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Abstract—This paper gives an insight on the performance of
mixed dual-hop radio-frequency (RF)-underwater optical wireless
communication (UOWC) systems. The system consists of multiple-
input multiple-output (MIMO) RF hop employing Nakagami-m
fading channel on the source (S) node communicating with a
destination node (D) considered as the legitimate receiver via an
amplify-and-forward (AF) relay (R) node equipped with multiple
RF antennas for reception. It considers transmit antenna selection
(TAS) scheme for communication in the MIMO RF hop while the
information is transmitted from the S node to the D node, i.e.
submarine etc., via the UOWC hop. Specifically, theRnode receives
incoming information messages from S node via MIMO RF links,
applies maximal-ratio combining (MRC) technique, amplifies the
output combined signal, and subsequently forwards it to the desti-
nation utilising a variable gain relaying (VGR) via an UOWC link.
We derive exact closed-form expressions for the system’s end-to-
end (E2E) statistical channel characteristics. Our derived analyti-
cal expressions present an efficient technique to depict the impact of
our system and channel parameters on the performance, namely
the varying number of increasing antennas Nt = Nr = 2, 3, 4
or more from the S node towards R node and the involvement of
underwater detection techniques of r = 1 for heterodyne detection
and r = 2 for intensity modulation/direct detection (IM/DD) in
the underwater turbulence severity of the UOWC link. Outage
probability (OP) and average bit error rate (BER) closed-form
expressions for the varying bubble levels (BL) (L/min) for different
scenarios, varying temperature gradients (TG) (°C cm−1), different
fresh and saline waters, and various binary modulation techniques
have been accurately validated for the E2E system presented in
this work along with the tightness of their respective high-end
asymptotes.

Index Terms—Radio-frequency (RF), underwater optical
wireless communication (UOWC), dual-hop relaying, multiple-
input multiple-output (MIMO), amplify-and-forward, variable
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gain, maximal-ratio combining (MRC), outage probability, and bit
error rate (BER).

I. INTRODUCTION

A. Background

UNDERWATER optical wireless communications
(UOWC) is gaining an eminence attention via combining

its mixed communication strategies with radio-frequency (RF)
and beyond. It is providing the most awaited surprises and
several new technological advances, especially from spectral
efficiency perspective, thereby paving its path to be one of the
potential contender technologies towards the next generation
of cellular networks in [1]. The importance and effectiveness
due to the real-time and ultra-high applications of UOWC are
mentioned in [2] while the acoustic counterpart to form the
so-called acoustic-optical hybrid communications are described
in [3]. Nevertheless, the performance of UOWC systems is
primarily limited by absorption, scattering, and turbulence.
Absorption and scattering that depict the energy loss and
direction deviation when photons propagate underwater, have
been well studied in [4]. Turbulence is defined as the rapid
fluctuation of the refractive index along the path of the optical
field traversing the water medium, caused by the variations
in temperature, pressure, salinity, and air bubbles, resulting in
signal fading that impairs the UOWC system performance. On
the other hand, typical link configurations of UOWC systems
include horizontal and vertical configurations. While horizontal
configuration has been well studied so far, vertical one has not
received enough attention apart from some coverage in [5], [6]
till date.

UOWC is one of the most promising and most emerged
phenomena in this era of technology [7] while the most severely
affected optical characteristics in underwater are caused by the
absorption, scattering, and turbulence’s in [8]. Though absorp-
tion and scattering are the other two impairments in underwater
as discussed above, the losses incurred due to turbulence’s are
enormous and cannot be neglected in this discussion as explained
in [8], [9].

Water’s refractive index changes rapidly due to turbulence’s,
considering the bubble levels, temperature and pressure inho-
mogeneities in the sea channel studied in [10]. It can be affected
abruptly due to water pressure, temperature, and most specially
the ocean currents. Likewise, the analysis on the effect of salinity
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is evaluated in [11] and the modulation techniques of an UOWC
are equally important factors for consideration in this work
reflected in [12].

On the other hand, wide deployment of multiple antennas
termed as multiple-input multiple-output (MIMO) in wireless
relay networks has been recognised prominently in battling the
increase in transmission reliability and the fading strategies in
the channel [13]. Pivotal studies and its deployment in the use
of amplify-and-forward (AF) relaying technology is considered
beneficial for multiple antennas and correspondingly its capa-
bility of enabling beam-forming strategies are discussed in [14].
Moreover, an increase in the number of antennas on both ends
is a continuous system design challenge thereby rendering its
deployment quite complex [15]. Additionally, the signal that is
processed by the MIMO transceivers increases exponentially
with the increase in the number of antennas [16]. Inspired by
the efficient strategy of the antenna selection that is more useful
to improve the implementation complexity, it manipulates the
diversity of the transmit and receive antennas. Furthermore,
antenna selection reduces the signal processing complexity and
its feedback overhead. In [17], the dual-hop MIMO relaying with
antenna selection performance in Rayleigh fading was evaluated
by giving an insight on the probability density function (PDF) for
the instantaneous end-to-end (E2E) signal-to-noise ratio (SNR).

B. Related Literature

The scientific research community continues to show a keen
interest in the direction of UOWC as demonstrated via incredible
experimental work in [10], [12], [18], with keen involvement in
the use of RF and underwater technologies especially since 2018
on-wards till [19], and presenting some thorough performance
analysis work in [1], [2]. Quite importantly, underwater tech-
nologies pose to become dominant in the 21st century as it con-
tinues to highlight its importance in the comprehension of many
potential applications, e.g., military surveillance, oil extractions
and production, ecological monitoring, and foremost important
the climate-based activities in [20]. Due to many constraints in
terms of scarce and limited bandwidth, neither the traditional
RF nor the acoustic technologies provide the most efficient
high-speed underwater communication [21]. Additionally, the
acoustic links mostly experience time delays in their commu-
nication systems as recently highlighted in [22]. As a result, its
operation in the real-time speed for underwater communications
through acoustic medium poses a challenge till-date due to its
impairments in [21] in the presence of scattering, absorption,
and turbulence’s.

In contrast to acoustic underwater communications technol-
ogy, UOWC technology has gained enormous consideration as
a key-enabling technology for larger capacity in high-speed
underwater communications [7], [9], [23]. In comparison to the
acoustic communication, UOWC technology offers a data-rate
up to tens of Gbps at tens of meters [1]. Furthermore, with
low latency as well as low energy consumption and highly
inherent security, UOWC has been widely appreciated as a more
suitable alternative to acoustics in the underwater media. Good
amount of work has been published on the model that describes

the intensity of laser beam variations to measure statistical
properties of so called weak temperature based turbulence’s
in UOWC channels [24]. UOWC channels with temperature
gradients are modeled via generalised Gamma (gG) distribution
with an excellent and tight fit to the measured data under all
channel conditions as explored in [24]. Decode-and-forward
(DF) protocol based on a dual-hop RF-UOWC is analysed
in [25]. Findings in the area of co-operative RF-UOWC us-
ing hyperbolic-tangent log-normal (HTLN) distribution channel
with pointing errors have been presented in [26] that influences
the use of a non-commercial radio frequency in underwater
technology. Furthermore, to analyse the secrecy performance of
a two-hop mixed RF-UOWC system using a DF relay modeled
by the α− μ and exponential-generalised Gamma distribution
is evaluated in [27]. More comprehensive work on a unified
statistical model for the characterisation of turbulence-induced
fading is investigated for UOWC channels based on some ex-
perimental work in [10] while it has been extended to a unified
framework of a dual-hop UOWC with AF relays in [12]. More
recently, a paper on an analysis for improving the performance
of a dual-hop RF-UOWC transmission system experiencing a
Nakagami-m fading is well studied in [28].

C. Contributions

The main contribution of the paper is to thoroughly evaluate
the performance of MIMO RF-UOWC E2E system that will play
a key role in improving the spectral efficiency of 6th generation
(6 G) of cellular networks. Subsequently, the highlights of this
work are listed below.
� We assume a system model wherein the transmitter end

is equipped with MIMO RF utilising transmit antenna
selection (TAS) scheme. This acts as a source (S) commu-
nicating with relay (R) via combining the incoming signals
utilising maximal ratio combining (MRC) technique at R.
Subsequently, R communicates with destination (D) via
an UOWC link.

� The performance of a mixed dual-hop MIMO RF-UOWC
systems is evaluated in-depth wherein the MIMO RF hop
is modeled via Nakagami-m fading environment and the
UOWC hop is modeled via exponential and generalised
Gamma (EGG) distribution, respectively.

� The closed-form expressions for outage probability (OP)
and bit error rate (BER) in presence of variable gain re-
laying (VGR) are derived for different types of detection
techniques dependent on r = 1 (heterodyne) and r = 2
(intensity modulation / direct detection (IM/DD)).

� Tight asymptotic expressions are derived for OP and aver-
age BER applicable in high SNR regimes with negligible
computational complexity.

� The accuracy of our derived analytical results are validated
via Monte-Carlo simulations. The figures demonstrate re-
sults for varying bubbles level and varying temperature
gradient. Furthermore, OP and BER results are validated,
with respect to both average SNR of MIMO RF hop and
electrical SNR of UOWC hop for varying parameters i.e.
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Fig. 1. System model illustrating the MIMO RF and UOWC hops. The source
(S) node transmits over MIMO RF channels via Nt antennas that is received
by Nr antennas of the relay (R) node. Subsequently, the R node re-transmits
(utilising variable gain relaying technique) that is received by the destination
node (D) over an UOWC link.

fading parameters, number of antennas, bubble levels, tem-
perature gradient, and modulation techniques etc.

Overall, to sum up this work, we address the problem of
mixed dual-hop MIMO RF-UOWC system via deriving exact
and asymptotic closed-form expressions for the OP and BER of
various binary modulation schemes. To the best of the authors’
knowledge, based on the open literature, such system model is
yet an open and unexplored problem.

D. Organisation

The remainder of the paper is organised as follows. Section II
discusses the system and channel models. Next, Section III
presents the statistical characteristics of the E2E system fol-
lowed by the analytical OP and BER analysis in Section IV.
And, finally, Section V discusses the numerical and simulation
results followed by concluding remarks in Section VI.

II. SYSTEM SETUP AND CHANNEL MODEL

A. System Setup

The system model is demonstrated in Fig. 1 with MIMO
RF and UOWC hops clearly illustrated in the description.
The system under consideration assumes number of antennas for
both transmission and reception of signals fromS node toRnode
be denoted by Nt and NR, respectively. The communication
between the S and R nodes takes place over MIMO RF links.
The R node assists communication between the S and the D
nodes where R node to D node communication is defined via
the UOWC channel. The relay operates in full-duplex mode and
thus, the time-orthogonal transmission occurs successively.

We denote S,R, and D to represent source, relay, and des-
tination nodes, respectively. The channel from A to B, where
A ∈ {S,R}, B ∈ {R,D}, and A �= B, is denoted as HAB.
Specifically, hij

AB is the complex channel from the i− th trans-
mit antenna at A to the j − th receive antenna at B. Prior to
data transmission, in each hop, the S node transmits a message

to the R node for channel estimation purpose. Subsequently,
the R node feeds back the index of the best transmit and receive
antenna pairs i.e. the channel that has the maximum absolute
magnitude [14]. Utilising this feedback, the transmission and
reception of a single pair antenna is randomly selected for the
main purpose of data transmission. We assume this feedback is
error-free with zero-delay, the complexity of the channel and its
absolute magnitude value for the selected transceiver antennas,
|hmax

AB |, is defined as

|hmax
AB | = max

i,j
{|hi,j

AB|}. (1)

We assume εS as an average energy available from S node to
R node at MIMO RF. Moreover, γSR = |hmax

SR |2εS/No is the
instantaneous SNR of the MIMO RF hop, where No represents
the power spectral density of the channel.

In this work, the following two tables from [10] have
been utilised that provide an experimental-based under-
standing on the expectation maximisation (EM) algorithm
parameters:

B. Channel Models

The probability density function (PDF), γSR, of MIMO RF
hop (S node toR node) operating under MRC technique is given
as [29, eq. (11)]

fγSR
(γ) =

Nt m
Nr m γNr m−1e

−mγ
γSR

Γ (Nr m) γSR
Nr m

×
[

1 − e
−mγ
γSR

Nr m−1∑
n=0

1
n!

(
mγ

γSR

)n
]Nt−1

, (2)

where Nt is the transmitting antenna, Nr is the receiving an-
tenna, m is the Nakagami-m fading channel, Γ(.) is denoted
as Gamma function[30, eq. (11.10)], and γ is the instantaneous
received signal-to-noise ratio (SNR) while γSR is the average
received SNR at the relay after first hop.

In the first hop, the entries in the channel vectorhSR,i between
the i− th antenna at theS node and j − th antenna at theR node
follow a Nakagami-m distribution with fading parameterm. The
cumulative distribution function (CDF) of γSR = εS

No
‖hSR‖2 is

expressed as [15]

FγSR
(γ) = 1 −

Γ(mNr,
m

γSR
γ)

Γ(mNr)
. (3)

Re-expressing (3), utilising the identity [31, eq. (8.352.2)], for
integer values of mNr, the CDF of γSR = max1≤i≤Nt

{γSR,i}
is obtained as

FγSR
(γ) =

[
1 − e

−mγ
γSR

Nr m−1∑
n=0

1
n!

(
m

γSR

γ

)n
]Nt

. (4)

For simplification purpose, the binomial theorem and the power
sum expansion, utilising [31, eq. (1.111)] and[32, eq. (9)], is
expressed as[

Nr m−1∑
i=0

1
i!

(
m

γ
x

)i
]n0

=

⎧⎨
⎩

n0∑
n1=0

n1∑
n2=0

. . .

nNrm−2∑
nNrm−1=0
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×
Nr m−1∏

i−1

(
ni − 1
ni

)(
1
i!

)ni−ni+1
(
m

γ
x

)ni

}
(5)

=

Nr m−1∏
i=1

[
ni−1∑
ni=0

(
ni − 1
ni

)(
1
i!

)ni−ni+1
(
m

γ

)ni

]
xN , (6)

where Nr m > 1, nNr m = 0, and N = n1 + n2 + n3 + · · ·+
nNrm−1. Hence, on applying (6) to (4) while denoting n0 =
Nt, k = i, and x = γ, the simplified CDF for the MIMO RF
first hop is obtained as

FγSR
(γ)=

Nt∑
n=0

(
Nt

n

)
(−1)n e

−nγm
γSR

⎧⎨
⎩

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

γSR

)nk

γnk

]}
.

(7)
On the other hand, with respect to the second hop, the irradiance
fluctuations (IF), I , of the received optical wave due to air
bubbles and temperature induced fading in both fresh and salty
waters can be modeled by the mixture of EGG distribution,
which is a weighted sum of the exponential and generalised
Gamma distributions that is expressed as [10]

fI(I) = w f (I, λ) + (1 − w) g (I; [a, b, c]) ,

f (I : λ) =
1
λ
e−

I
λ ,

g (I; [a, b, c]) = c
Iac−1

bac

e−
I
b

c

Γ(a)
, (8)

where f(.) and g(.) represent the exponential and generalised
Gamma distributions, respectively. In this work, EM algorithm
is utilised to determine the maximum likelihood estimates of the
model parameters, i.e. w, λ, a, b, and c, where w is the mixture
weight or mixture coefficient of the distributions satisfying
0 < w < 1, λ is the parameter associated with the exponential
distribution, and a, b, and c are parameters of the generalised
Gamma distribution. The unified PDF, with respect to two
different detection types, of the UOWC links are expressed
as [10]

fγRD
(γ) =

ω

r γ
G1,0

0,1

[
1
λ

(
γ

μr

) 1
r
∣∣∣∣−1

]

+
c (1 − ω)

r γ Γ(a)
G1,0

0,1

[
1
bc

(
γ

μr

) c
r
∣∣∣∣−a

]
. (9)

Subsequently, the CDF, Fγ(γ) =
∫ γ

0 fγ(γ)dγ, is obtained as

FγRD
(γ) = ωG1,1

1,2

[
1
λ

(
γ

μr

) 1
r
∣∣∣∣ 1
1, 0

]

+
(1 − ω)

Γ(a)
G1,1

1,2

[
1
bc

(
γ

μr

) c
r
∣∣∣∣ 1
a, 0

]
, (10)

where in the case of heterodyne detection technique, the elec-
trical SNR, μ1, is defined as μ1 = γRD, while for IM/DD

technique, the electrical SNR, μ2, is expressed as [10, eq. (19)]

μ2 =
γRD

2ω λ2 + b2 (1 − ω) Γ (a+ 2/c) /Γ(a)
, (11)

γRD is the average received SNR at the destination after second
hop, and G.,.

.,.[
.,.
.,. |.] is defined as the Meijer’s G function [33, eq.

(32)].

III. END-TO-END STATISTICAL CHARACTERISTIC

Utilising the formula of VGR, we express the E2E statistical
characteristic of our system as [29]

Fγeq
=

γSR γRD

γSR + γRD + 1
, (12)

where γSR and γRD are the instantaneous SNR’s for S-to-R
and R-to-D nodes, respectively. Since it is quite complicated, if
not impossible, to derive the exact closed-form solution for the
CDF of the E2E SNR expressed in (10), we utilise the following
tight approximation of the E2E SNR under VGR [1]

Fγeq
≈ min (γSR, γRD) . (13)

Given the above approximation, the E2E CDF of the SNR γeq
is expressed as

Fγeq
(γ) ≈ Pr [min (γSR, γRD) < γ]

= 1 − (1 − FγSR
(γ))(1 − FγRD

(γ))

= FγSR
(γ) + FγRD

(γ)− FγSR
(γ)FγRD

(γ). (14)

Hence, on substituting (7) and (10) into (14), we obtained the
E2E CDF of our system as shown in (15), shown at the bottom
of the next page.

IV. PERFORMANCE ANALYSIS

A. Outage Probability (OP)

In this Section, we deal with the OP for the defined E2E
system. The OP, Pout, is defined as the probability that γeq falls
below a predefined SNR threshold γth. Therefore, Pout is given
as [14, eq. (5)]

Pout = Pr [γeq < γth] = Fγeq
(γth) , (16)

Eq. (17), shown at the bottom of the next page, where Fγeq
(γth)

refers to the CDF of γeq evaluated at γ = γth. Hence, the OP
for our system is obtained by (15) with γ = γth.

B. Average Bit Error Rate (BER)

BER is defined as the percentage of bits that have errors
relative to the total number of bits received in a transmission.
The error rate is expressed as [34, eq. (12)]

Pe =
qp

2Γ(p)

∫ ∞

0
e−q γγp−1Fγeq

(γ) dγ, (18)

where p and q are the modulation parameters and being consid-
ered from the Table III.

Hence, to derive the average BER for our E2E system, we
substitute (15) into (18) to obtain

Pe = Pea + Peb + Pec + Ped + Pee , (19)
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TABLE I
PARAMETERS OF THE EGG ON THE ESTIMATED AND MEASURED VALUES FOR

THE TEMPERATURE GRADIENT OF AN UOWC SYSTEM

wherePea ,Peb ,Pec ,Ped , andPee are derived as follows. Firstly,
Pea is extracted as

Pea =
qp

2Γ(p)

∫ ∞

0
e−q γγp−1

Nt∑
n=0

(
Nt

n

)
(−1)n e

−nγm
γSR

×
⎡
⎣ Nt∑
n1=0

n1∑
n2=0

. . .

nNr m−2∑
nNr m−1=0

(
Nr m−1∏
k=1

(
nk−1

nk

)

×
(

1
k!

)nk−nk+1
(

m

γSR

)nk

γnk

)]
dγ. (20)

TABLE II
PARAMETERS OF THE EGG ON THE ESTIMATED AND MEASURED VALUES FOR

SALTY AND FRESH WATERS (THERMALLY UNIFORM) UOWC SYSTEMS

TABLE III
BER PARAMETERS OF BINARY MODULATIONS

On applying simple algebraic manipulations, we rearrange the
integral as

Fγeq
(γ) =

Nt∑
n=0

(
Nt

n

)
(−1)n e

−nγm
γSR

⎡
⎣ 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

γSR

)nk

γnk

)⎤⎦

+ wG1,1
1,2

[
1
λ

(
γ

μ r

) 1
r
∣∣∣∣ 1
1, 0

]
+

(1 − w)

Γ(a)
G1,1

1,2

[
1
bc

(
γ

μr

) c
r
∣∣∣∣ 1
a, 0

]
−

Nt∑
n=0

(
Nt

n

)
(−1)n e

−nγm
γSR

⎡
⎣ 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

γSR

)nk

γnk

)]
wG1,1

1,2

[(
1
λ

)(
γ

μr

) 1
r
∣∣∣∣ 1
1, 0

]
−

Nt∑
n=0

(
Nt

n

)
(−1)n e

−nγm
γSR

×
⎡
⎣ 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

γSR

)nk

γnk

)⎤⎦ (1 − w)

Γ(a)
G1,1

1,2

[
1
bc

(
γ

μr

) c
r
∣∣∣∣ 1
a, 0

]

(15)

Fγeq(γ)
∼=

μr	1

Nt∑
n=0

(
Nt

n

)
(−1)n e

−nγm
γSR

⎡
⎣ 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

γSR

)nk

γnk

)⎤⎦

+ w
1
λ

(
γ

μr

) 1
r

+
(1 − w)

Γ(a)

[
1
bc

(
γ

μr

) c
r

]a
Γ(a)

Γ (1 + a)
−

Nt∑
n=0

(
Nt

n

)
(−1)n e

−nγm
γSR

⎡
⎣ 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

γSR

)nk

γnk

)]
w

1
λ

(
γ

μr

) 1
r

−
Nt∑
n=0
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Pea =
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(21)
This integral is solved via utilising[35, eq. (3.35.3)] and we
obtained Pea as

Pea =
qp
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(22)
Secondly, Peb is extracted as

Peb =
qp

2Γ(p)
w
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0
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1,2
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1
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) 1
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1, 0
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(23)
To solve this integral in (23), we convert the exponential function
into Meijer’s G function via utilising [36, eq. (11)] as e−q γ =
G1,0

0,1[q γ| .0 ] and applying [36, eq. (21)], we obtain

Peb =
w
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√
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q μr

∣∣∣∣ Δ(r, 1), 1 − p

Δ(r, 1),Δ(r, 0)

]
,

(24)

where Δ(k, a) = a
k ,

a+1
k , . . ., a+k−1

k . Thirdly, Pec is extracted
as
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(25)
On utilising similar methodology as applied in obtaining Peb ,
Pec is obtained as

Pec =
(1 − w)

2Γ(p)Γ(a)
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Fourthly, Ped is extracted as

Ped = − qp w
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(27)
Utilising similar algebraic manipulation as applied in (20) to
obtain (21), (27) is rewritten as
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(28)
Now, on utilising similar methodology as applied to obtain Peb ,
Ped is obtained as presented in (29), shown at the bottom of the
next page. Finally, Pee is extracted as

Pee = − qp (1 − w)
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(30)
Subsequently, employing and implementing similar methodol-
ogy as was applied to obtain Ped , Pee is obtained as presented in
(31), shown at the bottom of next page. Therefore, on combining
(22), (24), (26), (29), and (31), we obtain the average BER. See
Eq. (32), shown at the bottom of the next page.

V. NUMERICAL AND SIMULATION RESULTS

This section reflects on the results derived in this work
via Monte-Carlo simulations classifying the importance of OP
and BER for a dual-hop E2E system. The results generated
for OP and BER with respect to average and/or electrical
SNR validating outcomes while exploring the important effects
of varying bubble levels (BL) (L/min), temperature gradients
(TG) (°C cm−1), fresh and saline waters, and binary modu-
lation techniques for the considered E2E system. Moreover,
OP and BER for the considered system have been validated
under m = 2 condition with varying number of antennas at
transmitter and receiver as Nt = Nr = 2, 3, 4 or more while
altering the parameter r representing both types of detection
techniques.
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In Figs. 2 and 3, varying BLs validate the behaviour of the
E2E statistics of our proposed system.

The number of antennas are fixed in first hop i.e. Nt = Nr =
4. It is clearly noticed that as the SNR increases, the behaviour
of signals in UOWC changes with an increase in the BL, as dis-
cussed in [10] and [12]. One of the primary causes is variations in
the refractive index along the path of the optical field traversing

the water medium, due to change in air bubbles, temperature, and
salinity, resulting in signal fading that impairs the UOWC system
performance. Herein, increasing the BL from 16.5 (L/min) to
23.6 (L/min) experiences a greater OP at a desired average
SNR. Specifically, OP with r = 1 outperforms that with r = 2,
which means heterodyne technique obtains better performance
compared with IM/DD technology. Additionally, it is noticed
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Fig. 2. Outage probability with respect to average SNR of S-R RF link for
varying bubble levels under both detection types (i.e. varying r) of the R-D
UOWC link along with asymptotes.

Fig. 3. Outage Probability with respect to electrical SNR of UOWC of S-R
RF link for varying Bubble Level under both detection types (i.e. varying r) of
the R-D UOWC link along with asymptotes.

from Fig. 2 that the Monte Carlo simulations perfectly match
with the analytical results confirming the accuracy of our derived
analysis.

Figs. 4 and 5 demonstrate the altering behaviour of the BLs
for both fresh and salty waters while keeping other parameters
fixed as provided in Table II.

The change in OP with respect to average SNR of RF hop
for varying BLs in fresh and salty waters provides an invaluable
understanding on how the behaviour of salinity effects the signal
levels in underwater. Again this accurate the tightness of the
derived asymptotic expression.

In Figs. 6 and 7, we observe the varying characteristics of the
OP for average SNR of RF hop and for electrical SNR of UOWC
hop, respectively, with varying TGs in presence of both types of
detection techniques in the UOWC channel.

Fig. 4. Outage Probability with respect to average SNR of S-R RF link for
varying bubble levels under salty and fresh waters employing the R-D UOWC
link along with asymptotes.

Fig. 5. Outage probability with respect to electrical SNR of UOWC of R-D
link for varying bubble levels in salty and fresh waters along with asymptotes.

Fig. 6. Outage probability with respect to average SNR of S-R RF link for
varying temperature gradients under both detection types (i.e. varying r) of the
R-D UOWC link along with asymptotes.



ANSARI et al.: OUTAGE AND ERROR ANALYSIS OF DUAL-HOP TAS/MRC MIMO RF-UOWC SYSTEMS 10101

Fig. 7. Outage probability with respect to electrical SNR of UOWC of R-D
link for varying temperature gradients along with asymptotes.

Fig. 8. Bit error rate with respect to average SNR of S-R RF links for varying
bubble levels under both detection types (i.e. varying r) of the R-D UOWC link
along with asymptotes.

Temperatures at 0.05 (°C cm−1) for the heterodyne detection
technique perform better with respect to increasing temperature,
i.e. 0.10 (°C cm−1), 0.15 (°C cm−1), and 0.20 (°C cm−1). It has
been noticed that there is a slight variation in the temperature
curves for increasing level of temperature. And, temperature in
the UOWC effects the turbulence’s, which results in the variation
of its OP.

Furthermore, the asymptotic results of outage probability at
high SNR regime obtained in (17) is also demonstrated in Figs. 2
through 7. As can be clearly observed from these figures, the
asymptotic results of the outage probability is in close tightness
with analytical results in high SNR regime. This justifies the
accuracy and tightness of this derived asymptotic expression.

In Fig. 8, BER results are plotted against average SNR of RF
hop for varying BLs applicable to the considered E2E system.
We have noticed a promising response for varying BLs from
2.4 (L/min) to 4.7 (L/min).

Fig. 9. Bit error rate with respect to average SNR of S-R RF links for varying
bubble levels of salty and fresh water under both detection types (i.e. varying r)
of the R-D UOWC link along with asymptotes.

Fig. 10. Bit error rate with respect to average SNR of S-R RF links for varying
temperature gradients under both detection types (i.e. varying r) of the R-D
UOWC link along with asymptotes.

In Fig. 9, the plots demonstrate the changing behaviour of
varying BLs for fresh and salty water while keeping all the
other parameters constant i.e. Nt = Nr = 4 and m = 2 etc. The
change in BER vs average SNR of RF hop for varying BLs from
fresh to salty waters gives us an understanding on the fact that be-
haviour of salinity effects the signal levels. The BER vs average
SNR of RF hop under the fresh and salty waters employing both
types of detection techniques of UOWC hop for the E2E system
are plotted. Clearly for fresh and salty waters, fresh water with
BL = 2.4 (L/min) behaves better than salty water scenario for
the same BL = 2.4 (L/min). It demonstrates slight variations
in the behaviour of BER under BL = 4.7 (L/min) for fresh and
salty waters.

In Fig. 10, plots are based on the BER versus average SNR
of RF hop for varying TGs while keeping BL = 2.4 (L/min)
constant. We have noticed a promising response in varying TGs
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Fig. 11. Bit error rate with respect to electrical SNR of UOWC of R-D link
for varying bubble levels under both detection types (i.e. varying r) of the R-D
UOWC link along with asymptotes.

Fig. 12. Bit error rate with respect to electrical SNR of UOWC link with
varying Nr of S-R RF links and varying bubble levels of the R-D UOWC link
along with asymptotes.

from 0.05 (°C cm−1) to 0.20 (°C cm−1). The behaviour of BER
plays an important role in providing valuable insights based
on how well we take into account the BL ranges for various
scenarios.

In Fig. 11, plots are based on the BER versus electrical SNR
of UOWC link for varyingBL = 2.4 (L/min) and 4.7 (L/min)
applicable to both types of detection techniques based on r. It
has been noticed that an increase in electrical SNR does not
improves performance since the average SNR of RF hop acts
as a bottleneck thereby leading to a floor in the curves for the
heterodyne technique.

In Figs. 12 and 13, the results are based on the BER versus
electrical SNR for UOWC hop with varying BL = 2.4(L/min)
and 4.7(L/min) and varying TG = 0.05 (°C cm−1) to TG =
0.15 (°C cm−1), respectively, besides varying numbers of anten-
nas for the receiver Nr at first hop (S −R).

Fig. 13. Bit error rate with respect to electrical SNR of UOWC link with vary-
ing Nr (S-R) RF links for varying temperature gradients along with asymptotes.

Fig. 14. Bit error rate with respect to electrical SNR of UOWC link for different
modulation schemes based on varying q besides varying bubble levels of the R-D
UOWC link along with asymptotes.

Herein, increase in the number of antennas at the S-R hop
outperforms the lesser number of antennas as can be observed
in both the figures with respect to BLs and TGs thereby demon-
strating a promising response for an increase in the number of
antennas that can be ultimately applied to the real time scenarios.
It has been noticed for the number of antennas that an increase
in electrical SNR does not improve the performance since the
average SNR of RF hop acts as a bottleneck thereby leading to
a floor in the curves for Nr = 2, 3, 4 at the RF hop.

Lastly, in Figs. 14 and 15, our results are based on the
BER versus electrical SNR of UOWC link with varying
BL = 2.4 (L/min) and BL = 4.7 (L/min) and varying TG =
0.05 (°C cm−1) toTG = 0.20 (°C cm−1), respectively, involving
different binary modulation schemes.

DBPSK modulation technique scenarios perform better rel-
ative to NBFSK counterparts. This demonstrates a promising
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Fig. 15. Bit error rate with respect to electrical SNR of UOWC link with
different modulation schemes based on varying q besides varying temperature
gradients of the R-D UOWC link along with asymptotes.

behaviour for the binary modulation schemes involved in dual-
hop systems as employed in our proposed system. Once again,
it has been noticed that an increase in electrical SNR does not
improve the performance as the average SNR of RF hop acts as
a bottleneck thereby leading to a floor in the curves for NBFSK
at the demonstrated electrical SNRs of UOWC. Moreover, it can
be observed for all Figures representing BER that the asymptotic
expression derived in (32) of average BER at high SNR regimes
i.e. above 15 dB on wards matches very tightly with its analytical
expression proving the accuracy of the obtained asymptotic
results.

VI. CONCLUDING REMARKS

In this paper, we have derived exact closed-form expressions
for the OP and BER via utilising Meijer’s G functions that
has not been exhibited in the open literature for a dual-hop
E2E systems i.e. MIMO-RF for S −R hop and UOWC for
R−D hop. Our derived analytical expressions for OP and
BER present an efficient technique on the varying aspects of
our system and channel parameters, namely the varying number
of increasing antennas from Nt = Nr = 2, 3, 4 or more from
the source towards relay and the involvement of underwater
detection techniques of r = 1 for heterodyne detection and
r = 2 for IM/DD technique representing the water turbulence
severity of the UOWC link, among many others. OP and BER
along with their respective asymptotes applicable in high SNR
regime for varying bubble levels (BL) (L/min) for different test
cases, temperature gradients (°C), fresh and saline waters, and
binary modulation techniques have been accurately validated for
the E2E system proposed and presented in this paper.
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