless communication
system.

According to the study, raising the number of antennas,
increased system efficiency in real-time circumstances,
as shown by the figures presented in the form of BLs and TGs.
However, increasing the electrical SNR (signal-to-noise ratio)

FIGURE 12. BER vs. (R-D) UOWC electrical SNR for different Received
Antenna’s Nr under different BL’s via R-D UOWC.

FIGURE 13. BER vs. (R-D) UOWC electrical SNR for different Received
Antenna’s Nr under different TG’s via R-D UOWC.

did not improve performance due to the average SNR of the
RF hop acting as a restriction. This means that the number
of increased antennas is a more effective way to improve the
system’s performance than increasing the electrical SNR. The
study provides insight into how the system performs under
different environmental conditions and can help optimize the
system for better performance.

In Fig. 14 to Fig.15, the BER plots are generated against
the electrical and average SNR’s for different BL’s and TG’s
values.

The results provide insight into how the system performs
under different environmental conditions and can help
optimize the system for better performance. Finally, binary
modulation methods are used to convert digital data into a
binary format that can be transmitted over a channel for more
reliable and secured data communication.

106370 VOLUME 11, 2023



L. Jan et al.: Empowering the Future of Hybrid MIMO-RF UOWC

FIGURE 14. BER vs. (R-D) UOWC electrical SNR for different modulation
schemes under different BL’s via R-D UOWC.

FIGURE 15. BER vs. (R-D) UOWC electrical SNR for different modulation
schemes under different TG’s via R-D UOWC.

In DBPSK, phase modulation changes the phase of the
carrier signal to represent the binary data. In this method,
the phase of the carrier signal is shifted by 180 degrees if
the binary data is a 1, and remains unchanged if the binary
data is a 0. This modulation method is called ‘‘differential’’
because the phase shift is relative to the previous bit, rather
than an absolute phase shift. While in NBFSK, on the other
hand, a frequency modulation changes the frequency of the
carrier signal to represent the binary data. In this method,
two different frequencies are used to represent the two binary
values.

The frequency of the carrier signal is shifted to a higher
frequency if the binary data is a 1, and to a lower frequency if
the binary data is a 0. This modulation method is called ‘‘non-
coherent’’ because it does not require the receiver to know
the carrier frequency. Both DBPSK and NBFSK are binary
modulation methods, meaning they are used to transmit

FIGURE 16. BER vs. (S-R) RF average SNR for different modulation
scheme’s under different BL’s via R-D UOWC.

FIGURE 17. BER vs. (S-R) RF average SNR for different modulation
scheme’s under different TG’s via R-D UOWC.

binary data (0s and 1s) over a communication channel. These
methods are used in the wireless communication system dis-
cussed in the paper to improve communication performance
under different system and channel characteristics.

The DBPSK modulation method performs better than
NBFSK in the proposed dual-hop communication system due
to the average RF hop SNR acting as a restriction, causing a
corresponding floor within the NBFSK curve at the UOWC
electrical SNRs that we noticed due to this experimentation
work.

VI. CONCLUSION AND FUTURE WORK
This paper concluded on the derivation of the closed-form
formulae for the outage probability (OP) and average bit
error rate (BER) of our proposed dual-hop end-to-end (E2E)
communication system, via utilizingMeijer’s G function. The
study provided valuable insights into system and channel
parameters, including the effects of different detection
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techniques in underwater-over-water communications with
water turbulence, and it considered varying temperature and
bubble levels along with multiple antennae at receiver end
of relay station and the different modulation schemes in
underwater.

The conclusions from this research are significant in
several ways. Firstly, it presents a comprehensive anal-
ysis of the performance of the proposed dual-hop E2E
system, offering crucial design guidelines for real-world
implementation. Then the derived closed-form formulae
provide a deeper understanding of system behavior, helping
optimize communication links in challenging environments.
Furthermore, this work lays the groundwork for future
research directions; specifically, the investigation of ergodic
capacity, multiple antenna techniques, cross-layer optimiza-
tion, and real-world experiments for the proposed dual-hop
E2E system can be extended by exploring various antenna
combining techniques, ranging from conventional MIMO
to more advanced Massive MIMO communication systems.
These investigations could significantly enhance the system’s
capacity, leading to more efficient and robust communication
in both underwater and over-water scenarios. By pursuing
these research directions, we can unlock new insights
into underwater-over-water communications and advance
the field, leading to more robust, efficient, and reliable
communication systems in challenging environments.
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